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Abstract :
Aims

Macroalgae harbor a rich epiphytic microbiota that plays a crucial role in algal morphogenesis and defense
mechanisms. This study aims to isolate epiphytic cultivable microbiota from Ulva sp. surfaces. Various
culture media were employed to evaluate a wide range of cultivable microbiota. Our objective was to
assess the antibacterial and biofilm-modulating activities of supernatants from isolated bacteria.

Methods and results

Sixty-nine bacterial isolates from Ulva sp. were identified based on 16S rRNA gene sequencing. Their
antibacterial activity and biofilm modulation potential were screened against three target marine bacteria:
45%, mostly affiliated with Gammaproteobacteria and mainly grown on diluted R2A medium (R2Ad),
showed strong antibacterial activity, while 18% had a significant impact on biofilm modulation. Molecular
network analysis was carried out on four bioactive bacterial supernatants, revealing new molecules
potentially responsible for their activities.

Conclusion
R2Ad offered the greatest diversity and proportion of active isolates. The molecular network approach

holds promise for both identifying bacterial isolates based on their molecular production and
characterizing antibacterial and biofilm-modulating activities.

Keywords : Ulva sp, epiphytic bacteria, antibacterial activity, biofilm assays, cultivable microbiota,
molecular network analysis
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Significance and impact of the study : Some of these isolates may be of biotechnological
interest, such as Kocuria sp. VNSS-35 exhibiting a strong probiofilm effect and three isolates
(Cellulophaga sp. R2A-50, Paraglaciecola sp. R2A-57, Pseudoalteromonas sp. R2A-38)

showing antibiofilm activity but no antibacterial effect.
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1. Introduction

Macroalgae are known to harbor on their submerged surface a rich microbiota among
which bacteria constitute the predominant occupants with mean densities varying from 10 to
108 bacteria/cm? depending on the thallus section, season and macroalgal species (Armstrong
etal.,2000, Burke et al., 2011, de Oliveira et al., 2012). The epiphytic bacteria inhabiting these
ecological niches differ from those present in the marine environment and undergo selection
by the macroalgae. Gammaproteobacteria, CFB group (Cytophaga-Flavobacterium-
Bacteroides), Alphaproteobacteria and Actinomycetes are among the most commonly found
epiphytic bacteria associated with different macroalgal groups (Hollants et al., 2012).
Interactions between Ulva sp. and their associated bacteria have been well-characterized over
the last years. They reflect the mutualism role of the Ulva association with bacterial epiphytes
on algal growth, development and morphogenesis (Spoerner et al., 2012). Associated epiphytic
bacteria may deploy defensive strategies to maintain their ecological niche from opportunistic
bacteria colonization since the macroalgae surface constitutes a desirable habitat for nutrients
and protection for the bacteria (Armstrong et al., 2001). In marine ecosystems, infochemicals
are the main underwater means of communication in biological systems, providing a cross-
kingdom chemical language between the macroalgal host and its associated bacteria (Saha et
al., 2019). The macroalgae surface is in constant interaction with biotic and abiotic factors that
influence the dynamic of the large diversity of bacteria associated with it (Bolinches et al.,
1988, Van der Loos ef al., 2022) and may stimulate or decrease the release/production of algal
defense compounds. Macroalgae surfaces constitute a bioactive molecule reservoir, whose
antibacterial and antifouling potentialities can be explored through bacterial culture-based
approaches. For instance, the marine algal surface-associated genus Pseudoalteromonas is
known to produce biologically active compounds with antibacterial, antifungal, algicidal and

agarolytic properties (Holmstrom and Kjelleberg, 1999).
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Although access to Next Generation Sequencing methods have led to a better understanding
of the structure and function of the macroalga-associated bacterial communities, a culture-
based approach allows for the screening of bacterial activities and the characterization of both
cultivable bacteria and molecules of interest. This can simultaneously identify a portion of the
macroalgae microbiota and evaluate its potential interaction with the host along with possible
biotechnological applications (Lian et al., 2018).

Responsible for numerous strandings, green tides, or blooms worldwide, Ulva species are
viewed negatively by coastal populations. Algal blooms and strandings are becoming
increasingly significant globally due to climate change and anthropogenic activities (Ye et al.,
2011). They are considered a nuisance due to their decomposition and the production of toxic
vapors, which affect the tourism industry in coastal areas and marine ecosystems (resulting in
the inhibition of seaweed zygote germination and decreased growth rates of algal species).
These occurrences lead to financial losses for resort operators, who must also bear the costs of
removing and disposing of the-beached algae. (Charlier et al., 2008, Ye et al., 2011, Louis et

al., 2023).

This study aims to assess the epiphytic cultivable bacterial community of three Ulva sp.
(Ulva lacinulata, Ulva australis and Ulva rigida) collected from three locations on the
Kerleven beach in south Brittany (France). Various culture media were employed to evaluate
a wide range of cultivable bacteria. In the subsequent phase, our objective was to explore the
agarolytic potential, biofilm modulation capacities and antibacterial activities of supernatants
produced by isolated bacteria. Furthermore, the nature of the molecules responsible for these

activities was investigated for four isolates of interest.
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2. Experimental procedures

1. Sampling site

Ulva lacinulata, Ulva australis and Ulva rigida identified by sequencing tuf4 gene
(Olivier De Clerck, Ghent University, Belgium) were collected at high-coefficient low tide the
2nd of December 2021 at Kerleven beach along three stations in the southern coast of Brittany
(France) : station 1 (47°54'36"N; 3°58'17"0), station 2 (47°54'36"N, 3°58'17"O) and station 3
(47°54'36"N; 3°58'17"0). Ulva lacinulata were found in stations 1 and 3; Ulva rigida and Ulva
australis in station 2. A pool of 18 algae per station were detached from their rocky support
with gloves, placed into 3 sterile Schott bottles (6 per bottle) filled with the seawater from the
station and transferred within 2 hours at the laboratory in isothermal containers.

Kerleven beach is a wind-sheltered bay approximately one kilometer in length
consisting of fine sand with a rocky foreshore. Three watersheds surround the bay of La Forét
and several rivers contribute to nitrogen flow into the bay; the topography of the bay and the
constant nitrogen input favor significant development of green algae. Station 1 is located on a
rocky dyke on the sandy foreshore and is influenced by the port la Forét and the mudflat
upstream, while stations 2 and 3 are puddles located on the rocky infralittoral.

In order to further characterize the sampling stations, a multiparameter probe (NKE
MP7, NKE Instrumentation France) was placed in the seawater during sampling. Data collected

at each station are reported in Table 1.
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Table 1 : Physical parameters at each station
Stations Conductivity pH Fluorescence Depth | Temperature | Turbidity Dissolved oxygen
(ms/cm) (m) °O) (NTU) (mg/L)
Station1 | 36.8 7.9 5.7 0.3 94 9.6 10.3
Station2 | 35.5 7.9 1.7 0.2 7.9 0.2 11.1
Station 3 | 36.1 7.9 2.0 0.4 85 0 11.6

2. Bacterial isolation and identification

Upon arrival at the laboratory, the 54 sampled algae were rinsed twice with sterile
Artificial Sea Water (ASW) (Sea salt 30 g.L!, Sigma-Aldrich, St. Louis, USA) to remove
transient bacteria. The epiphytic bacteria were recovered by swabbing the algal surfaces with
sterile cotton swabs (18 algae per station). Swabs from each station were then placed in 10 mL
of sterile ASW to generate suspensions of recovered microbes. The 3 suspensions (one per
station) were 10-fold serially diluted in ASW. Then 100 pL of 4 successive dilutions (10° to
10-%) were inoculated in duplicate onto the 4 following media for enumeration and isolation:
oligotrophic bacteria in 1/20 diluted R2A (R2Ad) (Reasoner and Geldreich, 1985) adapted for
marine bacteria (Suzuki et al., 1997 ; Kleinjan et al., 2017) and the seawater-mimicking
medium Véitinen Nine Salt Solution agar (VNSS, Marden et al., 1985, Hermansson et al.,
1987), copiotrophic bacteria in Marine Agar (MA, Grosseron), while the growth of
actinobacteria/actinomycetes was favored by Actinomycetes medium (Strength, G.
Actinomycete Isolation Agar DM738). The agar plates were incubated for 2 to 5 days at 20°C
+ 2°C. Different bacterial colonies were selected according to their characteristics (color, size
and shape) and further isolated until clonal cultures were obtained (at least 4 successive

streaking on their respective medium). Colonies grown on R2Ad were further streaked on R3A
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medium to promote rapid bacterial growth (Reasoner and Geldreich, 1985). The isolates were

examined by Gram staining and stored at -80°C in 30% glycerol.

3. DNA extraction from isolates and PCR condition

Bacterial isolates were identified by partial sequencing of the 16S rRNA gene. Genomic
DNA was extracted by thermal lysis. Briefly, bacterial isolates (5 ml) were grown in their
isolation medium for 24 h (25°C, 180 rpm). From 2 mL of the centrifuged sub-cultures (6000g,
10 min), pellets were washed twice with phosphate-based buffer (Hurt et al., 2014). Pellets
were then resuspended in 0.1 ml of ultra-pure water, incubated 15 min at 100°C and the PCR
was done on the supernatants (1 pl) using the universal 16S rRNA gene primers BSF and 1492r
(Durand et al., 2010). PCR were performed using a thermal cycler (Biosystem GeneAmp PCR
System 9700), in 25 pl final reaction mixtures containing 1X GoTaq buffer (with MgCl.), 0.2
mMol dNTP, 0.4 puMol of each primer, 0.024 U of GoTaq polymerase (Promega,
Charbonniéres, France) and 1 pL of template DNA. The PCR assay started by an initial
denaturation at 94 °C for 5 min, followed by 30 cycles at 94 °C for 1 min, 49 °C for 1 min 30s,
and 72 °C for 2 min, and a final extension step at 72 °C for 6 min. Each PCR reaction was run
together with positive (genomic DNA from Vibrio tapetis CECT 4600 (Borrego et al., 1996)

and negative controls (PCR mixture with molecular grade water instead of DNA).

