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Moderately halophilic aerobic bacteria were isolated from 31 soil and 18 water samples collected from multipond solar salterns of
Gujarat, Orissa, and West Bengal, India. A total of 587 bacterial isolates with distinct morphological features were obtained from
these samples following dilution and plating on MH agar medium supplemented with NaCl. The isolates were screened for growth
associated extracellular polymeric substances (EPS) production inMYmedium under batch culture. In all, 20 isolates were selected
as potent ones producingmore than 1 g/L of EPS.These EPS producing isolates were characterized in detail for their morphological,
physiological, and biochemical features and tentatively identified as members belonging to the genera Halomonas, Salinicoccus,
Bacillus, Aidingimonas, Alteromonas, and Chromohalobacter. Apart from EPS production, these isolates also hold promise towards
the production of various biomolecules of industrial importance.

1. Introduction

Multipond solar salterns used for industrial production of
marine salts by evaporation of sea water represent hyper-
saline environments which are popular habitats for studying
halophilic bacteria and have great potential towards indus-
trial and biotechnological applications [1, 2]. The diversity
of halophilic bacteria so far isolated and characterized is
categorized into four different classes according to NaCl
requirement for their growth and includes slight halophiles,
moderate halophiles, extreme halophiles, and border line
halophiles.Thehalotolerant bacteria on the other handdonot
require NaCl for their growth but can tolerate a high salinity
[3–5]. Halophilic diversity of solar salterns has been studied
quite extensively across the globe and reviewed by several
authors [6–8]. However, only very few studies have been
made on the halophilic bacterial community in coastal solar
salterns of India [9, 10], which deserves special attention for
exploration and commercial exploitation of these microbial
resources.

Extracellular polymeric substances (EPS) are one of
the industrially important compounds produced by a wide

variety of marine microorganisms. Due to growing biotech-
nological interest [11], production of bacterial EPS has
become an attractive field of research. EPS is used as thick-
eners, emulsifiers, and suspending agents in food, pharma-
ceuticals, and petroleum industries. They are also used as
adhesives in detergents, textiles, papers, paints, and beverages
industries. Moreover, EPS are used as metal removers and
bioabsorbers in oil recovery, mining, and petroleum indus-
tries [12].

During the course of extensive search for new strains pro-
ducing extracellular polymeric substances (EPS) in their nat-
ural hypersaline environments, large numbers of halophilic
bacteria and archaea have been established as EPS pro-
ducers. Most of them belong to the genera Haloferax,
Haloarcula, Halococcus, Natronococcus, and Halobacterium
[13, 14]. Nevertheless, the common halophilic EPS pro-
ducing bacteria belong to the genus Halomonas, most
importantly H. maura [8], H. eurihalina [15], H. ventosae,
and H. anticariensis [16]. Exopolysaccharides synthesized
by Halomonas strains unusually have high sulphate content
and a significant amount of uronic acids determining their
good gelifying properties. Moreover, recent reports have
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also established that halophilic EPS producers belong to the
gamma-proteobacteria (Idiomarina andAlteromonas) as well
as alpha-proteobacteria (Salipiger mucosus and Palleronia
marisminoris) [17, 18].

This study is focused on the isolation of halophilic
bacteria from water and soil samples of some selected
solar salterns located in the states of Gujarat, Orissa, and
West Bengal, India, and evaluation of their EPS production
efficiency under laboratory conditions. Attempts have also
been made on the tentative identification of some potent EPS
producing halophilic isolates based on their morphological
and physiobiochemical features.

2. Materials and Methods

2.1. Collection of Samples. Soil and water samples from
multipond solar salterns situated along the coast of Gujarat,
Orissa, and West Bengal, India, were collected in sterile
polypropylene containers and stored at 4∘C until used for
isolation of halophilic bacteria. A total of 12 soil and 7
water samples were collected from Jogrinar (23∘13󸀠N and
69∘59󸀠51󸀠󸀠 E), Khari Rohar (23∘4󸀠16󸀠󸀠N and 70∘9󸀠37󸀠󸀠 E),
Kandla (22∘59󸀠N and 70∘13󸀠 E), and Albert Victor Port
(21∘0󸀠58󸀠󸀠N and 71∘32󸀠54󸀠󸀠 E) of Gujarat. Similarly 10 soil and
5 water samples were collected from Surala (19∘84󸀠73󸀠󸀠N and
84∘65󸀠 E) and Humma (19∘26󸀠N and 85∘5󸀠 E), the two major
solar salterns of Orissa. In West Bengal, the sampling sites
were located at Dadanpatrabar (22∘26󸀠N and 87∘20󸀠 E) and
Baksal (22∘1󸀠N and 87∘67󸀠 E) of East Midnapur, and a total of
9 soil and 6 water samples were collected.

