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Abstract

Marine bacteria are habituated to survive in extreme environments like hot, ice cold and saline
niches, polluted as well as acidic and alkaline conditions, pressure fluctuations, heavy metal
accumulation, pressure, nutrient availability and CO,, which are typically considered
inhospitable for life. For survival in these extreme conditions, marine bacteria have developed
new adaptive strategies. Exopolysaccharides [EPSs] are one of the most important secondary
metabolites which are secreted externally to the cell surface for growth promotion, protection
as barrier against predator, adhering to solid surfaces. They survive under adverse conditions
like pH, temperature, salinity and nutrient starvation. Recently, the focus of researchers is
towards marine bacteria that produced structurally diverse EPSs. Marine derived EPSs have
reported copious biotechnological applications such as, detoxification of heavy metals,
bioremediation of pollutants, immune-modulator agents, anticoagulants and cosmetic
industry.

Keywords: Extreme marine environments, Marine bacteria, Exopolysaccharides [EPSg],
biotechnological applications.

Introduction

Research in marine microbial biodiversity is increasing because of the marine microbes’ ability to
survive in extreme conditions. Marine organisms can withstand various conditions such as alkaline,
hyper saline, fluctuation in temperature, pH, pressure and nutrient availability'. Biological and
physicochemical systems of marine organisms undergo alterations with changes in the above listed
conditions®®. Extreme environments exert a driving force on bacteria for selection of new adaptive
strategies leading to natural synthesis of novel bioactive compounds®’. These compounds are
secondary metabolites which are mainly produced by marine bacteria and also referred to as natural
bioactive compounds. The first bioactive compound was an “antibiotic’ produced by a marine
actrnomycete Chainia purpurogena in 1975°. Bioactive natural products with unique characteristics
such as “anti- tumor and anti-cancer” properties were obtained from marine microbial diversity,
sponges and Algae® From 1997 to 2008, 659 bioactive compounds were isolated from five major
marine bacterial phyla viz., Bacteroidetes, Firmicutes, Proteobacteria, Cyanobacteria and
Actinobacteria®

Extracellular polymeric substances are one of the most important bioactive compounds which are
secreted outside the cell, produced by many species of Gram positive and Gram negative Bacteria,
Algae, Fungi and some Archaea'. Extracellular polymeric substances mclude macromolecules, such
as polysaccharides [carbohydrates] proteins, nucleic acids and lipids®. ExtraceIIuIar polymeric
substances in microbes generally represent 40-95% of polysaccharide component™. In 1972, for the
very first time Sutherland used the term exopolysaccharides [EPS] for microbial polysaccharides™.
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EPSs are high molecular weight [HMW] carbohydrate polymers which are valuable component of
extracellular polymeric material. EPSs are important and easily available carbon reservoirs for marine
organisms in extreme environment, helping the microbial communities to survive under extreme
conditions such as high or low temperature, salinity, nutrient availability, pH, pressure and presence of
CO, or O,*. Marine EPSs exhibit differences in molecular weight as well as in heteropolymeric
composition. EPSs are generally obtained in 2 types from terrestrial as WeII as from marine biota: [i]
covalently attached to surface /capsular type [ii] loosely attached /slime type™

Synthesis of EPSs are initiated inside the cell and then exported in the external environment.
Maximum EPSs are produced during stationary phase and under nutrient limiting conditions™” Y The
first EPS with antibacterial characteristic was produced by Pseudoalteromonas tunicata, which formed
a biofilm on the surface of eukaryotic organism515’16'2°'21. EPSs of marine bacterial provenance are
pervasive in nature and have unique properties. These biopolymers have significant applications in
the field of glycochemistry and glycobiology in the form of Glycosamlnoglycans [GAGSs] and are also
being extensively used for the design and preparation of therapeutic drugs Biofilm formation mainly
depends on the EPSs, proteins, DNA and lipids, several studies conclude that EPSs mediated biofilm
formation is closely associated with the quorum sensing [QS] systems for the production of
autoinducers®. These QS mechanisms have been very well studied in the marine strain of Vibrio
fischeri with two signling molecules ain and lux**

Present review focuses on the EPSs produced by marine bacteria with major focus towards their
biotechnological applications viz., biodetoxification of metals, QS, biomedical field and
biodegradation/remediation of pollutants.

