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Abstract Soil bacteria may have properties of plant
growth promotion but not be sufficiently beneficial for
plants under stress conditions. This challenge has led
researchers to extend their searches into extreme
environments for potential soil bacteria with multiple
plant beneficial traits as well as abiotic stress tolerance
abilities. In the current study, an attempt was made to
evaluate soil bacteria from an extreme environment,
volcano soils, based on plant growth promoting and
abiotic stress mitigating characteristics. The screening
led to the isolation of eight (NBRISH4, NBRISHS6,
NBRISH10, NBRISH11, NBRISH13, NBRISH14,
NBRISH16 and NBRISH26) bacterial isolates capable
of withstanding stresses, namely temperature (up to
45 °C), salt (up to 2 M NaCl) and drought (up to 60%
Poly Ethylene Glycol 6000) in vitro. Further, the
selected isolates were notable for their in vitro tem-
poral performance with regards to survival (in terms of
colony count), phosphate solubilisation, biofilm
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formation, auxin, alginate and exo-polysaccharide
production abilities under abiotic stresses i.e. 40 °C
temperature; 500 mM NaCl salt and drought (PEG)
conditions. In vivo seed treatments of individual
selected bacteria to maize plants resulted into signif-
icant enhancement in root and shoot length, root and
shoot fresh and dry weight and number of leaves per
plant. Overall, the plant growth promoting and abiotic
stress tolerance ability was most evident for bacterial
isolate  NBRISH6 which was identified as an
Ochrobactrum sp. using 16S rRNA based phyloge-
netic analysis.

Keywords Abiotic stress - Ochrobactrum sp. - Plant
growth promotion - Pseudomonas spp. - Volcano

Introduction

The world economic forum has speculated that the
effect of abiotic stresses shall increase significantly by
2025, risking 30% of the crop production worldwide
(World Economic Forum 2011). These abiotic stresses
include the consequences of the constant increase in
water deficit, irregular rainfall, rises in global earth
temperature and sea level, and frequent flood situa-
tions (Singh 2013). In India too, these conditions will
drastically affect the huge low-income population
practicing traditional agriculture and therefore will
influence its economic, employment and nutritional

@ Springer


http://dx.doi.org/10.1007/s10482-016-0796-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s10482-016-0796-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10482-016-0796-0&amp;domain=pdf

254

Antonie van Leeuwenhoek (2017) 110:253-270

safety. To reduce the impact of these factors,
researchers are applying several eco-friendly and
economical approaches including plant growth pro-
moting rhizobacteria (PGP/PGPR) in agriculture for
crop improvement (Gupta et al. 2015; Gopalakrish-
nan et al. 2015; Barea 2015; Shrivastava and Kumar
2015). PGPR possess multiple plant beneficial traits
such as solubilisation of phosphate, production of
siderophores and auxin, and nitrogen fixation (Gad-
have et al. 2016; Abiala et al. 2015; Oteino et al.
2015). In addition, PGPR protect themselves and
plants using biofilm formation, and alginate and
exo-polysaccharide (EPS) production, to indirectly
antagonise the harmful effects of soil borne root
pathogens (Bogino et al. 2013; Qurashi and Sabri
2012; Redmile-Gordon et al. 2014). These agricul-
turally important microbes are also recognised to
modulate morphology of roots and improve the
utilisation of nutrients essential for plant growth
(Hayat et al. 2010).

Notwithstanding their multiple plant beneficial
characteristics, PGPR are typically incapable of
improving plant fitness under abiotic stresses such
as high salt, temperature and drought conditions in
local habitats (Rodriguez et al. 2008). The indige-
nous microflora also faces similar issues of limited
adaptability under varied environmental conditions
(Rodriguez et al. 2008; Zhu et al. 2007). With the
increasing reach of saline, drought and arid/semi-
arid areas in India (Singh 2013), an alternative such
as ‘exotic’ bacteria with both plant beneficial and
abiotic stress tolerance characteristics is needed, so
that they can perform even under challenging soil
conditions (Rodriguez et al. 2008). Similar to the
discovery of Thermus aquaticus Taq polymerase
from an extreme environment (Saiki et al. 1988;
Chien et al. 1976), there is high probability that soil
bacterial isolates from extreme conditions may
present both multiple PGP and abiotic stress toler-
ance traits. Therefore, we chose to extend our search
for bacteria with multiple PGP traits to extreme
environments such as volcano sites or hot springs. In
India, the soils of the Andaman and Nicobar islands
have rarely been explored for such bacterial isolates
and such studies are warranted. Characterisation of
isolates based on molecular tools such as 16S rRNA
gene is essential for identification before their
commercial use or in-field application. Conse-
quently, this study was undertaken to isolate,
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characterise and screen bacteria from an extreme
environment (volcanic soils) based on their PGP and
abiotic stress tolerance traits in vitro. Furthermore,
selected isolates underwent an in vivo test for plant
growth promotion in terms of length, dry weight and
leaf count.

Materials and methods
Sample collection

Samples were collected from seven different loca-
tions (Volcano mud, Baratang; Soil, Smith island;
Lime stone cave, Baratang; Sand, Uttara; Lichen
adhered stone of cave, Baratang; Soil, Sippighat;
Sand, Wondoor beach) nearby to a volcano in the
Andaman and Nicobar islands, India (Table 1).
These areas were selected for as they were previ-
ously unexplored regarding bacterial diversity. The
collected samples were subjected to serial dilution
followed by spreading on Nutrient Agar (NA;
HiMedia, India). The inoculated NA Petri plates
were kept at 28 °C for 24 h. Different isolates
appearing on NA were segregated onto NA plates
based on their varying morphological appearance
until pure cultures were obtained. Individual bacte-
rial isolates were maintained on NA medium and
simultaneously stored in 30% glycerol and kept at
—80 °C.

Screening of bacterial isolates based on EPS
and alginate production along with abiotic stress
tolerance ability

The selected bacterial isolates were tested and further
screened for their ability to produce EPS and alginate
using the phenol-sulphuric acid method (Titus et al.
1995) and carbazole-boric sulfuric acid method
(Srivastava et al. 2008; Mishra et al. 2012) respec-
tively. The initial inoculum used to determine these
abilities of the bacterial isolates was approximately
7.5 x 10" CFU ml~". After the selection of bacterial
isolates based on EPS and alginate production
(ng ml™"), these isolates were tested for their capa-
bility to tolerate abiotic stresses such as temperature
(30, 40 and 45 °C), drought (30, 45 and 60% poly
ethylene glycol 6000; PEG) and salt (0.5, 1 and 2 M
NaCl) by growing them on nutrient broth (NB;
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Table 1 Sampling sites along with their geographical coordinates, isolate codes with the corresponding 16S rRNA gene GenBank
nucleotide accession numbers and closest taxonomic relationship

S. No. Location Coordinates Source Isolates Accession No. Identification
1 Baratang 12°07'N 92°47E  Volcano mud NBRISH6 KP300814 Ochrobactrum sp.
NBRISH11 KC357774 P. stutzeri
NBRISH26  KX263306 Pseudomonas sp.
Smith Island 13°18'N 93°04E  Soil NBRISHI0 KC357773 P. stutzeri
3 Baratang 12°92'N 92°90'E  Lime stone cave ~~ NBRISHI3  KC357775 P. stutzeri
NBRISH14 KC357776 P. stutzeri
Uttra 12°21'N 92°46'E ~ Sand NBRISHI6  KX263305 Pseudomonas sp.
5 Baratang 12°07'N 92°47'E  Lichen adhered NBRISH4 KP300813 Pseudomonas guariconensis
to stone in cave
Sippighat 11°66'N 92°73'E  Soil - - -
7 Wandoor beach  11°35'N 92°36'E  Sand - - -

HiMedia, India) with the same initial inoculum as
above. The inoculated NB was incubated with shaking
at 180 rpm at 28 °C (except for temperature stress)
and samples were spotted on to NA medium up to
10 days to check on the survival of the bacterial
isolates.

