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Abstract: Coastal zones support fisheries that provide food for humans and feed for animals.
The decline of fisheries worldwide has fostered the development of aquaculture. Recent research
has shown that extracellular polymeric substances (EPS) synthesized by microorganisms contribute
to sustainable aquaculture production, providing feed to the cultured species, removing waste and
contributing to the hygiene of closed systems. As ubiquitous components of coastal microbial habitats
at the air–seawater and seawater–sediment interfaces as well as of biofilms and microbial aggregates,
EPS mediate deleterious processes that affect the performance and productivity of aquaculture
facilities, including biofouling of marine cages, bioaccumulation and transport of pollutants. These
biomolecules may also contribute to the persistence of harmful algal blooms (HABs) and their impact
on cultured species. EPS may also exert a positive influence on aquaculture activity by enhancing the
settling of aquaculturally valuable larvae and treating wastes in bioflocculation processes. EPS display
properties that may have biotechnological applications in the aquaculture industry as antiviral agents
and immunostimulants and as a novel source of antifouling bioproducts.

Keywords: extracellular polymeric substances; microbial habitats; coastal aquaculture;
marine biotechnology

1. Introduction

Coastal regions are comprised of the continental shelf (to a depth of 200 m), the intertidal zone
and adjacent land within 100 km of the coastline [1]. Coasts include rocky shores, sandy beaches,
mudflats, saltmarshes, mangrove forests, deltas and coral reefs [2]. These regions provide goods and
services including recognizable mineral and oil resources, construction materials, human and animal
food, recreation and living sites, energy sources and biotechnological products, among others [1,3],
along with less tangible benefits including ecosystem services such as erosion and flood control,
carbon sequestration and wildlife habitat [4]. Production of food for human populations derived
from fishing activity is one of the most important services provided by coastal zones. The decline of
fisheries worldwide has fostered the development of marine aquaculture [5], an economic activity

Water 2016, 8, 369; doi:10.3390/w8090369 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/journal/water


Water 2016, 8, 369 2 of 21

that accounts for approximately 40% of the world aquaculture production; it reached a production
of 24 million tonnes in 2012 [6]. If the definition of coasts given above is taken into consideration,
marine aquaculture activities according to Lucas [7] might include extensive and intensive freshwater
aquaculture production, if the production facilities are located within 100 km of the coastline. However,
using a more restricted definition and for the purpose of this review, marine aquaculture will refer
to culturing activities of marine species in shore-based installations (i.e., marine fishes), marine cage
aquaculture and shellfish farming. This emphasis is justified since shellfish and finfish productions
represent 25% of global animal marine aquaculture, 75% being for shellfish production (e.g., mussel,
oyster, lobster) and the remainder for finfish such as salmon and bream [6], because both open-ocean
and deep-sea aquaculture are still nascent fields.

On the other hand, microorganisms occupy major coastal habitats, thriving either as planktonic
communities in the water column, as benthic assemblages on hard and soft bottoms, or as
epi/endobiotic components when associated with living plants and animals [8,9]. Microorganisms
contribute to sustainable aquaculture practices primarily by serving as food sources and maintaining
water quality by recycling the excess nutrients derived from faeces, dead organisms and unconsumed
food [10]. It is well established that microorganisms occur as biofilms in natural ecosystems; these
biofilms are complex microbial communities attached to surfaces and held together within a matrix
of self-produced extracellular polymeric substances (EPS) or exopolymers [11,12]. EPS may also
be associated with microbial communities present on interfaces such as neuston (air–seawater),
microphytobenthos (seawater–sediment) or cellular aggregates, such as bioflocs, as well as be part
of transparent exopolymeric particles (TEP) [13–16]. TEPs have already been extensively studied
in aquatic ecosystems [17,18], thus they will be only be discussed here in the context of coastal
aquaculture. It is often stated that EPS represent up to 90% of the total organic matter comprising
biofilm or microbial aggregate biomass [12]; EPS are also excreted into the surrounding medium,
contributing to the pool of dissolved organic matter (DOM) or as precursors of TEP [18,19]. EPS play a
key role in primary productivity, trophic linkage and mobilization of pollutants mediated by marine
microbial communities [3,11].

It has recently been recognized that microbial EPS may contribute to aquaculture in a number
of ways. In a recent review, Joyce and Utting [20] described the roles played by EPS in hatcheries by
attracting commensal bacteria and sequestering nutrients, which contribute to hygiene, stabilization
of larval rearing systems, production of microalgal feed and in the development of the larval gut
microflora. This review is restricted to describing the influences of EPS in coastal aquaculture systems.
First, we provide a view of the ubiquity of microbial habitats, highlighting their biofilm/microbial
aggregate lifestyle and the relevance of constitutive EPS that mediate processes relevant to coastal
aquaculture settings. We have limited our analysis to studies describing actual or potential impact of
EPS on aquaculture systems in marine cage aquaculture, shellfish farming and in shore-based systems
cultivating marine species, as they represent most of the current activity in marine aquaculture. We felt
it appropriate also to emphasize EPS properties that may have future biotechnological implications for
the aquaculture industry.

