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Abstract

Halophilic microorganisms derived from diverse thalassohaline and athalassohaline
environments including marine estuaries, saline and soda lakes, inland solar salterns
and acidic habitats are categorized as slight-, moderate- and extreme halophiles
according to their NaCl requirements. Taxonomic studies with culturable diversities
of halophiles revealed that they belong to both Archaea and Bacteria representing the
families Halobacteriaceae, Methanosarcinaceae and the class Gammaproteobacteria.
As adaptive strategies against harsh salt stresses, majority of halophiles often synthesize
and accumulate extracellular polysaccharides (EPS) which differ significantly in terms
of their physical, chemical and material properties. So far the novelty in structure
and functions of exopolysaccharides are concerned, producer strains belonging to the
genera Halomonas and Haloferax have attracted the main attention. However, EPS
producing strains belonging to the genera Idiomarina, Salipiger and Alteromonas are
not uncommon. Through process optimization and metabolic regulation a number of
potent halophilic strains have been found to produce copious amount of EPS indicating
its commercial viability. Moreover, the significance of production, physico-chemical
and biological properties along with the possible applications of halophilic EPS in
industry and biotechnology have also been highlighted..
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Introduction

Halophiles, the salt-loving microorganisms are distinguished by
their characteristic requirement of high salt concentration for growth
and have evolved physiological and genetic features to survive in
hypersaline environments. In addition, factors like temperature, pH,
availability of oxygen and nutrients, as well as solar radiations plays
an important role in determining the growth of halophiles. Ever since
the time of Larsen' and Kushner,? these organisms, depending on
their salt dependence and tolerance have been distinguished as slight
halophiles, moderate halophiles, and extreme halophiles.’> Most of the
halophiles are inhabitants of hypersaline waters and soils, salt or salt
deposits and salted products*® Multi-pond solar salterns, representing
typical thalassohaline water systems with salinities ranging from
seawater salinity to halite saturation have been correlated with the
changes in microbial community densities.® Likewise, aerobic,
anaerobic and facultative anaerobic microbes belonging to domains
Archaea and Bacteria have been recovered from the athalassohaline
waters of the Dead Sea, Great Salt Lake, hypersaline lakes in
Antarctica, Lake Magadi etc.’

The halophiles follow two different strategies to cope with the
osmotic stress exerted by the saline environment. Halophilic Archaea
maintain an osmotic balance of their cytoplasm with the hypersaline
environment by accumulating high concentrations of inorganic ions
in the cytoplasm (salt in cytoplasm strategy). In contrast, halophilic
or halotolerant bacteria adapt themselves by accumulating high
concentrations of various organic osmotic solutes (compatible
solutes).* Apart from these, the deleterious hypersaline environment
forced the halophiles to produce a variety of biomolecules, pigments,
biosurfactants, proteins, extracellular polysaccharides (EPS) and
intracellular polyester polyhydroxyalkanoates, which have attracted
the attention of microbial biotechnologists.®

Production of extracellular polysaccharides by halophilic Archaea
and Bacteria has been reported by several workers and the members
of the genus Halomonas have been identified as the most potential
producers.”! While the chemistry, structure and functions of microbial
extracellular polymeric substances in general have been highlighted
with special emphasis on microbial ecology, medicine, dairy industry,
formation of biofilms, and environmental biotechnology; their role
in the remediation of heavy metals, toxic compounds and dyes from
the anthropogenic environments could not be ruled out.'” Survey of
literature have clearly indicated that the information pertaining to
the production and characterization of extracellular polysaccharides
by the wide variety of halophilic microorganisms isolated from
hypersaline environments are inadequate.”’®> However, there is an
increasing demand for the production of extracellular polysaccharides
by the halophiles with properties better than those of the existing ones.
The present review is aimed at to explore the diversity of halophilic
microorganisms from saline and hypersaline ecosystems and also to
evaluate their potential for production of extracellular polysaccharides
with special emphasis on their significance, regulation, properties and
applications.

Diversity of halophiles

The culturable diversity of halophilic microorganisms from
hypersaline environments includes both the extremely halophilic
Archaea and moderately halophilic Bacteria. Halophilic archaea
represented by the family Halobacteriaceae is currently comprised of
47 genera and 165 species and Methanosarcinaceae which includes 4
genera and 7 species.'*'* While the members of Halobacteriaceae are
aerobic or facultatively anaerobic and generally red-pigmented ones,
the methanogens obtain their energy form methylated amines under
anaerobic conditions." Moderate or extremely halophilic bacteria
isolated from diverse environments are currently represented by a
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large number of species included under the phyla of Proteobacteria,
Firmicutes, Actinobacteria, Spirochaetes, Bacteroidetes,
Thermotogae,  Cyanobacteria  and  Tenericutes.”> Members
belonging to these phyla constitute a heterogeneous assemblage of
microorganisms with diverse physio-biochemical activities and
morphological variations.”> The class Gammaproteobacteria of
Proteobacteria contains the largest number of moderately halophilic
genera and the members of the family Halomonadaceae represented
the best studied and most important genera.!>1¢

Quesada et al.'” following the conventional plate count method,
analyzed the hypersaline soils of multi-pond salterns near the
Mediterranean coast in Alicante, Spain and reported the predominance
of Gram-negative halophiles belonging to the genera of Pseudomonas,
Alcaligenes, Vibrio, Flavobacterium and Acinetobacter. Gram-positive
rods and cocci were assigned to the genera Bacillus, Nesterenkonia,
Arthrobacter, Marinococcus, Staphylococcus, Corynebacterium,
Brevibacterium, Nocardia and Actinomyces. Subsequently, species
assigned to the genera Planococcus and Sporosarcina were also
added to the list." Garabito et al."” also isolated 71 halotolerant Gram-
positive endospore forming rods from saline soils and sediments of
salterns located in different parts of Spain and tentatively assigned
them to the genus Bacillus. Numerical taxonomic studies have
been conducted on inland, athalassohaline salterns near Granada,
Spain * and Chile?! and the isolated strains were assigned to
moderately halophilic genera Halomonas, Vibrio, Alteromonas and
Acinetobacter. In a more selective diversity study, Ghozlan et al.??
isolated 90 Gram-positive and Gram-negative moderately halophilic
bacterial strains from coastal solar salterns, salt marshes and salt
lakes of Alexandria, Egypt. The Gram-negative isolates belonged to
the genera Psudoalteromonas, Flavobacterium, Chromohalobacter,
Halomonas and Salegenibacter while, the Gram-positive strains were
included in the genera Halobacillus, Salinicoccus, Staphylococcus
and Tetragenococcus. They concluded that greater diversity occurred
in the inlet and lower salinity ponds.

Yeon et al.® studied the culturable diversity of moderately
halophilic, organotrophic bacteria from solar salterns of Taean-
Gun, Chungnam Province, Korea following RFLP analysis of PCR
amplified 16S rDNA and phylogenetic analysis of the partial 16S
rDNA sequences. Based on these, 64 strains were segregated into
genera like Vibrio, Pseudoalteromonas, Halomonas, Alteromonas
and Idiomarina. Litchfield et al.** studied the seasonal changes of
halophilic community present in saltern at Eilat, Israel, as well as
Cargill Solar Salt Plant in Newark, California by using traditional and
molecular techniques. Recently, Mutlu and Guven *?¢ employed a
combination of denaturing gradient gel electrophoresis of 16S rRNA
gene fragments of PCR amplified DNA extracted from the water
samples of the saltern and 16S rRNA gene library analysis to identify
the bacterial diversity of Camalti solar saltern in Turkey and explored
a total of 42 isolates, which belonged to the genera Halobacillus,
Virgibacillus and Halomonas.

The diversity analysis of bacteria and archaea present in El Golea’s
sebkha of Algerian Sahara®” has lead to the isolation of 471 strains
belonging to 31 different genera of halophilic bacteria and archaea.
The bacterial genera include Vibrio, Pseudomonas, Staphylococcus,
Pasteurella, Streptococcus, Salmonella, Shigella, and Escherichia.
However, only 52 isolates belonged to the halophilic aerobic archaea
which were placed in the genera Halobacterium, Halococcus,
Natronobacterium, Haloferax, Natronoccoccus, Haloarcula and
Natrinema.
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The occurrence of red pigmented haloarchaeal communities
has been documented from the north arm of the Great Salt Lake,?®
the Dead Sea® and hypersaline alkaline lake, Lake Magadi.** Halo
archaea isolated from coastal salt-marsh sediments able to grow at
lower salinities have also been reported.®! Birbir and Sesal®? studied the
extreme halophilic bacterial communities of Sereflikochisar salt lakes
of Turky by using conventional biochemical features, while Birbir et
al.*® characterized extremophilic communities in Tuzkoy salt mine
and the adjacent Kaldirim and Kayacik salterns using positive PCR
amplification and denaturing gradient gel electrophoresis (DGGE)
analysis of DNA sequences which revealed the phylogenetic inclusion
of the isolated strains within the genera Halobacterium, Haloarcula,
Natrinema and Halorubrum. Elvi et al.* isolated extremely halophilic
strains from the Ayvalik saltern in the north-eastern part of Turkey.
Similarly, Enache et al.*® isolated extreme halophiles from Telega
salt lake, of Romania and identified them as members of the genus
Haloferax.

