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A B S T R A C T   

Biofouling is a specific lifestyle including both marine prokaryotic and eukaryotic communities. Hydrodynamics 
are poorly studied parameters affecting biofouling formation. This study aimed to investigate how water dy-
namics in the Etel Estuary (Northwest Atlantic coasts of France) influences the colonization of artificial sub-
strates. Hydrodynamic conditions, mainly identified as shear stress, were characterized by measuring current 
velocity, turbulence intensity and energy using Acoustic Doppler Current Profiler (ADCP). One-month biofouling 
was analyzed by coupling metabarcoding (16S rRNA, 18S rRNA and COI genes), untargeted metabolomics (liquid 
chromatography coupled with high-resolution mass spectrometry, LC-HRMS) and characterization of the main 
biochemical components of the microbial exopolymeric matrix. A higher richness was observed for biofouling 
communities (prokaryotes and eukaryotes) exposed to the strongest currents. Ectopleura (Cnidaria) and its pu-
tative symbionts Endozoicomonas (Gammaproteobacteria) were dominant in the less dynamic conditions. Eu-
karyotes assemblages were specifically shaped by shear stress, leading to drastic changes in metabolite profiles. 
Under high hydrodynamic conditions, the exopolymeric matrix increased and was composed of 6 times more 
polysaccharides than proteins, these latter playing a crucial role in the adhesion and cohesion properties of 
biofilms. This original multidisciplinary approach demonstrated the importance of shear stress on both the 
structure of marine biofouling and the metabolic response of these complex communities.   

1. Introduction 

In marine environments, biofouling refers to the complex coloniza-
tion of submerged substrates by micro- and macro-organisms (Railkin, 
2003). This biological process consists on adhesion and diversification of 
microbial communities, dominated by bacteria, diatoms, and other 
unicellular eukaryotes, embedded in a self-produced matrix of extra-
cellular polymeric substances (EPS), followed by the settlement of larger 
multicellular organisms (Dobretsov and Rittschof, 2020; Flemming and 
Wingender, 2010). The unwanted development of biofouling is an issue 
for marine industry, as it leads to increased costs and more regular 
maintenance operations (Davidson et al., 2023; Schultz et al., 2011). In 
the offshore renewable energy sector, biofouling affects different com-
ponents (e.g., dynamic cables, mooring lines, floats) by influencing 
hydrodynamic behavior or increasing structural loads, which finally can 
negatively affect structural resistance and energy production (Want 
et al., 2021). However, research in this domain is scarce due to limited 

access to structures deployed in highly dynamic offshore environments. 
Regardless of their sessile way of life, the composition of biofouling 

communities is controlled by a wide range of environmental parameters, 
physicochemical properties of substrates and biological interactions 
(Antunes et al., 2019; Briand et al., 2017; Dang and Lovell, 2016). In 
recent decades, most of the studies in this research field have investi-
gated the relationships between marine biofouling communities and 
environmental variables, such as salinity (Song et al., 2022), nutrients 
(Lawes et al., 2016), temperature (Briand et al., 2017), and trace metal 
elements concentrations (Djaoudi et al., 2022). Conversely, knowledge 
of how hydrodynamics mediate biofouling formation in the field is 
limited. Hydrodynamics is induced by the flow surrounding the sub-
strate and it is the sum of the incoming flow and the local wake, i.e., the 
flow modification due to the presence of the substrate and the biofouling 
itself. Biofouling is therefore sensitive to flow dynamics but it also 
modifies the surrounding flow (Marty et al., 2022). Hydrodynamic 
loading is of three-dimensional nature in the turbulent regime and 

* Corresponding author. 

Contents lists available at ScienceDirect 

Marine Environmental Research 

journal homepage: www.elsevier.com/locate/marenvrev 

https://doi.org/10.1016/j.marenvres.2023.106241 
Received 19 June 2023; Received in revised form 2 October 2023; Accepted 23 October 2023   

www.sciencedirect.com/science/journal/01411136
https://www.elsevier.com/locate/marenvrev
https://doi.org/10.1016/j.marenvres.2023.106241
https://doi.org/10.1016/j.marenvres.2023.106241
https://doi.org/10.1016/j.marenvres.2023.106241


Marine Environmental Research 192 (2023) 106241

2

therefore presents two categories of loadings: normal and tangential 
forces. Normal forces are expressed as pressure fields, and they are 
typical of oscillating flows, such as waves acting on offshore systems. 
Tangential forces represent shear stress; these forces are typical of tidal 
hydrodynamics or ships in transit. In this study, we focused on the 
impact of shear stress on biofouling communities. 

Previous studies have mainly focused on the effects of shear stress on 
bacterial biofilms formed with cultures of pathogenic strains or in 
freshwater ecosystems in controlled conditions and using cultures of 
isolated strains (Chun et al., 2022; Simões et al., 2022; Tsagkari et al., 
2022). All these studies show that flow forces can have a very strong 
influence on biofilms. For example, shear stress influences the attach-
ment of organisms (Kastl et al., 2020), the oxygen supply (Thames et al., 
2023), the composition of communities (Catão et al., 2019; Schmidt 
et al., 2018), the structure (Battin et al., 2003) and the metabolism of 

biofilms (Jones and Buie, 2019). Moreover, local hydrodynamics asso-
ciated with the specific properties of the natural environment can also 
influence the organization of the biofilm matrix. These observations 
have been particularly well demonstrated for Pseudomonas aeruginosa 
biofilms which form large and stiff 3D structures when subjected to high 
hydrodynamic forces (Nadell et al., 2017). In general, biofilms grown 
under high shear conditions have a flat and dense monolayer structure, 
which is able to withstand mechanical stress due to its compactness. 
Conversely, under low shear conditions, biofilms have a multilayer 
structure which improves nutrient exchange compared to the flat 
structure, but they cannot resist the same mechanical stimuli (Araújo 
et al., 2016; Liu and Tay, 2002; Paul et al., 2012). Furthermore, in 
natural aquatic ecosystems, it has been reported that the flow force 
exerted on stream biofilms alters biofilm community assembly, with 
flow-induced changes affecting community richness (Besemer et al., 

Fig. 1. Map of the sampled sites and photographs of panels (A). Map of the sampling area in the Etel estuary. Colors show sampled sites [red: buoy A (BA), blue: 
buoy B (BB), and orange/yellow buoy C (BC)]. (B) Photographs of the panels sampled at each site after 27 days of immersion. 
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2007). Therefore, to date, the knowledge on the relationships between 
shear stress and marine biofouling communities is very sparse and, 
moreover, limited to prokaryotes or diatom communities (Catão et al., 
2019; Zargiel et al., 2011). Especially, few studies have described the 
whole biofouling assemblages, including microbes and multicellular 
eukaryotes, formed in-situ under hydrodynamic stress. 

Thus, the aim of this study was to understand the effects of a complex 
estuarine hydrodynamic regime characterized by strong marine currents 
on biofouling prokaryotic and eukaryotic assemblages. This in-situ 
experiment was conducted at the estuary of the Etel River (French 
Atlantic coast, Brittany) as this site is characterized for strong tidally 
driven currents (up to 2.5 m/s) (Thiébaut et al., 2022). The mean 
discharge of the Etel river is 4.5 m3/s, which is in the same order of 
magnitude as more than 30 other French estuaries, representing nearly 
60% of all French estuaries. A combined multidisciplinary approach 
including metabarcoding, biochemical composition of the matrix and 
metabolomics, aimed to provide complementary information on the 
effect of shear stress on the biofouling process in a natural environment. 