Biochemical and other qualitative test for screened
bacterial isolates

For preliminary identification of the screened bacterial
isolates, a number of qualitative biochemical tests were
performed with a KB003 Hi25™ identification kit
(HiMedia, India). Each Hi25™ kit is optimized for
qualitative colorimetric identification of bacteria by
utilising carbohydrate source and other conventional
biochemical tests. In addition, the selected isolates
(initial inoculum approximately 7.5 x 10’ CFU ml™")
were examined for the following: Acyl Homoserine
Lactone (AHL) bioassay using the Bioreporter strain
Agrobacterium tumefaciens A136 (Singh et al. 2012);
mannitol utilisation, motility and nitrate reduction using
mannitol motility nitrate medium (MMNM;M1320,
HiMedia, India); Gram staining (K 001-1KT Gram
stains-kit, HiMedia, India); activity of cellulase (Catte-
lan et al. 1999), amylase and protease (Smibert and
Krieg 1994); gelatinase and ACC deaminase (Penrose
and Glick 2003); auto-aggregation (%); production of
siderophores (Meyer and Abdallah 1978) and auxin
(Brick et al. 1991); and phosphate solubilisation
(Nautiyal 1999).

Temporal quantitative estimation of survivability,
PGP and other attributes under abiotic stress
of selected isolates

The potential PGP isolates were subjected to temporal
evaluation of their fitness for survival, PGP traits
(phosphate solubilisation; auxin production), forma-
tion of biofilm, production of EPS and alginate under
different abiotic stresses such as temperature (40 °C),
salt (500 mM NacCl) and drought (PEG) up to 3 days
after bacterial inoculation at 24 h intervals. The initial
inoculum used was ~7.5 x 10” CFU ml~". Briefly,
their ability to tolerate the above stresses was deter-
mined by counting the respective colony forming unit
(CFU ml™"). Similarly, quantitative estimation of
biofilm formation (Khan et al. 2012), EPS (Titus
et al. 1995) and alginate (Mishra et al. 2012)
production (ug ml~') by selected isolates under the
different stress conditions was performed. For biofilm
formation, the bacteria were stained with 0.1% crystal
violet followed by washing with 95% ethanol. After
washing, OD was measured at 590 nm using a
spectrophotometer (EVOLUTION201, Thermo Sci-
entific, USA). With regards to EPS production by
isolates, an equal volume of phenol (0.5 M) and
sulphuric acid (9.8 M) was used to determine the
amount of EPS produced in 24 h old bacterial cultures
at an absorbance of 490 nm using a spectrophotome-
ter. Alginate production by selected isolates was
quantified using equal volumes of borate sulphuric
acid (9.8 M) and carbozale reagent (0.1% in ethanol)
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added to 24 h old bacterial cultures, followed by
measurement of the absorbance at 500 nm using a
colourimeter. In order to estimate the solubilisation of
phosphate (ug ml™') by bacterial isolates, NBRIP
medium (Nautiyal 1999) was used as substrate. The
solubilised phosphate was then quantified by the
Molybdate Blue Method (Fiske and Subbarow 1925)
on the Ist, 2nd and 3rd day of incubation at an
absorbance of 660 nm using a spectrophotometer. For
quantification of auxin production, the selected bac-
terial isolates were inoculated in NB supplemented
with tryptophan as a substrate and incubated for
3 days at 30 °C. At intervals of 24 h up to 3 days,
orthophosphoric acid followed by Salkowski’s reagent
(01 ml of 0.5 M FeCl; in 35% Perchloric acid) was
added to the centrifuged supernatant of the cultures.
The absorbance of the resultant pink colour was
measured at 530 nm using a colourimeter (Srivastava
et al. 2012).

Evaluation of bacterial isolates for their ability
of plant growth promotion under plant test

Following the screening of bacterial isolates based on
their PGP and other attributes under abiotic stress
in vitro, the selected isolates were tested for their PGP
capability in plant tests using maize (Zea mays) as a
model plant in plastic pot conditions (15 cm in
diameter). Experiments were conducted in a com-
pletely randomised block design with 12 replicates
using non-sterile 2 mm sieved field soils (2.5 kg soil
per pot) from the CSIR-National Botanical Research
Institute, Lucknow. For seed preparation, pre-ster-
ilised seeds were mixed with each bacterial cell
suspension (~10%° CFU ml™") until uniformly
coated, while uninoculated control seeds were treated
with water (Nautiyal 1997). 30 days after sowing,
maize plants were harvested and data were recorded
pertaining to shoot and root length (cm), shoot and
root dry weight (g), and number of leaves per plant per
treatment.

DNA extraction and 16S rRNA gene PCR
amplification of potentially selected isolates

Bacterial isolates (24 h old culture) were subjected to

DNA extraction using a Wizard bacterial genomic
DNA isolation kit (Promega, USA) following the
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manufacturer’s instructions. The extracted DNA was
used to partially amplify 16S genes (Dastager et al.
2009). Briefly, PCR was carried out in 20 pl volume
consisting of 1.0 U Tag polymerase, 1X PCR buffer,
1.5 mM MgCl,, 200 mM of each dNTPs, 10 uM of
forward (8f) primer (5'-AGAGTTTGATCCTGGCT-
CAG-3') and 10 uM of reverse (1392R) primer (5'-
ACGGGCGGTGTGTAC-3') and 20-30 ng of bacte-
rial genomic DNA. PCR-grade water was usied as a
negative control during PCR. The obtained amplicons
underwent electrophoresis compared with 100 bp plus
DNA ladder (Thermo Scientific, USA) visualised
using image acquisition software (Universal Hood III,
Bio-Rad, USA). PCR was performed in a thermocy-
cler (SureCycler 8800, Agilent Technologies, USA)
with the following conditions: initial denaturation at
94 °C for 3 min; 35 cycles of 30 s denaturation at
94 °C, 30 s annealing at 58 °C, and 60 s elongation at
72 °C; and a 10 min final elongation. Subsequently,
PCR amplicons were then purified using QIAquick®
PCR purification kit (Qiagen, USA) and sent for
sequencing (3730XL ABI Applied Biosystems, USA).

BLAST search and phylogenetic analysis

After sequencing of PCR amplicons, partial 16S rRNA
sequences were matched with available reference
sequences in the NCBI database. Subsequently, mul-
tiple sequence alignment by CLUSTAL W was done,
with editing using Bioedit version 7.0.5 (Hall 1999).
For phylogenetic analysis, reference sequences repre-
senting near neighbours were retrieved from the NCBI
database. The Maximum Composite Likelihood
method was employed to determine the evolutionary
distance between the sequences (Tamura et al. 2004).
A phylogenetic tree was reconstructed using MEGA
5.0 software with the Neighbour Joining statistical
algorithm, with bootstrap analysis based on 1000
random samples (Tamura et al. 2011).