Marine microbes derived EPSs: Production, structure and biosynthesis

Structure of EPSs

Marine microbes are being highly explored because of their high diversity, complex physiological and
metabolic systems. Changes in environmental conditions affect the marine microbes for production of
novel biomolecules. EPSs, significantly important biomolecules are often produced in response to
environmental disturbances such as change in salinity, pH, nutrient requirement, osmotic stress and
temperature®?®. The composition and structure of EPSs generally depends on the conditions of
environments and ecological niche. Structural changes in EPSs have been reported in Pseudomonas
NCIB 11264 when grown in different N, P, C sources and in stationary phase with suboptimal growth
conditions®’. A bacterium belonging to the Alteromonas sp. isolated from deep sea hydrothermal vent
was observed to produce the highest amount of EPSs during initiation of the stationary phase and in
oligotrophic conditions®.

Most bacteria use carbohydrates as sole source of carbon and energy while amino acids or other
ammonium salts as the sole source of nitrogen. Production of EPSs also relies on the type of carbon
and nitrogen substrates used. Marine bacterium Hahella chejuensis belonging to phylum
Proteobacteria, isolated from the sediment sample of Marado, Cheju Island, Korea has been
reported to synthesize copious amount of EPSs when grown in sucrose containing medium?®. Few
other examples of EPSs producing marine microbes |ncIude psychrotolerant strain  of
Pseudoalteromonas sp. Bsi20310 from sea-ice of Antarctic*®. Bacillus licheniformis strain B3-15
originated from shallow marine vent also Produced a novel EPS used as counteractive agent for
immune disorder caused by Herpes virus*. Apart from these varied implications of marine derived
EPSs, the impact of various growth conditions on the production of EPSs by marine microbes is being
explored by many groups of scientists since quite a time. Maximum production of EPSs was also
observed during the stationar%/ phase in marine bacterial strains of Alteromonas 1644 isolated from
deep sea hydrothermal vents®, strain 4004 belonging to Geobacillus genus cultured from sea sand in
Ischia island, Italy** and B3-15 a new strain of Bacillus licheniformis, isolated from marine hot spring
volcano island®® whereas, Pseudoalteromonas antarctica strain NF3, isolated from a glacial marine
sludge of the South Shetland Island in Antarctica produced maximum EPSs during its exponent|al
growth phase®. Strain of Alteromonas macleodii also has been similarly reported for maximum EPSs
production in stationary phase [6000 mg/L at 60 h of incubation]*>**. The use of some detergents
such as Tween 40, Tween 80, 3-[[3-cholamidopropyl] dimethyl ammonlo] -1- hgdroxypropane-sulfonate
[CHAPS] and Triton X has been proved to enhance the production of EPSs>. Similarly, in our recent
study aimed at screening and isolation of EPSs producing marine microbes from Bhavnagar coast,
Guijarat, India. We screened several bacteria for production of EPSs wherein Terribacillus sp. PS1
was the observed as one of the most potential EPSs producing marine isolate (unpublished data).
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EPSs mainly occur in 2 forms: homopolysaccharides and heteropolysaccharides. The main
monosaccharide component commonly found in marine EPSs are [1] pentoses like D-Arabinose, D-
Ribose, D-Xylose [2] hexoses like D-Glucose, D-Galactose, D-Mannose, D-Allose, L-Rhamnose, L-
Fucose [3] amino sugars like D-Glucosamine and D-Galactosamine [4] uronic acids like D-Glucuronic
acids, D-Galacturonic acids and [5] other organic or inorganic components such as sulfate, phosphate
and acetic acid. Molecular weight of EPSs ranges from 1 x 10° to 3 x 10°> Da** and as per recent
report marine EPSs ranges from 4 to 15 kDa®". Presence of uronic acids, ketal-linked pyruvate and
inorganic ions such as phosphate or sulfate endows polyanionic nature to EPSs whereas some EPSs
are neutral in nature. The monosaccharides have either 1,4-3- or 1,3-B- linkages which gives strong
rigidity to these EPSs. The ghysical properties of EPSs are deeply affected by the way
monosaccharides are arranged®. The marine bacterium Vibrio diabolicus isolated from a Pompei
worm tube secreted EPSs that had similar amounts of glucuronic acid and hexosamine. It is a
hyaluronic acid-like polymer (Figure 1)%.