2. Materials and methods 

2.1. Study site and experimental design 

The Etel estuary is located on the Northwest Atlantic coasts of France 
(Brittany; 47◦67′N; 3◦20′W). The hydrodynamic regime of the river is 
mainly controlled by tides. Three sampling sites were selected to study 
different hydrodynamic conditions in the Etel estuary. Two of them 
(buoys BA and BB) are high-energy sites located in the center of the river 
(buoys BA and BB) while the third site (buoy BC) is located close to the 
shoreline (Fig. 1A). Buoys BA, BB and BC were immersed at 11.8, 10.2 
and 8.7 m depth. BA was the westernmost buoy (78 m from shore), BB 
was the northernmost buoy (137 m from shore), and BC was in the east, 
(47 m from shore). There is 30 m between two adjacent buoys. 

The experiment was conducted in 2020 for one month (from 13 
October to 10 November). Each buoy had a vertical metal frame sup-
porting 6 polyvinylchloride (PVC) panels (20 cm × 27 cm) at 1.5m depth 
(Fig. S1). All the panels were sandblasted to increase roughness and 
promote adhesion. The PVC plates were used as biocolonisation sup-
ports. After 27 days of immersion, biofouling material was collected 
from the panels using sterile stainless-steel blades. Three replicates were 
scrapped for each analysis (Fig. S2). 

2.2. Environmental data collection 

Water temperature, turbidity, salinity, and dissolved oxygen (DO) 
concentration measured in-situ were provided by the REPHY program 
(REPHY – French observation and monitoring program for phyto-
plankton and hydrology in coastal waters, 2021). The measurements 
were carried out 3 times during the immersion period upstream of the 
Lorois bridge (300 m from the studied sites). Seawater was also collected 
and transported to the laboratory. Nutrients (NO2

− , NO3
− , PO4

3− , Si(OH)4) 
were measured using standard colorimetric methods for seawater while 
dissolved organic carbon (DOC) and total nitrogen (TN) were analyzed 
on a TOC-VCSH analyzer (Shimadzu) (Oursel et al., 2013). 

2.3. Hydrodynamic conditions 

Velocity measurements from three 5-beam ADCP (Nortek Signature 
1000 kHz) were used to assess the flow dynamics and turbulence within 
the Etel estuary. Further details of the ADCP configuration deployments 
and the assessment of flow dynamics and turbulence at the Etel estuary 
sites have been previsouly described in Thiébaut et al. (2022). 

In this paper, the metrics of interest for the flow characterization 
were: flow (streamwise) velocity, turbulence intensity (TI) and turbu-
lence kinetic energy (TKE) throughout the water column. TI is referred 
to as the turbulence level and represents the intensity of velocity 

fluctuations. It is expressed as the ratio of the standard deviation of the 
streamwise velocity within a 10 min flow velocity subset to the mean 
flow velocity of the same subset (e.g., Sentchev et al., 2020). It is rep-
resented as a percentage. TKE is the average kinetic energy associated 
with eddies in turbulent flow. TKE is determined as half of the variance 
in flow velocity calculated over 10 min subsets. 

The ADCPs were deployed for two different periods to cover the three 
sites. Firstly, for 24 days, from 12 September to 6 October 2020, where 
the ADCPs were deployed on the seafloor, below the BA and BC buoys. 
Second, for 27 days, from 13 October to 10 November 2020, a single 
ADCP was deployed on the seafloor below buoy BB (corresponding to 
the immersion panel period). 

2.4. DNA metabarcoding, bioinformatics and statistical analysis 

DNA was extracted using the DNeasy PowerBiofilm Kit (Qiagen) 
according to the manufacturer’s instructions. A negative control was 
included in the extraction protocol. DNA quantity and quality were 
measured using NanoDrop 1000 spectrophotometer (ThermoScientific). 

Three sets of primers were selected for metabarcoding: the V4-V5 
region of the 16S rRNA gene for prokaryotes (Parada et al., 2016), 
while eukaryotic diversity was analyzed using two genetic markers best 
adapted to marine biofouling communities (Portas et al., 2022): the 
mitochondrial cytochrome c oxidase I (COI) (Leray et al., 2013) and the 
V7 region of the 18S rRNA gene (Gast et al., 2004; Van de Peer et al., 
2000). Primers were modified to include Illumina™ overhang adaptors. 
Primer sequences and PCR programs are detailed in the Supporting In-
formation (DNA metabarcoding and sequencing section). Negative 
controls were performed for the three markers. Samples (n = 27, 9 per 
each primer pair) were sequenced on the Illumina MiSeq platform with 
the 2 × 300 bp chemistry (Eurofins Genomics, Ebersberg, Germany). All 
data are available from the NCBI BioProject database (accession number 
PRJNA883975). 

Adapters were first removed using Cutadapt v.3.1 (Martin, 2011). 
Reads were filtered, dereplicated, merged and chimera were removed 
using DADA2 v.1.20.0 (Callahan et al., 2016) in R software and ASVs 
(Amplicon Sequence Variant) were assigned using the FROGS v.4.0.1 
(Escudié et al., 2018). For bacteria, ASVs were assigned using the SILVA 
138 database. The Protist Ribosomal Reference (PR2, v.4.14.0) was used 
for 18S rRNA sequence assignment and BOLD (v.2022) for the COI se-
quences, the latter containing only marine sequences. ASV sequences 
were assigned using blast+ (v.2.10), retaining ASVs with ≥75% 
sequence coverage and ≥95% identification for both 16S rRNA and 18S 
rRNA data, and ≥80% for COI. Below these thresholds, an ASV was 
classified as unknown if it had a bootstrap confidence score below 65% 
at any level using the naive Bayesian classifier method (Wang et al., 
2007). Subsequently, ASVs with an abundance lower than 0.005% 
(Bokulich et al., 2013) and sequences not assigned to marine species (i. 
e., contamination by human DNA and terrestrial species) were removed 
from the dataset. ASVs classified as chloroplast or mitochondrial were 
removed from the 16S rRNA gene dataset. 

Statistical analyses were performed in R implementing the phyloseq 
(McMurdie and Holmes, 2013) and vegan (Oksanen et al., 2009) pack-
ages. Samples were rarified to the minimum sample read depth for each 
primer (16S rRNA gene: 27,631; 18S rRNA gene: 141,902; COI: 70,205). 
As estimates of relative eukaryotic abundance could be biased by vari-
ation in the length and number of copies of this gene between eukaryotic 
taxa, the analyses were based on presence/absence indices. For this 
reason, alpha diversity was calculated from Chao1 richness and the 
number of ASV observed. The effects of tidal flow on biofouling species 
richness were tested using an analysis of variance (ANOVA) followed by 
Tukey’s honestly significant difference test. Beta diversity was examined 
using a Principal Coordinate Analysis (PCoA) ordinations based on the 
weighted UniFrac dissimilarity matrix for prokaryotic data and on the 
unweighted UniFrac distance matrix for eukaryotic data. Permutational 
analyses of variance (PERMANOVA) with “sampling site” as a factor and 
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pairwise comparisons were performed. Additionally, to identify the taxa 
associated with hydrodynamic conditions, differential abundance (log 
fold changes; LFC) of genera between high (BA and BB) and low (BC) 
hydrodynamic conditions was performed using DESeq2 (Love et al., 
2014). Count data were normalized by a regularised logarithmic trans-
formation, which accounts for lower counts. 

