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Abstract

Coastal marine habitats constitute hotspots of primary productivity. In tem-
perate regions, this is due both to massive phytoplankton blooms and dense
colonisation by macroalgae that mostly store carbon as glycans, contribut-
ing substantially to local and global carbon sequestration. Because they
control carbon and energy fluxes, algae-degrading microorganisms are cru-
cial for coastal ecosystem functions. Environmental surveys revealed con-
sistent seasonal dynamics of alga-associated bacterial assemblages, yet
resolving what factors regulate the in situ abundance, growth rate and eco-
logical functions of individual taxa remains a challenge. Here, we specifi-
cally investigated the seasonal dynamics of abundance and activity for a
well-known alga-degrading marine flavobacterial genus in a tidally mixed
coastal habitat of the Western English Channel. We show that members of
the genus Zobellia are a stable, low-abundance component of healthy
macroalgal microbiota and can also colonise particles in the water column.
This genus undergoes recurring seasonal variations with higher abun-
dances in winter, significantly associated to biotic and abiotic variables.
Zobellia can become a dominant part of bacterial communities on decaying
macroalgae, showing a strong activity and high estimated in situ growth
rates. These results provide insights into the seasonal dynamics and envi-
ronmental constraints driving natural populations of alga-degrading bacteria
that influence coastal carbon cycling.

cycle (Buchan et al., 2014), by (i) making it accessible
for higher trophic levels, (ii) liberating dissolved or par-

Coastal marine habitats are unique and dynamic eco-
systems at the interface between continents and seas.
They constitute hotspots of primary productivity,
accounting for ca. 20% of the global primary produc-
tion on Earth (Gattuso et al., 1998). In temperate
regions, this is largely due both to massive phyto-
plankton blooms and dense colonisation by macroal-
gae that mostly store carbon in the form of glycans,
contributing substantially to local and global carbon
sequestration (Santos et al., 2022). Microbial break-
down represents a crucial bottleneck to re-inject the
large pool of algal organic matter in the marine carbon

ticulate matter for local recycling or further export,
(iii) remineralizing it back to atmospheric CO, and
(iv) eventually influencing how much carbon is
sequestered. Because they control the fluxes of car-
bon and energy both locally and between adjacent
zones, algae-degrading micro-organisms are of critical
importance for coastal ecosystem functions. The role
of microorganisms as recyclers of algal biomass is
even more relevant in the context of global change,
since their action can influence the carbon balance in
coastal ecosystems already threatened by human
activities and pollution.
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Surveys of natural coastal microbial communities
have revealed the major role of heterotrophic bacteria
in processing algae-derived compounds. Metagenomic
analyses of long-term bacterioplankton series notably
show predictable substrate-controlled successions of
distinct bacterial taxa following phytoplankton blooms,
mainly belonging to Flavobacteriia, Gammaproteobac-
teria classes and to the genus Roseobacter within
Alphaproteobacteria (Gilbert et al., 2009; Teeling
etal., 2012, 2016). Macroalgae also host abundant and
diverse epibiotic bacterial communities (Egan
et al., 2013; Martin et al., 2014; Singh & Reddy, 2016),
the composition of which can greatly vary depending
on algal species, thallus part, seasons and locations.
Similar to phytoplankton bloom demise, breakdown of
soluble macroalgal glycans and intact tissues is also
accompanied by a succession of distinct heterotrophic
bacterial clades (Brunet, de Bettignies, et al., 2021;
Bunse et al., 2021; Enke et al., 2019). Environmental
surveys revealed consistent seasonal dynamics of
alga-associated bacterial assemblages, yet resolving
what factors regulate the in situ abundance, growth rate
and ecological functions of individual taxa remains a
challenge (Bunse & Pinhassi, 2017). Studies on culti-
vated strains provided detailed insights into the meta-
bolic pathways marine heterotrophic bacteria use to
degrade algal biomass (Ficko-Blean et al., 2017;
Kabisch et al.,, 2014; Koch et al., 2019; Reisky
et al., 2019; Sichert et al., 2020; Thomas et al., 2012),
but do not inform on the influence of biotic interactions
with their host and abiotic constraints, hindering our
understanding of their ecological impact.

Here, we specifically investigated the seasonal
dynamics of abundance and activity for an alga-
degrading marine flavobacterial genus in a tidally mixed
coastal habitat of the Western English Channel, an epi-
continental sea with strong seasonal and interannual
variations of climatic, hydrological and biological condi-
tions (Goberville et al., 2010; Lefran et al., 2021). To
this aim, we targeted the genus Zobellia, which has
received much attention in the last two decades as a
specialist of macroalgal degradation among Flavobac-
teriia (Lami et al., 2021). Seven out of the nine validly
described Zobellia species were previously isolated
from algal surfaces and the others from beach sand
and seawater (Barbeyron et al., 2001, 2021, 2023;
Nedashkovskaya et al., 2004, 2021). In addition, Zobel-
lia genes were reported in molecular studies of macro-
algal microbiomes (Dogs et al.,, 2017; Miranda
et al., 2013) and coastal seawater (Alonso et al., 2007).
Zobellia members are known to be efficient degraders
of algal purified polysaccharides (Thomas et al., 2017)
as well as fresh algal tissues (Brunet et al., 2022).
Hence, the genus Zobellia was reported to play a key
role in algal biomass recycling but there is currently no
data regarding its natural distribution. In the present
study, we analysed two complementary time-series,

including (i) a yearlong monthly epibiota sampling on
five different healthy macroalgal species and decaying
tissues and (ii) bi-weekly water samples over an 8-year
period. Using (RT-)gPCR we quantified the number of
Zobellia rRNA 16S genes and transcripts, aiming to
assess its seasonal dynamics of abundance and activ-
ity in different ecological niches. To explained the
observed patterns, we searched for significant correla-
tions of Zobellia with abiotic hydrological parameters.
We further questioned the presence of Zobellia, known
mostly as macroalga epiphytes, in water column sam-
ples by screening for potential associations with
eukaryotic plankton species, using publicly available
protist abundance data from the same sampling site.

