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Ulva are green algae known for their biomass accumulation on the coast due to eutrophication. As these algae are
able to bioremediate nitrate loadings, they are used as biofilters of enriched waters in aquaculture. Ulva form a
holobiont by naturally hosting various microbes, also involved in nitrate metabolism. However, little is known
about fluctuations of the Ulva holobiont in fertilized waters over time. We surveyed fluctuations of the bacterial
community associated with Ulva lacinulata cultivation, with (enriched, ENR) and without (seawater only, SW)
nitrate-based fertilization. Ulva biofilm and cultivation water were regularly collected and contextual parameters
(nutrients, temperature, pH) were regularly measured over twelve weeks. Metabarcoding of the 16S rDNA in the
biofilm and water compartments revealed that fertilization led to higher alpha-diversity. Diversity patterns
indicated that samples clustered together for each compartment in SW or ENR. Fertilization led to a different
genus composition in the water after 5 days, and it led to a more even community in the biofilm, from few very
dominant genera at the beginning of the experiment to more less dominant genera at the end. The core
microbiota in the biofilm common to SW and ENR was mainly composed of genera involved in the host fitness
and physiology. Core genera common to SW and ENR in the water were likely beneficiating from the culture
conditions. Microbiota’s predicted metabolic pathways revealed a heightened capacity for nitrate reduction in
ENR. These results may serve as a foundation to understand nitrate loadings impact on Ulva’s microbiota in
eutrophication conditions.

1. Introduction with high nitrogen loadings, from atmospheric or wastewater origin,

fertilizer use, and include organic nitrogen, ammonium and nitrate in

Green algae from the genus Ulva are mostly known for their biomass
accumulation on the coastline of industrialized countries as a conse-
quence of increasing anthropogenic activities combined with climate
change (e.g. factory livestock, agriculture) [1-5]. This common phe-
nomenon has been seen worldwide such as on the coasts of the Yellow
Sea, the English Channel, or Mediterranean lagoons [6-9] and it is
enhanced by high nutrient availability when physical conditions are
favorable [10]. Coastal blooms of Ulva sp. have been mostly associated

particular [3,8,11]. Decomposing beached Ulva sp. lead to the produc-
tion of harmful gases such as CO5 and H,S, and this is mainly due to the
metabolic activity of associated bacteria [2,12,13].

Marine macroalgae are colonized by various organisms, including
other macroalgae (e.g. the genus Myrionema strangulans on Ulva sp.
Thalli) [14,15] and microorganisms (e.g. procaryotes, protists, fungi,
virus), forming the macroalgal holobiont altogether [14,16]. The mac-
roalgal surface hosts high-densities of microorganisms with about 102 to
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107 cells per cm?, depending on the macroalgal species, the season and
the morphological part of the alga [17,18]. In the macroalgal holobiont,
microorganisms interact with the algal host and, while having an effect
on its physiology (e.g. nutrient supply, host defense, host development)
[16,19-21], the host also “gardens” its epiphytic microbial community
by attracting and maintaining species of interest for its health (i.e. the
microbial gardening concept) [22,23]. As an example, Ulva mutabilis
gardens its microbiota in cultivation conditions by producing dime-
thylsulfoniopropionate (DMSP), an osmolyte attracting the bacterium
Roseovarius sp. MS2 [24]. Varying environmental conditions such as
nutrient concentration, temperature, pH, also directly impact the mac-
roalgal holobiont. It modifies the host health and physiology, the mi-
crobial community composition and distribution, and the interactions
between the host and its associated microbiota (e.g. dysbiosis state of the
microbiota leading to a diseased host) [25,26]. The importance of Ulva’s
microbiota on the host development has been shown since early on
[20,27]. Indeed, some Ulva species are known to harbor a bacterial
community with members producing indispensable signaling molecules
for the morphological development of the thallus [28,29]. For instance,
Roseovarius sp. and Maribacter sp. produce regulatory factors inducing a
similar action as the plant hormones cytokinin and auxin in the devel-
opment and morphogenesis of Ulva mutabilis and Ulva intestinalis. These
factors were identified as growth and morphogenesis-promoting
(AGMPFs) such as thallusin [30,31]. Additionally, Ulva mutabilis culti-
vated together with high concentrations of the strains of the genera
Roseovarius and Maribacter, is resistant to micropollutants such as anti-
biotic and herbicides and even has the ability to remove endocrine
disruptors from the environment [32].

As a solution to bioremediate wastewater with high nitrogen load-
ings, Ulva may be used as a biofilter, as in integrated multitrophic
aquaculture (IMTA) for instance [33,34]. Some IMTA systems consist in
using mariculture fishpond effluents, generally containing high con-
centrations of ammonia, nitrate and phosphate as well as an associated
microbial community, to fertilize algae such as Ulva. These culture
conditions have been shown to provide algal growth- and
morphogenesis-promoting factors to Ulva and to contain known
morphogenesis-inducing bacteria [31]. To our knowledge, still few
studies have investigated bacterial communities associated with Ulva
cultures and the nutrient composition in the cultivation water was not
always determined. For instance, Ulva fasciata cultivation in fish-pond
effluents in an IMTA system at the Gulf of Aqaba (Eilat, Israel) has
also shown taxonomic composition fluctuations in spring over 5 weeks
[35]. However, fluctuations of the bacterial community composition
linked to other culture conditions or nutrient content have not been
surveyed to our knowledge.

Here, we hypothesized that the artificial addition of nutrients in Ulva
cultures has an effect on the bacterial community composition at the
Ulva’s surface and in the cultivation water. Thalli of Ulva were cultivated
in natural seawater in raceways over twelve weeks with or without
addition of a nitrate-based fertilizer. The bacterial community from the
cultivated water and from the Ulva microbial surface (hereafter referred
to as the Ulva biofilm) was regularly sampled and surveyed using a
metabarcoding approach and contextual parameters (nutrients, pH,
temperature) were measured in parallel. This sampling design aimed at
tackling the following questions: (i) Does the use of a nitrate-based
fertilizer influence the bacterial community composition and succes-
sion associated with Ulva cultivation? (ii) Does the use of such fertilizer
influence similarly the cultivation water and the Ulva biofilm? (iii) Is
there an impact of the nitrate-based fertilizer on the potential bacterial
community functioning?

2. Materials and methods
2.1. Experimental strategy

Ulva were cultivated in two High Rate Algal Ponds (HRAP) [36] of
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160 m® with water mixing maintained at 0.2 m-s~! by a Coldep® vac-
uum airlift column [37]. Cultures were done at the marine experimental
platform from the French National Institute for Ocean Science (Institut
Francais de Recherche pour I’Exploitation de la Mer, IFREMER) at
Palavas-les-Flots, France by the industrial partner ERANOVA (they
upcycle Ulva for bio-based, recyclable, compostable resins, see more
here: https://eranovabioplastics.com/?lang=en). The two HRAP were
filled in with coastal seawater filtered at 100 pm and with the same
inoculum of Ulva thalli collected from the adjacent Prévost lagoon
(43.52° N, 3.9° E). To ensure uniform mixing in the HRAP, Ulva speci-
mens were manually stirred daily from Monday to Friday between 8 and
10 am, using a rake. Two culture conditions were processed simulta-
neously with (i) an enrichment of a nitrate-based fertilizer (culture
medium: 0.217 g~L_l of KNO3 at 100% of purity, 0.004 g~L_l of Py,Os at
84% and 0.5 g~L’1 of NaOH at 97%; hereafter referred as enriched,
ENR), and (ii) without enrichment with only seawater (seawater only,
SW). ENR cultivation was conducted in a batch mode, consisting in a
monthly water renewal together with fertilizer supplementation.
Batches were programmed by the industrial partner, ERANOVA, inde-
pendently of our study. A total of 4 batches were done: March 3rd-April
1st (including days DO0-D26), April 2nd-18th (D29-D41), April
19th-May 2nd (D46-D54), and May 3rd-25th 2021 (D60-D82). No
fertilizer was added in the 3rd batch (D46-D54). SW cultivation con-
sisted in fresh filtered seawater continuously renewed with a flow-
through of 50% of the total HRAP volume per day.

