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Microbial colonization of artificial substrates in coastal areas, which concerns hull
ships, sensors as well as plastic debris, is of huge significance to attain a rational
environmental management. Some surface and environmental drivers of biofilm
development have previously been described but their relative impact on the formation
of biofilms remains unknown while crucial. Especially, there is no evidence of the
relative importance of physical surface properties (wettability, roughness, smoothness)
compared to seawater characteristics in driving biofilm abundance and diversity.
In addition, few studies have considered the temporal evolution of this complex
form of colonization, which often prevent to globally understand the process. Using
experimental facilities in two Mediterrranean locations, a multidisciplinary approach
including surface characterizations as well as seawaterquality analyses, flow cytometry
and 16S rDNA metabarcoding, allowed for the identification of the main drivers of
colonization for two antifouling (AF) coatings. One AF coating released copper (SPC1)
while the other limit colonization thanks to physical properties, namely a low surface
energy, roughness and smoothness (FRC1). Results were obtained over 75 days and
compared to a control surface (PVC). Biofilm development was observed on all surfaces,
with increasing density from AF coatings to PVC. Pionneer bacteria were dissimilar
within all three surface types, however, communities observed on FRC1 converged
toward PVC ones overtime, whereas SPC1 communities remained highly specific.
A remarkably low and unique diversity was found on SPC1 during the experiment as
Alteromonas accounted for more than 90% of the community colonizing this substrate
until 12 days, and remained one of the co-dominant taxa of mature biofilms. Moreover,
clear differences were found between geographical locations. Low nutrients and higher
hydrodymanics in Banyuls bay resulted in less dense biofilms overall compared to
Toulon, but also in a the slower dynamic of biofilm formation. This is illustrated by the
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persistence of pioneer Alteromonas but also Hyphomonadacae after 75 days on SPC1.
We concluded that, even if local environmental conditions influenced the composition
of biofilm communities, particular physical features may control the biofilm density but
not the diversity, while copper releasing coating controlled both. In addition, it is evident
from these results that sequential biofilm dynamics should carefully be considered as
initial processes of formation differed from the long-term ones.

Keywords: biofilm, polymer surface, antifouling coatings, microbial ecotoxicology, molecular ecology

INTRODUCTION

Microbial colonization of immersed surfaces, i.e., biofilm growth,
is a crucial process to control for the management of coastal areas.
Antifouling (AF) coatings are designed to control the biofouling
of ship hulls in order to limit the increase in hull roughness and
vessel weight associated with hull colonization, which leads to
an increase in fuel consumption and associated greenhouse gas
emission, but also to reduce dry-docking and associated costs
(Salta et al., 2013; de Carvalho, 2018). The colonization of surface
by multicellular eukaryotes has been the focus of many studies
but surfaces immersed in seawater always exhibited biofilms
well before propagules reach them, due to high abundance of
microorganisms compared to invertebrate larvae or algae spores.
Then, interactions between biofilms and propagules influence
macrofouling development (Hadfield, 2011; Salta et al., 2013;
Lema et al., 2019), which strengthen the relevance to better
decipher biofilm community drivers. Besides, biofilms are also
involved in the transport of invasive species by ship hulls (Piola
et al., 2009; Sardain et al., 2019), as well as in the degradation
of polymers with the recent massive interest in marine plastic
pollution (Jacquin et al., 2019; Oberbeckmann and Labrenz,
2020) or marine sensors maintenance (Delgado et al., 2021).

Some studies have reported a selective effect of substrate type
on biofilm communities (Webster and Negri, 2006; Lee et al.,
2008; Frere et al., 2018; Oberbeckmann et al., 2018; Ogonowski
et al., 2018; Ding et al., 2019; Kesy et al., 2019; Muthukrishnan
et al., 2019). Differences among conventional polymers are often
limited, especially when immersion time exceeds weeks (Kirstein
et al., 2018; Pinto et al., 2019). However, physico-chemical
substrate characteristics are scarcely measured in field studies
and, consequently, conclusions on their role in shaping biofilm
community composition remained putative as they are only
based on laboratory studies using bacterial strains (Genzer and
Efimenko, 2006). Studies on biofilm communities colonizing AF
coatings have essentially targeted biocidal paints (Self Polishing
Coatings or SPC), generally showing specific effects after end-
point studies with different immersion time, from weeks (Briand
et al., 2012; Camps et al., 2014; Sathe et al., 2016; Yang et al.,
2016a,b; Briand et al., 2017; Sathe et al., 2017; Dobretsov et al.,
2018) to months (Muthukrishnan et al., 2014; von Ammon et al.,
2018; Catão et al., 2019). Fouling Release Coatings (FRC) are AF
coatings with specific physical surface properties such as a low
roughness and elastic modulus. They were developed to decrease
the impact on marine ecosystems associated to the release of
biocides by conventional AF coatings (Lejars et al., 2012). FRC

remained poorly studied in terms of colonizing community, even
if they are known to limit their colonization to microorganisms.
Their study represents a great opportunity to specifically decipher
the relative physical and chemical (biocide) effects that surface
characteristics have on biofilm communities.

Highly abundant and diversified communities have been
described on artificial surfaces, exhibiting dissimilar profiles
depending on immersion locations (Briand et al., 2012;
Oberbeckmann et al., 2016; Curren and Leong, 2018; Lema
et al., 2019; Muthukrishnan et al., 2019; Zhang et al., 2019).
However, (i) only a few studies included several locations with
relevant measures of seawater parameters; (ii) early stages of
bacterial colonization were mostly sampled; (iii) the relative
influence of the substrate properties, never measured, and (iv) the
environmental conditions remained often difficult to interpret as
immersion time and location differed from one study to another.

