
REVIEW ARTICLE OPEN

A critical review of marine biofilms on metallic materials
B. Tuck 1, E. Watkin 2, A. Somers 3 and L. L. Machuca 1✉

The formation of multi-species biofilms on marine infrastructure costs the global economy US $ billions annually, resulting in
biofouling and microbiologically influenced corrosion. It is well documented that complex biofilms form on almost any submerged
surface, yet there are still no truly effective and environmentally friendly treatment or prevention options available. An incomplete
fundamental understanding of natural biofilm development remains a key limitation for biofilm control measures. The purpose of
this review is to compile the current literature and knowledge gaps surrounding the development of multi-species biofilms in
marine conditions on metals.
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INTRODUCTION
Surface colonisation by microorganisms occurs in almost all
environments on earth1. Simulations have demonstrated that
some bacterial populations can remain viable after exposure to
intense radiation stress, high vacuum and temperatures simulta-
neously; conditions characteristic of extra-terrestrial environ-
ments2. The widespread abundance of bacteria in terrestrial and
aquatic environments is predominantly due to the recalcitrant
biofilm lifestyle; the preferred living arrangement of bacteria3.
Biofilms are defined as aggregates of cells surrounded by self-
produced extracellular polymeric substances (EPS) that develop at
a phase boundary4–6, reported to the literature by Zoebell almost
80 years ago7. Today biofilm establishment has been widely
studied in many environmental and clinical settings8–13. Marine
infrastructure in particular suffers from contamination and
materials degradation as a result of biofilm formation, generating
research incentive today.
Microbiologically influenced corrosion (MIC) is an electroche-

mical degradation process initiated, maintained or enhanced by
microorganisms and their metabolisms, and usually includes a
mixed consortium living in a biofilm14. Both MIC and biofouling
are costly downstream effects of biofilm formation. In 2005,
general corrosion was estimated to cost around $3–7 billion per
annum15,16, a figure that was revised in 2016 by the National
Association of Corrosion Engineers to be closer to $2.5 trillion17.
MIC accounts for at least 20% of these costs18,19. The economic
impact of MIC is the product of growing equipment application in
marine environments (including submerged pipelines, ship hulls
and floating off-shore production facilities). As equipment ages
the economic burden of MIC is expected to increase in future
years. Thus, research incentive from industry has generated a
wealth of information on biofilms both in natural and laboratory
settings.
Biofilms in natural environments are almost always described as

diverse, or having more than one species20,21. The flexibility and
adaptability of these populations has led to difficulty in prevention
and management of deleterious biofilms in marine environments,
as well as in conducting reproducible research. More traditional
mono-species simulations in vitro may frequently prove inade-
quate for the elucidation of environmental mechanisms or for
replicating environmental phenomena20–22. Biofilms in the more
complex natural state; such as on metals deployed in marine

environments are also harder to treat with antibiotics and
biocides, as each species may demonstrate unique tolerance
features. In the marine environment biofilms form quickly and
have rapid recovery times, especially compared to mono-species
laboratory simulations. These phenomena are still not fully
understood, despite their significance to global industry and
research. While fundamental knowledge gaps remain in relation to
biofilms in marine environments, treatment of MIC and biofouling
continue to present a major concern for stakeholders.
Marine environments impose a unique and challenging lifestyle

on biofilms, promoting the development of recalcitrant multi-
species populations. Simply put, prevention of material degrada-
tion in marine environments by bacteria can be achieved by
preventing biofilm formation, which occurs in a series of well-
defined stages13. However, scientific literature so far reveals that
each stage is dynamic and complex. The success of each stage is
governed by a plethora of cell-substrate and cell–cell interactions,
leading to difficulties in multi-species biofilm studies. Treatment of
marine biofilms therefore remains a current and ongoing concern.
This review critically summarises research on biofilm development
in relation to metallic materials in marine environments and briefly
discusses the technology that is making multi-species biofilm
research more approachable20.

BIOFILMS ON METAL SUBSTRATES
In this communication, biofilm formation on metals in marine
environments is considered unique from other materials and
conditions. Metal substrates in marine environments impose
unique challenges that ultimately shape the community and
physical structure of biofilms. A dynamic interface characterised
by heterogeneous surface chemistry, for example, is an especially
critical distinction between metals and other solid substrates such
as polymers. This quality can confer beneficial or toxic effects on
microorganisms, which enforces selective pressure on early
colonisation. The change in surface physical structure, especially
in aerobic conditions, can also affect early colonisation and
downstream development of biofilm architecture. For example,
while other solid surfaces immersed in seawater also develop
multi-species communities, elemental iron and its various
oxidative states available on steel provide an attractive metabolic
substrate for some bacterial and archaeal populations. Thus,
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populations capable of cycling Fe (II) and Fe (III), such as iron-
oxidising bacteria and iron-reducing bacteria are often found on
metals in the marine environment23. The anaerobic environments
required for sulfur cycling also promotes the activity of sulfate-
reducing bacteria (SRB), leading to generation of corrosive iron
sulfides23. It is therefore a combination of substrate and solution
qualities, i.e., chemical composition of seawater and the metal,
that dictate the biofilm community composition. Biofilm formation
on metals is also influenced by the structure of metallic materials.
For example, unlike polymer-based materials such as polyvinyl
chloride, biofilms on steels are impacted by the initial rapid
formation of a solid iron oxide layer. As the biofilm develops and
diversifies on this layer, the population can transport nutrients
through corrosion product layers to reach cells at the interface23.
Indeed, current research indicates that iron oxide structures
provide complex and highly structured microbial habitats. For
example, rusticles (‘rust icicles’) are stalactite-like structures that
form on metal surfaces in marine environments, usually at great
depths. Although the latest evidence indicates an abiotic
mechanism is likely responsible for their formation24, rusticles
host complex internal structures utilised or even directly produced
by bacterial populations25. Lastly, it is known that metallic ions can
also elicit toxic effects on microorganisms, and marine biofilm
populations in turn can develop mechanisms to tolerate these
effects. For example, heavy metals such as lead (Pb), mercury (Hg)
and cadmium (Cd) are highly toxic to living organisms; however,
numerous detoxification mechanisms have been reported in
marine bacteria26. The selective influence of other metallic ions,
including alloying elements on initial colonisation is discussed
herein. It is proposed that unique conditions offered by metals in
seawater, such as surface structure and microstructure, electro-
chemical properties and chemical composition provide a niche for
biofilm development. These important factors provide the context
for the present communication.

