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Abstract

While waves, swells and currents are important drivers of the ocean, their specific influence on the biocolonization
of marine surfaces has been little studied. The aim of this study was to determine how hydrodynamics influence

the dynamics of microbial communities, metabolic production, macrofoulers and the associated vagile fauna. Using
a field device simulating a shear stress gradient, a multi-scale characterization of attached communities (metabarcod-
ing, LC-MS, biochemical tests, microscopy) was carried out for one month each season in Toulon Bay (northwestern
Mediterranean). Shear stress appeared to be the primary factor influencing biomass, EPS production and community
structure and composition. Especially, the transition from static to dynamic conditions, characterized by varying
shear stress intensities, had a more pronounced effect on prokaryotic and eukaryotic beta-diversity than changes

in shear stress intensity or seasonal physico-chemical parameters. In static samples, mobile microbe feeders such

as arthropods and nematodes were predominant, whereas shear stress favored the colonization of sessile organ-
isms and heterotrophic protists using the protective structure of biofilms for growth. The increase in shear stress
resulted in a decrease in biomass but an overproduction of EPS, specifically exopolysaccharides, suggesting an adap-
tive response to withstand shear forces. Metabolite analysis highlighted the influence of shear stress on community
dynamics. Specific metabolites associated with static conditions correlated positively with certain bacterial and algal
groups, indirectly indicating reduced grazer control with increasing shear stress.
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Introduction

Biofilms are multitrophic communities, with a high phy-
logenetic diversity (prokaryotes and eukaryotes), embed-
ded in a matrix of self-produced extracellular polymeric
substances (EPS) [1]. Such a complex microbial cos-
mos ultimately determines biofilms functionality [2].
In marine environments, this life strategy provides bet-
ter protection and chance of survival in the face of envi-
ronmental stress allowing rare planktonic organisms to
thrive and become abundant [3]. Biofilm development
is influenced by various chemical, biological, and physi-
cal factors, including nutrients, salinity, predation, tem-
perature, depth, substrate, and hydrodynamic forces
generated by seawater movement around the colonized
surfaces [4].

Previous research on measurement of shear stresses in
marine sediments and river environments has expanded
over time, with the development of a variety of labora-
tory and in situ devices and methods [5-7]. However,
many studies on hydrodynamic forces have focused on
the effects of shear stress on bacterial biofilms formed
with cultures of pathogenic strains, numerical models
or in freshwater ecosystems under controlled condi-
tions [8, 9]. Based on laboratory experiments, it has been
shown that flow intensity can influence biofilm proper-
ties such as community composition, physical structures,
and growth [10-12]. Under low shear forces, biofilms are
less dense, more porous, and thicker. This type of archi-
tecture promotes nutrient transport within the biofilm,
which increases its activity, and thus its thickness [13,
14]. Conversely, higher shear rates result in more com-
pact and dense biofilms, with a less heterogeneous mor-
phology [10, 11]. Monospecific biofilms can change their
metabolism in response to an increased shear stress:
the production of exopolymers, mainly polysaccharides,
becomes higher, providing a more rigid structure through
a greater cohesion between microbial cells [15]. Moreo-
ver, very high shear forces (>3 Pa) can lead to deforma-
tion of biofilms and even to their subsequent detachment
from the colonized surfaces [16]. However, these exam-
ples were mainly conducted on biofilms composed of a
single strain, whereas marine biofilms are typically highly
diversified.

In marine ecosystems, current velocities and the
resulting hydrodynamic forces are composed of chaotic
motions, which can be defined in two loading categories:
normal forces are represented by pressure fields, as waves
acting on offshore systems, while tangential forces induce
shear stress, typical of hydrodynamics of tides or mov-
ing ships. This understanding of hydrodynamic forces is
of crucial importance for the control of biological colo-
nization on marine artificial substrates, including marine
renewable energy (MRE) systems, underwater sensors
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and ship hulls or microplastics [17-19]. To date, only a
few studies have investigated such physical factors on
marine biofouling diversity and functions [20-22].

In this study, shear stress, a hydrodynamic component,
was isolated to explore variations in microbial commu-
nity dynamics, biofilm metabolic production and inter-
actions with macrofouling and associated fauna. These
differences were examined in static and dynamic sam-
ples with different shear stress intensities. We also inves-
tigated whether stress-induced changes alter the EPS
matrix of biofilms. Our hypothesis was that the effect of
shear stress would be a major stress for biofilm diversity
and functions, perhaps more structuring than physico-
chemical parameters of the seawater over the four sea-
sons studied. We thus predicted a shift in community
composition, with hydrodynamic stress-adapted taxa and
EPS. To evaluate our hypothesis, taxonomic diversity,
EPS and metabolic production of marine biofilms were
analyzed in response to a gradient of shear stress inten-
sity across seasons in a northwestern Mediterranean bay.