4. Sequencing

The amplified 16S rRNA gene amplicons were verified by electrophoresis (0.8%
agarose, 1 x TAE running buffer containing 40 mM Tris acetate and 2 mM EDTA), cleaned
using the Wizard® Genomic DNA Purification kit (Promega, France) and sent for sequencing
to GENEWIZ Laboratories (Leipzig, Germany). The sequences were first trimmed with

Geneious (version 2023 1.2, Biomatters, New Zealand) and compared using BLAST search
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using EzBioCloud database (https://www.ezbiocloud.net/) (Yoon et al., 2017) to determine the
closest relatives. A sequence similarity greater than 94.5% is considered sufficient to allocate

the taxonomic identity at genus level (Yarza et al., 2014).

5. Evaluation of biological activities

a. Antibacterial activity evaluation

Bacteria were reactivated from -80°C storage and subcultured at least twice in their

isolation medium (25°C, 180 rpm) before use. First, the isolates were screened for their
antibacterial activity against pioneer biofilm bacteria Paracoccus sp. 4M6 and Algibacter sp.
IM6 (Grasland et al., 2003) and an opportunistic pathogen of marine organisms Vibrio harveyi
BB120 (Bassler et al., 1997). The antibacterial evaluation was performed through the agar well
diffusion method (Tagg et al., 1976; Devi et al., 2011). Supernatants from 10 mL of 48h
subculture isolates were centrifuged (10 000 g, 10 min), the pH was recorded and the
supernatant was sterile filtered (0.2 pm).
Fresh bacterial suspension of target-bacteria was adjusted to a density of 0.75 Mac Farland
with a densitometer DEN-1 and DEN-1B (Grant Instruments, United Kingdom) in a NaCl
solution (20 g.L-'), inoculated (0.1%) in sterile VNSS soft agar (0.8 % w/v) and poured in Petri
dishes. After solidification of the medium, wells of 5 mm diameter were made and filled with
80 ul of the cell-free supernatant to be tested. Agar plates were then incubated at 30°C + 2°C
for 48h. Inhibition diameters were measured at 24 h and 48 h. Vibrio harveyi BB120, which
exhibits antibacterial activity, was used as positive control against target bacteria Paracoccus
sp. 4M6 and Algibacter sp. IM6.

The same protocol was also carried out with concentrated supernatants. A small volume
of culture medium (300 pL) was added to a 24 hours old bacterial culture pellet and grown

overnight. Supernatants from the overnight cultures (25°C, 180 rpm) were prepared and
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evaluated according to the agar well diffusion method. In parallel, Ulva sp. homogenate made
of 5 mg.L" of 72 hours lyophilized Ulva sp. (Alpha 1-4 LSC basic, Christ, Germany) and NaCl
solution (20 g.L-') was used to evaluate the production of antimicrobial molecules when the
isolates were in contact with the alga. The protocol was the same as the one used to test
concentrated supernatants, with 300 pL of Ulva sp. homogenate added to a 24 hours old
bacterial culture pellet before overnight growth. The Ulva sp. homogenate was autoclaved and

tested as a negative control to ensure the absence of antimicrobial activity.

b. Agarolytic capacity evaluation

The agarolytic capacity of the isolates was assessed by the demonstration of
liquefaction or shallow depressions appearing around the colonies, as described by

Vijayaraghavan and Rajendran (2012).

c. Antibiofilm activity evaluation by microtiter plate assay

Inocula of biofilm-forming strains Paracoccus sp. 4M6 and Algibacter sp. 1M6 were
prepared from fresh 24-hour cultures (VNSS broth at 25°C) and adjusted to a density of 0.5
Mac Farland in a NaCl solution (20 g.L'!). Supernatants from 24-hour test cultures, grown in
their isolation medium, were prepared by 0.2 um sterile filtration and 45 pL were added per
well to the 10 pL inoculum in 96-well microtiter flat-bottom polystyrene plates (Corning-
Falcon, Dutscher, France). Plates were incubated overnight in VNSS medium at 25°C without
shaking to enhance the adhesion step (Klein, 2011). Culture liquid was then removed by
aspiration and the wells were rinsed three times with artificial sea water. Biofilms were stained
with 0.8% crystal violet solution for 20 minutes at room temperature (Doghri et al., 2020). The
wells were rinsed with distilled water until the wash-liquid was clear. The stained biofilm was

eluted with 96% ethanol and solubilized in the pipette reflow. After 10 minutes of



209  solubilization, the ODsgos was determined with a plate reader (POLARstar Omega, BMG
210  Labtech, Germany). Positive control (biofilm-forming bacteria, no supernatants) and negative
211 control (sterile medium) were made for each plate with the same protocol, adding either MB,
212 VNSS or R3A because of the different media growth of Ulva sp. isolates. The biofilm biomass

213  was determined by measuring the absorbance at ODsos.

214
215 0D595 nmisolate — 0D595 nm negative control % 100
0D595 nm positive control — 0D595 nm negative control
216
217 d. Statistical analysis
218
219 All tests in microtiter plates were carried out in three biological replicates from three

220  different subcultures of isolates and biofilm-forming bacteria. For each plate, 3 technical
221  replicates were carried out. The statistical significance between the supernatants was
222  determined by a one-way Anova on the ODsos averages per plate and a Dunett test was then
223  performed for comparison to the positive control of each plate (p values of < 0.05 were
224  considered significant). All the tests were calculated using Matlab software (Mathworks

225  Inc.,Natick, Massachusetts, USA).

226

227 e. Molecular network analysis

228

229 i. Bacterial strains, growth condition and supernatants preparation
230

231 Four isolates of interest were selected for molecular network analyses: Dokdonia sp.

232  VNSS-42, which displayed antibacterial activity after contact with Ulva sp. homogenate only;
233 Paraglaciecola sp. R2A-48 and Sulfitobacter sp. R2A-59, which both showed antibacterial and

234  antibiofilm properties and Kocuria sp. VNSS-35, which harbored the strongest probiofilm
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effect on both Algibacter sp. 1M6 and Paracoccus sp. 4M6. Supernatants of bacterial cultures
were recovered after 48 hours of growth in SmL of their respective culture medium at 25°C
under orbital shaking (180 rpm). Then, the bacterial suspensions were inoculated in 150 mL of
their respective culture medium under the same growth conditions. The cultures were
centrifuged at 10 000 g for 10 min before sterilization of the supernatants by 0.2 um filtration
and stored at -80°C. The final volume of supernatants from Dokdonia sp. VNSS-42,
Paraglaciecola sp. R2A-48, Sulfitobacter sp. R2A-59 and Kocuria sp. VNSS-35 were
respectively 101 mL, 125 mL, 146 mL and 130 mL. The bacterial activity initially observed in

each of these supernatants was checked after freezing.

iil. Sample preparation before analysis

Then entire volume of each strain supernatant and 100 mL of each sterile culture
medium were fractionated through solid-phase extraction (SPE) columns C18-E Strata (55um,
70A), 2 g / 12 mL (Phenomenex, USA), using a vacuum manifold. First, columns were
preconditioned with 12 mL of methanol, then 12 mL of distilled water and samples were
applied at | mL.min"!. The columns were washed with 24 mL of distilled water and dried during
5 min before elution with successively 24 mL of methanol followed by 24 mL of
dichloromethane. Solvents of each fraction were then evaporated under vacuum using a
Rotavapor (Buchi B-491, Marshall Scientific, USA) to give two fractions labeled M and D
respectively. After resolubilization at a concentration of 1 mg.mL"! with methanol for fraction
M and ethanol for fraction D, each fraction was filtered on a 4 mm, 0.2 um RC syringe filter
(Phenex, Phenomenex, USA). To obtain 1 mg of the final sample, 900uL of the filtered fraction
M and 100puL of fraction D were taken, pooled together and the solvents removed under

vacuum (Mivac, Genevac, UK). Dried samples were stored at 4°C until analysis.

10
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iili. LC-MS/MS analysis

Positive and negative LC-ESI-HR MS/MS analyses were performed with an Elute

UHPLC system (Bruker, USA) combined with a TOF tims mass spectrometer (Bruker

Daltonics, USA). The analytes were separated on an analytical C18 column InfinityLab

Poroshell 120SB-C18 (2.1 x 150mm, 2.7um, Agilent, USA) thermostated at 40°C. Methanol

was used to resuspend dried samples at 1 mg.mL""> and a volume of 2uL were injected in

positive ESI and 5 pL in negative ESI respectively. The mobile phase was composed of A:

H20 + 0.1% formic acid (FA); B: CH3CN + 0.1% FA. The gradient was performed at 0.4

mL.min"! with 5% B to 100% B for 20 min. Mass spectra were recorded in positive and

negative ion mode, according to the parameters in Table 2. Agilent's tuning mix was used for

calibration, with a mass measurement accuracy of less than 3 ppm.

