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Abstract
The present study aimed to demonstrate the potential of abiotic stress-tolerant Jeotgalicoccus huakuiiNBRI 13E for plant growth
promotion and salt stress amelioration. NBRI 13E was characterized for abiotic stress tolerance and plant growth-promoting
(PGP) attributes under normal and salt stress conditions. Phylogenetic comparison of NBRI 13E was carried out with known
species of the same genera based on 16S rRNA gene. Plant growth promotion and rhizosphere colonization studies were
determined under greenhouse conditions using maize, tomato, and okra. Field experiment was also performed to assess the
ability of NBRI 13E inoculation for improving growth and yield of maize crop in alkaline soil. NBRI 13E demonstrated abiotic
stress tolerance and different PGP attributes under in vitro conditions. Phylogenetic and differential physiological analysis
revealed considerable differences in NBRI 13E as compared with the reported species for Jeotgalicoccus genus. NBRI 13E
colonizes in the rhizosphere of the tested crops, enhances plant growth, and ameliorates salt stress in a greenhouse experiment.
Modulation in defense enzymes, chlorophyll, proline, and soluble sugar content in NBRI 13E-inoculated plants leads to mitigate
the deleterious effect of salt stress. Furthermore, field evaluation of NBRI 13E inoculation using maize was carried out with
recommended 50 and 100% chemical fertilizer controls, which resulted in significant enhancement of all vegetative parameters
and total yield as compared to respective controls. Jeotgalicoccus huakuiiNBRI 13E is reported for the first time for its ability to
develop a bioinoculant formulation for stress amelioration and improved crop productivity.
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Introduction

Soil salinity is a global problem increasing its breadth by
0.25–0.5 million hectares (Mha) every year. The irrigated ag-
ricultural land with increasing soil salinity has adversely af-
fected the crop production by more than 34 Mha (Rubio et al.
2017). Notably, salinity stress is the primary concern of the

arid and semiarid area leading to reduced plant growth and
yield which might seriously affect the relative proportions of
food supply and demand in the future (Li et al. 2016; Negrão
et al. 2017). Salinity mainly affects photosynthesis by reduc-
tion of the contents of photosynthetic pigments, which conse-
quently changes light absorbance (Ashraf and Harris 2013).
Also, a decrease in plant biomass, leaf area, and growth has
been observed in different crops under salt stress (Bharti et al.
2013; Giuffrida et al. 2013). There have been numerous
reports about the correlation between salt and alkaline
stress (Bromham et al. 2013; Bui 2013; Bui et al. 2014).
The presence of excess soluble salts in the soil of arid and
semiarid areas limits the production of most crops includ-
ing vegetables such as tomato, okra, and maize (AVRDC
2006; Farooq et al. 2015; Albaladejo et al. 2017). Salinity
(high soil NaCl concentrations) often co-exists with alka-
linity (high soil pH) in the soil due to the occurrence of
sodium carbonates (Rengasamy 2010). Degradation of
soil physical condition by increasing the soil pH is
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considered to be another significant cause of salinity
which can affect plant growth (Bui et al. 2014; Machado
and Serralheiro 2017). Higher pH (alkaline) is toxic and
can adversely affect physiological and biochemical pro-
cesses, including mineral uptake, photosynthesis, mem-
brane integrity, and yield of plants (Chen et al. 2012;
Gerhardt et al. 2017). Therefore, lineages occupying these
environments have to evolve strategies to cope with both
alkalinity and salt stress (Bui 2013).

Addressing severe global issues like food security by the
use of chemical fertilizers has raised the concern in the public
domain as its application may intensify soil salinization (Rubio
et al. 2017). Several researchers have reported that application
of plant growth-promoting (PGP) microbes with multifarious
PGP attributes could be used to develop potential alternative
technology for abiotic stress amelioration (Tiwari et al. 2016;
Misra et al. 2017). Plant growth-promoting rhizobacteria
(PGPR) have been reported for playing a significant role in
plant growth promotion by indole acetic acid (IAA) produc-
tion, phosphate (P) solubilization, biofilm formation, and 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase ac-
tivity (Ambardar and Vakhlu 2013; Chakraborty et al. 2013;
Siddikee et al. 2015; Misra et al. 2017). Other essential traits of
PGPR are exopolysaccharide (EPS) and alginate (Alg) produc-
tion which provides a competitive advantage to PGPR against
desiccation in extreme environments by water conservation
and scavenging essential nutrients (Sandhya and Ali 2015;
Mishra et al. 2017). PGPR treatment has imparted growth pro-
motion in various crops including okra, maize, and tomato
through the increased shoot and root length and shoot fresh
and dry weight, under salt stress condition (Fan et al. 2016;
Li and Jiang 2017; Nazir et al. 2017). PGPR also protect the
plant against the aftermath of salt stress by preventing inhibi-
tion of photosynthesis and modulating defense enzyme ma-
chinery (Tiwari et al. 2016; Gerhardt et al. 2017).

However, certain PGPR turned out to be unsuccessful under
saline stress because of their either inability to colonize the root
system or adapt to the saline conditions (Paul and Nair 2008).
Therefore, for the successful application of PGPR under saline
condition, it is a prerequisite that bacterial strains should be iso-
lated from native salt-affected soils as well as compatible to the
rhizosphere of multiple hosts (Sharma et al. 2015; Vaishnav et al.
2016; Gontia-Mishra et al. 2017; Misra et al. 2017).

The present study was aimed to evaluate the abiotic stress
tolerance and multiple PGP attributes under saline stress of
Jeotgalicoccus huakuii (NBRI 13E). We have conducted the
greenhouse experiment to examine the effect of NBRI 13E
inoculation to foster the growth promotion in different hosts,
i.e., okra (Abelmoschus esculentus), maize (Zea mays) and,
tomato (Solanum lycopersicum) under control and saline
stress conditions. Apart from saline stress, NBRI 13E was
further exposed to degraded alkaline soil using maize as a host
plant. To the best of our knowledge, this is the first report for

abiotic stress tolerance with multiple PGP attributes of
J. huakuii strain for conferring plant fitness under stressed soil
conditions.