Materials and methods

Experimental design

The field experiment was conducted in Toulon Bay
(French Mediterranean Sea; 43°06'25”N; 5°55'41”E) at
the four seasons for one month from August 2020 to May
2021. Immersions were performed on sandblasted poly-
vinyl chloride (PVC) panels. Sampling design included
static and dynamic immersions (Supplementary 1 and
Figure S1) submerged to a depth of —1 m below the sur-
face. For dynamic immersions, 18 panels (25 cm X5 cm)
were set from the center to the edge of a rotation drum
which was directly immersed in seawater. The drum
rotated at a speed of 2.7 m.s~!, simulating shear velocities
ranging from 0 to 2.7 m s™', similar to the range of natu-
ral conditions in the Mediterranean Sea [23, 24]. A gradi-
ent of four speeds, from S, to S,, was set (5,=0.31 m s™%;
$,=0.98 ms™; S;=1.58 m s~ and S,=2.26 m s™'). For
static immersions (S,=0 m.s~!), PVC panels (4 pan-
els 21X29.7 cm and 4 panels 5X5 c¢cm) were used. Pan-
els were immersed in the same area as the rotor, but far
enough away that the induced currents did not affect
their colonization. It is assumed that these conditions
will remain static, even though they are also subjected to
internal water movements within Toulon Bay.

Confocal laser scanning microscopy (CLSM) and low
vacuum scanning electron microscopy (LV-SEM)

Biofilm 3D structures were observed with a CLSM
(Zeiss Confocal LSM 510 Meta; Gottingen, Germany).
A multi-labeling study was performed with three fluo-
rophores, SYTO 61, concanavalin A and FITC (fluores-
cein isothiocyanate), which were used for labelling DNA,
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polysaccharides, and proteins, respectively (see Supple-
mentary 2 for more details). Images were acquired with
ax 63 oil-immersion objective and analyzed for simul-
taneous visualization of EPS matrix and microbial cells.
Biofilms formed in situ were also directly observed by
LV-SEM (JSM-6510 Series Scanning Electron Micro-
scope; Musashino, Japan, field emission gun: 20 kV in a
vacuum of 30—-100 Pa).

Molecular analyses and bioinformatic process

Biofilms were collected from three replicate panels, with
three panels for S, (5X5 c¢cm) and three panels from S, to
S, (25 cm X5 cm). The biofilms were scraped with a ster-
ile scalpel and stored in a 50 ml tube at -20 °C until DNA
extraction. Before scraping, each panel was individu-
ally rinsed with sterile seawater to remove any loose or
poorly attached organisms, so that only firmly attached
biofouling was collected. DNA extraction was performed
with the Qiagen DNA Power Biofilm kit following the
manufacturer’s instructions. 16S rRNA [25], 18S rRNA
[26] and the mitochondrial cytochrome oxidase I (COI)
[27] genes were amplified for all the samples together
with negative controls (see Supplementary 3 for meth-
ods). Samples (=180, 60 per each primer pair) were
sequenced using Illumina MiSeq platform (2x300 bp).
All data are available from the NCBI BioProject database
(accession number PRJINA1052431).

The bioinformatics workflow for paired-end data
included Cutadapt (v. 3.1) for adapter trimming, DADA2
(v. 1.20) for amplicon sequence variant (ASV) inference,
and FROGS (v. 4.0.1) for ASV assignment. Taxonomic
assignment using SILVA (v. 138.2) database for 16S
rRNA, PR2 (v. 4.14.0) for 18S rRNA and BOLD (v. 2023)
for COL For further details regarding the taxonomic affil-
iation and statistical analyses conducted within R envi-
ronment, see Supplementary 3 and 4.

Untargeted LC-MS-based metabolomics analysis

The metabolomics workflow used for this study was
previously described in Portas et al. [28]. A detailed
description of sampling, samples processing, liquid chro-
matography-mass spectrometry (LC-MS) analysis, data
extraction, data analyses and metabolome annotation
can be found in Supplementary 5. Briefly, raw data were
converted into “netCDF” files using DataAnalysis (ver-
sion 4.3; Bruker Daltonics, Germany) and processed with
MZmine-2.58 [29]. The first step was the construction of
the final data matrix, with parameters listed in Table S1.
The data were then filtered according to Carriot et al.
[30], accounting for the signal-to-noise ratio, coefficient
of variation, and correlation coefficient. The resulting
data matrix was normalized (sum of the peak intensi-
ties), log,,-transformed, mean-centered and statistically

Page 3 of 16

analyzed using the Metaboanalyst 5.0 online platform
[31].

Extraction and biochemical composition of EPS

EPS were extracted from biofilms and transferred to
a 50 mL sterile Falcon tube containing 10 mL of Artifi-
cial Sea Water (ASW). Three fractions were recovered
through successive centrifugation and precipitation
steps: the colloidal fraction (CF), the loosely bound frac-
tion (LBF), which could potentially include intracellular
polymers due to a partial cell lysis caused by sonication),
and the residual fraction (RF) composed of intact cells
and cell residues. The EPS fractions (CF and LBF) of each
sample were lyophilised, weighed and subjected to bio-
chemical composition analysis using colorimetric meth-
ods (see Supplementary 6 for more details). The total
biomass was determined as the sum of the three fraction
weights.

Multi-omics analysis

Metabarcoding and metabolomics datasets were com-
bined using DIABLO in the R package mixOmics [32].
The three metabarcoding sets of raw data were filtered to
retain only ASVs representing more than 1% of sequences
and were normalized using the CLR transformation. We
selected an optimal set of variables (25 metabolites, 44
16S rRNA ASVs, 24 18S rRNA ASVs, and 13 COI ASVs)
that played a significant role in discriminating samples
on the basis of their immersion mode (static vs. dynamic)
using the "tune.block.splsda" function. A correlation net-
work was then constructed, showing only positive strong
correlations (with a threshold of r>0.75) among the
selected variables. This network was imported and ana-
lyzed using Cytoscape (v. 3.9).

