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Abstract
Endophytes are potential source of various novel compounds that help to promote plant growth, eliminate plant pathogens, and
enable the plant to resist stress-like conditions. The present study aimed at selecting stress-tolerant bacterial endophytes with plant
growth-promoting ability from Adhatoda vasica. Salt-tolerant bacterial endophytes were isolated on nutrient agar with 2.5%
NaCl from the leaves of Adhatoda vasica collected from Manipur, India. The isolates were screened for stress tolerance, plant
growth-promoting traits, antagonism against fungal phytopathogens and plant growth promotion. Sixteen morphologically
distinct salt-tolerant bacterial endophytes were isolated fromAdhatoda vasica. All bacterial endophytes showed auxin production
while phosphate solubilization was shown by 81% isolates, siderophore production by 75%, ACC deaminase by 43.8% isolates,
HCN by 50% isolates, and ammonia by 62.5% isolates. Four bacterial isolates showed antagonistic activity against all the test
fungal phytopathogens Fusarium verticillioides (MTCC 3322), Curvularia lunata (MTCC 283), and Alternaria alternata
(MTCC 1362). Dendrogram generated based on stress tolerance of the bacterial isolates against salinity, temperature, pH, and
calcium salts showed 3 clusters and two independent branches. Two bacterial isolates identified based on phenotypic features and
16S rRNA gene sequencing as Bacillus thuringiensisA1B3 and Bacillus sp. A1B6 significantly increased the growth parameters
of pea and maize in comparison to uninoculated control in pots under natural conditions. The attributes of stress tolerance,
antagonism against fungal pathogens, and plant growth promotion indicated the potential of Bacillus thuringiensis A1B3 and
Bacillus sp. A1B6 to be used as microbial inoculant in agriculture under stressed environment.
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1 Introduction

An environmentally sound and sustainable crop production is
one of the main challenges for agriculture in the twenty-first
century. Excessive use of fertilizers and pesticides for en-
hanced agricultural yield has placed an extensive burden on
the agriculture. Ecologically safe, efficient, and cheap biolog-
ical alternatives are required to reduce the consumption of
fertilizers and for improving agriculture productivity.

Microorganisms have huge potential offering an alternative
to the use of inorganic fertilizers and chemical pesticides.
Most of the research related to plant growth-promoting poten-
tial of microorganisms is focused on rhizobacteria; however,
there is an increasing interest in the huge potential offered by
endophytic bacteria for plant growth promotion (Ribeiro et al.
2018). Endophytic microorganisms produce plant growth-
promoting metabolites including phytohormones, enzymes
like ACC deaminase, organic acids aiding in phosphate solu-
bilization, siderophores, cellulases, and chitinases (Vyas and
Kaur 2017). Endophytic microorganisms are not only the
promising source of growth metabolites but also enable the
plant to resist stress-like conditions. The application of endo-
phytic microorganisms with multiple plant growth-promoting
activities, biocontrol mechanisms, and stress tolerance could
be beneficial in reducing the use of chemical fertilizers and
pesticides for sustainable agriculture in the fragile ecosystems.

Plant disease control has also remained a major challenge
for improving crop productivity. Fusarium species are well-
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known human, animal, and plant pathogens. Fusarium
oxysporum and Curvularia lunata cause diseases in wide
range of plant species belonging to different families (Lal
et al. 2013). Similarly, Alternaria alternata with a wide host
range cause leaf spots and blights in many plants while
Fusarium verticillioides is an economic fungal pathogen re-
ported to cause stalk rot, ear rot, and kernel rot of maize
(Ghosh et al. 2016). In addition to phytopathogens, different
biotic and abiotic factors also affect the performance of mi-
croorganisms and plant growth (Vyas et al. 2010; Dodd and
Pérez-Alfocea 2012; Das et al. 2015). Abiotic stress includes
temperature, pH, moisture status, salinity, and salts present in
soils. Many plant growth-promoting bacteria showing good
results in vitro fail to give the same results in fields, when
applied as microbial inoculants due to the stress imposed by
the sudden change in the environment (Vyas et al. 2009).
Therefore, screening for stress tolerance is an important pa-
rameter in the selection of bacterial strains for the develop-
ment of microbial inoculants. Many bacteria have adapted
themselves to the fluctuations in the temperature, pH, and
osmolarity while living in the stressed environments.
Limited reports are available on the selection of bacterial
strains based on stress tolerance for the development of mi-
crobial inoculants (Vyas et al. 2009, 2010). One approach is to
select stress-tolerant bacteria with multiple plant growth-
promoting (PGP) and biocontrol activities.