2. Biofilm and Aggregates Dominate Microbial Habitats in Coastal Zones

It has been well documented that most microbes occur as biofilm communities, which have been
the dominant microbial life form on Earth [21]. The term ‘biofilm’ was coined and first described by
Costerton et al. [22] and has evolved ever since. Microorganisms can develop as biofilms on a number
of different surfaces in aquatic and terrestrial environments, as well as on living tissues, medical devices
and industrial systems [23,24]. Biofilms and sessile biofilm-like structures (for instance, neuston and
microbial mats), although commonly associated with solid-surfaces, may occur on any type of interface
including air-liquid, liquid-liquid, solid-liquid, or air-solid interfaces [25]. There are numerous features
that distinguish microbial cells in biofilms from those in planktonic (free-living) communities. These
include, high population densities, access to nutrients in both nutrient-poor and nutrient-rich situations
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and especially the presence of an EPS matrix [26]. EPS confer on biofilms mechanical stability, binding
of water, sorption of organic and inorganic molecules, enhanced resistance towards antimicrobials and
may act as a diffusion barrier, creating a microenvironment surrounding cells for optimal extracellular
enzyme activity [12].

Substrata such as rocks, sediment beds, plants and animal tissues, along with any submerged
artificial surface (nets, piers, buoys, floating platforms and ship hulls) are available for microbial
colonization in marine ecosystems. For the purpose of this review, we consider the floating
microbial communities occurring at the air–water interface (bioflocs and microneuston) along with
microbial mats and microphytobenthic communities (water-solid interfaces) analogous to true biofilms
(i.e., biofilm-like). These inclusions are based on key structural and functional traits displayed by
biofilms, including high cell density, microcolonial aggregation and occurrence of exopolymeric
matrices that embed cells.

Neuston biofilms dwell on the air–water interface of the atmosphere and the surface of the water
column. The concentration of hydrophobic and surface-active substances (materials that can greatly
reduce the surface tension of water, i.e., surfactants or biosurfactants) and bacterial cells within neuston
communities may be three orders of magnitude higher than in bulk water [27]. Biodiversity of microbial
neuston includes the distribution of bacterial species, generic variants of one species, and cells within
the different phases of cell cycles or different stages of the life cycle [13]. Due to this diversity of species
and different trophic levels that coexist in this habitat, the microneuston is a particular microbial
community [13,28]. Microbial neuston and its associated EPS contribute substantially to the formation
of the sea-surface microlayer (SML), a boundary between the atmosphere and seawater surface [29].
The SML is a hydrated gelatinous layer of polymeric nature, in which the polysaccharide fraction
dominates. The presence of SML may have important, not yet recognized, implications for coastal
aquaculture, by retarding oxygen exchange and thereby negatively impacting cultured marine animal
species (finfish), or also, given their surfactant nature and chemistry, trapping airborne hydrophobic
pollutants and metals, and transferring them to the water column and ultimately to the sediment
phase, where cultured finfish and particle-feeding invertebrates can potentially ingest them.

On the other hand, the biofilms occurring at the water-solid interfaces are more conspicuous.
These can be classified as epibiotic biofilms, when developing associated with the outer body
surface (tissues of living organisms) or simply as biofilms when they grow on inanimate surfaces.
Epibiotic biofilms are in turn classified as epiphytic biofilms (also often termed periphyton [30]), when
they develop mainly on submerged plants (leaves, blades, stipe, holdfast) and, in principle, also
those microbial populations surrounding phytoplankton (phycosphere) [14]. Epiphytic biofilms are
comprised of algae, fungi, bacteria and protozoa, in which the phototrophic component (prokaryotic
and eukaryotic) usually dominates [15]. These populations play a major role in primary productivity
and thus provide a food source for fish, crustaceans and mollusks [31], transferring carbon along the
food web in both freshwater and coastal marine ecosystems [32,33]. Also, when microbial biofilms
colonize branches of decayed wood from mangrove swamps and other coastal woody tree species,
the term epixylic communities applies [34]. The consequences of epiphytic biofilm development
include both deleterious and positive effects on the host [35]. The same applies for microbial–animal
interactions in the form of epizootic biofilms that live in intimate association with the bodies and tissues
of marine organisms. The composition and density of epizootic bacterial communities associated with
marine organisms greatly varies both at temporal and spatial scales within individuals, among species,
habitats, regions, and seasons [30].

According to Martinez et al. [1], rocky shores are important geomorphological features of
the world’s coastal zones. Hard bottoms are readily colonized by epilithic (rock-surface) biofilms
comprising algae, bacteria and fungi, and associated microfauna. Other hard substrata such as concrete
supports of piers and bridges are also colonized by this type of biofilm. Interesting to note is that
estuaries in Australia, the United States and Europe have had more than 50% of their natural coastline
modified with artificial structures [36]. Therefore, concrete and other building materials represent a
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significant novel microbial habitat in the coastal zone. Epilithic microalgae and cyanobacteria generally
account for more than 30% of the total biofilm biomass, and such phototrophs influence both the
biomass and diversity of non-photosynthetic bacteria [37]. These biofilm communities are important
for primary production and biogeochemical cycling of carbon and nutrients along tropical intertidal
rocky shores [38]. On the other hand, microbial flocs, defined as aggregated suspended sediments
composed of microorganisms (bacteria and algae), are structured by a tangled EPS network that
traps particles, colloids, cations and dead cells [39]. Settling microbial flocs may form a dynamic
interface between the water column and the sediments, significantly impacting biogeochemical cycling
in shallow waters, driving fixed carbon from highly productive suspended flocs to the sediments,
influencing benthic metabolism [40]. Microphytobenthic biofilms are communities found in the upper
millimeters of the sedimentary phase and are involved in stabilizing the particles from flocs. In highly
turbid intertidal areas, microphytobenthic biofilms contribute up to 50% of primary production,
representing a significant food source for cultivated oysters [41]. The fact that sandy shores are
found on 16% of the coastal countries and given the high share of carbon fixation contributed by
microphytobenthic biofilms, it is likely that these microbial communities have a major role at the planet
level, mediating the flux of nutrients between sediment and the water column, a process where EPS
may have a substantial relevance [42].