In this study, we intend to decipher the relative contribution of
substrates and environmental parameters in prokaryotic biofilm
community dynamics. Polyvinyl chloride (PVC) was chosen as
a reference, and immersed together with a FRC and a SPC
at two North-western French Mediterranean sites (Toulon and
Banyuls bays). FRCs are surfaces with a low surface energy,
roughness and elastic modulus which limit the adhesion of
organisms and enhance the fouling release properties. FRC1 is an
ambiguous smooth surface composed of a polydimethylsiloxane
(PDMS)-based elastomer and an amphiphilic additive, which is
able to diffuse at the surface to provide both hydrophilic and
hydrophobic properties (Duong et al., 2015) and disturbs the
settlement of marine organisms. SPC1 contains biocides, mainly
copper derivatives (dicopper oxide, copper pyrithione and zinc
oxide), which are released into the seawater at a constant rate
(Marceaux et al., 2018). Immersion during 75 days was monitored
by eight sampling times at Toulon while only toward the end
of the experimental Banyuls. Wettability and surface roughness
of the substrates, as well as seawater parameters including trace
metal elements, were measured. Biofilm dynamics was studied
both in terms of abundance (Flow cytometry) and diversity (16S
rDNA metabarcoding).

MATERIALS AND METHODS

Experimental Design, Immersion Sites,
and Environmental Variables
Forty two panels (5 × 5 cm) for each of the sandblasted PVC,
the commercial biocidal coating called SPC1 and the commercial
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fouling release coating called FRC1 were immersed for 1–75 days
in a semi-enclosed basin in the military harbor in the Bay
of Toulon (43◦06′25′′N; 5◦55′41′′E) (18th June–1st September
2015). A static permanent raft enabled the immersion of panels at
1-m depth and seven sampling times were chosen: 1, 4, 8, 12, 20,
28, and 75 days. The immersion of 6 panels of the three substrates
was also carried out within the bay of Banyuls-sur-Mer with only
one sampling time after 75 days. A metallic frame was hung under
the Oceanographic buoy SOLA, allowing the immersion of panels
at 2 m’ depth. This site is located 1 km off the coast with a depth of
27 m (47◦27′13′′N; 03◦32′360′′ E). Due to the very low turbidity
of the sites allowing similar light availability, and the lack of water
column stratification, immersion at 1 or 2 m’ depth should be
considered as similar. In addition, at each site, all the coupons
were directed in the same way without any possible rotation.
FRCs are surfaces with a low surface energy, roughness and elastic
modulus which limit the adhesion of organisms and enhance the
fouling release properties. FRC1 is an ambiguous smooth surface
composed of a polydimethylsiloxane (PDMS)-based elastomer
and an amphiphilic additive, which is able to diffuse at the surface
to provide both hydrophilic and hydrophobic properties (Duong
et al., 2015) and disturbs the settlement of marine organisms.
SPC1 contains biocides, mainly copper derivatives (dicopper
oxide, copper pyrithione and zinc oxide), which are released into
the seawater at a constant rate (Marceaux et al., 2018). For all the
substrates and conditions, half of the panels were dedicated to
flow cytometry analyses and the other to metabarcoding analyses,
all in triplicates.

For each sampling time point at Toulon, water temperature,
pH and salinity were measured using a Hydrolab R© DS5X probe
(Hatch Hydromet, United States). Dissolved organic carbon
(DOC) and total nitrogen (TN) were analyzed on a TOC-VCSH
analyzer (Shimadzu) (Oursel et al., 2013). Nutrients (NO3

−,
PO4

3−, Si(OH)4) were analyzed using standard colorimetric
methods for seawater (Coclet et al., 2018). Data from the same
environmental variables were obtained at Banyuls-sur Mer from
the SOMLIT website.1

Finally, trace metal (Cd, Cu, Pb, Zn) concentrations were
determined at the two sampling sites by voltammetry on fully
automated Metrohm/Ecochemie system (Cindric et al., 2015).

Initial Substrates Characterization
Wettability was evaluated by measuring static water contact
angles θstat, using a DIGIDROP contact angle meter from GBX
Scientific Ltd. (United Kingdom) equipped with a syringe and
a flat-tipped needle. The substrates were previously cleaned
with deionized water and dried under ambient conditions for
48 h before measurements. The reported θstat values were an
average of five individual measurements, made on 1 µL-droplets
of deionized water, deposited on different regions of the same
substrate. Dynamic contact angle measurements experiments
were also carried out by the advancing-receding drop method.
A 1 µL-droplet is first deposited at the surface, keeping the needle
inside the droplet. Then, the liquid is slowly dispensed until a
final drop volume of 5–10 µL, followed by a withdrawal at a

1https://www.somlit.fr/

rate of 0.75 µL.s-1. For each coating, the reported advancing (θa)
and receding (θr) water contact angles were the average values
obtained from 1 cycle of advancing-receding of 5 deionized water
drops. The hysteresis H (H = θa-θr) was also calculated.

Surface roughness profiles were measured by a contact type
stylus surface profiler Formtalysurf 50 from Taylor Hobson Ltd.
(United Kingdom) using a 2 µm-radius tip and a 0.1 µm-radius
diamond tip with a minimum applicable 1 mN-stylus load. The
stylus moved across 15 mm-length of the substrate at a constant
velocity of 0.50 mm.s-1 to obtain surface height variations. The
arithmetic mean deviation values of roughness (Ra) and waviness
(Wa) were assessed from the average of three measurements.
A microroughness filter λs is currently used to eliminate from the
primary profile, the roughness which is not specific to the sample,
but which is generated by the external environment, in particular
by the background noise of the device. In other words, this filter
makes it possible to compare the results provided by measuring
devices of different manufacturers. A λs value of 0.0025 mm was
taken for all samples. λc is an essential parameter since it allows
to discriminate the roughness from the waviness of the primary
profile. The choice of the cut-off theoretically depends on the
nature of the profile (periodic or aperiodic) and its structure. In
the ISO 4288-1996 standard, there are tables that allow you to
know what value to give to the cut-off depending on the type of
profile. Once the analysis is finished, the choice of the cut-off is
checked again by comparing the Ra values obtained. In our case,
the selected cut-off was λc = 0.8 mm because the Ra values of
coatings were comprised between 0.1 and 2 µm.