Plants which possess ethnobotanical history offer enor-
mous opportunities for the recovery of novel endophytic mi-
croorganisms. Adhatoda vasica (Justicia adhatoda), com-
monly known as Malabar nut or vasaka, belonging to the
family Acanthaceae grows in the Indian plains or lower
Himalayas, up to a range of 1000 m above sea level (Kumar
et al. 2013). In Ayurvedic medicine, Adhatoda vasica is used
for a multitude of disorders including leprosy, blood disorders,
heart troubles, fever, vomiting, loss of memory, leucoderma,
jaundice, tumors, mouth troubles, sore eye, and gonorrhea. No
reports are available on the stress-tolerant plant growth-
promoting endophytic bacteria isolated from Adhatoda
vasica. Therefore, the present study was aimed at isolating
stress-tolerant endophytic bacteria from Adhatoda vasicawith
multiple plant growth-promoting and antagonistic activities
against plant fungal pathogens.

2 Materials and Methods

2.1 Isolation of Culturable Bacterial Endophytes

Culturable bacterial endophytes were isolated from leaf sam-
ples of Adhatoda vasica growing at Manipur, India, located
between the latitude 24° 48′ 50.2812″N and longitude 93° 57′
1.0044″ E. Leaf samples were collected from healthy plants
growing at three different locations and brought to the

Microbiology Laboratory, Lovely Professional University,
Jalandhar, India, in polythene bags after keeping the leaf sam-
ples between the folds of brown sheets. The samples were
processed immediately by washing with distilled water. The
leaves were surface sterilized by dipping in ethanol (75%) for
30 s followed by 0.2% HgCl2 for 3 min and washed with
sterilized distilled water five times (Tan et al. 2015). The
surface-sterilized leaves were cut into thin sections of about
1–2 mm and placed on agar-solidified nutrient agar amended
with 2.5% NaCl. The plates were incubated in the dark at
28 °C for 24–72 h. The bacterial isolates growing in the im-
mediate vicinity of leaf tissue were purified and preserved
under 30% glycerol for further studies.

2.2 Screening of Salt-Tolerant Bacterial Endophytes
for Plant Growth-Promoting Attributes

2.2.1 Phosphate Solubilization

Phosphate solubilization by salt-tolerant bacterial isolates was
detected qualitatively on modified Pikovskaya (PVK) agar.
Zone of phosphate solubilization around bacterial colonies
was measured on fifth day of incubation at 28 °C.

For quantitative estimation, 50 ml NBRIP (National
Botanical Research Institute Phosphate) broth was inoculated
with 500 μl of the bacterial cultures (~ 3 × 109 CFU/ml). The
flasks were incubated in a refrigerated incubator shaker at
180 rpm at 28 °C. The uninoculated sterilized NBRIPmedium
served as control. The liberated P was estimated by yellow
color method on fifth day of incubation as described earlier
(Nautiyal 1999; Gulati et al. 2008). The total soluble phospho-
rus was calculated from the regression equation generated
from the standard curve prepared from KH2PO4 in the range
of 0 to 900 μg P per milliliter. The values of phosphorus
liberated were expressed as microgram per milliliter over un-
inoculated control.

2.2.2 IAA-Like Auxin Production

Indole-3-acetic acid production was quantified in nutrient
broth with 0.1% DL-tryptophan using Salkowski reagent
(Loper and Schroth 1986). In brief, 100μl of 24 h old bacterial
cultures were inoculated in the medium and incubated for 48 h
in the dark at 28 °C. Thereafter, the cultures were centrifuged
at 10,000 rpm and 4 ml Salkowski reagent was added to 1 ml
culture supernatant. After 10 min, the absorbance of the resul-
tant pink color was measured at 535 nm and the values of
IAA-like auxins were expressed as microgram per milliliter
over uninoculated control. The total IAAwas calculated from
the regression equation generated from the standard curve
prepared from IAA in the range of 0 to 50 microgram IAA
per milliliter.
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2.2.3 ACC (1-Aminocyclopropane-1-Carboxylate) Deaminase
Activity

The salt-tolerant bacterial isolates were screened for ACC de-
aminase activity on DF salts minimal medium with ACC as
sole nitrogen source (Glick 2014). The DF agar plates were
streaked with the bacterial cultures and incubated at 28 °C.
The plates were observed for the appearance of growth after
48 h.

