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Microbial extracellular polymeric substances (EPS) are 
widely distributed in marine environments and are 
found in free dissolved form, colloids, discreet particles 
like TEP and/or associated with particulate matter, 
including cell aggregates, detritus, biofilms, microbial 
mats, etc. The chemical composition of EPS is influenced 
by various factors, including nutrients, temperature, pH, 
physiology and age of the culture. Microbial EPS perform 
various functions, and are involved in diverse marine 
processes. The unique gelling properties of microbial 
EPS are considered important in the transport and trans-
formation of organic matter, complexation of dissolve d 
metals and biogeochemical cycling of elements. EPS 
are rich in organic carbon and therefore are an important 
source of carbon for different organisms in the food 
chain. The production of dissolved EPS during the 
bacterial growth, production of particulate organic 
carbon from the dissolved EPS and enzymatic breakdown 
and conversion of particulate EPS into dissolved organic 
matter within the microbial loop, form an important 
alternate route of organic carbon cycling in the marine 
trophic web. In this article, recent findings on EPS 
and their significance in biogeochemical processes are 
discussed with respect to their role in marine microbial 
ecology, marine food-web and other areas of future 
research.  

 
M ICROBIAL extracellular polymeric substances (EPS) pro-
duced by both prokaryotes (eubacteria and archaebact eria) 
and eukaryotes (phytoplankton, fungi, and algae) have 
been a topic of current research interest. The importance 
of microbial EPS is highlighted by recent publications 
covering the chemistry, structure and function of EPS1,2, 
their role in microbial ecology 3,4, medicine5, dairy industry6, 
biofilms and corrosion7,8, and their applications in the fiel d 
of biotechnology 9,10. However, these reviews are limited 
to microorganisms isolated from terrestrial environment and 
little is known about the role of these microbial EPS in 
marine environments. The marine environment is a dynamic 
one, wherein microorganisms experience changes in salinity, 
pressure, nutrient levels, etc. which can influence EPS pro-
duction in microorganisms. Although marine microbial 
EPS have been studied in recent times for their various 
industrial applications, there have been only a few reviews 

highlighting their importance in marine environments3,4,11. 
Over the last decade, substantial work has been carried out , 
increasing our insight in the properties and distribution of 
EPS and mechanisms by which they regulate various pro-
cesses, including particle formation, sedimentation, organic 
carbon mineralization, microbial loop, cycling of dissolved 
metals and in sediment ecology and biogeochemistry. In 
this review, we attempt to highlight these recent findings 
and critically evaluate the significance of microbial EPS 
in marine environments, with special emphasis on their 
role in marine biogeochemistry.  
 Among all the marine microorganisms, bacteria12 and 
phy toplankton, including diatoms 13, cyanobacteria14 and 
dinoflagellates15 are considered to be the major sources of 
EPS in marine waters. Hence, various aspects of EPS dis-
cussed hereafter indicate bacterial and/or phytoplankton 
origin unless specified. 

Characteristics of EPS 

Microorganisms grow in free planktonic state16,17 or are atta-
ched to surfaces (natural and man-made structures)4,18. 
During their life cycle, bacteria, and to a lesser extent 
phytoplankton, produce EPS and the maximal EPS produ-
ction generally occurs at the end of the growth phase of 
many bacteria and phytoplankton species 19–21. In both 
natural environments and the laboratory, microorganisms 
tend to produce more EPS under nitrogen-limiting condi-
tions. For example, an increase in dissolved and particulate 
carbohydrate concentrations has been reported at the end 
of phytoplankton growth in the oceanic environments22, 
mesocosm studies 23 and laboratory studies24,25, coinciding 
with depletion of nutrients like nitrate and phosphate. Other 
factors that influence the growth of organisms like pH, 
salinity, aeration and temperature may also influence the 
production of EPS1,3.  
 EPS produced by the microorganisms exist as tightly 
bound (capsular), loosely adhered (slime type) to cells 
(Figure 1) or as free dissolved matter (component of dissolved 
organic matter; DOM). The capsule has a more organized 
polymeric structure, densely packed, less diffusible and 
tightly bound to the cell than slimes. Capsular EPS are held 
to the cell wall either by linkages between the carboxyl 
groups of EPS and hydroxyl groups of lipopolysaccharides 
(LPS)26 or by a covalent bonding through phospholipids27 
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and glycoproteins28. The physico-chemical properties of 
EPS are attributed to their diverse and complex chemistry 
that changes with species diversity, age and, growth con-
ditions, etc.  