EXPERIMENTAL PROCEDURES
Sampling

Surface microbiota from macroalgae were sampled
each month during low tides with a high tidal coefficient
(>80) between February 2020 and January 2021. Due
to the COVID-19 pandemic, no sampling was done in
April and May 2020. Microbiota were collected using
sterile swabs (Zymobiomics) on healthy adult speci-
mens of the brown algae Laminaria digitata (Ldig, blade
length 0.5—1 m), Fucus serratus (Fser) and Ascophyl-
lum nodosum (Anod), the red alga Palmaria palmata
(Ppal) and the green alga Ulva sp. (Ulva) at the Blos-
con site (48°43'29.982" N, 03°58'8.27” W) in Roscoff
(Brittany, France). Three individuals of each species
were sampled. Additionally, samples from stranded
algae (Std) were retrieved: within the mixture of diverse
decomposing algae, microbiota from one L. digitata,
one F. serratus and one P. palmata specimens were
collected each month. Swabbed surface was standar-
dised to 50 cm? using a 5-cm square template on both
sides of the algal thallus when possible. For Ascophyl-
lum nodosum, a 1 cm-width frond was sampled on
25 cm on both sides. Three different blade areas of the
kelp L. digitata were sampled: the basal part (young tis-
sue, hereafter LdigB and ‘base’), the medium frond
(ca. 20 cm away from the stipe/blade junction, hereafter
LdigM and ‘medium’) and the old frond (the blade tip,
hereafter LdigO and ‘old’). The different algal surfaces
sampled (different species and different thallus parts)
are referred to as ‘compartments’ in the analyses.
Swabs were immersed in DNA/RNA Shield reagent
(ZymoBiomics), kept on ice during transport and stored
at —20°C until DNA and RNA extraction.

Natural tidally mixed coastal surface seawater (1 m
depth) was collected every 2 weeks, during high neap
tides (tidal coefficient < 60), from 2009 to 2016 at the
SOMLIT-Astan station in the western English Channel,
3.5 km off Roscoff (France, 48°46'40” N, 3°56’'15" W)
along with samples collected in the frame of the
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SOMLIT monitoring programme (Service d’Observation
en Milieu Littoral; http://www.somlit.fr). Seawater was
collected using 5-L Niskin bottles and transported to
the laboratory in 10-L Nalgene bottles. Seawater sam-
ples (5L) were filtered onto successive 3 ym and
0.2 um polycarbonate membranes (47 mm, Whatman)
that were preserved in 1.5 mL of lysis buffer (sucrose
256 gL', Tris-HCI 50 mM pH 8, EDTA 40 mM) and
stored at —80°C until further processing (Caracciolo
et al., 2022).

Nucleic acids extraction

Environmental DNA and RNA from swabs on macroal-
gae were extracted simultaneously using the DNA/RNA
Miniprep kit (ZymoBiomics) following the manufac-
turer's instructions. All samples were processed
between December 2020/January 2021, except sam-
ples from February 2020 that were processed 2 weeks
after collection. DNAse treatment was performed on
RNA samples. DNA and RNA were eluted in 50 pL
RNase-free water and stored at —20 and —-80°C,
respectively.

For coastal seawater samples, DNA was extracted
from filters as described previously (Caracciolo
et al.,, 2022) with cell lysis for 45 min at 37°C using
100 pL lysozyme (20 mg mL~") and 1 h at 56°C with
20 pL proteinase K (20 mg mL~") and 100 pL SDS
20%, followed by purification with phenol-chloroform
methods and silica membranes from the NucleoSpin
Plantll kit (Macherey-Nagel).

DNA concentration was assessed with the Quanti-
Fluor dsDNA System (Promega) kit and samples were
normalised at 0.5 ng uL~" before gPCR assays. RNA
concentration was measured using a Qubit instrument
(Thermofisher) with the RNA HS Assay Kit and sam-
ples were normalised at 1nguL~" before reverse
transcription.

qPCR and RT-qPCR assays

PCRs were carried out in 384-multiwell plates on a
LightCycler 480 Instrument Il (Roche) as described in
Brunet, Le Duff, et al. (2021), using both universal bac-
terial primers 926F/1062R (Klindworth et al., 2013) and
Zobellia-specific primers 142F/289R (Brunet, Le Duff,
et al,, 2021) to assess total and Zobellia 16S rRNA
gene copies, respectively. Each 5 pL reaction con-
tained 2.5 puL of LightCycler 480 SYBR Green | Master
mix 2X (Roche Applied Science), 0.5 L of each primer
(300 nM final) and 1.5 pL of template DNA. Each reac-
tion was prepared in technical triplicates. The amplifica-
tion programme consisted of an initial denaturation at
95°C for 10 min followed by 45 cycles of 95°C for 10 s,
20 s at the chosen annealing temperature (60 and