Materials and methods

Abiotic stress tolerance ability of NBRI 13E

Aplant growth-promoting and salt-tolerant J. huakuiiNBRI 13E
(NBRI 13E) (GenBank accession no. KX495292) was isolated
from the arable soil of central zone (UP), India (Misra et al.
2017). In the present study, NBRI 13Ewas subjected to temporal
evaluation for its ability to tolerate different abiotic stresses,
namely salt (NaCl; 0.5 and 1 M), drought (30 and 45% PEG
6000), pH (9 and 11), and temperature (37 and 40 °C). The
bacteria under the mentioned abiotic stresses were grown in nu-
trient medium at 28 °C (except for temperature stress) for 24 h
with continuous shaking at 180 rpm. The ability to tolerate abi-
otic stress was determined by counting the respective colony
forming unit (Log10 CFU ml−1) (Mishra et al. 2017).

Quantitative estimation of PGP and other attributes
under normal and salt stress condition of NBRI 13E

NBRI 13E was quantitatively evaluated for P solubilization,
IAA production, biofilm formation, and ACC deaminase ac-
tivity under normal (0 M NaCl) as well as salt (0.5 and 1 M
NaCl) stressed condition. Production of EPS and Alg by
NBRI 13E under the normal and salt-stressed conditions was
also estimated to understand its potential to utilize for
protecting the host plant under stressed conditions. Strain
NBRI 13Ewas further characterized by qualitative assessment
of biochemical tests using KB003 Hi25TM identification kit
(HiMedia, India).

In order to estimate the solubilization of phosphate (μg
ml−1) by NBRI 13E, NBRIP medium was used as substrate.
The solubilized phosphate was then quantified by molybde-
num blue method at an absorbance of 660 nm using a spec-
trophotometer (Nautiyal 1999). In the case of quantification of
auxin production, NBRI 13E was inoculated in nutrient broth
(NB) supplemented with tryptophan as a substrate and incu-
bated at 28 °C. After 24 h of incubation, orthophosphoric acid
followed by Salkowski’s reagent was added to the centrifuged
supernatant of the culture. The absorbance of the resultant
pink color was measured at 530 nm using a colorimeter
(Bric et al. 1991). In the case of biofilm formation, bacterial
inoculum was stained with 0.1% crystal violet followed by
washing with 95% ethanol. After washing, optical density
(OD) was measured at 590 nm using a spectrophotometer
(Evolution 201, Thermo Scientific, USA) (Srivastava et al.
2008). The ACC deaminase activity was performed as de-
scribed earlier with slight modifications (Penrose and Glick
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2003). With regard to EPS production by NBRI 13E, an equal
volume of phenol and sulfuric acid was used to determine the
amount of exopolysaccharide produced in 24-h-old bacterial
culture at the absorbance of 490 nm using a spectrophotome-
ter (Titus et al. 1995). Quantitative assessment of Alg produc-
tion was determined using the method as described byMishra
et al. (2012).

Phylogenetic characterization of NBRI 13E by using
16S rRNA gene analysis

The partial 16S rRNA gene sequence of NBRI 13E (Misra
et al. 2017; GenBank accession no. KX495292.1) was aligned
with available nearest neighbor sequences from the NCBI
database using ClustalW of the MEGA 7 software package
(Kumar et al. 2016). The method of Jukes and Cantor
(1969) was used to calculate evolutionary distances. The phy-
logenetic dendrogram was constructed by the neighbor-
joining method, and tree topologies were evaluated by
performing bootstrap analysis of 1000 datasets using MEGA
7 (molecular evolutionary genetic analysis) (Kumar et al.
2016).

Assessment of NBRI 13E for its ability of plant growth
promotion under greenhouse condition

Following the characterization of NBRI 13E based on its PGP
and other attributes under normal and salt stress conditions
in vitro, the bacterial strain was also tested for its capability
of PGP under plant test using okra, maize, and tomato as
model plants in plastic pot condition (15 cm in diameter).
The evaluation of seed germination assay under different salt
concentrations (0, 50, 100, 150, and 200 mM) has led us to
select 100 mM as the lowest critical limit for germination of
tested host crop seeds. Experiments were conducted in a
completely randomized block design with 18 plant replicates
equally distributed in six pots (three plant replicates per pot)
containing 2.0 mm sieved unsterilized field soils (2.0 kg soil
per pot) of CSIR-National Botanical Research Institute,
Lucknow, India (latitude/longitude 11°24′ N/79°44′ E).
Similarly, okra (A. esculentus BAnamika^) and maize
(Z. mays BMaharaja^) seeds were bacterized as described by
Nautiyal (1997), while for tomato (S. lycopersicum BPusa
ruby^), the method illustrated by Dixit et al. (2016) was
followed. Plants were grown under natural greenhouse condi-
tions and the treatments for each host plant with respect to
bacterial strain were as follows: control (uninoculated; no
salt), salt (uninoculated; 100 mM NaCl), NBRI 13E
(J. huakuii), and NBRI 13E+S (J. huakuii treated with
100 mM NaCl). Soil moisture was maintained to 20% with
water in the control and salt treatments and 48-h grown bac-
terial culture (NBRI 13E) (~ 108–9 CFU ml−1) in bacteria
(NBRI 13E) and bacteria with salt (NBRI 13E+S) treatments.

Plants in all the treatments were grown in parallel and harvest-
ed at the same time. In a salt-stressed set (salt and NBRI 13E+
S), 100 mM salt (NaCl) treatment was given according to
Nautiyal et al. (2013).

Plant vegetative parameters and biochemical
and antioxidative assays

For vegetative parameters, three replicates of okra, maize, and
tomato plants were harvested, and data were recorded for the
shoot and root length (cm), number of leaves per plant, and
plant fresh and dry weight (g).

For estimation of chlorophyll (total) and carotenoid content
in the leaves, we chose three replicates of the plants under
each treatment (control, NBRI 13E, salt, and NBRI 13E+S)
(Arnon 1949). To quantify the proline content, we took leaves
from three plants pertaining to each treatment (control, NBRI
13E, salt, and NBRI 13E+S). The determination of proline
content was done from fresh leaves (three replicates
concerning each treatment) using the method of Bates et al.
(1973). Sugar estimation in greenhouse-grown plants was per-
formed using fresh leaves (three replicates pertaining to each
treatment) as per the protocol of Dubois et al. (1956).