Bacterial and archaeal aerobic communities were recovered from
sediments of El-Djerid salt lake in Tunisia.* By using phenotypic and
phylogenetic approaches, the authors found that the members of the
domain Bacteria belonged to Salicola, Pontibacillus, Halomonas,
Marinococcus and Halobacillus, whereas, the only member of domain
Archaea was represented by Halorubrum. Recently, Kim et al.’’
analyzed the hypersaline sediment of Death Valley National Park and
documented the availability of the genera Halorubrum, Halococcus,
Haloarcula, Halorhabdus and Halobacterium. Studies on halophilic
diversity from hypersaline environments of India are not uncommon.
Dave and Desai*® isolated halophiles from marine salterns of
Bhavnagar, Gujarat, India and majority of them belonged to Archaeal
domain. Presence of Gram-positive alkalitolerant moderate halophiles
of the genera Bacillus, Micrococcus, Planococcus, Vagococcus as
well as Gram-negative representatives of Paracoccus, Halomonas and
Providencia were recorded from Alkaline Lonar Lake of Maharashtra,
India.*® An elaborate account of the community structure of the
halophilic archaea at initial and crystallization stage of salt production
in solar salterns of Goa was documented by Mani et al.*’ The isolates
obtained during the pre-salt harvesting phase, belonged to Halococcus
spp. while, at salt harvesting phase, Halorubrum, Haloarcula,
Haloferax and Halococcus were predominant.

Surve et al.**? in their survey of moderate halophiles reported
the presence of Virgibacillus pantothenticus, Bacillus atrophaeus,
Corynebacterium diphtheria and Idiomarina zobellii from salt pans
of Goa using FAME and 16S rDNA sequence analysis. Recently,
Sardar and Pathak® investigated the halophilic microbiota of solar
salterns of Mumbai, India and recorded Halorubrum, Haloferax
and Halobacterium as the extremely halophilic genera while,
moderate halophilic members belonged to Halomonas, Halobacillus,
Pseudomonas, Salicola and Halovibrio.

Diversity of halophiles in solar salterns of Tamilnadu, India
revealed the presence of representatives of the family Halobacteriaceae
which were dominated by members of genera Haloferax,
Halorubrum, Haloarcula, Halobacterium and Halogeometricum*
while, that of Kovalam saltpans in Kanyakumari belonged to
Staphylococcus, Halobacillus, Halococcus, Natronobacterium
and Halobacterium.* The halophilic bacterial diversity along the
coastal regions of Karnataka, India showed the predominance of the
genera Virgibacillus, Halobacillus, Salinibacillus, Nesterenkonia,
Pontibacillus and Staphylococcus.*® Similarly, moderately halophilic
aerobic bacteria belonging to the genera Halomonas, Salinicoccus,
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Bacillus, Aidingimonas, Alteromonas, and Chromohalobacter were
isolated by Biswas and Paul*’ from multi-pond solar salterns along the
coasts of Gujarat (Figure 1), Orissa, and West Bengal, India. Colony
morphology of some of the representative members are shown in
Figure 2.

Figure | Typical multi-pond solar salterns at Jogrinar located in Kachchh
districts of Gujarat, India.

Figure 2 Variations in colony morphology of halophilic bacteria isolated
from soil and water samples of multi-pond solar salterns distributed along
the coasts of India.

Production of extracellular polysaccharides
(EPS) by halophiles

Ever since the discovery of “dextran”, the first microbial
polysaccharide in 1880, continued search for novel polysaccharides
from microbial resources have resulted in the discovery of a number
of extracellular polymers. Some of them have been commercially
accepted, while others are at various stages of development. Production
of extracellular polysaccharides by halophilic bacteria highlighting
their properties, distribution and possible applications has been
done over the last couple of years. The main EPS producers so far
reported are represented by members of the family Halomonadaceae
and Alteromonadaceae. Members of the genus Halomonas, the most
common moderately halophilic bacteria, have been identified as
potential EPS producers synthesizing polymers of diverse physico-
chemical properties.”!!

The first study on EPS production by members belonging to the
genus Halomonas was made by Quesada et al.*They have optimized
the cultural parameters of EPS production by H. eurihalina and
recorded a maximum production of 2.8 g/L. Along with pseudoplastic
behavior, the purified sulfated EPS also showed an unusual property to
jellify atacidic pH. Moreover, the sulfate content of the EPS and cations
affected the rheology of the EPS. Bejar et al.*’ also established similar
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rheological behavior of EPS isolated from strains of H. eurihalina.
However, substrate specific emulsifying activity of the sulfated
EPS in presence of hydrocarbon and oil was established by Calvo
et al.>® EPS produced by H. eurihalina in hydrocarbon supplemented
medium showed enhanced emulsifying activity, but reduced viscosity.
This was possibly due to a change in chemical composition of the EPS
produced in hydrocarbon and oil supplemented media.*!

Halomonas maura was first introduced as EPS producing
isolate by Bouchotroch et al.* 52 during isolation and screening of
EPS producing moderate halophiles. Later, Arias et al.*® isolated
an anionic, sulfated heteropolysaccharide, mauran from H. maura
S-30, which under optimized cultural condition produced 3.8 g/L of
highly viscous EPS. Mauran displayed pseudoplastic and thixotropic
rheological properties.

Under optimum cultural conditions EPS production by H. ventosae
and H. anticariensis® was 0.28 g/L and 0.49 g/L respectively. Though,
the production was comparatively low, the polysaccharides exhibited
high capacity of metal binding. Moreover, these exopolymers showed
emulsifying activity to many hydrophobic substrates possibly
due to their high protein content and low viscosity. Extracellular
polysaccharide production by H. almeriensis'>> have been optimized
and revealed a growth associated production of 1.7 g/L of EPS.
The sulfated EPS so produced was capable of emulsifying several
hydrophobic substrates and binding of metal ions. More recently,
Amjres et al® characterized an extracellular polysaccharide,
haloglycan produced by H. stenophila HK30. Under optimized
cultural conditions, the strain produced 3.89 g/L of haloglycan which
was highly viscous and capable of emulsifying different hydrocarbons.

Halomonas strain CRSS isolated from salt sediments of Antarctica
produced 2.9 g of EPS per g dry cells.”” Mannan and xylomannan
were obtained when cells were grown on complex media. However,
in presence of acetate, a fructo-glucan was produced. Halomonas
sp. AADG isolated from Camalti saltern area in Turkey was found to
produce high levels of levan in the sucrose containing medium and
yielded 1.84 g/L of levan.’® Besides these, Halomonas sp. V3a’> was
able to produce an EPS as potential biosurfactant, while Halomonas
sp. strain TG39% produced an EPS with high uronic acid content
and possessed specific binding capacity for Ca, Si, Fe, Mg, Mn and
Al. EPS derived from members of the family Alteromonadaceae
were low in viscosity and was capable of emulsifying hydrocarbons
and binding of heavy metals.®' Salipiger mucosus A3" belonging to
Alphaproteobacteria, produced a fucose containing EPS (1.7 g/L)
which showed solution properties similar to EPS of most halophilic
strains.®

Optimization, isolation, and characterization of EPS produced
by H. xianhensis SUR308 were studied elaborately.®% Under
optimum cultural conditions of 2.5% NaCl, 3% glucose, 0.5%
casein hydrolysate, the strain produced 7.87 g/L of EPS (Figure
3)% which showed antioxidant and emulsifying activity against
hydrocarbons as well as oils. However, a higher yield of EPS (12.98
g/L) was successfully obtained with mutants of this strain.®® Massive
amounts of EPS are also excreted by members of the haloarchaeal
genera Haloferax, Haloarcula, Halococcus, Natronococcus and
Halobacterium. Anton et al.®” were the first to report the production
of EPS by an archaebacterium, Haloferax mediterranei (ATCC
33500). The structure of the neutral extracellular polysaccharides
of Haloferax gibbonsii (ATCC 33959) has been determined by
Paramonov et al.®® while, Parolis et al.® elucidated the structure of
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a linear, acidic exopolysaccharide from Haloferax denitrificans.
In a screening program, Nicolaus et al.” isolated three obligatory
halophilic microorganisms (T5, T6, and T7) from an unexplored site in
Tunisia. These strains produced sulfated extracellular polysaccharides
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in a minimal medium containing glucose as sole carbon source with
EPS yields ranging from 35 to 370 mg/L. A comparative account of
EPS production by moderate and extreme halophiles so far reported
is presented in Table 1.