To investigate potential interactions between bacterial communities 
and eukaryotes from biofouling, a cooccurrence network was created 
with CoNet (Faust and Raes, 2016). For this analysis, samples belonging 
to the 18S rRNA gene and 16S rRNA sequences were included. Pearson 
and Spearman correlations, mutual information and Bray-Curtis dis-
similarities were calculated. P values were further computed from 
method- and edge-specific permutations and bootstrap score distribu-
tions with 1000 iterations each. The initial top and bottom edge 
numbers were set at 150. Correction for multiple-testing of the p-values 
was performed according to Brown’s method followed by 
Benjamini-Hochberg correction. Networks were analyzed using Cyto-
scape, v 3.9.1. 

2.5. Metabolomics analysis 

The biological material was transferred to a glass tube containing 25 
mL of pure ethyl acetate (analytical grade; Carlo Erba; Val-de-Reuil, 
France) and stored at 4 ◦C until further laboratory analysis. For me-
dium blanks (in triplicate), a PVC panel without colonization was 
treated according to the same protocol. The 12 samples were then 
sonicated in an ultrasonic bath (Bransonic 2150E-DTH; Danbury, CT, 
USA) for 30 min at room temperature. The upper organic phases were 
collected in separate glass tubes and dried under N2. The tubes were then 
filled with argon and stored at − 20 ◦C. All dried extracts were weighed, 
dissolved in LC-MS grade methanol (Fisher; Loughborough, UK) to a 
final concentration of 10 mg/mL for each sample, and then transferred 
in 2 mL-HPLC vials. 

A pool sample solution was prepared by taking an aliquot of each 
sample (biofouling extracts and medium blanks). The resulting solution 
was divided into several HPLC vials, which were used as quality control 
(QC) samples to ensure reproducibility. Prior to injection, all samples, 
blanks, and QCs were filtered (0.22 μm). At the beginning of the injec-
tion sequence, two analytical blanks (methanol only) and a QC sample ( 
× 10) were injected before the samples. Biofouling extracts and media 
blanks were then injected randomly to avoid possible time-dependent 
changes in LC-MS chromatographic fingerprints, while a QC sample 
was injected every three samples. 

Biofouling metabolome analyses were performed on an ultra- 
performance liquid chromatography system coupled to an electrospray 
ionization quadrupole time-of-flight mass spectrometer (UHPLC-ESI- 
QTOF-MS) in positive mode. All characteristics are detailed in the 
Supporting Information (Metabolomics section). 

LC-MS raw data were converted into “.netCDF” files using Data-
Analysis (version 4.3; Bruker Daltonics) and processed using MZmine- 
2.58 (Pluskal et al., 2010). The first step corresponded to the final 
data matrix construction, with parameters listed in Table S1. In a second 
step, two successive filtering steps were applied to remove experimental 
and analytical biases based on signal-to-noise ratio (using blanks; min-
imal S/N ratio: 6) and coefficient of variation (using QCs; minimal CV: 
20%) with an in-house script on R and final manual filtering. The 
resulting data matrix was analyzed using the MetaboAnalyst 5.0 online 
webtool (Chong et al., 2018). Data were normalized using log10 trans-
formation and mean-centered for better comparability. Principal 
component analysis (PCA) was performed to visualize the inherent 
clusters between conditions, and partial least squares discriminant 
analysis (PLS-DA) to assess the discrimination between groups and to 
characterize chemomarkers of each group. From the PLS-DA, variable 
importance in projection (VIP) values were selected to assess the 
importance of each metabolite in driving the separation between groups. 

2.6. Metabolites annotation using molecular networking 

Data analysis software was used to convert raw UPLC-MS/MS files 
into ".mzXML" files. These MS/MS data were used to build a molecular 
network (MN) using the Global Natural Products Social Molecular 
Networking online workflow (GNPS web platform; http://gnps.ucsd. 
edu). This platform allows creating a network to visualize compounds 
with similar chemical structure based on the similarity of their tandem 
MS/MS fragmentation patterns (Wang et al., 2016). The creation of a 
restricted MN was conducted to annotate the largest number of metab-
olites (see Carriot et al. (2021) and Table S2). For this purpose, the 
parameters used were precursor ion mass tolerance (Da): 0.02; fragment 
ion mass tolerance (Da): 0.02; minimum cosine score: 0.70; minimum 
matched fragment ions: 4; network TopK: 10. Data from GNPS platform 
were imported into Cytoscape (v.3.8.0) for MN visualization. Metabo-
lites present in blank samples were manually eliminated from the MN. 
Metabolites annotation was done according to Carriot et al. (2022). 

2.7. Extraction and characterization of EPS 

To analyze the EPS matrix, the biofouling material was scrapped 
using sterile stainless-steel blades and transferred to a sterile 50 mL 
Falcon tube containing 10 mL of Artificial Sea Water (36 g/L of sea salts, 
Sigma Aldrich). A series of centrifugations and precipitations were 
carried out to extract the different fractions of EPS (D’Abzac et al., 2010; 
More et al., 2014). First, sample tubes were briefly vortexed and then 
centrifuged at high speed (30 min; 4 ◦C; 20,000 g). The resulting su-
pernatants containing extracted EPS were transferred into sterile 50 mL 
Falcon tubes with 3 vol of ice-cold ethanol at 95 % and incubated 
overnight at − 20 ◦C. After incubation, the tubes were centrifuged at 20, 
000 g for 30 min at 4 ◦C. The supernatants were removed, and the 
precipitated EPS pellets were freeze-dried before being weighed. They 
represented the colloidal fraction of EPS (CF). In a second time, the 
pellets from the first centrifugation of sample tubes were resuspended in 
5 mL ASW, briefly vortexed and sonicated for 3 min at 100 W. The 
samples were then centrifuged at 20,000 g for 30 min at 4 ◦C. The pellets 
corresponded to the residual fraction (RF, consisting of intact cells and 
other residues). The supernatants were treated using the same protocol 
as before to obtain, as precipitated compounds, the bound fraction of 
EPS (BF, potentially including some intracellular polymers). Finally, BF 
and RF fractions were freeze-dried before being weighed. For each 
immersed panel, the biofilm biomass was correlated to the sum of 
fraction weights (CF, BF and RF). 

To determine the total chemical composition of the different frac-
tions, they were dissolved in water at a concentration of 2 mg/mL. The 
protein content was determined by the Bradford method (Bradford, 
1976) using BSA as standard. The carbohydrate content was determined 
by the phenolsulphuric acid method (Dubois et al., 1956) and the uronic 
acid content by the metahydroxyphenyl method (Blumenkrantz and 
Asboe-Hansen, 1973) using glucose and glucuronic acid as standards, 
respectively. For all these tests, EPS solutions were transferred in trip-
licate to a transparent 96-well microplate. Optical densities were 
measured using a plate reader (TECAN, Infinit 200 Pro). 