Estimation of defense enzymes of leaf samples was done
using established standard protocols; 500 mg of leaves (three
replicates pertaining to each treatment) were homogenized in
1 ml of extraction buffer (100 mM potassium phosphate buffer
[pH 7.0] containing 0.1 mM EDTA and 1% polyvinylpyrroli-
done [w/v] at 4 °C). The homogenate was centrifuged at
15,000×g for 15 min at 4 °C and the supernatants were stored
at − 80 °C. Superoxide dismutase (SOD; EC 1.15.1.1) activity
was measured as previously described (Beauchamp and
Fridovich 1971). Briefly, 3 ml mixture was prepared to contain
100 μl of enzyme extract, 13 mM methionine, 75 μM
nitrobluetetrazolium (NBT), 40 mM phosphate buffer (pH
7.8), 0.1 mM EDTA, and 02 μM riboflavin in that order. In
the case of blank, the mixture containing the enzyme extract
was kept in the dark, whereas those without the protein
(control) and with the enzyme (treatments) were maintained
in the light. The reaction was started by switching on the light
for 30 min. The absorbance was measured at 560 nm. The
activity of SOD is the measurement of NBT reduction by mix-
ture devoid of protein under light minus NBT reduction by the
mixture containing protein. One unit of activity is the quantum
of enzyme required to inhibit half of the initial NBT reduction
under the light and expressed as units mg−1 protein g−1 FW.
Catalase (CAT; EC 1.11.1.6) activity was determined as de-
scribed (Aebi 1984). The rate of decline in absorbance was
measured during 3 min at 240 nm in the reaction mixture
consisting of 50 mM sodium phosphate buffer (pH 7.0),
20 mM H2O2, and 100 μl of enzyme extract. For the control,
the mixture considered was 50 mM sodium phosphate buffer
(pH 7.0) and 100 μl of protein, whereas for the blank, it was
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50 mM sodium phosphate buffer (pH 7.0) and 20 mM H2O2.
The expression of enzyme activity was in H2O2 (μmol) sepa-
rated in min mg−1 FW. The ascorbate peroxidase (APX; EC
1.11.1.3) was assayed by estimating the reduction in absor-
bance (290 nm; an absorbance coefficient 2.8 mM−1 cm−1)
for the rate of oxidation of ascorbate (Nakano and Asada
1981). In short, the reaction mixture consisted of 50 mM phos-
phate buffer (pH 7.0), 0.1 mM H2O2, 0.5 mM sodium ascor-
bate, and 0.1 mM EDTA. The reaction was initiated by adding
either enzyme extract (treatments) or hydrogen peroxide (con-
trol). The decline in absorbance was recorded from 10 to 30 s
after the start of the reaction. The expression of the enzyme
activity was in μmol of ascorbate oxidized min−1 g−1 FW.
Guaiacol peroxidase (EC 1.11.1.7) activity was determined
(Hemeda and Klein 1990) colorimetrically at 470 nm using
1% guaiacol (v/v; as a donor), 0.3% H2O2 (as a substrate),
and 50 mM phosphate buffer (pH 6.6). The protein was added
to initiate the reaction, whereas ethanol was added to serve as a
control. The oxidation of guaiacol (extinction coefficient
26.6 mM−1 cm−1) was monitored with the increase in absor-
bance. The activity of the enzyme was expressed in terms of
μmol of guaiacol oxidized min−1 g−1 FW. The polyphenol
oxidase (EC 1.10.3.1) assay was performed (Patra and
Mishra 1979) with the mixture consisting of 300 μmol phos-
phate buffer (pH 6.8), 5 μmol pyrogallol, and enzyme extract
for 5 min; 5% (v/v) H2SO4 was used to stop the reaction
followed by centrifugation for 15 min at 3000×g. Enzyme
activity was measured as an increase in the amount of
purpurogallin formed in the reaction at 420 nm. The expression
of the polyphenol oxidase activity was in terms of μg polyphe-
nol oxidase (PPO) mg−1 protein g−1 FW.

Tracking of NBRI 13E in the rhizosphere of okra,
maize, and tomato

In order to monitor the rhizosphere competence ability of
NBRI 13E on plant roots grown in nonsterilized soils, a spon-
taneous rifampicin-resistant (RifR) strain of NBRI 13E was
isolated on NA plates, containing 250 μg rifampicin ml−1

(from SigmaChemical Co., St. Louis,MO, USA) as described
earlier (Nautiyal 1997). One gram of roots of the host plants
was thoroughly washed with tap water for 2 min to remove all
loosely adhering soil particles, followed by washing with ster-
ile 0.85% NaCl (w/v) and macerated with a mortar and pestle.
Heterogeneous rhizosphere bacterial population was recov-
ered by serial dilution plating of the homogenate on NA plates
and NA plates amended with 50 μg rifampicin ml−1 for NBRI
13E. Average rhizosphere colonization of NBRI 13E (Log10
CFU/g root dry weight) was determined from three plants at
different time intervals (0, 15, 30, and 45 days after inocula-
tion, DAI). No naturally occurring RifR bacteria were ob-
served when root homogenates of uninoculated controls were
plated from nonsterilized soils.

Field experiment

A field experiment was conducted to evaluate the efficacy of
NBRI 13E in enhancing growth and yield of maize (Z. mays
BMaharaja^) crop in highly alkaline soil (pH 10.2) at Banthara
Research Centre, Lucknow, India (latitude 26° 42′ N, longitude
80° 49′ E). The treatments tested were control, NBRI 13E, 50%
NPK, and 100% NPK. The recommended doses of N, P, and K
were applied at the rate of 120, 60, and 40 kg ha−1 and consid-
ered as NPK (100%) treatment. Moreover, half of the aforesaid
mentioned dose of N, P, and K was considered as NPK (50%),
while NBRI 13E treatment carries bacterial treatment along with
NPK (50%). However, no N, P, and K were applied to the
control. FYM (farmyard manure) was applied in all the treat-
ments having 25 t ha−1 as basal dose. Seed bacterization was
carried out as described by Nautiyal (1997), while seeds were
treated with water in the case of control, 100% NPK, and 50%
NPK. Each treatment was replicated thrice following a random-
ized complete block design (RCBD). Plot size of 7.5 m2

(2.5 m × 3.0 m) was used for each treatment. There were six
rows in each plot, and ten seeds were sown in a single row.
Plant-to-plant distance was 20 cm, and row-to-row distance
was maintained as 60 cm. Seed rate was used as 20–
22 kg ha−1. The sources of N, P, and K were urea, diammonium
phosphate (DAP), and sulfate of potash (SOP), respectively. The
crop was irrigated with canal water. All recommended agronom-
ic and plant protection measures were followed. The crop was
harvested at maturity and data regarding plant and cob growth
parameters (plant height, plant freshweight and plant dryweight,
number of cob per plant, cob weight, number of rows per cob,
number of seeds per row, total seeds per cob, seed weight per
cob, 100 seedweight) and yield ofmaizewere recorded. For data
collection, six plants per plot were randomly selected.