Heterotrophic Prokaryotes Abundance
For each sampling points, three panels were used to estimate
abundances of heterotrophic prokaryotes by flow cytometry
(Camps et al., 2014; Briand et al., 2017; Pollet et al., 2018; Catão
et al., 2019). Panels were totally scraped using sterile scalpels and
the collected biofilms were fixed with 4 ml of a 2% formaldehyde–
solution prepared in sterile artificial seawater (ASW). Samples
were quickly frozen in liquid nitrogen and maintained at –80◦C
until analysis. Prior to the analysis, an experimental procedure
was applied to release and separate the microbial cells from the
EPS matrix, including sodium pyrophosphate and Tween R© 80
addition and centrifugation step (Camps et al., 2014). Results
were then gated by cell size using fluorescent beads and only
cells under 2 µm were considered. Abundances of hetrotrophic
prokaryotes were estimated using a BD AccuriTM C6 flow
cytometer (BD Biosciences) using Sybr green. Data were acquired
using BD Accuri CFlow Plus software and abundances were
expressed as number of cells per cm−2. Data on PVC were
published alone before (Pollet et al., 2018).

DNA Extraction, Amplification, and
Sequencing
For each sampling points, three panels were used for DNA
extraction. Panels were totally scraped and biofilms were
immediately dropped into liquid nitrogen and maintained at –
80◦C. DNA was extracted using PowerBiofilm DNA isolation Kits
(Qiagen) following the supplier’s instructions.
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The V4 region of the bacterial and archaeal 16S
rRNA genes was targeted. The 16S forward primer 515Y
(GTGYCAGCMGCCGCGGTAA) and the 16S reverse primer
926R (CCGYCAATTYMTTTRAGTTT) (Parada et al., 2016)
were chosen due to the high coverage of the prokaryotic diversity,
including Archaea (Pollet et al., 2018). The PCR reaction (50 µL)
contained 10 µL of 5 × HotStar HiFidelity PCR buffer, 1µM of
each primer, 2.5U of HotStar High Fidelity DNA polymerase
and approximately 2ng of DNA. The following thermal cycling
scheme was used: initial denaturation at 95◦C for 5min, 25 cycles
of denaturation at 95◦C for 45s, annealing at 50◦C for 1 min,
followed by extension at 72◦C for 1 min. The final extension
was carried out at 72◦C for 10min. Negative controls were
performed by using the reaction mixture without template.
Following the PCR step including controls, amplicons were
cleaned and concentrated using 1X magnetic Agencourt AMPure
XP beads (Beckman Coulter, Brea, CA). Concentrated DNA
was quantified by PicoGreen fluorescence assay (Quant-iTTM

PicoGreen R© dsDNA Assay Kit, Thermo Fischer Scientific)
and pooled at equimolar concentrations. The equimolar mix
was sequenced by GENOSCREEN (Lille, France) using Miseq
Illumina 2× 250 bp chemistry.

Sequencing Data Processing
Sequence processing and quality control were used using
DADA2 software on R (Callahan et al., 2016). DADA2 was
performed on primer-free reads to eliminate poor quality reads.
After dereplication and learn error rates determination using
default settings to remove sequences containing potential errors,
chimeras were also removed. Paired end reads were merged to
construct amplicon sequence variants (ASVs) for prokaryotic
communities. ASVs were taxonomically assigned using SILVA
16S rDNA gene reference database (release 138). Chloroplast,
mitochondrial, unclassified and singletons sequences were
excluded from final dataset. Data on PVC were published alone
before but using MOTHUR (Pollet et al., 2018).

Statistical Analyses
The ASV table from DADA2 was converted to biom format
and imported in phyloseq (v.1.36.0) in R for data visualization
and statistical analysis. Samples were rarefied with relative
normalization method and ASV read counts were aggregated
on the genus level. Using the rarefied dataset, alpha and beta
diversity analyses were conducted with Vegan package (v.2.5-7).
We examined the diversity models by exploring three different
metrics which are the chao1, Shannon and Pielou indices.
Differences in the ASV diversity, as well as prokaryotic densities
determined by flow cytometry, were analyzed using one-way
ANOVA followed by Tukey Honest Significant Difference (HSD)
test (p < 0.05). Bray Curtis dissimilarity matrices were computed
and used to generate non-multidimensional scaling (NMDS)
to visualize the distribution of samples. Permutational analysis
of variance (PERMANOVA) tests were carried out following
Site, Material and Time as factors. Regression of supplementary
environmental variables to ordination axes in unconstrained
ordination (NMDS) was calculated with the envfit function
(Vegan). Biomarkers, corresponding to differentially abundant

taxa between coatings and sites, were identified with linear
discriminant analysis (LDA) with effect size (LEfSe) (Segata
et al., 2011) in the Galaxy environment (GENOTOUL Platform).
LDA > 3.5 was applied for selection.

Network co-occurrence analysis was performed with CONET
plugin (Faust and Raes, 2016) within Cytoscape version 3.8.2
(Shannon et al., 2003). Significant correlations between ASVs
(positive and negative) were obtained by a combination of
Spearman and Pearson correlations and Bray-Curtis or Kullback-
Leibler dissimilarities, selecting the 200 top and bottom edges
in the automatic threshold. CoNet was used for rows shuffling
and detection of only correlations with p-value < 0.05 after
Bonferroni test correction and bootstrap filtering of unstable
edges (Brown method for p-value merge).