The same sampling strategy was carried out for ENR and SW (Fig. 1,
Supplementary Table 1). Temperature was measured using a probe and
pH was measured using a pH paper between 8 and 10 am every day from
Monday to Friday. Every week, 500 mL water was filtered onto a GF/F
filter (45 mm, Whatman, Maidstone) conserved in the dark at —20 °C for
Chlorophyll a measurement. The remaining filtrate was conserved at
—20 °C until nutrient analyses. To further identify Ulva sp.’s associated
microbial diversity, samples were taken at 3 sites within each HRAP.
Every week, 100 mL water was filtered onto a 0.22 pm polycarbonate
filter (25 mm, Whatman, Maidstone) which was conserved at —80 °C
until further processing. Every two weeks, three Ulva thalli were
randomly collected from each of the three sites. From each thallus, a
surface of 22.1 c¢m? (resulting in a total surface of 44.2 cmz, recto and
verso included) was cut, rinsed 3 times with artificial sterile sea-water
(24.7 g NaCl, 6.3 g MgS04-7H50, 4.6 g MgCl,-H20, 0.7 g KCI) [38],
and conserved at —80 °C until DNA extraction of the Ulva biofilm.

2.2. Measurements of contextual parameters

Concentrations of nitrate, nitrite, silicate and phosphate were
measured from the GF/F-filtrate following a standard automated
colorimetry procedure on a continuous flow AutoAnalyser III (Seal
Analytical, King’s Lynn) [39,40]. The tool’s detection limits were
determined by measuring triplicated blanks. The detection limits were
50 nM for nitrate and silicate and 20 nM for nitrite and phosphate,
calculated as the mean of the data plus three times the standard devia-
tion (i.e., 99% confidence interval). The detection limits were well
below the measurements made on the samples, which were in the pyM
range. Ammonium concentration was measured by fluorescence on a
fluorometer TD700 (Turner Designs, San Jose) [41,42]. Chlorophyll a
was extracted from the GF/F filters with 5 mL methanol, and measured
using a Turner Design fluorometer [43].

2.3. Molecular approaches to identify the cultivated Ulva species and the
associated bacterial diversity

To identify the cultivated Ulva species, DNA was extracted from
grounded and lyophilized Ulva tissue samples taken on March 3rd, 2021
in the SW raceway. After amplification, the rbcL gene was identified
using a Sanger sequencing approach (see Supplementary text for
detailed molecular and phylogeny protocols). To survey the associated
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Fig. 1. Recapitulative scheme of the Coldep raceways used by ERANOVA to cultivate Ulva and of the sampling strategy. The two raceways were used for the enriched
and seawater cultures. A brief description of the system is represented by the current direction (black arrow), the Coldep column and their backflow vents permitting
water mixing, and the 3 sampling sites A, B, and C (red pointer). The sampling strategy was to sample water and Ulva thalli to assess the microbial diversity by
metabarcoding and to measure contextual parameters (nutrients, chlorophyll a). Details of the sampling strategy are listed for each sampling approach.

bacterial diversity, DNA was extracted from 42 algal biofilm samples
and 66 filters. Each filter was individually treated as follows: (I) cell lysis
was performed by two incubation steps under vertical rotative agitation:
for 45 min at 37 °C with 750 pL lysis buffer (0.75 M sucrose, 1 M Tris,
0.5 M EDTA) and 10 pL lysozyme (20 mg-mL™1); and then for 1 h at
55 °C with an addition of 10 pL proteinase K (20 mg-mL™!) and 50 pL
SDS (20%); (II) nucleic acids were extracted by adding 1 volume of
phenol-chloroform-isoamyl alcohol (PCIAA, 25:24:1) for 1 volume of
lysate, and collecting the aqueous phase after 15 min of centrifugation at
4500 rpm; (III) nucleic acids were then purified using the Macherey-
Nagel™ NucleoSpin™ Plant II kit by following the manufacturer’s in-
structions from step 4 (“Adjust DNA binding conditions™) to step 7
(“elute DNA”) with some modifications: at step 4, where 1 volume of PC
buffer was added to 1 volume of the supernatant retrieved from PCIAA
purification. Step 5 was repeated until all of the mixture was bound onto
the green column, and, at step 7, there was no incubation time for the
second elution [1]. DNA from Ulva thallus pieces was extracted with the
same protocol as for the filters with some modifications: (I) first, three
Ulva thallus squares of a given sampling site altogether were immersed
in 4.5 mL of cell lysis buffer and 60 pL of lysozyme; then with (II) 60 pL
of proteinase K and 300 pL of SDS, and finally (III) 6 mL of PCIAA for the
nucleic acids’ extraction step. Also, a second extraction step was
included by adding to the aqueous phase 0.3 volume of 100% ethanol,

and adding 1 volume of PCIAA before collecting the aqueous phase after
15 min of centrifugation at 4500 rpm [2]. Extracted DNA were then
conserved at —20 °C until further processing. Extracted DNA were then
sent to Genome Quebec (Quebec, Canada), where library preparation
and 2 x 300 bp paired-end MiSeq sequencing (Illumina, San Diego, CA,
USA) were carried out. For each sampling date, extracted DNA from
filtered water from the 3 sites was pooled before PCR amplification
whereas extracted DNA from Ulva thallus pieces from the 3 sites were
considered individually. A metabarcoding approach targeting the V3-V4
variable region of the 16S rDNA was used to survey the bacterial com-
munities in Ulva cultures. Raw sequences were deposited at the National
Center for Biotechnology Information (NCBI) under the BioProject
identifier PRINA1081356. Raw 16S rDNA sequences were filtered,
quality checked, curated and analyzed separately by using publicly
available softwares such as cutadapt (v4.4) [44] and dada2 [45] using
the R software v4.2.2 [46]. Resulting 16S rDNA amplicon sequence
variants (ASV) were taxonomically annotated using Silva v138.1
[47,48]. For details, please see Supplementary text, Supplementary
Table 1, and the corresponding R scripts on Github (https://github.com/
Est-oup/HOLOGREEN/blob/main/16S/processing_16S.R).
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2.4. Multivariate and statistical analyses