Statistical analysis

Initially, means were tested for homogeneity of variance to
evaluate the variation among obtained values. Further, these
means were compared by analysis of variance (ANOVA),
followed by the Duncan test to determine significance (p ≤
0.05). The SPSS statistical software (ver 20) was used for the
statistical analysis.

Results

Abiotic stress tolerance ability of NBRI 13E

NBRI 13E was subjected to evaluate its abiotic stress toler-
ance abilities under in vitro conditions. At 0.5 and 1.0 M
NaCl, NBRI 13E has shown survival till day 10 with 6.24
and 5.26 Log10 CFU ml−1, respectively (Fig. 1). While at 30
and 45% PEG 6000, NBRI 13E could survive with 5.57 and
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3.95 Log10 CFUml−1, respectively (Fig. 1).Moreover, at pH 9
and 11 and 37 and 40 °C, NBRI 13E has demonstrated its
survival with 7.05 and 5.02 Log10 CFU ml−1 and 7.34 and
4.08 Log10 CFU ml−1, respectively (Fig. 1). Overall, NBRI
13E has demonstrated its ability to withstand abiotic stress
with minimum (3.97%; 37 °C and 8.46%; pH 9) and maxi-
mum (93.06%; 45% PEG 6000 and 87%; 40 °C) decrease of
growth pattern as compared to control till the tenth day.

Quantitative estimation of PGP and other attributes
under normal and salt stress conditions of NBRI 13E

Quantitative estimation of biofilm formation by NBRI 13E
showed significant difference across different salt stress con-
ditions (s 1). Maximum biofilm formation capability of NBRI
13E was exhibited under 0.5 M NaCl condition, while the
minimum was demonstrated in 1 M NaCl (Table 1).

In the case of IAA production, NBRI 13E was observed to
have no significant difference between normal and 0.5 M
NaCl condition but exhibited significant reduction under
1 M salt stress condition (Table 1). IAA production ability
of NBRI 13E was found to be the highest under normal con-
dition, but it demonstrated slight (4.15%) reduction under
0.5 M NaCl stress and intense decrease (79.00%) under 1 M
NaCl stress when compared with normal condition.

Regarding phosphate solubilization in the current study, we
observed that NBRI 13E exhibited a significant difference in
phosphate solubilization ability under stress and normal con-
ditions. It demonstrated the highest phosphate solubilization

ability under 0.5 M NaCl condition, and least activity was
observed under 1 M NaCl condition (Table 1).

Further, NBRI 13E was subjected to quantitative estimation
of ACC deaminase activity under control and salt (0.5 and 1M
NaCl) stress conditions. NBRI 13E displayed the highest ACC
deaminase activity under 0.5 M NaCl stress condition, while
the lowest was observed under the control condition (Table 1).
Surprisingly, NBRI 13E showed enhancement (19.01 and
6.39%) rather than reduction for ACC deaminase activity un-
der 0.5 and 1 M NaCl stress in comparison to control.

Upon considering EPS production, we found that NBRI
13E exhibited the highest EPS production under 0.5 M NaCl
condition, while under 1 M NaCl, it accounted for the least
EPS production (Table 1). Although NBRI 13E documented a
significant difference among all the three treatments for EPS
production, its activity was startlingly enhanced under 0.5 M
NaCl condition by 11.66%, while it declined by 27.97% under
1 M NaCl condition in comparison to control.

With regard to alginate production ability, it has been found
that NBRI 13E showed a significant difference among all the
three treatments for alginate production and has recorded the
highest alginate production capacity under 0.5 M NaCl con-
dition, whereas it exhibited the lowest alginate production
capacity under 1 M NaCl condition (Table 1). NBRI 13E used
in this study was also evaluated for qualitative estimation of
biochemical properties and found to be positive for only cat-
alase and arginine activity (Supplementary Table S1).

The physiological characteristics of NBRI 13E were found
to be consistent with other bacterial species of the genus

Fig. 1 Temporal growth assessment of Jeotgalicoccus huakuii (NBRI
13E) under different abiotic stress conditions: a salt, b drought, c pH,
and d temperature; 0MNaCl, 0% PEG, pH 7, and 28 °C represent control

for the experiment under the mentioned stress condition. Error bars are
the standard error of the means (n = 3)
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Jeotgalicoccus (Supplementary Table S1). For example,
growth at 37 °C and 250, 500, and 1000 mM NaCl, catalase
activity was similar to those of J. huakuii, Jeotgalicoccus
marinus, Jeotgalicoccus halotolerans, and Jeotgalicoccus
halophilus. By contrast, NBRI 13E could be distinguished from
other members of the genus Jeotgalicoccus which do not pos-
sess the ability to survive at high pH (11) and under drought
stress condition (PEG 30 and 45%). Also, NBRI 13E demon-
strated various PGP attributes such as IAA and siderophore
production, P solubilization, ACC deaminase activity, and bio-
film formation which have not been determined for other mem-
bers of the genus Jeotgalicoccus (Supplementary Table S1).

16S rRNA gene-based phylogenetic analysis of NBRI
13E

Plant growth-promoting rhizobacteria NBRI 13E showed the
closest homology with the species of Jeotgalicoccus genera
(Fig. 2). Based on 16S rRNA gene sequence analysis, strain
NBRI 13E did not form a coherent cluster with J. marinus
JSM 076033T and J. huakuii NY-2. 16S rRNA gene sequence
comparisons revealed that strain NBRI 13E was related most
closely to J. huakuii NY-2 and J. marinus JSM 076033T
(99.9% similarity), followed by J. halotolerans YKJ-101 and
J. halophilus C1-52 (96%), Jeotgalicoccus psychrophilusYKJ-
115 and Jeotgalicoccus aerolatus MPA-33 (95%), and
Salinicoccus salitudinis YIM-C678 and Salinicoccus
kunmingensis YIM Y15 (93%) (Fig. 2). Phylogenetic analysis
based on 16S rRNA gene sequences thus revealed that strain
NBRI 13E was related most closely to the type strains of the
four recognized species of the genus Jeotgalicoccus and formed
a distinct subclade with these four taxa in the phylogenetic trees
that was supported by a high bootstrap resampling value (Fig.