EPS chemistry 

Chemically, EPS are rich in high molecular weight poly-
saccharides (10 to 30 kDa) and generally have heteropoly-
meric composition (Figure 2). The polysaccharide chain 
might be unbranched or branched with side chains of other 
compounds attached to the polymeric chain26. Generally, 
the polysaccharides are made of monosaccharides  – with 
hexoses and pentoses forming the bulk of EPS. However, 
the contribution of different monomers to the total poly-
saccharide varies with the source and such variations in 
the polysaccharide chain composition can alter its physico-
chemical properties. For example, bacterial EPS are generally 
rich in hexoses like glucose and galactose8, whereas phy -
toplankton EPS have relatively higher content of sugars like 
rhamnose, xylose and mannose1. Such variations in monomer 
composition can alter the properties of EPS. The presence 
of sugars like arabinose in EPS helps in cell aggregation 
in bacteria29, whereas deoxy sugars like fucos and rhamnose 
found in diatom EPS help in foaming and floccul ation30. 
Apart from polysaccharides, EPS also contain fair amounts 
of proteins, non-sugar moieties like uronic acid, pyruvates, 
hexosamines, acetates, sulphate esters31,32 and generally 
small amounts of lipids and nucleic acid. Although these non-
sugar components are present in relatively smaller quanti-
ties, they are generally attached to the sugar residues33 
and are important in imparting unique characteristics to the 
EPS3.  
 The composition of EPS varies considerably between 
phytoplankton and bacteria (Table 1), which in turn re-
flects on its properties and fate. For example, one of the 
major components of bacterial EPS is uronic acid, consti-
tuting up to 20–50% of the polysaccharide fraction31. On 
the other hand, phytoplankton EPS are relatively poor in 
uronic acid concentrations (<5%)1. The higher yield of 
 

 
 
Figure 1. Schematic representation of biofilm showing cells enveloped 
with a capsule and embedded in a matrix of slime EPS. (Reproduced 
from Decho 3.) 

uronic acid and other moieties, including pyruvates and 
acyl groups gives an overall negative charge to the polymer, 
thereby imparting binding and adsorptive properties to the 
polymer3. Furthermore, the presence of pyruvates and acyl 
groups prevents the epimerization of uronic acid, thereby 
ensuring higher content of uronic acid in the polymer3. 
EPS are also involved in flocculation and the rate of floc 
formation is controlled by nature of the EPS. For example, 
EPS rich in sulphates have the ability to generate flocs in 
the presence of deoxy sugars30. Sulphates present in EPS 
also have the capacity to hold water molecules, which play 
an important role in imparting gel-like consistency to the 
EPS2. Moreover, EPS rich in acidic moieties are refractile 
and hence take longer time for bacterial decomposition and 
digestion by feeders3. Apart from organic non-sugar moieties, 
cations like Ca2+ and Mg2+ have also been widely reported 
 
 
Table 1. Chemical characteristics of bacterial and phytoplankton  
  EPS. All values are expressed as % (w/w) 

 Carbo- Pro - Uronic Sul - Ref- 
Culture  hydrates  teins  acid phates  erence 
 

Bacteria 
 Marinobacter  sp.  16.9 43.9 17.6 2.7  98 
 Vibrio sp.  51.1 1.8 14.9 –  31 
 Halebacter eurihalina  36.3 10.2 1.2 –  99 
 Acetobacter infernos  57 4 42 8.8 100 
 A. macleodii 42 4 38 5 101 
 
Phytoplankton 
 Amphora costrata  22 7 23 10 102 
 Rhodotorula acheniorum 85.6 5.6 – – 103 
 Navicula salinarum 80.8 4.9 4.8 – 104 
 N. subinflata 74. 7 1.9 8.6 9.6  26 
 Amphora coffeaformis  41.2 5.9 17.9 7.9  25 
 Chaetoceros affinis 80 1.5 – 9   1 
 Coscinodscus nobilis  63 – 9.3 17   1 