2.2. Isolation of Halophilic Bacteria. Aerobic, heterotrophic,
andhalophilic bacteria of soil andwater sampleswere isolated
by serial dilution and plating on MH agar medium [19]
supplemented with different concentrations of NaCl. The
medium contained (g/L) yeast extract, 10; protease peptone,
5; glucose, 1; NaCl, 100; MgCl

2
6H
2
O, 7; MgSO

4
7H
2
O, 9.6;

CaCl
2
2H
2
O, 0.36; KCl, 2; NaHCO

3,
0.06; and NaBr, 0.026

(pH 7.2). The plates were incubated at 37∘C for 3 to 5 days,
and bacterial colonies with distinctmorphologywere isolated
in pure form and maintained on slopes of the same medium.
Total bacterial counts were expressed as colony forming units
(cfu)/mL and /g of water and soil, respectively.

2.3. Screening of Halophilic Bacteria for EPS Production.
To evaluate the EPS production capability, the bacterial
isolates were grown in MY medium [20] supplemented with
5% NaCl for 12 days at 32∘C under continuous shaking
(120 rpm). The medium contained (g/L) NaCl, 50; MgCl

2

6H
2
O, 9; MgSO

4
7H
2
O
,
13; CaCl

2
2H
2
O, 0.2; KCl, 1.3;

NaHCO
3
, 0.05; NaBr, 0.15; FeCl

3
6H
2
O, 0.005; glucose, 10;

yeast extract, 3; malt extract, 3; and protease peptone, 5
(pH 7.2). The EPS from the growing culture was isolated
using the method as described by Quesada et al. [15]. The
culture was centrifuged (at 10,000×g for 10min), the EPS
in the supernatant was precipitated with chilled ethanol,

and recovered by centrifugation (12000×g for 10min) and
washed with chilled 70% ethanol. The washed precipitate
was collected by centrifugation, dissolved in known volume
of distilled water, and used for quantification and chemical
analysis.

2.4. Chemical Analysis of EPS. Total carbohydrate content
of the EPS was estimated following the method of Dubois
et al. [21]. To 1 mL of dissolved EPS sample, 0.5mL of 5%
phenol and 3.5mL of concentrated sulfuric acid were added
and incubated at 30–40∘C for 10–20 minutes in hot water
bath. Absorbance was read at 490 nm, and the amount of
carbohydrate was determined from the calibration curve
prepared using glucose as standard.

Protein content of the EPS was determined following
the Folin phenol method of Lowry et al. [22]. To 1mL of
EPS sample, 5mL of alkaline solution and 0.5mL of Folin
phenol reagent were added and incubated for 30 minutes at
room temperature in dark. The absorbance was measured at
670 nm, and the concentration was read from the calibration
curve prepared by using bovine serum albumin (BSA) as the
standard.

2.5. Characterization and Identification of Selected Bacterial
Isolates. The selected bacterial isolates were characterized
morphologically and physiobiochemically following stan-
dard microbiological methods as described by Gerhardt et al.
[23]. To determine the antibiotic sensitivity pattern of these
isolates, the antibiotic impregnated discs (Himedia, 6mm
dia.) were placed on MH agar plates seeded with respective
bacterial isolates. The plates were incubated for 24 h at
32∘C, and diameter of inhibition zones was measured to the
nearest mm. Production of acids from sugars by the bacterial
isolates was tested on phenol redmedium supplemented with
1% carbon source. Characteristics of the bacterial isolates
were compared with those described in Bergey’s Manual of
Systematic Bacteriology [24] and that of Mata et al. [25] for
determination of taxonomic identity.

3. Results

3.1. Isolation of Halophilic Bacteria. A total of 31 soil and
18 water samples collected from 8 different sites spread
over the states of Gujarat, Orissa, and West Bengal, India,
were analyzed for the aerobic, heterotrophic, and halophilic
bacteria following dilution and plating on MH agar medium
supplemented with 5, 10, and 15% NaCl. The total bacterial
population of both soil and water samples as determined
by colony forming units varied considerably and declined
gradually irrespective of sampling sites with increasing NaCl
concentration in the isolation medium (Tables 1 and 2).