2). Species of the genera Salinicoccus, Nosocomiicoccus, and
Macrococcuswere the next nearest relatives of the novel strain,
but they formed quite separate and robust clusters (Fig. 2).
However, Jeotgalicoccus, Salinicoccus, Nosocomiicoccus, and
Macrococcus all belong to the same family Staphylococcaceae
under class Bacilli and division Firmicutes. The nucleotide se-
quence of NBRI 13E has been obtained from GenBank under
the accession number KX495292.1.

Assessment of plant growth promotion
and rhizosphere colonization by NBRI 13E
under greenhouse conditions

Effect of NBRI 13E inoculation on vegetative parameters
of okra, maize, and tomato

The three crop plants okra (A. esculentus), maize (Z. mays),
and tomato (S. lycopersicum) were evaluated for their growth
promotion in the presence and absence of NBRI 13E under
control and salt-stressed conditions. Results revealed that in-
oculation with NBRI 13E has significantly enhanced the over-
all plant biomass of all three crop plants as compared to the
respective uninoculated controls under both normal and salt-
stressed conditions.

In the case of okra, plants treated with NBRI 13E demon-
strated significantly higher growth promotion in terms of
shoot length, root length, and plant fresh and dry weight when
compared with the control, while they showed nonsignificant
enhancement in terms of the number of leaves (Table 2 and
Fig. 3). Under salt stress, NBRI 13E significantly enhanced
the shoot length, root length, number of leaves, plant fresh
weight, and plant dry weight by 11.10, 5.95, 33.33, 29.27,
and 15.38%, respectively.

Table 1 Plant growth-promoting
(PGP) attributes of
Jeotgalicoccus huakuii (NBRI
13E) under different salt (NaCl)
stress (0, 0.5, and 1 M) condition

Plant growth-promoting traits 0 M NaCl 0.5 M NaCl 1 M NaCl

Biofilm1 0.84 ± 0.01b 0.94 ± 0.00c 0.29 ± 0.00a

IAA2 105.47 ± 1.90b 101.27 ± 1.63b 22.21 ± 0.16a

P-solubilization3 25.15 ± 0.07c 23.94 ± 0.12b 11.11 ± 0.16a

ACC deaminase4 0.71 ± 0.02a 0.88 ± 0.00b 0.76 ± 0.02a

EPS5 582.83 ± 1.93b 659.75 ± 1.12c 455.43 ± 1.77a

Alg6 388.48 ± 1.15b 586.72 ± 1.15c 378.08 ± 1.25a

PGP attributes are expressed as mean values of three replicates ± SEwhichwere compared by analysis of variance
(ANOVA), followed by the Duncan test. Statistically significant differences were then determined at p ≤ 0.05,
using the SPSS ver 20.0 and represented by different letters. Values in the rows with the same letter are not
significantly different (p ≤ 0.05) by the Duncan test
1 Biofilm was measured at an optical density (OD) at 590 nm
2 Indole acetic acid (IAA) production is expressed as μg ml−1

3 Phosphate (P) solubilization is expressed as μg ml−1

4 ACCdeaminase activity is expressed as nmol α-ketobutyrate mg protein−1 h−1

5 Exopolysaccharide (EPS) production is expressed as μg ml−1

6 Alginate (Alg) production is expressed as μg ml−1
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Similarly, in the case of maize, NBRI 13E-inoculated
plants exhibited a significant growth enhancement in terms
of shoot length and plant fresh weight in comparison to the
control, whereas they displayed nonsignificant difference for
root length, number of leaves, and plant dry weight (Table 2
and Fig. 3). Further, NBRI 13E-treated plants under salt stress
were found to have increased shoot length, root length, num-
ber of leaves, plant fresh weight, and plant dry weight by
29.89, 19.93, 33.25, 34.58, and 27.14%, respectively, com-
pared with the salt-stressed plants.

Likewise, in the case of tomato, we observed that plants
having NBRI 13E treatment showed significant growth pro-
motion in terms of the shoot and root length and plant fresh
and dry weight and nonsignificant growth promotion in terms
of the number of leaves (Table 2 and Fig. 3). However, under
salt stress, NBRI 13E-treated plants displayed enhanced shoot
and root length by 34.70 and 25.62% and plant fresh and dry
weight by 34.41 and 48.77%, respectively.

Effect of NBRI 13E inoculation on chlorophyll, proline,
and soluble sugar content of okra, maize, and tomato

Biochemical assays (total chlorophyll, carotenoid, proline,
and total soluble sugar) were performed to access the response

of NBRI 13E treatment toward nonenzymatic properties of
three crops under normal and salt stress conditions.

In the case of okra, we observed that NBRI 13E-treated plants
have significantly higher values for total chlorophyll and carot-
enoid content when compared to the untreated normal and salt
control (Fig. 4). NBRI 13E exhibited maximum potential to
enhance total chlorophyll and carotenoid content by 54.02 and
13.90% under salt stress condition. Our findings also showed a
significant difference for proline as well as total soluble sugar
accumulation in both treated and untreated plants under normal
and salt stress conditions (Fig. 4). In comparison to salt control
plants, NBRI 13E-inoculated plants accumulated 18.04% less
proline. Under salt stress condition, NBRI 13E-treated plants
also showed high (47.96%) total soluble sugar content.

Similarly, in the current study, plants receiving NBRI 13E
treatment showed significant enhancement in terms of total
chlorophyll and carotenoid for maize under both stress and
nonstress conditions (Fig. 4). NBRI 13E-treated plants dem-
onstrated higher values for total chlorophyll and carotenoid by
53.12 and 56.16% in comparison to control plants under salt
stress condition. Also, NBRI 13E inoculation helped plants to
accumulate less (55.27%) proline under salt stress as com-
pared to salt control plants. Total soluble sugar content was
also found to be increased by 27.42% in NBRI 13E-treated
plants as compared to salt stress control plants.