Statistical analyses

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
Tuckey’s highest significant difference (HSD) test to
determine significance (p < 0.05).
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Results

Isolation and screening of bacteria based
on exopolysaccharide and alginate production
along with abiotic stress tolerance ability

A total of 200 different bacterial isolates were
obtained by growing them on NA. These isolates
were screened for the concentration of EPS and
alginate, setting a lower critical limit of 1500 pg ml™'
for EPS and 250 pg ul~' for alginate (Fig. S1 and S2).
We found 51 isolates with high EPS production ability
and 22 isolates with high alginate production. These
isolates were subsequently tested for their abiotic
stress tolerance ability. With regard to temperature
stress, we observed that 97 and 80% of the bacterial
isolates could tolerate up to 40 and 45 °C respectively
(data not shown). With regards to salt stress, 92% of
the isolates were able to tolerate 1 M salt concentra-
tion while only 34% showed tolerance towards 2 M
salt. With reference to drought stress, 82 and 38% of
the bacterial isolates were capable of tolerating 45 and
60% PEG concentration respectively (data not
shown). These levels of screening reduced the selected
potentially PGP isolates to eight (Table 1). None of
these were recovered from soil from Sippighat and
sand from Wandoor beach locations (Table 1).

Qualitative test for screened bacterial isolates

The eight selected bacterial isolates were subjected to a
range of qualitative tests consisting of AHL bioassay,
activities of cellulase, amylase, protease, gelatinase
and ACC deaminase, motility, auto-aggregation (%),
production of siderophores and auxin, and phosphate
solubilisation. All the eight isolates were found to be
Gram-negative, motile and nitrate reducers. In addi-
tion, they demonstrated cellulase, amylase, protease,
gelatinase and ACC deaminase activities along with
phosphate solubilisation, auxin production and AHL
positive activity (Table S1). Four isolates (NBRISHO,
NBRISH10, NBRISH14 and NBRISHS26) were found
to be capable of siderophore production. In auto-
aggregation tests, NBRISH14 gave the maximum
value for auto-aggregation (58%), while NBRISH4
was found to exhibit the lowest auto-aggregation
ability (22%, Table S1).

Temporal quantitative estimation of PGP, Biofilm
formation, EPS and alginate production attributes
under abiotic stress of selected isolates

With regards to the survival of bacterial isolates for up
to three days, it was observed that the abiotic stress
affected the CFU counts drastically. Regarding tem-
perature (40 °C) stress, all the isolates except
NBRISH6 showed high temporal variations in terms
of log;y CFU count when compared with their
respective controls (data not shown). NBRISH6
presented the lowest temporal fluctuations in colony
count (11% lower at day 01; 09% lower at day 02; 16%
lower at day 03) when compared with that of controls.
Similar results were obtained with regards to salt
(500 mM NaCl) and drought (PEG) stresses, wherein
all the bacterial isolates except NBRISH6 showed
wide temporal variations upon comparison with those
of corresponding controls(data not shown).

With regards to quantification of phosphate solu-
bilisation (at 24 h intervals up to three days), all the
eight bacterial isolates were found to be resistant to
stress (temperature, salt and drought) dependent
fluctuations over time (Table 2). Under temperature
(40 °C) stress, NBRISH6 was observed to be the most
resistant isolate having 36% (day 1), 35% (day 2) and
39% (day 3) lower levels of phosphate solubilisation
than that of the respective controls. Upon considera-
tion of salt (500 mM NacCl) and drought (PEG) stress,
we found that bacterial isolates NBRISH4 and
NBRISH26 exhibited least variation among the
remaining bacterial isolates for phosphate solubilisa-
tion over three days when compared with of the
respective controls (Table 2).

Considering auxin production, high temporal vari-
ation in the quantity was obtained from the eight
bacterial isolates over time (Table 2). In the context of
temperature (40 °C) and drought (PEG) stress,
NBRISH4 appeared to be the least compromised
bacterial isolate for auxin production ability in com-
parison to controls. On the other hand, bacterial isolate
NBRISH10(09.22 + 0.72 pg ml~ " atday one, 26.87 +
0.99 pg ml~" at day two and 36.97 + 1.17 pug ml~" at
day three) demonstrated lowest variation among all the
other isolates for auxin production under salt (500 mM
NaCl) stress compared with the corresponding controls
(19.81 = 0.82 pgml™" at day one, 51.66 £ 1.43
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Table 2 Auxin production and phosphate solubilisation of selected isolates at different stress conditions for up to three days

Isolates

Day 1

Control

Temperature (40 °C)

Salt (250 mM)

Drought (45% PEG)

Auxin production (g ml~")

NBRISH4 28.04 £+ 1.35a 9.62 £ 0.45¢ 12.33 £ 1.07¢ 23.16 £ 1.23b
NBRISH6 25.53 £ 2.86a 13.4 £ 1.35b 13.80 £ 1.52b 22.61 £ 1.12a
NBRISH10 19.81 £+ 0.82b 15.96 £ 0.74c 9.22 £ 0.72b 31.68 £ 1.63a
NBRISH11 26.77 &+ 2.58a 2373 &+ 1.27a 13.68 4 0.48b 29.90 £+ 1.78a
NBRISH13 26.60 & 0.46b 40.80 & 1.20a 12.52 4+ 1.88¢c 38.88 & 1.00a
NBRISH14 25.5 + 2.28b 39.79 £ 1.20a 10.39 &+ 1.07c 20.91 £+ 0.92b
NBRISH16 28.66 = 1.07a 17.13 £ 0.73b 12.26 &+ 0.75¢ 30.83 & 1.40a
NBRISH26 59.48 £+ 2.18a 14.74 £ 1.19¢ 9.09 £ 0.38d 23.59 £ 1.25b
Phosphate solubilization (pg ml™")
NBRISH4 353 £ 0.61a 10.11 £ 0.069b 10.25 £+ 0.45b 10.73 £+ 0.32b
NBRISH6 29.81 £+ 1.23a 19.15 £+ 0.42b 2225 £ 1.15b 20.58 £ 0.0.40b
NBRISH10 27.19 &+ 1.36a 17.77 &+ 0.39b 16.63 + 0.56b 17.36 + 0.22b
NBRISH11 2440 &+ 1.11a 17.22 4+ 0.85b 13.72 4+ 0.37¢ 16.67 &+ 0.0.15b
NBRISH13 15.73 4 0.58bc 14.78 £+ 0.53¢c 17.37 &+ 0.70ab 18.08 & 0.13a
NBRISH14 2344 £ 131a 19.72 £ 0.04b 17.41 £ 0.30b 16.78 £+ 0.24b
NBRISH16 33.68 £ 0.94a 11.58 £ 0.84c 10.75 £ 0.84c 16.99 £ 0.76b
NBRISH26 31.79 £ 2.02a 13.58 £+ 0.78b 9.35 £ 0.48b 12.47 £ 0.64b
Isolates Day 2
Control Temperature (40 °C) Salt (250 mM) Drought (45% PEG)