Table | Production of extracellular polymeric substances by moderate and extremely halophilic microorganisms

Phase of

Microorganism Medium Carbog source and nacl maximum eps EPS . References

conc. (%) production production
Moderate Halophile
,Il:\;tze_ltomonas hispanica MY Medium  Galactose; 7.5% NaCl Stationary phase 1.0 gL Mata et al.®!
:ﬁ;‘i’:‘c’;?sa'ka“a"mt'ca Medium B Maltose; 7.5% NaCl ND 29glg Poli et al.5
H. alkaliphila Medium 2 1% Glucose; 10% NaCl ND ND Romano et al.”'
H.almeriensis MST MY Medium 1% Glucose; 7.5% NaCl Stationary phase 1.7 g/L Llamas et al."
H. anticariensis MY Medium 1% Glucose; 7.5% NaCl Stationary phase 0.3-0.5 g/L Mata et al.**
H. eurihalina F2-7 MY Medium 1% Glucose; 7.5% NaCl Stationary phase 1.4 g/L Quesada et al.*®
H. eurihalina Al-12T 28¢g/L
H. maura S-30 MY Medium 1% Glucose; 2.5% NaCl Stationary phase 38¢g/lL Avrias et al.®?
H. rifensis MY Medium 1% Glucose; 7.5% NaCl ND ND Amijres et al.”
H. smyrensis Medium B Glucose; 10% NaCl Stationary phase ND Poli et al.”®
H. stenophila MY Medium 1% Glucose; 5% NaCl Stationary phase 3.89g/L Llamas et al.”*
H.ventosae Al-12T MY Medium 1% Glucose; 7.5% NaCl Stationary phase 0.28 g/L Mata et al.**
H. ventosae Al-16 0.30 g/L
Halomonas sp.AAD6 CD Medium 5% sucrose; 13.5% NaCl Exponential phase 1.073 g/L Poli et al %
H. xianhensis SUR308 MY Medium 3% glucose, 2.5% NaCl Stationary phase 7.87 g/lL Biswas et al.®®
::cilzc;n_?_arlna fontislapidosi MY Medium  Glucose; 7.5% NaCl Stationary phase 1.4 gL Mata et al.®!
I. ramblicola R-22T MY Medium  Glucose; 7.5% NaCl Stationary phase 1.5 ¢g/L Mata et al.®!
Palleronia marisminoris MY Medium 1% Glucose; 5% NaCl Stationary phase ND Martinez-Checa et al.”
Salipiger mucosus A3T MY Medium 1% Glucose Stationary phase 1.2 g/L Llamas et al.*
Extreme Halophile
Haloarcula japonica mler:'mi Glucose Stationary phase 35-350 mg/L  Nicolaus et al.”®
Haloferax denitrificans Nd Glucose ND ND Parolis et al.*
H. gibbonsii Nd Glucose ND ND Paramonov et al.t®
H. mediterranei z:;zz: Glucose/ yeast extract Stationary phase 3 mg/mL Anton et al.
Halopiger aswanensis SG Medium Na-citrate ND ND Hezayen et al.”®

“MY Medium”, Malt extract-Yeast extract medium;*“SG medium”, Sehgal and Gibbons medium;“CD medium”, Chemically defined medium; ND= Not

documented.

3- 43

S
/
\
7
i
¢
o
i
/
i
/
T

Sob
=

Do |\ S LA SRER
:Daz = [ /Q 1 + é o g
= s A 16 8| <
2 = /@ s ©1E] %
—%’ g 2r %/ 4% g
ERE RN S ['g) 2
5 |& E/ =
12
n
E-E-E-E-E-A-E-E-E-E
ol o . . . . . . do  Jo
0 2 4 6 8 10 12 14
Incubation, day

Figure 3 Time course of growth (O.D.at 540 nm (o), Dry weight in g/L (°),
glucose utilization (m) and production of EPS (A) by H. xianhensis SUR308
(Adopted from Biswas et al.).®®

Significance of EPS production

The extracellular polysaccharides in general play a wide variety of
biological functions including prevention of desiccation, protection
from environmental stresses, adherence to surfaces, pathogenesis
and symbiosis.”” In addition EPS can sequester nutrient materials
from the surrounding environment,” facilitates biofilm formation and
prevent access of antimicrobial agents into the biofilms.” The EPS
molecules are regarded as the major factor influencing the microbial
adhesion process. EPS molecules strengthen the interactions between
the microorganisms and as a result they determine the cell aggregates
formation process on the solid surface.®® Parker et al.’'established
that removal of exopolysaccharides from the cells of Bacillus spp.
decreased their attachment to stainless steel surfaces.

Bacteria living within EPS are believed to be about 1000 times
more resistant to antibacterial compounds than planktonic cells.®
Sauer and Camper® confirmed that increasing hydrophilic value of
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bacterial cell surface often restrict the penetration of antimicrobial
agents with hydrophobic character. The functional groups of
exopolysaccharides react with antimicrobial agents and prevent the
diffusion process to cytoplasm. However, it is recognized that killing
properties of antibiotics are increased when all possible binding sites
in the EPS matrix are saturated.

Mechanisms and regulation of EPS produc-
tion

Over the last couple of years significant progress has been made
in understanding the biochemical and genetic mechanisms and
regulation of different classes of EPS production by wide diversity
of bacterial species. With the exception of a few, majority of bacterial
EPS are synthesized intracellularly and secreted to the extracellular
environment. In general, regulation of such intercellular biosynthesis
of EPS is determined by various physiological and metabolic
parameters of the producer cells. These include the availability of
sugar precursors, energy for building the repeating units, expression
of enzymes for polymerization and transportation of building units
across the membrane.® In addition, several factors such as medium
composition, culture age, type of carbon and nitrogen sources, carbon
to nitrogen ratio, pH, temperature and aeration have definite impact on
EPS production. Cellular adaptation to limiting factors, such as stress
conditions, osmolarity of the medium, ammonium and phosphate
availability also influence EPS biosynthesis in a coordinated fashion.
Recently, Ates® has analyzed the application of omics technology
and system biology tools in understanding the microbial EPS
biosynthesis mechanism and regulation and pointed out that the
general mechanisms of bacterial polysaccharide production involve
Wzx/Wzy-dependent pathway, the ATP binding cassette (ABC)
transporter-dependent pathway and the synthase-dependent pathway,
while the extracellular synthesis is accomplished by the use of a
single sucrase protein. On the contrary, information related to the
genetics of microbial EPS biosynthesis particularly the identification
of genes involved in the assembly of repeat units, polymerization,
transportation and regulation are know only for the biosynthesis of
xanthan, levan and dextran, however, genetic data pertaining to EPS
biosynthesis by halophilic microorganisms is scanty.

Mauran, the EPS produced by Halomonas maura S-30 is similar to
xanthan and has interesting functional properties that make it suitable
for use in food and pharmaceutical industries and and biotechnology.
Analysis of genes involved in mauran production was conducted by
Arco and coworkers.’” They identified three conserved genes, epsA,
epsB and epsC, and demonstrated their role in the assembly and
translocation of mauran. A wzx homologue, epsJ, was also found which
indicates that mauran is formed by a Wzy-dependent polymerization
system. This EPS-gene cluster reaches maximum activity during
stationary phase, in the presence of high salt concentrations (5% w/v).

Levan, a long linear homopolymeric EPS of 8 (2-6)-linked fructose
residues is produced from sucrose-based substrates by a halophilic
bacterium Halomonas smyrnensis AAD6T.® However, there is very
limited information available about the mechanisms involved in
the biosynthesis of levan® and there is no report about a systematic
approach to analyze levan production by H. smyrnensis AADOT.
Following this, systems-based approaches were applied to improve
the levan production capacity of H. smyrnensis AAD6T. Mannitol
as an effective stimulatory factor for levan production has also been
analyzed systematically.® Draft genome sequence analysis by Sogutcu
et al.” identified several genes related to EPS biosynthesis, including
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the genes for levansucrase and ExoD. More recently, whole-genome
analysis of H. smyrnensis AAD6T by Diken et al.”! revealed Hs SacB
gene encoding the extracellular levan sucrase which catalyzes levan
synthesis from sucrose-based substrates by transfructosylation®® and
bear striking similarities with levansucrases from Pseudomonas
strains.