Fig. 2 Evolutionary relationships of NBRI 13E. The evolutionary history
was inferred using the neighbor-joining method (Saitou and Nei 1987).
The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) is shown next to the
branches. The tree is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used to infer the phylogenetic

tree. The evolutionary distances were computed using the Jukes–Cantor
method and are in the units of the number of base substitutions per site.
The analysis involved 11 nucleotide sequences. All ambiguous positions
were removed for each sequence pair. There were a total of 1565 positions
in the final dataset. Evolutionary analyses were conducted in MEGA7
(Kumar et al. 2016)
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In the same way, we found that NBRI 13E treatment dem-
onstrated a significant increase for total chlorophyll and carot-
enoid in tomato under normal and salt stress conditions (Fig.
4). We found that plants inoculated with NBRI 13E showed
enhancement in total chlorophyll and carotenoid content by
37.28 and 32.48%, respectively, in comparison to salt stress
control plants. Moreover, under salt stress condition, NBRI
13E treatment increased the proline accumulation in plants
by 32.48% as compared to control plants. NBRI 13E-treated
plants also exhibited 43.09% more total soluble sugar in com-
parison to control plants under salt stress.

Effect of NBRI 13E inoculation on defense enzymes of okra,
maize, and tomato

Simultaneously, we carried out defense enzyme assay like
SOD, APX, guaiacol peroxidase (GPX), CAT, and PPO to
analyze quenching of accumulated H2O2 and other oxidative
stress in plants. Salt-treated plants of all the three crops were
observed to have significant maximum activity for all the an-
tioxidant enzymes considered (Fig. 5). However, NBRI 13E
treatment has significantly lowered the activity for all the an-
tioxidant enzymes under salt stress (NBRI 13E+S) when com-
pared with only salt treatment. SOD, APX, GPX, CAT, and
PPO activity was reduced by 30.74, 44.17, 27.32, 11.44, and
41.09%, respectively, in okra plants under salt stress treated
with NBRI 13E when compared to only salt-treated plants

(Fig. 5). Moreover, NBRI 13E treatment demonstrated
64.97, 86.55, 59.77, 87.30, and 65.15% decrement for SOD,
APX, GPX, CAT, and PPO activity in maize plants under salt
stress condition (Fig. 5). Similarly, tomato plants under salt
stress exhibited 10.78, 20.95, 8.56, 7.23, and 24.87% reduc-
tion in SOD, APX, GPX, CAT, and PPO activity in NBRI 13E
treatment (Fig. 5).

Colonization of NBRI 13E in okra, maize, and tomato
rhizosphere under greenhouse conditions

Colonization of NBRI 13E and heterogeneous bacterial pop-
ulation in okra, maize, and tomato rhizospheres under green-
house conditions were monitored. The population of NBRI
13E increased in the rhizosphere of okra, maize, and tomato
from 0 to 15 DAI by 9.52, 14.30, and 13.49% in nonsterilized
soil. NBRI 13E exhibited maximum colonization and surviv-
ability in maize with 7.30 and 6.10 Log10 CFU g−1 till 45 DAI
under normal and salt stress conditions. Under salt stress con-
dition, NBRI 13E demonstrated survivability till day 45 with
5.02, 5.48, and 5.30 Log10 CFU g−1 in the rhizosphere soil of
okra, maize, and tomato, respectively (Fig. 6). However, the
population of NBRI 13E decreased maximum by 17.00% and
minimum by 15.27% in tomato and maize rhizosphere under
salt stress at 45 DAI. After 30 DAI, colonization of NBRI 13E
was 7.00 Log10 CFU g−1 rhizosphere soil, throughout the
growing period for all the three crops under normal condition.

Table 2 Measurement of
vegetative parameters of okra,
maize, and tomato plants

Treatment Shoot length (cm) Root length (cm) No. of leaves Fresh plant
wt. (g)

Dry plant
wt. (g)

Okra (Abelmoschus esculentus)

Control 15.76 ± 0.26c 10.23 ± 0.27b 3.00 ± 0.00b 2.32 ± 0.08b 0.62 ± 0.02b

Salt 13.13 ± 0.18a 9.00 ± 0.26a 2.00 ± 0.00a 2.03 ± 0.02a 0.55 ± 0.02a

NBRI 13E 16.87 ± 0.28d 10.50 ± 0.17c 3.00 ± 0.00b 3.28 ± 0.02d 0.72 ± 0.02c

NBRI 13E+S 14.77 ± 0.15b 9.57 ± 0.01ab 3.00 ± 0.00b 2.87 ± 0.02c 0.65 ± 0.02b

Maize (Zea mays)

Control 42.07 ± 1.67b 24.13 ± 0.55c 3.67 ± 0.33b 5.58 ± 0.04b 0.69 ± 0.02b

Salt 30.73 ± 0.52a 17.27 ± 0.49a 2.67 ± 0.33a 3.86 ± 0.03a 0.51 ± 0.03a

NBRI 13E 54.73 ± 0.87c 24.27 ± 0.30c 4.33 ± 0.33b 6.42 ± 0.03d 0.72 ± 0.02b

NBRI 13E+S 43.83 ± 0.84b 21.57 ± 0.44b 4.00 ± 0.00b 5.90 ± 0.03c 0.70 ± 0.02b

Tomato (Solanum lycopersicum)

Control 27.53 ± 0.13b 9.53 ± 0.22a 12.00 ± 0.58b 11.25 ± 0.03b 4.44 ± 0.02b

Salt 18.50 ± 0.15a 9.00 ± 0.21a 8.67 ± 0.33a 7.70 ± 0.02a 2.30 ± 0.02a

NBRI 13E 28.57 ± 0.23c 11.13 ± 0.22b 12.33 ± 0.33b 11.65 ± 0.03c 4.58 ± 0.02c

NBRI 13E+S 28.33 ± 0.29c 12.10 ± 0.21c 12.33 ± 0.33b 11.74 ± 0.03c 4.49 ± 0.02b

Parameters are expressed as mean values of three replicates ± SE which were compared by analysis of variance
(ANOVA), followed by the Duncan test. Statistically significant differences (signified by different letters) were
then determined at p ≤ 0.05, using the software SPSS ver 20.0. Values in the columns with the same letter are not
significantly different (p ≤ 0.05) by the Duncan test. Four different treatments refer to control (uninoculated; no
salt), salt (uninoculated; 100 mM NaCl), NBRI 13E (Jeotgalicoccus huakuii), and NBRI 13E+S (Jeotgalicoccus
huakuii treated with 100 mM NaCl)
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Heterogeneous bacterial populations during the same period
were in the range 7.05–7.35 Log10 CFU g−1 root in okra,
maize, and tomato rhizospheres receiving NBRI 13E
treatment.