Auxin production (pg ml™h

NBRISH4 48.31 + 1.45a
NBRISH6 47.35 + 1.89a
NBRISH10 51.66 + 1.43b
NBRISHI11 39.65 £ 2.40c
NBRISHI13 35.30 &+ 0.74a
NBRISH14 38.81 £ 1.91a
NBRISH16 4544 +2.27a
NBRISH26 30.72 £ 3.93a
Phosphate solubilization (g ml~")
NBRISH4 54.98 £+ 1.44a
NBRISH6 51.46 £+ 1.30a
NBRISH10 30.83 + 0.28a
NBRISHI11 38.541 £+ 0.42a
NBRISH13 18.08 + 0.16b
NBRISH14 33.08 £ 0.50a
NBRISH16 52.24 £+ 0.05a
NBRISH26 62.48 £+ 2.59a

20.98 £ 0.40c
37.89 £ 0.60b
100.56 £ 2.45a
90.44 £+ 1.75a
28.66 £+ 1.03a
28.47 £ 1.23b
16.96 £ 0.65¢
16.73 £ 1.72b

17.40 £+ 0.89b
33.28 £+ 0.85b
19.29 £ 0.83¢
17.78 £ 0.48¢
18.49 £ 0.65b
21.57 £ 0.63¢
20.80 £ 0.35¢
27.93 £ 0.50b

16.01 & 0.96d
3523 £1.22b
26.87 £ 0.99¢
31.90 £ 0.76d
31.93 £ 0.82a
36.61 £ 1.99a
14.56 £ 1.25¢
11.52 £ 1.41b

15.85 £ 0.84b
30.16 £ 0.61b
16.75 £ 0.30d
14.24 £ 0.36d
16.67 £ 0.099¢c
18.75 £ 0.46d
15.66 & 0.15d
18.605 £ 0.14¢

33.54 £ 0.46b
35.27 £ 1.69b
5191 £ 1.67b
64.47 £ 0.81b
3537 £ 1.37a
38.26 £ 1.15a
29.41 £ 0.63b
25.87 £ 1.74a

16.42 £+ 0.50b
32.28 £ 1.24b
25.68 £ 0.38b
20.65 £ 0.205b
24.63 £+ 0.43a
23.81 £ 0.45b
25.17 £ 0.55b
18.31 £ 0.57¢
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Table 2 continued

Isolates

Day 3

Control

Temperature (40 °C)

Salt (250 mM)

Drought (45% PEG)

Auxin production (pug ml™h

NBRISH4 78.75 &+ 2.36a 16.75 + 1.13¢
NBRISH6 86.46 £ 1.70a 30.83 £ 0.49d
NBRISH10 103.06 £ 2.22a 33.56 £ 1.78c
NBRISHI11 27.52 £ 1.33a 41.91 £ 0.54b
NBRISH13 52.36 &+ 1.44a 26.97 &+ 0.45d
NBRISH14 68.20 &+ 0.57a 20.66 + 0.45¢
NBRISH16 4297 + 1.23a 14.09 & 0.87¢
NBRISH26 27.37 + 1.84b 12.13 + 0.64d
Phosphate solubilization (pg ml™")
NBRISH4 67.7 £ 091a 36.21 £ 0.48b
NBRISH6 80.49 £+ 1.21a 48.73 + 0.86b
NBRISH10 50.56 & 0.50a 20.27 & 0.80c
NBRISH11 45.69 & 0.79a 20.36 &+ 1.23¢
NBRISH13 41.85 4 0.49a 25.32 + 0.52¢
NBRISH14 51.36 & 1.20a 23.51 4+ 0.28¢
NBRISH16 77.72 & 0.76a 34.88 £+ 0.28¢
NBRISH26 72.67 £ 1.19a 38.59 £ 1.35b

19.56 £ 0.49¢ 42.93 + 1.79b
38.22 £ 0.55¢ 51.74 £ 0.89b
36.97 £ 1.17¢ 76.71 £+ 1.86b
38.42 £ 0.63¢ 65.53 & 0.60a
36.33 + 0.56¢ 41.44 £ 0.35b
41.64 = 0.88b 42.11 = 0.98b
30.96 £+ 1.01b 43.51 &£ 1.33a
17.28 £ 0.82¢ 41.98 £+ 0.85a
23.28 £ 0.38¢ 24.64 £ 0.97¢
39.18 £ 0.63¢ 42.83 + 1.42¢
19.66 + 0.37c 33.77 £+ 0.69b
18.65 £ 0.56¢ 31.02 £ 1.70b
21.51 £ 1.14c 35.31 £ 1.39ab
23.35 £ 0.69¢ 31.98 £ 0.38b
28.85 £+ 0.82b 3226 £ 0.21b
28.59 £ 1.17¢ 27.00 £ 0.55¢

Mean =+ standard errors were compared by analysis of variance (ANOVA), followed by the Tuckey’s test. Means were considered of
three replicates. Statistically significant differences were then determined at p < 0.05, using the SPSS ver 20 and were denoted with

mean =+ standard error followed with different letters

ng ml~" at day two and 103.06 & 2.22 pg ml~' at day
three) (Table 2).

In a similar manner, we observed a high degree of
variation in the values obtained for biofilm formation
by the eight bacterial isolates over time (Table 3).
Specifically under temperature (40 °C) stress,
NBRISH26 outperformed the remaining isolates
regarding consistency of biofilm formation (76%
more at day one, 38% lower at day two and 43%
lower at day three) when compared with their
respective controls. Considering the biofilm forma-
tion ability between the isolates under salt (500 mM
NaCl) stress, NBRISH11 appeared to be the most
stable isolate when compared with the corresponding
controls. In the context of drought (PEG) stress,
NBRISH16 was found to be the most resistant
(0.138 £ 0.009 OD at day one, 0.431 + 0.010 OD
at day two and 0.207 £ 0.002 OD at day three)
isolate tested, showing least variation in the OD for
biofilm formation over time (Table 3).

Upon considering EPS production, we found that
NBRISH6 performed consistently under temperature

(40 °C) stress demonstrating lowest temporal variation
(195143 +£ 597 pgml™" at day one, 2529.63 +
5.31 pg ml~" at day two and 1720.23 + 5.90 pg ml™"
at day three) among the eight bacterial isolates when
compared with the respective controls (Table 4). How-
ever in salt (500 mM NaCl) and drought (PEG) stress,
NBRISH4 exhibited maximum reistance among all the
bacterial isolates tested in terms of EPS production
ability.

With regards to alginate production ability, it was
found that NBRISH4 exhibited the least temporal
fluctuations under temperature (40 °C) stress when
compared with the corresponding controls (Table 4).
NBRISH14 also demonstrated lowest variation in its
ability for alginate production under salt (500 mM
NaCl) stress over time. In the context of drought
(PEG) stress, NBRISH10 showed the highest resis-
tance towards temporal variations in the values
obtained for alginate production (Table 4).