Marine biofilms also grow associated with immersed artificial substrata including those comprised
of metals, polymers and composites [43,44]. The formation of biofilms on a newly submerged substrate
facilitates the subsequent colonization of macroorganisms such as invertebrate larvae and algal
spores [45]. Biofilms can mediate not only the level of colonization but also the type of macrofoulers.
Microbial biofilms provide chemical cues for specific colonizers; these microbial cues interplay with
chemical cues from conspecific individuals that contribute to the colonization process [46,47]. There is
an international consensus on the highly deleterious influence of biofouling on marine infrastructure
and the shipping industry around the world [48], by reducing the flow of water through the net,
affecting oxygen supply and the waste removal, which in turn increase the susceptibility of farmed
fish to diseases [49]. Figure 1 depicts a marine coastal ecosystem with integrated aquaculture systems,
focusing on the most relevant microbial habitats.
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3. Extracellular Polymeric Substances (EPS) as Key Components of Biofilms and
Microbial Aggregates

The EPS matrix accounts for more than 90% of the mass of biofilms on a dry weight basis [12]. EPS
exist at different cellular levels and can thus be divided into bound EPS (sheaths, capsular polymers,
transparent condensed gels, loosely bound polymers, and attached organic materials) and soluble
EPS (soluble macromolecules, colloids, and slimes) [50]. Bound EPS as their name implies are closely
bound with external surfaces of cells, while soluble EPS are weakly bound to cells or dissolved into the
surrounding solution [51]. The chemistry of EPS varies and may thus include high molecular weight
organic molecules such as polysaccharides, proteins, nucleic acids, lipids and a lesser proportion of
other low molecular weight nonpolymeric constituents [52]. Some EPS are neutral macromolecules,
but most are polyanionic and contain abundant functional groups, such as carboxyl, phosphoric,
amine and hydroxyl groups. These functional groups are negatively charged and play a role in
metal adsorption by electrostatic attractions [53]. However, the composition and quantity of the EPS
vary depending on the type of microorganisms, age of the biofilms and the different environmental
conditions under which the biofilms exist [52].

EPS serve several ecological functions in biofilms. These include, but are not restricted to,
aggregation of bacterial cells (bioflocs) and provision of physical means of adherence to surfaces
(biofilms). They also serve as immediate microenvironments to optimize extracellular enzymatic
activity, sorption of nutrients, and enhanced exchange of genetic information and resistance towards
antimicrobials. They also provide a protective barrier and a reservoir of water which is important
under desiccation stress, in particular for intertidal biofilms [12,21]. A major pool of EPS in marine
environments is represented by transparent exopolymer particles (TEP), which are transparent
microgels, abundant (103 to 106 mL−1) in both open oceans and coastal waters with size ranging
from <1 µm to 200 µm [17,18]. TEP occur extensively in the marine environment and have several
origins. They may derive directly from EPS of phytoplankton and bacteria, arising from degradation
processes of marine snow and other detrital material, or may even be formed abiotically from organic
precursors [17,54]. Independently of the origin, TEP exhibit in general surface-active behavior and
represent the main vehicle for fast downward flux of organic matter and sedimentation of particulate
matter in oceans [54]. TEP are likely of high relevance in coastal areas where aquaculture is developed,
given the close coupling of planktonic and benthic process typical of shallow waters. Surprisingly, there
is scant information on the occurrence of TEP in aquacultural settings, despite the fact that they can be
considered as a significant fraction of the bioflocs in inshore facilities or in marine cages. In addition,
EPS derived from TEP may play an active role in coating submerged surfaces, forming primary films
that lead to intense microbial colonization [11]. Despite the process described above, the relevance of
EPS in aquaculture has just recently caught the attention of researchers. In a seminal review, Joyce and
Utting [20] summarized EPS implications in closed, controlled aquaculture systems (hatcheries). These
authors highlighted the impact of EPS in microalgal feed production and larval rearing systems. These
processes are highly relevant to inland culturing of marine species in closed recirculating systems, but
may have limited implications in coastal open aquaculture. These implications are discussed below.

4. Microbial EPS Interacting with Coastal Aquaculture Systems: Practical Implications

4.1. Control of Biofouling

The colonization of immersed surfaces by micro and macroorganisms is a complex sequential
process. Upon immersion, surfaces are conditioned by adsorbed organics, such as polysaccharides
and proteins. Conditioned surfaces are then colonized by bacteria (first settlers), diatoms, and other
microorganisms bound together in a matrix of EPS (biofilm) [24,55,56]. EPS are responsible in the
adhesion of bacteria to the surfaces [57]. The ability of bacteria to perform this initial attachment is
controlled by both environmental and genetic factors, such as nutrient levels, temperature, pH and
the presence of genes encoding motility functions [58,59]. Over time, as biofilms grow and reach



Water 2016, 8, 369 6 of 21

mature stages, they increase in cell density and structural complexity [51]. Subsequent microbial
interactions may lead to attachment and growth of invertebrates (i.e., barnacles, tunicates, mussels,
bryozoans, polychaetes, tubeworms) and macroalgae (i.e., Enteromorpha intestinalis, Ulothrix zonata)
over a period of days or weeks [30,60]. When biofilms lead to the settlement of macroorganisms on
artificial immersed surfaces, the phenomenon is named biofouling [30].