Evaluation of NBRI 13E inoculation on Z. mays
under field condition

Further, the efficacy of NBRI 13E was evaluated for enhanc-
ing vegetative parameters and yield of maize crop under field
condition. We found that NBRI 13E inoculation demonstrated
significant enhancement over control for all the parameters

observed in this study. In this regard, the NBRI 13E-treated
plants were observed to have maximum height and fresh and
dry weight (Table 3). Similarly, NBRI 13E treatment resulted
in maximum cob weight, no. of rows per cob, no. of seeds per
row, total seeds per cob, and seed weight per cob with signif-
icant difference among all the treatments (Table 3). However,
NBRI 13E showed no significant difference with 100% NPK
in the case of 100 seed weight. Moreover, NBRI 13E signif-
icantly enhanced the total yield of maize crop by 38.69 and
33.86%when comparedwith the control and 50%NPK, while
a nonsignificant increase (1.69%) was represented in compar-
ison to 100% NPK.

Discussion

Jeotgalicoccus have been reported as a halotolerant strain by
several researchers (Alves et al. 2008; Guo et al. 2010; Liu
et al. 2011; Mokashe et al. 2015; Misra et al. 2017), but their
utilization as bioformulation based on multiple PGP attributes
under stress condition is still under infancy. The results of the
phylogenetic analysis supported the affiliation of NBRI 13E
to the genus Jeotgalicoccus having distinct subclade forma-
tion with other closest relatives. NBRI 13E differed markedly
from the six reported species of a Jeotgalicoccus genus based
on 16S rRNA gene-based phylogenetic analysis and also dem-
onstrated abiotic stress tolerance and various PGP traits (Fig.
2, Supplementary Table S1).

Therefore, the present study was conducted to demonstrate
the potential of J. huakuii (NBRI 13E), as not only enhancing
the crop productivity under control conditions but also
exhibiting a positive response under stressed conditions.
Under in vitro conditions, the PGP strain NBRI 13E has dem-
onstrated multiple PGP attributes, i.e., biofilm production,
ACC deaminase activity, EPS, and alginate production under
normal and stressed conditions (Table 1), although several
researchers have observed the PGP properties of bacterial iso-
lates under different abiotic stress conditions (Mishra et al.
2016; Sharma et al. 2015).

Strains from the genera Jeotgalicoccus have been reported
for IAA production. The increasing concentration of salt cor-
responds to the decrease in IAA production. In our study, we
have reported that NBRI 13E was able to produce IAA under
control conditions, but it reduces with the increasing concen-
trations of salt. Earlier, Mukasheva et al. (2016) reported a
strain of J. halotolerans which produces maximum IAA,
while another strain is unable to produce IAA (Yadav et al.
2016). Similar to Jeotgalicoccus, there are several other gen-
era which have demonstrated a gradual decline in IAA pro-
duction corresponding to increasing NaCl concentration
(Tank and Saraf 2010; Li et al. 2017; Sarkar et al. 2017;
Soleimani et al. 2017).

Fig. 3 Evaluation of Jeotgalicoccus huakuii (NBRI 13E) on growth
promotion of (a) okra, (b) maize, and (c) tomato
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Phosphate solubilization under salt stress by NBRI 13E has
been reported for the first time in the present study. Earlier,
Yadav et al. (2016) reported the lack of P solubilization attri-
bute by J. halotolerans. In the presence of increasing salt
concentrations, the P solubilization ability of NBRI 13E de-
creases under in vitro conditions. A similar trend of reduction
of P solubilization was also reported by Sadeghi et al. (2012)
and Mishra et al. (2017).

It has been reported that biofilm formation helps bacteria to
withstand harsh conditions by allowing them to tolerate vari-
ous abiotic stresses (Kamjumphol et al. 2013). In this perspec-
tive, NBRI 13E demonstrated significantly enhanced biofilm-
forming ability under 500 mM NaCl concentration as com-
pared to the control condition (Table 1). Notwithstanding, our
findings were in corroboration with the findings of Philips
et al. (2017) and Pumirat et al. (2017) which stated that biofilm
formation could be strongly induced under salt (NaCl) stress.

Further, on considering PGP attributes of NBRI 13E, ACC
deaminase activity was found maximum at 0.5 M NaCl

concentration. Similar to our results, an increase in the ACC
deaminase activity in the presence of salt (NaCl) was also
observed in other studies (Tank and Saraf 2010; Suarez et al.
2015; Li et al. 2017).

Exopolysaccharide production has been reported as anoth-
er essential trait for PGPR which allows them to grow under
water-stressed conditions (Sandhya et al. 2009). NBRI 13E
exhibited higher EPS and alginate production under 0.5 M
NaCl concentration as compared to the control (Table 1).
Our findings related to higher EPS production under salt
(NaCl) stress was supported by several researchers (Priester
et al. 2006; Sheng et al. 2006; Sandhya and Ali 2015). In
contrast to our report, Mishra et al. (2017) and Sarkar et al.
(2017) have demonstrated a significant decrease in EPS and
alginate production under salt stress condition.

Apart from the PGP attributes, abiotic stress tolerance is
another essential characteristic of any PGPR toward developing
its formulation for plant growth promotion and stress
management. Therefore, NBRI 13E was also evaluated for
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Fig. 4 Chlorophyll, proline, and soluble sugar in okra, maize, and tomato
leaves. The values shown here are the mean of three replicates. Errors
bars represent standard errors. Different letters above the bars represent

significant differences according to the analysis of variance (ANOVA),
followed by the Duncan test (p ≤ 0.05) applied using the software SPSS
ver 20.0
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salt, drought temperature, and pH stress under in vitro
condition. Results demonstrated the ability of NBRI 13E to
survive under harsh conditions, which are in accordance with
the earlier report on Jeotgalicoccus by Guo et al. (2010) to
represent its optimal growth at 3–8% NaCl concentration.
Similarly, in the present study, NBRI 13E exhibited better sur-
vivability under 0.5 M (2.9%) NaCl concentration after its

temporal (up to 10 days) evaluation of viability under salt stress
condition (Fig. 1), although no earlier other than the present
study has reported the survivability of Jeotgalicoccus sp. under
other (drought and high alkaline pH) abiotic stresses. In the
present study, NBRI 13E have also been evaluated for its
phytobeneficial impact by mitigating salt stress on okra, maize,
and tomato in terms of vegetative, biochemical, and defense