Overall, NBRISH4, following by NBRISH6, has
performed better in vitro over time for their different
characteristics under most of the abiotic stresses.
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Table 3 Biofilm formation by the selected isolates under different stress conditions for up to three days

Isolates Day 1
Control Temperature (40 °C) Salt (250 mM) Drought (45% PEG)
Biofilm OD at 590 nm
NBRISH4 0.115 £ 0.02¢ 0.664 £+ 0.018a 0.239 £ 0.003b 0.230 £+ 0.002b
NBRISH6 0.225 £+ 0.007b 0.495 £+ 0.013a 0.182 £ 0.019b 0.419 £+ 0.034a
NBRISH10 0.369 £ 0.05b 0.741 £ 0.025a 0.219 +£ 0.039¢ 0.459 £ 0.002b
NBRISH11 0.254 £ 0.01b 0.432 £ 0.020a 0.117 £ 0.030c 0.346 £ 0.053ab
NBRISH13 0.095 £ 0.004b 0.535 £ 0.045a 0.176 £ 0.06b 0.208 £ 0.026b
NBRISH14 0.130 £ 0.01c 0.380 £ 0.012a 0.249 £ 0.056b 0.397 £+ 0.002a
NBRISH16 0.225 £ 0.01b 0.393 £ 0.022a 0.220 £ 0.013b 0.138 £ 0.009¢
NBRISH26 0.234 £ 0.009¢ 0.411 £ 0.036a 0.269 + 0.030bc 0.353 £+ 0.001ab
Colony forming unit (CFU ml1™")
NBRISH4 9.20 + 0.05b 7.13 £ 0.05¢ 7.35 £ 0.07c 10.12 £ 0.13a
NBRISH6 9.23 + 0.03a 8.22 4+ 0.03b 9.13 + 0.03a 8.24 4+ 0.04b
NBRISH10 8.30 &+ 0.05¢ 6.60 + 0.09d 9.28 + 0.04b 10.27 £ 0.10a
NBRISH11 10.20 £ 0.17a 6.75 + 0.04b 10.62 £ 0.15a 10.37 £ 0.05a
NBRISH13 9.23 + 0.07b 8.17 + 0.08¢c 7.81 £ 0.08c 10.22 £ 0.04a
NBRISH14 10.10 £ 0.25b 6.72 + 0.11c 11.40 £ 0.07a 10.25 £ 0.02b
NBRISH16 9.20 + 0.14a 5.18 + 0.04c 9.51 + 0.04a 8.42 + 0.05b
NBRISH26 8.30 4 0.09a 5.37 + 0.10c 7.18 £ 0.04b 7.43 £ 0.10b
Isolates Day 2
Control Temperature (40 °C) Salt (250 mM) Drought (45% PEG)

Biofilm OD at 590 nm

NBRISH4 0.349 + 0.067a
NBRISH6 0.858 + 0.020a
NBRISH10 0.861 + 0.031a
NBRISHI11 0.840 + 0.037a
NBRISHI13 0.876 + 0.055a
NBRISH14 0.832 + 0.17a
NBRISH16 0.734 + 0.09a
NBRISH26 0.528 + 0.08a
Colony forming unit (CFU ml™")
NBRISH4 10.28 &+ 0.10a
NBRISH6 9.33 + 0.07a
NBRISH10 10.60 % 0.05b
NBRISHI11 10.22 £+ 0.11b
NBRISH13 9.92 £ 0.15ab
NBRISH14 9.50 & 0.09¢
NBRISHI16 10.20 £ 0.12a
NBRISH26 10.03 + 0.24a

0.444 £ 0.006a
0.679 %+ 0.007b
0.589 £ 0.075b
0.277 £ 0.013c
0.528 £+ 0.072b
0.258 £+ 0.019b
0.294 £+ 0.031b
0.327 £+ 0.017c

8.63 £ 0.05¢
8.49 £ 0.10b
9.17 £ 0.04c
8.32 + 0.05¢
8.12 + 0.08c
9.23 £ 0.04c
7.44 £ 0.04c
8.34 + 0.05¢

0.362 £ 0.015a
0.476 + 0.002b
0.455 £ 0.003b
0.338 £ 0.014c
0.270 £ 0.014c

0.22 £ 0.004b
0.365 + 0.003b

0.363 & 0.022ab

5.26 £ 0.06d
9.39 £ 0.06a
11.30 £ 0.07a
11.44 £ 0.05a
9.53 £ 0.10b
10.61 £ 0.06a
9.53 £ 0.15b
7.22 £ 0.03d

0.320 + 0.003a
0.533 4 0.001c
0.505 £ 0.048b
0.473 £ 0.004b
0.371 &+ 0.012bc
0.342 £+ 0.015b
0.431 £+ 0.010b
0.438 + 0.019ab

9.22 £ 0.04b
9.23 £ 0.05a
9.31 £ 0.04c
10.37 £ 0.07b
10.32 £ 0.06a
10.23 £ 0.05b
9.32 £ 0.11b
9.32 & 0.06b
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Table 3 continued

Isolates

Day 3

Control

Temperature (40 °C)

Salt (250 mM)

Drought (45% PEG)

Biofilm OD at 590 nm

NBRISH4 0.187 % 0.064b 0.453 &+ 0.022a
NBRISH6 0.55 £ 0.040a 0.589 £ 0.007a
NBRISH10 0.571 £ 0.008a 0.575 & 0.009a
NBRISHI11 0.462 & 0.09a 0.260 & 0.016ab
NBRISH13 0.438 + 0.006b 0.535 & 0.046a
NBRISH14 0.47 £+ 0.04a 0.283 & 0.005b
NBRISH16 0.277 £ 0.8a 0.275 &£ 0.011a
NBRISH26 0.458 £ 0.06a 0.263 £+ 0.01b
Colony forming unit (CFU ml1™")

NBRISH4 10.10 £ 0.12a 6.98 &+ 0.07c
NBRISH6 9.27 £ 0.10b 7.80 &+ 0.07c
NBRISH10 10.41 & 0.04a 10.65 £ 0.06a
NBRISH11 9.40 & 0.07b 8.64 £ 0.15¢
NBRISH13 9.28 £ 0.04b 8.13 + 0.03¢c
NBRISH14 8.52 £ 0.06¢c 7.21 £ 0.03d
NBRISH16 8.15 £ 0.04c 6.70 £ 0.08d
NBRISH26 9.23 £ 0.05b 5.66 £ 0.03d

0.123 £ 0.003b
0.237 £ 0.001b
0.278 £+ 0.002a
0.188 £ 0.015b
0.095 & 0.005¢
0.125 £ 0.003c
0.188 £ 0.004a

0.11 £ 0.003¢

5.13 £ 0.04d
9.44 £ 0.09b
9.25 + 0.05b
11.43 £ 0.09a
10.35 £ 0.08a
10.60 £ 0.05a
9.20 £ 0.03b
6.58 £ 0.04c

0.092 £ 0.0039b
0.211 £ 0.002b
0.23 £+ 0.001a
0.267 % 0.005ab
0.115 & 0.002¢
0.115 & 0.002c
0.207 £ 0.002a
0.093 £ 0.003c

9.22 £+ 0.04b
10.18 £ 0.09a
9.12 & 0.04b
9.22 £ 0.04b
9.12 £ 0.05b
9.14 £ 0.04b
10.08 £ 0.06a
9.76 £ 0.14a