Alpha-diversity indices such as the observed richness and the Shan-
non index were calculated from the raw sequence table (micro-
biome_v1.20.0 package) [49]. Alpha-diversity indices of each condition
and compartment were compared with a post-hoc Dunn test
(FSA_v0.9.5) [50] and P-values were corrected for multiple comparison
with the Benjamini-Hochberg method. Before searching for beta-
diversity patterns, zeros from the sequence abundance table were
replaced by a Bayesian-Multiplicative replacement using the count zero
multiplicative method (zCompositions_v1.4.0-1) [51], and the abun-
dance table was then normalized using the centered log-ratio technique
[52]. A distance matrix was then calculated using the Euclidean method
to calculate the Aitchison distance (phyloseq v1.42.0) [53,54]. The
resulting distance matrix was then used for the three subsequent ana-
lyses: hierarchical clustering using the Ward.D method (stats_v4.2.2)
[46], non-Metric MultiDimensional Scaling (nMDS), and PERmutational
Multivariate ANalysis of VAriance with 1000 permutations (PERMA-
NOVA, vegan_v2.6-4) [55]. Contextual parameters (i.e. water tempera-
ture and pH, ammonium, nitrite, nitrate, phosphate, silicate and
chlorophyll a concentration, Supplementary Table 2) were z-score
transformed (vegan_v2.6-4). On March, 30th, the chlorophyll a con-
centration in the SW water was not measured but estimated as the me-
dian value of 0.609 pg-L~!. To identify the set of contextual parameters
that best explained the variation of the bacterial community, a forward
selection of the parameters was carried out on the distance matrix, based
on a canonical redundancy analysis algorithm and 1000 Monte Carlo
permutation tests and the Akaike Information Criterion allowed iden-
tifying the best-fitting models [56]. A redundancy analysis was then
calculated from the resulting best set of contextual parameters and the
distance matrix [55]. The metabolic capacities for nitrogen reduction in
Ulva cultures were determined through metagenomic analysis using the
Phylogenetic Investigation of Communities by Reconstruction of Un-
observed States (PICRUSt2, v2.5.2) software. ASV sequences were
analyzed with this pipeline using default parameters and the Integrated
Microbial Genomes (IMG) embedded database [57,58]. We used the
results of Kyoto Encyclopedia of Genes and Genome (KEGG) Ortholog
(KO) number assignments to investigate the nitrate reduction pathways
[59-61]. Sequence processing and data analyses were done using the R
software v4.2.2 [46].

3. Results
3.1. Molecular identification of the cultivated Ulva species

A molecular approach was used to identify the cultivated Ulva.
Thirty-eight representative rbcL gene sequences of Ulva species from
GenBank were aligned with the consensus sequence obtained from
extracted DNA of the cultivated Ulva. A maximum likelihood tree based
on 1270 positions was then constructed (Supplementary Fig. S1). The
phylogeny clearly separated the sequences into four major groups,
identified as I, II, II and IV, as confirmed by the bootstrap analysis
(>70%). Group I was divided into three branches, including one clade
(Ia) with genetically diverse taxa (sequence distances ranging from 0 to
0.25%, bootstrap values >70%), and one sequence from the species
U. clathrata (Ib) quite divergent (0.8%) from the others within group I.
Another clade was identified within group I (Ic), it included several
species with highly similar rbcL gene sequences (sequence distances:
0-0.17%, bootstrap values <70%, Supplementary fig. S1). The rbcL
gene sequence from the cultivated Ulva fell within clade Ic which also
included sequences from U. rigida, U. lacinulata, U. scandinavica and
U. laetevirens.

3.2. Taxonomic composition of the bacterial community

The taxonomic composition of the ASV from the algal biofilm and
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water of Ulva cultures under SW or ENR conditions was investigated at
the class level. Amongst the 31 bacterial classes identified in the entire
dataset, Gammaproteobacteria, Alphaproteobacteria and Bacteroidia
accounted for 93.8% sequences (Fig. 2, Supplementary Table 3). A
distinct pattern was observed for the biofilm and the water compart-
ments. Gammaproteobacteria were represented by more sequences in the
biofilm (45.6% sequences) than in the water (9.7% sequences),
Alphaproteobacteria showed similar abundances, with 31.5% and 35.4%
sequences respectively, and Bacteroidia were less abundant in the bio-
film, accounting for 14.9% sequences, compared to 52.2% in the water.

In the biofilm, the three most abundant classes were differently
distributed between the two culture conditions. Gammaproteobacteria
represented 63.5% sequences in SW and 27.8% in ENR, Alphaproteo-
bacteria, 24.8% sequences in SW and 38.2% in ENR, and Bacteroidia,
6.1% sequences in SW and 23.7% in ENR. Differences in sequence
abundance between SW and ENR were also observed at the genus level.
Within Gammaproteobacteria, Granulosicoccus remained the most domi-
nant genus in both conditions, with 42.4% of the total sequences in the
biofilm in SW and 15.8% in ENR. The genus Glaciecola represented
similar abundances in both conditions with 9.8% sequences in SW and
8.9% in ENR, and Agaribacterium showed higher abundances in SW with
10% sequences, compared with 0.1% in ENR. Within Alphaproteobac-
teria, the Jannaschia genus was dominant in the biofilm, with less se-
quences in SW (6.2%) than ENR (10.8%). The unassigned
Rhodobacteraceae ASV displayed 8.6% sequences in SW and 10.5% in
ENR (Fig. 2). Within Bacteroidia, some genera were more abundant in
ENR than in SW, such as Croceitalea (1% sequences in SW and 8.7% in
ENR), Maribacter (1.2% sequences in SW and 5.9% in ENR) and
Winogradskyella (1.8% sequences in SW and 3% in ENR).

In the water, Bacteroidia was the predominant class in SW, repre-
senting 69.4% sequences, compared with 35% in ENR. Conversely,
Alphaproteobacteria was more abundant in ENR (51.1% sequences) than
in SW (19.7%). Gammaproteobacteria was represented by about 10%
sequences in both conditions. Within Bacteroidia, Aurantivirga domi-
nated SW and ENR, with 33.1% and 21.6% sequences, respectively.
There were more Polaribacter sequences in SW (17.5%) than in ENR
(5.5%). Three genera belonging to Alphaproteobacteria, namely, Mar-
ivita, Nereida, and Yoonia-Loktanella, were more abundant in ENR than
in SW, with 15.7% vs. 0.8% sequences, 12.8% vs. 6.3% sequences, and
4.4% vs. 0.1% sequences, respectively. Other genera were less abundant
in ENR than in SW: the NS3a marine group (0.1% sequences in ENR vs.
9.4% in SW), Ponticoccus (7.9% sequences vs. 0.3%), and Polaribacter
(17.5% sequences vs. 5.5%). The bacterial diversity in Ulva cultures
exhibited variations not only between SW and ENR but also between the
biofilm and water compartments.

3.3. Temporal fluctuations of the bacterial community in the biofilm and
the culture water

We investigated temporal fluctuations of the bacterial community
from March 9th (D5) to May 25th (D82), in the biofilm and water in SW
and ENR. The community composition and distribution were clearly
different between the biofilm and the water (Fig. 2). In the biofilm,
Gammaproteobacteria was the most abundant class in the bacterial
community on D5 with an average of 86.3 + 8.6% and 49.2 + 5.7%
sequences, in SW and ENR respectively (Fig. 3, Supplementary Table 4).
Gammaproteobacteria decreased through the experiment, reaching about
half the sequences in SW and became the least abundant class in ENR at
the end of the experiment. Within this class, Granulosicoccus was
dominating the bacterial community in SW throughout the study, and
decreased from 78.1 + 8.4% (D5) to 40.6 + 7.1% sequences (D82). In
ENR, Granulosicoccus was dominant from D5 to D26, with 45 + 6.8% to
20.1 + 2% sequences and its abundance subsequently decreased until
D82. Glaciecola was mostly abundant from D26 to D68 in SW and ENR
with about 11.5 to 9.6% and 12.4 to 6.4% sequences per date, respec-
tively. In SW, Agaribacterium was mostly abundant from D5 (4.4 + 3%
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Fig. 2. Bacterial diversity at the class and genus levels in all of the Ulva biofilm and water samples in the two culture conditions. Relative abundance of the bacterial
community at the class and the genus levels from the Ulva biofilm and the cultivation water in the two culture conditions for all samples combined. Genera were
classified according to their class level. Genera representing less than 2% of the sequence abundance in one sample type were summed into the « Other » categories.
SW, culture condition in seawater without enrichment; ENR, culture condition with a nitrate-based fertilizer enrichment; Biofilm, Ulva biofilm; Water, filtered
cultivation water; Unassigned family name, ASV assigned only until the family taxonomic level. Others, see Supplementary Table 3 for details.