Table 2 : Parameters of the mass spectra

Positive ESI Negative ESI
Source parameters
Capillaire voltage (V) 4200 4500
Gas temperature (°C) 250 250
Drying gas (N2) flow rate (L.min") 8.6 8.6
Nebulizer pressure (Bar) 3 3
Collision at source (eV) 0 0
MS
Gamme de masse (m/z) 20-1350 50-1350
MS collision energy 5eV S5eV
Spectra rate MS 10Hz 10Hz
AutoMS/MS preference m/z 99.5-1350 m/z 99.5-1350
Collision energy 20eV 20eV
Spectra rate MS/MS SHz SHz
Number of precursors 4 4
State of charge 2-1 2-1

iv. Molecular networks generation

11
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MSconvert software belonging to Proteowizard (Chambers et al., 2012) package was used
for data conversion from Bruker constructor format to mzML files. The converted data files
were processed using the online workflow at GNPS (Wang et al., 2016) with the following
settings for network generation: minimum pairs cos, 0.7; parent ion mass tolerance, 0.02 Da;
fragment ion mass tolerance, 0.5 Da; network topK, 10; minimum matched peaks, 6; minimum
cluster size, 2. Then, the data were imported into Cytoscape 3.10.1 (Shannon et al., 2003) for
nodes and edges visualization. Node colors were determined according to the identity or
biological activity of the samples, and edge thickness was defined according to cosine

similarity scores, with thicker lines corresponding to higher similarity.

3. Results

1. Cultivable diversity

Bacterial levels recovered per medium were obtained by colony enumeration on Petri
dishes after a serial dilution of the original sample. The bacterial levels were 1.4 106+ 6.5 10°
UFC.mL in MA; 5.5 10° £ 4.5 10° UFC.mL in VNSS; and 2.1 10° £ 9.3 10* UFC.mL in the
R2Ad medium. No growth was observed on Actinomycetes medium. Between 16 and 29
isolates per medium (MA, VNSS, R2Ad) with different colony morphologies (color, shape,

colony size) were obtained in pure culture by repeated transfers (Figure 1).

12
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(Stackebrandt and Ebers, 2006) were considered to the genus level.

Taxonomic affiliation

- Atlantibacter_sp
. Brevibacterium_sp
- Cellulophagia_sp
B cobetia_sp

[ Dokdonia_sp

. Kocuria_sp

. Microbacterium_sp
- Paraglaciecola_sp
. Polaribacter_sp
[ Postecnielia_sp
. Pseudoalteromonas_sp
- Psychrobacter_sp
- Psychromonas_sp
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. Staphylococcus_sp
. Sulfitobacter_sp
. Vibrio_sp

. Zobellia_sp

Figure 1: Bacterial communities associated with Ulva sp. grown on three different media:
MA (Marine agar), VNSS (Véitdnen Nine Salt Solution agar), R2Ad (1/20 diluted, Reasoner
and Geldreich, 1985; KleinJan et al., 2017)

From the isolates that initially grew on the three media, 69 isolates were identified, 89%
of which were Gram-negative and belonged to the Gammaproteobacteria (75%),
Flavobacteriia (13%) and Alphaproteobacteria (1%). The Gram-positive ones (11%) were
affiliated to the Actinomycetes (4%) and to the Bacilli (7%). The taxonomic affiliations are

shown in Table 3. Species with sequence similarity below species threshold value of 98.7%

13
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Table 3 : Phylogenetic affiliation of heterotrophic bacteria isolated from the surface of Ulva
sp.. Isolates were named according to the culture medium. Their number corresponds to the
30 isolates/medium initially isolated from the initial cultures (30-60) in December 2021.
Taxonomic affiliations were based on 16S rRNA gene sequencing. Whole genome
sequencing was performed on two isolates of interest (Dokdonia sp. VNSS-42 and Kocuria
sp. VNSS-35).

Isolates Colors Agarolytic__| Size 16rRNA amplicon (bp)] Closest matching strain Accession number of the closest matching strain | Identity (%) Family Class Phylum
MB-46 orange 1328 Brevibacterium sp. / 97.44 inom
MB-47 yellow 1325 Polaribacter sp. 97.50 Flavobacteriaceae Flavobacteriia Bacteroidota
MB48  yellow iridescent 1208 Cellulophaga PHUL s PHUL01000001 99.42
MB-38 white 1207 B. BAEK01000058 98.83 G ip
MB-33 white 1214 Cobetia sp. 95.7 Halomonadaceae
MB-34 light pink + 80 Atlantibacter sp. / 86.11 Enterobacteriaceae
MB-32 light pink 1176 Pseudoalteromonas issachenkonii CP013350 98.98 Pseudoalteromonadaceae
MB-37 light pink 1241 Pseudoalteromonas sp. X82136 98.11
MB-43 ‘white 1166 Pseudoalteromonas carragreenovora X82136 99.13
MB-52 light pink 1127 Pseudoalteromoas carragreenovora X82136 99.37
MB-53 white 285 Pseudoalteromonas agarivorans CPO11011 100
MB-55 grey 1439 Pseudoalteromonas sp. / 97.32
MB-58 white 1174 Pseudoalteromonas carragreenovora X82136 99.49
MB-45 white 80 Psychromonas sp. / 91.43 Psychromonadaceae
MB-42 pink 1248 Shewanella sp. FR744784 96.78 Shewanellaceae
MB-49 pink 1132 Shewanella sp. FR744784 98.05
VNSS-35 light pink WGS Kocuria rhizophila 1
'VNSS-36 yellow + 298 Cellulophaga sp. KF270632.1 99.65 Flavobacteriacear i Bacteroidota
'VNSS-42 yellow WGS Dokdonia sp.
VNSS-60 white 287 Cobetia sp. / 9 Gammap I
VNSS-31 white + 1053 Pseudoalteromonas atlantica/tetraodonis BJUT01000111/CPO11041 99.91 Pseudoalteromonadaceae
'VNSS-44 yellow + 1137 Pseudoalteromonas carragreenovora X82136 99.91
'VNSS-45 white 289 Pseudoalteromonas carragreenovora X82136 99.65
'VNSS-46 yellow 1054 Pseudoalteromonas carragreenovora X82136 99.9
'VNSS-47 yellow + 781 Pseudoalteromonas sp. / 80.46
VNSS49 yellow 1135 Pseudoalteromonas carragreenovora X82136 99.12
'VNSS-51 yellow 1218 Pseudoalteromonas carragreenovora X82136 99.09
'VNSS-57 yellow 1216 Pseudoalteromonas sp. CPO11034 92.14
VNSS-58 white 17s Pseudoalteromonas carragreenovora X82136 99.49
'VNSS-41 white 913 Pseudoalteromonas neustonica BDDS01000056 99.89
'VNSS-32 yellow 1233 Pseudoalteromonas nigrifaciens CP011036 99.78
'VNSS-33 orange 1269 Pseudoalteromonas nigrifaciens CP011036 99.05
'VNSS-38 yellow 1209 Pseudoalteromonas nigrifaciens CP011036
VNSS40 orange 1054 Pseudoalteromonas nigrifaciens CPO11036 99.14
'VNSS-48 yellow 1042 Pseudoalteromonas nigrifaciens CP011036 100
'VNSS-52 white 1099 Pseudoalteromonas nigrifaciens CP011036 99.55
VNSS-53 yellow 1228 Pseudoalteromonas nigrifuciens CPO11036 98.86
'VNSS-56 white 1226 Pseudoalteromonas nigrifaciens CP011036 99.26
'VNSS-59 yellow 1264 Pseudoalteromonas nigrifaciens CP011036 98.89
'VNSS-34 light pink 1107 Pseudoalteromonas sp. / 99.28
'VNSS-54 orange 287 Pseudoalteromonas sp. / 100
VNSS$-39 yellow + 1190 Pseudoalteromonas tetraodonis CPO11041 99.07
'VNSS-43 white + 1048 Pseudoalteromonas tetraodonis X82136 100
'VNSS-55 white 1051 Pseudoalteromonas tetraodonis CP0O11041 100
VNSS-37 white 1214 Pseudoalteromonas undina X82140 99.08
R2A-31 light yellow 1216 Microbacterium sp. / 98.1 1 acea
R2A35  light yellow + 1261 Cellulophaga sp 97.68 lavobacieri
R2A-50 yellow + 1260 Cellulophaga sp. / 79.6
R2A-56 light yellow 1214 Postechiella sp. / 97.93
R2A-47 yellow 1240 Zobellia russellii ABI121976 99.27
R2A-52 yellow + 900 Zobellia sp. / 97.05
R2A-37 yellow 1245 Staphylococcus edaphicus KY315825 99.19 Staphylococcaceae Bacilli Bacillota
R2A-46 white 1110 Staphylococcus sp. / 83.83
R2A-54 light yellow 1241 Staphylococcus sp. / 97.22
R2A-58 yellow 1232 Staphylococcus sp. 97.87
R2A-41 translucent 309 Staphylococeus agnetis HM484980 99.29
R2A-59 translucent 1185 Sulfitobacter donghicola JAMCO01000023 98.98 eae £ ip I
R2A-32 translucent + 786 Cobetia sp. / 96.2 Ge i
R2A-48 white + 1206 Paraglaciecola sp. / 97.9 Alteromonadaceae
R2A-49 translucent 1229 Paraglaciecola sp. 97.22
R2A-51 ‘white 661 Paraglaciecola mesophila BAEP01000046 98.94
R2A-60 white 1260 Paraglaciecola sp. / 96.46
R2A-40 translucent 1271 Psychrobacter sp. AJ313425 98.62 Moraxellaceae
R2A-38 ‘white 1277 Pseudoalteromonas carragreenovora X82136 99.44 Pseudoalteromonadaceae
R2A-39 translucent 530 Pseudoalteromonas sp. 99.73
R2A-42 white + 1250 Pseudoalteromonas sp. JIN578478 98.16
R2A-55 translucent 1245 Pseudoalteromonas sp. / 97.74
R2A-57 white 1169 Paraglaciecola sp. 98.01
R2A-36 white + 1232 Vibrio MCVZ, MCVZ01000110 98.78 Vibrionaceae

Isolates with agarolytic properties are indicated with (+) ; base pairs (bp) refers to the size of the 16S amplicon
sequenced and used for the phylogenetic affiliation of isolates, and “WGS” is indicated for the whole genome
sequenced.
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R2Ad medium characterized by low nutrients content showed the highest bacterial
diversity with 24 isolates gathered in 11 genera: Microbacterium sp., Cellulophaga spp.,
Postechiella spp., Zobellia spp., Staphylococcus spp., Sulfitobacter spp., Cobetia spp.,
Paraglaciecola spp., Psychrobacter spp., Pseudoalteromonas spp. and Vibrio spp..