2.2.4 Siderophore Production

The glassware used for siderophore detection were rinsed with
20% HCl to remove iron and washed with de-ionized water.
Screening of the bacterial isolates for siderophore production
was carried out on chrome azurol sulfonate (CAS) agar plates
(Schwyn and Neilands 1987). The CAS agar plates were spot
inoculated with the bacterial cultures and incubated at 28 °C.
The diameter of orange color halo was measured on the fifth
day of incubation.

2.2.5 Ammonia Production

Ammonia production was detected by adding Nessler’s re-
agent to bacterial isolates grown in peptone broth for 24 h.
The change in color from faint yellow to dark brown indicated
the production of ammonia (Cappuccino and Sherman 1992).

2.2.6 Hydrogen Cyanide Production

Hydrogen cyanide (HCN) production was detected using
Castric method (1975). Briefly, the bacterial isolates were
streaked on nutrient agar amended with glycine. Filter paper
discs soaked in 2% Na2CO3 prepared in 0.5% picric acid
solution were kept inside the lid of the Petri plates and incu-
bated for 3 days at 28 °C. Color change of filter paper discs
from orange to brown indicated HCN production.

2.3 Screening for Antagonism on Solid Medium
by Well Diffusion Assay

The bacterial isolates were evaluated for antagonism against
fungal phytopathogens Fusarium verticillioides strain 1
(MTCC 3322), Curvularia lunata strain 716 (MTCC 283),
and Alternaria alternata strain 6663 (MTCC 1362) on yeast
extract medium by well diffusion assay (Harris et al. 1989).
The bacterial cultures were grown in nutrient broth for 48 h at
28 °C and centrifuged at 10,000 rpm. The fungal cultures were
grown in potato dextrose agar for 7 days and a spore suspen-
sion was prepared by homogenizing the fungal cultures and
suspending in sterile normal saline. One milliliter of fungal
suspension was spread plated onto yeast extract agar plates in
triplicates. Awell is bored in the center of plates with the help

of a sterile cork borer and 50 μl bacterial supernatant is added
into each well in comparison to control plates where 50 μl of
sterile distilled water was added. The zone of inhibition was
measured after incubating the plates at 28 °C for 7 days.

2.4 Stress Tolerance Screening

Stress tolerance screening was carried out by growing the
bacterial isolates at different stress levels of temperature, pH,
salinity, and calcium salts. Temperature effect was studied by
streaking the bacterial isolates on nutrient agar plates and in-
cubating at 10, 30, and 40 °C for 48 h and observed for
growth. Similarly, for pH stress, the nutrient agar with pH 5,
7, and 9 was prepared using citrate-phosphate buffer and the
bacterial isolates were grown at 28 °C. Likewise, for salinity
stress, the nutrient agar medium with 5 and 7.5% NaCl was
prepared and the bacterial isolates were grown on the medium
at 28 °C. The bacterial isolates were also screened for toler-
ance against calcium salts by growing on nutrient agar plates
with 2.5 and 5% CaSO4, 2.5 and 5% CaCl2, and 2.5 and 5%
CaCO3.

The results on growth of bacterial strains were scored as
binary numbers, 1 representing growth and 0 indicating no
growth. The data was subjected to cluster analysis using
PAST software.