sequences) to D68 (10.1 + 10.6% sequences). In ENR, this genus was
less abundant in the community, with about 0.3% on D5, 0.1% se-
quences on average throughout the experiment, and no detectable se-
quences on D82. In parallel, Alphaproteobacteria increased in sequence
abundance in the two conditions through the experiment (from 6.5 +
3.2% to 35.8 + 2.3% sequences in SW and from 19.5 + 3.9% to 51.4 +
3.5% sequences in ENR). In SW, the Jannaschia genus was mostly
abundant from D41 (14.3 + 6.2%) to D82 (7.6 + 0.5%). In ENR, Jan-
naschia was most abundant earlier in the experiment, from D26 with 7.9
+ 2.4% to D68 with 26.5 + 4.4% sequences. While not present in SW or
in very low abundance, Litorimonas and Roseobacter were abundant
genera in ENR with about 2.5% sequences on average throughout the
experiment. Throughout the experiment, Bacteroidia was less abundant
in SW (6.1 + 1.8% sequences on average) compared to ENR (23.7 +
2.5% sequences on average). The Croceitalea genus was not abundant in
SW, with about 1% sequences on average compared to ENR with
abundances of 21 + 3.6% sequences on D26 to 6.2 + 4.5% sequences on
D82. Maribacter was not abundant in SW (1.2 + 0.6% sequences on
average) but it was more abundant in ENR, with fluctuations ranging
from 4 + 1.2% to 8.4 + 1.7% per sampling date. Winogradskyella was
notably abundant in SW at D54 and D68 with about 4% sequences, and
was also observed in ENR at the same dates with 6.9 + 2% and 5.5 +
2.1% sequences. To evaluate the ASV fluctuations through the

experiment, the mean of the standard deviations (SD) of the sequence
abundances of each ASV from the biofilm was calculated within a cul-
ture condition. The obtained value was significantly higher in ENR (total
ASV SD mean of 5.8 x 10’2) than in SW (total ASV SD mean of 4.2 x
1072 for SW, Post-hoc Dunn test, P = 7.7 x 10~%), suggesting larger ASV
fluctuations in ENR than in SW. In both conditions, the bacterial com-
munity composition and genus equitability in the biofilm were varying
through time and were clearly affected in ENR five days after the first
addition of nitrate-based fertilizer to the Ulva culture. Fertilizer addition
along with water renewal led to a stable bacterial composition from
D26-D41, the most abundant genera distributed more equitably at D54,
and the bacterial community mostly composed of less abundant genera
at D82.

In the water, Bacteroidia dominated the community in all SW sam-
ples, with 47% to 80.4% sequences throughout the experiment (Fig. 4,
Supplementary Table 5). Bacteroidia was less abundant in ENR, with
fluctuations from 26.1% to 70% sequences. Within Bacteroidia, Aur-
antivirga increased from 2.2% sequences on D5 to 51.5% on D68 in SW
while its sequence abundance in ENR fluctuated throughout the exper-
iment from 2.4 to 45.4% sequences. The genus Polaribacter fluctuated
from 4.5 to 50.4% sequences in SW and from 2.9 to 18.4% in ENR. NS3a
marine group’s abundance decreased in SW from 30.1% sequences on
D5 to 0.5% on D82 and was present in ENR in very low sequence
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Fig. 3. Temporal fluctuations of the bacterial community in the Ulva biofilm. Relative abundance of the bacterial community was investigated at the class and genus
levels within the Ulva biofilm over 12 weeks (from March, 3rd to May, 25th 2021) under two culture conditions (SW and ENR). Genera were classified according to
their class level. Genera representing less than 4% of the sequence abundance in each sample were grouped into “Other” (see Supplementary table 4 for details).
Unassigned genera were assigned to the lowest identified taxonomic level. For each date (numbered from day 0, DO, to day 82, D82), sampling was performed in
triplicate. Grey bars indicate weeks without sampling. The red dashed line in the ENR section indicates water culture renewal and a subsequent fertilization event
between two sampling dates. The blue dashed line in the ENR section indicates a water culture renewal between two sampling dates without addition of fertilizer.

abundance at few sampling dates. Alphaproteobacteria were less abun-
dant in SW than in ENR, ranging from 22.1% to 17.3% sequences and
from 54.7% to 21.2% sequences between D5 and D82, and were
different in genus composition. Nereida remained present in SW with
14.1% sequences on D5 and 4.3% on D82 while it fluctuated in ENR with
highest abundances from D41 to D54. Marivita was low abundant in SW
with a peak at 5.9% sequences on D47 and fluctuated in ENR with
highest abundances from D26-D34 (42.9-67.2% sequences). In SW,

Ponticoccus was mostly abundant from D41-D82 with 5.5-18.1% se-
quences but it was only detectable in ENR in the final two weeks, with
0.02-3.1% sequences. Gammaproteobacteria showed distinct fluctua-
tions between the two conditions. Glaciecola was most abundant in SW
at the beginning of the experiment D5-D29 (11.9-27.5% sequences),
and was fluctuating in ENR, from 1.7 to 12.3% throughout the experi-
ment. In the water, there were significantly higher ASV fluctuations in
ENR compared to SW (Post-hoc Dunn test, P = 2.6 x 1072°, total ASV SD
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Fig. 4. Temporal fluctuations of the bacterial community in the cultivation water. Relative abundance of the bacterial community was investigated at the class and
genus levels in the Ulva biofilm over 12 weeks (from March, 3rd to May, 25th 2021) under two culture conditions (SW and ENR). Genera were classified according to
their class level. Genera representing less than 4% of the sequence abundance in each sample were grouped into “Other” (see Supplementary table 5 for details).
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section indicates water culture renewal between two sampling dates without addition of fertilizer.

mean of 5.6 x 1072 for SW vs. 8.0 x 1072 for ENR). The bacterial
community composition and equitability in ENR differed from SW after
five days. The addition of a nitrate-based fertilizer coupled with water
renewal in the raceway at D28 and D60 seemed to impact the bacterial
community composition.

3.4. Diversity patterns of the bacterial community

Alpha-diversity was surveyed for all samples by calculating the
observed richness and the Shannon index (Fig. 5A, Supplementary
Table 6). No significant difference was observed between the mean of
the observed richness of the two culture conditions for the two com-
partments (SW biofilm vs. ENR biofilm and SW water vs. ENR water, P =
0.365, P = 0.079, respectively; Supplementary Table 7). The mean of the
Shannon index in the ENR biofilm was significantly higher than in the

SW biofilm and this trend was also observed in the water compartment
(P=3.6 x 1072, P = 2.8 x 1072, respectively). There was a significant
mean difference between the Shannon index of the SW biofilm and the
SW water but no significant difference between the ENR biofilm and the
ENR water (P = 4.6 x 1072, P = 0.1, respectively).