MB medium, which is a rich medium enhancing the growth of a broad spectrum of
copiotrophic marine bacteria, showed an intermediate level of diversity with 16 isolates
gathered in 9 genera with Brevibacterium spp., Polaribacter spp., Psychromonas spp. and
Shewanella spp. as specific affiliation found in this medium. The lowest bacterial diversity was
observed for the VNSS medium, a complex salt-rich medium, with only 5 genera (Cobetia
spp., Cellulophaga spp., Dokdonia sp., Kocuria sp., Pseudoalteromonas spp.), and with a
predominance of Pseudoalteromonas spp. (25/29 isolates). By using different culture media, a
higher diversity of cultivable epiphytic bacteria from Ulva sp. was achieved. The use of three

media highlighted also the specificity of VNSS medium for the culture of Pseudoalteromonas

spp.

Bacteria affiliated to the Pseudoalteromonas genus were isolated from all media, but

especially from VNSS. Strains were distinguished based on their colony colors, the presence or

absence of biochemical enzymes, and activity profiles.

2. Evaluation of biological activities

a. Antibacterial activity

The antibacterial potential of filtered culture supernatants from 69 isolates obtained
from the cultivable epibacterial community associated with Ulva sp. was assessed using the

agar well diffusion method.

15



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

Filtered culture supernatants from 31 isolates (45% of the bacterial total diversity) were
found to possess antibacterial activity against the target bacteria. Most of the active isolates
were Gram-negative (93.5%) mostly affiliated to Gammaproteobacteria (mainly
Pseudoalteromonas) and showed antibacterial activity against the three target bacteria, which

are ubiquitous Gram-negative marine bacteria (Table 4).

16



379
380
381
382
383
384
385

386

387

388

Table 4 : Antibacterial activity of Ulva sp. isolates against target-bacteria. The inhibition
diameters reported were measured after 48 hours, each measurement corresponding to the
average of the triplicates. Isolates with an (*) only showed activity with-concentrated
supernatant conditions. The VNSS-42 isolate with an (**) only showed antibacterial activity
with Ulva sp. homogenate.

Active isolates Genus Inhibitory diameters (mm)
Algibacter sp. IM6 | Paracoccus sp. 4M6 | Vibrio harveyi BB120
MB-34 Atlantibacter / / 12.3+0.6
MB-53 Pseudoalteromonas 31.3+8.3 345+7.8 37.5+x11.0
MB-55 Pseudoalteromonas / / 25.3+0.6
VNSS-31 Pseudoalteromonas 25.0+1.2 258 +1.7 255+1.3
VNSS-32 Pseudoalteromonas 25.0+1.2 26.5+1.0 255+1.9
VINSS-33* Pseudoalteromonas 22.0+1.8 223+54 23.0+1.8
VNSS-36 Pseudoalteromonas 20.0+0.0 223+1.7 21.5+1.3
VNSS-39 Pseudoalteromonas 14.0+2.0 14.7 +4.2 13.0+2.6
VNSS-40 Pseudoalteromonas 18.0+5.7 14.0+0.0 155+49
VNSS-43 Pseudoalteromonas 21.8+1.7 21.8+x1.7 240x1.6
VINSS-42** Dokdonia 17.0+14 16.0+2.8 15.0+4.2
VNSS-44 Pseudoalteromonas 153+1.0 14.3+4.0 13.8+3.9
VNSS-45 Pseudoalteromonas 13.8+4.3 13.5+4.7 123+2.1
VINSS-46* Pseudoalteromonas 10.0+0.0 10.0+0.0 10.0+0.0
VINSS-47* Pseudoalteromonas 17.3+1.0 15.8+0.5 14.5+4.7
VINSS-48* Pseudoalteromonas 18.0+0.0 16.0 5.7 16.0+2.8
VNSS-53 Pseudoalteromonas 125+2.1 13.8+1.7 14.5+3.7
VNSS-55 Pseudoalteromonas 14.3+2.6 15.8+0.5 14.8 +3.0
VINSS-56* Pseudoalteromonas 16.0 £ 8.5 17.0+2.8 175+7.8
R2A-35 Cellulophaga 15.0+4.6 14.5+2.1 15.3+6.7
R2A-48 Paraglaciecola 28.0+2.7 27.0+5.6 26.3+3.0
R2A-49* Paraglaciecola 155+6.4 17.0+0.0 185+2.1
R2A-51 Paraglaciecola 21.3+84 24.5+5.3 245+54
R2A-60 Paraglaciecola 24.5+8.9 27.3+4.9 28.3+2.2
R2A-42 Pseudoalteromonas 185+1.3 19.5+35 235+1.3
R2A-46* Staphylococcus 24.8+85 26.3+1.5 28.3+2.1
R2A-58 Staphylococcus 21.0+7.0 21.8+7.3 20.8+6.1
R2A-59* Sulfitobacter 27.3+15 26.3+2.9 28.3+1.2
R2A-36 Vibrio 14.0+2.6 145+24 145+3.1
R2A-47* Zobellia 17.8+7.6 17.3+8.7 16.5+7.9
R2A-52% Zobellia 17.3+54 17.3+2.2 16.8+5.1
Positive control Vibrio harveyi BB120 12.7 +2.08 13.3 +0.58 /

The two Gram positive active isolates were identified as belonging to the

Staphylococcus genus. Half of the active isolates showed pigmented colonies (yellow, orange).
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The antibacterial potential from Ulva sp. isolates supernatants were independent of a pH effect
(pH between 6.5 and 7), but highly dependent on the culture medium and bacterial
concentration used to generate the tested supernatants.

The antibacterial potential was higher for isolates supernatants from VNSS and R2Ad
with 16 active VNSS-isolates supernatants (55% of the total bacteria grown on VNSS medium)
mostly belonging to Gammaproteobacteria and 12 active R2Ad-isolates supernatants (50% of
the total bacteria grown on R2Ad medium) affiliated to Gammaproteobacteria, Flavobacteriia,

Bacilli and Alphaproteobacteria (Figure 2).

Isolates global diversity per culture medium [solates with antibacterial activity per culture medium

R2Ad Actinomycetes
Alphaproteobacteria
Bacilli
Flavobacteriia

Gammaproteobacteria

Figure 2 : Percentage of epibacterial community isolated from Ulva sp. surface and grown on
three different culture media (left); percentage of isolates with antibacterial activity per
culture medium, only isolates active against the three target bacteria are shown in this graph

(right).

In contrast, only three isolates (Gammaproteobacteria) cultured in MB exhibited
antibacterial activity, with supernatants from two isolates being active only against Vibrio
harveyi BB120.

Moreover, employing Ulva sp. homogenate specifically triggered the production of
antibacterial compounds by a yellow-pigmented Dokdonia sp. from VNSS culture medium
(VNSS-42), resulting in inhibitory diameters ranging from 15 mm to 17 mm depending on the

targeted bacteria.
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Antibacterial activity was also dependent on the bacterial concentration. Agar well
diffusion assays were performed from 300 pL filter-sterilized supernatants. One third (10/31)
of the active isolates only showed antibacterial activity when the 24-hour culture pellets were
in contact with a small volume of medium, highlighting the impact of high concentration
molecules in supernatants on antibacterial potential. Moreover, most of the isolates had higher

inhibitory diameters with this high-bacterial concentration condition.

b. Agarolytic capacity evaluation

Isolates with agarolytic properties represented 20% of the Ulva sp. surface isolates
(14/69) and belonged to the Gammaproteobacteria (71%) and the Flavobacteriia (29%). The
majority of the agarolytic isolates supernatants showed antimicrobial activity (86%) or biofilm
modulation properties (28%, including four supernatants with a statistically proven inhibitory

effect on biofilm formation).

c. Biofilm assays

The anti- or pro- biofilm effect of 67 supernatants from Ulva sp. isolates were assessed
against the biofilm formation capacity of Algibacter sp. 1M6 and Paracoccus sp. 4M6. One
fifth of the supernatants (12/67) had a significant effect on biofilm formation (p value < 0.05),

either enhancing or reducing its formation (Figure 3).
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432  Figure 3 : Modulation of Algibacter sp. IM6 (A) and Paracoccus sp. 4M6 (B) biofilm

433 formation by different isolates supernatants in microtiter plates. Target bacteria were

434  inoculated with bacterial supernatants in 96-well microplates and incubated at 25 °C for 24 h
435  to form biofilms. Bars represent means + standard error of the mean for three replicates, and
436 the line corresponds to the positive control (target bacteria without addition of supernatant).
437  Only antibiofilm trends showing at least 20% inhibition of biofilm formed and probiofilm
438 trends showing at least 20% additional biofilm formed are represented on this graph. (*)

439 indicates antibiofilm/probiofilm effects proven by Anova and Dunett's post-hoc test.
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Nine supernatants of the Ulva sp. isolates (13%) appeared to contain antibiofilm
compounds. Five isolates were affiliated to the Gammaproteobacteria (Paraglaciecola spp.
and Pseudoalteromonas spp.), three to Flavobacteriia (Cellulophaga spp., and Zobellia sp.)
and one to Alphaproteobacteria (Sulfitobacter sp.). Six supernatants inhibited more than 50%
of the biofilm formed by Paroccocus sp. 4M6.The three isolates with probiofilm effects
showed less diversity at the class level with two isolates affiliated to Gammaproteobacteria
(Paraglaciecola sp., and Pseudoalteromonas sp.) and one to Actinomycetes (Kocuria sp.).