64°C for the universal and the Zobellia-specific primers
respectively), and polymerisation at 72°C for 10 s. After
the amplification step, dissociation curves were gener-
ated by increasing the temperature from 65 to 97°C. A
dilution series of purified Z. galactanivorans Dsij' gDNA
(prepared as in Gobet et al., 2018) representing from
10 to 10® 16S rRNA gene copies was used as a stan-
dard curve and were amplified in triplicate in the same
run as the environmental samples. Non-Template Con-
trols were included in the run. The LightCycler 480 Soft-
ware v1.5 (Roche) was used to determine the threshold
cycle (Ct) for each sample. Linear standard curves
were obtained by plotting Ct as a function of the loga-
rithm of the initial number of 16S rRNA gene copies.
PCR efficiency was calculated as 10~"/5°P® _ 1. Sam-
ples with Ct outside the linear portion of the curve were
considered as null. RT-gPCR was carried out for sam-
ples from L. digitata and from stranded alga. Before
RT-gPCR, PCR reactions were carried out with the uni-
versal primers to ensure the absence of DNA contami-
nation. Reverse transcription was conducted on the
normalised RNA samples using the ImProm-Il Reverse
Transcription System (Promega). After addition of 1 uL
of random primers to 9.5 pL of sample, RNA was dena-
turated and reverse transcripted by adding 10.5 uL of
the reaction mix (4puL of 5X Reaction Buffer, 3pL
of 25 mM MgCl,, 1pL of 10mM [of each dNTP] dNTP
Mix, 0.5pL of 40UpL~"' Ribonuclease Inhibitor and
1uL of Reverse Transcriptase) and incubating the mix
for 5min at 25°C, followed by 1h at 42°C and 15 min at
70°C. gPCR was conducted immediately after reverse
transcription with 1uL of 10X diluted cDNA as
described above (0.5 pL of molecular-grade water was
added per reaction to have a final volume of 5pL).
MIQE information related to (RT-)gPCR experiments is
available in Table S1.

Hydrological data from the water column

All hydrological data used in this study were retrieved
from the SOMLIT database (Service d’Observation en
Milieu Littoral;  http://www.somlit.fr, Cocquempot
et al., 2019) on 7 April 2022, from the SOMLIT-Astan
station (period 2009—2016) and the SOMLIT-Estacade
station (period 2020-2021, 1.3 km from the macroalgae
sampling site, 48°43'56” N, 3°58'58” W). Datasets
include 15 hydrological parameters, namely surface
seawater temperature (T, °C), salinity (S), dissolved
oxygen (O, mL L™"), pH, concentration of ammonium
(NHg4, pM), nitrate (NO3, pM), nitrite (NO,, pM), phos-
phate (PO4, pM), silicate (SiOH4, uM), particulate
organic carbon (COP, pgL~") and nitrogen (NOP,
pg L), suspended matter (MES, mg L~"), *N (DN15,
°/..) and "*C isotopes (DC13, °/.-) and Chlorophyll a
(CHLA, pg L™"). Protocols are available on the SOMLIT
website and described in Gac et al. (2020).
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rRNA metabarcoding data for protists in
the water column

The Operational Taxonomic Units (OTUs) table of pub-
licly available 18S V4 rRNA metabarcoding data
for protists in the size fraction >3 pm at the SOMLIT-
Astan station (period 2009-2016) was retrieved on
9 December 2022 (https://zenodo.org/record/
5032451#.Y5Maw-zMJTY). Pipelines for the gener-
ation of OTUs from raw reads and the OTU table
were described previously (Caracciolo et al., 2022)
and available at https://doi.org/10.5281/zenodo.
5791089. The dataset comprised 21,418 protist
OTUs with over 30 million sequence reads.

Statistical analysis

For each sample, the number of Zobellia 16S rRNA
gene copies was divided by that obtained with universal
bacterial primers to assess the relative abundance of
Zobellia. Statistical analyses were performed with R
v3.5.0 (R Core Team, 2022) with significance threshold
a = 0.05. For macroalgal surface samples, 2-way
ANOVA with interaction effect were performed to test
the effect of macroalgal species and sampling months
on the abundance of Zobellia, followed by pairwise
post-hoc Tukey HSD when significant results were
found. Data were log-transformed (we applied the for-
mula log2(value + 1) for the number of copies and log2
(value + 0.0001) for the relative proportion) prior to
analysis and ANOVA residuals were checked for nor-
mal distribution. Additionally, one-way ANOVA ana-
lyses were conducted to test the effect of macroalgal
status (‘healthy’ vs. ‘stranded’) on the abundance of
Zobellia. Pearson correlation coefficients were calcu-
lated between averaged triplicates of Zobellia absolute
and relative abundance on macroalgal surfaces and
the different parameters using the corrplot package
(v0.90). Correlations were considered significant when
Benjamini—Hochberg adjusted p-value was <0.05.

For water column samples, the difference between
the abundance of Zobellia in free-living versus particle-
associated fractions was tested using the Mann-—
Whitney test. The seasonal effect was tested using
Kruskal-Wallis tests followed by post-hoc Dunn test
with Benjamini—-Hochberg corrections of p-values.
Time-dependent associations between the relative
abundance of Zobellia in the fraction >3 pm and hydro-
logical parameters or relative abundance of eukaryotic
OTUs were searched using extended Local Similarity
Analysis (eLSA v1.0.2) (Xia et al., 2011). A prevalence
filter of 50% was applied to keep only eukaryotic OTUs
found in at least half of the 188 samples for analysis
(Rottjers & Faust, 2018). eLSA was run with a maxi-
mum delay of 3 successive sampling events, 1000 per-
mutations, the ‘nearest’ method to fill missing values

and ‘percentileZ’ normalisation. Local Similarity scores
were standardised on a [—1;1] scale (Xia et al., 2011)
and are referred to as stdLS. Associations were consid-
ered significant when covering more than 75% of the
time series (length > 141 successive sampling events)
and |stdLS| = 0.6 and p < 0.001 and Q < 0.05.