Fig. 5 Defense enzyme activities in okra, maize, and tomato leaves. The
values shown here are the mean of three replicates. Errors bars represent
standard errors. Different letters above the bars represent significant

differences according to the analysis of variance (ANOVA), followed
by the Duncan test (p ≤ 0.05) applied using the software SPSS ver 20.0
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enzyme parameters under greenhouse condition (Table 2; Figs.
3, 4, and 5). Earlier, also, we have reported salt stress amelio-
rating the effect of NBRI 13E on rice seedling under in vitro
conditions (Misra et al. 2017). Surprisingly, no earlier study
demonstrated plant growth promotion and salt stress ameliora-
tion by Jeotgalicoccus salt stress under greenhouse condition.

However, J. halotolerans is the only species which has been
reported for significantly enhancing the root length of soybean
and barley under control conditions (Mukasheva et al. 2016).

Inoculation of NBRI 13E has also demonstrated a signif-
icant increment of total chlorophyll, carotenoid, and total
soluble sugar content while reducing proline accumulation
under salt stress condition (Fig. 4). However, there are re-
ports of similar effects due to inoculation of PGPR in dif-
ferent hosts, but none of them are from Jeotgalicoccus gen-
era under salt stress conditions (Ullah and Bano 2015;
Vurukonda et al. 2016; Li and Jiang 2017). Our results of
NBRI 13E mediating less proline accumulation in maize
plants are in contrast to Li et al. (2017) and Yasmin et al.
(2017) which showed that Enterobacter cloacae and
Pseudomonas sp. could induce the synthesis of more pro-
line in canola seedlings and maize plants under salt
(100 mMNaCl) and drought stress. Previous reports related
to salt stress alleviation have well established the role of
EPS production by binding the excess Na+, therefore mak-
ing it unavailable to plants under saline stress (Upadhyay
et al. 2011; Balsanelli et al. 2014; Choudhary et al. 2016;
Forni et al. 2017). Therefore, enhanced EPS production by
NBRI 13E under salt stress could be the rationale behind our
findings related to decreased proline content in NBRI 13E-
treated plants (except tomato) under salt stress. Also, the
response mechanisms related to increased proline accumu-
lation are likely to incur a high cost to plants’ productivity
(Bistgani et al. 2017). For that reason, NBRI 13E could
prove to be beneficial PGPR in maintaining the integrity
of plants without compromising fitness. Similar to our re-
sults, Fukami et al. (2018) showed that proline contents in
maize plant were significantly reduced due to the inocula-
tion of PGPR, indicating a reduced need for the synthesis of
these molecules under saline stress. Our findings were also
supported by several studies showing a decrease in proline
content of PGPR-treated plants under salt stress (Singh and
Jha 2016; Tiwari et al. 2016; Curá et al. 2017).

The result for antioxidant enzymes in our study for the
three host plants was significantly reduced in NBRI 13E-
inoculated treatment under salt stress conditions (Fig. 5).
Earlier, it has been reported that plants under abiotic stress
have high ROS quenching activity, while inoculation of
PGPR reduces the antioxidant activities (Vardharajula et al.
2011; Kang et al. 2014; Tiwari et al. 2016). Moreover, in
contrast to our findings, Ullah and Bano (2015) and Habib
et al. (2016) observed that inoculation of other PGPR had
increased the antioxidants’ activity in host plants under salt
stress, although it has been previously stated that the reduced
level of oxidative stress enzymes suggested a low level of
stress experienced by PGPR-inoculated plants (Kang et al.
2014). Therefore, NBRI 13E-mediated reduction in defense
enzyme activities demonstrated its role in protecting the host
plants under salt stress conditions.

Fig. 6 Survival and competence in the rhizosphere of a okra, b maize,
and c tomato by Jeotgalicoccus huakuii (NBRI 13E). The different
symbols refer to (●) Heterotrophic bacteria (uninoculated control), (■)
NBRI 13E and (▲) heterotrophic bacteria (inoculated with NBRI 13E),
(▼) Heterotrophic bacteria (uninoculated control with salt), and (♦)
NBRI 13E and (○) heterotrophic bacteria (inoculated with NBRI 13E+
S). Error bars are the standard error of the means (n = 3)
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Growth and colonization of NBRI 13E in the rhizosphere
of okra, maize, and tomato were observed throughout the ex-
periment. Along with heterotrophic bacterial population,
NBRI 13E has established itself to colonize and compete with
the same titer as of native heterotrophic bacterial population
under normal as well as salt stress condition. Similar to these
results, earlier reports have demonstrated the colonization
ability of bacterial strains in the rhizosphere of different crop
plants (Chauhan and Nautiyal 2010; Mishra et al. 2011;
Mendis et al. 2018).

Furthermore, based on our results from the greenhouse
experiments, we have selected maize as host to evaluate
NBRI 13E for enhancing maize plant growth and yield under
naturally challenged field condition. Our results from the field
trial demonstrated that NBRI 13E inoculation resulted in bet-
ter plant growth and increased yield when compared with the
control and 50 and 100% recommended NPK (Table 3).
Similar to our results, the application of indigenous PGPR
along with recommended doses of chemical fertilizer could
significantly increase the maize yield (Gupta et al. 2017;
Sood et al. 2018).

Therefore, the current study draws necessary inference on
indigenous J. huakuii (NBRI 13E) for its characterization as
potential bioinoculant formulation under normal and abiotic
stress conditions. Our findings demonstrated that NBRI 13E
imparted phytobeneficial effect in terms of enhanced photo-
synthetic pigments and less proline accumulation along with
reduced antioxidant enzymes by using three different host
plants. We also found that application of NBRI 13E compro-
mised the amount of chemical fertilizer to achieve the en-
hanced maize yield as that of the recommended dose under
degraded soil condition. Therefore, the study highlights the
effectiveness of NBRI 13E for attaining better maize yield

by conjoint application of PGPR and 50% chemical (NPK)
fertilizer under a degraded condition which results to be cost-
effective as well as a preventive measure to conserve soil
fertility.
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