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Abstract

A total of 79 bacteria and 101 actinobacteria strains were isolated from the sediment samples of the different points of
Baratang mud volcano viz., point of the eruption (M), middle of the volcano (MD), and the dried part of the mud volcano
(E). Based on the biochemical and molecular characterization, the isolates were categorized under the phyla Proteobacteria,
Firmicutes and Proteobacteria included representatives of Classes Alphaproteobacteria, Gammaproteobacteria and Deltapro-
teobacteria of 29 genera with 38 distinct ribotypes. Thirty-eight bacterial strains from four different regions of mud volcano
revealed excellent activity for indole-3-acetic acid (IAA) production. Excellent antagonistic property, plant growth promot-
ing properties such as IAA production, phosphate, potassium and zinc solubilization were identified in Bacillus megaterium
NIOT_MV 31 strain of 38 studied isolates. In this study, we investigated the optimization of IAA production by B. mega-
terium NIOT_MYV 31 and its formulation as a plant growth promoter to improve economic and agricultural development.
Maximum IAA yield was achieved using optimal conditions (42.63 mg/mL) in the presence of optimized tryptophan after
4 days of incubation. Twofold increase in the plant growth parameters were observed to that of control plants. Optimization
of culture conditions resulted in a fourfold increase in IAA production by B. megaterium NIOT_MV 31 cells. The results
clearly demonstrated that, B. megaterium NIOT_MV 31 holds great potential as a source for IAA production and may be
useful for commercial applications.
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Introduction

Mud volcanoes are a natural phenomenon and it is a land
form created by the eruption of mud or slurries, water and
gases. The term “mud volcano” is coined to describe the set
of structures associated with a constructional edifice (mud
volcano) and feeder complex that connects the volcano to its
source stratigraphic unit. Geological process caused by the
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formation of mud volcanoes. They are not true volcanoes
and do not produce lava and magmatic activity. Mud volcano
is triggered by high pressure gas, fault activity sedimenta-
tion. It increases the sea bed slope gradient thus trigger sub-
sea slope instability. The volcanic activity is due to the ongo-
ing subduction of the Indian plate beneath the Andaman
Island arc, which forces magma to rise in this location of
the Burma Plate. Due to these reasons; the Andaman Islands
have volcanic eruptions and impacts of other geological pro-
cesses, such as mud volcanoes [3]. Methanotrophic bacte-
ria are predominantly found in these habitats [23]. A few
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novel bacterial species reported from these habitats include
Altererythrobacter epoxidivorans [19], Cupriavidus pinatu-
bonensis [30], Cupriavidus laharis, Hallobacillus profundi,
Hallobacillus kuroshimensis [14] and Marinobacter alka-
liphilus [36].

Actinobacteria are Gram positive bacteria, with high
guanine (G) and cytosine (C) in their DNA (> 55 mol%),
which are phylogenetically related from the evidence of
16S ribosomal cataloguing and DNA: rRNA pairing stud-
ies [13]. Terrestrial soil has been widely exploited for iso-
lation of actinobacteria, wherein they perform significant
biogeochemical roles contributing to the turnover of com-
plex biopolymers [31]. Actinobacteria have been isolated
from a diverse range of marine samples, including marine
samples from deep sea [7] and also vicinity of hydrothermal
vents [22]. Marine actinobacteria play an important eco-
logical role, similar to their saprophytic relatives in soil,
perhaps substantially impacting the cycling of complex
carbon substrates in benthic ocean habitats [20]. However,
a well-defined biodiversity and taxonomic study of actino-
bacteria is important to understand their diversity in marine
environment [9]. Only less than 1% of the actinobacteria
have been identified, investigated and documented [35].
Research in actinobacteria has gained prominence in recent
years because of their potential in producing antibiotics [17].
Streptomycin, gentamycin, rapamycin are some of the anti-
biotics which are being in use produced from actinobacteria.
Actinobacteria play an important role in agriculture also.
Previous study showed that actinobacteria isolated from
Malaysian soil have the potential to inhibit the growth of
several plant pathogens [15]. Secondary metabolites of act-
inobacteria are therapeutically important compounds, espe-
cially antiviral, anti-cancerous, antibacterial compounds
and around 70% of the antibiotics used in the world were
identified and extracted from actinobacteria [32]. Bacterial
isolates from mud volcano revealed excellent production of
plant growth promoting hormones such as IAA, phosphate
solubilisation, zinc solubilisation and potassium solubilisa-
tion properties. Plant growth promoting strains resulted in
increased percentage of seedling emergence, cell division,
root length and stem growth. Plant growth promoting bac-
teria has an important role in developing promising method
for crop management [34].

Andaman and Nicobar Islands marine ecosystem are
mostly unexplored, and provides a rich source of microor-
ganism producing novel and efficient antimicrobial com-
pounds [4]. A total 1,100 mud volcanoes were identified
in the world from land and shallow water, in which 30 mud
volcano is present in Andaman Islands [3]. Only limited
studies on eubacteria and actinobacteria from mud volcano
in Andaman and Nicobar Islands has been reported. Present
study reveals the diversity of mud volcano associated act-
inobacteria, bacteria and their potential for [AA production.
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It plays a crucial role in many aspects of the regulation of
plant growth and development, including cell elongation and
establishment of apical basal polarity in whole plant. No
studies have been reported on the biodiversity of mud vol-
cano associated bacteria and actinobacteria from Baratang
of Andaman Islands. Hence there is a possibility to identify
and characterize the mud volcano associated bacteria and
actinobacteria for the production of IAA for sustainable and
organic agricultural system.

Materials and methods
Study area and sample collection

In Andaman and Nicobar Islands there are about 11 mud
volcano site which are situated in Baratang Island and
Diglipur. The study area is situated in Baratang Island, an
elevation of 40 m above sea level, falls in North and Middle
Andaman district. Erupted volcanic mud and small pebbles
spread over an area of 0.62 hectares of land mass and the
area is almost barren. Surrounding area of the site is mixed
tropical forest. Nearby area is developed as habitation mask
with agriculture field (Fig. 1). The samples were collected
from 03 mud volcano locations viz., point of the eruption
(M), middle of the volcano (MD), dried part of the mud
volcano (E). The samples were stored in ice boxes and trans-
ported immediately to the laboratory for further processing.

Isolation of mud volcano associated bacteria
and actinobacteria

Isolation of associated bacteria was performed by the fol-
lowing methodology with the medium composition: peptone
(5 g), yeast extract (1 g), ferric citrate (0.1 g), sodium chlo-
ride (19.45 g), magnesium chloride (8.80 g), sodium sul-
phate (3.24 g), calcium chloride (1.8 g), potassium chloride
(0.55 g), sodium bicarbonate (0.16 g), potassium bromide
(0.08 g), strontium chloride (0.034 g), boric acid (0.022 g)
sodium silicate (0.004 g) sodium fluorate (0.0024 g), ammo-
nium nitrate (0.0016 g), disodium phosphate (0.008 g), agar
(15 g) and final pH (at 25 °C) 7.6 +0.2 was dissolved in
100 ml of distilled water. All plates were incubated for
2 days for fast growing bacteria and 4 days for slow grow-
ing bacteria at room temperature (24 +2 °C). According to
the morphological features, colonies were randomly picked
and purified using the streak plate method.