RESULTS

Seasonal variations of Zobellia abundance
and activity on different macroalgal
surfaces

Quantitative PCR was carried out for the 238 DNA
samples from algal microbiota to assess the seasonal
prevalence and abundance of the genus Zobellia on
healthy and stranded macroalgae with distinct chemical
composition (Table S2; Figure 1). The sample LdigB_1
in June 2020 displayed 52,100 Zobellia 16S rRNA gene
copies cm ™2, which is 3.2 times more than in the sam-
ple with the second highest abundance (16,300 Zobel-
lia copies cm~2). After boxplot analysis of all results, it
was considered an outlier and was then removed from
further analyses.

The total number of bacterial 16S rRNA gene cop-
ies varied significantly along the year (2-way ANOVA,
‘sampling month’ effect Fg 155 = 5.0, p < 0.001) but not
across macroalgal species (F4158 = 0.8, p=0.531)
and with no interactions between the two factors
(Fse,158 = 1.1, p=0.3). Overall, it was lowest in
January—February (Figure S1). 16S rRNA genes from
Zobellia were detected on the surface of the five tested
healthy macroalgae. It accounted on average 2000-
4500 copies cm 2 (Figure 2A) and 0.04%—0.06% rela-
tive abundance (Figure 2B) but with a large variability
between samples. Two-way ANOVA revealed a strong
effect of the season both on the absolute abundance
and relative proportion of Zobellia (Fg 158 = 53.5,
p <0.001 and Fg 455 =79.9, p <0.001, respectively).
Pairwise comparisons revealed a lower abundance of
Zobellia during summer, from June to September
(Figure 3). The lowest number of Zobellia 16S rRNA
gene copies was obtained in August for L. digitata
(ca. 0-20 copies cm 2 representing 0%-0.0005% of
the total copies) and in July for the other species
(ca. 0-600 copies cm ™2 representing 0-0.002% of the
total copies). The abundance of Zobellia peaked twice,
in February—March and October—November, with
ca. 10°-10* Zobellia 16S rRNA gene copies cm 2
representing 0.03%—0.5% of the total amount
(Figure 3). By contrast, the algal species only had a
weaker effect (2-way ANOVA, F, 155 = 6.9, p <0.001
and F4 458 = 4.3, p <0.001, respectively) with interac-
tions between the two factors (Fse,158 = 3.6, p < 0.001
and F36158 = 3.6, p <0.001, respectively). Separate
comparisons at each month indeed showed that
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FIGURE 1 Abundance of total and Zobellia 16S rRNA gene copies at the surface of healthy (top) and stranded (bottom) macroalgae. The
number of total (left) and Zobellia (middle) 16S rRNA gene copies per cm? is shown, as well as the proportion of Zobellia copies (right). No data
are available for Ulva_3 in March as the sample was lost. The sample LdigB_1 is considered as an outlier as 52,100 Zobellia copies were

measured, and it was not considered for statistical analyses.

Zobellia absolute abundance (Figure S2) and relative
proportion (Figure S3) were relatively stable across
algal species. When detected, most differences were
found between Laminaria digitata and other algae. This
was mainly due to the lower abundance of Zobellia on
the basal thallus of this kelp species (see below).
Zobellia was quantified on different parts of the
thallus of L. digitata (Figure 2C,D), revealing varia-
tions of the absolute amount of 16S rRNA gene cop-
ies (F259=8.6, p<0.001). Zobellia abundance
increased from the base to the tip and represented
up to 10* copiescm 2 at the extremity of the
blade—characteristic of old tissues. The proportion
of Zobellia followed the opposite pattern (although

not significant, F, 59 = 1.5, p = 0.2), as the propor-
tion on the base—where the tissues are renewed—
tended to be higher (0.08% on average and up to
0.75%) than on the medium (0.04% on average and
up to 0.37%) and old (0.02% on average and up to
0.08%) frond.

Analyses were also performed on stranded individ-
uals in decomposition on the shore line (Figure 2E,F).
The absolute and relative amounts of Zobellia 16S
rRNA gene copies were highly enriched on the surface
of stranded algae compared to the healthy ones
(F1,158 =72.3, p < 0.001 and F1,158 =727, p < 0.001,
respectively). Zobellia accounted on average for 1.5%
of the total number of 16S rRNA gene copies on
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FIGURE 2 Absolute abundance (A, C, E) and relative proportion (B, D, F) of Zobellia 16S rRNA gene copies per cm? depending on algal
species (A, B), Laminaria blade parts (C, D) and algal status (E, F). p-Values results of two-way ANOVA test followed by post-hoc Tukey HSD
test are displayed, with different letters denoting significant difference (p < 0.05) across species, blade part or status. Mean values are shown for

each group as grey diamonds.

stranded algae (30-fold more than the average on
healthy tissues) and more than 5% for three samples
(F. serratus in November and December, P. palmata in
March).

Among the 15 measured environmental parame-
ters, the proportion of Zobellia 16S rRNA gene copies
showed strongest positive correlation with concentra-
tions of NO3, PO,4, SiOH, and MES and strongest neg-
ative correlation with seawater temperature (T), salinity
(S), pH, and concentrations of COP, NOP and Chl a,
independently of the studied algae (Pearson correla-
tion; Figure 4). Similar correlation patterns were
observed for the absolute number of Zobellia copies
(Figure S4).