Halophilic eps: properties and applications

Among the halophilic bacteria, the main EPS producers belong
to members of Halomonas, Alteromonas and Idiomarina and the
polymers produced by them are characterized by distinct physical and
biological properties for exploitation in biotechnological, industrial
and environmental purposes. Most of the EPS produced by halophiles
characteristically form both high and low viscous solutions. EPS
produced by H. maura form highly viscous solution (800 cP) while that
of H. eurihalina jellifying at acidic pH have been identified as viscofier
and gelling agent respectively in food industries.**> In general EPS
obtained from most of the species of Halomonas®**** also possess
pseudoplastic, thixotropic and shear thinning rheological properties.
Moreover, EPS produced by H. xianhensis SUR308 was stable
over a number of different stress conditions and the viscosity of the
polysaccharide solution remains unaltered at extreme pH, temperature
and high concentrations of salts.®* Emulsification efficiency of EPS
produced by different strains varies considerably. EPS produced by
H. maura, H. almeriensis, H. xianhensis and Salipiger mucosus were
able to emulsify hydrocarbons, crude oils, mineral oils, hexadecane,
tetradecane, octane and many others.®**> Moreover, the highest anionic
activity of EPS produced by Halomonas sp. TG39 was correlated with
100% emulsifying capacity of hexadecane.*

Antioxidant activity of extracellular polysaccharides derived
from halophilic strains is not common but recently, the extracellular
polysaccharide of H. xianhensis SUR308 has been shown to exert 43
to 72% DPPH radical scavenging activity at concentrations ranging
from 0.06 to 1 mg/mL.** The sulphated EPS from H. eurihalina
H2-7 enhanced the unspecific proliferation of human lymphocytes
in response to the presence of the anti-CD3 mononuclear antibody,”
while that of H. stenophila (B100 and N12T)™ blocked the growth
of human T-lymphocyte tumours.”® The halophilic EPS has the
property of removing toxic heavy metals and synthetic dyes present
in anthropogenic environment. The, EPS from Halomonas sp. TG39
was capable of removing methylene blue at the rate of 464 mg/g of
EPS® while removal of polycyclic aromatic hydrocarbons such as
naphthalene, phenanthrene, fluoranthene, and pyrene was recorded by
an EPS producing strain H. eurihalina H-28.9%

Conclusion

From the above survey it is apparent that studies on the
diversity of halophilic microorganisms from natural environments
have received a momentum in the recent past, but the tremendous
diversity of halophiles are far from being explored and exploited.
Production of exopolysaccharides by a number of potent moderate
and extremely halophilic Archaea and Bacteria has been optimized
under laboratory conditions and found to produce the polymers in
copious amounts. Such findings have generated interests for potential
applications and exploration in a commercially viable manner. It
may also be mentioned that mass cultivation of halophiles for EPS
production and overcoming constrains of process development
and bioreactor designing and construction for halophiles will help
in the commercialization of the process. Finally, as an outcome,
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this

neglected group of microorganisms, the halophiles will find

respectable position in the world of biotechnology.

Acknowledgements

This study was financially supported by grants from University
Grants Commission, India under the scheme of Rajiv Gandhi National
Fellowship (Sanction No. F.14-2(SC)/2008 (SA-III), 31 March, 2009).

Conflict of interest

Authors have declared that no competing interests exist.

References

1.

10.

11.

12.

13.

14.

15.

16.

Larsen H. Halophilism. In: The bacteria, Academic Press, New York,
USA; 1962. p. 297-342.

. Kushner DJ. Life in high salt and solution concentration: halophilic bac-

teria. In: Kushner DJ, editor. Microbial Life in Extreme Environments,
Academic Press, London, UK; 1978. p. 318-358.

. Oren A. Microbial life at high salt concentrations: phylogenetic and met-

abolic diversity. Saline Systems. 2008;4:2.

. Oren A. Halophilic microorganisms and their environments. Kluwer

Academic Publishers, Dordrecht, Boston, USA; 2002. p. 1-19.

. Das Sarma S, Das Sarma P. Halophiles in Encyclopedia of Life Sciences

(General and Introductory Life Sciences). Wiley, London, UK; 2012.

. Oren A. Microscopic examination of microbial communities along a

salinity gradient in saltern evaporation ponds: a halophilic safari. In:
Gunde-Cimerman N, et al, editor. Adaptation to life at high salt con-
centrations in archaea, bacteria and eukarya. Springer. 2005. p. 41-57.

. Oren A, Rodriguez-Valera F. The contribution of halophilic bacteria to

the red coloration of saltern crystallizer ponds. FEMS Microbiol Ecol.
2001;36(2-3):123-130.

. Oren A. Industrial and environmental applications of halophilic microor-

ganisms. Environ Technol. 2010;31(8-9):825-834.

. Bouchotroch S, Quesada E, del Moral A, et al. Halomonas maura sp.

nov., a novel moderately halophilic, exopolysaccharide-producing bacte-
rium. International J Syst Evol Microbiol. 2001;51:1625-1632.

Quesada E, Bejar V, Ferrer MR, et al. Moderately halophilic exopolysac-
charide producing bacteria. In: Ventosa A, editor. Halophilic Microorga-
nisms. Springer, Berlin, Germany; 2004. p. 295-314.

Llamas I, Amjres H, Mata JA, et al. The potential biotechnological appli-
cations of the exopolysaccharide produced by the halophilic bacterium
Halomonas almeriensis. Molecules. 2012;17(6):7103-7120.

Pal A, Paul AK. Microbial extracellular polymeric substances: cen-
tral elements in heavy metal bioremediation. Indian J Microbiol.
2008;48(1):49-64.

Garcia MT, Mellado E, Ostos JC, et al. Halomonas organivorans sp.
Nov., a novel moderate halophilic able to degrade aromatic compounds.
Int J Syst Evol Microbiol. 2004;54(5):1723—1728.

Oren A. Taxonomy of halophilic Archaea: current status and future
challenges. Extremophiles. 2014;18(5):825-834.

Ventosa A, Carmen-Marquez M, Sanchez-Porro C, et al. Taxonomy of
halophilic Archea and Bacteria. In: Vreeland RH, editor. Chapter 3.
Advances in Understanding the Biology of Halophilic Microorganis-
ms. Springer Science+Business Media Dordrecht, Netherlands; 2012. p.
59-80.

de la Haba RR, Sanchez-Porro C, Marquez MC, et al. Taxonomy of ha-
lophiles. In: Horikoshi K, editor. Extremophiles handbook. Springer,
Tokyo; 2011. p. 255-308.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Copyright:
©2017 Biswas etal. 37

Quesada E, Ventosa A, Rodriguez-Valera F, et al. Types and proper-
ties of some bacteria isolated from hypersaline soils. J Appl Bacteriol
1982;53(2):155-161.

Ventosa A, Ramos-Cormenzana A, Kocur M. Moderately halophilic
gram-positive cocci from hypersaline environments. Syst Appl Micro-
biol. 1983;4(4):564-570.

Garabito MJ, Marquez MC, Ventosa A. Halotolerant Bacillus diversity in
hypersaline environments. Can J Microbiol. 1998;44(2):95-102.

del Moral A, Prad B, Quesada E, et al. Numerical taxonomy of modera-
tely halophilic Gram-negative rods from an inland saltern. J Gen Micro-
biol. 1988;134:733-741.

Prado B, del Moral A, Quesada E, et al. Numerical taxonomy of moder-
ately halophilic Gram negative rods isolated from the Solar of Atacama,
Chile. Syst Appl Microbiol. 1991;14(3):275-281.

Ghozlan H, Deif H, Kandil RA, et al. Biodiversity of moderately halo-
philic bacteria in hypersaline habitats in Egypt. J Gen Appl Microbiol.
2006;52(2):63-72.

Yeon SH, Jeong WJ, Park JS. The diversity of culturable organotrophic
bacteria from local solar salterns. J Microbiol. 2005;43(1):1-10.

Litchfield CD, Buckham C, Dalmet S. Microbial diversity in hypersaline
environments Proceedings of the 2nd International Conference on the
Ecological Importance of Solar Saltworks (CEISSA2009). Merida, Yu-
catan, Mexico; 2009. p. 26-29.

Mutlu MB, Guven K. Detection of prokaryotic microbial communities
of Camalti Saltern, Turkey, by fluorescence in situ hybridization and
real-time PCR. Turk J Biol. 2011;35(2011):687-695.

Mutlu MB, Guven K. Bacterial Diversity in Camalti Saltern, Turkey. Po-
lish J Microbiol. 2015;64(1):37-45.

Hacene H, Rafa F, Chebhouni N, et al. Biodiversity of prokaryo-
tic microflora in El Golea Salt lake, Algerian Sahara. J Arid Environ.
2004;58(3):273-284.

Post FJ. The microbial ecology of the Great Salt Lake. Microbial Ecol.
1977;3(2):143-165.

Oren A. The microbial ecology of the Dead Sea. In: Marshall KC, editor.
Advances in microbial ecology. Plenum Press. New York, USA; 1988.
p. 193-229.

Grant WD, Tindall BJ. The alkaline saline environment. In: R. A. Her-
bert, G. A. Codd, editors. Microbes in extreme environments. Academic
Press. London, UK; 1986. p. 25-54.