Enumeration and isolation of actinobacteria was per-
formed as described previously by Ellaiah et al. [10] using
starch casein agar (SCA) medium contained soluble starch
10 g, vitamin free casein-0.3 g, KNO;-2 g, NaCl-2 g,
K,HPO,-2 g, MgS0O,.7H,0-0.05 g, CaC0O;-0.02 g,
FeS0O,.7H,0-0.01 g, agar-20 g, pH-7.0 +£0.2, Bennet’s agar
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Fig.1 Study areas in Baratang Island, Andaman and Nicobar Islands

(yeast extract-1.0 g, beef extract-4.0 g, casein enzyme hydro-
lysate-2.0 g, dextrose-10.0 g, agar-15.0 g, pH-7.3+0.2) and
Emerson agar (yeast extract-1.0 g, beef extract-1.0 g, pep-
tic digest of animal tissue-2.0 g, dextrose-10.0 g, sodium
chloride-2.5 g, agar-15.0 g pH-7.0 +0.2), with 50% aged
sea water was dissolved in 100 ml of distilled water. The
medium was supplemented with nalidixic acid 50 pg/mL
(HiMedia, India) and Nystatin 25 pg/mL (HiMedia, India) to
inhibit the fungal and fast growing Gram negative bacteria.
The plates were incubated at room temperature (28 +2 °C)
for 21 days. The appearance and growth of marine actino-
bacteria were monitored regularly. After incubation, mor-
phologically diverse actinobacterial colonies were picked
and further subcultured onto respective isolation medium.
The colonies were purified using SCA and ISP2 medium,
once the pure colonies were obtained, each colony was
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further identified on the basis of its earthy smell, colony
morphology, colour of hyphae and the presence or absence
of aerial and substrate mycelium. The selected and identified
colonies of actinobacteria were sub cultured in SCA slants
for further studies. The pure cultures were also preserved
in 20% glycerol vials and stored at -80 °C for long term
preservation.

Screening of isolates for plant growth-promoting
properties

Screening of Indole Acetic Acid producers
Production of TAA was determined following the standard

method [6]. Briefly, overnight grown single colony was
streaked onto LB agar amended with 5 mM L-tryptophan.
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Plates were overlaid with sterile Whatman no. 1 filter paper
(82-mm diameter), and bacterial strain was allowed to grow
for 3 days at 28 °C. After incubation, the paper was removed
and treated with Salkowski’s reagent (2% of 0.5 M ferric
chloride in 35% perchloric acid) at room temperature for
60 min. In a Petri plate, the filter papers were saturated in
Salkowski’s reagent and the production of IAA was identi-
fied by the formation of a red halo on the paper immediately
surrounding the colony.

Phosphate solubilisation

All bacterial isolates were screened for inorganic phosphate
solubilisation according to Verma et al. [39]. A loopful
of fresh bacterial culture was streaked onto Pikovskaya’s
medium amended with inorganic phosphate, and plates were
incubated at 28 °C for 3—4 days. A clear halo around the bac-
terial colony indicated solubilisation of mineral phosphate.

Estimation of auxins

Quantitative estimation of auxins was done by colorimet-
ric method with slight modifications, i.e., 2 to 3 drops of
orthophosphoric acid was added to 2 ml supernatant and
4 ml of Salper reagent (1 ml of 0.5 M FeCl; in 50 ml of 30%
HCIO,). This mixture was incubated for 60 min in dark and
the absorbance was measured at 535 nm. Concentration of
auxins was estimated by preparing calibration curve using
IAA as standard (10-100 pg/ml).

Optimization of IAA production
Effect of pH, temperature and batch time on IAA production

The potential strain was inoculated in production medium
and incubated at 30°C in shaker incubator with 125 rpm. The
culture broth was analysed every 24 h of incubation for [AA
production. Batch time ranging from O to 7 days was used
to determine the effect of batch time on growth and active
metabolite production. Impact of pH on the production of
TIAA was examined by culturing the strain in production
medium adjusted to various pH levels ranging from 05 to 11.
To determine the optimum temperature for IAA production,
the strain was cultured in production medium at different
temperatures (20-80°C) for 7 days.

Effect of NaCl concentration on IAA production

Impact of NaCl on the production of IAA was examined
by culturing the strain in production medium adjusted to
various NaCl concentrations ranging from 0 to 10%. The
maximum production was observed between 2% and 3%
NaCl concentration, the experiment was repeated with the
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various ranges of NaCl concentration between 2% and 3.5%
(2,2.1,2.2,2.3,24,2.5,2.6,2.7,2.8,2.9,3.0,3.1,3.2, 3.3,
3.4 and 3.5).

Effect of carbon and nitrogen sources on IAA production

To investigate the effect of carbon sources on IAA produc-
tion by the potential strain, production medium was supple-
mented with different carbon sources such as glucose, starch,
maltose, fructose, lactose and sucrose at the concentration
of 1% (w/v) and impact of best carbon source (0.5-2.5%
w/v) on IAA production of the strain was studied. Differ-
ent nitrogen sources, namely, malt extract, peptone, yeast
extract, soya peptone was added at the rate of 1-5% (w/v)
and ammonium chloride, ammonium nitrate and ammonium
sulphate were added at the rate of 0.5-2.5% in production
medium to obtain an optimal amount of superior nitrogen
source.

Effect of substrate concentration on IAA production

Impact of substrate concentration on IAA production was
examined by culturing the strain in production medium
adjusted to various L-Tryptophan concentrations ranging
from 0% to 5%. The maximum production was observed
between 2% and 3% of L-Tryptophan concentration, the
experiment was repeated with the various ranges of L-Tryp-
tophan concentration between 0, 1.0, 2.0, 2.2, 2.4, 2.6, 2.8,
3.0 and 3.2%.

Production of IAA

Ten ml of nutrient broth was prepared and inoculated with
one loopful of potent bacterial strain and incubated at 28 °C
for 24 h and used as inoculums for IAA production. About
5 mL of bacterial inoculums was transferred to 100 mL of
optimized nutrient broth production medium supplemented
with 2.8% of L-Tryptophan as a sole nitrogen source and
incubated at 28 °C for 4 days at 170 rpm. The IAA assay and
growth parameters were regularly monitored once in 24 h up
to 4 days/up to the product recovery.

Standardization of solvent for extraction of IAA

To determine the best solvent for the extraction of TAA
from the microbial fermentation broth/production medium,
the potential strain NIOT_MV 31 was inoculated in to the
500 mL of optimized production medium for the production
of IAA. After 4 days of incubation the culture broth was
centrifuged and the supernatant was extracted with 4 differ-
ent solvents viz., ethyl acetate, diethyl ether, chloroform and
petroleum ether. The solvent extracts were completely dried
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and were dissolved in methanol and subjected for the IAA
assay to conclude the best solvent for the extraction of IAA.

IAA extraction

Auxins were extracted and separated from supernatant with
ethyl acetate and detected for homogeneity by thin layer
chromatography (TLC). The isolates viz., An-1-kul and
An-13-kul were grown in nutrient broth for 72 h at 28 °C
under shaking condition (100 rpm) and the supernatant was
harvested by centrifugation at 10,000 rpm for 20 min.