 
 

 
 
Figure 2. Chemical structure of dextran, a homopolysaccharide made 
of α-1-6 glucan monomers with 1–3 branched linkages (a) and bact erial 
alginate, a heteropolysaccharide having a combination of D-mannuronic 
acid and L-guluronic acid linked by β-1,6 linkage (b). 

a 

b 
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in both bacterial and diatom EPS34,35. The presence of diva-
lent cations helps in multiple cross-linkages between the 
sugar molecules of different polysaccharide chains, thereby 
imparting a high degree of consistency and stability to the 
EPS36. Such differences in EPS chemistry therefore play a 
significant role in determining the fate of organic matter in 
marine environments.  

EPS in marine environment 

Constituent of dissolved organic matter 

The fixing of CO2 in the presence of sunlight and inorganic 
nutrients like ammonia, nitrate and phosphates and its 
conversion to different organic biomolecules (both cellular 
and extracellular) is defined as primary production (PP)37. 
A major fraction of the PP is released into the aquatic en-
vironments as EPS that contribute to the oceanic DOM 
pool38. The fraction of PP released as EPS, however, varies 
to a large extent with the method employed for estimation, 
species used and growth conditions. Generally, EPS may 
constitute <3% to more than 90% of the PP39. Since much 
of the EPS is released in the dissolved form, it is an important 
constituent (up to 50%) of the semi-labile DOM in oceanic 
waters40. Recent microscopic (transmission electron and 
atomic force microscopy) and NMR studies reveal that fibril-
lar polysaccharides formed the bulk of oceanic DOM 41 and 
there was close similarity between the oceanic DOM comp o-
sition and the EPS released by certain phytoplankton species42. 
 Unlike phytoplankton, bacterioplankton populations 
range between 106 and 109 ml–1 in the marine waters43,44, 
are ubiquitously distributed (geographically and sp atially), 
form the largest living surface in the oceanic environ-
ment45 and have been isolated from practically all depths 
and extreme environments, including hydrothermal vents46, 
deep-sea sediments47 and cold seeps48. Moreover, under 
oligotrophic conditions, the bacterial biomass may exceed 
the phytoplankton biomass even in euphotic zones 49. Most 
metabolically active bacteria produce EPS continuously 
and hence are an uninterrupted source of DOM 50,51, which 
in comparison to phytoplankton EPS, are a relatively less 
labile organic carbon source and tend to accumulate in 
marine environments52,53. However, unlike phytoplankton 
EPS, the significance of bacterial EPS in marine environ-
ments is not clearly understood since not much is known 
about the contribution of bacterial EPS to the DOM.  

EPS in particulate form 

In marine environments, microbial EPS exist as particles 
in the size range of few nm to few µm in length to form 
colloids11 and account for up to 40% of the total organic 
carbon pool 54. In the particulate form, EPS exists either as 
free discreet particles ranging from few µm to few hundred 

µm in length or in association with other particles-living 
and dead and other macroaggregates54,55. The particulate form 
of EPS plays an important role in the production, fluxes 
of particulate organic matter within the ocean environments 
and its transfer over various trophic levels. Some of these 
different forms of particulate EPS have been discussed to 
highlight their importance in marine environments. 