Purdy KJ, Cresswell-Maynard TD, Nedwell DB, et al. Isolation of haloar-
chaea that grow at low salinities. Environ Microbiol. 2004;6(6):591-595.

Birbir M, Sesal C. Extremely halophilic bacterial communities in Seref-
likochisar Salt Lake in Turkey. Turk J Biol. 2003;27(2003):7-22.

Birbir M, Calli B, Mertoglu B, et al. Extremely halophilic Archaea from
Tuz Lake, Turkey, and the adjacent Kaldirim and Kayacik salterns. World
J Microbiol Biotechnol. 2007;23(3):309-316.

Elvi R, Assa P, Birbir M, et al. Characterization of extremely halophilic
archaea isolated from Ayvalik salterns, Turkey. World J Microbiol Biote-
chnol. 2004;20(7):719-725.

Enache M, Itoh T, Kamekura M, et al. Halophilic archaea of Haloferax
genus isolated from anthropocentric Telega (Palada) salt lake. Proc. Rom
Acad Series B. 2008;1(2):11-16.

Hedi A, Sadfi N, Fardeau ML, et al. Studies on the biodiversity of halo-
philic microorganisms isolated from El-Djerid salt lake (Tunisia) under
aerobic conditions. Int J Microbiol. 2009. p. 17.

Kim JS, Makama M, Petito J, et al. Diversity of Bacteria and Archaea in
hypersaline sediment from Death Valley National Park, California. Mi-
crobiology open. 2012;1(2):135-148.

Citation: Biswas |, Paul AK. Diversity and production of extracellular polysaccharide by halophilic microorganisms. Biodiversity Int J. 2017;1(2):32-39.
DOI: 10.15406/bij.2017.01.00006


https://doi.org/10.15406/bij.2017.01.00006
https://www.ncbi.nlm.nih.gov/pubmed/18412960
https://www.ncbi.nlm.nih.gov/pubmed/18412960
https://link.springer.com/content/pdf/bfm%3A978-0-306-48053-9%2F1.pdf
https://link.springer.com/content/pdf/bfm%3A978-0-306-48053-9%2F1.pdf
https://link.springer.com/chapter/10.1007/1-4020-3633-7_4
https://link.springer.com/chapter/10.1007/1-4020-3633-7_4
https://link.springer.com/chapter/10.1007/1-4020-3633-7_4
https://link.springer.com/chapter/10.1007/1-4020-3633-7_4
https://www.ncbi.nlm.nih.gov/pubmed/11451516
https://www.ncbi.nlm.nih.gov/pubmed/11451516
https://www.ncbi.nlm.nih.gov/pubmed/11451516
https://www.ncbi.nlm.nih.gov/pubmed/20662374
https://www.ncbi.nlm.nih.gov/pubmed/20662374
https://www.ncbi.nlm.nih.gov/pubmed/11594589
https://www.ncbi.nlm.nih.gov/pubmed/11594589
https://www.ncbi.nlm.nih.gov/pubmed/11594589
https://link.springer.com/chapter/10.1007%2F978-3-662-07656-9_22
https://link.springer.com/chapter/10.1007%2F978-3-662-07656-9_22
https://link.springer.com/chapter/10.1007%2F978-3-662-07656-9_22
https://www.ncbi.nlm.nih.gov/pubmed/22692238
https://www.ncbi.nlm.nih.gov/pubmed/22692238
https://www.ncbi.nlm.nih.gov/pubmed/22692238
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3450203/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3450203/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3450203/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3450203/
https://www.ncbi.nlm.nih.gov/pubmed/15388735
https://www.ncbi.nlm.nih.gov/pubmed/15388735
https://www.ncbi.nlm.nih.gov/pubmed/15388735
https://www.ncbi.nlm.nih.gov/pubmed/25102811
https://www.ncbi.nlm.nih.gov/pubmed/25102811
https://link.springer.com/chapter/10.1007/978-94-007-5539-0_3
https://link.springer.com/chapter/10.1007/978-94-007-5539-0_3
https://link.springer.com/chapter/10.1007/978-94-007-5539-0_3
https://link.springer.com/chapter/10.1007/978-94-007-5539-0_3
https://link.springer.com/chapter/10.1007/978-94-007-5539-0_3
https://link.springer.com/referenceworkentry/10.1007%2F978-4-431-53898-1_13
https://link.springer.com/referenceworkentry/10.1007%2F978-4-431-53898-1_13
https://link.springer.com/referenceworkentry/10.1007%2F978-4-431-53898-1_13
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2672.1982.tb04671.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2672.1982.tb04671.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2672.1982.tb04671.x/abstract
https://www.ncbi.nlm.nih.gov/pubmed/23194814
https://www.ncbi.nlm.nih.gov/pubmed/23194814
https://www.ncbi.nlm.nih.gov/pubmed/23194814
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/00221287-134-3-733
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/00221287-134-3-733
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/00221287-134-3-733
https://www.ncbi.nlm.nih.gov/pubmed/16778349
https://www.ncbi.nlm.nih.gov/pubmed/16778349
https://www.ncbi.nlm.nih.gov/pubmed/16778349
https://www.ncbi.nlm.nih.gov/pubmed/15765050
https://www.ncbi.nlm.nih.gov/pubmed/15765050
http://agris.fao.org/agris-search/search.do?recordID=TR2016009897'
http://agris.fao.org/agris-search/search.do?recordID=TR2016009897'
http://agris.fao.org/agris-search/search.do?recordID=TR2016009897'
http://www.pjmonline.org/bacterial-diversity-in-camalti-saltern-turkey/
http://www.pjmonline.org/bacterial-diversity-in-camalti-saltern-turkey/
http://agris.fao.org/agris-search/search.do?recordID=US201300934310
http://agris.fao.org/agris-search/search.do?recordID=US201300934310
http://agris.fao.org/agris-search/search.do?recordID=US201300934310
https://link.springer.com/article/10.1007/BF02010403
https://link.springer.com/article/10.1007/BF02010403
https://link.springer.com/chapter/10.1007%2F978-1-4684-5409-3_6
https://link.springer.com/chapter/10.1007%2F978-1-4684-5409-3_6
https://link.springer.com/chapter/10.1007%2F978-1-4684-5409-3_6
https://www.ncbi.nlm.nih.gov/pubmed/15142247
https://www.ncbi.nlm.nih.gov/pubmed/15142247
https://journals.tubitak.gov.tr/biology/abstract.htm?id=5971
https://journals.tubitak.gov.tr/biology/abstract.htm?id=5971
https://link.springer.com/article/10.1007/s11274-006-9223-4
https://link.springer.com/article/10.1007/s11274-006-9223-4
https://link.springer.com/article/10.1007/s11274-006-9223-4
https://link.springer.com/article/10.1007/s11274-004-4515-z
https://link.springer.com/article/10.1007/s11274-004-4515-z
https://link.springer.com/article/10.1007/s11274-004-4515-z
http://www.paulescu.ro/reviste/proceedings/pdf/2008/1-2%202008/art03Enache.pdf
http://www.paulescu.ro/reviste/proceedings/pdf/2008/1-2%202008/art03Enache.pdf
http://www.paulescu.ro/reviste/proceedings/pdf/2008/1-2%202008/art03Enache.pdf
https://www.hindawi.com/journals/ijmicro/2009/731786/
https://www.hindawi.com/journals/ijmicro/2009/731786/
https://www.hindawi.com/journals/ijmicro/2009/731786/
https://www.ncbi.nlm.nih.gov/pubmed/22950020
https://www.ncbi.nlm.nih.gov/pubmed/22950020
https://www.ncbi.nlm.nih.gov/pubmed/22950020

Diversity and production of extracellular polysaccharide by halophilic microorganisms

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Dave SR, Desai HB. Microbial diversity at marine salterns near Bhavna-
gar, Gujarat, India. Curr Sci. 2006;90(4):497-500.

Kanekar PP, Joshi AA, Kelkar AS, et al. Alkaline Lonar lake, India-a
treasure of alkaliphilic and halophilic bacteria. Preceedings of Taal 2007,
The 21" World Lake Conference. 2008;1765-1774.

Mani K, Salgaonkar BB, Braganca JM. Culturable halophilic archaea at
the initial and final stages of salt production in a natural solar saltern of
Goa, India. Aquat Biosyst. 2012;8(1):15.

Surve VV, Patil MU, Dharmadhikari SM. FAME and 16S rDNA sequen-
ce analysis of halophilic bacteria from solar salterns of Goa: A compara-
tive study. International Journal of Scientific and Research Publications.
2012;2(8):1-8.

Surve VV, Patil MU, Dharmadekari SM. Moderately halophilic bacteria
from solar salt pans of Ribander, Goa: a comparative study. /nternational
Journal Advanced Biotechnology and Research. 2012;3(3):635-643.

Sardar AG, Pathak AP. Exploring the microbiota of solar saltern of
Mulund, Mumbai, India. Indian Journal of Geo-Marine Sciences.
2014;43(4):634-641.