Thin layer chromatography

TLC of auxins extracts was carried out on silica gel G pre-
coated aluminium plates. 100 ml of the extracted auxins dis-
solved in methanol were spotted on silica gel G along with
IAA standard. Plates were kept in solvent isopropanol-water
(30:20 v/v) for 12—-14 h and sprayed with Salper reagent.
Plates were observed for presence of pink color spot and Rf
value was also calculated using following equation:

Rf = Distance covered by solute/Distance run by the solvent

Partial purification of extracted auxins by column
chromatography

Ethyl acetate extracted sample from NIOT_MV 31were used
for Sephadex G25 column chromatography.10 g of Sepha-
dex G-25 was soaked in distilled water for overnight and
was boiled for 4 h for complete swelling of the gel. Gel
was washed and equilibrated with (0.2 M, pH 7.2) tris—-HCl
buffer and column (50 cm X 1.5 cm) was packed and equil-
ibrated with tris—HCI buffer. 5 ml sample was applied to
column and eluted with tris—HCI buffer with flow rate
3 ml/12 min. 3 ml fractions were collected and observance
was detected at different wavelengths (220 nm, 240 nm,
260 nm, 280 nm, 300 nm, 320 nm). Estimation of auxins was
done in each fraction and fraction showing auxin production
was pooled for further analysis.

Characterization/field experiments on purified IAA

Plant growth promotion ability of mud volcano site
bacteria on flat beans

The flat beans seeds were sterilized with 70% ethanol for
2 min and in 2% sodium hypochlorite for 2 min, followed by
washing ten times in sterile water. For this experiment, pure
cultures were grown in nutrient broth at 28 °C and diluted to
a final concentration of 108 colony forming units (CFU)/ml
in sterile saline water (0.85%). The surface sterilized seeds

were immersed in appropriate PGP, i.e., commercially avail-
able IAA (HiMedia, India), partially purified IAA from the
mud volcano isolate (pg/ml) and cell free supernatant of
the isolate for 1 h, air-dried and sown immediately. The fol-
lowing treatments with three replicates were investigated
with two individual experiments: For (1) control (without
treatment), (2) C-IAA (3) CFS (iv) B-IAA. Pots were steri-
lized with 20% sodium hypochlorite solution and filled with
sterile loam soil. The flat beans seeds (10 seeds in each pot)
were sown in plastic pots filled with 1 kg sterile field soil.
The pots were arranged in a completely randomized factorial
design. The seedlings were grown in a nursery at a tempera-
ture of 28-32 °C and 85% relative humidity in a day—night
cycle of 13—14 h natural light. The pots were watered to 50%
water-holding capacity and were maintained at this moisture
content by watering to weight every day. The plants from
the experimental set up were harvested 15 days after the
emergence of seedlings, washed and morphological charac-
teristics viz., root length, shoot length, dry and wet weight
of stem and root of each plant was recorded.

Assessment of brinjal seed germination rate

In this assay, brinjal seeds were first disinfected by soak-
ing in 80% ethanol for 3-5 min, followed by 0.2% sodium
hypochlorite for 3 min, and washed thoroughly with steri-
lized distilled water three times. Samples were then dried
under laminar flow for the next step. Sterilized seeds were
soaked in four treatments; (distilled water, production
medium only, Cell free supernatant purified IAA and com-
mercial available IAA) for 2 h. Ten seeds from each treat-
ment (with three replicates) were then placed in a Petri dish
containing sterile wet tissue paper and kept under semi-dark
conditions at 26 + 1 °C for 1 week, after which germination
time rates, shoot and root lengths were measured.

Molecular identification of mud volcano associated
bacteria and actinobacteria

PCR amplification of 16S rDNA

The genomic DNA of the mud volcano associated bacteria
and actinobacteria was isolated by the method of Kutchma
et al. [18]. PCR amplification of 16S rDNA of the ascid-
ian associated actinobacteria was performed using univer-
sal primers 16Sf (AGAGTTTGATCCTGGCTCAG) and
16Sr (GGTTACCTTGTTACGACTT) and to amplify the
16S rDNA of the ascidian associated eubacteria the univer-
sal primers 16S rDF (CGCTGGCGGCAGGCTTAACA);
16S rDR (CCAGCCGCAGGTTCCCCT) were used. Final
volume of reaction was 50 pl, which comprised 7aq buffer
(1x), dNTP’s (200 pM) (MBI Fermentas, USA), forward
and reverse primer (0.5 pM), MgCl, (1.0 mM), Tag DNA
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polymerase (1.25 U; MBI Fermentas), template (1 pl) and
remaining autoclaved Milli Q water. PCR was performed
with the initial denaturation at 98 °C for 3 min, followed by
30 cycles of reaction with denaturation at 94 °C for 1 min;
annealing at 53 °C and 55 °C for 1 min; extension at 72 °C
and final extension at 72 °C for 10 min. PCR amplified prod-
ucts were analyzed on 1.5% agarose gel along with DNA
molecular weight marker (MBI Fermentas). Positive ampli-
cons as judged by size were purified using QIAquick PCR
purification kit (Qiagen, Germany) and sequenced on an ABI
PRISM 377 genetic analyzer (Applied Biosystems, USA).

Phylogenetic analysis

16S rDNA sequences of the associated bacteria and act-
inobacteria was aligned manually in GenBank database
with BLAST [2] and the sequences with 98-100% homol-
ogy were considered for molecular taxonomy analysis.
Multiple alignments of 16S rDNA sequences in this study
and sequences in GenBank database was performed with
CLUSTAL X program. Phylogenetic trees were constructed
by neighbor-joining and maximum-parsimony tree mak-
ing methods in Molecular Evolutionary Genetic Analysis
(MEGA version 5.0) and bootstrap values based on 1,000
replications.

Results

Population density of mud volcano associated
bacterial community

To evaluate the diversity of mud volcano associated bacte-
rial community, 12 sediment samples were collected from

the 4 spots of 2 selected mud volcano stations in Baratang
Islands. The sediment samples were collected from the
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Fig.2 Population density of mud volcano associated bacteria (Sta-
tion-1)
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different points of mud volcano viz., point of the eruption
(M), middle of the volcano (MD), dried part of the mud
volcano (E). Aseptically serially diluted samples were
processed in nutrient agar to enumerate the mud volcano
associated bacteria and inoculated in to the starch casein
agar to enumerate the mud volcano associated actinobac-
teria (Figs. 2, 3, 4, 5). The maximum population density
(2.67 x 103 CFU/g) was recorded in the Sta-1_sp-1-M (Sta-
tion 1) and Sta-2_sp-1,-M, Sta-1_sp-2-M, Sta-1_sp-2-E,
Sta-1_sp-2-MD, Sta-1_sp-1-E, Sta-1_sp-1-MD, Sta-2_sp-
2-M, Sta-2_sp-1-MD, Sta-2_sp-2-MD, Sta-2_sp-1-E and
Sta-2_sp-2-Ewere recorded the assorted population density
of 2.04x 103 CFU/g, 1.83 %103 CFU/g, 1.74x 103 CFU/g,
1.26 x 103 CFU/g, 5.70x 102 CFU/g, 2.70x 102 CFU/g,
2.40x 102 CFU/g, 1.20x 102 CFU/g, 1.20x 102 CFU/g,
6.00x 101 CFU/g and 3.00 x 101 CFU/g, respectively.