3. Results 

3.1. Physico-chemical and hydrodynamic characteristics of Etel estuary 

Temperatures and dissolved oxygen ranged from 15.2 ± 2.9 ◦C and 
from 7.9 ± 0.9 ◦C, respectively (Table S3). Salinity and TN were stable 
(mean 34.8 and 0.3 mgN/L, respectively). In contrast, the Etel site 
showed high variations in nutrient measurements, especially for DOC 
(2.2 ± 2.6 mgC/L), SiO2 (8.6 ± 5.1 μM), and NO3

− (5.2 ± 3.3 μM). 
The three sites differed in levels of hydrodynamic disturbance as 

indicated by velocity and turbulence measurements (Table 1). BA and 
BB were exposed to strong currents (up to 2.43 and 2.47 m/s, 
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respectively) whereas those recorded near BC reached only 0.93 m/s. 
Furthermore, turbulent kinetic energy (TKE) values were higher at BA 
than at the other sites. Turbulence intensity (TI) was similar between the 
3 sites with large variations. 

3.2. Biofouling community structures 

The raw sequence data from 18 samples resulted in 1,342,341 16S 
rRNA sequences, 2,688,794 18S rRNA gene reads and 1,232,952 COI 
reads. In the final rarified dataset, the number of assigned ASVs was also 
uneven: 1378 ASVs for the 16S rRNA gene, 459 ASVs for the 18S rRNA 
gene and 784 ASVs for the COI gene. The rarefaction curves reached 
saturation for the detected ASVs, indicating that the coverage was suf-
ficient (Fig. S3). 

The richness measured by Chao1 for prokaryotic communities was 
significantly different between the three sites (ANOVA, p < 0.05) 
(Fig. 2A). In contrast, alpha diversity indices for eukaryotic communities 
varied similarly regardless of the gene (18S rRNA gene and COI), with 
the lowest richness at BC but no significant differences between BA and 
BB. The same result was observed for the number of ASVs detected 
(Fig. S4). 

Overall, beta diversity showed a similar pattern for bacterial and 

eukaryotic communities (Fig. 2B). Community composition was similar 
in BA and BB, but significantly different in BC, regardless of the gene 
sequenced (PERMANOVA, p < 0.05). Axis 1 represented between 53 and 
76% of the variability, regardless of the gene used. 

Across all sites, a wide diversity of foulers was identified (Figs. 1B 
and 3). For bacteria, Alphaproteobacteria, Bacteroidia, Gammaproteobac-
teria and Verrucomicrobiaea were the most abundant genera in BA and BB 
samples. The most abundant group in BC samples was an unknown 
genus (Gammaproteobacteria, order Pseudomonadales). Moreover, only 
one ASV of Candidatus Nitrosopumilus archaea was represented in the 
dataset, with only 0.04% sequence reads. Despite these differences, 75% 
of the genera were shared between the three sites, accounting for over 
98% of the total number of reads (Fig. S5A). Conversely, approximately 
44% of eukaryotic genera were shared between the three sites, and this 
proportion represented an average of 88% and 87% of the total number 
of reads for 18S rRNA and COI, respectively (Figs. S5B and S5C). Among 
18S rRNA gene and COI datasets, arthropods belonging to the genera 
Harpaticus and Jassa, as also Ectocarpus (Phaeophyceae) were more 
abundant at the BA site, while Bacillariophyta, especially Navicula and 
Shionodiscus, were abundant at the BB site. Rhabditophanes (Nematoda), 
identified using COI data, were particularly abundant in BA and BB 
samples. The BC samples were composed of Arthropoda and Cnidaria, 

Table 1 
Hydrodynamic parameters (i.e., flow velocity, turbulent intensity, and turbulent kinetic energy) at 3 Etel sites (BA, BB et BC) measured monthly from September 
2020 to October 2020 for BA and BC and from October 2020 to November 2020 for BB. The table shows the maximum, minimum, mean, and standard deviation values 
of each hydrodynamic variable.  

Variable BA BB BC 

Max Min Mean SD Max Min Mean SD Max Min Mean SD 

Flow velocity (m/s) 2.43 0 0.74 0.65 2.47 0.01 0.83 0.56 0.93 0.01 0.25 0.15 
Turbulence intensity (%) - TI 33.35 0.17 3.2 2 29.99 0.22 2.89 1.38 27.8 0.16 3.62 3.17 
Turbulent Kinetic Energy (m2/s2) - TKE 0.45 0 0.04 0.04 0.23 0 0.03 0.03 0.2 0 0.02 0.02  

Fig. 2. Distribution of alpha- and beta-diversity of the biofouling communities according to the 3 Etel sites (BA, BB and BC). (A) Boxplots of the Chao1 index 
at the ASV level at each site obtained from 16S rRNA gene, 18S rRNA gene and COI. The line in each box plot indicates the median, the box delimits the 25th and 75th 
percentiles, and the whisker corresponds to the full range. Letters above boxplots represent pairwise comparisons between each site. (B) PCoA of biofouling 
composition across different primers (shapes) and at different sites (colors). Weighted Unifrac distances were used for 16S rRNA gene while unweighted Unifrac 
distances were used for both 18S rRNA and COI gene. Each point represents one sample. 
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mainly represented by the genera Ectopleura and Jassa. 

3.3. Differential community analysis depending on hydrodynamics 

Due to taxonomic and hydrodynamic similarities, samples BA and BB 
were considered to be exposed to high and BC to low hydrodynamic 
conditions. Accordingly, a differential analysis was performed to iden-
tify genera specifically associated with low and high hydrodynamic re-
gimes. The DESeq2 results showed that some members of the 
Alphaproteobacteria, such as Neorickettsia or Albimonas, were more 
abundant in the low current samples. Gammaproteobacteria were also 
abundant with 5 genera identified in the BC samples, including Mar-
inomonas, Francisella and some genera of the Pseudomonadales which 
includes Endozoicomonas genus (Fig. 4A). Conversely, a significant 

increase in relative abundance was observed for Aureispira, OM27 clade, 
Propionigenium or Roseobacter in samples exposed to high flows. 

Among the eukaryotic communities, genera discriminating under 
low current conditions were identified as members of Kallimenia (Flo-
rideophyceae), Ectopleura (Cnidaria), and Bastodinium (Dinophyceae), 
but also several arthropod genera such as Phtisica and Caprella which 
showed a high LFC values (Fig. 4B). Conversely, taxa which were 
differentially abundant under strong current conditions belong to the 
class Bacillariophyta, including the genera Navicula and Nitzschia. Other 
genera of the classes Discosea-Flabellinia, Endomyxa, Filosa- 
Thecofiliseo, Labyrinthulomycetes, Phyllopharyngea and Phaeophy-
ceae, including the genus Pylaiella, were also abundant under high 
current conditions. 