Marine biofouling is a worldwide problem affecting artificial substrates such as nets, piers,
buoys, floating platforms and ship hulls (Figure 2) [61]. In marine aquaculture, biofouling is a major
problem and expense factor, whose damage includes both the target culture species and/or cultivation
infrastructure, which are exposed to a diverse array of fouling organisms with significant production
impacts [62]. For example, in shellfish aquaculture, the key impact is the direct fouling of stock causing
physical damage [63,64], mechanical interference [65], biological competition and environmental
modification [48,66,67], while infrastructure is also impacted. Regarding finfish aquaculture, biofouling
affects infrastructure causing restriction of water exchange [68], which increases disease risk [69]
and causes deformation of cages and structures [67]. For example, the hydroid Ectoleura larynx
(syn. Tubularia larynx) is already one of the most common and troublesome biofouling species for
Norwegian finfish aquaculture [70].
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The direct economic cost of biofouling control to the aquaculture industry is substantial, with
conservative estimates of 5%–10% of production costs attributed to biofouling. Globally, this equates
to a cost of US $1.5 to 3 billion per year [71]. The impact of biofouling is highly detrimental to the
cost-effective production of fish and shellfish in marine aquaculture [72]. The control of biofouling in
aquaculture is achieved through the avoidance of natural recruitment [73], physical removal [74] and
the use of antifoulants [75,76]. Frequent net cleaning damages the mesh, stresses the animals and the
eventual replacement of nets increases costs and thus decreases profit margins [76]. The use of chemical
antifoulants that contain biocides such as cuprous oxide, copper isothianate, copper pyrithione, zinc
pyrithione and zinc oxide ECONIA paints have proven effective on nets, but their use is undesirable
because of environmental effects from broad-spectrum, metal-based toxins, together with consumer
concerns, which can damage market image [76,77].

There is an urgent need to develop improved, less toxic means of controlling biofouling of
surfaces in marine environments, both because of increasingly restrictive environmental regulations,
such as the ban on tributyltin paints [78] and the high costs of registration of antifouling paints [79].
Considering the key role that biofilms appear to play as primary colonizers, in the adhesion of
biofouling communities (plants and animals), it seems a reasonable strategy to search for novel
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compounds exhibiting antifouling activity against dominant members of biofilms. Furthermore,
since EPS mediate the irreversible attachment of microorganisms to surfaces, the search of natural
compounds that interfere with EPS adhesion (including other EPS) would be useful in providing
insight into the molecular mechanisms of microbial adhesion to inert surfaces (metals, polymers,
etc.). In this connection, in a preliminary study, extracellular polysaccharide formulations purified
from marine bacteria as potential antifouling agents were evaluated [80]. EPS from Alteromonas,
Pseudomonas, and Vibrio spp. inhibited preliminary biofouling (primarily, bacteria) over the test
period. None of the formulations evaluated showed any evidence of antimicrobial activity or
cytotoxicity. Another EPS with anti-biofilm activity (preliminary to biofouling) was isolated from
marine bacterium Oceanobacillus iheyensis BK6 and exhibited activity against a former biofilm strain of
Staphylococcus aureus [81]. S. aureus has been reported as inhabiting a marine recirculating aquaculture
system [82]. Similarly, a marine bacterium Marinobacter litoralis was isolated for its ability to produce
extracellular lipopolysaccharide, which has shown inhibitory activity towards swarming motility
and biofilm formation by Pseudomonas aeruginosa [83], a model study bacterium for anti-biofilm
activity on industrial surfaces. Also, anti-adhesive and anti-settlement activity toward marine
invertebrates has been shown. In a study, the antiadhesive potential of extracellular proteases of
Pseudoalteromonas issachenkonii UST041101-043 against bryozoans was demonstrated [84]. Given that
EPS of biofilms are considered adhesion promoters for marine invertebrates [85], there are few scientific
publications dealing with evaluation of their antifouling properties. However, there is a clear potential
for the use of bacterial EPS for antifouling purposes. For example, EPS used in the form of permanent
coating or grafted to other organic films may affect biofilm formation by preventing bacterial adhesion
on marine surfaces by modifications of their physical characteristics [81]. Another advantage is that
EPS do not contain toxic heavy metals or other molecules harmful to the marine environment.

4.2. Enhancement of Colonization of Aquaculturally Valuable Larvae by EPS

Microbial colonization is a process that represents one of the most crucial and complex stages in
the life cycle of marine invertebrates, not only with regard to biofouling, but also critically important in
aquaculture for increasing the percentage of larval settlement and metamorphosis [85]. An issue tightly
coupled with biofouling, is the potential of using selected EPS to promote enhanced colonization of
substrata by larvae of organisms in aquaculture. Although related, this is a seldomly researched
topic, although the relevance for aquaculture appears obvious. In this regard, it is important
to note that chemical cues play a pivotal role in invertebrate settlement. A variety of chemical
cues of microbial, plant and animal origin mediate the settlement process. For this reason, many
studies have been conducted to evaluate the potential of a variety of chemical cues to enhance
settlement of marine invertebrates in aquaculture. For example, one study evaluated chemical cues
(natural biofilm and macroalgae) to enhance settlement of the sea urchin Tripneustes gratilla [86].
Macroalgae-conditioned seawater combined with natural biofilm induced significantly higher
settlement than to the biofilm alone. In a similar study, the larval settlement of the common Australian
sea urchin Heliocidars erythrogramma was evaluated in response to bacteria from the surface of coralline
algae [87]. The results, through molecular and culture-based analyses, suggested that the biofilm on
plants was important for significant settlement. Microbial biofilms may provide inductive cues that
identify attractive substrata for larval settlement [88] and this is perhaps explained, at least partially, by
EPS. Chemical cues can be surface-bound EPS of bacterial biofilms or water-soluble EPS produced by
both planktonic bacteria and biofilms [89]. For example, specific bacterial (Halomonas sp.)—microalgal
(Amphora sp.) biofilms were effective for promoting the larval settlement of Argopecten purpuratus
(Lamarck, 1819) on artificial spat-collecting materials [90]. Also, larval settlement and metamorphosis
of Pinctada fucata, a species of great value in the hatchery industry, was demonstrated in response
to natural biofilms [91]. The authors found that these processes were influenced by the biofilm
community structure and extracellular products rather than the microbial abundance. Recently, the
effect of natural biofilms on settlement of plantigrades of Mytilus coruscus, an important aquaculture