Results

Seawater characteristics

The temperature ranged from 11.4 °C in winter to 21.6 °C
in summer. Salinity and pH remained constant at around
38 and 8, respectively (Table S2). Dissolved oxygen con-
centrations ranged from 86 to 96% saturation, with
lower values observed in winter than in summer and
spring. Nitrogen concentrations, including nitrates and
nitrites, were high in spring, while phosphate concentra-
tions were high in winter. DOC values varied consider-
ably, particularly in autumn (133.95+77.40) and spring
(174.69 + 116.26).

Effects of shear stress on biomass and microscopic
visualization

Compared with autumn and winter, biomass was higher
in summer (Wilcox test, p<0.05) (Fig. 1A). Regardless
of the season, biomass followed a two-step response,



Portas et al. Environmental Microbiome (2024) 19:109

Biofilm quantity(g)

o
2
>
S
=
c
[
3
o
E
e
K}
m

CLSM

SEM

Page 4 of 16

Fig. 1 Biomass with macroscopic, CLSM and SEM pictures of biofilms formed on the surface of 5x 5 cm panels immersed for 30 days in the NW
Mediterranean Sea under a shear stress gradient: S;=0m.s ';S;=031 m.s ', $,=098 ms'; S; =158 m.s ' and S,=2.26 m.s”". A Biofilm biomass
(dry weight) with pictures of biological colonization according to shear stress intensities and seasons of immersion. Letters above barplots represent
pairwise comparisons between each shear stress conditions according to the season. B Top pictures: observation by CLSM of biofilms in spring.
Proteins appear in green (FITC), polysaccharides in orange (Concanavalin A) and DNA in red (SYTO61). Autofluorescence of chlorophyll appeared

in red. Bottom pictures: SEM observations of biofilms in spring. White arrows indicate diatoms embedded in the EPS matrix

showing significantly higher values in S; compared to S,
(static mode), but with decreasing biomasses from S, to
S, except in winter, S, values approaching those obtained
in S,,. Biofouling that developed in spring under low shear
stress conditions (S, to S,) showed different sizes and
shapes of micro- and macroorganisms, as shown by SEM
images (Fig. 1B).

In contrast, biofilms obtained in highly dynamic con-
ditions (S; and S,) appeared flatter and consisted mainly
of bacteria and diatoms embedded in an EPS matrix.
CLSM showed that in Sj Syto6l-stained cells (red)
formed spherical structures while FITC-staining (green)
highlighted cell walls and protein components. Con-
versely, S; and S, showed biofilms as thin layers with

numerous diatoms (chlorophyll in chloroplasts and raphe
stained red and green, respectively) embedded in an EPS
matrix composed mainly of polysaccharides and proteins
(orange and green, respectively).

Diversity and composition of the prokaryotic

and eukaryotic communities across different shear stress
intensities

Prokaryotic diversity was slightly affected by shear
stress variations across seasons (Fig. S2). Significant
differences were only observed between S, and S,
richness in winter and spring. The Shannon index dis-
played also significant differences between S, and S,
except in summer (Figs. S3, S4). Eukaryotic richness
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(Fig. S2) showed less clear trends. The Chao 1 index
values for 18S rRNA showed significant differences
only in autumn, indicating an increase in diversity
between the S, and S, conditions. COI diversity indi-
ces showed a decrease between S, and low dynamics
(S,/S,), followed by an increase in S, in summer and
winter. In autumn, richness increased between §,
and dynamic conditions (S; to S,), while in spring it
decreased.

Furthermore, similar clustering patterns could be
observed for all three markers. Seasons and shear stress
intensities showed a significant influence on communi-
ties, as indicated by NMDS (PERMANOVA, p<0.0001)
(Fig. 2). In addition, pairwise comparisons revealed
significant.

differences between communities in S, compared to all
dynamic conditions (S;-S,) (p<0.05). The distance val-
ues indicated that the change in immersion mode shaped
communities more than the different shear intensities
(Fig. S5, Table S4). Envfit analysis identified tempera-
ture, nitrite, nitrate, and pH as the main variables associ-
ated with NMDS ordination for 16S and 18S rRNA data,
while salinity, silicate, nitrite and nitrate were associated
with COI data (Table S3). Shear stress had a significantly
higher impact on prokaryotic communities than varia-
tions in environmental parameters. This is suggested by
the higher distance observed between S, and S, at all sea-
sons. Conversely, the impact on eukaryotic communities
appeared similar (Table S4).

Prokaryote community was dominated by Rhodobac-
teraceae, Flavobacteriaceae, Pseudoalteromonadaceae
and Vibrionaceae (Fig. 3). Flavobacteriaceae and Sap-
rospiraceae dominated in summer/autumn, whereas
Rhodobacteraceae dominated in winter/spring. Win-
ograskella was the main genus in static conditions in all
seasons, while Tenacibaculum and Aquibacter were dom-
inant in dynamic samples, with a decrease in autumn.
Notably, Sulfurovum and Mycoplama increased in shear
stress samples in autumn/winter. Similar trends were
observed for the genus Anaerolinea in summer, and gen-
era of Gammaproteobacteria (Pseudoalteromonas and
Vibrio) in spring. Among Roseobacteraceae, Roseovarius,
Sulfitobacter and Litoreibacter were predominant genera
in dynamic samples, especially in winter and spring.