RESULTS

Seawater Parameters in the Two
Mediterranean Areas
Temperature, salinity, pH, DOC and TN were similar at
the two sites showing typical North-Western Mediterranean
values (Supplementary Table 1). Conversely, both nutrients
and dissolved metals exhibited higher concentrations at Toulon.
While nitrates and phosphates were near the detection limits
(0.01µM) at Banyuls, they reached values as high as 1.98 and
0.14µM at Toulon, respectively. The enrichment factor in Toulon
with reference to Banyuls was higher for metals, reaching 10–20
for Cd, Pb and Cu and as high as 30–60 for Zn.

Initial Surfaces Roughness and
Wettability
PVC and SPC1 were rougher (highest Ra values) than the FRC1
(Supplementary Table 2). In addition, the waviness (Wa) showed
that the rough PVC surface had more peaks (lower Wa) than
the SPC1 surface and the FRC1. FRC1 presented a hydrophobic
surface (θstat and θa > 100◦), and a high hysteresis (H) indicated
an heterogeneous surface. Due to the presence of amphiphilic
additives, the FRC1 surface is expected to have a chemical surface
reorganization upon contact with water, with different degrees
of hydrophilicity depending on the amount of hydrophobic
and hydrophilic phases (Duong et al., 2015). Despite its inert
surface, the PVC presented similar behavior than FRC1 with high
hydrophobicity and hysteresis. This behavior could be explained
by its higher roughness which limits the spreading of the water
drop and retains water in asperities during its removal. SPC1
exhibited a hydrophilic surface with a lower hysteresis.

Contact angle measurements could not be carried out after the
colonization occurred.

Density Dynamics of Biofilm
Hetrotrophic Prokaryotic Communities
for 75 Days
Densities as high as 3.5 × 104 cells/cm2 could be observed after
a day for both the reference PVC surface and FRC1 whereas
SPC1 value remained significantly lower (6.7 × 103 cells/cm2,
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FIGURE 1 | Prokaryotic density colonizing PVC as well as two AF coatings (SPC1 and FRC1) from 1 to 75 days at Toulon bay (A) and after 75 days only at Banyuls
bay (B) using Flow cytometry analyses. Statistical differences between sites were shown as follows: ∗∗ (p < 0.01), ∗(p < 0.05).

p < 0.05) at Toulon (Figure 1 and Supplementary Figure 1).
The progressive increase of densities for all the surfaces led
to significantly lower values for FRC1 (6.3 × 107 cells/cm2)
and SPC1 (1.9 × 108 cells/cm2) compared to PVC (7.2 × 108

cells/cm2) after 75 days (p < 0.05). At Banyuls, FRC1 showed
higher densities compared to SPC1, both of them significantly
lower than PVC at T75 too (p < 0.05). Whatever the substrate,
densities at Banyuls were overall lower than their counterparts at
Toulon (p < 0.05).

α-Diversity for 75 Days at Toulon and
Banyuls
Numerous AF coatings samples exhibited low biomass, leading
to amplification issues (SPC1 and FRC1 at T1, one PVC replicate
at both T1 and T75 at Toulon, one FRC1 replicate at Banyuls)
The Illumina Miseq run produced 829,149 paired-end reads.
2324 ASVs could be generated after clustering. Archaea were
excluded (< 0.5%).

Both richness (Chao1) and diversity indices (Shannon and
Pielou) showed the same temporal and surface relative trends at
Toulon, with less significant differences for richness (Figure 2,
ANOVA and Post hoc Tukey test, Supplementary Table 3).
Alpha-diversity for the reference surface (PVC) rapidly increased
and remained high and constant. Exhibiting very low values at
T4 and T8 for SPC1, all the SPC1 and FRC1 indices showed
a significant increase (p < 0.0001) with a lag of several days
depending on the indices for the latter. Only after 75 days of
immersion, induce showed no significant difference at both sites.

Dynamics of the β-Diversity for 75 Days
at Toulon
Dissimilar temporal dynamics from T1 to T75 could be observed
(Figure 3). Although communities on FRC1 and PVC tended to

converge with time, SPC1 remained specific until T75, showing
more similarity with early PVC ones.

At T1, the co-dominance of three genera was reported
on PVC: Oleibacter sp., a potential hydrocarbonoclaste taxa
among the Saccharospirillaceae (Gammaproteobacteria),
Alteromonas spp. (Alteromonadaceae, Gammaproteobacteria)
and Tenacibaculum spp. (Flavobacteriaceae, Bacteroidia) (37,
18, and 7% of the sequences, respectively) (Figure 4). Other
Flavobacteriaceae represented also a significant part of the
early community on PVC, with Polaribacter and Dokdonia
or Rhodobacteraceae including Tateyamaria. Then Oleibacter
and Alteromonas decreased rapidly with the late emergence
of Candidatus Endoecteinascidia (Piscirickettsiaceae). The
increase of Alphaproteobacteria was noticed in parallel, mainly
Rhodobacteraceae (18%, especially unclassified, Ruegeria or
Tatayemaria) and Cyanobacteria (17%, mainly Xenococcus and
an unknown Phormidesmiaceae) together with the keeping of
Flavobacteriaceae (13%, mainly Tenacibaculum, unclassified and
Gilvibacter).

SPC1 exhibited a remarkable profile with Alteromonas
(Gammaproteobacteria) accounting for more than 80%
of the sequences until T8 (Figure 4). Among them,
A. genovensis, A. gracilis, A. macleodii, A. mediterranea
and unidentified species could be noticed. A. gracilis
represented around 30% of Alteromonas reads at T4 and
A. genovensis represented around 10% of Alteromonas
reads at T4 and T8, before Alteromonas spp. was only
detected (Supplementary Figure 2). Aestuariibacter,
(Alteromonadaceae) and Marinobacter (Marinobacteraceae)
remained between 4 and 23% of the reads all along the
sampling time (highest% were reached at T12). A third
Gammaproteobacteria, displayed similar percents. Together, the
three Gammaproteobacteria represented 70% of the reads until
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FIGURE 2 | Alpha-diversity indexes (Chao1, Shannon, and Pielou) corresponding to the prokaryotic communities on the different substrates (PVC and two AF
coatings, SPC1 and FRC1), time and site (T1-T75 at Toulon bay and T75 only at Banyuls bay). Error bars stand for standard deviations. ANOVA and post hoc Tuckey
tests were shown in Supplementary Table 3.