Almost half of the isolates with biofilm modulation properties were pigmented (pink,
yellow).

Moreover, the biofilm modulating effects of supernatants from Ulva sp. surface isolates
depended on the target bacteria. This was clearly illustrated by the significant antibiofilm effect
displayed by Ulva sp. supernatants from 9 isolates that was only observed against the biofilm
formed by Paracoccus sp. 4M6. The probiofilm properties of some supernatants showed a
significant effect for biofilms formed by both target bacteria, with a slight predominance of the
effect for biofilms formed by Paracoccus sp. 4M6: 2 supernatants from isolates had an effect
only on biofilms formed by Algibacter sp. 1M6, while 3 supernatants had an effect only on

biofilms formed by Paracoccus sp. 4M6.

a. Molecular networking

Organic extracts of the bacterial supernatants were analyzed by LC-ESI-HR MS/MS
(positive and negative ion modes) and the fragmentation data obtained were reprocessed using
the molecular network approach, via the GNPS online platform. Molecular networking of
metabolite mass spectrometry profiles is visualized according to the tested isolates (Kocuria
sp. VNSS-35; Dokdonia sp. VNSS-42; Paraglaciecola sp. R2A-48; and Sulfitobacter sp. R2A-

59), which displayed different biological activities (probiofilm/antibiofilm, antibacterial
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466  activities) (Figure 4). The node color corresponds to the different strain supernatants.
467  Compounds linked to the culture medium (blue)/to contamination (red) are not included in

468  those produced by the isolates.
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469  Figure 4: Molecular networks based on supernatants from four active isolates : probiofilm
470  effect (VNSS-35, Kocuria sp.); antibacterial activity after contact with Ulva sp. homogenate
471 (VNSS-42, Dokdonia sp.); antibacterial activity and antibiofilm effect (R2A-48,

472  Paraglaciecola sp. and R2A-59, Sulfitobacter sp.)

473

474 Dokdonia sp. VNSS-42, whose supernatant only showed antibacterial activity after
475  contact with Ulva sp. homogenate, presented the highest number of specific metabolites (17),
476  followed by Sulfitobacter sp. R2A-59 (12), Paraglaciecola sp. R2A-48 (12) and Kocuria sp.
477  VNSS-35 (3). Most of these specific metabolites remain unknown.

478 The nodes linked together represent a family of molecules, as can be seen for

479  Sulfitobacter sp. R2A-59 (yellow nodes) harboring five related halogenated/brominated

480  compounds between m/z 353.529 and 400.481 (box 1). On the other hand, Kocuria sp. VNSS-
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35 (green nodes) was the only isolate whose supernatant displayed a strong probiofilm effect
and it showed only three specific compounds with no identification (m/z 425.41, 648.806,
765.479) (box 2).

Two compounds, riboflavin (m/z 377.146) and lumichrome (m/z 243.088), were
identified based on the GNPS metabolites annotation database. They were both shared between
three isolates with antibacterial activities (Dokdonia sp. VNSS-42, Paraglaciecola sp. R2A-
48, and Sulfitobacter sp. R2A-59), the two later showing in addition antibiofilm effect (box 3).
A family of molecules putatively related to pantethine (m/z 553.236) was also found in two
isolates, one displaying antibacterial activity (Dokdonia sp. VNSS-42) and the second one
displaying both antibacterial and antibiofilm activities (Paraglaciecola sp. R2A-48) (box 4).
Eight unknown compounds (m/z between 247.145 and 617.819), 4 of which forming a family
of molecules, were found in Paraglaciecola sp. R2A-48 and Sulfitobacter sp. R2A-59, both
showing antibacterial and antibiofilm activities (box 5). Finally, a family of very low molecular
weight peptides (m/z between 185.129 and 285.135) was found in one isolate with antibacterial
activity (Dokdonia sp. VNSS-42) and two isolates with both antibacterial and antibiofilm

activities (Paraglaciecola sp. R2A-48 and Sulfitobacter sp. R2A-59) (box 6).

4. Discussion

This study reports the isolation and characterization of cultivable epiphytic bacteria
from Ulva sp.. Cultivable microbiota provides important information about the types of
interactions occurring at the surface of the macroalgae between associated bacteria and
potential colonizers. In this study, most of the supernatants exhibited antibacterial properties
or pro-/anti- biofilm effect against ubiquitous marine bacteria.

Very few studies have explored the cultivable diversity of epiphytic bacteria from Ulva

sp. by using several culture media. Bacteria isolated from the surface of Ulva sp. belonged to
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Actinomycetes, Alphaproteobacteria, Bacilli, Flavobacteriia and Gammaproteobacteria. The
Gammaproteobacteria class was the most representative group isolated from Ulva sp. surface
as it has been described in other studies (Ismail ez al., 2017, Del Olmo et al., 2018). Some
studies, focusing on Ulva sp. heterotrophic bacterial communities found a predominance of
Flavobacteriia class on MA medium (Bolinches et al., 1988). Culture media choice constitutes
a key factor in the recovering of the cultivable diversity of macroalgae-associated bacteria.
MA, VNSS and 20-fold diluted R2A medium have already been used to cultivate macroalgae
surface microbiota (Othmani et al., 2016; Kleinjan et al., 2017; Ismail et al., 2017). The
variability of isolates depending on culture medium has already been described for brown
macroalgae in the early 2000s (Armstrong et al., 2000). The relevance of using different
bacterial culture media in order to target different bacterial groups from seawater was also
underlined by Joint et al. (2010). Indeed, they found that Gammaproteobacteria represented
73% of the bacteria isolated on MA medium, which was confirmed in this study with 81% of
the isolates from MA affiliated to Gammaproteobacteria. Ismail et al. showed that many
isolates from Ulva sp. are already known to grow on rich media like MA (Ismail ef al., 2017).
However, in our study, a large proportion of isolates were obtained by using poorer medium
(VNSS, R2Ad). Higher bacterial levels were obtained using MA as culture growth medium but
greater diversity was observed with R2Ad medium (11/18 of the total genera cultivated). VNSS
medium seemed to enable the selective growth of Pseudoalteromonas genus (25/29 isolates)
with distinct phenotypic profiles. Indeed, VNSS medium is commonly used to cultivate

Pseudoalteromonas (Holstrom et al., 1998, Egan et al., 2001).

The life on the macroalgae surface leads to adaptive behavior from epiphytic

associated-bacteria. For instance, some marine heterotrophic bacteria have developed the
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ability to grow on macroalgae by using algal cell-wall polysaccharides as carbon sources
(Wada et al., 2007; Bengtsson et al., 2010; Hollants et al., 2013).

In our study, we highlighted that 20% of the isolates belonging to Gammaproteobacteria and
Flavobacteriia possessed agarolytic properties. Identification of agarolytic bacteria from Ulva
sp. surface has already been shown by Furusawa et al. (2016). Such agarolytic bacteria may
cause damage to the macroalgae cell wall, especially on Rhodophyta surface (Florez et al.,
2017).

Macroalgae can benefit from the presence of surface-associated bacteria. In fact, some
bacterial groups significantly contribute to growth, reproduction and defense of the
macroalgae. Members of the Actinomycetales, Alphaproteobacteria, Baciliale, Cytophaga-
Flavobacterium-Bacteroides (CFB) group and Gammaproteobacteria are known to be part of
the macroalgae-associated core microbiota (Hollants et al., 2012). A large proportion of
isolates obtained in this study belonged to those groups and may have a role in Ulva sp. growth,
as it has previously been shown for Microbacterium sp., which promotes the development of
the thallus and rhizoids of Ulva intestinalis (Ghaderiardakani et al., 2017). Moreover, Zobellia
sp., Shewanella sp., Vibrio sp. and Pseudoalteromonas sp. either stimulate or inhibit the
zoospore settlement of Ulva sp. by the production of specific metabolites (Egan et al., 2001,

Patel et al., 2003).

Antimicrobial and antibiofilm compounds produced by many macroalgae associated-
bacteria contribute to the macroalgae defense system against pathogens, herbivores and fouling
organisms (Goecke et al., 2010, Hollants et al., 2012). Almost half of the isolates obtained
from Ulva sp. surface (31/69 isolates) presented antibacterial activity against the three Gram-
negative ubiquitous marine bacteria targeted. Those bacteria with activity belonged to

Bacillota, Bacteroidota and Pseudomonadota phyla; no antibacterial activity was observed for
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the Actinomycetota phylum. Those results corroborate previous screenings on the antibacterial
potential of Ulva sp. associated bacteria (Ismail et al., 2017). There was a difference in the
activity displayed by the isolates depending on the medium: isolates grown on MA showed
very little antibacterial potential, while a great proportion of those grown on VNSS and R2Ad
had antibacterial effects on Algibacter sp. 1M6, Paracoccus sp. 4M6 and Vibrio harveyi
BB120.