2.5 Effect on Plant Growth Promotion

Two selected bacterial isolates A1B3 and A1B6 were
evaluated for growth promotion of pea (Pisum sativum
var. Palam Priya) and maize (Zea mays var. Parbhat) as
described earlier (Gulati et al. 2009; Kaur et al. 2017).
Briefly, maize and pea seeds were sterilized by dipping
for 3 min in 20% sodium hypochlorite and washed thrice
with sterile distilled water. Thereafter, the surface steril-
ized seeds were dipped for 30 min in 48 h old bacterial
cultures (OD adjusted to 1.0~109 CFU/ml). The initial
count of bacteria per seed was determined by serially di-
luting a single bacterized seed in normal saline up to 10−6.
From each dilution, 100 μl was spread plated on to nutri-
ent agar plates and the plates were incubated for 24–48 h
at 28 °C. Two seeds were sown in each 10-cm-diameter
pots containing unsterilized garden soil. Seeds dipped in
sterilized nutrient broth and sown in pots served as unin-
oculated controls. The experiment consisted of three treat-
ments with 4 replicates each. The pots were kept under
natural conditions in randomized block design and data
was collected after 45 days on shoot length, root length,
and total dry weight. For dry weight calculation, the
plants were dried at 70 °C for 3 days in an oven till
constant weight is obtained.
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2.6 Characterization and Identification
of the Bacterial Isolate

The bacterial isolate A1B3 and A1B6 were partially charac-
terized and identified on the basis of phenotypic characters
and 16S rRNA gene sequencing. For phenotypic characteri-
zation, Gram’s staining, motility, endospore staining, methyl
red, Voges-Proskauer, catalase, citrate, oxidase, and urease
tests were performed following the standard methods (Krieg
and Holt 1984).

16S rRNA gene sequence analysis was carried out as de-
scribed earlier (Gulati et al. 2008). RNAwas isolated using the
Qiagen DNeasy Plant Mini Kit. Gene amplification,
thermocycling conditions, and sequence analysis have been
described earlier in detail (Gulati et al. 2008). The sequences
were aligned with ClustalW and MEGA software package
version 7 using Kimura’s two-parameter model was used to
calculate the evolutionary distance of the stress-tolerant strains
A1B3 and A1B6 and their related taxa. The gene sequences of
A1B3 and A1B6 have been submitted to NCBIGenBankwith
the accession numbers MG779636 and MG779637,
respectively.

2.7 Experimental Design and Statistical Analysis

Randomized block design was implemented for carrying out
the experiments. Unless stated otherwise, all values are the
means of three replicates. Data on plant growth promotion
was analyzed by analysis of variance (ANOVA) using
XLSTAT 2016. The mean of the treatments were compared
by Fisher’s significant difference (LSD) test at p values of
0.05.

3 Results

3.1 Isolation and Screening of Salt-Tolerant Bacterial
Endophytes for Plant Growth-Promoting Attributes

In the present study, a total number of 16 morphologically
distinct salt-tolerant endophytic bacteria were isolated from
the leaves of Adhatoda vasica on nutrient agar plates with
2.5% NaCl. The salt-tolerant endophytes were further
assessed for PGP activities including phosphate solubiliza-
tion, auxin production, ACC deaminase activity, siderophore
production, ammonia production, and HCN production.

Out of the 16 salt-tolerant bacterial endophytes, 13 isolates
showed phosphate solubilization ranging from 12.8 to
424.4 μg/ml over uninoculated control at 28 °C on the fifth
day of incubation in liquid medium (Table 1). Three isolates
A1B5, A2B4, and A3B4 did not show any phosphate solubi-
lization (Table 1). The bacterial isolates differed in their ability Ta
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to solubilize phosphate with the highest solubilization shown
by A1B6 and lowest by A3B1.

All 16 salt-tolerant endophytic bacteria showed the produc-
tion of IAA-like auxins in tryptophan-amended media after
48 h incubation as detected using Salkowski reagent.
However, the isolates varied in their ability to produce auxins
ranging from 9.3 to 27.5 μg/ml. The highest production was
shown by A1B3 while the lowest by A3B5 (Table 1). In ad-
dition, 12 isolates showed siderophore production, 10 showed
ammonia production, 7 isolates showed ACC deaminase ac-
tivity, and six isolates showed hydrogen cyanide production
(Table 1).

3.2 Screening for Antagonism

The salt-tolerant bacterial endophytes were screened for an-
tagonism against fungal pathogens. Eight bacterial isolates
showed antagonistic activity against Fusarium verticillioides,
seven against Alternaria alternata, and four against
Curvularia lunata by well diffusion assay (Table 1). The zone
of inhibition ranged from 8 to 22 mm against Fusarium
verticillioides, 4–18 mm against Curvularia lunata, and 5–
19 mm against Alternaria alternata. Four isolates showed
antagonism against all tested phytopathogens with the highest
antagonistic activity shown by A1B6 followed by A1B3
(Table 1, Fig. 1).