STAGES OF BIOFILM DEVELOPMENT
The concept that bacteria form communities at an interface is not
a recent discovery. In 1683, Anthony van Leewenhoeck was the
first to introduce the scientific community to bacterial

communities forming dental plaque27. For some 300 years these
observations were largely forgotten until the communities were
rediscovered and made famous by Costerton in the 1980s, after
first establishing the term ‘biofilm’ in 197828,29. Before this, and as
late as 1987 adhered bacterial populations were considered
simple, random associations of cells30. Research has since
expanded on the biofilm theory as a fundamental pillar of
modern research in the field of microbiology. Today, research
investigating biofilms on metals frequently references one or
more of the following biofilm formation stages: (a) conditioning
film (CF) formation; (b) reversible association with the surface
(often referred to as attachment); (c) irreversible association with
the surface (adhesion); (d) proliferation and biofilm growth; (e)
maturation and dispersal. Such stages are discrete on most
interfaces, exhibiting hallmark features that may be used to
characterise the maturation of a biofilm.

Conditioning films, attachment and adhesion
Attachment and adhesion are enormously complex processes and
represent key topics in current research31–35. Bacteriological
factors, substrate characteristics and environmental conditions
all govern early attachment in marine environments by influen-
cing long-range surface interactions (including hydrophobic,
electrostatic and van der Waals forces)36. Subsequently, physico-
chemical surface characteristics govern non-specific and ligand-
specific interactions to promote adhesion36. Considering metals in
seawater, the interface is characterised by a diverse mixture of
organic and inorganic molecules known as the CF, which can
influence early and longer-term bacterial interactions. The CF
composition, together with microbiological factors, charge, micro-
topography, wettability, and material composition are all impor-
tant when considering bacterial attachment37,38. Figure 1 demon-
strates adhesion of Klebsiella pneumoniae in artificial seawater,
where the heterogeneous surface characteristics of corroded CS
(AISI 1030) and cellular appendages involved in adhesion are
evident.
The CF is defined as a layer of adsorbed molecules on the

interface of a substrate in solution39. For 70 years or more, the CF
has been recognised for its importance in bacterial attachment40.

Fig. 1 Bacterial attachment to steel involving cellular appendages. Scanning electron microscopy (SEM) of Klebsiella pneumoniae adhesion
after 24 h to CS (AISI 1030) where cellular appendages are utilised to interact iron oxides.
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However, limited research has evaluated the effects of CF
molecules on marine biofilm formation. So far, the CF is known
to influence attachment stages and population dynamics41,
although frequently in conflicting ways. For example, adsorbed
extracellular deoxyribonucleic acid (eDNA) has been found to
repel Pseudomonas aeruginosa in highly controlled laboratory
investigations42 while also promoting attachment in the same
genus43. Variations between the results of these studies could be
associated with length of eDNA, which influences attachment
outcomes43, differences between eDNA of exogenous origin (e.g.,
fish) and endogenous origin (DNA directly from the species) or
experimental design. DNA can also prevent attachment of bacteria
by masking the action of adhesins (attachment proteins)44;
therefore, quantity of CF molecules such as eDNA in a system is
also likely to influence other surface interactions.
Both cellular attachment45–48 and CF formation49–51 have been

reported in the literature as the first stage of biofilm formation. In
natural seawater, diverse bacterial populations and CF compo-
nents are simultaneously exposed to the substrate. Unsurprisingly
both cellular attachment and CF formation are described as
almost immediate in marine environments52,53, although there is
evidence to indicate that the CF must first form to enable cellular
attachment54,55. As molecules in solution begin CF formation by
attaching directly to the substrate, research by Lee et al.
demonstrated that bacterial attachment to the substrate is more
complex and may require specific surface adaptations55. Lee
describes a series of attachment-detachment stages within early
attachment, which was coupled by cyclic adenosine monopho-
sphate production in the model organism P. aeruginosa. Subse-
quently, type IV pili became more numerous, promoting adhesion,
the irreversible stage. Such surface adaptations occur quickly after
initial contact, and CF components may play several roles in
bacterial adaptive responses. How commonly reported CF
molecules independently contribute to attachment and adhesion
is a topic requiring further attention, especially in relation to
metals in marine environments.