The eukaryotic community, which combined 18S
rRNA and COI data, showed seasonal patterns. For
instance, Dinophyceae were only present in spring in
dynamic samples (Fig. 3). Hydrozoan communities also
showed seasonal variations: Bougainvillia dominated
in autumn/winter in dynamic samples, while Obelia
dominated in spring/summer, decreasing as shear stress
increased, with the appearance of Hydractinia and
Coryne. Arthropods (Copepoda and Malacostraca), the
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Fig. 2 NMDS showing biofouling community structure based
on 165 rRNA (top), 185 rRNA (middle), and the COI (bottom) genes.
The Bray—Curtis distance was used for 165 rRNA data whereas
the Jaccard distance was used for 185 rRNA and COI data. The red
vectors represent the physical variables (T: temperature; pH; LDO:
Luminescence dissolved oxygen; S: salinity). The green vectors
represent the chemical variables (TN: total nitrogen; DOC: dissolved
organic carbon; NO5™: nitrate; NO,™: nitrite; POf’: phosphate; Si(OH),;:
silicate) and the blue vector represents the shear stress intensity
(envit'function). Each point represents a sample, and the colors
represent the seasons. For each shear stress the color is graded
from the lightest for the lowest shear stress to the darkest
for the highest shear stress

nematode Chromadorina, the rhodophyte Ceranium
(Florideophycideae), and the mollusc Eubranchus were
found on the static panels. Diatoms and some members
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of the Dothiomycetes (such as Phaosphaeria and Tox-
icocladosporium) were also dominant in spring dynamic
samples.

Taxa specifically associated with shear stress conditions
Between 10 and 22% of the ASVs (representing 59-71%
of the reads) were common and formed the prokaryotic
and eukaryotic core communities (Table 1). The num-
ber of unique ASVs for both prokaryotic and eukaryotic
communities was higher in static samples than for shear
stress intensities taken individually. However, taken as
a whole, there were more unique ASVs associated with
dynamic conditions than with static ones.

Heat tree analyses revealed that genera significantly dif-
fered between static (S;) and dynamic (S,-S,) conditions
(Fig. 4). Some genera of Rhodobacteriaceae, in particu-
lar Roseovarius and Litoreibacter, showed a significantly
higher relative abundance of ASV in samples exposed to
shear stress. Among this group, the genus Salinihabitans
was specific to these conditions.

and showed a marked increase in summer and spring
(Fig. S6). Within the Gammaproteobacteria group, some
genera such as Pseudoalteromonas and Vibrio were dis-
criminant in dynamic samples regardless of season.
In addition, the genus Thiothrix was also identified as
discriminatory in dynamic conditions and specific to
summer and autumn. In contrast, most genera of Flavo-
bacteriaceae were discriminant under static conditions,
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particularly the genus Ochrovirga, which was relatively
abundant regardless of season (Figs. 4, S6).

Regarding eukaryotic communities, hydrozoans, spe-
cifically the genus Obelia, and diatoms were found in sig-
nificantly higher relative abundance in dynamic samples
(Fig. 4). The ciliate genera Hypocoma and Ephelota domi-
nated under dynamic conditions too. Furthermore, some
genera of this group, including Euplotes, Loxophyllum
and Disteria, were specific in dynamic samples during
autumn and winter seasons. (Fig. S6). Bryozoans, mainly
Watersipora and Scuparia, were also specific genera in
dynamic samples over the same period. In contrast, static
samples showed a significantly higher relative abundance
of copepods, nematoda and red and brown algae. In win-
ter and autumn, static samples also showed a dominance
of Dinophyceae, including the genera Amphidinium and
Prorocentrum, while in spring, the relative abundance of
Eubranchus (Gastropoda) increased.

Variations of the metabolic expression depending on shear
conditions

With regard to variations in metabolic expression in rela-
tion to the conditions of shear, PCA results showed that,
regardless of season, samples were discriminated along
the second axis of the PCA plot, mainly by immersion
mode (static vs. dynamic) (Fig. S7). Using a supervised
PLS-DA model (Fig. S8A), we identified chemomarkers
for each immersion mode and performed discriminative

Table 1 Percentages of ASVs and sequences including all seasons for the 16S rRNA, 18S rRNA and COI genes. The core community
corresponds to the shared ASVs. Specific ASVs correspond to unique ASVs for each shear stress intensity including the static condition.
Specific dynamic includes ASVs only observed in dynamic samples taken together (S,/5,/S; and S,)

16S rRNA 18S rRNA col

ASVs Reads ASVs Reads ASVs Reads
Core community 22+3 59+13 +3 71+14 10+£6 60+19
Specific static S, 14+£1 4+1 +2 4+£3 19+9 +
Specific dynamic (54, S,, S5 38+5 27+11 48+12 159 54+13 26+20
andS,)
Specific S, 02+0.2 5+1 0.1£0.1 03+04
Specific S, 0.1£0.1 4+2 0.2+0.1 05+0.8
Specific S4 0.1£0.02 442 04+06 + 0.1+£0.1
Specific S, 2+1 0.2+0.1 4+2 0.5+05 10+6 0.7+1.1

(See figure on next page.)