Water 2016, 8, 369 8 of 21

species in China [92], was demonstrated. Plantigrades settled in response to natural biofilms, the
percentage of plantigrade settlement being related to biofilm age and presence of EPS. This also
appears to be the case for Bugula neritina, a marine-fouling organism with high economic value in
aquaculture for the production of antineoplasic agents [93,94]. Furthermore, the influence of EPS on
settlement of seaweeds has also been documented. In this regard, an EPS secreted by the endophytic
bacterium Bacillus flexus (GU592213) facilitated the primary settlement of zoospores of Ulva fasciata [95].
U. fasciata is the commercial source of a biopolymer with binding properties used to manufacture
certain aquaculture feeds [96]. However, EPS alone do not necessarily imply facilitated settling
of organisms. For example, Patil and Anil [97] found a positive influence of diatom exopolymers
combined with bacterial biofilms on metamorphosis of the barnacle Balanus amphitrite, but an opposite
influence when EPS were tested alone [98].

Chemical cues that signal habitat and illicit larval settlement are a common denominator for a
wide range of sessile marine taxa with settlement initiated in response to conspecifics, host organisms
and microbial biofilms. For aquaculture, this is a developing field of research that requires maturing
before reproducibility in performance of technologies is attained. At present, studies on the chemical
cues of the tropical sponge Rhopaloeides odorabile [99,100] represent the first step toward assessment of
the aquaculture potential of marine invertebrates.

Ocean acidification (OA), a recently recognized phenomenon of global concern, may negatively
influence the settling of aquaculturally valuable marine invertebrates. The increase of atmospheric
CO2 concentrations has led to higher levels of CO2 in the oceans, yielding as a consequence an altered
state of the carbon seawater chemistry and reduction of pH [101,102]. These changes affect directly
the marine organisms that possess carbonate structures such as shells and spicules. An indirect and
not obvious impact may also take place due to OA by negatively altering early stages of settling [103].
This influence may be related to pH shifts that induce changes of signaling molecules needed for
settlement [104–106]. In this sense, it has been observed that OA may induce shifts in microbial
communities [104,105]. These changes may not only alter the composition of microbial communities,
a factor that plays a role in affecting the settlement of invertebrates [106,107], but also alter the
conformational state and calcium-binding properties of marine microorganisms [108]. Both changes
in microbial diversity and EPS biofilms could cause ecosystem alterations, and these alterations may
affect the ecosystem of economical valuable species [109,110].

4.3. EPS-Based Flocculation with Potential in Waste Treatment Processes of Coastal Aquaculture

Coastal zones are prone to environmental impact and contamination due to urban development
and other human activities. These include but are not restricted to habitat loss and/or modification,
excessive harvesting of wild seed/spawners, introduction of exotic species, unintended release of
cultured animals, spread of diseases, deleterious interactions with wild populations, misuse of
chemicals and antibiotics, and release of wastes [1,111–113]. The release of wastes is perhaps one of the
most relevant impacts affecting coastal ecosystems. Wastes entering coastal zones contain a variety of
harmful substances including biological contaminants, such as pathogenic microorganisms (i.e., viruses,
bacteria and protozoans) and organic matter (i.e., nitrates, phosphates); persistent organic compounds
(i.e., organochlorines and polycyclic aromatic hydrocarbons) and other pollutants (i.e., heavy metals,
plastic debris and nanoparticles) [114–116]. Wastes entering the coastal zones can occur as suspended
particles (larger than 100 µm, e.g., sludge), colloids (0.001–1 µm e.g., organic and inorganic pollutants,
proteinaceous materials, some algae, and bacteria) and dissolved molecules (smaller than 0.001 µm e.g.,
individual molecules or ions) [117–119]. Removal of particles in aquaculture is critical for maintaining
culture water quality in closed systems [117], and for minimizing interactions of environmental
contaminants with biota in open systems, as they may induce shifts in phytoplankton and zooplankton
communities, thus altering food webs and biogeochemical processes that can potentially affect cultured
species in cages [120,121].
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Wastewater from aquaculture (mainly intensive land-based aquaculture) contains considerable
amounts of nitrogen, phosphorous and organic carbon [120,122]. The most common solid-removal
units used for aquaculture are settling basins that are based on separation by gravity, hydrocyclones or
swirl separators, which allows more rapid separation of the particles from the liquid, microscreen filters
that are based on screening particles that are larger than the screen’s mesh size, and granular/porous
media filters that are based on the passage of water through a medium on which the solids are
deposited [123]. After their removal, the concentrated solids are usually discharged from the
recirculating aquaculture system either into receiving water bodies, the local sewer system, or a
decentralized treatment unit, most commonly waste-stabilization ponds (WSPs) [123].