Microbiological factors. There is increasing awareness of bacter-
iological factors that promote attachment. Adhesion molecules
(e.g., adhesins) are expressed by virtually all bacteria and are
useful in attachment to the various substrates found in the marine
environment56. Molecular pathways may be involved in the
production and cycling of these compounds, which are in turn
affected by environmental conditions such as desiccation and
nutrient supply57. The genetic and phenotypic capabilities of the
isolates in a consortium govern the type and abundance of
adhesins produced. The list of identified adhesins that play a role
in bacterial attachment is constantly expanding, indicating the
great importance of specialised proteins in biofilm formation56.
While most adhesion studies are linked to the human health
industry, the same specificity to surfaces is also observed in
marine ecosystems in relation to metallic surfaces. Recent work by
Chepkwony et al.57 demonstrated that holdfast (polar adhesins)
may be synthesised from similar genes with very different
outcomes depending on species. Interestingly, despite similarities
in the related genotypes of the bacterial species, chemical
properties and functions of the holdfast varied. Marine strain
adhesins were demonstrated to operate at higher ionic strength
than freshwater strains in response to the environment57.
Targeting specific attachment mechanisms such as adhesins
may be critical for the economical and environmentally sensible
control of bacterial attachment in marine environments.
The morphological features of bacteria need to be considered

as variations in cell membrane composition and arrangement
impact the potential of the microorganism to attach to surfaces.
Gram staining is traditionally used to visualise the organisation of
the cell wall, which ultimately contributes to attachment in
bacteria36. Gram-negative cells are surrounded by a thin layer of

peptidoglycan and an outer membrane, while Gram-positive
bacteria possess many layers of peptidoglycan and no outer
membrane58. Despite the importance of the membrane structure
and composition for surface interactions, to the author’s knowl-
edge there is no scientific literature evaluating cell wall structure
in relation to bacterial attachment on metals in marine environ-
ments. In other laboratory simulations, Gram-positive and Gram-
negative bacterial adhesion forces have been compared; for
example, using atomic force microscopy (AFM) on stainless steel.
A significantly stronger adhesion force was exerted by the Gram-
negative bacteria (8.53 ± 1.40 and 7.88 ± 0.94 nN) compared to the
Gram-positive bacteria (1.44 ± 0.21 nN)59. This study provides
valuable insight to potential differences between the two major
classifications of bacteria, although the mechanisms Gram-
negative bacteria use to adhere to steels in marine environments
remain poorly understood.

Surface topography and microstructure. A strong relationship
between bacterial attachment and surface topography of a given
substrate has been recorded60–62. Attachment and tolerance of
bacteria to shear stress should be favoured by rougher surfaces
with a higher surface area, theoretically, by providing more
landscape for bacterial interaction. In practice, a critical review of
the scientific literature presents conflicting findings of bacterial
attachment experiments. Interestingly, attachment is a selective
process that relies on bacterial dimensions relative to the surface,
hydrophobicity and hydrophilicity. This phenomena has been
evaluated using various strains exposed to unique surfaces of
specific dimensions crafted from polydimethylsiloxane63.
Smoother surfaces were associated with 30–45% increased
attachment rate. Similarly, using several strains of the model
organism and food contaminant Escherichia coli, Goulter-Thorsen
et al. found that smoother stainless steel surfaces were associated
with increased attachment rates64. Although attachment rates
may be higher on smooth surfaces in some cases, conflicting
findings have also been reported. Da Silva et al. employed a
culture of Streptococcus sanguis to surfaces of: (1) machined
titanium, (2) machined titanium coated with 65 µm particles of
aluminium oxide (Al2O3) and (3) machined titanium coated with
250 µm particles of aluminium oxide. Cell attachment strongly
correlated with increased roughness60. In marine environments
where shear stress is considerable, higher attachment is likely to
be expected on rougher surfaces which allow cells to persist in
surface irregularities. When shear stress was applied in work by
Goulter-Thorsen et al., cells on smooth surfaces were easily
removed compared with rougher samples64. Research on the
topic should consider that rough topography remains both a
relative and subjective term and can only be used in reference to
other surfaces in the respective study. In the context of steel in
marine environments, our recent research suggests a strong
correlation between iron oxides and attachment of marine
bacteria when compared to wet-ground CS62. Again, these
experiments involved shear stress, promoting lasting attachment
to surfaces with more heterogeneous topography. Importantly,
iron oxides also provide numerous survival benefits to bacterial
populations62.
For interpretation of data and to practically reduce bacterial

attachment, it is important to identify specific microstructures
promoting adhesion in marine bacteria. In work by Xiao65, marine
isolates were found to favour attachment to specific ‘kink sites’. The
work summarises that both topography and species are important
in determining attachment tendencies, which highlights the need
to validate attachment studies with multiple isolates. Undeniably
the conditions for bacterial attachment in marine environments
vary greatly from in vitro research described here. Understanding
the complex factors involved in attachment and adhesion to metal
surfaces, as well as how and why marine bacteria are selective in
the process is a topic requiring further investigation.
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Substrate electrochemical properties and composition. Electrical
charge (substrate or cellular) and surface roughness of metallic
surfaces are critical to the quantity, type and timeframe of
bacterial attachment66,67. Alloying elements such as copper (Cu),
nickel (Ni), silver (Ag), chromium (Cr), vanadium (V) and iron (Fe)
influence attachment and biofilm formation of marine bacteria.
However, scientific literature on the type and extent of influence
fails to reach complete consensus. In a recent study involving
Halomonas titanicae, biofilm formation was inhibited by bacter-
icidal ions released from Ni. Compounds containing Ni also
reduced attachment of the strain38. In a separate study from the
same year, Ni was demonstrated to enhance bacterial attach-
ment68. Conversely Cr, especially hexavalent Cr (VI), Ag and Cu are
firmly associated with decreased bacterial attachment69,70 while
ferrous ions are frequently reported to exert positive effects on
bacteria71,72. Further research on material composition in relation
to attachment requires standard experimental methods to allow
accurate comparisons. While numerous studies evaluate the initial
impact of alloying elements on attachment, more research is
required to understand the longer-term effects of material
composition on biofilm formation.
Despite advances in reducing bacterial attachment to metals,

total prevention of biofilm formation on any marine surface
including metals has yet to be seen and is an area of continuing
research73. Microbiological characteristics including adhesin
expression and cell membrane organisation, as well as substrate
characteristics such as material composition, surface microstruc-
ture and charge all affect attachment and adhesion of marine
bacteria. Although these factors can shape the outcome of biofilm
formation, early interactions of bacteria with metals remain poorly
understood66.