Pairwise comparisons of the bacterial community in biofilm or water
samples for the two conditions were calculated with Aitchison distances
and using clustering and ordination to identify potential discontinuous
and continuous patterns (Fig. 5B, Supplementary Fig. S2). Hierarchical
clustering allowed distinguishing five clusters representing samples
from the SW biofilm and ENR biofilm at the beginning of the experiment
(March, 9th, 30th and April, 2nd, corresponding to D5, D26 and D29,
cluster 5), SW biofilm samples (cluster 4), ENR biofilm samples (cluster
3), SW water samples (cluster 1) and ENR water samples (cluster 2).
Compartment type and culture condition had a strong impact on the
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Fig. 5. Diversity of the bacterial community of the Ulva biofilm and cultivation
water in the two culture conditions from March, 9th to May, 25th 2021.
Shannon index of all the samples in the two compartments for the two condi-
tions (A). A letter above a boxplot indicates a significatively different mean
(Post Hoc Dunn test: Adj. p-value <0.05) between compartments and condi-
tions. Non-Metric Multidimensional Scaling (nMDS) was conducted based on
Aitchison distances between samples at the ASV level (B). Colored shapes
represent each compartment within each condition. Redundancy analysis
(RDA) of the bacterial community based on the calculation of Aitchison dis-
tances between samples at the ASV level and constrained by six contextual
parameters (C). SW, culture condition in seawater without enrichment; ENR,
culture condition with a nitrate-based fertilizer enrichment; biofilm, Ulva bio-
film; and water, filtered cultivation water; T°C, water temperature; pH, water
PH; nitrite, nitrite concentration in the water; nitrate, nitrate concentration in
the water; phosphate, phosphate concentration in the water; silicates, silicates
concentration in the water. MM-DD, sampling dates indicated by following this
Eotation: month-day.

structuring of the bacterial community (permutational analysis of vari-
ance, PERMANOVA, F3¢9 = 12.6, P < 0.001, Fig. 5B), as significant
differences were observed from pairwise comparisons of biofilm and
water samples for SW and ENR (PERMANOVA, ENR biofilm vs. SW
biofilm, F; 490 = 12.2, P < 0.001; ENR biofilm vs. ENR water, Fy 30 = 7.5,
P < 0.001; ENR water vs. SW water, F; 290 = 7.4, P < 0.001; SW biofilm
vs. SW water, F; 30 = 16.1, P < 0.001; Supplementary Table 8). For each
compartment within each condition, closer dates tended to cluster
together by hierarchical clustering and a temporal gradient could be
observed on the nMDS with samples being further from each other as
they were taken later on (Fig. 5B). The hierarchical clustering of biofilm
triplicates underlined not only the reproducibility of our sampling
approach, but also the relative homogeneity of the microbiota at the
surface of distinct Ulva individuals. Overall, the bacterial community
structure was specific to each compartment and culture condition and
bacterial diversity was also structured according to time.

A forward selection analysis allowed identifying nitrite, nitrate,
phosphate, silicate, pH and water temperature as significant explanatory
contextual parameters (P < 0.05) influencing bacterial community
structure. A subsequent redundancy analysis (RDA) revealed that these
parameters accounted for 29.3% of the total variance observed in the
community structure, with 15.1% and 6.2% of the variance explained by
the two first RDA axes (Fig. 5C, Supplementary Table 9). SW samples
were associated with lower concentrations of nitrites, nitrates, phos-
phates, and lower pH, while ENR samples were associated with higher
concentrations of these nutrients and of the pH. As the experiment
proceeded, ENR and SW samples were associated with higher temper-
atures. Each of the two compartments was similarly impacted by
contextual parameters and the temporality of samples from both con-
ditions was clearly related to temperature.

3.5. Shared, unique ASV and the core microbiota in Ulva cultures

We searched for the common ASV to the two culture conditions that
were present in at least one sample in the biofilm and in the water and
for unique ASV to each compartment. In the biofilm, while 46% ASV
(corresponding to 583 ASV and representing 97.3% sequences) were
shared between SW and ENR, 36% ASV (1.6% sequences) were unique
to SW and 18% ASV (1.1% sequences) to ENR (Fig. 6). In the water, 46%
ASV (208 ASV, 93.5% sequences) were shared between SW and ENR,
18% ASV (17.5% sequences) were unique to SW and 36% (36.1% se-
quences) to ENR. The core microbiota for each compartment was
determined by identifying the ASV present in every sample, regardless of
the culture condition or the date of sampling (Fig. 7, Supplementary
table 10). The core microbiota of the biofilm was represented by 17 ASV,
which accounted for 51.2% of all the sequences in this compartment.
Within this core, the Gammaproteobacteria genus Granulosicoccus
accounted for 49% sequences. In Bacteroidia, Croceitalea and Maribacter
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Fig. 7. Taxonomic composition of the core microbiome shared between all SW
and ENR samples in the biofilm and in the water. The relative sequence
abundance of the 17 core ASV from the biofilm accounted for 51.2% of the total
sequence abundance in the biofilm samples. The relative sequence abundance
of the 8 core ASV from the water accounted for 39.8% of the total sequence
abundance in the water samples. Genera were classified according to their
respective class levels (see Supplementary table 10 for more details). Unas-
signed genera were assigned to the lowest identified taxonomic level.

represented 8.9% and 5.9% core sequences, respectively. In Alphapro-
teobacteria, the Jannaschia genus represented 15.5% core sequences and
the unassigned Rhodobacteraceae ASV, 5.8% sequences. In the water, the
core microbiota was represented by 8 ASV, corresponding to 39.8%
water sequences. These 8 ASV were classified as Bacteroidia, with Aur-
antivirga dominating the core microbiota with 58.7% core sequences,
followed by Polaribacter with 7.7% sequences. In Alphaproteobacteria,
Nereida represented 25.3% core sequences.
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3.6. Nitrogen metabolic capacity of microbial communities with and
without fertilization

The effect of nitrate-based fertilizer addition to Ulva cultures on the
potential metabolism of the bacterial community was assessed in the
biofilm and in the water. ASV assigned to taxa encoding enzymes
involved in three core nitrate reduction pathways (Supplementary fig.
S3) were identified using PICRUSt2 [57]. For each metabolic step,
sequence abundances for every ASV associated with the relevant en-
zymes were summed per sample to calculate the sample’s reaction
relative abundance (SRRA). The differences in SRRA values between
ENR and SW were then calculated for each sampling date, with the
biofilm and water treated separately, to measure the prevalence bias of
the metabolic reaction in SW or ENR (Fig. 8, Supplementary Table 11).
We called the result of this difference the prevalence bias index
PBI:SRRAENR-SRRAsw.