3.3 Screening for Stress Tolerance

The 16 bacterial endophytes were tested for tolerance against
different levels of pH, temperature, salinity, and calcium salts.
The bacterial isolates exhibited difference in tolerating stress
conditions (Fig. 2). All bacterial isolates showed growth on
agar medium with 2.5 and 5% CaSO4, and 2.5% CaCO3.
None of the isolates showed growth on 5% CaCl2. Seven
isolates could grow at 5% NaCl, five at 7.5% NaCl, nine at
2.5% CaCl2, and 11 at 5% CaCO3. Among the different levels
of pH tested, all isolates showed growth on pH 7 and four at
pH 5 and 9. Likewise, among the different tested

temperatures, all isolates exhibited growth at 30 °C, five at
10 °C, and four at 40 °C.

The dendrogram generated based on the stress tolerance of
these bacterial isolates at different levels of tested tempera-
tures, pH, salinity, and calcium salts showed three clusters
and two independent branches with cluster 1 including 8 iso-
lates, cluster II including 3 isolates, and cluster III including 2
isolates (Fig. 2). The bacterial isolates A1B3 and A1B6 show-
ing the highest stress tolerance stood separately as an indepen-
dent branch (Fig. 2).

3.4 Plant Growth Promotion

The bacterial isolates A1B3 and A1B6 selected based on ini-
tial studies on PGP activities, antagonism, and stress tolerance
were tested in pots for growth promotion of pea and maize.
The initial count of A1B3 and A1B6 per seed was 4.3 × 105

and 3.9 × 105 colony forming units, respectively. Both the
bacterial isolates significantly enhanced the growth of both
pea and maize (Table 2). However, among the two isolates,
A1B3 showed significantly higher growth promotion than
A1B6, except for the dry weight of both maize and pea where
both the treatments are statistically at par with one another.

3.5 Characterization and Identification
of the Bacterial Endophytes

The bacterial isolates A1B3 and A1B6 were characterized
based on phenotypic features, biochemical tests, and 16S
rRNA gene sequencing. Both the bacterial isolates were
Gram positive, motile, rod shaped, arranged in chains, posi-
tive for endospore, catalase, and citrate utilization. The iso-
lates were tested negative for oxidase, methyl red, Voges-
Proskauer, indole, and urease. Based on the results, the bacte-
rial isolates A1B3 and A1B6 were tentatively identified be-
longing to the genus Bacillus.

To confirm the identity of the bacterial isolates A1B3 and
A1B6, 16S rRNA gene sequencing was carried out. 16S
rRNA gene analysis of 1504-bp sequence of A1B3 showed
99% similarity with Bacillus thuringiensis strain IHB B 7117

(A1B3)

(A1B6)(A2B2)

(A1B1)

(A1B3)

(A1B6)(A2B2)

(A1B1)

(A1B3)

(A1B6)(A2B2)

(A1B1)

(a) (b) (c)

Fig. 1 Antagonistic activity of the
bacterial endophytes isolated
from Adhatoda vasica against a
Alternaria alternata, b
Curvularia lunata, and c
Fusarium verticillioides on yeast
extract agar plates after 7 days of
incubation at 28 °C
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while 1502-bp sequence of A1B6 showed 99% similarity with
Bacillus sp. strain M1B2 (Fig. 3). The phylogenetic tree con-
structed on the basis of 16S rRNA gene sequences of A1B3
and A1B6 and their nearest neighbors showed two distinct
groups. The first group consisted of A1B3 along with 4
Bacillus thuringiensis strains, 4 Bacillus sp. strains, and
B. pumilus strain, whereas the second group consisted of
A1B6 and Bacillus thuringiensis strain IHB B 7117.