A total of 84 morphologically distinct mud volcano
associated bacteria were from the 12 sediment samples,
namely, Sta-1_sp-1-M, Sta-1_sp-1-MD, Sta-1_sp-1-E,
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Fig.5 Population density of mud volcano associated actinobacteria
(Station-2)

Sta-1_sp-2-M, Sta-1_sp-2-MD, Sta-1_sp-2-E, Sta-2_sp-
1-M, Sta-2_sp-1-MD, Sta-2_sp-1-E, Sta-2_sp-2-M, Sta-2_
sp-2-MD andSta-2_sp-2-E. All the sampling spots the max-
imum population diversity was recorded from the mouth
region samples than the middle and the end dried samples.
Of 84 mud volcano associated bacteria, maximum num-
ber was recorded from Sta-1 sp-1, 35(41.66) %) than other
samples: Sta-1_sp-2, 34 (40.47%), Sta-2_sp-2, 8(9.52%) and
Sta-2_sp-2, 7(8.33%)). Of 84 isolates 79 purified isolates
were selected for the further characterization studies.

Screening of indole acetic acid producers

Primary screening of IAA producers was determined fol-
lowing the standard method of Brick et al. [6]. Briefly, over-
night grown single colony was streaked onto nutrient agar
amended with 5 mM L-tryptophan. Plates were overlaid with
sterile Whatman no. 1 filter paper (82 mm diameter), and
bacterial strain was allowed to grow for 03 days at 28 °C.
After incubation, the paper was removed and treated with

Fig.6 NaCl tolerance of IAA 40
producers
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Salkowski’s reagent (2% of 05 M ferric chloride in 35% per-
chloric acid) at room temperature for 60 min. In a Petri plate,
the filter papers were saturated in Salkowski’s reagent and
the production of IAA was identified by the formation of a
red halo on the paper immediately surrounding the colony.
Out of 79 isolates from the mud volcano samples, 64 isolates
were produced red halo on the filter paper were confirmed as
IAA producers, these isolates were selected for the further
characterization studies to determine the best IAA produc-
ing strain.

Screening of salt, temperature and pH resistance
for the IAA producers

To study the sodium chloride tolerance range among the
TIAA potential mud volcano isolates, 06 concentrations of
sodium chloride was supplemented in the test medium along
with the control medium with only distilled water and nei-
ther seawater nor sodium chloride was added. Of 38 isolates,
60.00% exhibited good growth at 0% NaCl concentration.
With 0.5% and 1.0% sodium chloride concentration, of 38
isolates, all isolates exhibited good growth (Fig. 6). It was
also observed that, 70.00% isolates revealed good growth at
22.21% sodium chloride, whereas 31.00% disclosed negative
result in the medium. In 30.0% NaCl concentration, 26.00%
revealed good growth, 13.00% exhibited moderate growth
and 44.00% revealed negative result. In 35.00% NacCl con-
centration, 12.00% showed good growth, 32.00% exhibited
moderate growth and 76.00% gave negative result.

All isolates revealed acceptable pH tolerance growth at
different ranges of pH 5.0 to pH 11.0 (Fig. 7). Of the total
isolates, 70.00% revealed positive growth on all pH ranges.
This depicts their tolerance to grow in acidic and alkaliphilic
conditions. At pH 5.0, 3.1% isolates revealed positive result
and all the isolates were revealed positive growth in the pH
range of 7.0-9.0. The effect of temperature on growth is
one of the most important factors used for the identification
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Fig.7 pH tolerance test of IAA 70 A
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of actinobacteria. Different type of growth was recorded in
mud volcano sediment associated IAA producers (Fig. 8),
all isolates exhibited good growth in the temperature range
of 30-50°C and 75.00% of the isolates were found grown
at 60 °C. Of the total isolates, 30.00% were observed with
moderate and fair growth at 70-80°C.

Estimation/secondary screening of IAA potential
strains

To confirm the potential IAA producer, the positive isolates
were screened by quantitative estimation of auxins by col-
orimetric method. Briefly, 2 ml of cell free supernatant and
4 ml of Salper reagent (1 ml of 0.5 M FeCl; in 50 ml of 30%
HCIO,). This mixture was incubated for 60 min in dark and
the absorbance was measured at 535 nm. Concentration of

Fig. 8 Temperature tolerance 70 -
test of IAA producers e

Number of isolates

pH-7 pH-7.5 pH-8 pH-9 pH-10 pH-11
pH range
M Positive M Negative

auxins was estimated by preparing calibration curve using
TAA as standard (10-100 pg/ml). The isolates were screened
for the extracellular and intracellular IAA production assay
to select the extracellular IAA producer. The purification,
estimation and product recovery steps are complicated as
well as expensive for the intracellular microbial producers.
To overcome this issue, screening study was carried out to
select the extracellular IAA producer. The positive isolates
were inoculated in to the 5 ml nutrient broth supplemented
with 5 mM L-Tryptophan and incubated in shaker incubator
at 175 rpm, 28 °C for 4 days. The cell free supernatant and
the cell pellet were separated after the incubation period,
the quantitative estimation for the CFS and cell pellet were
carried out separately for each isolate. After the quantita-
tive estimation, out of 64 positive isolates were confirmed
as the potential IAA producers (Figs. 9, 10, 11), out of the
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Fig. 10 Intracellular IAA production by associated bacteria. Production level is expressed in (mg/ml)

38 potential isolates, the stain NIOT_MYV 31 was confirmed
as the excellent IAA producer (9.21 mg/mL) and the strain
NIOT_MYV 31 was also confirmed as the extracellular TAA
producer.

Solubilisation assay for the IAA positive strains

All the IAA positive isolates were subjected for the solu-
bilisation of zinc potassium and phosphate to find out the
best producer. Of 38 TAA potential strains, 18.42% of the
isolates were positive for zinc solubilisation, 15.79% of
the isolates were positive for phosphate solubilisation and

10.53% of isolates revealed positive for potassium solubi-
lisation (Fig. 12). Based on the above characteristics, the
potential strain NIOT_MYV 31 was selected for the optimiza-
tion studies.

Optimization of IAA production
Effect of pH, temperature and batch time on IAA production
The production medium was inoculated with NIOT_MYV 31

and culture broth was analysed every 24 h of incubation for
TIAA estimation assay. IAA production was observed on the
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Fig. 12 Solubilisation test of IAA producers

first day of incubation and it increased as time progressed
to reach a maximum activity on the 4th day (9.21 mg/mL)
and reduced from 6th day. Maximum IAA production was

related with dry weight of biomass and total protein (extra-
cellular protein) of CFS (Fig. 13).