Proliferation and growth
For adhered cells to successfully replicate, attract community
members and form robust biofilms there must be EPS production
as well as communication within and between species. Proteins,
eDNA, polysaccharides and other organic and inorganic molecules
and ions are often identified in natural marine biofilms74,75,
providing protection for the population. Figure 2 demonstrates

the compact nature of the biofilm living arrangement, charac-
terised by EPS (depicted in green). The molecular configuration of
the EPS gives rise to functions within the matrix including cell-
substrate adhesion and subsequently cell–cell and cell-matrix
adhesion. To date, little is known about marine multi-species
biofilm EPS and its composition, its role in corrosion and its
influence on biofilm tolerance.

Extracellular polymeric substances (EPS)
Extraceullar DNA: It is now well established that eDNA

provides an important scaffold for the biofilm structure in many
biofilms76. In 2002, Whichurch et al. added DNase1, a DNA
degrading enzyme, to P. aeruginosa biofilms resulting in rapid
biofilm dispersal77,78. In the marine environment, eDNA exists in
concentrations up to 2 µg g–1 in sediments79 and comprises 70%
or more of the total marine DNA80. Exactly how and why biofilms
produce eDNA is currently not well understood. Evidence suggests
some bacteria such as P. aeruginosa have a number of complex
biochemical pathways involved in active manufacture and
secretion of eDNA. Other reports label the dominant mode of
production as cell lysis, which may be an active process. For
example, Rice et al.81 concluded that specific genes, CidA and IrgA;
were involved in regulation of S. aureus cell lysis (i.e., suicide genes),
which affected the number of dead cells. In cultures containing
mutant copies of CidA, less dead cells resulted in lower attachment
and weaker biofilm formation. Considering eDNA comprises a
major portion of the organic carbon pool in natural marine
environments, and an affinity between metal oxides and
negatively charged eDNA is well established, marine-based
simulations should consider what implications eDNA can have
on results and conclusions of research.
Polysaccharides: Exopolysaccharides are simple sugar chains

that are key to matrix formation and the establishment of a
mature biofilm. The importance of polysaccharides in biofilm
formation and the matrix has been known for decades82; after all,
glycocalyx was an original term for the EPS. Unsurprisingly, over
the last three decades the polysaccharide contribution has been a
particularly important topic in biofilm research. Since then,
polysaccharides have been reviewed and studied in great detail
in a variety of species. Model organisms such as Staphylococcus

Fig. 2 SEM of a marine biofilm characterised by dense cell living arrangement and EPS. SEM micrograph of Klebsiella pneumoniae biofilm
formation on carbon steel (AISI 1030) in artificial seawater, where structures resembling EPS (green) cover biofilm cells within 24 h.
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aureus and P. aeruginosa have been implicated in several recent
studies. P. aerogenosa produces exopolysaccharides, including
alginate, PSL and PEL; the latter of which was demonstrated by
Jennings et al. to be pivotal to biofilm formation by crosslinking
with eDNA at certain pH78. The authors rationalise that PEL may
also be involved in crosslinking other polymers besides eDNA. In S.
aureus, numerous polysaccharides are also produced, allowing
attachment and biofilm formation on most surfaces it comes into
contact with. Polymers of N-acetyl glucosamine, for example, are
manufactured with the ica operon to produce the biofilm matrix83.
Furthermore, López et al.84 reviewed four biofilm-forming model
bacteria and the contributions polysaccharides gave to the matrix.
In marine environments, polysaccharides form a major pool of
organic carbon for both planktonic and biofilm communities85. It
is largely unknown how polysaccharides as potentially critical
components of the matrix, assist in biofilm formation on
submerged metals in marine environments. The variation in
structure and function of polysaccharides, along with the difficulty
of correctly simulating marine environments are primary reasons
for this.
Proteins: Proteins also have critical roles in EPS structure and

biofilm formation. For example, adhesins such as SdrC from S.
aureus function in the development of mature biofilms by
facilitating cell–cell attachment86. In the marine bacterium Vibrio
fischeri, the symbiosis polysaccharide (syp), a gene locus encoding
18 genes, plays a central role in biofilm development and
colonisation87. Similarly, two protein components Bap1 and RbmA
were identified in Vibrio cholerae by Absalon et al. in 2011 and
Berk et al. in 2012. These proteins have roles in the structure and
spatial distribution of biofilms and are key components of the
biofilm in this species88,89. Although V. cholerae is most recognised
for its impact on human health, many proteins identified in
bacteria associated with infection can also be involved in marine
biofilm development. In 2012, Ritter et al. discovered an
upregulation of genes responsible for production of biofilm
proteins OmpW, OmpA, and PilF in Pseudoalteromonas Sp. strain
D41, a marine isolate90. In mutant P. aeruginosa, a pathogenic
bacterium and model biofilm former, the three proteins and
associated genes were also found to impact biofilm volume and
architecture90. The importance of proteins in biofilm composition,
architecture and tolerance has led to many publications that have
improved fundamental understanding of the biofilm development
process. As more proteins and their roles in biofilm development
are uncovered, new potential targets for mitigation of biofilms on
steel substrates may be considered.
To conclude this section, there is a great deal of research

covering single-species EPS composition in a variety of environ-
ments. Today, the EPS composition and function of the
components in marine multi-species biofilms, especially in relation
to chemical tolerance, represents a major gap in scientific
research.