EPS as transparent exopolymer particles 

Transport exopolymer particles (TEP) are one type of EPS 
that are produced by both diatoms and bacteria during 
their growth (Figure 3). Alldredge et al.56 first reported 
these particles during a phytoplankton bloom and since then, 
have been reported from various marine environments57–59. 
However, recent studies have shown that TEP can be genera-
ted abiotically from EPS of bacterial45 and phytoplank-
ton60 origins. Apart from phytoplankton and bacteria, TEP is 
also produced from other sources like mucus produced by 
bivalves 61 and benthic macroalgae62, which may have signi-
ficance in coastal waters. TEP abundance and size range 
from 1 to 104 ml–1 and <2 µm to >500 µm respectively11. 
Chemically, these particles are made of acid polysaccha-
rides and are stained by acid-polysaccharide-specific anionic 
stains like alcian blue56 (pH 2.5). The concentrations of 
TEP, however, vary with source of the EPS, age of the bloom 
and presence of TEP -utilizing bacterial heterotrophs11,63.  
 The biotic production of TEP occurs during the growth 
of phytoplankton and to some extent of bacteria. On the 
other hand, some of the abiotic modes of TEP production  
from DOM include bubble adsorption, surface coagulation, 
turbulent shear and laminar shear11. Once released into the 
surrounding waters either actively (as EPS) or passively 
(cell-lysis), TEP precursors of sub-micron dimensions 
coagulate to form larger particles. Stickiness of TEP or ‘α’, 
collision frequency of the precursors, presence of nuclei 
like bacterial/phytoplankton cells and divalent cation con-
centrations influence the production and stability of TEP11.  
 

 
 
Figure 3. Photograph showing presence of transparent exopolymer 
particles in natural sample. Particles are stained blue with alcian blue 
(pH 2.5) and are associated with cells of Phaeocystis sp. 
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Biofilms 

One of the more important functions of EPS involves adhe-
sion of cells to natural and artificial surfaces–animate or 
inanimate. During adhesion, microorganisms first come 
closer to the surface where weak van der Waal forces of 
attraction hold them and the organisms can be easily re-
moved from the surface by moderate shear forces2. This 
is defined as ‘reversible sorption’, wherein factors like 
electrostatic forces, surface charges , hydrophobicity of the 
surface and availability of cations play an important role. 
Once the cells are held closer to the surface, they produce 
EPS that enable the cells to attach irreversibly to the sur-
face and grow, thereby forming biofilms 64.  
 The formation of microbial biofilms results in the con-
ditioning of the surface, serving as a cue for other larger 
organisms to colonize the surfaces 65,66. The colonization 
of surfaces by larger organisms is called fouling and is 
commonly encountered in all submerged structures, affecting 
their strength and performance. Bacterial biofilms on metal 
surfaces are also involved in regulation of corrosion. Al-
though EPS may not be directly involved in inducing or 
inhibiting corrosion of metals, the presence of EPS in bio-
films helps in creating an ideal environment that influences 
corrosion processes67.  
 The adhering properties of EPS also play an important 
role in cell aggregation and floc formation. EPS produced 
by bacteria have been considered essential for the formation 
and maintenance of microcolonies and oxygen-free con-
ditions within the flocs that influence the spatial distribu-
tion of different micro-organisms 68. Such niches in the 
micro-colonies become the hotspots for microbial-aided 
organic transformation and elemental cycling. The forma-
tion of aggregates also helps in sequestering nutrients, trace 
metals and other essential elements, thereby increasing 
their accessibility to the microorganisms 3.  
 Apart from adhesion, EPS in biofilms are also implicated 
for gliding motility in bacteria and diatoms 4. In sediments, 
motile diatoms use EPS to migrate within the sediment 
layers in response to changing light and aeration condi-
tions1. This is most commonly observed in tidal mudflats 
and inter-tidal zones, which get periodic exposure to sun-
light. The microbial EPS are highly hydrated structures 
(~99% water) that provide protection to the cells against 
desiccation. Such properties enhance the survival of micro-
organisms in the inter-tidal zones and mudflats that remain 
exposed during low tides4. The presence of EPS in micro-
bial mats helps in binding the sediment t ogether, thereby 
providing stability to surface sediments and reducing ero-
sion4. The hydrated nature helps EPS to behave like a 
sorptive sponge that enables them to sequester essential 
nutrients, DOM and dissolved metals3. EPS-coated microbial 
cells in microbial mats are frequently ingested by deposit 
feeders while feeding on sediment biofilms. However, 
such cells have been found to escape digestion and frequently 
get excreted. It has been argued that the complex structure 

and chemistry of EPS tightly bound to cells play an impor-
tant role in resistance to enzymes in the gut of animals69.  