Mean = standard errors were compared by analysis of variance (ANOVA), followed by the Tuckey’s test. Means were considered of
three replicates. Statistically significant differences were then determined at p < 0.05, using the SPSS ver 20 and were denoted with

means =+ standard error followed with different letters

Plant tests with bacterial isolates
for the assessment of their PGP ability

Plants with individual bacterial treatments demon-
strated higher root and shoot length (RL & SL), root
and shoot fresh and dry weight (RFW, SFW, RDW and
SDW) and number of leaves per plant (NLPP) when
compared with control (Figs. 1, 2, 3, S1). We found
that plants treated with strain NBRISH6 showed non-
significant higher values compared with most of the
other isolates but significantly higher values for all the
parameters recorded compared to NBRISH4 (RFW
and SFW) and controls (Fig. 1). On comparison with
controls, NBRISH6 bacterial treatment to the plant
showed 44 and 56% increase in RL and SL respec-
tively (Fig. S1). Similarly, in comparison to controls,
NBRISH6 increased the RFW and SFW by 97 and
144% respectively. Further, NBRISH6 treated plants
were found to have increased RDW and SDW by 94
and 157% respectively, compared with controls
(0.54 £ 0.16 g of RDW and 0.53 £ 0.13 g of SDW)

(Fig. 2). In the context of NLPP, NBRISH6 treated
plants showed the greatest number of leaves
(5.33 £ 0.74) followed by NBRISH26 treated plants
(5.16 £ 0.68) when compared with those in controls
(3 £ 0.57) (Fig. 1).

Molecular identification and phylogenetic analysis
of potential isolates

All eight potential isolates were subjected to identi-
fication based on partial 16S rRNA gene sequences
which revealed all the bacterial isolates to belong to
Pseudomonas spp. except for NBRISH6 that belongs
to Ochrobactrum sp. (Table 1). Out of the seven
isolates which belonged to Pseudomonas spp., four
(NBRISH10,  NBRISH11, @ NBRISHI3 and
NBRISH14) of them appeared to represent Pseu-
domonas stutzeri, while NBRISH4 was characterised
as Pseudomonas guariconensis. All the sequences
were classified to the genus level with confi-
dence >80%. Sequences of the eight bacterial isolates
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Table 4 Exo-polysaccharide and alginate production by selected isolates at different stress conditions for up to three days

Isolates

Day 1

Control

Temperature (40 °C)

Salt (250 mM)

Drought (45% PEG)

Exo-polysachharide production (pg ml™)

NBRISH4 1032.73 4 2.00a 446.21 + 2.17b 44393 + 1.58b 325.68 £ 2.34c
NBRISH6 195143 4+ 5.97a 752.45 + 1.52d 1623 £+ 1.98b 1057.41 + 4.37c¢
NBRISH10 1652.33 & 3.40a 667.54 + 2.53d 1167.7 £ 2.04b 1066.89 + 1.75¢
NBRISH11 2069.06 £+ 4.77a 612.74 + 2.62d 1274.36 + 1.32b 938.14 £+ 1.48¢
NBRISH13 1084.36 + 4.66b 451.38 + 4.52d 14744 £+ 9.18a 1014.41 + 2.88c
NBRISH14 1139.3 4+ 5.29b 407.06 + 3.51d 1277.6 £+ 1.49a 980.52 + 2.28¢
NBRISHI16 1432.2 4+ 2.39a 279.78 + 5.27d 715.5 £ 2.07¢c 744.11 4+ 2.89b
NBRISH26 1474.73 4+ 3.24a 669.79 + 2.87b 531.82 4+ 2.23d 618.28 £ 1.51c
Alginate production (g ml™)
NBRISH4 105.64 £+ 1.06b 13.25 £ 1.55d 25.76 £ 0.40c 130.64 £ 2.66a
NBRISH6 195.34 £+ 2.61a 61.64 £ 1.55¢ 50.25 £ 0.73d 148.05 £+ 1.41b
NBRISH10 232.81 4+ 3.33a 120.52 £ 2.48c 58.4 + 1.08d 159.63 £+ 1.94b
NBRISH11 171.36 £+ 2.46a 112.78 £ 1.38¢c 62.26 + 0.86d 129.53 £+ 2.93b
NBRISH13 258.69 + 4.66a 107.35 £ 1.31b 49.47 £ 0.29¢ 114.51 £+ 2.94b
NBRISH14 150.82 + 2.26a 113.20 £ 0.87c 74.3 + 0.25d 142.54 £+ 1.49b
NBRISH16 121.45 + 1.92a 63.28 £+ 2.69¢ 473 £ 0.51d 111.66 £ 2.06b
NBRISH26 92.96 + 4.17a 88.17 + 1.16a 21.09 £+ 0.37c 76.57 £+ 2.34b
Isolates Day 2
Control Temperature (40 °C) Salt (250 mM) Drought (45% PEG)

Exo-polysachharide production (g ml™")

NBRISH4

NBRISH6

NBRISH10
NBRISHI11
NBRISH13
NBRISH14
NBRISH16
NBRISH26

1668.3 &+ 5.28a
2529.63 &+ 5.31a
2231.9 & 9.69a
22429 £+ 3.11a
1566.26 &+ 7.76b
1550.53 + 4.93b
1535.86 + 4.03a
1710.83 & 5.39a

Alginate production (g ml™)

NBRISH4

NBRISH6

NBRISH10
NBRISHI11
NBRISH13
NBRISH14
NBRISH16
NBRISH26

126.88 &+ 2.57b
304.016 &+ 1.93a
296.78 + 3.65a
224.30 £+ 3.32b
293.56 £+ 2.74a
232.21 + 1.83a
150.11 &+ 3.74a
137.38 + 1.53b

505.22 £ 3.91d
860.00 £ 2.43d
844.24 £ 2.02¢
1010.72 £ 2.88d
705.75 £ 2.64c
1115.75 + 2.87d
680.15 £+ 2.07d
484.35 + 2.99d

10.43 £ 0.80d
188.65 £ 1.16¢
185.95 £+ 2.34b
141.22 4+ 1.90d
157.12 £+ 1.90c
187.04 £ 1.56b
105.96 £+ 2.19b
123.64 4+ 1.25¢

996.9 & 3.47b
1807.23 + 4.17b
2247.63 + 5.10a
2097.86 + 2.44b
1882.63 + 2.66a
1476.36 + 8.10c
1053.36 + 8.61c

661.08 £+ 3.31c

42.65 £+ 0.32¢
203.8 = 0.92b
192.76 £+ 1.81b
207.81 £+ 2.81c¢
145.65 £+ 2.01d
111.6 £ 1.38¢
78.5 £ 0.79¢
70.18 & 0.65d

663.37 £+ 2.30c
1706.86 & 2.90c
1858.77 + 2.77b
1759.74 £+ 0.46¢
1594.72 + 3.43b
1728.45 + 1.44a
1168.91 + 4.34b

973.12 £ 1.51b

162.74 £ 1.60a
193.24 £+ 1.51¢
178.56 £+ 4.11b
25421 £+ 2.23a
248.96 £+ 2.07b
229.01 £ 0.96a
142.06 £ 2.08a
186.54 & 3.51a
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Table 4 continued

Isolates Day 3

Control

Temperature (40 °C)

Salt (250 mM) Drought (45% PEG)

Exo-polysachharide production (pg ml™)