4 Discussion

4.1 Isolation of Bacterial Endophytes and Screening
for Plant Growth-Promoting Attributes

In view of the increasing cost and pollution related with chem-
ical pesticides and fertilizers, interest has increased to find
alternative methods of fertilization and control of pests.
Bacterial endophytes are important components of sustainable

agriculture playing a significant role in the nutrition of plants in
view of their capability to produce large array of agriculturally
important metabolites. However, different biotic and abiotic
factors affect the performance of these microorganisms (Vyas
et al. 2010; Das et al. 2015; Vyas and Kaur 2018). Abiotic
stresses include temperature, pH, moisture status, salinity,
and salts present in soils. Importantly, even though many plant
growth-promoting bacteria show good results in vitro, they fail
to give the same results in fields, when applied as microbial
inoculants. One main reason for their failure is the stress im-
posed on them by the sudden changes in the environment
(Vyas et al. 2010). Screening for stress tolerance is an impor-
tant parameter in the selection of bacterial strains for the de-
velopment of microbial inoculants. Therefore, with the objec-
tive of selecting stress-tolerant PGP and antagonistic bacteria,
16 morphologically distinct salt-tolerant endophytic bacteria
were isolated from the leaves of Adhatoda vasica on nutrient
agar plates with 2.5% NaCl. Endophytic bacteria have been
isolated earlier also from different medicinal plants; however,
no reports are available on the stress-tolerant endophytic bac-
teria isolated from Adhatoda vasica.

Phosphorus is an important nutrient limiting the growth of
plants due to its fixation in soil. Microorganisms have the
ability to solubilize insoluble phosphates in the soil and en-
hance growth of plants under conditions of poor phosphorus
availability (Gulati et al. 2008). Herein, the 16 salt-tolerant
bacterial endophytes showed phosphate solubilization but dif-
fered in their ability to solubilize tricalcium phosphate
(Table 1). The results are in accordance with the earlier report
where Pseudomonas strains showed difference in the solubi-
lization of various phosphate substrates (Gulati et al. 2008).
Recently, Aneurinibacil lus sp., Bacillus sp., and
Lysinibacillus sp. isolated from banana roots have been report-
ed to exhibit phosphate solubilization (Matos et al. 2017). The
application of these strains could prove to be highly beneficial
in calcareous soils where phosphorus deficiency is attributed
to the binding of phosphate with calcium.

Phytohormone production is another mechanism for
plant growth promotion used by bacterial endophytes.
All bacterial endophytes showed IAA production as

Table 2 Effect of stress-tolerant bacterial endophytes from Adhatoda vasica leaves on growth promotion of pea (Pisum sativum) andmaize (Zeamays)
under greenhouse conditions

Isolate Pisum sativum var. Palam Priya Zea mays var. Parbhat

Root length (cm) Shoot length (cm) Dry weight (g) Root length (cm) Shoot length (cm) Dry weight (g)

Uninoculated control 11.6a 18.3 a 0.19 a 17.5 a 30.5 a 0.21 a

A1B3 16.8b (44.8) 26.0 b (42.1) 0.27 b (42.1) 23.5b (34.3) 44.0b (44.3) 0.30b (42.8)

A1B6 14.5c (25.0) 23.5c (28.4) 0.25b (31.6) 21.0c (20.0) 41.2c (35.1) 0.28b (33.3)

Fisher’s LSD at 5% 1.8 2.0 0.05 1.8 2.1 0.06

Values are the mean of four replicates with two plants each ± SEmean. Values in parentheses indicate % increase over uninoculated control. Values with
different letters in each column differ significantly from one another at p ≤ 0.05

Linkage distance

Cluster I

Cluster II

Cluster III

Fig. 2 Similarity coefficient dendrogram of plant growth-promoting
bacterial endophytes from Adhatoda vasica derived from their growth
pattern under different stress levels of temperature (10 °C, 30 °C, and
40 °C), pH (5, 7, and 9), salinity (NaCl 5% and 7.5% NaCl), and calcium
salts (CaSO4 2.5 and 5%, CaCO3 2.5 and 5%, and CaCl2 2.5 and 5%)

J Soil Sci Plant Nutr (2019) 19:290–298 295



detected spectrophotometrically (Table 1). IAA produc-
tion has been reported for many PGP bacterial endophytes
in the presence of tryptophan (Tsavkelova et al. 2007;
Vyas and Kaur 2017). In addition, siderophore production
and hydrogen cyanide production are important attributes
of the microorganisms that influence plant growth by sup-
pressing fungal pathogens. In the present studies, six iso-
lates showed hydrogen cyanide production ranging from
weak to strong as indicated by the color change of filter
paper discs from yellow to orange/brown (Table 1).
Siderophore-producing bacteria suppress fungal patho-
gens by making iron unavailable for fungal growth
(Sayyed and Chincholkar 2009). Siderophore production
zones by 12 bacterial isolates ranged from 3.5 to 21.2 mm
after 5 days incubation on CAS agar plates.