The effect of pH on IAA production medium was deter-
mined with pH 06-11. Acid pH had a negative effect on
growth and IAA production. The IAA production was maxi-
mum (12.10 mg/mL) at pH 8. The IAA production were
nil at pH 6, pH 6.5 and pH 11.0. However, pH 7.5 and 8.0
disclosed very nearer IAA production (Fig. 14). To narrow-
ing the pH for IAA production, the assay was carried out
with pH range of 7.4, 7.6, 7.8, 8.0, 8.2, 8.4 and 8.6 for iso-
late NIOT_MYV 31. Production medium was inoculated with
equal volume of inoculum and after incubation, the CFS
was subjected for IAA estimation assay and production of
TAA was maximum in pH 7.8 (14.45 mg/mL). The effect of
temperature on the IAA production was studied by nurtur-
ing the strain at different temperature ranges between 10 and
40 °C. Optimum temperature for IAA production (11.26 mg/
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mL) was at 35 °C (Fig. 15). Extreme pH and temperature did
not goodwill for cell growth as well as IAA production for
NIOT_MYV 31 mud volcano associated strain.

Effect of carbon and nitrogen sources on IAA production

To maximize the production of IAA, experiments were per-
formed using various carbon sources. The maximum [AA
production was found to be 15.68 mg/mL using starch (1%)
and 9.15 mg/mL using glucose (1%) as sole source of carbon
from NIOT_MV 31 isolate. The production of IAA was mar-
ginally favourable with low cost substrates viz., starch and
glucose, there is no significant effect of fructose, sucrose and
lactose. The optimal levels of starch and glucose need to be
explored to maximize the production. Of 0.5-2.5% concen-
trations of starch, 1.5% revealed maximum (19.22 mg/mL)
IAA production. Final pH of the fermentation broth is an
important criterion on IAA production. Comparatively other
carbon sources became acidic while fermentation period
that may lead to decline in productivity of IAA, acidity of
fermentation medium could inhibit the production of IAA.

There was no activity of IAA detected acidic pH (<6.0) and
optimal activity was detected at pH (7.5-8.0). This study
authenticated starch and glucose as an exclusive source for
TAA production.

IAA production varied with different nitrogen com-
pounds. Among them, culture medium supplemented with
yeast extract favoured maximum IAA production (14.12 mg/
mL) by the isolate followed by potassium nitrate (13.49 mg/
mL). Influences of different yeast extract concentration on
IAA production were performed (1.0-5.0%), a high level
of TAA production (18.17 mg/mL) was observed when
yeast extract 02% was used as nitrogen source. yeast extract
stimulates the production of TAA, yeast extract is essential
nitrogen source for cell growth of marine bacteria and TAA
production but higher concentrations inhibit the production
in NIOT_MYV 31 strain. Yeast extract at 02% concentration
supported good growth of the isolate reflected by its bio-
mass. With increasing concentrations of yeast extract from
04 to 05%, there was a decline in IAA production. This
might be due to the presence of high substrate concentra-
tion and induction of other proteolytic enzymes.
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Effect of NaCl and substrate concentration on IAA
production

Sodium chloride concentration on the production medium
plays an important role for the production of secondary
metabolites by bacteria. To select the most favourable NaCl
concentration in the production medium to maximize the
TAA production, experiments were performed using various
concentration of NaCl. The maximum IAA production was
found to be 13.23 mg/mL and 12.16 mg/mL for the NaCl
concentrations 02 and 03%.

To select the most appropriate and optimal
concentration(s) of substrate(s) for maximum production of
TAA, the experiment was carried out different concentrations
of L-Tryptophan and combination of L-Tryptophan, glucose
and starch, respectively. The results obtained at different ini-
tial concentrations of starch or glucose or L-Tryptophan has
been considered as control experiments. The effect of initial
concentrations of glucose (above 1.0%) on the production
of agarase from strain NIOT_MYV 31 was found to be insig-
nificant. The pH was decreased, when glucose concentration
was increased (> 1.0%) in the culture broth, which might
have influenced on the IAA production. However, observa-
tions have been made on the enhancement of IAA synthesis
by different concentrations of L-Tryptophan in the culture
medium. This study was carried out based on the earlier
reports with L-Tryptophan as a nitrogen source stimulated
more IAA production than natural. Thus, medium contain-
ing different concentrations (0-4.0%) of L-Tryptophan were
used. Maximum IAA production was found to be 16.37 mg/
mL at 2.0% of L-Tryptophan without glucose concentration.
Then the medium optimization was carried out with different
concentrations of glucose and starch with fixed L-Trypto-
phan (2.0%) concentration from 0.5 to 2.5%, the maximum
TAA activity of 19.44 mg/mL was achieved at 1.8% of starch
and L-Tryptophan (2.00%) concentration.

Partial purification of IAA

To determine the perfect solvent for the extraction of TAA
from the microbial fermentation broth/production medium,
the potential strain NIOT_MYV 31 was inoculated in to the
500 mL of optimized production medium. After 4 days
of incubation, the culture flasks were centrifuged and the
supernatant was extracted with 4 different solvents viz., ethyl
acetate, diethyl ether, chloroform and petroleum ether. The
concentrated extracts were completely dried and weighed;
the dried products were dissolved in the methanol and sub-
jected for the TAA assay to conclude the best solvent for the
extraction of TAA from the microbial fermentation broth.
Of the tested solvents, ethyl acetate recovered maximum
amount of IAA (22.49 mg/mL) from the fermentation broth,
diethyl ether was the second best solvent to extract the TAA
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from the production medium, the solvents; petroleum ether
and chloroform failed to recover the IAA from the produc-
tion medium.

Ethyl acetate extracted sample from NIOT_MYV 31 were
used for Sephadex G25 column chromatography.10 g of
Sephadex G-25 was soaked in distilled water for overnight
and was boiled for 4 h for complete swelling of the gel. Gel
was washed and equilibrated with (0.2 M, pH 7.2) tris—HCl
buffer and column (50 cm X 1.5 cm) was packed and equil-
ibrated with tris—HCI buffer. 5 ml sample was applied to
column and eluted with tris—HCI buffer with flow rate of
3 ml/12 min. 03 ml fractions were collected and the OD was
detected at different wavelengths (220 nm, 240 nm, 260 nm,
280 nm, 300 nm, 320 nm). Estimation of auxins was done
in each fraction and fraction showing auxin production was
pooled. TLC of auxins extracts was carried out on silica
gel G pre-coated aluminium plates. 100 ml of the extracted
auxins dissolved in methanol were spotted on silica gel G
along with IAA standard. Plates were kept in solvent isopro-
panol: water (30:20 v/v) for 12—14 h and sprayed with Salper
reagent. Results revealed that the standard IAA sample and
putative IAA samples extracted from NIOT_MYV 31 cells
displayed the same retention factor (RF) value.

Characterization/field experiments of purified IAA

Plant growth promotion ability of mud volcano site
bacteria on flat beans

The plant growth promoting potential of isolate was deter-
mined by pot assay in flat bean seeds. The higher germina-
tion percentage, root and shoot lengths were observed in the
experimental seeds compared with control. The germination
and growth rate were more than the seeds exposed with con-
trol and C-IAA, the maximum percentage of germination
and growth rate was observed in the partially purified IAA
extracted from the mud volcano isolates. A corresponding
increase in the root and shoot biomass was also observed
in partially purified IAA exposed seedlings. Root elonga-
tion assays and pot experiments were performed using flat
bean seeds inoculated with the PGP from NIOT_MYV 31
strain. Water, cell free filtrate and commercially available
TAA (HiMedia, India) were significantly different from each
other. In plant growth promotion assays, NIOT_MYV 31 IAA/
PGP significantly enhanced plant growth by increasing the
root length, shoot length, fresh weight and dry weight of all
plants. After 15 days of growth, NIOT_MV 31 IAA/PGP
promoted root length to 2.69 +0.28 cm, shoot length to
48 +0.98 cm, fresh weight to 4.96+0.41 g and dry weight
to 1.12+0.01. In filtrate-treated plants, root and shoot length
were enhanced by 8 +0.41 cm and 41 +1.11 cm, respec-
tively, while fresh weight and dry weight were increased to
3.53+0.73 g and 0.94+0.03 g, respectively. These plant
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growth parameters were significantly different from the
other two treatments. Table 1 summarises the plant growth-
promoting effects of this potent strain on flat beans plants
(Fig. 16).