Fig. 4 Heat trees were constructed based on the dataset of the three markers (16S rRNA gene, 18S rRNA gene and COI) plotted at the genus level.
Each connected node represents a different taxonomic level. All seasons were merged to observe the effect of immersion mode (i.e. static vs.
dynamic) regardless of season. The size of the nodes is proportional to the relative abundance that makes up that taxonomic level. The nodes are
coloured according to the log2 ratio of the average proportion of each rank as a function of immersion mode. The colour assigned to each taxon
reflects the differential abundance between two immersion modes: red corresponds to taxa whose differential abundance is higher under static
conditions and blue corresponds to taxa whose differential abundance is higher under dynamic conditions. The data were filtered to retain the 40

most abundant in both the static and dynamic conditions for each marker
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m/z feature annotation (VIP scores>2.0) (Fig. S8B).
Among the first 15 putatively annotated VIPs (Table S5),
14 compounds were discriminating in static samples,
while dimethylsulphoniopropionate (DMSP) was the
only chemomarker in dynamic conditions. Some fami-
lies of molecules were identified on the molecular net-
work especially in the static samples, most of them were
lyso-DGTA and simple fatty acids (Fig. S9). Conversely,
phosphatidylethanolamines, phosphatidylcholines and
sphingosines were identified in dynamic samples.

Changes in EPS matrix in response to variations in shear
stress intensity and season

Samples collected in winter and autumn under dynamic
conditions were characterized by low amounts of bio-
films. After EPS extractions, residual biofilm fractions
obtained showed the highest variability, with significantly
higher amounts in S1 compared to other conditions,
especially in summer and spring (Fig. S10). Both colloi-
dal and loosely bound EPS fractions showed significant
weight differences between static and dynamic samples,
with lower values in static conditions and similar values
in dynamic conditions. Their proportions in the total
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biomass were higher with increasing shear stress inten-
sities, especially in autumn and winter (Fig. S11). Poly-
saccharides dominated colloidal and loosely bound EPS
fractions while only small amounts of proteins were
observed. Proteins were present in sufficient amounts to
be detected but their proportions were lower in summer
and higher in spring compared to those observed for pol-
ysaccharides (Table S6). A PCA model (Fig. 5, Table S6)
showed that polysaccharides and uronic acids were asso-
ciated with static samples across all seasons on the PC1
axis (63.1% of total variance). Proteins, in both colloidal
and loosely bound fractions, were correlated with low
shear stress intensities, especially in summer and spring.

A multi-omics approach to identify key variables
associated to shear stress

A multiblock PLS-DA model was constructed by com-
bining four datasets (16S rRNA, 18S rRNA, COI and
metabolomics) highlighting the most discriminating vari-
ables between static and dynamic conditions. The multi-
omics network (Fig. 6) revealed two distinct clusters: the
first cluster included ASVs (most of which were prokar-
yotes, such as the genera Ochrovirga, Erythrobacter,

%S :
0 1
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[ ] 82 .
¢S, ;
v S4 ' CF_UA
2 . LBF_UA
E CF.C
9 :
N~ 1
© CF_M '
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Fig. 5 Structure of EPS composition depending on season and shear stress intensity using a PCA biplot including the colloidal (CF) and the loosely
bound fractions (LBF). Abbreviations mean: CF_C: Colloidal Fraction Carbohydrates, LBF_C: Loosely Bound Fraction Carbohydrates, CF_UA: Colloidal
Fraction Uronic Acids, LBF_UA: Loosely Bound Fraction Uronic Acids, CF_P: Colloidal Fraction Proteins, LBF_P: Loosely Bound Fraction Proteins, CF_M:
Colloidal Fraction Mass, LBF_M: Loosely Bound Fraction Mass. The colors represent the seasons
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Winosgradskyella) and metabolites (VIPS like Pheophor-
bide a, nitenin and Stigmatellin Y) that were positively
correlated and specifically present in static samples.
Eukaryotes like Chromadorina (Nematoda), Amphi-
dinium (Dinophyceae) and several Phaeophycean such
as Acinetosporaceae and Heribaudiella appeared also as
central actors of these communities. The second cluster
was composed of numerous ASVs and 6 unidentified
metabolites, which were all specific to dynamic sam-
ples. Several bacterial genera were positively correlated
with microeukaryotes such as Acineta (Cilliophora),
Chaeotoceros and Nitzshia (diatoms), and Thraustochy-
triaceae (Cercozoa), as well as the cnidarian genus Bou-
gainvillia. Bacteria were mostly members of the family
Saprospiraceae and especially several ASV of the genus
Lewinella. Some genera of Rhabditophanes (e.g. Chroma-
dorea) were positively correlated with microeukaryotes
and bacteria.