Communication and quorum sensing. In the developmental
process (and other biofilm processes), quorum sensing (QS)
facilitates mass coordination of subpopulations within biofilms.
QS autoinducers involved in regulation of quorum activities
(regulation of genes within subpopulations and community
density91) are produced in mono- or multi-species systems,
explaining the capacity of some biofilms to behave almost as a
single organism. The importance of these molecules in develop-
ment of mature biofilms was only realised within the last three
decades91, although the first report of autoinducer activity in
bacterial populations was described in V. fischeri around 50 years
ago92. Research has expanded rapidly since disruption of
coordinated activities has been found to severely impact the
ability of many isolates to form biofilms as well as metabolise and
corrode steel surfaces93,94. A review by Bassler and Losick95

explains the concepts of QS. There are two major autoinducer

methods; namely through (1) acylated homoserine lactones,
primarily used by Gram-negative bacteria, and (2) oligopeptide
autoinduction, which share many similarities with Eukaryotic
cell–cell communication molecules96. The myriad autoinducers,
target receptors and affected genes, and the amount of
information still absent from scientific literature makes the field
an interesting and promising platform for biofilm investigations.
For example, the existence and potential disruption of universal
communication molecules in QS theories has broad applications.
In the corrosion of carbon steels, Scarascia et al.93 demonstrate QS
signal molecules could upregulate genes involved in electron
transfer, sulfate reduction and pyruvate metabolism in SRB, the
main group of bacteria involved in anaerobic MIC. Downregula-
tion of these genes was observed in the presence of QS signal
suppressor molecules. The impact of QS inhibitors in biofilm
mitigation is considered to be a promising potential MIC
mitigation strategy93.

Maturation and dispersal
Dispersal may be considered the hallmark feature of a mature
biofilm. Subpopulations of cells break away from the parent
structure and colonise new locations in what are often highly
regulated and coordinated events97,98. Natural dispersal even-
tuates as an active response to environmental stress, enabling
populations of bacteria to persist in new environments when
current ones become inhospitable97. As with other developmental
processes, the onset of dispersal has been found to be a complex
phenomenon involving environmental and molecular triggers. For
example, while the importance of eDNA in biofilm formation and
integrity is undisputed99, research also demonstrates that eDNA
can inhibit dispersal44. The presence of eDNA may also prevent
uptake of new cells into the matrix44. Thus, extruded planktonic
bacteria must colonise new sites. At this stage, the formation of a
new biofilm relies on planktonic cell survival. Interestingly, to
achieve greater survival odds the planktonic cells undergo genetic
diversification when released from the parent biofilm97. Further
information on the biology and mechanisms of dispersal can be
found elsewhere97.
Specifically pertaining to marine biofilms, dispersal is often

linked to cell death. In Pseudoalteromonas tunicata, ΔalpP-
mediated cell death was demonstrated by Mai-Prochnow et al.
to be associated with dispersal of surviving cells. Mutant P.
tunicata cells incapable of expressing the ΔalpP autotoxic protein;
resulting in lower local cell lysis, were associated with lower
dispersal rates100. Similarly, viral particles promote cell death
(phage mediated cell lysis) and biofilm disruption that has been
linked to increased dispersal101. In other research, Barraud et al.
discovered nitric oxide to be linked to biofilm dispersal. P.
auruginosa mutants unable to express a sole nitric reductase
enzyme (ΔnirS) were unable to disperse while mutants expressing
the enzyme could98. Coatings used in marine applications to
prevent MIC and biofouling can also promote physical dispersal of
biofilms before biocide application to enhance chemical effec-
tiveness101. Today dispersal of marine environments is understood
as a complex process that may be triggered or targeted to remove
biofilms. More mechanistic research is required to fully understand
the numerous approaches to dispersal, and apply this under-
standing to biofilm mitigation and control. In particular biofilm
dispersal (as opposed to simply killing but not removing the
population) from carbon and stainless steels is a high-priority
challenge for marine-based industry.

MULTI-SPECIES BIOFILMS
Cooperative and competitive behaviours characterise heteroge-
neous marine biofilms. Those interactions with a positive impact
on one or both of the species are known as altruism and
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mutualism, respectively, and competitive behaviours specifically
harm a neighbouring population or benefit the microorganism
expressing the behaviour. Both can also occur simultaneously as in
parasitism. These interactions are discussed by Burmølle20 and
Liu102. In the marine biofilm, interactions between species have
been found to increase tolerance to biocidal compounds, as well
as shape biofilm spatial distribution and biomass structure102,103.
Furthermore, we now understand that specific enabling popula-
tions within the multi-species system may provide benefits to the
entire population. With every species contributing uniquely to the
biofilm, the cumulative capacity for tolerance is enhanced. For
example, bacteria capable of producing large volumes of EPS may
be supplying the bulk organic content of the matrix for other
species. Horizontal gene transfer (HGT) is also a common
characteristic of multi-species biofilms that contributes to physical
and chemical tolerance102. Genes conveying chemical or environ-
mental coping mechanisms may be exchanged between species,
greatly boosting the tolerance of the entire population. Biofilms
are particularly conducive to HGT, owing to high cell density104.
This condensed living arrangement of diverse populations is
frequently observed on submerged metals (Figs. 3 and 4). In order
to understand and mitigate marine biofilm development, research
should move towards multi-species research rather than single or
dual-species. Røder et al. highlight the need for a more detailed
scrutiny of microscale interactions; considering specifically how
physiological parameters such as gas, pH and nutrient gradients
may influence subpopulation composition and functions of these
populations103,105. Each contributing subpopulation of a multi-
species biofilm can have unique functional attributions, which
Røder argues is not considered by many current techniques such
as sequencing (a technique that often relies on large quantities of
extracted cells for DNA input)105. Therefore, experimental designs
should aim to balance these limitations. Confocal-based techni-
ques, for example, (discussed below) can contribute spatial

arrangement and species distribution insights, which are lost by
sequencing-based techniques. It is therefore especially important
to consider both qualitative and quantitative methodology when
designing experiments for the evaluation of marine biofilms.