Manikandan M, Kannan V, Pasic L. Diversity of microorganisms
in solar salterns of Tamil Nadu, India. World J Microbiol Biotechnol.
2009;25(6):1007-1017.

Saju KAM, Babu M, Murugan M, et al. Survey on halophilic micro-
bial diversity of Kovalam saltpans in Kanyakumari district and its in-
dustrial applications. Journal of Applied Pharmaceutical Science.
2011;1(5):160-163.

Jayachandra SY, Kumar SA, Merley DP, et al. Isolation and characteri-
zation of extreme halophilic bacterium Salinicoccus sp. JAS4 producing
extracellular hydrolytic enzymes. Recent Research in Science and Tech-
nology. 2012;4(4):46-49.

Biswas J, Paul AK. Production of extracellular polymeric substances by
halophilic bacterial diversity in multi-pond solar salterns. Chinese J Biol.
2014;12.

Quesada E, Bejar V, Calvo C. Exopolysaccharide production by Volca-
niella eurihalina. Experimentia. 1993;49(12):1037-1041.

Bejar V, Llamas I, Calvo C, et al. Characterization of exopolysaccharides
produced by 19 halophilic strains of the species Halomonas eurihalina. J
Biotechnol. 1998;61(2):135-141.

Calvo C, Martinez-Checa F, Toledo FL, et al. Characteristics of bioemul-
sifiers synthesized in crude oil media by Halomonas eurihalina and their
effectiveness in the isolation of bacteria able to grow in the presence of
hydrocarbons. Appl Microbiol Biotechnol. 2002;60(3):347-351.

Martinez-Checa F, Toledo FL, Vilchez R, et al. Yield production, chemi-
cal composition and functional properties of emulsifier H28 synthesized
by Halomonas eurihalina strain H-28 in media containing various hydro-
carbons. Appl Microbiol Biotechnol. 2002;58(3):358-363.

Bouchotroch S, Quesada E, Del Moral A, et al. Taxonomic study of
exopolysaccharide-producing, moderately halophilic bacteria isola-
ted from hypersaline environments in Morocco. Syst Appl Microbiol.
1999;22(3):412-419.

Arias S, del Moral A, Ferrer MR, et al. Mauran, an exopolysaccharide
produced by the halophilic bacterium Halomonas maura, with a novel
composition and interesting properties for biotechnology. Extremophiles.
2003;7(4):319-326.

Mata JA, Bejar V, Llamas I, et al. EPS produced by the recently described
halophilic bacteria Halomonas ventosae and Halomonas anticariensis.
Res Microbiol. 2006;157(9):827-835.

Martinez-Checa F, Bejar V, Martinez-Canovas MJ, et al. Halomonas
almeriensis sp. nov., a moderately halophilic, exopolysaccharide-
producing bacterium from Cabo de Gata, Almeria, south-east Spain. /ntJ
Syst Evol Microbiol. 2005;55(5):2007-2011.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Copyright:
©2017 Biswas et al. 8

Amjres H, Bejar V, Quesada E, et al. Characterization of haloglycan, an
exopolysaccharide produced by Halomonas stenophila HK30. Int J Biol
Macromols. 2015;72:117-124.

Poli A, Moriello VS, Esposito E, et al. Exopolysaccharide production by
a new Halomonas strain CRSS isolated from saline lake Cape Russell
in Antarctica growing on complex and defined media. Biotechnol Lett.
2004;26(21):1635-1643.

Poli A, Kazak H, Gurleyendag B, et al. High level synthesis of levan
by a novel Halomonas species growing on defined media. Carbohydrate
Polymers. 2009;78(4):651-657.

He J, Zhen Q, Qiu N, et al. Medium optimization for the production of
a novel bioflocculant from Halomonas sp. V3a’ using response surface
methodology. Bioresour Technol. 2009;100(23):5922-5927.

Gutierrez T, Morris G, Green DH. Yield and physicochemical properties
of EPS from Halomonas sp. strain TG39 identifies a role for protein and
anionic residues (sulfate and phosphate) in emulsification of n-hexadeca-
ne. Biotechnol Bioeng. 2009;103(1):207-216.

Mata JA, Bejar V, Bressollier P, et al. Characterization of exopolysac-
charides produced by three moderately halophilic bacteria belonging to
the family Alteromonadaceae. J Appl Microbiol. 2008;105(2):521-528.

Llamas I, Mata JA, Tallon R, et al. Characterization of the exopolysac-
charide produced by Salipiger mucosus A3, a halophilic species belon-
ging to the Alphaproteobacteria, isolated on the Spanish Mediterranean
Seaboard. Mar Drugs. 2010;8(8):2240-2251.

Biswas J, Mandal S, Paul AK. Production, partial purification and
some bio-physicochemical properties of EPS produced by Halomonas
xianhensis SUR308 isolated from a saltern environment. J Biologically
Active Products from Nature. 2015;5(2):108-119.

Biswas J, Ganguly J, Paul AK. Partial characterization of an extracellular
polysaccharide produced by a moderately halophilic bacterium Halo-
monas xianhensis SUR308. Biofouling. 2015;31(9-10):735-744.

Biswas J, Dutta G, Paul AK. Optimization of cultural conditions for
production of extracellular polysaccharide by Halomonas xianhensis
SUR308 using Weighted Response Surface Methodology. J Adv Biol
Biotechnol. 2016;8(3):1-11.

Biswas J, Paul AK. Chemical Mutagenesis for Improvement of Pro-
duction of a Biologically Active Extracellular Polymeric Substance by
Halomonas xianhensis SUR308. American Journal of Microbiology.
2016;7(1):1-11.

Anton J, Meseguer I, Rodriguez-Valera F. Production of an extracellu-
lar polysaccharide by Haloferax mediterranei. Appl Environ Microbiol.
1988;54(10):2381-2386.

Paramonov NA, Parolis LAS, Parolis H, et al. The structure of the exo-
cellular polysaccharide produced by the Archacon Haloferax gibbonsii
(ATCC 33959). Carbohydr Res. 1998;309(1):89-94.

Parolis H, Parolis LAS, Boan IF, et al. The structure of the exopoly-
saccharide produced by the halophilic Archaeon Haloferax mediterranei
strain R4 (ATCC 33500). Carbohydr Res. 1996;295:147-156.

Nicolaus B, Lama L, Esposito E, et al. Haloarcula spp. able to
biosynthesize exo- and endopolymers. J Ind Microbiol Biotechnol.
1999;23(6):489-496.

Romano I, Lama L, Nicolaus B, et al. Oceanobacillus oncorhynchi
subsp. Incaldanensis subsp. nov., an alkalitolerant halophile isolated
from an algal mat collected from a sulfurous spring in Campania (Italy),
and emended description of Oceanobacillus oncorhynchi. Int J Syst Evol
Microbiol. 2006;56(4):805-810.

Amjres H, Bejar V, Quesada E, et al. Halomonas rifensis sp. nov., an
exopolysaccharide-producing, halophilic bacterium isolated from a solar
saltern. Int J Syst Evol Microbiol. 2010;61(11):2600-2605.

Citation: Biswas |, Paul AK. Diversity and production of extracellular polysaccharide by halophilic microorganisms. Biodiversity Int J. 2017;1(2):32-39.
DOI: 10.15406/bij.2017.01.00006