The number of 16S rRNA transcripts from total bac-
teria and Zobellia cells were estimated using RT-gPCR
for L. digitata and stranded macroalgal samples
(Table S2). The ratio of 16S rRNA transcript copies
over 16S rRNA gene copies (16S rRNA:rDNA ratio)
was calculated as an index of activity (Campbell
et al., 2011). When Zobellia 16S rRNA transcripts were
detected, this Zobellia-specific 16S rRNA:rDNA ratio
was significantly higher on stranded algae (123 £ 30,
mean + s.e.m.) compared to healthy L. digitata tissues
(27 £ 3) (Wilcoxon test, W =281, p <0.001). Futher-
more, the Zobellia-specific 16S rRNA:rDNA ratio was
higher to the one calculated for the total bacterial com-
munity in the same sample on L. digitata tissues

85U8017 SUOWIWOD SANEaID 3ol dde au Aq peusenob ase seolie VO ‘85N JO Sa|n. 10y ARl 8UIUO AB|IA LD (SUONIPUOD-PUR-SLLIBYWIOD A8 | 1M ARe.q1|Bul[UO//SdnL) SUORIPUOD pue SWe | 8u18es *[£202/60/6T] U0 AkeiqiTauliuo AB|IM ‘91SeAIN 8UU0GI0S AQ S0SIT'0262-29YT/TTTT OT/I0P/WO0D A8 | IM" Ale.d|BuIUO'S euINO - Iure//Schiy Wwo.y pepeojumod ‘0 ‘026229%T



SEASONAL DYNAMICS OF ZOBELLIA

3 ao . p<0.001
15 x10%4 a
N
IS
o
@
[}
s
8 3
© 10 x10°4
()
[}
o
<
= .
xc e af
n N b,cf
2 5x10% -]
g ‘| b "
3 . .4
S .
N -
Hdomlhe
e S &

Feb Mar Jun Jul Aug Sep Oct Nov Dec Jan
Months

ISR By |7

: p <0.001

o
o)

=
~

ab

Proportion of Zobellia copies (%)
<3
N

I B

Feb Mar Jun Jul Aug Sep Oct Nov Dec Jan
Months

FIGURE 3 Number of Zobellia 16S rRNA gene copies per cm? (left) and proportion of Zobellia copies (right) detected at different sampling
months between February 2020 and January 2021 on macroalgal tissues. p-Values results of two-way ANOVA test followed by post-hoc Tukey
HSD test are displayed, with different letters denoting significant difference (p < 0.05) across months. Mean values are shown for each group as

grey diamonds.

<
+ ® o <+ I o oo 2 @29
r T O O 0 9 O o W =z o T
~ w (@] o Pz Pz =z o wn (@) z = o [a] (@)
1
Ld|gB * * * * * * * * . * 0.8
Ldigm & & e : D & @ ‘ ;s | @ 0.6 E
L 04 -2
. (8]
Ld| O * & ‘ * ‘ ‘ * . * * —
© @ - 02
(@]
~9:00:0000000 00|
@ 0.2 S
P r —0.
Anod (:*ﬂu * . * * * (2]
- b ©® - 04 @
- _
el @O - @ @ . ‘ 0 05 &
w@eo@® 00000 OOR™”

-1

FIGURE 4 Correlation matrix (Pearson coefficients) between the proportion of 16S rRNA Zobellia copies on the different algal tissues and
environmental parameter measurements. Asterisks denote significant correlations (Benjamini-Hochberg adjusted p-values <0.05).

(2.6-fold higher, Wilcoxon paired test, W = 1558,
p <0.001), but not on stranded samples (W = 130,
p =0.16).

Detection of Zobellia in tidally mixed
coastal waters

The presence of the genus Zobellia was further moni-
tored in coastal seawater samples on a bi-weekly time
series from 2009 to 2016, using qPCR both on the free-
living (0.2—3 pm) and particle-associated (>3 pm) frac-
tions. 16S rRNA genes from Zobellia were detected in

35% (50/141) and 59% (98/166) of the free-living and
particle-associated fractions, respectively (Figure S5).
The maximum absolute abundance of Zobellia was
respectively 5890 and 17,629 16S rRNA gene
copies L~ in the free-living fraction (January 2011) and
on particles (March 2009). Overall, Zobellia was 4-fold
more abundant on particles (1608 + 257 copies L™,
mean = s.e.m, n = 166) than on the free-living fraction
(473 + 94 copies L', mean £ s.e.m, n = 141) (Mann—
Whitney test, W = 8302, p <0.001). The same trend
was observed for the relative abundance of Zobellia
within the total bacterial community (Mann—Whitney
test, W=7783, p<0.001). On particles, Zobellia
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accounted for up to 0.21% of the total bacterial commu-
nity. Both the absolute and relative abundance of
Zobellia showed a recurring seasonal trend, with signifi-
cantly higher values during the winter (Figure 5). To
explain this seasonal pattern, we used eLSA to detect
associations between the relative abundance of Zobel-
lia and hydrological parameters, focusing only on the
>3 um particles were the presence of Zobellia was
more consistent. The strongest positive and negative
associations were found for nitrate concentration
(stdLS = 0.952) and seawater temperature (stdLS =
—1), respectively (Figure 6A). In addition, the relative
abundance of Zobellia was positively associated to sili-
cate, oxygen and phosphate concentrations, while it
was negatively associated to salinity, chlorophyll a and
ammonium concentrations (Table S3). eLSA also
revealed positive associations between the relative
abundance of Zobellia and that of 114 individual
eukaryotic OTUs (Table S3). Most positive associations
were found with Stramenopiles (37 OTUs, 32%) and
Alveolata (35 OTUs, 31%). The relative abundance of
Zobellia was notably associated positively without
delay to three brown macroalgal OTUs within the
Phaeophyceae and one red macroalgal Corallinales

OTU (Figure 6B). Furthermore, strong positive associa-
tions were detected with protist OTUs (Figure 6C),
including Ventrifissuridae (highest stdLS = 1), Par-
males (highest stdLS = 0.951), Dinophyceae (highest
stdLS = 0.945), Chloropicon (highest stdLS = 0.921)
and Syndiniales (highest stdLS = 0.897).