To explore the relationship between the eukaryotic and bacterial 

Fig. 3. Composition of the marine fouling communities at the 3 Etel sites (BA, BB and BC). Taxonomic composition obtained from 16S rRNA, 18S rRNA and 
COI genes analyses at the genus level (relative abundance >0.05%). 
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communities, a co-occurrence network analysis was performed and 
revealed three distinct clusters (Fig. S6). A high number of ASV occur-
rences were found in samples BA and BB, representing 85 nodes asso-
ciated with 112 edges. In cluster A, ASVs associated with Ulva had the 

highest number of positive links and were correlated with bacteria such 
as Roseovarius, Aquibacter, Luteolibacter and Yoonia-Loktanella. For 
cluster B, the highest number of edges corresponded to 4 eukaryotes 
belonging to the Bacillariophyta, including two raphid pennate 

Fig. 4. Differential analysis of genera obtained using DeSeq2 between the most abundant and discriminant taxa in low and high flow regimes. Heatmap of 
differential abundance of genera (given as log2 normalized counts) and barplots of Log2 fold changed values obtained for (A) prokaryotes and (B) eukaryotes. 
Eukaryote communities include COI and 18S rRNA gene taxa. A gradient from blue to red indicated genus abundance across sites. Barplots show Log2 fold changed 
values, positive values indicate an increased presence in low current and negative values indicate presence in high current. Only genera with a significance level 
lower than 0.001 (FDR-adjusted DESeq2 p-values), and Log2 fold change values higher than 5 are shown. Genera are grouped according to the class level. 
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(Nitzschia and Cocconeis) and two polar centric diatoms (Shionodiscus 
and Minidiscus). These ASVs were positively correlated with bacterial 
genera including several members of the Verrucomicrobiales, such as 
Persicirhabdus and Rubritalea. Cluster C consisted of ASV mainly found in 
BC samples with the presence of two bacteria (Pseudomonales and 
Fokiniaceae) and three eukaryotes (Oithona, Calliblepharis and 
Ectopleura). 

3.4. Variations of metabolites in biofouling samples 

A UHPLC-(+)-ESI-MS untargeted metabolomics approach was 
applied and, by extracting the raw LC-MS data, a final dataset of 1414 
m/z features was obtained. The resulting PCA score plot (Fig. 5A) 
showed a clear distinction between the biofouling samples according to 
the hydrodynamic conditions. Specifically, BA and BB samples were 
discriminated from BC samples along the first component (PC1, 69.1% 
of total variance), while BA samples were separated from BB samples 
along the second component (PC2, 10.4% of total variance). 

A two-class PLS-DA model (high flow regime: BA/BB vs. low flow 
regime: BC) was then built to find differentially expressed 

chemomarkers depending on the hydrodynamic conditions. This PLS-DA 
model was used to determine the most discriminating m/z features. 
Metabolites with the highest VIP scores corresponded to those most 
differentially expressed between the two hydrodynamic conditions. 
Fig. 5B shows the expression of the 15 most discriminating chemo-
markers (VIP score >2) in each sample. The putative annotation of these 
chemomarkers was carried out thanks to their MS/MS fragmentation 
pattern (interpretation and comparison with literature and specialized 
databases) and the use of the MN approach. All elements related to their 
annotation (database, molecular formula, observed ion, m/z, MS/MS 
fragmentation, MN cluster) were presented in Table S2. 

3.5. Molecular networking and chemomarkers annotation 

The MN consisted of 323 nodes (i.e., m/z features), most of which 
were clustered into 16 clusters of at least 3 nodes (labeled from A to P; 
Fig. 6). The combination between the MN and the analysis of the MS/MS 
spectra led to the putative annotation of 65 metabolites of the present 
dataset, including 12 of the 15 first VIPs (see Table S2). More precisely, 
the metabolites clustered in cluster A were hydrophobic compounds, 

Fig. 5. Untargeted LC-MS-based metabolomics discrimination of biofouling samples formed in high and low flow regimes. (A) Principal component analysis 
(PCA) score plots of marine biofouling extracts obtained from LC-MS data grouped with the three conditions: high (red squares: BA and red triangles: BB) and low 
flow regimes (yellow circle BC). (B) Hierarchical Clustering Heatmaps using the top 15 PLS-DA VIPs (“nd": not defined). FA: Fatty acid; PA: Phosphatidic acid; 
Cer: Ceramide. 
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Fig. 6. Molecular network built with LC-MS/MS data of extracts of marine biofouling. Each node corresponds to a metabolite for which color ratios correspond 
to its relative abundances in the two hydrodynamic conditions (High: BA/BB samples in red; Low: BC samples in yellow) and the size corresponds to the normalized 
peak intensity. Some putatively annotations are given and discriminant compounds (VIPs) between the two hydrodynamic conditions are circled in green. FA: Fatty 
acid; PA: Phosphatidic acid; Cer: Ceramide; MG: Monoalkylglycerol; ST: Sterol; PC: Phosphatidylcholine. 
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such as fatty acids and derivatives, and most of them were specifically 
more expressed under one type of hydrodynamic conditions rather than 
another but without a general trend at the cluster level towards one of 
these two conditions. The unknown VIP n◦2 (C36H58O5) belonged to this 
cluster. Cluster B consisted of ceramides which were over-expressed 
under low hydrodynamic conditions (BC). In particular, 3 ceramides 
were included among the first 15 VIPs (VIPs n◦9, 13 and 14; see 
Table S2). Unknown metabolites, more expressed in low hydrodynamic 
conditions (BC), were the main components of cluster C while several 
carotenoids, more expressed in high hydrodynamic conditions (BA/BB), 
were part of cluster D. Several phenylethylamine derivatives, including 
VIPs n◦1, 6 and 12, formed cluster E and were characteristic of BC 
samples. Within clusters G, K and L, no clear differences between the two 
hydrodynamic conditions were observed, but within these clusters two 
chlorophyll a derivatives, pheophorbide a (cluster F) and pheophytin a 
(cluster L), were mainly expressed in BC samples. Clusters H, I, J and M 
were composed of metabolites also overexpressed in BC samples, 
including: (i) the unidentified VIP n◦8 in cluster H, (ii) 3 lyso-phospha-
tidylcholines in cluster I, (iii) a carnitine derivative in cluster J and (iv) 2 
monoacylglycerols and a fatty acid in cluster M. Clusters N, O and P 
collected metabolites mainly observed in BA/BB samples. More specif-
ically, cluster N was composed of 3 peptides, while 3 steroids were found 
in cluster O and the heme degradation product, anaerobilin (VIP n◦15), 
was putatively annotated in cluster P. Finally, 6 of the major VIPs were 
detected in clusters composed of two nodes or as self-loops (single 
nodes). Among them, chlorin E6 (VIP n◦10) was mainly expressed in 
BA/BB samples while the others (VIPs n◦3, 4, 6, 7, and 11) were mainly 
found in BC samples. 

3.6. Biofilm quantity and chemical characterization of the EPS matrix 

As expected from observation of the submerged panels (Fig. 1B), the 
amount of biofilm harvested increased under low hydrodynamic con-
ditions, with a significant difference between BA or BB and BC (p <
0.0001) (Fig. S7). Conversely, the amount of colloidal EPS was signifi-
cantly higher in BA than in BB and BC (Fig. 7). Variations in the total 
amounts of carbohydrates, uronic acids and proteins were determined 
for the two EPS fractions, namely colloidal and bound, and for the re-
sidual biofilm fraction. Irrespective of the site, the total carbohydrate 
content of the biofilms (all fractions taken together) was higher than the 
protein content (Fig. S8). Looking at the composition of biofilm matrix 
(EPS extracted in colloidal and bound fractions), the same trend was 
observed with a significant decrease (p < 0.006) in the carbohydrate/ 
protein (C/P) ratio when panels were exposed to low hydrodynamic 
conditions (BC) compared to high hydrodynamic conditions (BA) (C/P 
ratios of 6.3 and 0.8 for BA and BC, respectively) (Fig. 7). For BC, the C/P 
ratio was even less than 1, indicating a predominant protein content of 
the matrix. Specifically, BC differed from the other two sites by higher 
proportions of protein (p < 0.01) in all fractions (colloidal, bound, and 
residual) (Fig. S8). Regarding the carbohydrate content, no significant 
difference was found between the sites (p > 0.05) regardless of the 
fraction. The same observation was made for uronic acid (UA) content in 
the colloidal and residual fractions, while in the bound fraction, BC 
samples had a higher proportion of UA than BA (p = 0.03) (Fig. S8). 