T20. The progressive diversification of the community observed
from T20 lead to the dominance of the Flavobacteriaceae,
reaching 23–32% of the reads at T75 (mainly Aurantivirga,
but also Aureisphaera and Croceitalea). Together with
Alteromonas (7%) and Aestuariibacter (7%), Erythrobacter
(Sphingomonadaceae), SM1A02 (Phycisphaeraceae),
Rhodobacteraceae, especially unclassified and Loktanella,
were the most represented taxa.

Communities on FRC1 were dominated by Alteromonas ASVs
as for SPC1 (73–26%) and also Oleibacter as for PVC (17–2%)

until T8 (Figure 4). 15% of Alteromonas reads were identified
as A. gracilis at T4 before Alteromonas spp. was only detected
(Supplementary Figure 2). Similarly to SPC1, Aestuariibacter
completed the early community (6–26%). Communities on
FRC1 underwent a quicker and higher diversification compared
to SPC1, and Alteromonas became nearly undetectable at
T75. In addition, Methyloligellaceae (Alphaproteobacteria)
reached 18% at T275. Litorimonas (Hyphomonadaceae) and
Cycloclasticus (Cycloclasticaceae) reached 10 and 6% of the
reads, respectively.
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FIGURE 3 | NMDS showing dynamics of prokaryotic communities at Toulon from 1 to 75 days on the three substrates in triplicates (PVC and the two AF coatings,
SPC and FRC) based on Bray and Curtis dissimilarity (Kruskal stress = 0.184).

Spatial Variations of Biofilm
Communities
NMDS based on Bray-Curtis dissimilarities at T75 at the two
sites (Figure 5) showed that the main discriminant factor was the
presence of copper in coatings, while a significant site effect could
be observed only secondarily (PERMANOVA, p < 0.0001).

The dissimilarity between sites on PVC could be assigned
mainly to nutrients, metals and salinity, all higher at Toulon
(Supplementary Figure 3). Difference in composition on PVC
at the two sites was mainly associated with variations in the
relative abundance of Cyanobacteria with a highest abundance
at Banyuls (47% of reads compared to 16% at Toulon). In
addition filamentous Acrophormium (Phormidesmiaceae)
and Oscillatoriaceae dominated at Banyuls while Xenococcus
and another Phormidesmiaceae represented the dominant
Cyanobacteria at Toulon. Marinicella (Gammaproteobacteria),
Blastopirellula (Planctomycetes), several genera among
Flavobacteriaceae, Ruegeria and an unknown Rhodobacteriaceae
and Saprospiraceae also distinguished biofilms at Banyuls
compared to Toulon (Figure 6). SPC1 community at
Banyuls differed from PVC at the same site or from the
SPC1 at Toulon especially due to a significantly higher
proportion of Alteromonas, Aestuariibacter and an unknown
Hyphomonadaceae.

Linear discriminant analysis with effect size (LEfSe) was
performed at T75 (Figure 7) showing that PVC biomarker
at Toulon couldn’t be identified. Cyanobacteria (especially
Phormidesmiaceae) and Rugiera (Rhodobacteraceae) were
specific to PVC at Banyuls, although detected on PVC and
FRC1 at both sites. Similarly, Saprospiraceae and unknown
Rhobacteraceae appeared as FRC1 biomarkers at Banyuls but
were also observed at lower% on PVC. Caulobacterales (including
Litorimonas) as well as Arenicellaceae displayed differential

relative abundances on FRC1 at Toulon. Enteromonadales,
especially Alteromonas and Aestuariibacter, together with
Pseudomonadales, showed differential relative abundances on
SPC1 at Banyuls whereas Cytophagales (mainly Fabibacter),
Erythrobacter and Marinicella were more specific to SPC1 at
Toulon

A co-occurrence network analysis was achieved to identify
central ASVs among the mature biofilm communities (T75).
34 nodes (ASVs) constituted the major cluster of the network
associated to 159 degrees or edges, corresponding to significant
relationships between them (Figure 8 and Supplementary
Table 4). Ten genera were represented with specific
characteristics. Alteromonas (6 ASVs) and Aestuariibacter
(8 ASVs), which were both abundant on SPC1 at both sites,
displayed positive edges among themselves while negative ones
with Ruegeria and Cyanobacteria (Leptolyngbya and Xenococcus),
conversely abundant on PVC and FRC1 at both sites. Gilvibacter
(4 ASVs) displayed positive edges among themselves and with
Aestuariibacter (1 ASV), while negative edges were observed
with one Methyloligellaceae and Leptolyngbia, mostly abundant
on FRC1. Hyphomonodaceae mostly exhibited positive edges
with Aestuariibacter and negative edges with Ruegeria and
Xenococcus. Finally, two Cycloclasticus ASVs, mostly abundant
on FRC1 at Toulon, were separated from the main cluster.

DISCUSSION

Alteromonas, a Pioneer and Copper
Resistant Prokaryote Genus
Alteromonas represented, after 4 days, the early dominant
genus with 13, 70, and 89% of the reads on PVC, FRC1 and
SPC1, respectively. However, PVC plates exhibited much more
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FIGURE 4 | Dynamics of the relative abundance of the bacterial genera from T1 to T75 for PVC, SPC1, and FRC1 (including replicates) at Toulon. Others
corresponded to genera with a relative abundance lower than 0.5%.
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FIGURE 5 | NMDS of the prokaryotic communities on the three substrates in triplicates (PVC, FRC1, and SPC) after 75 days of immersion at Toulon and Banyuls.