Discussion

Biofouling biomass and EPS production are not linearly
controlled by shear stress intensity

In the literature, studies on biofouling formed in nat-
ural environments have mainly focused on the influ-
ence of environmental parameters on biofilm biomass,
rather than on properties specifically associated with
hydrodynamic forces such as shear stress, turbulence
or mixing intensity. Consequently, the hydrodynamic

aspects, particularly those in situ in marine envi-
ronments, remain largely understudied and poorly
characterised. This contributes to a lack of detailed
information that presents challenges when comparing
findings across various experiments. While previous
studies in freshwater ecosystems have demonstrated
a decrease in bacterial and microalgal biomass with
increasing flow velocities [33, 34], studies in drink-
ing water systems have shown the opposite effect on
bacterial biomass [35]. These disparities can be attrib-
uted to variations in the hydrodynamic regime associ-
ated with flow velocity, for example, or to differences
in the composition of microbial communities and the
complex interactions between different species in bio-
films. In our case, attached biomass showed a seasonal
pattern, with higher values during summer compared
to winter/autumn, suggesting that growth of biofilms
and associated multicellular organisms have been pro-
moted by temperature and increased of seawater pri-
mary productivity irrespective of hydrodynamics [36].
Interestingly, our study revealed a two-step response
at each season, with an increase in biomass when tran-
sitioning from static to lowest shear stress conditions,
and a decrease in biomass when shear stress intensity
increased. The increase in biomass may probably be
due to better availability of nutrients and oxygen, which
promotes biofilm development [13, 14]. Additionally,
a higher predation pressure due to vagile species may
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limit the biomass in static condition. These mobile taxa
could exploit the protective environment provided by
biofilms for feeding [37]. As the occurrence of these
predators was limited in dynamic conditions, microbial
growth could be favored. The increase of shear stress
intensity (S, to S,) induced a biomass decrease because
the adhesion of new organisms may be limited together
with an increase of cells detachment [10, 38]. This
decrease in biofilm thickness was positively correlated
with an overproduction of EPS, primarily exopolysac-
charides [11, 39]. This adaptive response, character-
ized by an increase in EPS production in response to
rising shear forces, may allow biofilms to withstand
shear forces and minimize detachment from the colo-
nized surface, as it has been already observed in Pseu-
domonas fluorescens biofilms exposed to different linear
flow velocities [40]. These changes in EPS matrix com-
position appear to be associated with changes in the
dominance of microbial groups, particularly diatoms
and bacteria, which then may modify their EPS produc-
tion depending on shear stress. This is consistent with
a recent study on microphytobenthic biofilms, which
reported different EPS production dynamics by bacte-
ria and diatoms depending on the type of intertidal sed-
iment [41]. According to these authors, the differences
are related to changes in community functioning, and
particularly to the use of EPS either for mobility or sub-
strate attachment. However, their findings are based on
changes in the relative composition of microbial fatty
acids in different EPS fractions, unfortunately without
link to microbial taxa.

Furthermore, we observed significant differences
between EPS samples based on their immersion mode,
mainly qualitative in the exopolymers produced. Under
dynamic conditions, both colloidal and loosely bound
EPS fractions showed higher protein contents in spring
and summer, whereas under static conditions, higher
carbohydrate contents, especially uronic acids, were
observed throughout the year. Uronic acids, when bind-
ing with divalent cations, form bridges that improve
interactions between EPS components, thereby increas-
ing the mechanical stability of biofilms [42]. These mol-
ecules, which are found in free form in the water column
[43], could be captured more efficiently under static con-
ditions. Their detection within the EPS fractions could
therefore suggest that they were integrated into the
matrix polysaccharides. However, while uronic acids are
important for the internal cohesion of the EPS matrix,
they do not provide overall mechanical cohesion under
shear stress, as demonstrated in a previous study [28].
Other cohesive components and mechanisms may also
play a synergistic role in the formation of an adhesive and
cohesive EPS matrix of biofilms.
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Community structure is influenced as much by immersion
mode as physico-chemical parameters, but less by shear
stress intensity

While richness was not significantly affected, prokaryotic
diversity decreased notably at higher shear stresses com-
pared to static conditions, likely due to enhanced micro-
bial cell detachment, as previously reported but with
higher shear forces (15 knots, i.e. 8 m s™!) not representa-
tive of mediterranean hydrodynamics [20]. However,
during extreme storm events, high shear stress may dras-
tically reduce the diversity of biofouling communities, as
has been observed in macrobenthic assemblages [44].

At each season, we observed a notable divergence in
community structure between static and dynamic modes,
highlighting the role of the transition between the two
conditions, more than the magnitude of the shear stress
intensity. A large core community was present, but a sig-
nificant number of specific taxa was also observed under
dynamic mode regardless of season: more than a quarter
of reads for prokaryotes and about a fifth for eukaryotes.
However, specific ASVs or reads at different shear stress
intensities were remarkably low, highlighting the transi-
tion from static to dynamic conditions as a more critical
selection factor than shear stress intensity. Our results
also demonstrated that shear stress induced a selec-
tion on microbial communities as significant as classical
physico-chemical seawater parameters like temperature,
salinity or nutrients, which were reported to date as the
main drivers for biofilm communities [19, 45]. Moreo-
ver, the term "static" must be used with care, as currents
and turbulence could occur at the immersion site. How-
ever, the Toulon Bay is protected from the currents by
a dike. Therefore, the hydrodynamic conditions are less
pronounced than at an offshore site, where the absence
of such protection could lead to greater water movement
and turbulence.