DISCUSSION

Zobellia is a stable component of healthy
macroalgal epibiota

Our study shows that the flavobacterial genus Zobellia
is consistently part of the epibiota of macroalgae in a
temperate coastal habitat. This agrees with the fact that
most of the described Zobellia species have been iso-
lated from macroalgae (Barbeyron et al., 2001, 2021;
Nedashkovskaya et al., 2004, 2021) and that Zobellia
sequences were found in metagenomic studies on
macroalgae (Dogs et al., 2017; Miranda et al., 2013).
Here, Zobellia was detected year-round on the five
algal species tested, which cover all three macroalgal
phyla and whose chemical composition largely differs
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FIGURE 6 Selected significant associations of Zobellia with physico-chemical parameters and eukaryotic taxa in the >3 pm fraction.

(A) Relative abundance of Zobellia (left axis, grey area), seawater temperature (standardised LS = —1, length 185, delay = —2, right axis)
and nitrate concentration (std LS = 0.952, length = 176, delay = —1, right axis). (B) Relative abundance of Zobellia (grey area) and two
selected macroalgal OTUs with significant positive association, affiliated respectively to Phaeophyceae (std LS = 0.687, length

187, delay = 0) and Corallinales (std LS = 0.681, length = 187, delay = 0). (C) Relative abundance of Zobellia (grey area) and five selected
protist OTUs with significant positive association, affiliated respectively to Dinophyceae (std LS = 0.945, length = 187, delay = 0), Dino
Group ll—clade 26 (std LS = 0.897, length = 187, delay = 0), Chloropicon roscoffensis (std LS = 0.921, length = 187, delay = 1),
Ventrifissuridae (std LS = 1, length = 182, delay = 0) and Parmales (std LS = 0.951, length = 187, delay = 1). Values are rolling means
(window width = 2 consecutive sampling events). For each year, the tick mark corresponds to January 1st. Full results are available in
Table S3.
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between one another (Kloareg et al., 2021). Given its
stable presence on the diverse algal species, Zobellia
might therefore display neutral or beneficial interactions
with healthy hosts. Indeed, Zobellia representatives are
known to possess multiple adaptive traits that may
favour stable association with macroalgal hosts
(Barbeyron et al., 2016). It includes resistance mecha-
nisms against oxidative stress and halogenated com-
pounds (Fournier et al., 2014; Grigorian et al., 2021)
and the secretion of thallusin, a macroalgal morphoge-
netic compound (Ulrich et al., 2022). Furthermore,
described Zobellia species can assimilate several of
the main glycans produced by brown (e.g., alginate,
fucan-containing sulfated polysaccharides, laminarin,
mannitol), red (e.g., agar, porphyran, carrageenans)
and green macroalgae (e.g., ulvans) (Barbeyron et al.,
2001, 2021; Groisillier et al., 2015; Nedashkovskaya
et al., 2004). This metabolic versatility might be an
advantage to colonise diverse macroalgal tissues offer-
ing different substrate niches.

Despite this stable association with healthy macro-
algae, Zobellia was not a dominant genus compared to
other taxa such as Granulosicoccus spp. (Gammapro-
teobacteria, Chromatiales) or Litorimonas spp. and Hel-
lea spp. (Alphaproteobacteria, Maricaulales) that can
represent more than 10% of the biofilm community on
kelps (Brunet, Le Duff, et al., 2021; Paix et al., 2019;
Ramirez-Puebla et al., 2022). Here, we show that
Zobellia accounted on average only for 0.05% of the
total bacterial community, but reached up to 0.7%
depending on the algal species and season (see
below). Although small, this proportion appears ecologi-
cally relevant regarding the hundreds of different taxa
reported to live on macroalgal surfaces (Egan
et al,, 2013). 16S rRNA:rDNA ratios also suggest
Zobellia cells might be more transcriptionally active
than the average bacterial epibionts on healthy macro-
algae. In addition, living macroalgae might actively con-
trol the development of such potent degraders as
Zobellia, known for their large CAZyme repertoires
(Barbeyron et al., 2016; Chernysheva et al., 2019) and
efficiency to utilise algal biomass (Brunet et al., 2022).

The abundance of Zobellia also varied along the
thallus of the kelp L. digitata. As observed for the total
bacterial community, the absolute amount of Zobellia
16S rRNA genes increased with the distance from the
stipe/blade junction, being maximum at the distal ends.
Such a pattern in bacterial abundance was already
reported for several kelp species (lhua et al., 2020;
Staufenberger et al., 2008; Weigel & Pfister, 2019).
Kelps grow from the meristematic region between the
perennial stipe and the blade. Therefore, the base of
the blade represents the youngest tissues that might
not yet host as many bacterial cells as older tissues
towards the apex. On the other hand, physical shed-
ding of distal blades likely eases the access to algal
compounds, favouring bacterial growth. By contrast,

the relative abundance of Zobellia tended to follow an
inverse trend, being higher on the basal blade of
L. digitata. Previous studies have shown that younger
tissues of several kelp species release more reactive
oxygen species upon stress (Kupper et al., 2001) and
contain higher concentrations of phlorotannins (Van
Alstyne et al., 1999), which can both control the growth
of epiphytic bacteria. Our results therefore suggest that
Zobellia cells might better tolerate these algal defence
reactions than other bacterial epibionts on young kelp
tissues.