NBRISH4 1543.93 + 3.67a 490.47 £+ 3.16¢ 379.03 £+ 1.05d 52291 £+ 1.28b
NBRISH6 1720.23 £ 5.90a 726.22 + 4.79c 560.6 & 3.44d 1450.68 + 4.10b
NBRISH10 1847.23 + 6.92a 911.9 & 2.38c 825.06 £ 4.71d 1656.55 + 3.66b
NBRISHI11 2020.86 + 3.41a 1695.30 + 3.15b 817.8 £ 2.27d 1576.18 + 3.23c
NBRISH13 2098.86 + 3.67a 1282.66 + 3.19b 814.26 £ 1.77d 1229.75 + 2.32¢
NBRISH14 1978.4 4+ 2.33a 421.1 4+ 2.80d 735.56 £+ 2.05¢ 1022.04 + 2.41b
NBRISH16 1626.16 &= 6.91a 947.64 £+ 4.57b 411.36 &+ 1.34d 593.85 £ 2.43¢
NBRISH26 1383.23 + 4.78a 323.05 £+ 1.69¢ 208.94 £+ 1.67d 403.15 £ 3.69b
Alginate production (ug ml™)
NBRISH4 188.12 & 2.45a 20.70 £ 0.97d 39.69 £ 0.84c 49.51 + 2.08b
NBRISH6 308.51 & 2.20a 192.18 4 3.08b 159.41 & 0.48¢c 157.49 + 4.80c
NBRISH10 281.49 &+ 2.77a 177.42 + 2.101b 122.37 4+ 0.59d 153.91 &+ 1.83¢
NBRISH11 270.85 & 2.87a 178.91 &+ 1.89¢ 96.97 + 1.26d 194.66 4 1.96b
NBRISH13 163.16 & 7.50a 162.80 £ 1.13a 101.16 &+ 3.42b 144.60 £ 2.92a
NBRISH14 204.95 &+ 3.19a 180.71 & 2.65b 101.3 & 1.55d 159.68 & 2.02¢
NBRISH16 151.59 £ 1.85a 113.75 &£ 1.20b 75.27 £ 0.88d 98.41 £ 1.08¢c
NBRISH26 122.34 £+ 3.08a 122.78 £+ 1.14a 37.27 £ 0.45¢ 104.91 £+ 4.02b

Means =+ standard errors were compared by analysis of variance (ANOVA), followed by the Tuckey’s test. Means were considered
of three replicates. Statistically significant differences were then determined at p < 0.05, using the SPSS ver 20 and were denoted

with means + standard error followed with different letters

Plant growth parameters
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Fig. 1 Shoot and root fresh weight (SFW and RFW; expressed
as g in weight) and number of leaves per plant (NLPP; expressed
in numbers) of maize plants inoculated with different bacterial
isolates under unsterilised soils in vivo. Mean values for 12

were submitted to GenBank with the accession num-
bers shown in Table 1. The phylogeny of these
bacterial isolates was further explored by constructing

&

‘:‘3‘\\'\

V722 SFW RFW [ NLPP

2
AD

&
\\

replicates are shown. Errors bars represent standard errors.
Different letters above the bars represent significant differences
according to analysis of variance (ANOVA), followed by the
Tuckey’s test (p < 0.05)

a phylogenetic tree using closely related and repre-
sentative sequences from NCBI. After phylogenetic
reconstruction, it was observed that the isolates were
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recovered in two distinct clusters comprising Pseu-
domonas spp. (7 isolates) and Ochrobactrum spp.
(NBRISH6) (Fig. 4). The cluster of Pseudomonas spp.
further divided into two groups. The sequences of
accession number KC357773, KC357774, KC357775
and KC357776 corresponding to the isolates
NBRISH10, NBRISH11, NBRISH13 and NBRISH14
respectively formed a separate clade with P. stutzeri
with a bootstrap support value of 100% (Fig. 3).
Similarly, accession no. KP300813 representing bac-
terial isolate NBRISH4 formed a separate clade with
P. guariconensis with a bootstrap support value of
100%. Two  bacterial isolates, NBRISHI16
(KX263305) and NBRISH26 (KX263306), were
found to form a separate clade nearest to multiple
Pseudomonas spp. (Fig. 4). Finally, the most
notable bacterial isolate based on overall plant growth
promotion abilities, NBRISH6 (KP300814), was
found to be closely related to Ochrobactrum inter-
medium with a bootstrap support value of 99%.

Discussion

Salinity, drought and high temperature impacts deeply
on our agro-ecosystems every year by creating uncul-
tivable land and therefore affects crop production
significantly. To overcome this issue, soil microbes
with multiple abiotic stress mitigating traits have been
proposed as a solution (Chaudhry et al. 2015; Yadav
et al. 2015). However, even though these microbes
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may show successful abiotic stress tolerant qualities
in vitro, they fail to perform either in situ conditions
or, even if they do, they do not promote plant growth as
expected of them. Similarly, soil microbes exhibiting
PGP traits in vitro either lose their features in situ or
cannot tolerate abiotic stress to achieve success in
terms of PGP (Podile et al. 2013; Chauhan and
Nautiyal 2010; Kloepper and Beauchamp 1992).
Therefore, there is a need for microbes that possess
multiple PGP as well as abiotic stress mitigating
characteristics to provide stress protection and health
benefits to plants.

In this regard, we have tried to isolate, characterise
and screen bacteria from extreme environments such
as locations nearby to volcanos in the Andaman and
Nicobar islands, India based on their dual PGP and
abiotic stress alleviating traits. Out of an initial 200
bacterial isolates, we selected eight efficient ones
belonging to the phylum Proteobacteria namely,
Pseudomonas  spp. (NBRISH4, NBRISHI10,
NBRISH11, NBRISH13, NBRISH14, NBRISH16
and NBRISH26) and an Ochrobactrum sp.
(NBRISHS6) (Table 1). Previous studies (Yadav et al.
2015; Amaresan et al. 2014; Venkadesaperumal et al.
2014; Nishiyama et al. 1998) with culture dependent
and independent approaches did not find any Pseu-
domonas sp. and Ochrobactrum sp. in volcanic sites or
nearby areas. The earlier studies (Yadav et al. 2015;
Amaresan et al. 2014; Venkadesaperumal et al. 2014)
found Bacillus, Escherichia, Ralstonia, Staphylococ-
cus, Pantoea agglomerans and Exiguobacterium sp. as
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most common isolates exhibiting PGP traits from the
volcano sites in the Andaman and Nicobar Islands,
India. Notwithstanding the application of Pseu-
domonas sp. (Meintanis et al. 2006; Gao et al. 2016;
Chakrabarty 1981) and Ochrobactrum sp. (Ortega-
Gonzalez et al. 2015; Mei et al. 2010) in biodegrada-
tion, their roles in the context of PGP are less well
documented. Our study has been focused towards
application of Pseudomonas and Ochrobactrum iso-
lates from extreme environments (locations nearby to
the sites of volcanos, Andaman and Nicobar Islands,
India) as PGP. However, previous studies (Abiala
et al. 2015; Laditi et al. 2012) suggested that the
application of indigenous soil microbes in their native
habitats may perform better than the ‘exotic’ isolates.
A similar observation was made by Requena et al.
(1997) wherein they found the native arbuscular
mycorrhizal fungi and rhizobacteria exceeded in
PGP performance when compared with their ‘exotic’
counterparts. This might be due to the fact that the
local bioinoculants are well adapted to the regional
conditions. In contrasting, our isolates were not
imported commercial ones, yet they can be considered
‘exotic’ and showed enhancement of PGP, in partic-
ular length, fresh and dry matter, and leaves of plant
when compared with controls (Figs. 1,2, 3, S1). These
PGP properties might indicate that the microbes
considered in the present study were well-adapted to
the extreme conditions developed in locations near
volcanic sites. A possible explanation might be that
microbes use polyphosphates as an energy source
under extreme environments for their survival and
therefore, when exposed to longer-term stress,
microbes are able to adapt to unfavorable conditions
(Seufferheld et al. 2008). Zhu et al. (2007) observed
that the ‘exotic’ microbes (arbuscular mycorrhizal
fungi) performed at par with increasing acidic pH level
of soil while the performance of indigenous microbes
(arbuscular mycorrhizalM fungi) was compromised.
Similarly, Rodriguez et al. (2008) observed that
microbes (symbiotic fungi) confer habitat-specific
abiotic (salt and heat) stress tolerance to the estab-
lishment of plants under high stress conditions.