A total of 587 halophilic and halotolerant, hetero-
trophic, and aerobic bacterial isolates were obtained
in pure form. The majority of these isolates (410)
were derived from soil samples (Table 3), while
177 were obtained from water samples (Table 4).
Most of the isolates were Gram-negative, motile, aerobic
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Table 1: Bacterial population of soil samples collected from solar salterns of Gujarat, Orissa, and West Bengal, India.

State Sampling sites Number of samples
Bacterial count (cfu/g of soil ×102)

NaCl (%) in medium
5 10 15

Gujarat

Jogrinar 4 0.74–86.6 0.21–36.6 0.11–4
Kandla Port 3 0.86–7.35 1.21–2.11 0.08–0
Khari Rohar 3 2.39–7.68 0.12–17.8 0.47–9.66
Victor Port 2 1.73–2.83 0.40–0 —

Orissa Humma 5 0.13–0.61 0.25–0.55 —
Surala 5 1–3.66 0.07–0.23 —

West Bengal Baksal 4 2–3.90 0.20–0.40 0.20–0
Dadanpatrabar 5 2.7–7.9 0.07–0.60 0.07–0.30

Table 2: Bacterial population of water samples collected from solar salterns of Gujarat, Orissa, and West Bengal, India.

States Sampling sites Number of samples
Bacterial count (cfu/mL of water ×102)

NaCl (%) in medium
5 10 15

Gujarat

Jogrinar 2 0.28–5.56 1.72–0 0.40–0
Kandla Port 2 0.53–5.40 0.16–1.1 0.66–0
Khari Rohar 1 0.23–0 — —
Victor Port 2 12.6–190 — —

Orissa Humma 3 0.23–2.3 — —
Surala 2 0.27–1.20 0.83–0 —

West Bengal Baksal 3 1.10–1.36 0.13–0.6 0.10–0.37
Dadanpatrabar 3 0.5–1.90 0.07–0.50 0.1-0.2

rods and produced white to cream colored, circular, smooth-
edged colonies on MH agar. In general, the isolates were
capable of tolerating wide range of temperature and pH for
their growth.

3.2. Screening for EPS Production. EPS producing ability
of these isolates was examined in batch culture using MY
medium supplemented with 5% NaCl, and the soluble EPS
content of each of the isolates was evaluated in terms of
its carbohydrate content as determined by Dubois method
[21]. Among the 410 soil isolates, majority (184) produced
soluble EPS ranging from 0.5 to 0.7 g/L in terms of their
carbohydrate content, while only 15 isolates produced more
than 1 g/L of EPS (Table 5). On the contrary, among the
177 bacterial strains isolated from saline water samples, only
5 produced soluble EPS accounting for more than 1 g/L of
carbohydrate. However, majority (77) of them produced 0.5–
0.7 g/L of soluble EPS (Table 6).

In all, 20 potent isolates producing >1 g/L of EPS were
further allowed to grow in MY medium under continuous
shaking (120 rpm), and the soluble EPS produced after 8
days of growth was estimated following the method as
described above. Kinetics of growth and EPS production
revealed that EPS production by these isolates increased
with biomass formation (Figure 1), and a few of the selected
isolates such as SUR202, SUR307, SUR310, JW307, and

JS904 appeared to be promising with an EPS yield of
1.68–1.85 g/L.

3.3. Characterization and Identification of Selected Bacterial
Isolates. Morphological and physiological studies revealed
(Table 7) that these halophilic bacteria (with the exception
of isolate SUR303) formed cream colored smooth colonies
on MH agar medium. Most of them were Gram-negative,
motile rods; only three isolates were Gram-positive; one of
them (isolate SUS303) was coccus, while the isolate KW203
was the only endospore former. The isolates were capable
of tolerating 15–20% NaCl in the medium and a pH of 5–
11. Optimum growth was observed at a temperature of 32–
37∘C, but all were able to tolerate a temperature as high as
40∘C.

Analysis of biochemical characters (Table 8) showed
that the majority of these halophilic isolates gave negative
response to MR-VP tests and failed to produce extracellular
enzymes like amylase, cellulase, pectinase, inulinase, gelati-
nase, lipase, caseinase, xylanase, and urease. None of these
isolates, however, were capable of producing H

2
S, lysine-,

arginine-, and ornithine decarboxylase.
Carbon source utilization pattern (Table 9) of these

halophilic isolates varied considerably. All the isolates were
able to utilize ribose, fructose, mannitol, salicin, cellobiose,
acetate, benzoate, and succinate, and three of them (JS803,
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Table 3: Bacterial isolates obtained from soil samples of solar salterns of Gujarat, Orissa, and West Bengal, India.