Marine biofilms and corrosion
Considerable variation exists in the scientific literature surround-
ing the impacts of marine biofilms on metallic materials. It is well
established, for example, that microbial populations can generate
corrosive conditions through either chemical mechanisms (as with
chemical MIC or CMIC) or through extraction of electrons from the
metal substrate (as in electrical MIC or EMIC)106. CMIC results from
the metabolic activity of a biofilm, for example, the production of
organic acids at the biofilm-metal interface107. CMIC mechanisms
are considered less widespread than EMIC mechanisms106, which
involve the transportation of electrons either directly or indirectly
from metals or other bacteria using mediators or appendages
such as pili107. Extracellular electron transfer (EET) or interspecies
electron transfer (IET) are examples of mechanisms that can occur
in multi-species marine biofilms. Extensive research has explored
EET by Geobacter and Shewanella spp. as model organisms in the
field, including IET mechanisms106. Research continues to reveal
direct or indirect syntrophic relationships between species,
highlighting the importance of these relationships in natural
communities. Indeed, IET mechanisms are considered critical to
bacteria living in a variety of environments and have formed the
foundations for a number of biotechnological advancements,
including conversion of waste to methane gas108. In the field of
MIC (i.e., on metallic substrates), cell-substrate and cell–cell
electron transfer is poorly understood, especially in marine
environments. The sum of microbial metabolic activities, cell–cell
and cell-substrate interactions account for at least 20% of all
corrosion costs in the oil and gas industry109. Biological diversity

Fig. 3 Confocal laser scanning microscopy of a marine biofilm formed on steel. Confocal micrograph of a marine consortium under 20×
objective demonstrating biofilm topography, surface coverage and cell viability on carbon steel (ASI 1030), where green corresponds with live
cells and red corresponds with dead or damaged cells.
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continues to challenge the identification and isolation of
responsible MIC mechanisms, especially where other corrosion
manifestations are involved110.
Although many CMIC and EMIC mechanisms have been

proposed, protection of metallic substrates from corrosion is also
frequently reported by marine biofilms and EPS. In a recent study
involving a strain of Pseudoalteromonas lipolytica; a marine
bacterium, corrosion protection in seawater was afforded on
steel. The isolate was found to produce a ‘hybrid film’, comprising
both organic and inorganic material and functioning as a
barrier111. EPS can function as a protective agent against steel
corrosion either by an active chemical mechanism or by forming a
passive barrier that prevents interaction with the environment
(e.g., limiting O2 contact)112. Research on soluble EPS, for example,
has revealed that some strains such as Bacillus cereus produce EPS
that prevents scale and corrosion simultaneously113. The
2019 study implicated both adsorption of the EPS and biominer-
alization in corrosion inhibition efficacy, which was greater than
91%113. Although these studies provide valuable information
pertaining to biofilm on metals, most laboratory MIC simulations
rely on data obtained from coupon samples. In marine environ-
ments, infrastructure comprised of metals can be many kilometres
long (i.e., pipelines) with inconsistent surface conditions. While
coupons used for laboratory simulations are often rapidly and
uniformly covered (i.e., they represent a small surface area), the
shear mass of field equipment can lead to more heterogeneous
surface coverage (involving macro and microorganisms and
diverse communities). Unevenly distributed (i.e., ‘patchy’) biofilms
can therefore induce differential aeration cells on the surface of
metals112. To tackle this problem, MIC simulations can involve a
split-cell experimental design to separate two electrically con-
nected metal substrates into a biotic and an abiotic side112. The
major benefit of this design is its ability to prevent biofilm
coverage of the entire substrate, and thus allow for simulation of
heterogeneous surface coverage on larger metal structures.
Laboratory simulations that explore the anticorrosion properties
of biofilms should consider the practical implications of the results
and the limitations of a single-cell bioreactor design.

Understanding natural marine biofilms
Data reproducibility and accuracy has been a longstanding
difficulty in the analysis of multi-species simulations. Certainly,
the most challenging aspect is assembling reliable and mean-
ingful data that reproducibly supports the hypothesis. In light of
this, most of the considerable data amassed on biofilm develop-
ment were obtained from relatively simpler single-species
simulations20. Today, new techniques and advances to those
already established have allowed great insight into how bacterial
communities interact and establish complex biofilms. In particular,
advanced microscopic, spectroscopic and molecular techniques
are at the forefront of multi-species biofilm research.