Adhesion was not the only function to be selected by shear
stress

A relatively high proportion of taxa was specific to
dynamic conditions (38-54%). We hypothesized that
high shear stress has selected taxa with the capacity to
resist to physical pull-out, due to the presence of external
anchoring structure (pili or curli) or the ability to produce
EPS [46], both in order to have strong surface adhesion
and aggregation. These abilities correspond to those of
early biofilm bacteria and may be shared by some Rho-
dobacteriaceae, including Salinihabitans, Roseovarius,
and Litoreibacter, which were found to dominate stressed
biofilm communities in this and previous studies [20, 47].
Interestingly, Pseudoalteromonas typically recognized as
initial colonizers of artificial surfaces, were discriminant
taxa in dynamic samples [48]. Nevertheless, no member
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of the Alteromonadaceae, considered as primary pio-
neers of marine biofilms, were observed in our samples
[48, 49]. Filamentous bacteria like Leucothrix and Thio-
trix [50], found exclusively in dynamic samples, have
already been described as ectosymbionts associated with
the cuticle of nematodes [51] but also with the surface
of brown algae [52], justifying their strong colonizing
capacity. These observations suggested that shear stress
induced a complex biofilm maturation process, favoring
some pioneer taxa but also probably taxa with specific
adhesion capacities to resist shear stress. Further studies
are needed to also determine the temporal dynamics of
colonization under shear stress.

The dynamic stress clearly influence biofilm develop-
ment through a restricted recruitment and settlement
of larvae and propagules [53]. This phenomenon prob-
ably explained the increased abundance of brown and
red algae in static samples. For example, the abundance
of Leathesia and Pylaiella (Phaeophyceae) was higher
in the static samples and corresponded to the specific
occurrence of a lyso-DGTA, a chemical family com-
monly found in brown algal communities [54]. Specific
taxa under shear stress showed distinctive morphological
adaptations (e.g., by muscular contraction, deformation,
and/or rapid growth). Notably, solitary soft-bodied spe-
cies (e.g., Ceramium (Florideophyceae)), and mobile spe-
cies (e.g, the nematode Chromadorina and the gastropod
Eubranchus) were abundant and characteristic in static
samples. Conversely, colonial species, such as ascidians,
hydrozoans, and bryozoans, which are encrusting and
flexible species, were abundant in dynamic samples. Phe-
notypic plasticity is also an important strategy to resist
to rapid environmental changes, illustrated by the mor-
phological plasticity of colonial hydrozoans in dynamic
environments [55]. Moreover, benthic diatoms exhibited
enhanced adhesion mechanisms, potentially due to the
EPS they produce, leading to a significantly improved
adhesion of the genera Navicula and Tabularia under
dynamic stress. This finding was consistent with previ-
ous studies showing that marine biofilms grown under
dynamic conditions exhibited increased adhesion forces
and diatom abundances compared to static conditions
[56, 57]. Additionally, the detection of DMSP in dynamic
samples could confirm the presence of this group, which
can be released in response to physiological and mechan-
ical stress, leading to increased production of DMSP [58].

Despite the use of a rinsing step in our protocol to
remove vagile organisms, we observed a substantial pres-
ence of arthropod-associated genera, including copepods
and amphipods detected through 18S rRNA and COI
genes mainly in static samples. In contrast, dynamic sam-
ples showed an increased abundance of small vagile or
planktonic organisms, including ciliates, dinophyceans,
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and amoebae. Heterotrophic protists, such as ciliates,
flagellates, and amoebae, use long ventral cilia for adhe-
sion, facilitating attachment under high shear stress con-
ditions [59]. Some of these protists are endosymbionts
(e.g. Sacocystis and Hypocoma) that may infect dinoflag-
ellates, ciliates, and marine copepods [60]. Our hypoth-
esis is that the gregarious and complex establishment of
sessile invertebrates and macroalgae in biofouling com-
munities provides structural habitat and protection for
mobile taxa but also provides other benefits, including
high food concentrations that can be several orders of
magnitude higher than those found in the surrounding
water [61]. However, these mobile organisms are known
to move in and out of the biofilm, making it difficult to
precisely determine their actual role in predation pro-
cesses within the biofilm. While their presence suggests
active predation, the transient nature of their interac-
tions complicates the analysis of their impact on biofilm
composition and dynamics. Furthermore, cells may also
become captive within the matrix through brownian-
type interactions, which are most effective at low flow
velocities [10]. Thus, biofilm and biofouling processes
involve complex interactions within the biofilm matrix
of vagile and planktonic organisms. These dynamics can
be induced by deterministic processes associated with
imposed shear stress, but they can also result from ran-
dom contact in seawater due to stochastic factors.