Furthermore, a PCA of the different biofilm fractions at the three 
sites was performed based on the composition in proteins, carbohy-
drates, and UA (Fig. S9). Three clusters corresponding to the three sites 
were observed on the resulting score plot. BA and BC samples were 
discriminated along the first component, which accounted for 48.6% of 
the total variance. BC samples showed a more pronounced difference 
from the other two samples along the first component. Total protein 
content and, to a lesser extent, UA content in EPS were the most 
discriminative parameters for BC samples. 

4. Discussion 

In this study, we intend to understand how flow dynamics and tur-
bulence affect the biofouling process in the Etel estuary in autumn. 
Hydrodynamics have rarely been studied in relation to biofouling. The 
use of an original approach using ADCP for flow characterization and a 
multi-omics approach (metabarcoding and metabolomics) coupled with 
biochemical analysis, allowed us to unravel links between taxonomic 
and metabolic biofouling adaptations and specificities of the Etel 
estuary. 

4.1. Hydrodynamic behavior of the Etel estuary 

The Etel site is primarily influenced by tidal patterns. Consequently, 
in cases where data cannot be collected simultaneously, the recom-
mended approach is to perform a comparative analysis over the entire 
tidal cycle, encompassing the primary spring tide (full moon), neap tide, 
and secondary spring tide (new moon). This method has allowed us to 
maintain relevance when comparing hydrodynamics between different 
sites. However, local wind conditions may introduce slight tide 

Fig. 7. Distribution (proportions in mass percent) of the different frac-
tions (Colloidal and Bound Fractions as EPS fractions, and Residual 
Fraction) and Carbohydrate/Protein ratios in the biofouling samples 
collected at the 3 Etel sites (BA, BB, and BC). The left pie chart shows the 
mean percentage of each fraction, colloidal (green), bound (blue) and residual 
(yellow), across the three buoys. The doughnut chart on the right shows the 
average proportion of proteins (P) in dark color, and total carbohydrate 
amounts (C), in light color into each site. Carbohydrate/protein (C/P) ratios are 
shown within the doughnut chart. For more details see Table S4. 
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variations by influencing tides, especially through low tide exposure 
amplification. Conversely, low-pressure systems, which often associated 
with cloudy and rainy weather, can result in higher tides than predicted. 
These effects are mainly observed offshore, and the onshore location of 
the Etel test site makes their impact negligible. Additionally, river runoff 
resulting from heavy rainfall is another factor that can influence tidal 
patterns. We have not observed such events during our deployments. 

The turbulence measured at BA, BB and BC was consistent with 
previous estimates derived from ADCP measurements collected in the 
center of the Sea Scheldt estuary, Belgium (Sentchev et al., 2020). The 
main difference in the hydrodynamic profile of BA, BB and BC was the 
flow velocity. In the center of the river (BA and BB), the mean and 
maximum flow velocities were 0.7–0.8 m/s and 2.4 m/s, respectively, 
similar to that evaluated in the center of the Sea Scheldt estuary, 
whereas the maximum velocity at Etel estuary is 70% higher (Fig. S10). 
The maximum velocities at the Etel estuary were observed during the 
ebb tide. During this phase of the tide, the flow converged due to the 
shape of the estuary, which resulted in flow acceleration and high ve-
locities. During the flood stage of the tide, the flow crossed several 
bathymetric features, including a prominent ridge, before reaching BA 
and BB. The complex bathymetry generated friction and macro-
turbulence near the bed, which then propagated upwards in the water 
column, causing flow deceleration and lower velocities. In BC, the low 
water depth and the proximity to the shore significantly limited the flow 
velocity during both ebb and flood, justifying a flow velocity about 3 
times lower than that observed in BA and BB. The conditions at the Etel 
site allowed to conclude on the influence of mean velocity in providing 
different levels in the same global environment. However, the turbu-
lence was globally homogeneous at the three points BA, BB and BC and 
consequently it was not possible to assess globally its specific influence 
on biofouling. The control of turbulence (velocity fluctuations) is com-
plex, especially in natural environments, and dedicated experiments 
should be developed to study its influence separately for identical mean 
velocities. Therefore, the physical constraints applied to biofouling at 
our studied sites were mostly shear stress. However, these tidal condi-
tions differ considerably from those of the riverine system and are 
characterized more by shear stresses varying between high and low 
values. Consequently, biofouling formation can also differ from the one 
established under steady currents (Chen et al., 2022). 

4.2. Shear stress does not influence the composition of the core bacterial 
community but affects community structure 

Our results showed that richness and diversity tended to be higher 
under high flow conditions, with a different community structure 
compared to that observed under low flow conditions. Previous studies 
have described similar trends in biofilm diversity but have not reliably 
linked the observed changes in bacterial communities to hydrodynamics 
(Chun et al., 2022; Simões et al., 2022; Tsagkari et al., 2022). Indeed, by 
modeling the effects of hydrodynamics on bacterial communities in river 
biofilms, Li et al. (2015) only concluded that diversity was higher in 
flowing water than in calm water. Conversely, Rickard et al. (2004) 
showed that a loss of diversity in a multi-species drinking water biofilm 
was associated with increasing shear stress from 0.12 to 0.26 m/s. The 
main reasons for the different diversity and structure of biofilms may be 
the different transport rates of nutrients, dissolved oxygen variations 
and cell adhesion, which influence biofilm formation and growth. 
Higher fluid velocity could promote nutrient and bacterial cell transport, 
which a positive effect on biofilm formation (Moreira et al., 2015; 
Thames et al., 2023), while stagnant or low flow conditions are a barrier 
to nutrient delivery and removal of waste components from the colony 
(Stewart, 2012), and also do not allow a good water oxygenation. 
However, very high shear stress conditions may prevent cell attachment 
or be responsible for cell detachment, making the biofilm thinner, as 
observed in this and other studies (Catão et al., 2019; Gomes and 
Mergulhão, 2021; Krsmanovic et al., 2021). A more integrated view of 

the effect of hydrodynamics on biofilms was given by Van Loosdrecht 
et al. (1995), who suggested that biofilm structure is determined by a 
balance between detachment and growth of biofilm communities. In 
other words, biofilm diversity could be promoted up to a certain flow 
rate, which was the case in the Etel estuary during our experiments but 
may be limited beyond that. This may in some way relate to the inter-
mediate disturbance’s hypothesis (Connell, 1978), which suggests that, 
in the context of patch dynamics (Wilson, 1994) relevant to surface 
colonization (Hutchinson et al., 2006; Molino et al., 2009), especially 
here when biofilms are exposed to fluids (Durham et al., 2012), the 
highest diversity will be reached with intermediate perturbation. 