FIGURE 6 | Relative abundance at the genus level after 75 days of immersion at Toulon and Banyuls on the different surfaces (triplicates except PVC at Toulon and
FRC1 at Banyuls that displayed only duplicates). Others were genera representing less than 0.5% of the reads.

diversified communities than SPC ones immersed 10 cm over.
As there is no reason that all early colonizers were resistant
to copper, Alteromonas were probably the only pioneers to be
resistant to copper. This genus was already mentioned as a
pioneer taxa in both temperate and tropical coastal seawaters
on plastics on the South Carolina coast (Dang and Lovell,
2000) and the Northern Adriatic (Pinto et al., 2019), and

other substrates (acryl, glass, steel, fiberglass) on the Korean
coast (Lee et al., 2008) and Indian ocean (Rampadarath et al.,
2017). Alteromonas spp. are mainly known as marine generalist
copiotrophs, with the ability to degrade a broad range of organic
substrates (Dang and Lovell, 2016), especially artificial surface
conditioning films. Common adhesion properties like active
swimming or surface adhesion mechanisms, involving outer-cell
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FIGURE 7 | LefSe analysis after 75 days of immersion at Toulon and Banyuls for the three surfaces (PVC, SPC1, and FRC1).

FIGURE 8 | Network co-occurrence analysis performed with CONET for samples after 75 days of immersion at both sites. Colors of ASVs corresponded to genera
while pie charts indicated their relative abundance on the three coatings (PVC, SPC1, and FRC1) at the two sites (Toulon and Banyuls).

structures (as flagella, fimbriae, pili or curli) or adhesins are not
particularly described for Alteromonas. However, the number
of genes encoding diguanylate cyclases, which synthetize the
c-di-GMP, an intracellular signaling compound that, among

other functions, coordinates the transition from a motile to a
biofilm lifestyle (Römling et al., 2013), was found higher in
A. macleodii than Pseudomonas aeruginosa or Escherichia coli
genomes, two biofilm forming model strains (Cusick et al., 2017).
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A gene involved in the lipopolysaccharide synthesis, one of
the main components of the outer membrane used to attach
to substrates, was also reported by same authors to be highly
induced. Moreover, additional cell characteristics may favor early
colonization processes too. Its ability to be highly resistant to
solar radiation, while non-pigmented (Agogué et al., 2005; Bacosa
et al., 2015), may be an additional selective factor, not needed
for later colonizers which take advantage of the EPS matrix
produced and diatoms presence, in the biofilm community. As
a matter of fact, the diversification of the biofilm community on
SPC1 involved pigmented diatoms from T4 (data not shown).
Moreover, Alteromonas was reported to be a dominant colonizer
of copper-based SPCs after 1–4 weeks in marinas from two
dissimilar environments, i.e., Singapore (Chen et al., 2013) and
the Swedish West coast (Flach et al., 2017). Two hypotheses are
generally proposed to explain such a metal resistance/tolerance
mechanism: the occurrence of metal resistance genes (MRG)
(Flach et al., 2017; Roberto et al., 2019; Catao et al., 2021) and
the exopolymeric substances production (EPS) (Flemming et al.,
2016). The former was recently demonstrated for several MRG,
including copper specific (cusA, copA, and CueO) or not (czcA
and pbrT), on substrates including copper-released coatings in
the Bay of Toulon but also in a port of the French Atlantic coast
in Brittany (Lorient) and in the tropical Indian ocean (Reunion
island). Alteromonas showed the strongest correlation at the
genus level with cusA whatever the site and coatings (Catao et al.,
2021). However, the bay of Toulon appeared unique with high
MRG abundance in all biofilm including on PVC after 30 days,
together with particular communities on copper based coatings
as also shown here. This could indicate that the selection on SPC
coatings during the diversification that occurred with time will
be based on alternative properties to manage copper like EPS
production. Whole-genome sequencing of A. macleodii strains,
isolated from copper alloy coupons but barely identified in our
study, also indicated the presence of Cue, Cus, or Cop systems.
They were identified in multiple megaplasmids which are known
to be key vectors in horizontal gene transfer (Cusick et al., 2020).

Alteromonas was also identified at Banyuls on SPC1, but with
higher relative abundance than at Toulon after 75 days. We may
suppose that lower available inorganic nutrients at Banyuls could
have slowed down the dynamics compared to Toulon and/or
the higher hydrodynamic, experienced at Banyuls due to the
location one km far from the coast with a 27 m depth, could
have maintained unfavorable conditions for biofilm growth as
also reflected by lower densities.

Copper-Releasing Coatings Strongly
Control Biofilm Density and Diversity
Dynamics
Previous studies have already reported that biocidal coatings
exhibited dissimilar communities compared to non-biocidal ones
using end-point studies (from a month to a year) in the Oman
sea (Muthukrishnan et al., 2014; Dobretsov et al., 2018), the
North Western Mediterranean sea (Camps et al., 2014; Briand
et al., 2017; Briand et al., 2018; Catão et al., 2019), the Florida
coast (Zargiel et al., 2011), the French Atlantic and Indian oceans
(Catao et al., 2021) and the Auckland Marina (New Zealand)