The abundance and activity of Zobellia
increase on stranded algae

Throughout the year, both the absolute and relative
abundance of Zobellia were higher on stranded macro-
algae compared to healthy ones. This suggests that
Zobellia representatives become a dominant compo-
nent of the bacterial community associated with decay-
ing algal tissues, showing how competitive they can be
to exploit this substrate-rich ecological niche. Together
with their large genomes (ca. 5 Mb) and extended
CAZyme repertoires, this illustrates their copiotrophic
lifestyle, as reported for other flavobacteria (Lauro
et al., 2009). Members of the genus Zobellia also fea-
ture additional traits that might partly help them com-
pete with other members of the bacterial community,
namely the synthesis of the dialkylresorcinol antimicro-
bial zobelliphol active against Gram-positive bacteria
(Harms et al., 2018) and the predicted production of a
homoserine lactone lyase putatively interfering with
quorum sensing mechanisms (Barbeyron et al., 2016).
We further showed that the 16S rRNA:rDNA ratio was
high for Zobellia on stranded macroalgae, illustrating a
strong activity. Since ribosome content correlates posi-
tively with growth rate for many bacteria, rRNA:rDNA
ratio is a common proxy to estimate growth rates of
specific bacterial taxa in natural communities
(Campbell et al., 2011). Based on linear regression
analysis of rRNA:rDNA versus growth rate for various
marine and non-marine  copiotrophic  bacteria
(Lankiewicz et al., 2016), we can extrapolate that the
measured rRNA:rDNA ratio for Zobellia on stranded
macroalgae would correspond to growth rates from
0.001 to 0.1 h~'. This matches maximum growth rates
previously measured on batch cultures of
Z. galactanivorans Dsij' during the exponential phase
in rich medium (Thomas et al., 2011). Hence, our esti-
mate of high growth rates for natural populations of
Zobellia on stranded macroalgae could further explain
how they become dominant. We recently showed that
Zobellia isolates actively degrade kelp tissues in labo-
ratory microcosms (Brunet et al., 2022). The present
data further indicates that Zobellia could significantly
influence the fate of carbon sequestered by
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macroalgae in the studied coastal area, since fast-
growing bacteria might inject more organic carbon into
the microbial loop and produce more CO, through res-
piration than slow growers (Del Giorgio & Cole, 1998;
Pedler et al., 2014).

Zobellia is also part of coastal
bacterioplankton

Although the genus Zobellia is hitherto mostly known
for its association with macroalgal surfaces, our results
show that it is also recurrently found in coastal bacterio-
plankton of the Western English Channel. The abun-
dance of Zobellia was higher on particles than in the
free-living fraction, in agreement with its ability to
adhere to, glide and form dense biofilms on surfaces
(Nedashkovskaya & Suzuki, 2015; Salalin et al., 2012).
The relative abundance of Zobellia was in the same
order of magnitude on healthy macroalgae and on parti-
cles, suggesting the coastal water column might be a
yet overlooked habitat for this genus. Indeed, one of
the eight validly described species, Z. amurskyensis
KMM 3526", was isolated from seawater in Amursky
Bay, Sea of Japan (Nedashkovskaya et al., 2004).
Zobellia representatives were also previously grown
from seawater and particles larger than 10 um during a
phytoplankton spring bloom off Helgoland (Heins &
Harder, 2023). Our analysis of long-term observation
data revealed recurring associations of Zobellia with
individual eukaryotic OTUs in the particle-associated
fraction. This contrasts with previous studies of free-
living bacterioplankton communities during coastal
spring phytoplankton blooms over 4 years, which did
not evidence clear correlations between distinct bacte-
rial and diatom taxa (Teeling et al., 2016). Specific one-
to-one interactions might therefore have a stronger
influence on bacterial community composition for
particle-associated clades, while different bacterial taxa
sharing similar functional traits might at least partially
substitute each other in the free-living fraction (Galand
et al.,, 2018; Teeling et al.,, 2016). Here, we notably
detected significant associations of Zobellia with indi-
vidual OTUs affiliated to brown and red macroalgae in
the particle-associated fractions. This indicates that
Zobellia could thrive on macroalgal debris released in
the water column. However, stronger associations were
found with phytoplankton OTUs, including dinoflagel-
lates, green microalgae, diatoms and Parmales
(Stramenopiles, Bolidophyceae). Therefore, Zobellia
might also be part of phytoplankton microbiomes in
coastal waters, confirming previous cultivation attempts
that retrieved Zobellia isolates from North Sea phyto-
plankton (Hahnke & Harder, 2013). Phytoplankton-
derived polysaccharides, accounting for up to 90% of
microalgal exudates (Myklestad, 1995), could be

substrates for Zobellia growth. Recent analyses of dia-
tom exopolysaccharides notably revealed the presence
of a complex cocktail of glycans, including epitopes
recognised by antibodies that target fucose-containing
sulfated polysaccharide (FCSP), p-1,4-mannan, B-1,-
3-glucan, xyloglucan, 3-1,4-xylan, and alginate (Huang
et al.,, 2021). Other detected associations of Zobellia
with non-photosynthetic protists could indicate grazing
interactions, for example for heterotrophic Strameno-
piles flagellates known to graze on flavobacteria
(Massana et al., 2009), or sharing of the same habitat,
for example for heterotrophic Cercozoa that can feed
on diatoms (Drebes et al., 1996) or Syndiniales that
parasite photosynthetic dinoflagellates (Guillou et al.,
2008).