Thereafter, the main differences between the site communities were 
clearly related to the high abundance of an unknown genus among the 
Pseudomonadales in BC samples, which was the dominant group. Pseu-
domonadales have been reported as an extremely diverse and flexible 
group, including the genus Endozoicomonas. They have been reported to 
contain numerous symbionts of many marine sessile marine in-
vertebrates, including corals, sponges, and cnidarians (Neave et al., 
2017). The co-occurrence network analysis highlighted the close rela-
tionship between Ectopleura and Oithona, which could indicate symbi-
otic interactions with these two invertebrate genera. However, except 
for these taxa, the bacterial communities showed a very similar core 
composition across the three sites, with 237 genera in common ac-
counting for over 98 % of the total number of reads. The taxonomic 
composition, dominated by the phyla Bacteroidetes, Planctomycetes, 
Desulfobacterota, Verrucomicrobia, has been previously reported to 
dominate biofilm assemblages (Djaoudi et al., 2022; Oberbeckmann 
et al., 2021). Nevertheless, this contrast with recent results by Catão 
et al. (2019) who observed changes in the taxonomic composition of 
marine prokaryotic biofilm communities when PVC panels were exposed 
to static versus highly dynamic conditions (15 knots, i.e., three times the 
velocities at BA and BB). One hypothesis could be that the flow velocities 
encountered at the three sites in the Etel estuary were already high 
enough to select for adapted bacterial taxa. Indeed, our datasets showed 
an enrichment of genera among Flavobacteriaceae (e.g., Aquibacter, 
Lutimonas and Maribacter) and Rhodobacteriaceae (e.g., Boseongicola 
Sulfitobacter and Yoonia-Loktanella) in samples exposed to high current, 
which may be better adapted to high hydrodynamic environments. 
Thus, our observations suggest that there is a stable and resilient core 
community under variations in the intensity of hydrodynamic condi-
tions (in-situ). These observations are consistent with earlier study by 
Besemer et al. (2007), who showed that bacterial communities at 
different river velocities (from 0.065 m/s to 0.390 m/s) diverged from 
the initial community and converged to the same composition as the 
biofilm matured. One hypothesis would be that, as the Etel site is a 
highly dynamic environment subject to strong tidal currents (Thiébaut 
et al., 2022) biofilm communities may adapt to their environment 
through physiological or genomic adaptation mechanisms. 

4.3. Eukaryote selection under hydrodynamic conditions 

Our results showed that hydrodynamic conditions influence the 
structure and distribution of eukaryotes in marine biofouling. We found 
a higher number of metazoans in BC samples, 91% in total, compared to 
46% and 5% in BA and BB samples, respectively. A high proportion of 
Cnidaria was observed in the BC samples, especially the genera Ecto-
pleura. One species of this genera was affiliated: Ectopleura larynx. This 
colonial hydroid has generally been found in the Atlantic Ocean, 
particularly in sheltered areas with low tidal flow (Want et al., 2021), 
which is consistent with our observations. Also, Ectopleura larynx is 
known to dominate benthic assemblages in late autumn (October–No-
vember), which is again in line with our observations (Blöcher, 2013). 
Furthermore, we identified a lower number of ciliates in our samples. 
This contrasts with the study by Briand et al. (2018) in which investi-
gated biofouling communities on artificial surfaces in Lorient (Atlantic). 
This difference could be explained by the hydrodynamics, which are 
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higher at Etel than in a harbor area (Lorient), and currents are known to 
prevent the installation of ciliates on surfaces (Risse-Buhl et al., 2009). 
Furthermore, given that we do not use the same primers, problems 
related to the choice of genetic markers could explain the underrepre-
sentation of taxa, as recently suggested for eukaryotic biofouling com-
munities (Portas et al., 2022). 

As reported in the literature, hydrodynamics play a key role in larval 
dispersal and initial recruitment in the marine environments (Abelson 
and Denny, 1997; Koehl, 2007; Wheeler et al., 2019). Larval and spore 
dispersal is primarily dependent on local hydrodynamic characteristics, 
which, depending on their intensity, can export larvae far from the 
original population. However, water movement also affects the 
encounter of the propagule with the substrate and the attachment pro-
cesses (Wheeler et al., 2019). Inevitably, unfavorable hydrodynamics 
can impede larval settlement, resulting in reduced settlement (Sahu 
et al., 2013), as observed in this study. However, hydrodynamics can 
also indirectly affect the larval settlement through its effect on microbial 
communities. For example, barnacle larvae show significantly greater 
attachment to a biofilm developed at high shear stress than to a biofilm 
grown at low shear stress (Neal et al., 1996). This is consistent with the 
presence of Semibalanus barnacles, which were found exclusively in BA 
samples in our study. 

Furthermore, the results suggested that morphology is a determining 
factor for fouling colonization under hydrodynamic conditions. In 
particular, for sessile organisms which remain fixed, morphology has 
significant implications for their survival under strong hydrodynamic 
forces. This includes aspects such as shape, size, and texture of a 
biofouling organism, which can influence its resistance to shear stress 
(Gerard, 1987; Johnson and Koehl, 1994). This is particularly true for 
diatoms, whose abundance was higher in the high current samples, with 
the presence of the genera Navicula and Nitzshia. Moreover, the 
co-occurrence network highlighted the importance of diatoms in bac-
terial interactions in high currents. This highlights the significance of 
diatoms in shaping the microbial communities in these conditions. 
Remarkably, Navicula and Nitzshia genera have also been identified on 
ship coatings exposed to dynamic conditions at up to 10 knots (Hun-
sucker et al., 2014, 2016). This further highlighted their ability to sur-
vive and persist in high current environments. Additionally, these 
genera secrete large amounts of EPS as bacteria, and their two raphes 
enhance their adherence to surfaces (Christensen, 1991; Zargiel et al., 
2011). Previous research has showed similar results, with biofouling 
communities exposed to dynamic conditions exhibiting higher adhesion 
and diatom abundance compared to those under static conditions 
(Zargiel and Swain, 2014). Furthermore, we observed that soft or mobile 
fouling organisms were more sensitive to high shear stress, namely 
Ectopleura (Cnidaria) and many copepods such as the genera Oithona and 
Tachidius. Indeed, the strong hydrodynamic forces exerted by Etel’s tidal 
episodes constitute a powerful selective force on biofouling organisms, 
some of which do not have the adapted morphology to attach perma-
nently to the substrate. 

However, under high hydrodynamic conditions, mobile organisms 
are also found, including the planktonic copepod Harpacticus and the 
vagile ciliate Heterohartmannula. The same pattern was observed for the 
presence of some Endomyxa, including the genera Vanella and Vam-
pyrellida. According to Antoniadou et al. (2011), species diversity and 
abundance of mobile fauna increased with increasing habitat 
complexity provided by the presence of sessile species. Although the 
proportion of these groups was low (<1,6% of reads), an associative 
relationship can be established between the abundance of these mobile 
groups and the presence of Ulvophyceae, among which the genus Ulva 
was the most abundant in samples exposed to strong hydrodynamics and 
which, according to the network analysis, presented a central role in 
interactions between bacteria. In this case, green algae may represent a 
temporary refuge for these species. These results are in agreement with 
those of Briand et al. (2018), who observed a positive correlation be-
tween the abundance of ciliates and the presence of Ulvophyceae in the 

harbour of Kernevel (26 km from Etel). 