(von Ammon et al., 2018). However, sequential dynamics have
never been studied. Early communities suffered a strong selective
pressure due to copper as described above, which explained a
lower density and diversity compared to the reference (PVC)
for the 75 days of immersion. SPC 1 is a seawater-hydrolyzable
coatings with self-polishing behavior (Marceaux et al., 2018).
The release of copper ions from this coating relies on both the
dissolution of Cu2O and the erosion of the polymer matrix.
Higher release rate of copper is commonly observed in the early
stages of immersion (personal data) before equilibrium is reached
between the dissolution kinetics of the biocides and the erosion
kinetics of the hydrolyzable polymer matrix. This could result
in a potential impact on early bacterial selection. Nevertheless,
the biofilm diversity increased with time and Alteromonas
spp. became only one of the co-dominant taxa at T75,
together with a close phylogenetic-related genus Aestuariibacter,
Aurantivirga, Aureisphaera and Croceitalea (Flavobacteriaceae),
or Loktanella (Rhodobacteraceae). Some of them even became
surface biomarkers like Erythrobacter (Sphingomonadaceae),
Most of them were already reported in previous studies including
in the Toulon bay like Erythrobacter (Dobretsov et al., 2018;
Catão et al., 2019). As physico-chemical parameters didn’t
vary significantly during the time scale of the experiment
(Redundancy analysis not significant, data not shown), additional
factor would be involved. Then, as metal resistance genes were
not exclusively described for these selected taxa, two hypotheses
remained: (i) taxa without adhesion capacities but with copper
resistant genes will progressively embed the biofilm community,
taking advantages of the matrix generated by early taxa. As
copper resistant genes could be shared by horizontal gene
transfer among the prokaryotic community, taxa from diversified
taxonomic origin were involved, (ii) taxa able to produce EPS, but
without particular gene resistance occurrence, were progressively
involved in the building of the biofilm structure, as EPS trapped
copper released by the coating. The latter hypothesis could join
the former as copper resistance genes from early taxa could
be spread to the entire biofilm community by horizontal gene
transfer which is known to occurred intensively in marine
biofilms (Dang and Lovell, 2016).

Similar communities were observed on SPC1 at T75 and
after a year of immersion in the same site the same year
(Catão et al., 2019). This allowed to conclude that mature
communities were reached between 28 and 75 days of immersion
in the Bay of Toulon.

Physical Features May Control the
Biofilm Density but Not Diversity
Biofilm dynamics on PVC have been already described in
Pollet et al. (2018). Briefly, a rapid and intense colonization of
the PVC occurred during the first days following immersion,
including a rapid diversification of the biofilm community
reaching a highly diversified and stable community after 4–
8 days. Gammaproteobacteria from the genus Oleibacter strongly
dominated microbial communities during the first hours of
biofilm formation. These pioneer communities were quickly
replaced by Alphaproteobacteria and Flavobacteria. We showed
that Flavobacteria might be key actors in the functioning of
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marine biofilms. Bacterial communities exhibited fast temporal
dynamics with taxa displaying rapid increases and declines.
With 2/3 of positive connections between bacterial OTUs, a
network analysis showed that biofilm communities were more
inclined to develop inter-specific cooperation than competition.
The network analysis performed here, including metal-releasing
coatings, was conversely dominated by negative connections as
discussed below. Cyanobacteria mainly filamentous at Banyuls,
but also unicellular (Xenococaceae) at Toulon, were reported
as biomarkers of PVC. This implies that no heterotrophic
abundant taxa was specific of this surface, which is supported
by a high diversity and evenness characteristic of a stabilized
(or mature) community, including typical biofilm taxa such
as Deltaproteobacteria, Planctomycetes or Verrucomicrobiales.
The former belongs to the sulfate-reducing bacteria which
found anoxygenic conditions inside the biofilm. Planctomycetes
are poorly studied “maverick” bacteria (Wiegand et al., 2018),
highly represented in activated sludge and among algal
surface associated community. Functions like metal binding
extrapolymeric proteins or stress response could explain the
success of this taxa among the biofilm community (Bondoso
et al., 2017; Chen et al., 2019).

FRCs have been developed to be alternatives to biocidal
coatings and more environmentally friendly AF strategies. FRCs
aimed to minimize the adhesion of fouling organisms on ship
hulls, so that they can be removed by hydrodynamic stress during
navigation or by a simple mechanical cleaning. In addition, the
smoothness of FRCs enables them to reduce the drag of the
vessel and therefore reduce fuel consumption and greenhouse gas
emissions (Lejars et al., 2012). FRC1 properties actually limited
the prokaryotic colonization, exhibiting the lowest density
throughout the study at Toulon, ten times less than PVC after
75 days of immersion. Community dynamics appeared also
definitely slowed compared to the PVC, with early stages showing
a lower alpha diversity with the dominance of Alteromonas, as for
SPC1. This genus was already reported to be an early colonizer on
plastics (Pinto et al., 2019). Its ability to attach to such smooth,
soft and amphiphilic FRC1 surface confirmed a great potential
of adhesion which would be interesting to better characterize,
as several mechanisms including flagella, pili, curli, holdfast or
EPS production could be involved (Flemming and Wingender,
2010; Cusick et al., 2017). Cusick et al. (2020) mentioned that
metal resistance genes were not detected in all Alteromonas
strains, but only in those isolated from copper alloy coupons.
However, Catao et al. (2021) recently reported that MRG showed
similar occurrence in biofilm from both AF and PVC surfaces
especially in the Toulon bay, with probable link to a long history
of metal contamination. This is in accordance with the fact that
identical early colonizers could be identified on SPC1 and FRC1
here. Oleibacter, as for PVC and an additional Alteromonadaceae
genus (Aestuariibacter), completed the early communities on
FRC1, which allow to hypothesize that early colonizers on PVC
were potentially not fully described with a sampling after 24 h,
all the more that the alpha diversity was already high. Both local
seawater (see below) and physical surface characteristics control
the temporal dynamics, which could explain why early colonizers
described in the literature were diverse. Only the study of the

dynamics may allow to definitely identified early colonizers at
one site. However, the diversification and the concurrent increase
of the diversity of the biofilm community on FRC1 occurred
during the 12–20 days of immersion, with a convergence of
the assemblage on the PVC as clearly showed by the NMDS
(Figure 3). Similar clustering was kept at very long immersion
time (1 year), including in dynamic conditions (Catão et al.,
2019). The similarity of mature communities on PVC and FRC1
appeared consistent with the already reported low influence of
the plastic type on mature biofilm community structures when
immersed at the same location (Lee et al., 2014; Kirstein et al.,
2018; Pinto et al., 2019). Physical properties of substrates like
wettability, roughness or softness have been described to limit
the microbial density and select only early communities as also
observed in South Carolina (Dang and Lovell, 2000), South Korea
(Lee et al., 2008) or Croatia (Pinto et al., 2019). We clearly
conclude that physical factors of substrate lose their influence on
bacterial community structure with time.