The very specific relationships that can exist between the macroalga and its bacterial
community suggests that some bacteria only express their antibacterial potential when in
contact with the macroalga surface. Here, we demonstrated the impact of Ulva sp. homogenate
on the release of antibacterial compounds by a yellow-pigmented Dokdonia sp. grown on
VNSS, which did not show activity under standard conditions lacking algal components.

Antibiofilm activity was assessed by testing the production of active compounds against
two target-bacteria : Algibacter sp. 1M6 and Paracoccus sp. 4M6, both isolated from the Gulf
of Morbihan and known to be pioneers in biofilm formation (Grasland et al., 2003). They
display strong and competitive adhesion properties on surfaces and form very thick biofilm,
which can enhance the colonization by other bacteria and fouling organisms (Lappin-Scott and
Costerton, 1989, Grasland et al., 2003, Dhelly et al., 2010). Those species are also documented
as being part of Ulva sp. cultivable microbiota (Nedashkovskaya et al., 2004, Ismail et al.,
2017). Isolates belonging to Pseudoalteromonas genus have been isolated from the surface of
Ulva sp. and identified as antibiofilm agents’ producers (Holmstrom et al., 1998, Egan et al.,
2001, Goecke et al., 2010). In this study, antibiofilm properties were found in
Gammaproteobacteria within a diversity of genera (Pseudoalteromonas, Paraglaciecola) but
also in the Flavobacteriia (Cellulophaga, Zobellia) and Alphaproteobacteria (Sulfitobacter)
classes. However, antibiofilm effects were only noticed for biofilm formed by Paracoccus sp.

4M6. From a phylogenetic perspective, the fact that Paracoccus sp. belongs to the
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Alphaproteobacteria, the most abundant and ubiquitous bacterioplankton group in the ocean
(Song et al., 2009, Brown et al., 2022) may explain the ability of Ulva sp. surface microbiota
to develop effective defenses to prevent the fouling of its surface.

Otherwise, three isolates from Ulva sp. surface showed probiofilm effect on both target-
bacteria. Those isolates belonged to the Gammaproteobacteria (Paraglaciecola,
Pseudoalteromonas) and to the Actinomycetes class (Kocuria sp.). Isolate affiliated to the
Kocuria genus showed very strong probiofilm effect and is already known in the literature as
marine biofilm bacteria with high production of carbohydrates and proteins (Kavitha and
Raghavan, 2018). Isolates from Ulva australis surface belonging to Microbacterium,
Shewanella, Dokdonia and Acinetobacter genera were previously reported to increase, by their
synergistic interactions, biofilm formation at the macroalgae surface, which improved
resistance against opportunistic colonizers (Burmolle ef al., 2006) that can benefit both the
macroalga and its associated microbiota. Moreover, probiofilm compounds are even more
relevant when produced on a surface as a biofilm matrix can alter mobility of bacterivorous
predators (Chan et al., 2020). Biofilm modulation as well as antibacterial activity proved to be
a competitive advantage for both the macroalga and its associated microbiota and constitute a

potential source of new compounds of biotechnological interest.

As described in several studies, macroalgae, because of their large surface, are in
constant interaction with their surrounding environment and constitute a large reservoir of
bioactive molecules. Additionally, bioactive compounds from easily cultivable bacteria may
offer a more promising and manageable source of natural products for biotechnological

applications compared to those derived from macroalgae (Hollants et al., 2012). The research
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of new antibacterial compounds is essential in the context of resistance to antibiotics, which
has become a major healthcare problem in the 21th century (D’Costa et al., 2000).

Molecular network analysis revealed the presence of active molecules in certain
bacterial supernatants from isolates showing biological activity. Direct link between the
presence of compounds produced by bacterial isolates and bacteria taxonomy/biological
activity can only be established through the isolation and purification of these compounds.
However, hypotheses may emerge from the concomitant presence of specific compounds in
isolate supernatants with similar activities. Although the majority of compounds had no
proposed identification, and were possibly new molecules, a few identifications were
suggested. For instance, one compound putatively identified as pantethine, was only recovered
in Dokdonia sp. VNSS-42. This panthetine-like compound was related to three other
compounds, two of which were also found in Paraglaciecola R2A-48, also exhibiting
antibacterial activities. Pantethine (related to B5 vitamin) is the dimeric and oxidized form of
pantetheine produced from pantothenic acid (Spry et al., 2008). Although pantethine per se
does not possess antibacterial activity, pantetheine and several analogues to pantothenate
possess antimicrobial activities against bacteria, fungi and protozoa affiliated to Plasmodium
genus causing malaria (Jansen ef al., 2019). Moreover, the ability of certain bacteria to use
pantetheine/pantethine analogues in place of pantothenic acid in the biosynthesis of Coenzyme
A (CoA), an essential growth cofactor, opens up new opportunities in the design of compounds
inhibiting the biosynthesis of CoA in pathogenic bacteria, which is particularly relevant in the
context of antibacterial resistance (Spry ef al., 2008). Several compounds and families of
compounds were found in isolates affiliated to Dokdonia sp. VNSS-42, Paraglaciecola sp.
R2A-48 and Sulfitobacter sp. R2A-59, all displaying antibacterial and/or antibiofilm activities.
Among those compounds, riboflavin and lumichrome have been putatively identified.

Riboflavin (vitamin B2) constitutes an essential micronutriment with excellent photosensitive
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characteristics (Cardoso et al., 2012). Riboflavin has antibacterial photodynamic potential by
compromising the oxidation-reduction state of bacteria; it also inhibits bacterial biofilm and is
therefore a molecule of interest (Khan et al, 2019; Farah et al., 2022). Moreover, the
combination of riboflavin and its derivative lumichrome could act as either quorum sensing
signal molecules or as inter-kingdom signal-mimics interfering with quorum sensing in bacteria
biofilm (Rajamani et al., 2008). Identifying and characterizing the compounds responsible for
this probiofilm effect could be of biotechnological interest. In this context, molecular network
analysis revealed the presence of three specific unknown compounds only found in Kocuria
sp. VNSS-35 supernatant, suggesting their possible involvement in the probiofilm activity

displayed by this isolate.

Moreover, a large proportion of pigmented bacterial isolates (55%) were obtained from
the culture of Ulva sp. surface microbiota. Pigments derived from marine bacteria rich in
secondary metabolites have found applications in the food industry, cosmetic, textile and
pharmaceutical industries. Agarwal et al. (2023) showed that bacterial pigments are effective
against multiple mammalian cancerous cell lines and pathogenic microorganisms. They also
have the advantage of being low-cost, biodegradable and easily accessible. The
characterization of these strains could be an interesting prospect with a view to adding value to
certain potentially antibacterial or antiproliferative molecules. Indeed, long-time known
relationship has been established between the production of bacterial pigments and the
expression of antibacterial and antifouling phenotypes (Lichstein and Van de Sand, 1945, Egan
etal.,2002).

Here, we also aimed to optimize the expression of the antibacterial potential of Ulva sp.
isolates by increasing the compound concentration contained in the culture supernatants tested.

Almost half of isolates turned out to possess antibacterial activity, which opens up new
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opportunities for the screening and identification of bioactivity compounds in bacterial
extracts. Controlling the biofilm phenotype of pathogenic bacteria might be a major lever for
action as a transition to an attached state could favor resistome evolution (Plakunov et al.,
2016). In this study, isolates with antibiofilm properties and no antibacterial activity were found
and could be of primary interest in inhibiting bacteria without fostering the development of
antibiotic resistance. Cellulophaga R2A-50, Paraglaciecola R2A-57, and Pseudoalteromonas
R2A-38 lacked antibacterial activity and inhibited Paracoccus sp. 4M6 biofilm formation up
to 40%. In contrast isolate VNSS-35 affiliated with the Kocuria genus, had a probiofilm effect
on both Algibacter sp. 1IM6 and Paracoccus sp. 4M6. Studying the interactions of bacterial
compounds that can promote biofilm formation by pathogenic bacteria may lead to a better
understanding of the factors leading to successful bacterial host invasion (Masters ef al., 2019).
Controlling the formation of biofilms is increasingly important not only in the medical field
but also in the biotechnological and ecological perspectives of biofilm studies. In aquaculture,
the use of the ability of Pseudoalteromonas to form biofilms to prevent bacterial and fungal
infestation of clownfish egg clutches is an example of biofilm formation by specific, non-
pathogenic bacteria (Wesseling et al., 2015). In the agri-food sector, probiofilm compounds
could be used to enhance biofilm formation of bacteria of interest. For instance, strains of the
dairy industry thermophilic starter Streptococcus thermophilus lose over time their capacity to
form biofilms and their ability to attach firmly to abiotic surfaces, compromising their role as

starters for dairy fermentation (Couvigny ef al., 2015).

Ulva model constitutes a widely and globally available resource whose epiphytic

microbiota is an inexhaustible source of bioactive compounds. More research is needed to

30



676  characterize and isolate these compounds both to better understand their ecological roles and
677  to optimize their use for biotechnological applications.

678

679

680

681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719

31



720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

743

744

745

746

747

748

749

750

751

752

753

Funding: This work was supported by ISblue project, Interdisciplinary graduate school for the
blue planet (ANR-17-EURE-0015) and co-funded by a grant from the French government
under the program "Investissements d'Avenir" embedded in France 2030. Sauvann Paulino was
supported by “Université de Bretagne sud” and “Allocation de Recherche Doctorale” grants
for her Ph.D. thesis.