https://doi.org/10.15406/bij.2017.01.00006
http://www.iisc.ernet.in/currsci/feb252006/497.pdf
http://www.iisc.ernet.in/currsci/feb252006/497.pdf
http://wldb.ilec.or.jp/data/ilec/wlc12/P%20-%20World%20Case%20Studies/P-58.pdf
http://wldb.ilec.or.jp/data/ilec/wlc12/P%20-%20World%20Case%20Studies/P-58.pdf
http://wldb.ilec.or.jp/data/ilec/wlc12/P%20-%20World%20Case%20Studies/P-58.pdf
https://www.ncbi.nlm.nih.gov/pubmed/22747590
https://www.ncbi.nlm.nih.gov/pubmed/22747590
https://www.ncbi.nlm.nih.gov/pubmed/22747590
http://www.ijsrp.org/research-paper-0812.php?rp=P0776
http://www.ijsrp.org/research-paper-0812.php?rp=P0776
http://www.ijsrp.org/research-paper-0812.php?rp=P0776
http://www.ijsrp.org/research-paper-0812.php?rp=P0776
https://bipublication.com/files/IJABR-V3I3-2012-03.pdf
https://bipublication.com/files/IJABR-V3I3-2012-03.pdf
https://bipublication.com/files/IJABR-V3I3-2012-03.pdf
http://nopr.niscair.res.in/handle/123456789/28653
http://nopr.niscair.res.in/handle/123456789/28653
http://nopr.niscair.res.in/handle/123456789/28653
https://link.springer.com/article/10.1007/s11274-009-9980-y
https://link.springer.com/article/10.1007/s11274-009-9980-y
https://link.springer.com/article/10.1007/s11274-009-9980-y
http://imsear.li.mahidol.ac.th/bitstream/123456789/150831/1/japs2011v1n5p160.pdf
http://imsear.li.mahidol.ac.th/bitstream/123456789/150831/1/japs2011v1n5p160.pdf
http://imsear.li.mahidol.ac.th/bitstream/123456789/150831/1/japs2011v1n5p160.pdf
http://imsear.li.mahidol.ac.th/bitstream/123456789/150831/1/japs2011v1n5p160.pdf
https://www.hindawi.com/archive/2014/205731/
https://www.hindawi.com/archive/2014/205731/
https://www.hindawi.com/archive/2014/205731/
https://link.springer.com/article/10.1007/BF01929910
https://link.springer.com/article/10.1007/BF01929910
https://pdfs.semanticscholar.org/4838/22785f2f0ee3eb3dd737863afc76826a65af.pdf
https://pdfs.semanticscholar.org/4838/22785f2f0ee3eb3dd737863afc76826a65af.pdf
https://pdfs.semanticscholar.org/4838/22785f2f0ee3eb3dd737863afc76826a65af.pdf
https://www.ncbi.nlm.nih.gov/pubmed/12436318
https://www.ncbi.nlm.nih.gov/pubmed/12436318
https://www.ncbi.nlm.nih.gov/pubmed/12436318
https://www.ncbi.nlm.nih.gov/pubmed/12436318
https://www.ncbi.nlm.nih.gov/pubmed/11935188
https://www.ncbi.nlm.nih.gov/pubmed/11935188
https://www.ncbi.nlm.nih.gov/pubmed/11935188
https://www.ncbi.nlm.nih.gov/pubmed/11935188
http://cat.inist.fr/?aModele=afficheN&cpsidt=1994062
http://cat.inist.fr/?aModele=afficheN&cpsidt=1994062
http://cat.inist.fr/?aModele=afficheN&cpsidt=1994062
http://cat.inist.fr/?aModele=afficheN&cpsidt=1994062
https://www.ncbi.nlm.nih.gov/pubmed/12910391
https://www.ncbi.nlm.nih.gov/pubmed/12910391
https://www.ncbi.nlm.nih.gov/pubmed/12910391
https://www.ncbi.nlm.nih.gov/pubmed/12910391
https://www.ncbi.nlm.nih.gov/pubmed/17005380
https://www.ncbi.nlm.nih.gov/pubmed/17005380
https://www.ncbi.nlm.nih.gov/pubmed/17005380
https://www.ncbi.nlm.nih.gov/labs/articles/16166703/
https://www.ncbi.nlm.nih.gov/labs/articles/16166703/
https://www.ncbi.nlm.nih.gov/labs/articles/16166703/
https://www.ncbi.nlm.nih.gov/labs/articles/16166703/
https://www.ncbi.nlm.nih.gov/pubmed/25109455
https://www.ncbi.nlm.nih.gov/pubmed/25109455
https://www.ncbi.nlm.nih.gov/pubmed/25109455
https://www.ncbi.nlm.nih.gov/pubmed/15604811
https://www.ncbi.nlm.nih.gov/pubmed/15604811
https://www.ncbi.nlm.nih.gov/pubmed/15604811
https://www.ncbi.nlm.nih.gov/pubmed/15604811
https://www.deepdyve.com/lp/elsevier/high-level-synthesis-of-levan-by-a-novel-halomonas-species-growing-on-G8q84EU5Aq
https://www.deepdyve.com/lp/elsevier/high-level-synthesis-of-levan-by-a-novel-halomonas-species-growing-on-G8q84EU5Aq
https://www.deepdyve.com/lp/elsevier/high-level-synthesis-of-levan-by-a-novel-halomonas-species-growing-on-G8q84EU5Aq
https://www.ncbi.nlm.nih.gov/pubmed/19632109
https://www.ncbi.nlm.nih.gov/pubmed/19632109
https://www.ncbi.nlm.nih.gov/pubmed/19632109
http://onlinelibrary.wiley.com/doi/10.1002/bit.22218/abstract
http://onlinelibrary.wiley.com/doi/10.1002/bit.22218/abstract
http://onlinelibrary.wiley.com/doi/10.1002/bit.22218/abstract
http://onlinelibrary.wiley.com/doi/10.1002/bit.22218/abstract
https://www.ncbi.nlm.nih.gov/pubmed/18540968
https://www.ncbi.nlm.nih.gov/pubmed/18540968
https://www.ncbi.nlm.nih.gov/pubmed/18540968
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2953402/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2953402/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2953402/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2953402/
http://www.tandfonline.com/doi/abs/10.1080/22311866.2015.1038852
http://www.tandfonline.com/doi/abs/10.1080/22311866.2015.1038852
http://www.tandfonline.com/doi/abs/10.1080/22311866.2015.1038852
http://www.tandfonline.com/doi/abs/10.1080/22311866.2015.1038852
https://www.ncbi.nlm.nih.gov/pubmed/26577604
https://www.ncbi.nlm.nih.gov/pubmed/26577604
https://www.ncbi.nlm.nih.gov/pubmed/26577604
http://www.journalrepository.org/media/journals/JABB_39/2016/Aug/Paul832016JABB27839.pdf
http://www.journalrepository.org/media/journals/JABB_39/2016/Aug/Paul832016JABB27839.pdf
http://www.journalrepository.org/media/journals/JABB_39/2016/Aug/Paul832016JABB27839.pdf
http://www.journalrepository.org/media/journals/JABB_39/2016/Aug/Paul832016JABB27839.pdf
http://thescipub.com/abstract/10.3844/ajmsp.2016.1.11
http://thescipub.com/abstract/10.3844/ajmsp.2016.1.11
http://thescipub.com/abstract/10.3844/ajmsp.2016.1.11
http://thescipub.com/abstract/10.3844/ajmsp.2016.1.11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC204266/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC204266/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC204266/
https://www.ncbi.nlm.nih.gov/pubmed/9720239
https://www.ncbi.nlm.nih.gov/pubmed/9720239
https://www.ncbi.nlm.nih.gov/pubmed/9720239
https://www.ncbi.nlm.nih.gov/pubmed/9002190
https://www.ncbi.nlm.nih.gov/pubmed/9002190
https://www.ncbi.nlm.nih.gov/pubmed/9002190
https://link.springer.com/article/10.1038/sj.jim.2900738
https://link.springer.com/article/10.1038/sj.jim.2900738
https://link.springer.com/article/10.1038/sj.jim.2900738
https://www.ncbi.nlm.nih.gov/pubmed/16585699
https://www.ncbi.nlm.nih.gov/pubmed/16585699
https://www.ncbi.nlm.nih.gov/pubmed/16585699
https://www.ncbi.nlm.nih.gov/pubmed/16585699
https://www.ncbi.nlm.nih.gov/pubmed/16585699
https://www.ncbi.nlm.nih.gov/pubmed/21131498
https://www.ncbi.nlm.nih.gov/pubmed/21131498
https://www.ncbi.nlm.nih.gov/pubmed/21131498

Diversity and production of extracellular polysaccharide by halophilic microorganisms

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

Poli A, Nicolaus B, Denizci AA, et al. Halomonas smyrnensis sp. nov.,
a moderately halophilic, exopolysaccharide-producing bacterium. /nt J
Syst Evol Microbiol. 2013;63(1):10-18.

Llamas [, Bejar V, Martinez-Checa F, et al. Halomonas stenophila sp. nov.,
a halophilic bacterium that produces sulphate exopolysaccharides with
biological activity. Int J Syst Evol Microbiol. 2011;61(10):2508-2514.

Martinez-Checa F, Quesada E, Martinez-Canovas MJ, et al.
Palleronia  marisminoris gen. mnov., sp. nov.,, a moderately
halophilic, exopolysaccharide-producing bacterium belonging to

the “Alphaproteobacteria”, isolated from a saline soil. /nt J Syst Evol
Microbiol. 2005;55(6):2525-2530.

Hezayen FF, Gutierrez MC, Steinbuchel A, et al. Halopiger aswanensis
sp. nov., a polymer producing and extremely halophilic archaeon isolated
from hypersaline soil. Int J Syst Evol Microbiol. 2010;60(3):633—637.

Roberts IS. The biochemistry and genetics of capsular polysaccharide
production in bacteria. Ann Rev Microbiol. 1996;50:285-315.

Decho AW. Microbial biofilms in intertidal systems: an overview. Cont
Shelf Res. 2000;20(11):1257-1273.

Gilbert P, Das J, Foley 1. Biofilm susceptibility to antimicrobials. Advan-
ces in Dental Research. 1997;11(1):160—167.