EPS in marine biogeochemical processes 

The distribution of EPS over a range of size classes, their 
overall contribution to the total organic carbon pool and 
their unique properties make them an integral component 
of marine biogeochemical processes, including cycling of 
elements (C, N, S) and metals and the marine food web 
(Figure 4). The entire biogeochemical process in Figure 4 
can be segregated into biotic and abiotic controlled proc-
esses. The photosynthetic fixation of atmospheric carbon 
by phytoplankton, its aggregation and formation of marine 
snow, sedimentation and remineralization by microbial 
heterotrophs and other particle-feeders along with the pro-
duction of DOM and nutrients form a major component 
of the biotic process. During the biotic process, organic 
matter is coupled between dissolved and particulate forms, 
thereby rerouting important elements like carbon and ni-
trogen through different trophic levels before reaching the 
sediments. In the abiotically controlled marine process, 
EPS as DOM and particulates like TEP may coagulate or 
 

 
 
Figure 4. Schematic representation of the various roles of EPS in marine 
environment. Numbering indicates the different processes involving 
EPS. I, Production of EPS by bacteria and phytoplankton; II, Production 
of TEP  from EPS; III, Microbial loop; IV, Form ation of particles; V, 
Chelation of dissolved metals and VI, EPS as a carbon source for ben-
thic community. 
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scavenge other particulate matter to form larger particles. 
Similarly, it may also either adsorb or bind dissolved metals 
and other charged species of toxic compounds and remove 
them from the water column. Upon reaching the sediment, 
the bound metals may further undergo biotic or abiotic trans-
formation before getting buried into the sediment.  

EPS in aggregation process 

In simple terms, aggregation is defined as a physical pro-
cess wherein micro particles collide and remain stuck to 
each other to form clumps of particles called aggr egates. 
These aggregates are fractal in nature, highly porous, 
fragile and of varying size range. Aggregation is a common 
but unique process in marine environments that occurs 
generally in the euphotic waters, but may also take place 
in the pelagic waters. The process of aggregation is influ-
enced by particle density, collision frequency and binding 
properties of the EPS70,71. Aggregation in the natural en-
vironment involves both biotic and abiotic processes. In 
the biotic process, live cells of phytoplankton and bacteria 
stick to each other either due to the presence of EPS that 
serve as biological glue or by cell–cell attachment. Aggre-
gation has been reported from both laboratory and field 
observations. For example, the microbial degradation of 
dissolved organic matter leads to the production of parti-
culate matter. These particles were clumps of bact erial cells 
glued together by EPS72. On the other hand, both field and 
laboratory observations of phytoplankton, including spe-
cies of Skeletonema, Chaetoceros and dinoflagellates indicate 
increased aggregation in the presence of TEP released 
during their growth11. In most cases, production of TEP 
and TEP-influenced formation of large particles occurred 
during senescence of phytoplankton blooms. Such production 
of particles during a bloom might be due to higher particl e 
abundance, increased concentration of EPS/TEP in the 
water column and EPS chemistry73,74. EPS production by 
phy toplankton may be in response to nutrient depletion, 
cell physiology, changes in growth conditions and/or bac-
terial-phytoplankton interactions63,75.  
 In contrast to the biotic process, the production of TEP 
from dissolved EPS under abiotic conditions is another 
important mechanism of aggregation. In this process, particles 
like TEP are produced due to surface adsorption processes, 
self-coagulation and shear11. The production of TEP, its 
sticky nature and ability to coagulate make it important in 
flocculation of diatoms 11 and serves as a link between DOM 
and particulate organic matter (POM). Moreover, EPS in 
general and TEP in particular, either directly scavenge other 
suspended particles or trap them in mesh-like structures. 
TEP/EPS may also be coated out the particles, changing 
the stickiness of the sinking particles and thereby influencing 
their coagulation. Such EPS/TEP matrix having various 
forms of suspended particles, including live cells, cell debris, 
detrital matter, faecal pellets, clay minerals, etc. collecti-
vely form aggregates called marine snow76. The production 

of marine snow is a major source of POM to the benthos 
and its production and fate are unique features of marine 
biogeochemical processes68. 