Figure 1: Chemical structure of marine bacterial EPSs produced by Vibrio diabolicus

A marine bacterium Alteromonas infernus was reported to secrete branched acidic
heteropolysaccharide EPS having high molecular weight. Its monosaccharide repeating units
composed of galacturonic, glucuronic acid, galactose, glucose substituted with sulfate group®.
Alteromonas strain 1644 possessed the ability to produce two different kinds of EPS, and this same
picularity in EPSs production were also observed in strain of pseudomonas sp. These EPSs differ in
their viscosity and concentration of ions so the separation was difficult due to its gelling nature®. The
tertiary structure and characteristics of EPSs mainly depends on the presence of hydroxyl and
carboxyl groups. Microbial exopolymers are available either in dissolved form or as aggregates in a
gel-like slime matrix. The intramolecular interactions for biofilm formation are of three types,
dispersion forces, electrostatic interactions and hydrogen bonding®. Figure 2 indicates the EPSs
structure of psychrotolerant strain Pseudoalteromonas sp. SM9913 isolated from deep sea. On the
basis of obtained data the EPSs contains linear simple arrangement of a-1,6 glucose with elevated
degree of acetylation®’.

Biosynthesis of EPSs

Biosynthesis of EPSs are initiated when carbon substrate is available as precursor to the cell. as
Synthesis is initiated at the cytoplasmic membrane by using lipid as a carrier molecule. Most of the
enzymatic steps for synthesis of EPSs occur inside the cell whereas polymerization and secretion is
carried out in the cell envelope***. Dextran and levan are examples of extracellularly synthesized
polysaccharides. Biosynthesis of bacterial EPSs occurs through four general mechanisms:-

1. Wzx/Wzy-dependent pathway

2. ABC transporter-dependent pathway

3. Synthase-dependent pathway and

4. Extracellular synthesis by use of a single sucrase protein.

22



P. J. Shukla et al. Int. J. Res. BioSciences, 6(4): 20-32 (2017)

HO <,
AcO
OoH
O
HO o,
AcO
OoH
o)
HO <,
AcO
OH
O
”°§£x
AcO

O....

Figure 2: Chemical structure of marine bacterial EPSs produced by Pseudoalteromonas sp.
SM9913

Wzx/Wzy-dependent pathway

In this mechanism, each individual repeating unit is linked by diphosphate anchor at inner
membrane,that is assembled by several glycosyltransferases [GT’s] and translocated across the
cytoplasmic membrane by the protein Wzx which is also called flippase. Polymerization occurs in the
periplasmic space with the help of Wzy protein, before they are exported to the surface of the cells.
Polymerized repeating units are then transported from the periplasm to the surface of cell by
polysaccharide co-polymerase [PCP] and the outer membrane polysaccharide export [OPX] proteins.
Most of the carbohydrate polymers are assembled by the Wzx/Wzy — dependent pathway due to their
highly diverse sugar patterns [4-5 sugars] and therefore is termed as heteropolymers. This pathway
uses two types of enzymes: flippase [Wzx] and polymerase [Wzy] (Figure 3)**.
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Figure 3: Wzy-dependent pathway (Modified from Schmid et al., 2015)

ABC transporter-dependent pathway

EPSs in this mechanism synthesized through the ABC-transporter-dependent pathway where the
capsular polysaccharide is assembled by the action of glycosyltransferases [GT’s] located in inner
cytoplasmic membrane. This mechanism represents tripartite efflux pump like complex composed of
ABC- transporters at the inner membrane, and periplasmatic proteins, PCP and OPX. These two
proteins are closely similar to OPX and PCP proteins involved in the Wzx/Wzy- dependent pathway.
CPSs produced via these mechanisms contain conserved glycolipid at the reducing terminus
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composed of phosphatidylglycerol and a poly-2-keto-3-deoxyoctulosonic acid [Kdo] linker. This is one
of the major difference between of the Wzx/Wzy and the ABC dependent pathways (Figure 4)*>*,

Synthase-dependent pathway
In the synthase-dependent pathway, polymerization and transport is carried out by the synthase
complex, which is complex protein envelope made up of multiple subunits and the tetratricopeptide

repeat [TPR] proteins. Polymerization as well as the translocation process is performed by a single
synthase protein (Figure 5)***.
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Figure 4: ABC transporter-dependent pathway (Modified from Schmid et al., 2015)
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Figure 5: Synthase-dependent pathway Modified from Schmid et al., 2015)

Biotechnological Applications of EPSs produced by marine bacteria

Significance of EPSs

Capsular exopolysaccharides and proteins play a significant role in bacterial adhesion to surfaces.
The initial attachment can be reversible but at the final stage of EPSs synthesis, the attachment is
irreversible. Bacteria may reversibly attach on a surface for using surface associated nutrients*. A
biochemical interaction between the organisms and the surrounding environments is made by
production of EPSs. Secretion of exoenzymes is important in cycling of organic and inorganic
material. This hydrated layer increases the cellular uptake of small molecules for energy and
biomass'®*®. EPSs form a biofilm which helps the organisms for nutrient transportation and horizontal
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gene transfer. Changes in physical environmental conditions affect the stability of EPSs* Capsular
type of EPSs are more protective for organisms against toxic substances in the water column?.