Disposal of aquaculture sludge into wastewater-treatment systems is often prohibited as it usually
involves high volumes with high organic matter content and/or salts that might interfere with the
treatment of municipal sludge. The activated sludge process is the most common biological process
that is used in wastewater treatment. Sludge flocculation transforms microbial cells into aggregates,
which regulates the performance of biomass–water separation and is thus crucial to the overall
treatment result of the activated sludge process [124]. EPS are present in varying quantities in sludge
and are thought to be of considerable importance in the removal of pollutants from wastewater, in
bioflocculation and settling, and in the dewatering of activated sludge [125]. Flocculation is one
of the most widely used processes for the removal of suspended and dissolved solids, colloids
and organic matter present in industrial wastewater [126]. In this process, after the addition of
coagulant and/or flocculant, finely divided or dispersed particles are aggregated or agglomerated
together to form large particles of such a size (flocs) that they settle and thus clarify the system [127].
Up to now, a wide range of flocculants have been developed or designed to improve the flocculation
process in wastewater treatment, including synthetic or natural organic flocculants. Natural organic
flocculants, or bioflocculants (i.e., bacterial EPS), have emerged as promising alternative materials to
replace conventional flocculants because they are safe and biodegradable and produce no secondary
pollution [122], and thus may be applied for aquaculture purposes. Due to their physical–chemical
properties, EPS displaying flocculant activity can destabilize the colloidal particles by increasing the
ionic strength and giving some reduction in the zeta potential and thus a decreased thickness of the
diffused part of the electrical double layer. Alternatively, they could specifically adsorb counterions
to neutralize the particle charge because they have particular macromolecular structures with a
variety of functional groups that can interact with contaminants [53,128]. There is a large number
of publications related to EPS as flocculants in industrial processes such as wastewater treatment,
downstream processing and food and fermentation processes [51,129,130], but no reference, to our
knowledge, of marine aquaculture system applications.

4.4. Interactions of EPS-Contaminants in Coastal Aquaculture Systems

Advancement of science during the last ten years has improved our understanding of interactions
between microbial EPS and contaminants. It is documented that microorganisms participate in metal
binding in coastal areas primarily through excretion of siderophores, organic acids and enzymes [131],
but their role in metal binding by releasing EPS is less well understood. For example, in one study,
the role of EPS as carriers of heavy metals in the marine food chain was demonstrated. Copper
and lead bacterial EPS complexes were given to the benthic polychaete Hediste diversicolor as feed.
EPS were shown to serve as effective natural organic ligands binding dissolved copper and lead at
a range of concentrations and pH values, suggesting this route can concentrate metals through the
marine food chain [132]. Other cultured benthic deposit-feeders such as sea cucumbers, may also
concentrate metals, although this may vary given that various factors influence metal sorption by EPS,
including metal concentration, incubation time, pH and salinity of the medium. Another interaction
that should be considered in coastal aquaculture relates to pathogen transmission. It has been shown
that EPS can promote transmission of terrestrially derived pathogens. In a study, the zoonotic
parasite Toxoplasma gondii was used as a model to evaluate EPS-mediated mechanisms that promote
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transmission of this pathogen to marine fauna and humans. Transparent exopolymers were shown to
enhance T. gondii association with marine aggregates, and EPS-derived from biofilms on macroalgae
also captured T. gondii from the water [133]. On the other hand, natural organic matter (NOM) has
an important effect by trapping metals via the carboxyl groups in NOM [134,135]. Higher rates of
metal trapping by sinking NOM may occur in aquaculture areas as a biogeochemical consequence
of eutrophication, which is a phenomenon seldom acknowledged. In addition, sedimentary
microorganisms may also contribute significantly to NOM in coastal areas. It can be hypothesized
that EPS representing an important fraction of sedimentary natural organic matter may be relevant
in coastal aquaculture. The EPS can transport NOM through the water column. The influence of
bacterial EPS composition and quantity on the biosorption of natural organic matter (NOM) has been
shown in research using two bacterial species (Pseudomonas aeruginosa and Pseudomonas putida) [135].
P. aeruginosa produced an EPS with polysaccharides as the primary component, whereas P. putida
produced protein-based EPS. The results indicated that the composition and quantity of the EPS had a
profound impact on biosorption, which corresponded to an increased presence of carboxyl groups
in polysaccharide-based EPS of P. aeruginosa for bridging with the carboxyl groups on the NOM.
Carboxyl content in both EPS and NOM appeared to be linked to increased biosorption via bridging
with divalent ions. Divalent ion concentrations in the aquatic environment will promote biosorption
processes, permitting functional group interactions between EPS and NOM. Likewise, the implications
of biofilms in metal pollution derived from fish farming [136] has been examined. It was found that
fish feed waste enhanced the accumulation of organic matter and metal contamination in biofilm
communities, suggesting the role of biofilms as a sink for contaminants, with implications for metal
transfer in the cultured species and surrounding coastal habitats. Interestingly, biofloc technology
(BFT) has been considered as a key method for increasing the aquaculture activity and improving
the immunostatus of the organisms. It is commonly believed that closed systems conserve water and
reduce pollution problems. Biofloc technology has been considered as a novel ecological technique
used to reduce nitrogen concentration and remove pollutants. As far as we are aware, there is no study
describing the potential of bioflocs as reservoirs of pollutants and their ability of transferring them
to cultured organisms. Since biofilms are an important issue in the fields of marine science, several
microbial ecology studies are needed to better understand their role as bioindicators for aquaculture in
coastal zones.