Acknowledgements The authors wish to thank the Laboratory of Marine Biotechnology and
Chemistry for providing the bacteria strains of Algibacter sp. 1M6 and Paracoccus sp. 4M6
and the Department of Molecular Biology of Princeton University for providing the wild type
strain Vibrio harveyi BB120. The authors also want to thank Olivier de Clerck and his team
from Ghent University of Belgium for the sequencing of Ulva sp. specimens ; David Touboul
and Sophie Bourcier from the Institut de Chimie des Substances Naturelles (Gif-sur-Yvette)
who performed the LC-MS/MS analysis ; Alexis Bazire and Sophie Rodrigues from the
Laboratory of Marine Biotechnology and Chemistry for supervising the whole sequencing
genome of several isolates from this study.

Conflict of interest: The authors have no conflict of interest to declare.
Data availability

The dataset supporting the conclusions of this article is available in the NCBI repository
SUB13468594

32



754

755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798

799
800
801

1. References

Agarwal, H., Bajpai, S., Mishra, A., Kohli, I., Varma, A., Fouillaud, M., ... & Joshi, N. C.
(2023). Bacterial Pigments and Their Multifaceted Roles in Contemporary Biotechnology
and Pharmacological Applications. Microorganisms, 11(3), 614.

Armstrong, E., Rogerson, A., & Leftley, J. W. (2000). The abundance of heterotrophic
protists associated with intertidal seaweeds. Estuarine, Coastal and Shelf Science, 50(3), 415-
424,

Armstrong, E., Yan, L., Boyd, K. G., Wright, P. C., & Burgess, J. G. (2001). The symbiotic
role of marine microbes on living surfaces. Hydrobiologia, 461, 37-40.

Bassler, B. L., Greenberg, E. P., & Stevens, A. M. (1997). Cross-species induction of
luminescence in the quorum-sensing bacterium Vibrio harveyi. Journal of bacteriology,
179(12), 4043-4045.

Bengtsson, M. M., Sjetun, K., & Ovreas, L. (2010). Seasonal dynamics of bacterial biofilms
on the kelp Laminaria hyperborea. Aquatic Microbial Ecology, 60(1), 71-83.

Bolinches, J., Lemos, M. L., & Barja, J. L. (1988). Population dynamics of heterotrophic
bacterial communities associated with Fucus vesiculosus and Ulva rigida in an estuary.
Microbial ecology, 345-357.

Borrego, J. J., Castro, D., Luque, A., Paillard, C., Maes, P., Garcia, M. T., & Ventosa, A.
(1996). Vibrio tapetis sp. nov., the causative agent of the brown ring disease affecting

cultured clams. International Journal of Systematic and Evolutionary Microbiology, 46(2),
480-484.

Brown, S. A., Balmonte, J. P., Hoarfrost, A., Ghobrial, S., & Arnosti, C. (2022). Depth-
related patterns in microbial community responses to complex organic matter in the western
North Atlantic Ocean. Biogeosciences, 19(24), 5617-5631.

Burke, C., Thomas, T., Lewis, M., Steinberg, P., & Kjelleberg, S. (2011). Composition,
uniqueness and variability of the epiphytic bacterial community of the green alga Ulva
australis. The ISME journal, 5(4), 590-600.

Burmelle, M., Webb, J. S., Rao, D., Hansen, L. H., Serensen, S. J., & Kjelleberg, S. (2006).
Enhanced biofilm formation and increased resistance to antimicrobial agents and bacterial
invasion are caused by synergistic interactions in multispecies biofilms. Applied and
environmental microbiology, 72(6), 3916-3923.

Cardoso, D. R., Libardi, S. H., & Skibsted, L. H. (2012). Riboflavin as a photosensitizer.
Effects on human health and food quality. Food & function, 3(5), 487-502.

Chambers, M. C., Maclean, B., Burke, R., Amodei, D., Ruderman, D. L., Neumann, S., ... &
Mallick, P. (2012). A cross-platform toolkit for mass spectrometry and proteomics. Nature
biotechnology, 30(10), 918-920.

33



802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850

Chan, S. Y., Liu, S. Y., Seng, Z., & Chua, S. L. (2021). Biofilm matrix disrupts nematode
motility and predatory behavior. The ISME Journal, 15(1), 260-269.

Charlier, R. H., Morand, P., & Finkl, C. W. (2008). How Brittany and Florida coasts cope
with green tides. International Journal of Environmental Studies, 65(2), 191-208.

Couvigny, B., Thérial, C., Gautier, C., Renault, P., Briandet, R., & Guédon, E. (2015).
Streptococcus thermophilus biofilm formation: a remnant trait of ancestral commensal life?.
PloS one, 10(6), €0128099.

D'Costa, V. M., McGrann, K. M., Hughes, D. W., & Wright, G. D. (2006). Sampling the
antibiotic resistome. Science, 311(5759), 374-377.

de Oliveira, L. S., Gregoracci, G. B., Silva, G. G. Z., Salgado, L. T., Filho, G. A., Alves-
Ferreira, M., ... & Thompson, F. L. (2012). Transcriptomic analysis of the red seaweed
Laurencia dendroidea (Florideophyceae, Rhodophyta) and its microbiome. BMC genomics,
13,1-13.

Del Olmo, A., Picon, A., & Nuiiez, M. (2018). The microbiota of eight species of dehydrated
edible seaweeds from North West Spain. Food microbiology, 70, 224-231.

Devi, N. K., Rajendran, R., & Sundaram, S. K. (2011). Isolation and characterization of
bioactive compounds from marine bacteria.

Dheilly, A., Soum-Soutéra, E., Klein, G. L., Bazire, A., Compére, C., Haras, D., & Dufour,
A. (2010). Antibiofilm activity of the marine bacterium Pseudoalteromonas sp. strain 3J6.
Applied and environmental microbiology, 76(11), 3452-3461.

Doghri, L., Portier, E., Desriac, F., Zhao, J. M., Bazire, A., Dufour, A., ... & Lanneluc, I.
(2020). Anti-biofilm activity of a low weight proteinaceous molecule from the marine

bacterium Pseudoalteromonas sp. IIIA004 against marine bacteria and human pathogen
biofilms. Microorganisms, 8(9), 1295.

Durand, L. (2010). Etude de la diversité des peuplements épibiontes associés au tractus
digestif de la crevette hydrothermale Rimicaris exoculata: une possible association
mutualiste (Doctoral dissertation, Brest).

Egan, S., James, S., Holmstrom, C., & Kjelleberg, S. (2001). Inhibition of algal spore
germination by the marine bacterium Pseudoalteromonas tunicata. FEMS Microbiology
ecology, 35(1), 67-73.

Egan, S., Holmstrom, C., & Kjelleberg, S. (2001). Pseudoalteromonas ulvae sp. nov., a
bacterium with antifouling activities isolated from the surface of a marine alga. International
Jjournal of systematic and evolutionary microbiology, 51(4), 1499-1504.

Egan, S., James, S., Holmstrom, C., & Kjelleberg, S. (2002). Correlation between

pigmentation and antifouling compounds produced by Pseudoalteromonas tunicata.
Environmental Microbiology, 4(8), 433-442.

34



851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900

Farah, N., Chin, V. K., Chong, P. P., Lim, W. F., Lim, C. W., Basir, R., ... & Lee, T. Y.
(2022). Riboflavin as a promising antimicrobial agent? A multi-perspective review. Current
Research in Microbial Sciences, 3, 100111.

Florez, J. Z., Camus, C., Hengst, M. B., & Buschmann, A. H. (2017). A functional
perspective analysis of macroalgae and epiphytic bacterial community interaction. Frontiers
in microbiology, 8, 2561.

Furusawa, G., Lau, N. S., Suganthi, A., & Amirul, A. A. A. (2017). Agarolytic bacterium
Persicobacter sp. CCB-QB 2 exhibited a diauxic growth involving galactose utilization
pathway. MicrobiologyOpen, 6(1), €00405.

Ghaderiardakani, F., Coates, J. C., & Wichard, T. (2017). Bacteria-induced morphogenesis of
Ulva intestinalis and Ulva mutabilis (Chlorophyta): a contribution to the lottery theory.
FEMS microbiology ecology, 93(8).

Goecke, F., Labes, A., Wiese, J., & Imhoff, J. F. (2010). Chemical interactions between
marine macroalgae and bacteria. Marine ecology progress series, 409, 267-299.

Grasland, B., Mitalane, J., Briandet, R., Quemener, E., Meylheuc, T., Linossier, L., ... &
Haras, D. (2003). Bacterial biofilm in seawater: cell surface properties of early-attached
marine bacteria. Biofouling, 19(5), 307-313.

Hermansson, M., Jones, G. W., & Kjelleberg, S. (1987). Frequency of antibiotic and heavy
metal resistance, pigmentation, and plasmids in bacteria of the marine air-water interface.
Applied and Environmental Microbiology, 53(10), 2338-2342.

Hollants, J., Leliaert, F., De Clerck, O., & Willems, A. (2013). What we can learn from sushi:
a review on seaweed—bacterial associations. FEMS microbiology ecology, 8§3(1), 1-16.

Holmstrom, C., James, S., Neilan, B. A., White, D. C., & KIELLEBERG, S. (1998).
Pseudoalteromonas tunicata sp. nov., a bacterium that produces antifouling agents.
International Journal of Systematic and Evolutionary Microbiology, 48(4), 1205-1212.

Holmstrom, C., & Kjelleberg, S. (1999). Marine Pseudoalteromonas species are associated
with higher organisms and produce biologically active extracellular agents. FEMS
microbiology ecology, 30(4), 285-293.