Dynamic conditions enhance the recruitment of harmful
microorganisms and non-indigenous species

Our study revealed that dinoflagellates were highly abun-
dant in biofilms in spring, especially in dynamic samples.
The Biecheleria genus was remarkable for its absence in
the Toulon Bay planktonic environment but dominance
in our biofilms [62]. This suggests that this genus was
selectively advantaged and adapted to the biofilm life-
style, similar to some bacteria and eukaryotes identified
in this area [63]. However, genera commonly found in
planktonic blooms, such as Alexandrium and Prorocen-
trum, are also present in Toulon Bay. A high abundance
was also observed for the genus Vibrio, which includes
some pathogenic species associated with mortality
of farmed species (e.g. mussels, oysters, or fish) such
as Viowensii, V.crassostreae, and V.campbellii species
enriched in our dynamic samples. The presence of these
genera in biofilms can be attributed to adsorption in the
matrix, which correlates with their higher abundance in
the environment. Furthermore, biofilms are highly effec-
tive at trapping environmental DNA and preventing its
degradation [64]. This enables the potential detection of
both bloom-forming species and perhaps rare species
that might otherwise remain undetected. Low intensity of
phytoplankton proliferation limits this risk in Toulon Bay.
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Changes in the nature of EPS during high shear stress
made it thicker and more cohesive, which could promote
particles adsorption and entrapment of organisms within
biofilms. Thus, marine fouling poses potential risks to
human health and farmed species as a vector for harmful
organisms [65]. However, our analysis of metabolites did
not detect any toxins, particularly saxitoxin. The assess-
ment of potential risks could be conducted by measuring
toxin production specifically.

Additionally, the present study showed that some non-
indigenous species (NIS), already reported in harbours
in the Mediterranean Sea, thrived under shear stress.
Watersipora subtorquata and Bugula neritinia were
specifically better represented in dynamic conditions in
autumn and winter. NIS are known for their adaptability,
resilience, and ability to outcompete native species [66].
Their adaptation to shear conditions is probably due to
their ecological traits, which enable them to colonize ves-
sel hulls and offshore structures, as it has already been
recorded in North Sea offshore wind farms [67, 68].

Shear stress limits predation and chemical defense

The use of multi-block analyses and the building of
correlation network, selecting the most discriminat-
ing metabolites and ASVs, confirmed that commu-
nity dynamics were strongly shaped by the immersion
mode. Some specific metabolites were identified in the
cluster characteristic of static conditions, e.g,, pheo-
phorbide a, which is considered as the main product
formed after chlorophyll a degradation to pheophytin
a. This pigment is indeed often found in the fecal pel-
lets of copepods or nematodes of the genus Chroma-
dorina, as a result of the degradation of chlorophyll in
their stomach [69, 70]. The high expression of this com-
pound was then in agreement with the results obtained
by metabarcoding which showed a higher proportion
of these taxa in static samples than in dynamic ones.
It is important to note that, in static condition, addi-
tional factors such as enhanced predation or grazing
by fish larvae and macro-invertebrates, as well as the
sorption of organic particles on the surfaces, probably
contributed to the observed differences in biofilm com-
position. Other genera, such as Ochrovirga, Winograd-
skyella, or Granulosicoccus, positively correlated with
several brown algae (i.e., Leathesia and Heribaudiella)
and pheophorbide a, and have been reported to colo-
nize algal surfaces in several studies [54, 71, 72]. Thus,
the presence of pheophorbide a in these samples may
result from microbial degradation on the algal surface
and grazing by invertebrates and nematodes. We also
observed a positive correlation between the presence of
some metabolites, like Stigmatellin Y, and both bacte-
ria and a specific associated with a brown alga of the
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Acinetosporaceae family. Stigmatellins are compounds
generated by bacteria and are known for their potential
antibiofilm actions [73]. This correlation suggests that
bacteria associated with the algae surface may enhance
the chemical defenses of the algae against fouling by
producing metabolites that have ecological activity
[74].

Grazing by heterotrophic protists shapes the abun-
dance and structure of microbial communities, and the
increase in shear force led to an increase in the abundance
of ciliates. Some of these vagile taxa were positively cor-
related with several bacteria, including Saprospiraceae in
the dynamic conditions cluster. Sapropiraceae dominate
microbial communities on PVC surfaces and contribute
to EPS production in biofilm [75, 76]. It is possible that
an increased stress limits chemosensory mechanisms
for identifying prey, which involves selection of bacteria
trapped in the matrix [77]. Heterotrophic protozoa are,
therefore, thought to actively select bacteria and are able
to move through the matrix [78]. The specific mecha-
nism of ciliate bacterial selection remains unknown, but
a previous work has suggested they primarily feed on EPS
rather than on planktonic cells in biofilms under con-
tinuous flow [79]. This finding suggests that an increased
shear stress alters nutrient availability, affecting the diet
of heterotrophic protists. Bacteria may benefit from
reduced grazing under shear stress by developing resist-
ant structures through overproduction of EPS.

Conclusion

Our work provided new insight into marine biofilm ecol-
ogy, highlighting the significant role of shear stress in
shaping natural biofilm communities. The multi-omics
approach demonstrated that the transition from static to
dynamic conditions has a higher impact on community
diversity than changes in shear stress intensity or sea-
sonal physico-chemical parameters. Dynamic conditions
resulted in thinner, protein-rich biofilms primarily com-
posed of taxa with strong adhesion mechanisms, like bac-
teria and diatoms. Conversely, static conditions enhanced
the presence of vagile microeukaryotes and macroorgan-
isms. Metabolic expression indirectly revealed that shear
stress can limit predation and influence chemical defense
mechanisms within biofilms. Furthermore, we observed
an enrichment of harmful species and non-indigenous
microorganisms under shear stress, emphasizing poten-
tial ecological and health risks. These findings underscore
the complex interplay between hydrodynamics, microbial
communities, and macroorganisms in marine biofilms,
highlighting the need for a deeper understanding to the
colonization dynamics of biofouling communities in
marine ecosystems.
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