States Sampling sites Number of samples
Number of bacterial isolates

NaCl (%) in medium
5 10 15

Gujarat

Jogrinar 4 44 23 4
Kandla Port 3 19 12 4
Khari Rohar 3 46 16 6
Victor Port 2 20 5 —

Orissa Humma 5 48 14 —
Surala 5 31 31 2

West Bengal Baksal 4 19 8 3
Dadanpatrabar 5 29 16 10

Total 31 256 125 29

Table 4: Bacterial isolates obtained from water samples of solar salterns of Gujarat, Orissa, and West Bengal, India.

States Sampling sites Number of samples
Number of bacterial isolates

NaCl (%) in medium
5 10 15

Gujarat

Jogrinar 2 21 14 5
Kandla Port 2 19 5 2
Khari Rohar 1 1 3 —
Victor Port 2 26 — 1

Orissa Humma 3 16 — —
Surala 2 12 8 3

West Bengal Baksal 3 9 3 4
Dadanpatrabar 3 17 4 4

Total 18 121 37 19

SUR301, and SUR307) appeared to be versatile in utilizing
all 30 carbon sources. Fermentation pattern of these strains
varied remarkably; the majority were unable to ferment
most of the carbon sources. On the contrary, fructose,
sorbitol, and benzoate were fermented by most of the isolates
(Table 9).

Sensitivity of these isolates to 22 different antibiotics
was tested by disc-diffusion method (Table 10), and the
antibiotic resistance index (ARI) was determined (Figure 2).
Themajority of the isolates were sensitive to chloramphenicol
(30 𝜇g), gentamycin (10 𝜇g), and norfloxacin (10 𝜇g) followed
by ampicillin (10 𝜇g). Resistance to vancomycin (30𝜇g) fol-
lowed by trimethoprim (30 𝜇g) was predominant amongst
the tested halophiles. As judged by the ARI values, the isolate
SUR302 was the most resistant one (ARI = 0.65) followed by
SUR301, KW203, and KW1805, while the lowest ARI (0.23)
was indicated by the isolate JW307, which was most sensitive
to the tested antibiotics.

The morphological, physiological, and biochemical char-
acters including the carbon source utilization and fermen-
tation patterns along with antibiotic susceptibility were
analyzed and compared with the phenotypic characters of
halophilic bacterial genera [5, 18] so far reported. According

to the phenotypic and biochemical characteristics, 70% of the
selected isolates (14) were tentatively identified asmembers of
the genusHalomonas.The onlyGram-positive coccus (isolate
SUR303) and the rod shaped endospore forming isolate
(isolate KW203) were assigned to Salinicoccus and Bacillus,
respectively. Two of the isolates (KS1805 and SUR301) were
placed in the genus Chromohalobacter, while the remain-
ing two (isolates JS504 and JS904) were included under
Alteromonas and Aidingimonas, respectively.

4. Discussion

Halophiles have mainly been isolated from wide diversity of
environments such as saltern crystallizer ponds, the Dead
Sea, solar lakes, and hypersaline lakes [26]. Culture depen-
dent diversity studies on halophiles have been made from
Tunisian solar saltern [27, 28], Tuzkoy salt mine [29], Sere-
flikochisar Salt Lake [30], Kaldirim and Kayacik of Tuz Lake
[31], Turkey, Howz Soltan Lake, Iran [32], and hypersaline
environments in South Spain [33–36]. In the Indian context,
the halophilic diversity studies have been restricted mainly
to the marine salterns of Bhavnagar [37–40], Lonar Lake
[40], and Peninsular Coast [41, 42].The present study reports
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Table 5: Screening of halophilic bacterial isolates derived from soil samples for the production of extracellular polymeric substances.

States Sampling sites Number of isolates Extracellular polymeric substances (g/L)
>0.50 0.51–0.70 0.71–1.0 >1.0

Gujarat

Jogrinar 71 18 42 7 4
Kandla Port 35 13 13 7 2
Khari Rohar 68 26 31 11 —
Victor Port 25 20 3 2 —

Orissa Humma 62 22 37 3 —
Surala 64 15 25 15 9

West Bengal Baksal 30 14 12 4 —
Dadanpatrabar 55 32 21 2 —

Total 410 160 184 51 15

Table 6: Screening of halophilic bacterial isolates derived from water samples for the production of extracellular polymeric substances.