Assessment of brinjal seed germination rate

In germination assessment, commercial IAA and the TAA
purified from the strain NIOT_MYV 31 was exhibited 100%
germination rates on brinjal seeds (Table 2). The effects
of strain NIOT_MYV 31 TAA on plant growth promotion,
including root development and root elongation were
assessed after six days of the inoculation. The morphological
development stages of brinjal seeds from embryo to seedling
were documented. The B-IAA treated seeds were started
germination within 3 days of inoculation, on the other
plates the germination started after 3 days of inoculation.
After 6 days of growth, NIOT_MV 31 IAA/PGP promoted
plant length to 2.3 +£0.02 cm, root length to 1.6+0.01 cm,

shoot length to 0.7 +0.01 cm, and germination rate was
100%. In filtrate-treated plants, plant length, root and shoot
length were enhanced by 1.9+0.04 cm, 1.0+0.01 cm and
0.9+0.06 cm, respectively, but the germination rate was less
than the purified IAA from the strain NIOT_MYV 31. These
plant growth parameters were significantly different from
the other two treatments.

In vitro seed germination

To evaluate the influence of PGP extracted from mud
volcano associated bacteria, the half strength of the MS
medium was supplemented with cell free supernatant,
commercially available IAA and purified IAA from the
bacterial isolate NIOT_MYV 31. The morphological devel-
opment stages of flat bean seeds from embryo to seedling
were documented. Seed germination of flat beans started
with swelling embryo and rounding up at about 3 days after
inoculation. Embryos were discharged from the testa and

Table 1 Pot assays of plant growth promotion by NIOT_MV 31 on flat bean plants after 15 days

Treatment Plant length (cm) Root length (cm) Shoot length Plant wet weight Plant dry weight Root wet weight Shoot wet weight
(cm) (€3] (€3] (9] (€

B-TAA 59+1.13 11+0.23 48+0.98 4.96+0.41 1.12+0.01 0.48+0.04 4.48+0.23

SP 49+1.11 8+041 41+1.11 3.53+0.73 0.94+0.03 0.38+0.05 3.15+0.32

C-1AA 28+1.28 6+0.22 22+1.28 2.49+0.22 0.22+0.01 0.23+0.01 226+0.12

Control 19+1.32 5+0.28 14+1.16 1.04+0.49 0.09+0.02 0.1+0.01 094+0.19

Fig. 16 Effect of PGP isolates
on flat beans seedling growth

Table 2 In vitro germination

o . Treatment Plant length (cm) Root length (cm) Shoot length (cm) Seed germination
tests on brm]a.l seeds subjected (%) (20 seeds)
to representative treatments
B-IAA 2.3+0.02 1.6+0.01 0.7+0.01 100% (n=20)
SP 1.9+0.04 1.0+0.01 0.9+0.06 85% (n=17)
C-IAA 1.0+0.06 0.6+0.02 0.4+0.01 100% (n=20)
Control 0.87+0.02 0.4+0.08 0.47+0.03 3% (n=6)
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developed into a round, yellow form protocorm, a shoot apex
became visible at one side of the protocorm When the size
of the protocorm became bigger, the protocorm developed
into elongated shape and the colour changed into green, fol-
lowed by roots emerged from the seedling. Healthy growth
rate was observed in the seeds supplemented with bacterial
PGP than the commercial IAA and the contamination was
observed in the control and the CFS plates. After 6 days of
growth, NIOT_MV 31 IAA/PGP promoted wet weight of
the seedlings in the plates to 3.76 +0.28 g, CFS, C-IAA and
control seedlings wet weight were 3.20+0.11 g, 3.07+0.15
and 2.69 +0.28, respectively. The results showed that, the
PGP extracted from the mud volcano associated bacteria is
best for the in vitro seed germination, and also it enhances
the growth faster than the commercially available product;
moreover, the chances of contamination also absent when
B-IAA used as the supplement.

Molecular and phylogenetic identification of mud volcano
associated bacteria and actinobacteria

Phylogenetic relationships of the mud volcano associated
bacteria were ascertained based on the 16S rDNA sequence
similarity with reported strains using BLAST sequence
similarity search. Upon analysis, it was established that the
deduced 16S rDNA sequences of NIOT_MV 2 was highly
homologous (96.34%) with reported sequences of Pseu-
domonas sp. (GenBank: LC547998.1). Sequence analysis
also specified that 16S rDNA sequences of NIOT_MYV 2 was
closely related to the phylogenetic neighbors; Pseudomonas
sp. KU681078.1 and Pseudomonas sp. EF119847.2 with
sequence similarity of 91% and 88%, respectively. Phylo-
genetic analysis based on neighbor joining tree (Fig. 17)
further revealed that strain NIOT_MYV 2 formed a distinct
branch with reported Pseudomonas sp. isolates. 16S rDNA
sequences of NIOT_MYV 6 were highly homologous (98%)
with reported sequences of Rhizobium tropici (GenBank:
MT539147.1). Sequence analysis also indicated that 16S
rDNA sequence of NIOT_MYV 6 was highly homologous
to the phylogenetic neighbors; Rhizobium sp. LC498520.1
and Rhizobium miluonense JIN896360.1 with sequence
similarity of 90% and 89%. Neighbor-joining tree also dis-
closed that strain NIOT_MYV 6 forms a single cluster with
Rhizobium tropici (Fig. 18). The sequences of NIOT_MV
7 also established 93% homology with the previous report
of Sulfurimonas denitrificans NR_118685.1. BLAST analy-
sis also indicated that 16S rDNA sequences of NIOT_MV
7 was found extremely related to the phylogenetic neigh-
bors; Sulfurimonas denitrificans NR_074133.1 and Sul-
furimonas sp LC029406.1 with the similarity between 91
and 86%. Neighbor-joining tree also disclosed a distinct
cluster between NIOT_MYV 7 and Sulfurimonas denitrifi-
cans NR_118685.1. Upon analysis, it was established that
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Fig. 17 Phylogenetic tree analysis of NIOT_MYV 2 using MEGA pro-
gram

the deduced 16S rDNA sequences of NIOT_MV 12 was
highly homologous (91.24%) with reported sequences of
Bacillus cereus (GenBank: MT052656.1). Sequence analy-
sis also specified that 16S rDNA sequences of NIOT_MV
12 was closely related to the phylogenetic neighbors; Bacil-
lus sp. MN456831.1 and Bacillus cereus AY 138274.1 with
sequence similarity of 85% and 81%, respectively. Phylo-
genetic analysis based on neighbour-joining tree further
revealed that strain NIOT_MYV 12 formed a distinct branch
with Bacillus cereus MT052656.1.