Hurt Jr, R. A., Robeson, M. S., Shakya, M., Moberly, J. G., Vishnivetskaya, T. A., Gu, B., &
Elias, D. A. (2014). Improved yield of high molecular weight DNA coincides with increased

microbial diversity access from iron oxide cemented sub-surface clay environments. PLoS
One, 9(7), €102826.

Ismail, A., Ktari, L., Ahmed, M., Bolhuis, H., Bouhaouala-Zahar, B., Stal, L. J., ... & El
Bour, M. (2018). Heterotrophic bacteria associated with the green alga Ulva rigida:
identification and antimicrobial potential. Journal of applied phycology, 30, 2883-2899.
Joint, ., Miihling, M., & Querellou, J. (2010). Culturing marine bacteria—an essential
prerequisite for biodiscovery. Microbial biotechnology, 3(5), 564-575.

35



901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949

Jansen, P. A., van Der Krieken, D. A., Botman, P. N., Blaauw, R. H., Cavina, L.,
Raaijmakers, E. M., ... & Schalkwijk, J. (2019). Stable pantothenamide bioisosteres: novel
antibiotics for Gram-positive bacteria. The Journal of Antibiotics, 72(9), 682-692.

Khan, S., Rayis, M., Rizvi, A., Alam, M. M., Rizvi, M., & Naseem, I. (2019). ROS mediated
antibacterial activity of photoilluminated riboflavin: A photodynamic mechanism against
nosocomial infections. Toxicology reports, 6, 136-142.

Klein, G. (2011). Nouvelles molécules naturelles inhibitrices du développement de biofilms
de bactéries marines (Doctoral dissertation, Université de Bretagne Occidentale).

KleinJan, H., Jeanthon, C., Boyen, C., & Dittami, S. M. (2017). Exploring the cultivable
Ectocarpus microbiome. Frontiers in Microbiology, 8, 2456.

Lappin-Scott, H. M., & Costerton, J. W. (1989). Bacterial biofilms and surface fouling.
Biofouling, 1(4), 323-342.

Lian, J., Wijffels, R. H., Smidt, H., & Sipkema, D. (2018). The effect of the algal microbiome
on industrial production of microalgae. Microbial biotechnology, 11(5), 806-818.

Lichstein, H. C., & Van De Sand, V. F. (1945). Violacein, an antibiotic pigment produced by
Chromobacterium violaceum. The Journal of Infectious Diseases, 76(1), 47-51.

Louis, J., Ballu, S., Rossi, N., Perrot, T., Daniel, C., Cellier, L., ... & Richier, S. (2023).
Multi-Year Renewal of Green Tides: 18 Years of Algal Mat Monitoring (2003-2020) on
French Coastline (Brittany Region). Available at SSRN 4412789.

Mardén, P., Tunlid, A., Malmcrona-Friberg, K., Odham, G., & Kjelleberg, S. (1985).
Physiological and morphological changes during short term starvation of marine bacterial
islates. Archives of Microbiology, 142, 326-332.

Masters, E. A., Trombetta, R. P., de Mesy Bentley, K. L., Boyce, B. F., Gill, A. L., Gill, S.
R., ... & Muthukrishnan, G. (2019). Evolving concepts in bone infection: redefining

“biofilm”,“acute vs. chronic osteomyelitis”,“the immune proteome” and “local antibiotic
therapy”. Bone research, 7(1), 20.

Nedashkovskaya, O. L., Kim, S. B., Han, S. K., Rhee, M. S., Lysenko, A. M., Rohde, M., ... &
Bae, K. S. (2004). Algibacter lectus gen. nov., sp. nov., a novel member of the family
Flavobacteriaceae isolated from green algae. International journal of systematic and
evolutionary microbiology, 54(4), 1257-1261.

Othmani, A., Bunet, R., Bonnefont, J. L., Briand, J. F., & Culioli, G. (2016). Settlement
inhibition of marine biofilm bacteria and barnacle larvae by compounds isolated from the
Mediterranean brown alga Taonia atomaria. Journal of applied phycology, 28, 1975-1986.

Patel, P., Callow, M. E., Joint, L., & Callow, J. A. (2003). Specificity in the settlement—

modifying response of bacterial biofilms towards zoospores of the marine alga
Enteromorpha. Environmental microbiology, 5(5), 338-349.

36



950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998

Plakunov, V. K., Mart’Yanov, S. V., Teteneva, N. A., & Zhurina, M. V. (2017). Controlling
of microbial biofilms formation: anti-and probiofilm agents. Microbiology, 86, 423-438.

Rajamani, S., Bauer, W. D., Robinson, J. B., Farrow III, J. M., Pesci, E. C., Teplitski, M., ...
& Phillips, D. A. (2008). The vitamin riboflavin and its derivative lumichrome activate the
LasR bacterial quorum-sensing receptor. Molecular Plant-Microbe Interactions, 21(9), 1184-
1192.

Reasoner, D. J., & Geldreich, E. (1985). A new medium for the enumeration and subculture
of bacteria from potable water. Applied and environmental microbiology, 49(1), 1-7.

Saha, M., Berdalet, E., Carotenuto, Y., Fink, P., Harder, T., John, U., ... & Steinke, M.
(2019). Using chemical language to shape future marine health. Frontiers in Ecology and the
Environment, 17(9), 530-537.

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., ... & Ideker, T.
(2003). Cytoscape: a software environment for integrated models of biomolecular interaction
networks. Genome research, 13(11), 2498-2504.

Song, J., Oh, H. M., & Cho, J. C. (2009). Improved culturability of SAR11 strains in dilution-
to-extinction culturing from the East Sea, West Pacific Ocean. FEMS microbiology letters,
295(2), 141-147.

Spoerner, M., Wichard, T., Bachhuber, T., Stratmann, J., & Oertel, W. (2012). Growth and
thallus morphogenesis of Ulva mutabilis (Chlorophyta) depends on a combination of two
bacterial species excreting regulatory factors. Journal of phycology, 48(6), 1433-1447.

Spry, C., Kirk, K., & Saliba, K. J. (2008). Coenzyme A biosynthesis: an antimicrobial drug
target. FEMS microbiology reviews, 32(1), 56-106.

Stackebrandt, E. (2006). Taxonomic parameters revisited: tarnished gold standards.
Microbiol. Today, 33, 152-155.

Suzuki, M. T., Rappe, M. S., Haimberger, Z. W., Winfield, H., Adair, N., Strébel, J., &
Giovannoni, S. J. (1997). Bacterial diversity among small-subunit rRNA gene clones and
cellular isolates from the same seawater sample. Applied and environmental microbiology,

63(3), 983-989.

Tagg, J. R., Dajani, A. S., & Wannamaker, L. W. (1976). Bacteriocins of gram-positive
bacteria. Bacteriological reviews, 40(3), 722-756.

Van der Loos, L. M., D’hondt, S., Engelen, A. H., Pavia, H., Toth, G. B., Willems, A., ... &
Steinhagen, S. (2022). Salinity and host drive Ulva-associated bacterial communities across
the Atlantic—Baltic Sea gradient. Molecular Ecology.

Vijayaraghavan, R., & Rajendran, S. J. J. O. B. M. (2012). Identification of a novel agarolytic

v-Proteobacterium Microbulbifer maritimus and characterization of its agarase. Journal of
basic microbiology, 52(6), 705-712.

37



999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023

1024
1025

1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046

Wada, S., Aoki, M. N., Tsuchiya, Y., Sato, T., Shinagawa, H., & Hama, T. (2007).
Quantitative and qualitative analyses of dissolved organic matter released from Ecklonia cava

Kjellman, in Oura Bay, Shimoda, Izu Peninsula, Japan. Journal of Experimental Marine
Biology and Ecology, 349(2), 344-358.

Wang, M., Carver, J. J., Phelan, V. V., Sanchez, L. M., Garg, N., Peng, Y., ... & Bandeira, N.
(2016). Sharing and community curation of mass spectrometry data with Global Natural
Products Social Molecular Networking. Nature biotechnology, 34(8), 828-837.

Wesseling, W., Wittka, S., Kroll, S., Soltmann, C., Kegler, P., Kunzmann, A, ... &
Lohmeyer, M. (2015). Functionalised ceramic spawning tiles with probiotic
Pseudoalteromonas biofilms designed for clownfish aquaculture. Aquaculture, 446, 57-66.

Yarza, P., Yilmaz, P., Pruesse, E., Glockner, F. O., Ludwig, W., Schleifer, K. H., ... &
Rossell6-Mora, R. (2014). Uniting the classification of cultured and uncultured bacteria and
archaea using 16S rRNA gene sequences. Nature Reviews Microbiology, 12(9), 635-645.

Ye, N. H,, Zhang, X. W., Mao, Y. Z., Liang, C. W., Xu, D., Zou, J., ... & Wang, Q. Y.
(2011). ‘Green tides’ are overwhelming the coastline of our blue planet: taking the world’s
largest example. Ecological Research, 26, 477-485.

Yoon, S. H., Ha, S. M., Kwon, S., Lim, J., Kim, Y., Seo, H., & Chun, J. (2017). Introducing
EzBioCloud: a taxonomically united database of 16S rRNA gene sequences and whole-

genome assemblies. International journal of systematic and evolutionary microbiology,
67(5), 1613.

38



1047  Authors' contributions: S.P., G.L.B. and N.B. wrote the manuscript, and all authors
1048 commented on the final version. Experimental design, data analyses, results interpretation,
1049 S.P.; G.L.B., S.P and Y.L.S. ; Project supervision and experimental design and funding
1050  acquisition, G.L.B and N.B.

1051

1052

1053

39