Visualising spatial distribution, orientation and composition of
marine biofilms. Confocal laser scanning microscopy (CLSM) is
one of the most frequently employed microscopic techniques for
the evaluation of the 3D form of biofilms114. The scope, functions
and operation of CLSM are described in detail elsewhere115. CLSM
is particularly useful for evaluation of natural marine biofilms since
contributing populations may be distinguished through rRNA-
based probes116, live cells may be visualised in a natural state with
minimal disruption (see Fig. 3) and both qualitative and (semi)
quantitative measurements are possible. Although a powerful
technique, confocal micrographs can contain large quantities of
data, especially where used for semi-quantitative analysis or when
captured in high resolution. A major challenge for multi-species
biofilm research using CLSM then becomes data processing and
interpretation. In addition, the application of more complex
probes for the identification of microbial subpopulations such as
in catalysed reporter deposition fluorescence in situ hybridisation
(CARD-FISH) can be labour intensive and expensive.
The cellular complement, EPS proteins, polysaccharide residues,

eDNA and lipids may all be targeted by confocal probes117.
Microorganisms and selected components of the matrix can also
be identified using unique probes which can, for example, provide
an estimation of live and dead cells (propidium iodide and Syto9™,
both available commercially in kits), protein expression and even
indicate membrane integrity (such as SynaptoRed™ C2 and

Fig. 4 SEM image of a marine consortium demonstrating close living arrangement and various cell morphologies. FESEM micrograph of a
marine multi-species biofilm on carbon steel (AISI 1030) demonstrating the complexity and dense living arrangement of multi-species marine
biofilms.
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Cellbrite™ Fix stains).
To assist with post-image analysis, there are many, often free

software platforms available that can provide semi-quantitative
data on morphological parameters of marine biofilms, including
microscale structure and heterogeneity118 (COMSAT and ISA),
biofilm coverage (PHLIP)114 probe evaluation and direct quanti-
fication of populations within a biofilm (daime)116. Daime is
particularly useful where FISH and various iterations are employed,
as such techniques work with specific probes which are frequently
used to identify subpopulations within biofilms. The selection and
evaluation of the probes with software like daime is vital to the
efficacy of the technique applied. A variety of other platforms exist
that are not yet employed on marine biofilm micrographs,
including bioImage_L that was demonstrated to identify biofilm
subpopulations based on viability and metabolic activity119. Lastly,
ImageJ (Fiji; open-source software) and IMARIS (Bitplane) software
(product license required) can be used to generate parameters
such as biovolume (the quantity of biofilm in a given area),
compactness (the density of the biofilm based on fluorescent
signal per volume) or simply fluorescent signal intensity, among
other parameters120.
Scanning electron microscopy allows a high-resolution view of

biofilm architecture. The cost of this technique is in sample
preparation, which includes (1) fixation of the biofilm sample for
several hours using tissue fixatives such as gluteraldyde, (2)
dehydration of the sample using an ethanol series, by nitrogen
drying or both, and (3) sputter coating of the sample using an
inert metal such as platinum or gold121. Figure 4 provides a view

of the biofilm structure, revealing cell density and cell morphology
of a multi-species marine biofilm on carbon steel. If sample
preparation is performed correctly, cells and EPS hold their
original profile and biofilms can appear more or less as naturally
formed.
AFM provides the highest resolution of any microscopic

technique available today with minimal or no sample processing.
For a comprehensive review of AFM the reader is directed to
Cárdenas-Pérez et al. (2018)122. For the investigation of multi-
species marine biofilms on metals, in situ AFM is possible in the
sense that submerged, living biofilms can be micrographed and
various physicochemical parameters are also obtained, although
this requires extensive optimisation for the given sample. In
Fig. 5a, a mature Pseudomonas sp. cell is illustrated on stainless
steel. Fig. 5b, c shows the cell dividing and finally Fig. 5d shows
the separation of the cell into two complete daughter cells123.
Probe types, physiological qualities of the fluid, atmospheric
conditions, biofilm layer thickness and sample structure, among
other parameters (such as microscope settings) are important
considerations when attempting in situ AFM. Well-optimised
applications of this technique have seen momentous advantages
to the field of biofilm research, including Li et al., who
demonstrated cell-substrate adhesion qualities could be measured
through the use of bacterial cells as a cantilever tip122. An AFM tip
was manufactured using living cells adhered to a cantilever,
thereby directly monitoring interactions of a cell with a pyrite
substrate. In a separate study, Li et al. demonstrated that EPS plays
an important role in cellular adhesion to mineral surfaces using

Fig. 5 AFM depicting cellular division on a steel substrate. AFM micrographs of Pseudomonas sp. undertaking binary fission on stainless
steel where the mature cell is seen dividing and separating into daughter cells123.
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AFM124. Since the first documented account of AFM in scientific
literature was introduced in 1986 by Binning, Quate and Gerber125

AFM has become a primary tool in the investigation of biofilm
formation. In particular, the niche of AFM seems to be within
earlier biofilm formation stages (attachment, adhesion and micro-
colony formation) where the limitations of thick biological
samples are much less apparent. Provided the researcher can
navigate corrosion product development on metal substrates, or
use a finely polished corrosion-resistant alloy, AFM can be a
powerful technique for elucidating the early mechanisms of
biofilm formation on metallic substrates.
As with all techniques, the limitations of microscopy must be

acknowledged and the results interpreted cautiously. All micro-
scopic techniques provide innate biases, alongside interpretation
bias from the viewer. This can lead to total misrepresentation of
the sample and inaccurate assumptions in any investigations.
These issues have been recently discussed by Jost and Waters126.
Where applied correctly and supplemented with alternative
techniques, ideally quantitative in nature, microscopy can provide
great insight to biofilm investigations.