Several plant growth-promoting bacteria produce the
enzyme 1-aminocyclopropane-1-carboxylate (ACC) de-
aminase which breaks the plant ethylene precursor ACC
to ammonia and α-ketobutyrate (Glick 2014). ACC
deaminase-producing bacteria help to promote root elon-
gation and plant growth by hydrolyzing ACC from ger-
minating seeds and increasing the active rhizosphere
zone. In the present studies, seven isolates exhibited
growth on DF salts minimal medium with ACC as sole
nitrogen source (Table 1). ACC deaminase-producing
bacteria are known to protect plants against drought,
flooding, salts, heavy metals as well as from bacterial
and fungal pathogens (Glick 2014; Saikia et al. 2018).
Therefore, bacteria producing ACC deaminase are impor-
tant components of agriculture in stressed environments.
Ammonia production is also an important trait as it is
used by plants for their growth as a source of nitrogen
(Glick 2014). Herein, ammonia production was shown by
10 isolates (Table 1). No reports are available on the
plant growth-promoting endophytic bacteria from
Adhatoda vasica.

4.2 Screening for Antagonism

Plant pathogens cause huge damage to the crop plants world-
wide. Large-scale use of chemicals for controlling phytopath-
ogens has led to the buildup of pesticide resistance among
pathogens (Zalila-Kolsi et al. 2016). Biological control of
plant diseases is an effective alternative to the use of chemical
pesticides and fungicides. In the present studies, bacterial en-
dophytes showed antagonistic activity against Fusarium
verticillioides, Alternaria alternata, and Curvularia lunata
(Table 1, Fig. 1). The antagonistic activity can be correlated
with the production of HCN as all isolates showing antago-
nism also exhibited HCN production. HCN is one of the most
important compounds inhibiting the growth of fungal patho-
gens, among the volatile compounds produced by bacteria
(Reetha et al. 2014). The bacterial isolates showing antago-
nism also produced siderophores, which have also been im-
plicated in inhibiting the growth of fungal pathogens. Strains
of Bacillus amyloliquefaciens, Bacillus subtilis, and
Paenibacillus polymyxa have been shown to show antagonis-
tic activity against Fusarium graminearum (Zalila-Kolsi et al.
2016). Recently, endophytic Bacillus atrophaeus isolated
from wild ethnomedicinal plant Glycyrrhiza uralensis
(licorice) has been reported against multiple phytopathogens
including Fusarium oxysporum, Alternaria solani, and
Verticillium dahlia (Mohamad et al. 2018).

4.3 Screening for Stress Tolerance

The performance of plant growth-promoting bacteria is
constrained by the stress generated by environmental factors
including temperature, desiccation, pH, alkalinity/acidity, and
salinity in the soil (Vyas et al. 2010; Das et al. 2015; Vyas and
Kaur 2018). Salinity is a major stress-limiting plant growth,
crop productivity, and performance of microorganisms in soils
(Dodd and Pérez-Alfocea 2012). Screening for stress

Bacillus thuringiensis strain IHB B 7117 (KJ767323)

Bacillus thuringiensis strain BHR1P2B1S (KJ592612)

Bacillus thuringiensis strain IHB B 7196 (KJ767341)

Bacillus sp. h3 (JX)( AY862988)

Bacillus thuringiensis strain B20 (LN890196)

Bacillus sp. strain ST-R5 (MF996669)

Bacillus pumilus strain CGAPGPBS-051 (KY495223)

Bacillus sp. 1052 (JX566534)

Bacillus sp. R5 (GU566345)

Bacillus thuringiensis A1B3 (MG779636) 

Bacillus sp. A1B6 (MG779637) 

Bacillus sp. strain M1B2 (MG711590)