The sequences of NIOT_MYV 14 also established 94%
homology with the previous report of Geobacillus kaust-
ophilus (GenBank: MF965133.1). BLAST analysis also indi-
cated that 16S rDNA sequences of NIOT_MV 14 was found
extremely related to the phylogenetic neighbors; Geobacillus
kaustophilus NR_114089.1 and Geobacillus kaustophilus
EU652083.1 with the similarity between 78 and 72%. Neigh-
bor-joining tree also disclosed a distinct cluster between
NIOT_MV 14 and Geobacillus kaustophilus MF965133.1.
16S rDNA sequences of NIOT_MV 15 were highly homolo-
gous (99%) with reported sequences of Ruminococcus albus
(GenBank: AF079847.1). Sequence analysis also indicated
that 16S rDNA sequence of NIOT_MV 15 was highly
homologous to the phylogenetic neighbors; Ruminococcus
albus NR_115230.1 and Ruminococcus albus NR_113032.1
with sequence similarity of 76% and 68%. Neighbor-joining
tree also disclosed that strain NIOT-NIOT_MV 15 forms a
single cluster with Ruminococcus albus AF079847.1. The
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Fig. 18 Phylogenetic tree analysis of NIOT_MYV 6 using MEGA pro-
gram

sequences of NIOT_MYV 24 also established 91% homol-
ogy with the previous report of Bacillus thuringiensis (Gen-
Bank: MT292101.1). BLAST analysis also indicated that
16S rDNA sequences of NIOT_MYV 24 was found extremely
related to the phylogenetic neighbors; Bacillus thuringiensis
MT279583.1 and Bacillus thuringiensis MT279582.1 with
the similarity between 77 and 72%. Neighbor-joining tree
also disclosed a distinct cluster between NIOT_MYV 24 and
Bacillus thuringiensis MT292101.1. 16S rDNA sequences
of NIOT_MV 25A was highly homologous (97%) with
reported sequences of Streptococcus agalactiae (GenBank:
KP294526.1). Sequence analysis also indicated that 16S
rDNA sequence of NIOT_MV 25A was highly homologous
to the phylogenetic neighbors; Streptococcus agalactiae
AB297817.1 and Uncultured Streptococcus sp. JX841322.1
with sequence similarity of 64% and 59%. Neighbor-joining
tree also disclosed that strain NIOT_MV 25A forms a single
cluster with Streptococcus agalactiae KP294526.1.

The sequences of NIOT_MYV 26 also established 96%
homology with the previous report of Pseudomonas car-
boxydohydrogena (GenBank: NR_024703). BLAST analysis
also indicated that 16S rDNA sequences of NIOT_MV 26
was found extremely related to the phylogenetic neighbors;
Uncultured bacterium clone KJ600901.1 and Oligotropha
carboxidovorans AB099659.1 with the similarity between
79 and 82%. Neighbor-joining tree also disclosed a distinct

cluster between NIOT_MYV 26 and Pseudomonas carboxydo-
hydrogena NR_024703. 16S rDNA sequences of NIOT_MV
27 were highly homologous (97%) with reported sequences
of Paracoccus denitrificans (GenBank: NR_114145.1).
Sequence analysis also indicated that, 16S rDNA sequence
of NIOT_MYV 27 was highly homologous to the phylogenetic
neighbors; Uncultured Paracoccus sp. clone MT491243.1
and Paracoccus sp. AJ012068.1 with sequence similarity of
84% and 79%. Neighbor-joining tree also disclosed that strain
NIOT_MV 27 forms a single cluster with Paracoccus denitri-
ficans NR_114145.1. Of 79 mud volcano associated bacteria,
38 isolates were confirmed as IAA potential strains. Based on
the phylogenetic analysis the isolates were categorized under
29 genera, Bacillus, Alteromonas and Pseudomonas were the
most dominant.

Identification of mud volcano associated IAA potential
strain NIOT_MV 31

The isolate NIOT_MYV 31 is a Gram-positive-rod, spore form-
ing bacterium with a cell length of up to 4 pm and a diameter
of 1.5 pm, Colonies were 1-2 mm, pale yellow, with mor-
phologies of low convex to convex, entire, and were granular,
or ground glass in appearance, entire, smooth, and very sticky
or mucoid. The strain was catalase positive, gas production
negative on TSI agar, indole negative and gelatin positive.
The strain was negative for urease, indole, and positive for VP
test. Based on the cultural and biochemical characteristics, the
strain was categorised under the genus Bacillus.

Phylogenetic relationship of the stain NIOT_MV 31
was ascertained based on the 16S rDNA sequence similar-
ity with reported strains using BLAST sequence similarity
search. Upon analysis, it was established that the deduced
16S rDNA sequences of NIOT_MYV 31 was highly homolo-
gous (97.14%) with reported sequences of Bacillus mega-
terium (GenBank: GU186111.1). Sequence analysis also
specified that 16S rDNA sequences of NIOT_MV 31 was
closely related to the phylogenetic neighbors; Bacillus mega-
terium, KX197921.1 and Bacillus megaterium KF010350.1
with sequence similarity of 94% and 86%, respectively.
Phylogenetic analysis based on neighbour-joining tree
(Fig. 19) further revealed that strain NIOT_MYV 31 formed
a distinct branch with reported Bacillus megaterium (Gen-
Bank: GU186111.1). Based on the phylogenetic analysis, the
strain NIOT_MV 31 was confirmed as Bacillus megaterium
NIOT_MV 31.

Discussion
Mud volcanoes of the Andaman Islands have received more

attention, since they are one of the important features of this
tectonic setting, located within an ocean basin that has one
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Fig. 19 Phylogenetic tree analysis of NIOT_MV 31 using MEGA
program

of the highest sedimentation rates in the world. The present
study provides the first overview of the bacterial commu-
nity in active mud volcano in Baratang Islands. Physical and
chemical analyses from this study indicate that, this envi-
ronment is an alkaline-moderate saline zone. Similar to the
saline mud volcano at San Biagio-Belpasso and the Paclele
Mari and Mici mud volcano in the Carpathian Mountains
[1] nearly 40% of the bacterial 16S rDNA sequences from
the Baratang mud volcano were related to clones or cultures
from marine sediment and 36% of total acinobacterial 16S
rDNA sequences (data not shown) were related to clones
from submarine mud volcano and alkaline—saline lake sedi-
ments. Most of the microorganisms observed in this study
are likely to be indigenous to this particular habitat.