Spatial Biofilm Community Dissimilarities
Between the Two Mediterranean Sites
Could Be Associated to Variations in
Hydrodynamics and Seawater Metals
Concentrations
Previous comparisons with sites in the Atlantic or Indian oceans
already showed us that temperature, salinity, nutrients and metals
could shape dissimilar biofilm communities on both plastic and
AF surfaces (Briand et al., 2017; Catao et al., 2021). Salinity was
also proposed to be a key biofilm community driver on plastics in
the Baltic sea (Oberbeckmann et al., 2018). However, these sites
exhibited several different environmental characteristics which
implies a complex multifactorial control and we intended to test
closer environmental conditions that could be found in the same
Mediterranean region, where temperature and salinity are similar
and mostly the anthropic impact changes with lower nutrients
and metal contaminants availability in the Bay of Banyuls.

If SPC1 and FRC1 at both locations exhibited lower densities
compared to PVC, they both seemed more efficient antifoulings at
Banyuls, probably taking advantage of a higher hydrodynamics.
Indeed, the location of the SOLA buoy, 1 km far from the coast
with a 27 m depth, implies stronger currents that could limit
biofilm densities, probably together with the lower nutrients
availability, as also already reported on 1 year old biofilms
(Catão et al., 2019). Moreover, it may have also accelerated
the coating erosion and release of copper, increasing the SPCs
efficacy (Bressy et al., 2009). As observed at Toulon, biofilms at
Banyuls on SPC1 were clearly dissimilar from the ones on PVC
and FRC1, the latter in addition showing a higher similarity.
α diversity was similar on both locations for the different
coatings but, as mentioned above, hydrodynamics and perhaps
low nutrient availability, may have slowed biofilm dynamics
on SPC1, explaining a higher Alteromonas relative abundance
at Banyuls. In addition, the significant discrepancy between
sites on SPC1 was also associated to the occurrence of an
unknown genus of Hyphomonadaceae, which are known to
produce a polar holdfast enabling the attachment on surfaces.
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Such functional feature provides a selective advantage as pioneer
taxa (Langille and Weiner, 1998; Dang and Lovell, 2016),
which reinforces the hypothesis of a less mature biofilm on
SPC1 at Banyuls. Considering FRC1, higher currents at Banyuls
surely favorized the detachment of biofilm as such coatings are
designed to minimize the attachment forces through low surface
energy, roughness and elastic modulus. These high fouling
release properties could explain its higher efficiency at Banyuls
compared to Toulon.

Moreover, Desulfovibrionaceae (Halodesulfovibrio) and a
tunicate endosymbiont (Candidatus endocteinascidia) (Pérez-
Matos et al., 2007) were two of the five taxa explaining most of
the dissimilarity between highly diversified biofilms on PVC at
Toulon and Banyuls (SIMPER analysis), and representing higher
relative percentages of reads at Toulon. Desulfovibrionaceae
belongs to Deltaproteobacteria and especially anaerobic sulfate-
reducing bacteria. They are well known to develop in the central
part of mature biofilms which is characterized by low oxygen
amounts (McDougald et al., 2011). Tunicates are invertebrate
macrofoulers often observed at the bay of Toulon after several
weeks of immersion on PVC (Briand et al., 2018) and consistent
with visual observations (Supplementary Figure 3).

ASVs highlighted with the co-occurrence network
analysis and that belong to PVC communities, were Rugiera
(Rhodobacteraceae), Gilvibacter (Flavobacteriaceae) but
also Cyanobacteria. Especially, Banyuls biofilms on PVC
exhibited a large community of Cyanobacteria. If the coccoid
Xenococcus occurred at both sites, filamentous Nostocales and
Phormidesmiaceae displayed high relative percentages (around
47%) on PVC at Banyuls. Such specificity, compared to other
sites in harbors or marinas studied elsewhere, could be linked
to the low metal seawater concentrations, especially copper
derivatives which are widely used as algicides. Using a 16S
rRNA sequencing approach, only one other study reported
Cyanobacteria as main contributors of biofilm community
on artificial substrates in a marina in the Oman sea, but
including AF coatings (Muthukrishnan et al., 2014). These
may indicate that these diversified Cyanobacteria (coccoids
and filamentous taxa including Acaryochloris, Phormidium,
Leptolyngbya, or Oscillatoria) were probably adapted to high
metal concentrations, conversely to our study.

Apart from density, nutrients availability, in the range
we experienced in the mesotrophic Bay of Toulon and
oligotrophic Bay of Banyuls, did not appear to be a strong
driver of community structure as copiotrophs, especially among
Gammaproteobacteria, reputed to be encouraged to grow in
nutrient enriched systems (Lawes et al., 2016), which were
not particularly more abundant at Toulon. When reported as
biofilm community drivers in the Baltic Sea, inorganic nutrients
displayed a much more higher range, reaching hyper eutrophic
levels (Oberbeckmann et al., 2018; Kesy et al., 2019).

CONCLUSION

This study shows that both surface characteristics and
environmental parameters control colonization. However,

even if local environmental seawater characteristics influence
biofilms, copper-releasing coatings apply a huge quantitative
and qualitative selective pressure on microbial colonizers
while particular surface physical characteristics control only
density. Hydrodynamics could limit densities but also slow
down biofilm dynamics. Finally, sequential biofilm dynamics
should be carefully considered as initial processes differed
from long-term ones.
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