95

61

58

63

45

51

35

45

88

Fig. 3 Phylogenetic tree
constructed based on 16S rRNA
gene sequences of A1B3, A1B6,
and their nearest neighbors using
neighbor-joining method
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tolerance is an important parameter while selecting bacterial
strains for developing biofertilizers. Therefore, the selection of
stress-tolerant bacterial strains is essential for consistency in
field performance for application as the microbial inoculants.
In the present studies, the bacterial endophytes tested for tol-
erance against different levels of pH, temperature, salinity, and
calcium salts exhibited difference in tolerating stress condi-
tions (Fig. 2). The dendrogram generated based on the growth
of these bacterial isolates at different stress levels showed
three clusters and two independent branches (Fig. 2). The
bacterial isolates A1B3 and A1B6 showing the highest stress
tolerance stood separately as an independent branch (Fig. 2).
Similar results were observed earlier while screening stress-
tolerant Pseudomonas strains from Lahaul and Spiti valley in
Himachal Pradesh, India (Vyas et al. 2009). Many reports are
available on screening rhizobacteria for PGP properties; how-
ever, limited reports have shown the selection of bacteria
based on stress tolerance along with other activities for the
development of microbial inoculants (Vyas et al. 2009; Vyas
andKaur 2018). Selection of bacteria based on stress tolerance
is important as bacterial screened in vitro fail to give same
response in field due to the stress imposed by the environmen-
tal conditions (Vyas et al. 2009; Vyas and Kaur 2017; Kaur
et al. 2018).

4.4 Plant Growth Promotion

The bacterial isolates A1B3 and A1B6 selected based on ini-
tial studies on PGP activities, antagonism, and stress tolerance
were tested in pots for growth promotion of pea and maize.
Both the bacterial isolates significantly enhanced the growth
of both pea and maize (Table 2). However, among the two
isolates, A1B3 showed significantly higher growth promotion
than A1B6, except for the dry weight of both maize and pea
where both the treatments are statistically at par with one
another. Many PGP bacterial species belonging to Bacillus,
Pseudomonas, Acinetobacter, and Rahnella have been report-
ed to enhance growth promotion in various plants (Gulati et al.
2009; Vyas et al. 2010; Vyas and Kaur 2017; Kaur et al. 2018).
Endophytic Bacillus licheniformis and Bacillus sp. isolated
from Eucalyptus leaves and stems have shown growth-
promoting effects on Eucalyptus plantlets under controlled
environment (Paz et al. 2012). Recently, endophytic Bacillus
strains isolated from sap, roots, and leaves of maize plants
have been reported to enhance the growth and nutrient uptake
of pearl millet (Ribeiro et al. 2018).

4.5 Characterization and Identification
of the Bacterial Endophytes

The bacterial isolates A1B3 and A1B6 were characterized
based on phenotypic features, biochemical tests, and 16S
rRNA gene sequencing. 16S rRNA gene analysis of A1B3

showed highest similarity with Bacillus thuringiensis while
A1B3 was most closely related to Bacillus sp. strain M1B2
(Fig. 3). Plant growth-promoting and antagonistic Bacillus
spp. have earlier been reported for their stress tolerance
against salinity, temperature, and desiccation (Vardharajula
et al. 2011). However, no reports are available on the stress-
tolerant bacterial endophytes isolated from Adhatoda vasica.

5 Conclusion

Endophytes are essential components of sustainable agricul-
ture due to their ability to produce large number of agricultur-
ally important metabolites. These endophytes not only en-
hance plant growth but also enable the plants to resist stress-
like conditions. The present study characterizes two potential
stress-tolerant plant growth-promoting endophytic bacterial
strains isolated from the leaves of Adhatoda vasica as
Bacillus thuringiensis A1B3 and Bacillus sp. A1B6. In addi-
tion to plant growth-promoting traits and antagonism against
fungal pathogens, these strains also showed stress tolerance
against temperature, pH, salinity, and calcium salts, which is
essential for promoting plant growth under stressful condi-
tions. The endophytic strains A1B3 and A1B6 also enhanced
the growth of pea and maize plants in comparison to uninoc-
ulated control under natural conditions. Therefore, the strains
Bacillus thuringiensis A1B3 and Bacillus sp. A1B6 selected
as potential candidates based on multiple plant growth-
promoting traits, antagonism against fungal pathogens, stress
tolerance, and plant growth promotion can be used as micro-
bial inoculants for agriculture in the stressed environment.
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