The dissimilatory reduction of nitrate to ammonium (DNRA) and the
denitrification pathways begin with nitrate reduction to nitrite by ni-
trate reductases (narGHI, napAB, Supplementary Fig. S3). Amplicon
sequence variants assigned to taxa encoding nitrate reductases were
more abundant in the SW biofilm than in the ENR biofilm almost
throughout the experiment. This was shown by negative PBI values for
all dates but D82, for which the difference in sequence abundance was
slightly higher (by 0.6 points) in ENR (Fig. 8A). The DNRA pathway
follows by nitrite reduction to ammonium by nitrite reductases (nirBD or
nrfAH). The PBI distribution for these enzymes was characterized by a
range of both negative and positive values indicating that SW and ENR
contained similar sequence abundances of taxa encoding this metabolic
step in the biofilm. The denitrification pathway converts nitrite to
dinitrogen in 3 successive steps using nitrite reductases (nirK and nirS;
nitrite—nitric oxide), nitric oxide reductase (norBC; nitric oxide—ni-
trous oxide) and nitrous oxide reductase (nosZ; nitrous oxide—dini-
trogen). These three reactions contained only positive PBI values in the
biofilm as taxa capable of supporting the denitrification pathway were
globally more abundant in ENR than in SW. The most substantial dif-
ference concerned the nitrous oxide to dinitrogen step, with an average
increase in sequence abundance of 17.8 points in ENR. On average, taxa
encoding nosZ represented 22.2% and 4.5% sequences in ENR and SW,
respectively. In contrast, preliminary steps of the denitrification
pathway encoded 2.4%, 5.3%, and 3.4% sequences in ENR and 11%,
1.7%, and 1.2% sequences in SW for the nitrate to nitrite, nitrite to nitric
oxide, and nitric oxide to nitrous oxide steps, respectively. Finally, the
assimilatory nitrate reduction to ammonium (ANRA) pathway com-
prises two metabolic steps carried out by assimilatory nitrate reductases
(narB, NR, nasAB; nitrate—nitrite) and assimilatory nitrite reductases
(nit-6, nirA, nasBDE; nitrite—~ammonium). The assimilatory nitrate
reductase step showed a distribution of negative and positive PBI values,
arguing against a systematic overabundance of taxa responsible for this
metabolic step in the biofilm in SW or ENR (Fig. 8A). The nitrite
reductase step, however, was characterized by a distribution of exclu-
sively positive, albeit low, PBI values in ENR (average PBI = 0.4 points).
The low values were mainly explained by the low sequence abundance
of the corresponding taxa (i.e., about 0.5% and 0.1% sequences on
average for ENR and SW, respectively), rather than by a slight imbalance
in sequence abundances between ENR and SW (Supplementary
Table 11). Fertilization may thus be associated with a small but still
measurable increase in sequence abundance of bacteria encoding
assimilatory nitrite reductases in the biofilm.

The same approach was used to investigate the effect of fertilization
on the functioning of the bacterial community in the water (Fig. 8B). For
all 7 enzymatic reactions involved in the three nitrate reduction path-
ways, the associated distributions mainly featured positive PBI values,
indicating that fertilization tended to induce a generalized sequence
overabundance of taxa metabolizing nitrate and its downstream reduced
derivatives. In the water, taxa capable of reducing nitrate to nitrite via
the DNRA or denitrification pathways were more prevalent in ENR,
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whereas the biofilm compartment showed a reversed trend with an in-
crease in sequence abundance in SW. Furthermore, the sequence
abundance increase of taxa coding for the dissimilatory reduction of
nitrite to ammonium was more marked in the water than in the biofilm
(average PBI = 22.3% and 3.6% sequences, respectively, Supplementary
Table 11). However, the reduction of nitrous oxide to dinitrogen was less
abundant in the water than in the biofilm (average PBI = 6.6% and
17.8% sequences, respectively).

The taxonomic composition of the ASV associated with nitrate
reduction pathways in the biofilm and water was investigated in the two
conditions (Fig. 8C-D, Supplementary Table 12). In the biofilm, there
were higher sequence abundances in ENR (58.7% of all sequences in
ENR biofilm) than in SW (38.7% sequences) but a similar genus diversity
(108 and 111 genera, respectively, Fig. 8C). Within Gammaproteobac-
teria, Agaribacterium and Glaciecola were the predominant genera in SW,

10

accounting for about 25-26% sequences of the ASV associated with
nitrate reduction pathways. In ENR, Glaciecola was the most dominant
Gammaproteobacteria genus with 14.4% sequences. Within Alphapro-
teobacteria, the most abundant genera were Jannaschia, with 16% se-
quences in SW and 18.5% in ENR, and the “unassigned
Rhodobacteraceae” ASV, with 9.9% sequences in SW and 12.5% in ENR.
The most abundant Bacteroidia in ENR, Croceitalea and Maribacter,
accounted for 14.9% and 10.1% sequences, respectively. In the water,
ASV involved in nitrate metabolism represented more sequences and
more genera in ENR (40.9% sequences and 189 genera) than in SW
(13.3% sequences and 165 genera, Fig. 8D). Within Alphaproteobacteria,
the most abundant genus was Ponticoccus in SW with 59.1% sequences
and Marivita in ENR with 38.3% sequences. In ENR, Glaciecola accoun-
ted for 7.1% sequences and the Bacteroidia Algoriphagus for 3.1% se-
quences. These two taxa were low abundant or absent in SW.
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4. Discussion

Previous studies have primarily investigated the bacterial microbiota
of Ulva’s biofilm in natural habitats [62-64]. Studies on microbial dy-
namics in Ulva cultures showed the influence of aquaculture practices on
microbial community structure [31,35,65]. However, to our knowledge,
the specific effect of nitrate-based fertilizer addition in Ulva cultures
over time remains underexplored. Here, we compared bacterial com-
munity diversity and succession in Ulva cultivation with (ENR) and
without (SW) fertilization over twelve weeks, by identifying its potential
impact on the bacterial community functioning.

4.1. Phylogenetic position of the cultivated Ulva within the genus

As the visual identification of Ulva was not possible due to the
morphological plasticity of this algal genus [66,67], we used a phylo-
genetic approach based on the chloroplastic rbcL gene to identify the
species (Supplementary fig. S1). The rbcL gene sequence from the
cultivated Ulva belonged to the same clade Ic and was highly similar to
those from U. rigida, U. lacinulata, U. scandinavica and U. laetevirens.
Previous studies investigating Ulva diversity based on genes such as
rbcL, tufA or ITS could not obtain sequences divergent enough to
distinguish U. rigida from U. laetevirens [68,69]. The species
U. laetevirens Areschoug 1854 was thus proposed to be considered a
synonym of U. rigida C. Agardh 1823 [69]. In the same study, rbcL gene-
based phylogeny also led to highly similar sequences from U. lacinulata
and U. rigida. In the clade Ic, there was also a rbcL sequence identified as
U. scandinavica which can be considered as a synonym of U. lacinulata
[70,71]. An additional study analyzing the plastid genome, rbcL and
tufA genes and ITS sequences of U. rigida and U. lacinulata allowed
highlighting the misapplication of some names attributed to Ulva se-
quences in GenBank [70]. From these analyses, they concluded that rbcL
gene sequences identified as U. rigida, U. lacinulata, U. scandinavica and
U. laetevirens clustering together, similarly as in our study, were all
belonging to the species U. lacinulata. This suggests that the cultivated
Ulva in our study likely belongs to the species U. lacinulata.

4.2. Effect of fertilizer addition on the bacterial diversity and succession
patterns in Ulva lacinulata cultures

Despite coming from the same Ulva inoculum, the bacterial com-
munity associated with Ulva’s cultures showed a different community
structure between the two culture conditions, and this was observed for
both the biofilm and water compartment. These patterns were explained
by temperature and pH fluctuations and the nutrient content as
described by nitrites, nitrates and phosphates concentrations (Fig. 5)
and suggest an adapted bacterial community to specific environmental
conditions.