Branda SS, Vik A, Friedman L, et al. Biofilm: the matrix revisited. Trends
Microbiol. 2995;13(1):20-26.

Parker DL, Schram BR, Plude JL, et al. Effect of metal cations on
the viscosity of pectin-like capsular polysaccharide from the cya-
nobacterium Microcystis xosaquae C3-40. Appl Environ Microbiol.
1996;62(4):1208-1213.

Davey ME, Otoole GA. Microbial biofilms: from ecology to molecular
genetics. Microbiol Mol Biol Rev. 2000;64(4):847-867.

Sauer K, Camper AK. Characterization of phenotypic changes in Pseu-
domonas putida in response to surface-associated growth. J Bacteriol.
2001;183(23):6579-6589.

Delbarre-Ladrat C, Sinquin C, Lebellenger L, et al. Exopolysaccharides
produced by marine bacteria and their applications as glycosaminogly-
can-like molecules. Front Chem. 2014;2:85.

Ates O. Systems biology of microbial exopolysaccharides production.
Front Bioeng Biotechnol. 2015;3:200.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Copyright:
©2017 Biswas etal. 39

Dono, F, Fontana A, Baccou JC, et al. Microbial exo-polysaccharides:
main examples of synthesis, excretion, genetics and extraction. Carbohy-
dr Polym. 2012;87:951-962.

Arco Y, Llamas I, Martinez-Checa F, et al. epsABCJ genes are involved
in the biosynthesis of the exopolysaccharide mauran produced by Halo-
monas maura. Microbiol. 2005;151(9):2841-2851.

Nicolaus B, Kambourova M, Oner ET. Exopolysaccharides from ex-
tremophiles: from fundamentals to biotechnology. Environ Technol.
2010;31(10):1145-1158.

Ates O, Arga KY, Oner ET. The stimulatory effect of mannitol on levan
biosynthesis: lessons from metabolic systems analysis of Halomonas
smyrnensis AAD6T. Biotechnol Prog. 2013;29:1386-1397.

Sogutcu E, Emrence Z, Arikan M, et al. Draft genome sequence of Halo-
monas smyrnensis AAD6T. J Bacteriol. 2012;194(20):5690-5691.

Diken E, Ozer T, Arikan M, et al. Genomic analysis reveals the biotech-
nological and industrial potential of levan producing halophilic extremo-
phile, Halomonas smyrnensis AAD6T. Springerplus. 2015;4:393.

Bouchotroch S, Quesada E, Izquierdo I, et al. Bacterial exopolysaccha-
rides produced by new discovered bacteria belonging to the genus Ha-
lomonas isolated from hypersaline habitats in Morocco. J Ind Microbiol
Biotech. 2000;24(6):374-378.

Perez-Fernandez ME, Quesada E, Galvez J, et al. Effect of exopolysac-
charide V2-7 isolated from Halomonas eurihalina on the proliferation in
vitro of human peripheral blood lymphocites. Immunopharmacol Immu-
notoxicol. 2000;22(1):131-141.

Ruiz-Ruiz C, Srivastava GK, Carranza D, et al. An exopolysaccharide
produced by the novel halophilic bacterium Halomonas stenophila strain
B100 selectively induces apoptosis in human T leukaemia cells. Appl
Microbiol Biotechnol. 2011;89(2):345-355.

Martinez-Checa F, Toledo FL, El Mabrouki K, et al. Characteristics of
bioemulsifier V2-7 synthesized in culture media added of hydrocarbons:
Chemical composition, emulsifying activity and rheological properties.
Bioresour Technol. 2007;98(16):3130-3135.

Gutierrez T, Berry D, Yang T, et al. Role of bacterial exopolysaccharides
(EPS) in the fate of the oil released during the Deepwater Horizon Oil
Spill. PLoS One. 2013;8(6):¢67717.

Citation: Biswas |, Paul AK. Diversity and production of extracellular polysaccharide by halophilic microorganisms. Biodiversity Int J. 2017;1(2):32-39.
DOI: 10.15406/bij.2017.01.00006


https://doi.org/10.15406/bij.2017.01.00006
https://www.ncbi.nlm.nih.gov/pubmed/22328606
https://www.ncbi.nlm.nih.gov/pubmed/22328606
https://www.ncbi.nlm.nih.gov/pubmed/22328606
https://www.ncbi.nlm.nih.gov/pubmed/21112990
https://www.ncbi.nlm.nih.gov/pubmed/21112990
https://www.ncbi.nlm.nih.gov/pubmed/21112990
https://www.ncbi.nlm.nih.gov/pubmed/16280521
https://www.ncbi.nlm.nih.gov/pubmed/16280521
https://www.ncbi.nlm.nih.gov/pubmed/16280521
https://www.ncbi.nlm.nih.gov/pubmed/16280521
https://www.ncbi.nlm.nih.gov/pubmed/16280521
https://www.ncbi.nlm.nih.gov/pubmed/19654343
https://www.ncbi.nlm.nih.gov/pubmed/19654343
https://www.ncbi.nlm.nih.gov/pubmed/19654343
https://www.ncbi.nlm.nih.gov/pubmed/8905082
https://www.ncbi.nlm.nih.gov/pubmed/8905082
http://adsabs.harvard.edu/abs/2000CSR....20.1257D
http://adsabs.harvard.edu/abs/2000CSR....20.1257D
https://www.ncbi.nlm.nih.gov/pubmed/9524452
https://www.ncbi.nlm.nih.gov/pubmed/9524452
https://www.ncbi.nlm.nih.gov/pubmed/15639628
https://www.ncbi.nlm.nih.gov/pubmed/15639628
https://www.ncbi.nlm.nih.gov/pubmed/16535287
https://www.ncbi.nlm.nih.gov/pubmed/16535287
https://www.ncbi.nlm.nih.gov/pubmed/16535287
https://www.ncbi.nlm.nih.gov/pubmed/16535287
https://www.ncbi.nlm.nih.gov/pubmed/11104821
https://www.ncbi.nlm.nih.gov/pubmed/11104821
https://www.ncbi.nlm.nih.gov/pubmed/11673428
https://www.ncbi.nlm.nih.gov/pubmed/11673428
https://www.ncbi.nlm.nih.gov/pubmed/11673428
https://www.ncbi.nlm.nih.gov/pubmed/25340049
https://www.ncbi.nlm.nih.gov/pubmed/25340049
https://www.ncbi.nlm.nih.gov/pubmed/25340049
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4683990/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4683990/
http://agris.fao.org/agris-search/search.do?recordID=US201600050547
http://agris.fao.org/agris-search/search.do?recordID=US201600050547
http://agris.fao.org/agris-search/search.do?recordID=US201600050547
https://www.ncbi.nlm.nih.gov/pubmed/16151197
https://www.ncbi.nlm.nih.gov/pubmed/16151197
https://www.ncbi.nlm.nih.gov/pubmed/16151197
https://www.ncbi.nlm.nih.gov/pubmed/20718297
https://www.ncbi.nlm.nih.gov/pubmed/20718297
https://www.ncbi.nlm.nih.gov/pubmed/20718297
https://www.ncbi.nlm.nih.gov/pubmed/24123998
https://www.ncbi.nlm.nih.gov/pubmed/24123998
https://www.ncbi.nlm.nih.gov/pubmed/24123998
https://www.ncbi.nlm.nih.gov/pubmed/23012275
https://www.ncbi.nlm.nih.gov/pubmed/23012275
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4523562/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4523562/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4523562/
https://link.springer.com/article/10.1038/sj.jim.7000002
https://link.springer.com/article/10.1038/sj.jim.7000002
https://link.springer.com/article/10.1038/sj.jim.7000002
https://link.springer.com/article/10.1038/sj.jim.7000002
https://www.ncbi.nlm.nih.gov/pubmed/10737262
https://www.ncbi.nlm.nih.gov/pubmed/10737262
https://www.ncbi.nlm.nih.gov/pubmed/10737262
https://www.ncbi.nlm.nih.gov/pubmed/10737262
https://www.ncbi.nlm.nih.gov/pubmed/20890756
https://www.ncbi.nlm.nih.gov/pubmed/20890756
https://www.ncbi.nlm.nih.gov/pubmed/20890756
https://www.ncbi.nlm.nih.gov/pubmed/20890756
https://www.ncbi.nlm.nih.gov/pubmed/17182245
https://www.ncbi.nlm.nih.gov/pubmed/17182245
https://www.ncbi.nlm.nih.gov/pubmed/17182245
https://www.ncbi.nlm.nih.gov/pubmed/17182245
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3694863/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3694863/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3694863/

	Title
	Abstract
	Keywords
	Introduction
	Diversity of halophiles
	Production of extracellular polysaccharides (EPS) by halophiles
	Significance of EPS production
	Mechanisms and regulation of EPS production
	Halophilic eps: properties and applications
	Conclusion
	Acknowledgements
	Conflict of interest
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1 