The most abundant bacterial group detected in the Bara-
tang mud volcano was allocated to the Proteobacteria (79%).
Of these, the Deltaproteobacteria were the predominant
group in this phylum, followed by Betaproteobacteria and
Alphaproteobacteria. The predominance of the Deltaproteo-
bacteria has also been observed in other terrestrial mud vol-
canoes [1]. Non-SRB (sulfate-reducing bacteria) sequences
of the Deltaproteobacteria were recovered in the present
study. Specifically, phylotype NIOT_MYV 40 was related
with Nitrosomonas cryotolerans, an iron-reducing bacteria
(IRB) that reduces Fe(III) using common fermentation prod-
ucts such as acetate, lactate, propionate, formate or hydrogen
as electron donors [38]. IRB is believed to play an important
role in iron cycling and alkalinity generation and, therefore,
represents a potential bioremediation tool [24]. Phylotype of
NIOT_MYV 33 was identical to the selenate-respiring bac-
terium Pelobacter seleniigenes, which uses acetate as the
carbon substrate and is able to grow fermentatively on short-
chain organic acids such as lactate, citrate and pyruvate [28].
Phylotype of NIOT_MYV 29 was related to Malonomonas
rubra, a microaerotolerant facultative anaerobic bacterium
found in mineral medium with malonate as the sole source
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of carbon and energy [5]. Finally, Phylotype of NIOT_MV
31 was related to Bacillus megaterium that is able to pro-
duce a variety of proteins and sources of bioremediation,
plays important role in producing numerous proteins that
are commonly used in the medical and agricultural field.
Based on 16S rDNA sequence analysis, we propose that the
actinobacterial community in the Baratang mud volcano was
dominated by Streptomyces, which is similar to other ter-
restrial and submarine mud volcanoes [25].

Sustainable agriculture has evolved from three perspec-
tives: system of production to achieve self-sufficiency in
food, concept of stewardship and means of sustaining rural
communities. The indiscriminate use of chemical pesticides
not only causes pollution but also leads to uncalled losses
of microbial diversity in the natural environment. In view
of this, usage of bio-based fertilizers and pesticides are one
of the promising ways to enhance crop productivity and to
manage the plant diseases. In this view, use of plant growth
promoting bacteria has an important role in developing
promising method for crop management [34]. The PGPR
mechanisms to promote plant growth are of diverse nature
such as phosphorus solubilisation, production of plant hor-
mones [27] and excretion of diverse compounds, such as
antibiotics or proteolytic enzymes. Some plant—beneficial
microorganisms are known to antagonize plant pathogens
through competition for nutrients, parasitism by means of
hydrolytic enzyme production; inhibition of the pathogens
by anti-microbial compounds; induction of systemic resist-
ance in host plants [8]. As a new initiative in the search
of agriculturally important microorganisms from various
sources, we have isolated the bacteria from mud volcano
of the great Andaman archipelago. Though studies proving
that the microorganisms isolated from the terrestrial mud
volcano shows potentiality, such as hydrocarbon utiliza-
tion and production of methane gas [1], the current study
was carried out to find out their potential microbial source
as plant growth promoters and its effective on in vitro and
in vivo capability in the terms of field experiment as well as
plant tissue culture.

Present study was carried out to isolate and identify the
plant growth beneficial bacteria in the active mud volcano
of Baratang Islands. Auxin and IAA produced by bacte-
ria enhances plant cell elongation, cell division and better
root growth [12]. It was interesting to note that about 87%
of our isolates are IAA producers. Under field conditions
precipitated phosphates should be solubilized to readily
available ones for plant growth, which can be done by plant
growth promoting bacteria [39]. The production medium
optimisation method has been applied to IAA production,
but optimisation of medium components for IAA produc-
tion by Bacillus megaterium is yet to be reported. Bacillus
megaterium species typically require organic carbon and
inorganic nitrogen sources plus mineral salts for growth as
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well as secondary metabolite production [16]. The IAA-pro-
ducing activity of PGPR varies among species and is greatly
influenced by culture conditions, growth stage and substrate
ability [21]. Optimisation of the fermentation medium is
imperative for maximising the ability of microbes to pro-
duce secondary metabolites on an industrial scale. Although
carbon nutrients are essential, nitrogen sources and other
micronutrients should not be neglected when optimising
production [37].

The results of medium optimization experiments showed
that in addition to nutrients in the fermentation medium,
tryptophan and incubation time played an important role in
IAA production by NIOT_MYV 31; IAA production was nil
in the absence of tryptophan to 16.37 mg/ml in its presence,
strongly indicating that tryptophan is a precursor for IAA
production. Furthermore, NIOT_MYV 31 appears to secrete
IAA via a tryptophan-dependent biosynthetic pathway. This
finding is consistent with the knowledge that actinobacteria
possess the ability to produce the auxin phytohormone IAA
in the presence of a suitable precursor such as L-tryptophan
[11]. However, other pathways may be included in this
mechanism because some bacteria possess more than one
pathway [33]. We optimised the fermentation medium by
tryptophan supplementation, NaCl concentration, carbon
and nitrogen sources, pH and incubation time with various
steps. NIOT_MYV 31 produced only 9.21 mg/mL IAA in the
original fermentation medium in the presence of tryptophan,
but the titer was increased to 42.63 mg/mL after the optimi-
sation, equating to a fourfold increase in IAA production.
These findings are consistent with previous reports demon-
strating the advantages of the medium optimizing approach
[29]. TLC analysis of IAA standards and extracted samples
revealed identical Rf values, consistent with previous stud-
ies [40].

In vivo plant growth promotion assays showed that, the
plants treated with purified B-IAA exhibited the highest
root and shoot lengths, as well as fresh and dry weights.
Although plants treated with SP also displayed increased
root elongation superior to that of plants treated with C-IAA
and control (water), other characteristics were inferior to
those of control plants for poor growth. Seeds treated with
TIAA from NIOT_MYV 31 displayed significantly fast ger-
mination, increased growth, and those treated only with
water (control) did not exhibit significant seed germination
and plant growth promotion. Thus, the NIOT_MYV 31 [AA
promoted plant growth, which may be due to metabolites
induced by NIOT_MYV 31 TAA. However, at nearly every
developmental stage (embryonic and postembryonic) and
in every growth process (formation of lateral organs and
growth of leaves), plants were affected by IAA directly or
indirectly via secondary induced signalling molecules [26].
TIAA compounds produced by NIOT_MV 31 played an
essential role in plant growth promotion because the main

function of auxins is to stimulate root elongation, and this
improvement was obvious in NIOT_MYV 31 treated plants.

In this study, we optimised IAA production by Bacillus
megaterium NIOT_MYV 31, the mud volcano associated bac-
teria which is best suited for commercial use in plant tissue
culture and agriculture. A suitable medium for improved
IAA production was successfully established, and IAA pro-
duction was elevated by optimising the culture conditions.
In pot assays and in vitro seed germination assays proven
that IAA produced by Bacillus megaterium NIOT_MV 31
promote growth of plants, seed germination, rooting and root
elongation. Finally, the results provide strong evidence that
Bacillus megaterium NIOT_MV 31 is a promising and effec-
tive PGPR inoculant for plant growth promotion that may
enhance the growth and crop yields.

Due to their unique geomorphic and prolonged biogenic
succession, the Baratang mud volcanoes represent an unu-
sual microbial ecosystem. More than 50% of the sequences
of the bacterial 16S rDNA sequences retrieved in this study
showed 90-96% similarity to sequences from isolated bac-
teria or reported clone sequences, and all the phylotypes of
the actinobacterial sequences obtained in this study were
affiliated with uncultured clones. These findings indicate
that some novel microbial groups and potential indigenous
species were likely present in this ecosystem. This work is
a first step toward better understanding the role of microbial
communities in mud volcanoes in biogeochemical cycles.
Further researches including the development of appropriate
culturing methodologies and activity assays are necessary
to elucidate the microbial ecological roles in these systems.
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