4.4. Hydrodynamic strengths influence biofilm quantity and EPS 
composition 

Shear stress also had a significant effect on both biofilm abundance 
and EPS matrix composition, the latter being known to be produced by 
both bacteria and diatoms. The presence of hydrodynamic forces (BA/ 
BB vs. BC) resulted in expected smoother biofilms, but also less abundant 
and less rich in proteins. In biofilms formed under hydrodynamic stress, 
we found that the proportion of matrix compounds (based on the 
amount of secreted EPS recovered in colloidal and bound fractions) was 
higher. Firstly, among these EPS, polysaccharides dominated, but 
without containing more UA for samples subjected to higher hydrody-
namic stress. UA were quantified as their carboxyl groups known to 
provide binding sites for divalent cations, thus increasing the binding 
forces and structural stability of the biofilm matrix (Vu et al., 2009; Xu 
et al., 2018). Second, the proportion of EPS extracted in the colloidal 
fraction increased with increasing hydrodynamic forces. Since colloidal 
fractions contain the most soluble and loosely bound EPS of the matrix, 
high currents could eliminate them as more detachable EPS (Pierre 
et al., 2014). Here, under high shear stress, biofilm communities pro-
duced more colloidal EPS mainly under the nature of exopoly-
saccharides, which consequently establish sufficient interactions to form 
a mechanically stable and protective structure. High shear or turbulent 
flow conditions induce greater secretion of polysaccharides, which 
induce a better mechanical stability, and a more cohesive and resistant 
structure of biofilm, in addition to promoting initial cell adhesion to 
surfaces (Douterelo et al., 2013; Lemos et al., 2015; Wang et al., 2013). 
Chang et al. (2020) have related similar results under high shear stress 
with Bacillius spp. as an increasing EPS production was observed and 
was hypothesized to ensure robust cell adhesion. Thus, biofilms may be 
better able to resist higher shear forces, which tend to limit adhesion and 
increase breakout forces, by increasing the production of specific EPS, 
known to enhance cohesive forces within biofilms (Krsmanovic et al., 
2021; Lemos et al., 2015; Paul et al., 2012). As the diatom composition 
seems to be more affected by shear stress than the bacterial one, it can be 
assumed that the same bacterial taxa change their EPS production 
and/or different diatom taxa express different EPS. A better character-
ization of EPS would be required to deepen the relative role of the 
different microbes of biofilms in the production of the EPS matrix. 

4.5. Biofouling metabolome reflects the presence of specific eukaryote 
communities depending on the hydrodynamic conditions 

Untargeted LC-MS-based metabolomics was used to assess whether 
contrasting hydrodynamics induced a metabolome shift at the commu-
nity level. PLS-DA and molecular networking highlighted some puta-
tively annotated metabolites which were specifically more detected in 
one of the two hydrodynamic conditions. Among the molecules pre-
dominantly found in BA/BB samples, three were steroids, including 
ergosterol. Ergosterol is the major fungal membrane sterol which reg-
ulates membrane fluidity (Yang et al., 2015). Several previous studies 
have used this compound to estimate fungal biomass in environmental 
samples. Furthermore, recent studies have reported the isolation of 
ergosterol from various marine fungi such as Rhodotorula sphaerocarpa 
(Salazar Alekseyeva et al., 2021), Talaromyces sp. (Lebeau et al., 2020) 
and Phoma sp. (Wu et al., 2018). The high expression of ergosterol in BA 
and BB samples was then consistent with the results obtained by meta-
barcoding, which showed a higher proportion of fungi in BA/BB samples 
compared to BC samples. In cluster D, 4 metabolites annotated as ca-
rotenoids were more highly expressed in BA/BB samples. The most 
abundant of them was annotated as fucoxanthin, a carotenoid mainly 
found in macroalgae, microalgae and diatoms (Peng et al., 2011; Xia 
et al., 2013). Fucoxanthin is the most important xanthophyll produced 
by Ochrophyta, and members of this division represented more than 
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34% of the sequences detected in BA samples and 59% in BB samples, 
whereas they represented only 3% in BC samples. More specifically, 
fucoxanthin has already been detected in most of the macroalgae of the 
genus Ectocarpus, which are mainly found in BA and BB samples, with an 
abundance of 20% and 14%, respectively (Lourenço-Lopes et al., 2021). 
Fucoxanthin is also abundant in unicellular microalgae (i.e., diatoms, 
class Bacillariophyta) (Brunet et al., 1996; Peng et al., 2011) and such 
taxa were predominantly found in BA/BB samples. Conversely, astax-
anthin was specifically expressed in BC samples. Astaxanthin is a natu-
rally occurring carotenoid pigment with strong antioxidant activity, 
commonly found in both crustaceans and macroalgae (Galasso et al., 
2017; Weaver et al., 2018). The presence of this carotenoid could be 
correlated with the presence of Ectopleura larynx, which represents 70% 
in low hydrodynamic conditions compared to an average of 4% in high 
hydrodynamic conditions. This species has a bright red-orange colora-
tion of its gonophores, which could be due to the accumulation of 
astaxanthin. Another hypothesis could come from the diet of hydroids, 
which consists mainly of crustaceans (containing astaxanthin), espe-
cially copepods and cladocerans (Blöcher, 2013). Nevertheless, astax-
anthin accumulation could also reflect a seasonal variation related to the 
dominance of crustaceans and diatoms in summer and winter, respec-
tively (Genzano, 2005). Lipids were also found to be more abundant in 
BC samples. Several lipid classes followed these findings, namely lyso--
phosphatidylcholines (cluster I), monoacylglycerols (cluster M) and 
ceramides (cluster B). In this last cluster, 19 neutral glycosphingolipids 
have been annotated. Most of them have already been described in 
microalgae, including dinoflagellates, diatoms or haptophytes, in-
vertebrates, cnidarians or some bacterial species (Li et al., 2017; Pan-
evska et al., 2019). Lipids form the structural basis of cell membranes. 
They are also used as an energy reserve by all marine invertebrates, and 
they are among the most important organic compounds found in all 
marine invertebrates. Among them, fatty acids, mono-
alkyldiacylglycerols, triacylglycerols, glycerophospholipids and sphin-
golipids (Imbs et al., 2021) have already been described for their 
involvement in host-microbe interactions and for the role they play in 
mutualistic communication between cnidarians and Symbiodinium 
symbionts (Kitchen et al., 2017). 

5. Conclusion 

This multidisciplinary approach allowed a comprehensive charac-
terization of biofouling by studying both the communities and their 
metabolic production through an untargeted metabolomics approach 
and the analysis of biochemical components of the biofilm matrix. Our 
findings revealed that hydrodynamic forces, particularly shear stress, 
shape the community structure, metabolite profiles, and the nature and 
quantity of biochemical components of the EPS matrix of biofilms that 
have been formed in the Etel estuary during autumn. The strong currents 
generated by the specific tidal regime of the Etel estuary were found to 
contribute to a higher overall diversity, with eukaryotic communities 
being particularly sensitive to hydrodynamic conditions. Symbionts of 
Pseudomonadales and their host Ectopleura were notably dominant under 
low shear stress conditions. Consequently, at high currents, the exopo-
lymeric matrix which plays a crucial role in biofilm adhesion and 
cohesion consisted of six times more polysaccharides than proteins. 
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