Over the twelve weeks, bacterial classes from the biofilm of Ulva
cultures in SW were in majority Gammaproteobacteria and Alphaproteo-
bacteria, phyla commonly found associated with macroalgae, regardless
of the algal type (i.e. brown, red, green algae) [16,72]. More specifically,
these bacterial classes were seen in the Ulva microbiota from the coast of
several part of the world such as Australia, the Netherlands, and
Columbia and at different seasons [62,63,73]. Amongst the most
abundant genera of the biofilm, we found Granulosicoccus, Glaciecola,
some Rhodobacteraceae such as Jannaschia and an unassigned ASV, as
commonly reported in bacterial communities associated with other
Ulvophyceae genera such as U. australis, U. lacinulata, U. lactuca,
U. linza, or Blidingia from the environment [63,64,73,74]. The bacterial
community fluctuated between March and May, starting with a com-
munity mainly composed of Granulosicoccus and low abundant genera (i.
e. represented by less than 4% sequences per sample) belonging to
Alphaproteobacteria and Acidimicrobiia. Throughout the experiment,
other genera became represented by higher sequence abundances,
including Jannaschia and an unassigned Rhodobacteraceae ASV, and an
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increase in low abundant genera belonging to the five most abundant
classes was observed, making the community more diverse. This was
also observed at the ASV level, where there was a gain in ASV number
and a higher Shannon index between the beginning and the end of the
experiment.

Throughout the experiment in the ENR biofilm, the bacterial com-
munity composition and distribution were different from that from SW.
This was observed at the class level, where the dominant groups were
not only Gammaproteobacteria and Alphaproteobacteria but also Bacter-
oidia, as observed in IMTA systems with cultivated U. fasciata and
U. rigida fertilized by fish effluents [35,65]. These classes were mostly
composed of the same genera as observed in SW but also Croceitalea,
Maribacter, Winogradskyella, and Truepera. In IMTA conditions, Glacie-
cola, Granulosicoccus, and unclassified Rhodobacteraceae, representing
about 57% sequences altogether, were also amongst the most abundant
genera associated with U. rigida’s biofilm [65], while the biofilm of
U. fasciata in similar conditions was dominated by not only Gran-
ulosicoccus but also Blastopirellula, Erythrobacter and Truepera, repre-
senting about 42% of the community [35]. Ulva culture conditions of
these two IMTA studies and our experiment presented some differences
in bacterial composition which may be due to the Ulva species culti-
vated, its physiology, as well as the culture conditions, as for instance,
nitrate concentration in the tanks were very different: 5 mg-L™}, less
than 0.9 mg-L ! and 2-192 mg-L~! in the studies from Ghaderiardakani
etal. [31], Nguyen et al. [35], and our study, respectively. Additionally,
we used a batch distribution of an artificial fertilizer, while the two
IMTA studies used continuously distributed fish effluents, also inher-
ently richer in organic complexity.

After 5 days of the first nitrate-based fertilization (Nitrates = 170
mg-L™1), the bacterial community composition and distribution in the
ENR biofilm was already different to that from SW. At the genus level at
D5, Granulosicoccus represented less than half of the bacterial commu-
nity which was also composed of some unassigned Rhodobacteraceae and
Microtrichaceae ASV and low abundant Gammaproteobacteria, Alphapro-
teobacteria, Bacteroidia and Acidimicrobiia genera. Over the twelve
weeks, dominating genera were highly fluctuating in ENR in parallel to
nitrates concentrations, with at D26 (Nitrates = 35 mg-L’l), Gran-
ulosicoccus, Glaciecola, Jannaschia, Croceitalea, and Maribacter, domi-
nating the community, at D54 with nutrients being more diluted
(Nitrates = 2 mg~L*1), an increasing abundance of Litorimonas and
Winogradskyella, and at D82 after the last fertilization (Nitrates = 68
mg-L™1), some unassigned Rhodobacteraceae and Microtrichaceae ASV,
Croceitela, Maribacter, Truepera, and mostly less abundant genera (rep-
resenting about 42% sequences). Such rapid fluctuations in genus
composition and sequence abundance in the ENR biofilm were also
observed at the ASV level. There was an increasing diversity towards the
end of the experiment as described by the Shannon index and by the
increasing overall standard deviation of ASV. Compared to SW, the ASV
richness and overall standard deviation were higher in ENR and the
bacterial community at the genus level fluctuated more, which was
likely a result of the fertilization in a batch setting. This rapid succession
of bacteria in ENR suggests rapid and high fluctuations of the environ-
mental conditions of the ecological niches at the surface of Ulva, as
observed for the green algae Caulerpa [75,76]. In the IMTA study from
Nguyen et al. [35], the bacterial community was much more stable with
time, suggesting a clear impact of the batch distribution of the fertilizer
on the bacterial community compared to a continuous distribution of
fish effluents. In our batch setting, the physiology of the Ulva holobiont
was likely impacted [76], and probably adapted to these specific envi-
ronmental conditions by selecting beneficial bacteria in its biofilm, as
suggested by the “microbial gardening” concept [22,23].

In the wild, it has been established that bacterial communities differ
between algal biofilms and the surrounding seawater, as seen with
various molecular tools (e.g. denaturing gradient gel electrophoresis,
clone libraries, long-reads nanopore sequencing) [62,73,77]. This was
also confirmed in our culture conditions as the bacterial community
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composition in the water was clearly different from the biofilm. Also, in
the coastal ocean, larger concentrations of nutrients in the water have
been shown to influence the bacterial community composition [78,79].
Here, the impact of fertilization on the bacterial community was
observed starting at the class level, with the SW water mainly composed
of Bacteroidia (about 69% in total), Alphaproteobacteria (20%), Gam-
maproteobacteria (10%), and the ENR water, mainly composed of
Alphaproteobacteria (about 51%), Bacteroidia (35%), and Gammaproteo-
bacteria (9.5%). Over the twelve weeks, the bacterial community in SW
was mainly composed of the same genera fluctuating through the
experiment, with, for instance, Aurantivirga, Polaribacter, NS3a marine
group, unassigned Cryomorphaceae ASV, Ponticoccus, and Glaciecola.
Higher fluctuations were observed in ENR, where less genera dominated
the community (e.g. Aurantivirga, Polaribacter, Other Bacteroidia, Ner-
eida, Marivita). There was a clear impact of fertilization from D5 on, with
a very different community from SW with the dominating genera being
replaced by other dominating genera at D26, D41, D61, D68, D82. These
shifts in bacterial community composition were not happening at the
same time as the ones from the ENR biofilm, as there were rather more
drastic and more frequent. Moreover, compared to SW, the bacterial
community in the ENR water was reactive to fertilization despite the
batch approach.