Population dynamics and molecular functions. Much of what we
know about multi-species biofilm diversity has come from the
application of molecular techniques. As there is no need to culture
the isolates for these techniques a more accurate idea of the
community can be achieved. For example, rRNA analysis has
identified many new divisions127. In marine systems, the majority
of species are still unknown to science, leaving many yet to be
discovered127. Molecular methods are a primary tool for elucidat-
ing species diversity; becoming central to functional diversity and
distribution studies of biofilms128. As advances in molecular
technologies continue to surge along with their use in routine
microbiological investigations, next-generation sequencing tech-
nology (NGS), -omics-based techniques (meta- transcriptomics,
proteomics and metabolomics) and microarray technology in
particular are now becoming conventional in multi-species biofilm
studies.
NGS is a contemporary, high-throughput DNA or RNA sequen-

cing technique that has enabled a more cost-effective and time-
sensitive analysis of sample types from across the life sciences.
NGS techniques are particularly useful for the identification of
unknown sequences; for example, in heterogeneous natural
bacterial populations, and have been used to shed light on
diversity and distribution within biofilms128–130. Omics-based
techniques are also applied to understand a microbial system in
more detail. For example, Beale et al. employed metabolomics and
metagenomics to understand the effect of inorganic nutrients and
pollutants on marine bacteria131. Combining the two techniques
means genotypes and possible capabilities of microorganisms can
be compared against actual metabolic functions. Lastly, micro-
arrays are the technique of choice for understanding environ-
mental responses and diversity in microbial systems on a genetic
level. Microarrays already have an extensive reach into environ-
mental and health research, which is extending into marine
microbiology. To date, microarrays have been applied to evaluate
anthropogenic impacts on marine bacteria132,133, monitoring
bacterioplankton communities134, identifying pathogenic strains
and pollution in seawater135, identification of nutrient shifts in
marine isolates136, detection of marine toxins137 and profiling
marine communities138. Microarray technology will likely continue
to advance and increase in scope of application in coming years;
especially as there are no equivalent techniques for the detection
of genetic markers in heterogeneous samples.

Chemical structure and function. The demand for quantification
and detection of metabolites and EPS components has given
spectroscopic techniques an important place in biofilm research.
Research topics identifying the fundamental components of the

matrix, how the matrix composition changes in response to
various stimuli and influence of these stimuli on metabolisms,
among many other factors, may rely on techniques such as Fourier
transform infrared spectroscopy (FTIR), matrix-assisted laser
desorption or ionisation (MALDI) or nuclear magnetic resonance
(NMR)-based techniques117.
FTIR has been used to characterise marine biofilm EPS with the

aim of screening for anti-biofouling compounds75, to determine
the major saccharide components of the matrix139 and identify
harmful compounds such as heavy metals in marine biofilms140.
MALDI has also been applied extensively in biofilm research. Most
relevant to this review was work applying MALDI in conjunction
with mass spectrometry to characterise EPS components in multi-
species marine biofilms141. MALDI-typing is routinely used for the
identification of single cells in diverse populations142,143. Techni-
ques involving MALDI have seen a surge in advancement as
microbiological identification tools, improving workforce and
analysis time limitations associated with the previous techni-
ques144. Lastly, NMR can be used to characterise the structure of
molecules144. The viewing of matter and its structure is an
important aspect of some biofilm studies. Xiu et al. in 2017
identified a highly motile marine isolate could be inhibited by
another isolate from the same niche through motility suppres-
sion145. Their work employed NMR to elucidate the active
compounds inhibiting motility of the isolate145. This work, while
primarily focused on virulence suppression, represents an
approach to potential multi-species biofilm interactions. NMR is
a powerful tool for identifying potential molecular interactions
between species vital to the establishment of robust natural
biofilms. Like MALDI, the technique has also been applied to
understand the biofilm composition of isolates146, with the
potential to be applied in marine biofilm research.

CONCLUDING REMARKS
Biofouling and MIC results in at least 20% of the US $2.5 trillion
annual losses due to corrosion. Deleterious effects on metals by
microorganisms rely on biofilm formation, which occurs in a series
of discrete stages. In marine environments, problematic biofilms
are characterised by species diversity that gives rise to increased
chemical and environmental tolerance. Yet, natural biofilm
developmental stages, composition, treatment and tolerance
mechanisms are poorly understood. In the past, multi-species
biofilm complexity has led to research challenges relating to
reproducibility and technique limitations, which has impeded the
progress of natural marine biofilm research. Although a great
deal has been learned from single-species simulations, multi-
species research is now possible as a result of recent technical
advancements. Advanced microscopic techniques such as CLSM,
for example, has been used to understand more about
community distribution and interactions, while community
composition and metabolic profile, for example, can be examined
using molecular techniques. Research on marine biofilms on
metals aims to understand complex communities in greater detail
for the purpose of managing materials degradation and the
associated costs.
Current research demonstrates that biofilm formation can be

categorised into distinct stages in marine environments. The
establishment of recalcitrant biofilm structures is governed by the
EPS composition and interactions between the species that exist
in natural marine biofilms. These community members provide
fitness benefits such as tolerance to chemical treatments through
HGT to the other members. Populations can also respond in a
coordinated manner in response to quorum signals. Lastly, marine
biofilms are comprised of subpopulations that can impose
advantageous or deleterious effects on other members. Interac-
tions within multi-species biofilms are therefore important to
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understand in order to effectively control biofilm development on
metallic surfaces.
At present, advancements in technology have permitted

elaboration on some unanswered fundamental questions sur-
rounding the control of complex marine biofilms. This review has
attempted to capture research on some of the most pressing of
these questions, such as how bacteria attach and adhere to
metals, what contributes to the structure of biofilms, how biofilm
composition affects function, how do species within a complex
multi-species system interact, and lastly, what are the most
promising and widely applied techniques for evaluating phenom-
ena in multi-species biofilm research? Research focused on
answering the above questions aims to achieve the ultimate goal
of efficient and sustainable biofilm mitigation on metal surfaces in
marine environments.
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