EPS in particle sedimentation and carbon flux 

The sinking of large sized (>50 µm) particulate matter from 
the surface to the deeper waters is called sedimentation. 
This process generally coincides with increase in concen-
tration of EPS at the termination of phytoplankton blooms73. 
In natural environments, microbial cells are buoyant in 
nature and do not sink by themselves. In the presence of 
EPS, microbial cells tend to coagulate along with other 
particulate matter to form macroaggregates as described 
earlier, attain a critical mass and start sinking into the 
deeper waters. Sedimentation of particles has ecological, 
climatological and biogeochemical significance. Ecologi-
cally, sedimentation of phytoplankton aggregates is con-
sidered essential for the survival of phytoplankton cells in 
marine environments. For example, sedimentation can 
help phytoplankton escape predation; nutrient depleted 
conditions and get transported to favourable growth condi-
tions77. Moreover, spores of diatoms also aggregate and 
sink into deeper waters, serving as seed for future blooms.  
 Since sedimentation serves as a pump for transferring 
the atmospheric carbon into the deep ocean, the efficiency 
of carbon pumping plays an important role in the biogeo-
chemical cycling of organic carbon. In the open ocean, only  
10% of the photosynthetic carbon may escape the euphotic 
layer as sinking particles, of which only 1% reaches the 
deep-sea sediments78. One reason for such low organic 
carbon flux may be the tightly coupled response of grazers 
and bacterial community to EPS produced by phytoplankton. 
For example, natural bacterioplankton population can 
easily hydrolyse dissolved EPS released during photosyn-
thesis, thereby reducing the production of larger aggre-
gates 63. Similarly, particle associated bacteria might utilize 
EPS coatings and macroaggregates using an array of extra-
cellular enzymes and release them into dissolved form79. 
On the other hand, the aggregates coated with EPS serve 
as carbon source for grazers like zooplankton in the water 
column80. The active grazing and repackaging of aggregates 
as faecal pellets also reduces the amount of organic carbon 
sedimenting into the pelagic waters. Such a response would 
lead to disintegration of the sinking macroaggregates re-
leasing nutrients and most of the organic matter might get 
remineralized in the euphotic zone. Moreover, the presence 
of TEP-coated diatoms has been found to be more buoyant 
than non-TEP coated diatoms, thereby reducing the over-
all sedimentation rates 81. Such phenomena increase the 
residential time of the POM, allowing efficient grazing and 
mineralization within the euphotic zone. 
 On the contrary, formation of EPS, coated macroaggre-
gates and their sedimentation indicate an uncoupling bet-
ween the grazers and phytoplankton population. Various 
factors, including EPS chemistry, resistance to bacterial 
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breakdown of EPS and low grazing of aggregates are attri-
buted to the formation and sedimentation of macroaggre-
gates in marine waters. For example, EPS produced by 
Phaeocystis might resist bacterial mineralization and lead 
to the formation of large aggregates 82. Moreover, depletion 
of essential nutrients like nitrogen and phosphorus and 
adsorption of colloids can also limit the bacterial solubi-
lization of phytoplankton EPS. Similarly, the presence of 
EPS may not always support the grazing activity of higher 
organisms. For example, feeding experiments showed that 
particles coated with TEP and free TEP may not be always 
preferred by zooplankton. TEP produced during blooms 
of Thallasiosira caused aggregation, as grazers like cope-
pods did not prefer to consume free TEP 83. TEP are generally 
considered to be highly sticky in nature and this stickiness 
might be one reason for the avoidance of grazing of free 
TEP. Due to the accumulation of free TEP, the probability 
of diatom cells aggregating also increase. On the other hand, 
diatoms coated with TEP were actively grazed upon by cope-
pods. Such response by grazers in the presence of EPS indi-
cates that the quality of EPS and their fate is directly linked to 
the quality of particles reaching the sediments, thereby influ-
encing the benthic community structure and biomass. 