4.3. Exploring the persistence and the functioning of the bacterial
microbiota in the Ulva holobiont

Persistent bacteria associated with an algal host in different envi-
ronmental conditions likely play a major role in the host fitness and
resilience and may be defined as a core microbiota [80]. In the case of
the green algae Caulerpa, 325 Operational Taxonomic Units (OTU) were
shared between C. cylindracea and C. prolifera, including their 3
morphological niches [75]. The epiphytic microbiota from Ulva lactuca
collected at the Colombian coast in three successive years shared 5638
OTU [63]. Here, in the biofilm, there were 583 ASV, representing 97%
sequences, shared between the SW and ENR conditions, all samples
pooled together (Fig. 6). Different threshold may be chosen to define
core microbiota such as the presence of some ASV or genes associated
with all hosts within an ecosystem [81]. Here, we defined the core
microbiota as the 17 ASV found in all biofilm samples, both conditions
included, representing 51% sequences (Fig. 7). The corresponding
identified genera included Granulosicoccus, also found in the core
microbiota of Ulva fenestrata [64], to degrade algal polysaccharides and
to produce and provide vitamin B12 to the algal host [82]. We also
identified Jannaschia, also found in the core microbiota of six Ulvo-
phyceae species collected from the Baltic to the North Sea [64]. Mar-
ibacter and Roseobacter, part of the microbiota, are known to produce
factors (AGMPFs) inducing morphogenesis of Ulva and to be enriched in
fertilized aquaculture water [28,29,31,83], as observed in the current
study. Roseobacter is also known to excrete antifouling compounds at the
surface of U. australis [84]. In the water, there were 208 ASV (93.5%
sequences) shared between the two conditions, while 8 ASV (40% se-
quences) represented the core microbiota of the cultivation water. This
core microbiota contained in majority Aurantivirga, found abundant in
enriched waters near red algae cultivation [85], and identified in algal
blooms involved in algal polysaccharides degradation [86]. The core
microbiota also contained Nereida, which could interact with its
neighboring cells through quorum sensing and virulence factors [87].
Overall, the core microbiota in Ulva lacinulata’s cultures may be
involved in providing metabolites for the algal host and protect it in the
biofilm, and likely benefit from Ulva’s culture conditions in the water.

Due to their ability to uptake large concentrations of nitrate, Ulva are
used as a biofilter of nitrogen loadings such as fish effluents in IMTA
systems [33,34]. Indeed, nitrate-rich seawater enhances nitrate reduc-
tase activity in the non-axenic thallus from cultivated Ulva fasciata [88].
Moreover, nitrogen uptake is not only done by the cultivated algae but
also by the associated microbial community [89,90]. As our experiment
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allowed comparing Ulva’s bacterial community with and without nitrate
fertilization, we investigated the three nitrate reduction pathways. The
denitrification and DNRA pathways occur predominantly under anaer-
obic conditions in bacteria that use nitrate as an electron acceptor for
respiration [91-93], whereas the ANRA pathway is activated under
aerobic conditions to fuel cell growth [94,95]. Activation of the DNRA
or denitrification pathways is regulated by the balance between carbon
and nitrate concentrations (C/N ratio). A high C/N ratio stimulates the
DNRA pathway, which produces ammonium and promotes biomass
production, conserving bioavailable nitrogen in the culture ecosystem.
Conversely, a low C/N ratio activates the denitrification pathway which
produces unreactive dinitrogen gas which acts as a nitrogen sink
[96-98]. In addition to being used as an alternative form of respiration
when oxygen levels are low, denitrification can eliminate a surplus of
reducing power (redox balance) or mitigate the toxicity of some nitrous
oxide intermediates.

Nitrate fertilization of the Ulva lacinulata’s cultures had a major
impact on the C/N balance. In the biofilm, nitrate reductase genes
involved in the DNRA and denitrification pathways appeared to be more
abundant in SW, whereas the dissimilatory nitrite reductase genes
showed no systematic overabundance in either SW or ENR. In contrast,
bacterial taxa carrying genes involved in denitrification were constantly
overrepresented in ENR, suggesting an increased presence of bacteria
able to dissipate excess inorganic nitrogen compounds from fertilization.
These bacteria could divert an unknown proportion of the fertilizer
transformed into gaseous Ny but not involved in biomass growth. The
large abundance of bacteria associated with the two pathways likely
suggests anaerobic or microaerophilic conditions in the biofilm at the
alga’s surface, as previously hypothesized in the context of coastal Ulva
blooms during night time and decomposition and as observed in similar
marine ecological niches [99-101]. The effect of fertilization was
noticeably different in the water. Reactions participating in all three
nitrate reduction pathways consistently showed positive PBI, indicating
a higher proportion of bacteria encoding the relevant enzymes in ENR.
This suggests a shift in microbial communities towards enhanced ni-
trogen processing, as observed in aquatic bacterial communities near
fish farms [102]. Noticeably, genes involved in the ANRA pathway were
overrepresented in ENR and suggest biomass growth. Our results suggest
that the response of the bacterial community to fertilization in terms of
potential metabolic capacity is likely involved in producing gaseous
nitrogen in the biofilm while biomass production may happen in the
water.

Apart from the ubiquitous presence of Glaciecola, taxonomic
composition of ASV involved in nitrate reduction differed between the
two compartments, for SW and ENR. Glaciecola is known to be enhanced
in Ulva culture conditions or green tide events [65,103], and can be a
nitrate reducer producing dinitrogen [104]. In the biofilm, Jannaschia
was also a dominant ASV associated with nitrate reduction metabolism
in the two conditions. It may harbor the nirB (DNRA pathway) and nasA
gene (ANRA) [105]. Agaribacterium was only found in the SW biofilm
and may be able to reduce nitrate [106]. The ENR biofilm contained
other dominant genera associated with nitrate reduction metabolism:
Roseobacter, Croceitalea, and Maribacter. Roseobacter may be involved in
reactions of the three pathways, as comparative genomics indicated that
6 out of 9 Roseobacter genomes included one or more of the following
genes: nasA, nirB, narG and nirK [105]. Maribacter may reduce nitrate as
observed in several strains [107], while Croceitalea may not be able to as
seen in described strains [108-110]. In the SW water, Ponticoccus was
dominant and it could be involved in nitrate reduction [111]. Amongst
most abundant nitrate metabolizing genera in the ENR water, there were
Jannaschia and Roseobacter like in the biofilm, but also Marivita, which
may be able to reduce nitrate to nitrite [112]. The genera identified as
involved in nitrate reduction metabolism may cooperate together to
convert nitrate into ammonia or dinitrogen within the biofilm or aquatic
environment.
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4.4. Conclusion and perspectives

Our results highlight the influence of Ulva lacinulata’s cultivation and
nitrate-based synthetic fertilizers in modulating the associated bacterial
community in the biofilm and in the water. The bacterial community
from the water was more reactive to nitrate supplementation than in the
biofilm, implying a more stable community in this compartment.
Noticeably, the core microbiota in the biofilm was likely involved in host
fitness and physiology, raising the question of the potential microbial
gardening by the host. Finally, our results in intensive cultivation con-
ditions may be paralleled to what happens in nature in eutrophication
conditions such as what has been observed with green tide events.

Our analyses also gave insights on the potential activity of the bac-
terial community in nitrate reduction and suggested metabolisms
happening in anaerobic or microaerophilic conditions, that could
happen during night time or decomposition events. Further experiments
measuring the oxygen content in the biofilm, using microsensors for
instance, and analyses on gene activity, such as with metatran-
scriptomics, may allow a more complete comprehension of the culti-
vated Ulva holobiont.

We focused on one component of the Ulva holobiont but a holistic
approach including the other components should lead to a better un-
derstanding of the whole system in nitrate fertilization conditions.
Indeed, the Ulva host [113,114] or other microbial groups, such as di-
atoms and microfungi [115-117] may be involved in nitrate reduction.
A holistic approach may also include the physiology of the host and
measurements of nitrogen accumulation in the host tissues, as the ni-
trogen metabolism of Ulva may influence the composition and func-
tioning of its associated microbiota.
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