With regards to different characteristics of the
bacterial isolates in vitro, we found no single isolate
performed consistently better under any stress condi-
tions (Tables 2, 3, 4). However, the Pseudomonas spp.
exhibited better PGP, biofilm, alginate and EPS traits
in various stress conditions. On the other hand, the

Ochrobactrum sp. (NBRISH6) demonstrated better
survival only in terms of colony count (CFU) under
each stress. Pseudomonas and Ochrobactrum spp. are
less known for their PGP attributes such as phosphate
solubilisation (Oteino et al. 2015; Meng et al. 2014)
and indole acetic acid (IAA) production (Meng et al.
2014; Bharucha et al. 2013). A possible mechanism
for phosphate solubilisation is the secretion of organic
acids by soil microbes to solubilise the phosphate
complexes in soil and make them available to plants
(Oteino et al. 2015; Meng et al. 2014). Further, IAA
production by these soil microbes differentiates and
proliferate the plant tissue and play an indirect role in
the suppression of the root-associated pathogens
(Khare and Arora 2010). Apart from IAA and
phosphate solubilisation, these isolates also exhibited
significant EPS and alginate production along with
biofilm formation (Bogino et al. 2013; Qurashi and
Sabri 2012; Redmile-Gordon et al. 2014). These
characteristics provide competitive advantages to the
producers through enhanced quorum sensing, colony
adhesion, syntrophy, indirect defense against preda-
tion, solute transport, resistance towards antibiotics
secreted by other rhizospheric soil resident microbes,
and tolerance towards desiccation and heavy metals
(Bogino et al. 2013; Qurashi and Sabri 2012; Redmile-
Gordon et al. 2014).

Among the eight isolates studied here, our expec-
tation that microbes would perform equally well
in vitro and in vivo was not supported, except for
strain NBRISH6. On considering PGP traits, isolate
NBRISH4 demonstrated better in vitro phosphate
solubilisation under salt stress, and auxin production
under both temperature and salt stress but did not
replicate the same performance in vivo. In contrast, the
bacterial isolate NBRISH6that presented maximum
phosphate solubilisation in vitro under temperature
stress only showed maximum plant growth in vivo in
terms of length, fresh and dry weights, and leaves
count (Table 2; Figs. 1, 2, S1). In a similar observa-
tion, Cardinale et al. (2015) reported that the isolates
having multiple PGP-activities in vitro did not
promote plant growth in vivo. Curtobacterium flac-
cumfaciens demonstrated only two out of six PGP
activities but increased barley growth up to 300%
(Cardinale et al. 2015). However, their suggestion that
the pure culture assay based screening of microbes for
PGP traits is unsuitable (Cardinale et al. 2015),
remains limitative in nature. Our findings for isolate
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- NR103934 Pseudomonas stutzeri
- NBRISH10
100 F NBRISH14
- NBRISH13
- NR116489 Pseudomonas stutzeri
L NBRISH11

98

NR133828 Pseudomonas kunmingensis
NR134795 Pseudomonas zhaodongensis
69— NR041044 Pseudomonas xanthomarina
1001 NR135703 Pseudomonas guariconensis

NBRISH4
91| r NR102854 Pseudomonas entomophila

87

100 NR116172 Pseudomonas taiwanensis

NRO074739 Pseudomonas putida
93! NR074596 Pseudomonas putida
— NBRISH16
— NBRISH26
100|— NR024928 Pseudomonas gessardii
— NR024901 Pseudomonas libanensis
90|~ NRO025103 Pseudomonas brenneri
- NRO043425 Pseudomonas synxantha
- NR114225 Pseudomonas mucidolens
—— NRO042600 Ochrobactrum rhizosphaerae
—— NR117053 Ochrobactrum pecoris

97

41

NRO042599 Ochrobactrum thiophenivorans
9ZE NR114149 Ochrobactrum grignonense

NRO042589 Ochrobactrum pseudogrignonense
NR114148 Ochrobactrum tritici
46@':{ NR114979 Ochrobactrum anthropi
711 NR074243 Ochrobactrum anthropi

—— NRO042588 Ochrobactrum haematophilum
NBRISH6

NR026039 Ochrobactrum intermedium

1001 NR 115045 Ochrobactrum intermedium
NRO042417 Ochrobactrum oryzae
51 NR043756 Ochrobactrum pseudointermedium

100

56

0.01
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«4Fig. 3 Growth representation of Zea mays plants inoculated
with selected isolates. A represent Control; B represent
NBRISH4; C represent NBRISH6; D represent NBRISH10;
E represent NBRISH11; F represent NBRISH13; G represent
NBRISH14; H represent NBRISH16; I represent NBRISH26

NBRISH6 (Ochrobactrum sp.) with maximum CFU
in vitro under each abiotic stress (temperature, salt and
drought) suggests that it may resist fluctuations under
natural conditions too and therefore, presumably
promote plant growth in vivo. This may explain why
NBRISH6 increased the growth of maize plants
in vivo more than the remaining isolates and controls
(Figs. 1, 2, 3, S1). Although speculative, CFU might
be a suitable in vitro survival metric for microbes to
reflect their performance in vivo.

Conclusions

This study establishes that Pseudomonas spp. and
Ochrobactrum sp. from an extreme environment
(locations near volcanos in Andaman and Nicobar
islands, India) exhibiting tolerance towards different
stress (temperature, salt and drought) conditions
possess multiple PGP attributes. These findings sug-
gest that further tests of the efficacy of isolates under
field conditions with abiotic stress are warranted, to
deduce their specific characteristics and the underly-
ing mechanisms of PGP and stress alleviation.
Knowledge of microbes from extreme environments
having multiple plant beneficial and abiotic stress
lowering characteristics is expected to enhance crop
productivity on a sustainable basis in difficult or stress
environments.

Fig. 4 Phylogenetic relationships based on the 16S rRNA gene
sequences using the neighbor-joining method (MEGA 6). The
sequences are from the GenBank database and the present study.

The numbers above each node on the tree indicates the
percentages of bootstrap sampling derived from 1000 replica-
tions. Bar infers nucleotide substitutions per nucleotide
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