Biotechnological Applications of EPSs

Hot springs and hydrothermal vents offer unique source of EPSs producing bacterial diversity.
Pseudoalteromonas strain 721 produced EPSs containing an octasaccharide repeating unit with two
side chains®. Another EPSs exhibited gel formation and visco elastic nature at increasing
temperature. This gelling property has been applied in various fields of biotechnology. Alteromonas
macleodii is an aerobic, mesophilic bacterial strain from North Fiji basin®, produced EPSs exhibiting
metal-binding capacity up to 316 mg Pb[ll]/g biopolymer®*. Proposed applications for human welfare
using this biopolymer include water treatment and removal of heavy metal pollutants. Moreover, the
xanthan produced by Alteromonas macleodii finds application as a food-thickening agentsz. In
addition, it has bone healing tendency as it showed ability to promote the adhesion of rat calvaria
osteoblastic cells in vivo and is also used in treatment of cardiovascular diseases as suggested by
Colliec et al*’. Some marine thermophilic bacilli strains are reported to produce novel EPSs. Bacillus
licheniformis B3-15 cultivated from hot marine shallow vents, Vulcano island of Italy produced novel
EPSs with antiviral activities. B. licheniformis T4 is also isolated from the Panarea island of Italy
produced EPSs with fructo-fucan polymer structure showed significant cytotoxic activity53'54.

Psychrotolerant strain of Pseudoalteromonas sp. SM9913 which was isolated from deep-sea
sediments of the Bohai Gulf, China gave EPSs vield of 5.25 g/L at 10-30°C*". The produced EPSs
comprised of a-[1—6] glucose linkages with MW [4 x 10" Da], this yield was relatively copious when
compared with the data reported for the EPSs produced by other types of bacteria. The former
mentioned EPSs was investigated for its bioflocculant behavior and biosorption capacity™. The two
bacterial strains Pseudoalteromonas sp. CAM025 and CAMO036 produced mucoid colony on marine
agar medium when supplemented with glucose. Novel EPSs of Colwellia psychrerythraea belonging
to the phylum Gamma Proteobacteria were used as Cryoprotectant®’. EPSs with unique rheological
properties were obtained from isolate Zunongwangia profunda SM-A87 from the Southern Okinawa
deep-sea sediment samples and this EPSs was ecologically used in organic nitrogen degradation®®.

The first archaeal EPSs reported were produced by the halophilic archaea Haloferax mediterranei,
isolated from the Mediterranean Sea’>®. The halophilic strain of archaea produced thick layer
surrounding the cells under laboratory conditions with unique rheological properties exhibiting a
pseudo plastic behavior of the EPSs. The extreme salt tolerant EPSs producing bacteria are valuable
candidates for the microbial enhanced oil recovery processes, especially in oil deposits with high
salinity concentrations. A novel exopolysaccharide, called EPS-R, has been reported to be produced
by a halophilic bacterium Hahella chejuensis, isolated from marine sediment from Marado, Cheju
Island, Republic of Korea. This EPS-R showed specific emulsifying capacity higher than that observed
in commercial EPSs such as gellan gum, sodium alginate or xanthan gum. Halophilic archaea
belonging to the genera Haloarcula, Haloferax, Halococcus, Halobacteriu and Natronococcus are
significantly researched for EPSs production with unique properties. Species of the halophilic bacterial
genus Halomonas are commonly found as EPSs producers. Some species of Halomonas such as H.
eurihalina, H. maura, H. anticariensis and H. ventosae are mostly novel EPSs producers®®®. EPSs
from H. Maura and H. eurihalina showed unique emulsifying activity with pseudo-plastic behavior®.
EPSs of H. Maura used as immunomodulator in biomedical field®*®’. EPSs are renewable resources
which are also applied as anti-corrosive agents for coating®. EPSs act as natural bio flocculant and
well replace the chemical flocculants. Bacterium Bacillus cereus SK has been reported for its
significant bioflocculant activity®®. EPSs of Corynebacterium glutamicum and Bacillus sp. As-101 also
exhibited noticeable flocculation activity’®"*. Bioflocculant is used in waste water treatment as an
ecofriendly process for environment. EPSs producing Pseudomonas sp. and Staphylococcus sp. were
found to possess applicable bioflocculant properties and a novel bioflocculant MM1 was introduced
from the EPSs produced by the above said bacteria. Similarly, combination of Rhizobium radiobacter
F2 and Bacillus sphaeicus F6 and a consortium of Oceanobacillus sp., Halobacillus sp. have been
applied in the industrial waste water and river water treatment due to the bioflocculant properties of
EPSs’*". Marine derived EPSs is also applies in Anti-Metastatic treatment as recently reported by
Heymann et al., 2016%*