4.5. EPS Associated with Phytoplankton Blooms Influence Coastal Aquaculture

Naturally occurring phytoplankton blooms have been responsible for serious problems of
aquaculture, fisheries and public health in many coastal waters throughout the world [137,138].
These proliferations are termed harmful algal blooms (HABs) [139]. HABs may disrupt ecosystems
by either producing specific toxins or by causing anoxia during the decay process of settled algal
biomass and by physical interferencing with gases exchange when clogging the gills of fishes and
filter-feeding animals [137–139]. Marine aquaculture activities have been affected worldwide by
phytoplankton blooms, including cultured species such as mussels in Spain and Germany, and fish
farms in China [140–142]. Recent HAB events in 2016 affecting salmon farms in Chile exemplify the
threat of HABs towards marine aquaculture. HABs occur when environmental conditions are adequate
for algal proliferation and when high levels of nutrients are released into the coastal zone [142]. It is
known that EPS are released when high densities of phytoplankton are reached, a phenomenon
also seen in closed systems [20]. There is scarce information regarding the role of EPS in HAB
occurrence and their impact on cultured species. Some studies, however, suggest that EPS associated
with HAB-producing species may contribute to their persistence or impact on phytoplankton and
zooplankton communities serving as food for cultured species [143]. In a previous study, it was shown
that the polysaccharide-protein EPS produced by Heterosigma akashiwo, a typical HAB species, inhibited
the growth of co-ocurring aquaculturally relevant phytoplankton species such as Skelotonema costatum
and Thalassiosira rotula. Furthermore, these EPS stimulated the growth of H. akashiwo and other
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harmful dinoflagellates, Prorocentrum spp. and Heterocapsa circularisquama [144]. This suggests that EPS
may facilitate the persistence of H. akashiwo and other HAB species both through direct stimulation
and indirectly, aiding to outcompete other phytoplankton species. These biomolecules could help
H. akashiwo succeed in establishing dense cyst beds, which give the next generation an advantage
by allowing extensive reinoculation of the water column. On the other hand, the release of EPS by
non-toxic marine phytoplankton species may have consequences on aquaculture, as exemplified by
the marine phytoplankton Phaeocystis spp., which excretes polysaccharides, forming TEP. It has been
shown that TEP could serve as a food source, which would imply a positive effect in aquaculture.
However, a study observed a decrease of the feeding rates of copepods and euphausiids in the presence
of polysaccharides excreted by Pheaocystis sp. [145]. Taken together, these studies suggest that under
real conditions HAB populations and non-toxic phytoplankton communities could release EPS that
may pose a negative impact on marine aquaculture, an implication that has not been highlighted
before. Further studies are required to determine if the impact of EPS occurs at the global scale.

4.6. EPS-Based Products for Aquaculture Applications

The increased demand for natural polymers for various industrial applications in recent years
has led to a renewed interest in the search for novel EPS. Various microbial EPS possess novel
and unique properties that have found applications in the food, pharmaceutical, biomedical and
cosmetic fields [146]. Their usefulness is mostly related to their properties as thickening, stabilizing,
binding and structure-creation agents [147]. Physical and dynamic properties displayed by EPS
such as adsorption, viscosity, solubility and biodegradability depend upon their macromolecular
composition (polysaccharides, proteins, lipids, nucleic acids, humic substances) and structural
conformation [147,148]. Based on these properties, EPS may find applications as biotechnological
products in aquaculture as bioemulsifiers, biosurfactants, biosorbents, bioflocculants, foods, antifouling
agents, antivirals, immunostimulants and immunomodulators [148–150] as discussed below.

Point sources of pollutants such as excess nutrients, hazardous organics, heavy metals,
hydrocarbons and nanoparticles affect marine aquaculture activities [151,152]. For example, petroleum
from accidental oil spills has been reported near active aquacultural areas [153]. EPS-based products
may aid in developing bioremediation strategies for accidental spills of hydrocarbons as EPS
emulsifying and surfactant activities may help in their biodegradation. An EPS synthesized by
the marine strain Microbacterium sp. MC3B-10 was characterized previously to have surfactant activity
against aliphatic hydrocarbons and hinted at a potential metal-binding activity [154]. This EPS was
termed microbactan and was extensively characterized [155]. Bioassay-based toxicity testing showed
that microbactan is not toxic. Microbactan emulsified aromatic hydrocarbons and oils to various
extents. The stability of the emulsion in the model reached its highest level (94%) at 50 ◦C, pH 10 and
3.5% NaCl content, which sets similar conditions in marine aquaculture. Also, Gutierrez et al. [156]
characterized two EPS from a marine Halomonas species. Purification and chemical analysis revealed
both EPS to be glycoproteins of high molecular weight with emulsifying activity against hydrocarbons
under neutral and acidic pH conditions.

Metal-binding properties of EPS could be applied in aquaculture activities. For example, EPS
produced by Halomonas sp. TG39 have metal-binding properties and mediate their bioavailability to
eukaryotic phytoplankton [157]. This was demonstrated through experiments employing Fe-limited
growth conditions for the marine diatom Thalassiosira weissfloggii, which has been widely used
as live feed in aquaculture [158]. Likewise, Hassler et al. [159] evaluated the role of EPS of
Pseudoalteromonas sp.; a common marine bacterium, in iron speciation, solubilization and bioavailability
for phytoplankton species. This study was the first to demonstrate iron interaction with natural EPS
under conditions that are relevant to iron-limited marine regions. They found that the presence of EPS
decreased Fe precipitation and increased Fe concentrations in solution. Analysis of bioavailability of the
Fe–EPS complexes with Chaetoceros sp. CS 624 and Phaeocytis sp. CS243 showed that Fe–EPS complexes
were strongly bioavailable, with only a three-fold decreased bioavailability as compared to inorganic
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Fe. This effect of EPS on the solubility and bioavailability of iron can increase the residence time of
bioavailable iron in the euphotic zone and therefore increase primary productivity. This increased
primary production may benefit aquaculture in coastal areas because EPS could improve nutrient
uptake rather than increase the amount of food.