States Sampling sites Number of isolates Extracellular polymeric substances (g/L)
>0.50 0.51–0.70 0.71–1.0 >1.0

Gujarat

Jogrinar 40 26 9 3 2
Kandla Port 26 13 11 1 1
Khari Rohar 4 1 3 — —
Victor Port 27 7 17 1 2

Orissa Humma 16 4 11 1 —
Surala 23 8 6 9 —

West Bengal Baksal 16 7 6 3 —
Dadanpatrabar 25 8 14 3 —

Total 177 74 77 21 5

the distribution of halophilic and halotolerant bacterial
communities in the inland multipond solar salterns spread
over the coasts of India. Halophilic bacterial communities
of 31 soil and 18 water samples from 8 different sites were
analyzed by dilution and plating method (Tables 1 and 2) and
provide information regarding the availability anddiversity of
halophilic bacteria in the solar saltern ponds. Colony forming
units of soil and water samples revealed that soil samples
holdmore viable bacterial counts than water samples. Ragha-
van and Furtado [41] studied the occurrence of extremely
halophilic archaea in sediments from the continental shelf of
west coast of India and reported the presence of relatively low
average counts (7–5 × 103) of extreme halophiles in offshore
sediments in contrast to the very high counts (105–109)
of marine eubacteria. Similar study by Joshi et al. [40]
reported that the total numbers of microorganisms in the soil
and water samples were 102–106 cfu/g and 102–104 cfu/mL,
respectively.

A total of 587 halophilic and halotolerant bacterial strains
were isolated showing different degrees of NaCl tolerance
(Tables 3 and 4) and supported the observations of Quesada
et al. [35] andVentosa et al. [34]. However, during the present
study we were unable to isolate extreme halophiles, which
have frequently been identified as the dominant phylotypes in
hypersaline environments along with solar salterns of India

[39, 41]. Furthermore, soil samples showed more bacterial
diversity than water ones, which is in accordance with the
observations of Joshi et al. [40].

During the course of screening of the moderately
halophilic isolates for EPS production (Tables 5 and 6), only
20 isolates appeared to be promising with significant yield of
EPS (1.0–1.85 g/L) (Figure 1). Joshi and coworkers [40] sim-
ilarly screened 86 halophilic bacteria from Lonar Lake and
reported Halomonas campisalis and Vagococcus carniphilus
as potent EPS producers. Similarly, Nanjani and Soni [43]
also isolated 73 halotolerant and halophilic bacteria from soil
samples of Veraval and Dwarka; 23 of them produced EPS
ranging from 0.2 to 10.60 g/L. In addition reports on EPS
production by moderately halophilic bacteria of the genus
Halomonas are not uncommon [8, 15–17].

Attempts have been made to determine the taxonomic
identity of all 20 promising EPS producing isolates following
detailed physiobiochemical characterization (Tables 7–9) and
comparison with Bergey’s Manual of Systematic Bacteriology
[24] and those of Mata et al. [25].Themajority (14 isolates) of
them were Gram-negative, nonsporulating rods and capable
of growing in 2.5–20%NaCl similar to those ofHalomonas as
reported by Quesada et al. [36], Ghozlan et al. [44], andMata
et al. [25]. However, the Gram-positive endospore forming
isolate KW203 was assigned to the genus Bacillus.
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Figure 1: Screening of moderately halophilic bacteria isolated
from soil and water samples of solar salterns for production of
extracellular polymeric substances.
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Figure 2: Antibiotic resistance index of the selected EPS producing
halophilic bacteria isolated from soil and water samples of solar
salterns of India.

The isolates SUR301 and KS 1805 were tentatively iden-
tified as Chromohalobacter based on the study by Arahal et
al. [45] and bear striking similarity with those of Chromo-
halobacter sp. isolated fromhypersaline soil sample of Triveni
Sangam, Gujarat [38]. The physiological, morphological, and
biochemical characteristics of isolate SUR303 were consistent
with the features of the genus Salinicoccus [10], while isolates
JS904 and JS504 were tentatively assigned to Aidingimonas
and Alteromonas, respectively.

Finally, sensitivity of these isolates to antibiotics (Table 10
and Figure 2) also corroborates the findings ofMata et al. [25]
and Hedi et al. [28].

5. Conclusion

It may be emphasized that study of these moderately
halophilic bacteria from coastal hypersaline solar salterns of
India with special attempt on screening for EPS production
has led to the discovery of wide variety of halophilic species.
Although attention has been focused on the production

of EPS by these halophilic bacterial isolates, their physio-
biochemical features indicate that they may equally hold
potential towards production of various biomolecules of
industrial interest.
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