EPS in microbial loop 

Since a major fraction of the photosynthetic carbon (>90%) 
might be released as soluble EPS78, much of the phot o-
synthetic carbon should remain unavailable to higher orga-
nisms and escape the classical food-chain. However, this 
does not happen as the soluble form of EPS released by 
the phytoplankton serves as an organic carbon source and 
is converted to particulate form by marine bacteria79. Al-
though the amount may vary considerably, an average of 
about 50% of the photosynthetic carbon is channelized 
through bacteria within the microbial loop84. Bacterial 
conversion of dissolved EPS to POM is critical in meeting the 
carbon demand of the grazing community. The POM so 
formed becomes a source of carbon for grazers like ciliates, 
flagellates, etc. thus channelizing the organic carbon into the 
classical food-chain80. Moreover, bacterial decomposition 
and dissolution of aggregates with the release of DOM, 
feeding/grazing of bacterial microaggregates by micro-
zooplankton and subsequent feeding by macrozooplankton 
are the other organic carbon transformations occurring 
within the microbial loop.  
 The significance of the microbial loop is not restricted 
to the marine food-web, but might also help in controlling 
the atmospheric carbon dioxide levels. Recent evaluation 
on the production of TEP in relation to CO2 concentrations 
indicates that changes in dissolved CO2 levels positively 
influenced TEP production85. Therefore, the increase in 
atmospheric carbon levels would be made available to the 
microbial heterotrophs through the release of EPS, thereby 
influencing the amount of organic carbon channelized 
through the microbial loop. Other conservative global esti-

mates indicate that the amount of carbon dioxide assimila-
ted into the microbial loop after photosynthesis is equivalent 
to five times the anthropogenic carbon dioxide emission86. 
Various phy sico-chemical and biological factors, including 
the quality and the quantity of EPS, their res idence times, 
microbial community and the secondary consumers play 
an important role in regulating the efficiency of the marine 
microbial loop, which in turn may have significant clima-
tological implications.  

Removal of metal ions and its cycling 

Microbial EPS are also known for their ability to bind a 
wide range of metals, including heavy metals like Pb, Co, 
Sr, Cr, Th and Cd87,88. Microbial EPS isolated from biofilms 
have been often used to study the binding of metals 89. Bind-
ing of metal ions by microbial EPS may have several impli-
cations. For example, binding of dissolved ions by EPS is 
considered essential in the vertical transport of these ions. 
EPS in aggregates have been reported to contain metal 
precipitates that accumulate with depth3. Once the metal 
ions reach the sediments, they undergo microbial trans-
formation and may leach back into the overlaying waters. 
Particulate EPS like TEP can bind more than 90% of the 
dissolved thorium ions and thereby alter the rate of re-
moval of thorium from pelagic waters90. Since thorium is used 
as a proxy to estimate the flux of organic carbon in the op en 
ocean, such binding of thorium to TEP can lead to discre-
pancy in the estimates of carbon flux.  

Negative impact of EPS 

Production of large aggregates in coastal waters can also 
be a nuisance factor, since it may lead to organic loading 
in these waters. Mucilaginous polysaccharides of certain 
phytoplanktons form large aggregates that sink to the bottom 
sediments91. Such accumulation of aggregates increases 
the oxygen demand, causing anoxic conditions in the bottom 
waters. These anoxic conditions cause large-scale mortality 
of benthic fauna in these areas92. Similarly, near-bottom 
anoxic waters would lead to anaerobic degradation of organic 
matter, leading to increased production of greenhouse gases93 
like H2S and N2O. Micr obial EPS also play an important 
role in the fouling and corrosion of economically important 
submarine structures, thereby causing damage to property 
and economic losses 94. The biofilms of surface colonizing 
bacteria and diatoms are rich in carboxylated sugar resi-
dues and sulphate radicals that alter the overall character-
istics of the EPS. The acidic polysaccharides in the biofilms 
tend to ionize metals, thereby causing thinning of metal 
structures. On the other hand, biofilms of sulphate reducers 
provide an anaerobic environment wherein aggressive 
corrosion enhancing processes might take place8,95. EPS 
produced by surface-colonizing microorganisms are generally 
rich in monosaccharides like glucose and mannose. These 
sugar components may serve as cues for the settlement and 
colonization of surfaces by macrofoulers66.  
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 Since marine biofilms and microbial EPS are good sorbents 
of metals, they tend to accumulate toxic metals and other 
pollutants. Similarly, macroaggregates that are rich in EPS 
also scavenge toxic metals and pollutants from the surface 
waters before sinking to bottom sediments68. These macro-
aggregates and biofilms also serve as a good organic carbon 
source, are actively fed upon by grazers, deposit feeders 
and filter feeders, thereby gaining entry into the marine 
food-web3. Such ingestion of metal-laden biofilms and 
aggregates leads to increased accumulation of these com-
pounds in the tissues of the feeders, which can affect the 
fish catchment due to increased mortality and the health 
of the people consuming these marine organisms contami-
nated with toxic chemicals 3. 