As already covered, EPS induce flocculation and this may find a novel biotechnological application
in marine aquaculture. In microalgal aquaculture, flocculation and flotation are two efficient biomass
harvesting techniques. The flotation technique occurs when air or gas is transformed into bubbles
through a solid/liquid suspension; as a result, solid particles get attached to gaseous molecules and
are carried up and accumulated on the surface [160]. In flocculation, the dispersed microalgal cells
aggregate and form larger particles with a higher sedimentation rate. Flocculation can be induced
either by chemicals (i.e., Zn2+, Al3+ or Fe3+) or biological flocculants (i.e., EPS, cellulose, chitosan) [161].
For example, harvesting of the marine microalga Nannochloropsis oceanica DUT01 by flocculation
with EPS produced by Solibacillus silvestris isolate W01 has been evaluated. The EPS showed a 90%
flocculating efficiency on N. oceanica and no metal ion was required for the flocculation process [150].
Harvesting of the microalga Chlorella vulgaris was tested via flocculation-flotation with EPS produced by
Cobetia marina L03 [162]. The results indicated that the bioflocculant from C. marina L03 could be used
to effectively harvest C. vulgaris via flotation. They observed a flotation efficiency of over 90% when
20 mg·L−1 EPS was tested for flocculating the microalgal cells with 5 mM CaCl2. This bioflocculant
was stable over a range of pHs (6–8) and temperatures (10–40 ◦C), which is a harvesting advantage for
cost-effective production of microalgal bioproducts. The use of microalgal bacterial flocs in sequential
batch reactors is a novel approach used for aquaculture wastewater treatment [163,164]. Microalgal
bacterial flocs are aggregations of microalgae and bacteria, and because of their larger size, they settle
quickly by gravity. Also, another strategy for finding effective EPS is the screening of flocculants
produced by bacteria isolated from bioflocs in aquaculture systems [165].

Finally, antiviral and immunomodulatory properties of EPS against salmonid viruses have been
established [149]. Dextrans synthesized by Lactobacillus sakei MN1 and Leuconostoc mesentetoroides
RTF10 were evaluated in infected BF-2 and EPC fish cell-line monolayers for antiviral activity [146].
In vivo assays using dextran of L. sakei MN1 confirmed antiviral activity and immunomodulatory
activity. These results indicate the compound’s potential utility as an antiviral agent in aquaculture.
Similarly, microbial levan is widely used in aquaculture as food and immunostimulant [166]. A novel
potential application of EPS is the proposal for a formulation of a marine antimicrobial and bacterial
polysaccharides to increase cultured pearl production after bacterial pathogenesis [167]. The authors
found that while the antimicrobial controls the bacteria, the EPS function as biobarrier filming agents,
covering the damaged tissue. Table 1 provides a list of microbial EPS with potential applications in
aquaculture systems.

Table 1. Microbial EPS with applications in aquaculture systems.

EPS Microorganism Application Reference

Dextran Lactobacillus sakei MN1 Antiviral and immunomodulatory activity
against salmonid viruses [149]

Levan Bacillus megaterium 1 Immunostimulant for Cyprinus carpio juveniles [168]

Levan Bacillus megaterium 1 Immunomodulatory in Cyprinus carpio fry
(Linnaeus 1758) exposed to fipronil [169]

Levan Aerobacter sp. Immunostimulant for Labeo rohita
Hamilton juveniles [170]

Glucan Paenibacillus polymyxa JB115 Feed additive immunomodulator [171]

EPS Solibacillus silvestris W01 Bioflocculant for harvesting of marine microalga
Nannochloropsis oceanica [150]

Polyhydroxybutyrate Brevibacterium casei MSI04 Antiadhesive against shrimp pathogenic vibrios [172]
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5. Conclusions

Microorganisms occur in natural habitats and colonize aquaculture facilities in the coastal
zone. They occupy major coastal habitats at interfaces of air–seawater (microbial neuston),
seawater–sediment (microphytobenthos), hard bottoms (epilithic biofilms) or growing suspended in
the water column in microbial cellular aggregates. Key constituents of such microbial communities
are the extracellular polymeric substances (EPS) matrices that mediate processes relevant to coastal
aquaculture settings. EPS have both beneficial and detrimental impacts on aquaculture systems
such as marine cage aquaculture, shellfish farms and shore-based systems cultivating marine species.
Detrimental roles played by EPS include the initial biofouling of marine cages, the bioconcentration
of pollutants in coastal habitats where aquaculture activities take place, and increasing the residence
and impact of harmful algal blooms. EPS play beneficial roles by sustaining valuable processes in
bioflocculation, enhancing larval settlement of aquaculture-relevant species and as antivirals and
immunostimulants. Potential biotechnological applications of EPS in marine aquaculture include
the development of novel antifouling agents and development of a combined treatment with marine
antimicrobials to increase survival of mollusks.

Future research avenues need to be explored to advance our current understanding of this field.
Further work needs to be carried out in order to determine the chemistry and functional properties
of naturally occurring EPS. Also, the potential of EPS to interfere with the irreversible attachment
of microorganisms to surfaces and subsequent biofouling needs to be studied in detail to provide
an insight into the molecular mechanisms of microbial adhesion to inert surfaces with relevance to
aquaculture, which is of paramount importance to develop novel antifoulants. The biotechnological
potential of EPS as promotors of attachment of commercial larvae is still in an early stage of research;
before reproducibility can be achieved, the technology needs to be refined. Finally, in order to
determine at quantitative levels the interaction of selected pollutants on EPS and microbial flocs,
mesocosm studies mimicking the coastal environment are required to determine the pathways of
pollution transport, partition and ultimate fate, using model organisms of aquaculture relevance.
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