EPSs mainly form gel-metrix and this film forming bacterial biopolymer is applicable in various fields.

In below table, the summary of above mentioned applications is discussed with some recent reports
for EPSs producing marine bacteria, their site of isolation and their biotechnological applications.
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Table 1: Biotechnological applications of EPSs produced by marine bacteria

Name of marine bacteria Site of isolation Application References
Pseudoalteromonas strain 721 Hot springs and gelling properties 49
hydrothermal vents
Alteromonas macleodii North Fiji basin metal-binding 50,51,52
capacity,
food-thickening agent
Bacillus licheniformis B3-15 hot marine shallow antiviral activities 53
vents, Italy
B. licheniformis T4 Panarea island cytotoxic activity 54
Pseudoalteromonas sp. SM9913  Deep-sea bioflocculant 55,56
Pseudoalteromona sp. CAMO025 Bohai Gulf, China  behavior and
and CAMO036 biosorption ability
Zunongwangia profunda SM-A87  Southern Okinawa organic nitrogen 58
deep-sea degradation
Haloferax mediterranei Mediterranean Sea microbial enhanced 59,60
oil recovery
Hahella chejuensis Marado, Cheju emulsifying capacity 61-63
Island, Republic of
Korea
Halomonas Maura Marado, Cheju immunomodulator 65-67
Island, Republic of
Korea
Bacillus licheniformis, Geobacillus marine hot spring immunomodulatory 76
thermodenitrificans of Vulcano Island, agent
Italy
Pseudomonas aeruginosa JP11  Marine Bio-detoxification  of 77
environment cadmium metal
Alteromonas macleodii subsp. East Pacific Rise Protecting agent 78
Fijiensis, strain HYD657 system (deep sea) against UV radiation,
chemical and other
reagents
Colwellia psychrerythraea strain Arctic sediment Cryoprotectant 57
34H
Polaribacter sp. SM1127 Arctic water Cosmetics and 80
sample pharmaceutical fields
Pseudomonas sp. ID1 Antarctica sample  Cryoprotectant agent 23,81
and emulsifier
Cyanothece ATCC 51142 As a gift from Biodetoxification of 82
London professor lead, cadmium and
to paper auther’s zinc
Vibrio diabolicus, strain HE800 deep sea Regenerating 79,83

hydrothermal vent
in East Pacific
Rise system

capacity for skin and
bone healing,
Protein delivery

Conclusion

EPSs produced from marine bacterial diversity are ubiquitous in the extreme environment where they
are important for microbial survival. The main significant functions ascribed to EPSs are of a
protective nature which functions as protective barrier against changing pH, temperature and salinity
as compared to the optimum range of the particular bacteria. In oligotrophic condition, EPS layer is
also important in nutrient transportation and their precise roles are dependent on the ecological niches
in which the marine diversity exists. They could assist the microbial communities by creating a
boundary between the bacterial cell and its immediate environment. Several EPSs produced by
marine bacteria from extreme habitats show promising characteristics for biotechnological
applications. By examining their various structure and chemical-physical characteristics, it is possible
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to gain insight into their commercial implication and they are employed in several fields like industries
ranging from pharmaceutical to food-processing fields, through to the detoxification capability of
polluted areas from petrochemical oils and also biodegradation aspect. Considering that the microbial
biodiversity of marine ecosystems is unexplored yet and the unprecedented advances in molecular
techniques to study the less explored microbial population, it can be reasonable to hypothesize that
the identification and characterization of new marine diversity will provide wide opportunities for new
industrial and medical level applications as well as to develop eco-friendly environmental preservation
strategies.
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