Future studies 

The inter-conversion of DOM–POM is one of the major 
processes that regulate the fluxes of organic carbon and 
other essential elements in the marine environment. Inten-
sive research in the last decade suggests that both biotic and 
abiotic processes contribute to the production of particles in 
the aquatic environments11,95,96. In marine environments, EPS 
are always associated with other organic matter ma king it 
difficult to identify the sources of EPS. Moreover, few studies 
using sophisticated instrumentation42, antibody techniques 
and organic biomarkers 97 have not been able to provide  
sufficient information on the origin/source of EPS in natura l 
waters. Therefore, concerted efforts are required to study 
the chemistry of microbial EPS and DOM and evaluate the 
contri bution of EPS to DOM using better methodologies.  
 It is well-known that microbial EPS (both dissolved and 
particulate) are degraded by bacterial heterotrophs and 
consumed by other feeders in the marine food-web. During 
the last decade, there has been considerable shift in our 
understanding of the marine food-web and the importance 
of the microbial loop. Since the bacterial degradation of 
EPS is regulated by substrate concentration and composi-
tion, studies on the chemistry and turnover rates of EPS 
in natural waters shall help assess the factors that regulate 
the accumulation and residence time of dissolved EPS in 
marine waters, their transformation from dissolved to par-
ticulate, and sedimentation of adsorbed EPS to the benthos. 
Another area that has not been explored much is the change 
in bacterial diversity during degradation of dissolved EPS. 
Intensive studies using molecular techniques like DGGE 
or T-RFLP need to be carried out to assess the microbial 
diversity and reveal the changes in microbial community 
during the degradation of EPS.  
 Many organisms are known to feed on microbial EPS 
and utilize them as an alternate carbon source3. Studies 
carried out till date suggest that microbial EPS are not uni-
formly labile and their uptake and incorporation by other  
organisms varies considerably. However, the available in-
formation is inadequate to explain the variability in the 
uptake and incorporation of EPS in both laboratory and 

field studies. Since marine microbes (bacteria, phytoplank-
ton, fungi, etc.) are constantly interacting with EPS, these 
interactive sites act as hotspots for the transformation of or-
ganic matter, modification of micro-environment and com-
munity structure. However, laboratory studies of these micro-
environments are few 97 and lack of appropriate tools restrict 
in situ studies of various processes occurring in these mi-
cro-niches. Therefore, newer techniques need to be developed 
to study the microbial processes that have a significant impact 
on the ocean–atmospheric exchanges on a global scale. 
 The recent discovery of EPS binding with 234Th and en-
hancing the sedimentation hints at the possible discrepancies 
that might arise while using this isotope as a proxy for the 
measurement of sedimentation rates in oceanic environ-
ments. Similarly, such binding might also occur with metal 
proxies for production and influence their sedimentation. 
On the other hand, the bioavailability of essential dissol-
ved metals like Fe that regulate primary production might 
be influenced by the presence of EPS. The role of EPS in 
recycling such trace elements and the impact of EPS on 
palaeoecological studies are other exciting areas of future 
research. The multiple roles of EPS (dissolved, colloids 
and particulate) make them an indispensable channel for 
carbon fluxes and influence the global biogeochemical 
processes. Hence, the influence of EPS needs to be consi-
dered while estimating global carbon budgets. It is also 
important to include the impact of EPS while developing 
models on the formation of particles, microbial–particle 
interactions, marine food-web and biological transforma-
tion processes in the marine environment. 
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