Seasonal variations

Although always representing <1% relative abundance,
Zobellia showed similar seasonal variations both on
macroalgal surfaces and in coastal seawater from
Roscoff, with maximum and minimum abundance in
fall/winter and summer, respectively. This illustrates the
growth and loss dynamicity of rare microbial taxa, as
previously shown for coastal marine bacterioplankton
in the Bay of Biscay (Alonso-Séez et al., 2015). This is
consistent with previous reports of the higher winter
abundance of Bacteroidota on the kelp Laminaria
hyperborea from Norway (Bengtsson et al., 2010) and
on Fucus vesiculosus from the Baltic Sea (Mensch
et al., 2020). Yet, seasonal changes can vary depend-
ing on site, as already shown for Macrocystis pyrifera
epibiota (Florez et al., 2019). Therefore, conclusions on
Zobellia seasonality based on sampling in Roscoff
might not be directly applicable to other locations. The
highest abundance of Zobellia in winter contrasts with
previous reports of recurring growth of planktonic Fla-
vobacteriia following spring phytoplankton blooms. This
highlights the importance of niche specialisation within
marine flavobacteria (Diez-Vives et al., 2019) and sup-
ports the idea that the abundance of individual taxa can
be more influenced by specific interactions rather than
only based on substrate availability. Two types of
parameters could explain the observed seasonality of
Zobellia: (i) abiotic hydrological variables and
(i) fluctuations of biotic factors related to the hosts.
Among abiotic factors, we notably found strong nega-
tive association of Zobellia with seawater temperature,
which ranged from 8°C in winter to 18°C in summer.
Temperature is well-known as a crucial driver of bacte-
rial community structure on macroalgae (Paix
et al., 2021; Takemura et al., 2014) and in coastal bac-
terioplankton (Teeling et al.,, 2016). Recent meta-
analyses of ocean microbiome datasets showed that
higher seawater temperatures universally favour slow-
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growing taxa (Abreu et al., 2023), which could lead to
higher competition for resources in summer. Together
with potential stochastic effects, a deterministic effect
of temperature could explain the observed lower peak
abundance of Zobellia in coastal bacterioplankton in
2012 and after 2015, when winter seawater tempera-
ture stayed >10°C. Positive associations of Zobellia
with nitrate and other nutrients likely reflect its copio-
trophic lifestyle, thriving when resources are abundant.
Furthermore, cultured Zobellia representatives possess
a nitrate assimilation pathway and can use nitrate as a
sole nitrogen source (Barbeyron et al., 2016). Similarly,
Teeling et al. (2016) found that the strongest abiotic
predictors of coastal bacterioplankton were tempera-
ture, salinity, silicate and nitrate concentrations. Sea-
sonal variations in water column samples might also
result from higher hydrodynamic forces during the win-
ter in Roscoff, when more intense tidal mixing and
winds produce macroalgal debris and resuspend ben-
thic phytoplankton from sediments (Caracciolo et al.,
2022). In addition, fluctuations of biotic factors might
partly explain the observed seasonality of Zobellia.
Algal defence chemicals such as halogenated com-
pounds are strong selective factors for epiphytic bacte-
rial colonisers (Goecke et al., 2010). The five
macroalgal species studied here display maximum and
minimum iodine content in winter and summer, respec-
tively (Ar Gall et al., 2004; Nitschke et al., 2018).
Z. galactanivorans Dsij' notably accumulates high
intracellular iodine concentrations and tolerates haloa-
cids, thanks to three vanadium-iodoperoxidases, an
iodotyrosine dehalogenase and a haloacid dehalogen-
ase that have homologues in all described Zobellia
strains (Barbeyron et al., 2016; Fournier et al., 2014;
Grigorian et al., 2021; Grigorian et al., 2023). This halo-
gen metabolism likely constitutes a selective advantage
over other less-equipped bacteria in winter, when halo-
gen concentration is highest. The growth cycle of
macroalgae might also influence their epibionts. For
example, kelp blade renewal and expansion occur in
spring at the meristem part. In consequence, in May,
the whole blade consists of fresh tissue. Hence, the low
proportion of Zobellia in summer suggests it might not
be an early coloniser of macroalgae. Moreover, algal
exudation is higher in summer (Abdullah & Fredriksen,
2004) and consumers of labile exudates might domi-
nate the biofilm (Bengtsson et al., 2010). By contrast,
the aging tissues in autumn-winter might select for spe-
cialist bacteria able to break down the complex extra-
cellular matrix. Although this cannot be assessed with
the present data, viral lysis and protist grazing also
potentially control the abundance of Zobellia. Both fac-
tors are known to follow seasonal dynamics (Bunse &
Pinhassi, 2017) and can apply selective pressure on
flavobacterial taxa (Bartlau et al., 2022; Kirchman,
2002; Massana et al., 2009).

CONCLUSION

Taking the well-studied genus Zobellia as a test case,
our study highlights the seasonal dynamics and envi-
ronmental constraints driving natural populations of
algae-degrading bacteria. While not dominant, the
genus Zobellia is a stable component of healthy macro-
algal microbiota and can also be found mostly associ-
ated to particles in the water column. It undergoes
recurring seasonal variations with higher abundances
in winter, significantly associated to biotic and abiotic
variables. Furthermore, it can become a dominant and
strongly active member of bacterial communities on
decaying macroalgae, likely contributing to algal bio-
mass degradation and remineralization. These findings
connect mechanistic knowledge obtained on laboratory
models to potential ecological impacts on coastal car-
bon cycling.
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