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Abstract

Background Biogeography has been linked to differences in gut microbiota in several animals. However, the exist-
ence of such a relationship in fish is not clear yet. So far, it seems to depend on the fish species studied. However,
most studies of fish gut microbiotas are based on single populations. In this study, we investigated the gut micro-
biota of fish from three wild populations of the two-banded sea bream Diplodus vulgaris (Geoffroy Saint-Hilaire, 1817)
to determine whether its diversity, structure and potential functionality reflect the geographic origin of the fish,

at large and small geographical scale. Additionally, we explored the host- and environmental-related factors explain-
ing this relationship.

Results We showed that the taxonomy and potential functionality of the mucosa-associated gut microbiota

of Diplodus vulgaris differ to varying degrees depending on the spatial scale considered. At large scale, we observed
that both the taxonomical structure and the potential functionality of the fish microbiota differed significantly
between populations. In contrast, the taxonomical diversity of the microbial community displayed a significant
relationship with factors other than the geographic origin of the fish (i.e. sampling date). On the other hand, at small
scale, the different composition and diversity of the microbiota differ according to the characteristics of the habitat
occupied by the fish. Specifically, we identified the presence of Posidonia oceanica in the benthic habitat as pre-
dictor of both the microbiota composition and diversity. Lastly, we reported the enrichment of functions related

to the metabolism of xenobiotics (i.e. drugs and 4-aminobenzoate) in a population and we indicated it as a potential
target of future monitoring.

Conclusions With this study, we confirmed the importance of investigating the gut microbiota of wild fish species
using multiple populations, taking into account the different habitats occupied by the individuals. Furthermore, we
underscored the use of the biodegradation potential of the gut microbiota as an alternative means of monitoring
emerging contaminants in Mediterranean fish.
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Background

In the sea, more than 90% of the total biomass is repre-
sented by microbial cells [1]. A portion of these microbial
organisms are fish pathogens, but others have established
mutualistic relationships with fishes [2—4]. The commu-
nities of microorganisms residing in the intestinal system
are known as gut microbiota [5, 6] and their contribution
to the immune response and nutrition has been largely
recognized in fishes [7]. This community can prevent the
invasion of pathogens both by competing with those for
space, nutrients and adhesion receptors and by modulat-
ing an inflammatory response through the production of
short chain fatty acids (SCFAs) such as acetate, propion-
ate and butyrate [7]. Furthermore, through the biosyn-
thesis of enzymes such as chitinases, cellulases, proteases
and lipases, it supports the host in the catabolism of oth-
erwise indigestible diet components [7].

So far, studies on the relationship between fish hosts
and gut microbes have mostly focused on fishes raised in
controlled environments such as in aquaculture facilities
or laboratories [8]. These studies have been paramount in
advancing our understanding of key physiological aspects
of gut microbiota, such as its impact on the gut-brain-axis
[9] or in the metabolism of specific nutrients [10], and to
optimize both rearing conditions in aquaculture and the
nutritional value of the fishes [11]. Yet, it is likewise cru-
cial to extend investigation of gut microbiota to teleost
species living in the wild, particularly when one consid-
ers that wild fishes still represent half of the total fishes
consumed in the world (even 74% in Europe) [12]. In fact,
monitoring the status of the gut microbiota of wild fishes
can provide—when combined with conventional body
condition indices [13]—crucial information regarding the
health status of the fish populations [14, 15] and support
the assessment and management of fish stocks [16]. For
example, fish populations with less diverse microbiota
(i.e. microbiota with low values of alpha diversity) may
be more susceptible to pathogens and parasite coloniza-
tion [17]. In addition, the absence of key bacterial genera
in the microbiota of a fish species may alter its metabo-
lism and homeostasis, as was reported for the genus
Mycoplasma in the Atlantic salmon (Salmo salar L.) [18].
Finally, a fish population experiencing acute stress may
exhibit greater inter-individual dissimilarity of the com-
position of the gut microbial community [15, 19].

So far, most of the studies investigating wild fishes
have included specimens from single geographic loca-
tions [20-22]. Nevertheless, biogeography of the host
has been linked to differences in the gut microbiota
across the animal kingdom, from corals to humans
passing through birds and wild rodents just to cite a
few [23-26]. In fishes, the relationship between the
host’s geographic origin and the features of the gut
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microbiota has not been completely unraveled yet. A
recent study including individuals from 24 species sam-
pled along the Yellow river in China (1500 km) has shed
some light on the effect of biogeography on the fish gut
microbiota [27]. This study reported that both the gut
microbiota composition and diversity differed depend-
ing on the sampling location selected along the river;
furthermore, it showed that the larger the distance
between the sampling locations, the greater the dis-
similarity in the composition of the fish gut microbiota.
Similarly, the composition of the gut microbiota was
observed to differ depending on the geographic origin
of the host for two species of Siganus sp. sampled in the
Red Sea and in the Mediterranean Sea [28], and three
species of Scorpaena sp. sampled in different regions of
the Mediterranean Sea [29]. Differently, geographical
origin did not significantly explain the dissimilarities
observed in the gut microbiota of sea bream (Sparus
aurata) and sea bass (Dicentrarchus labrax) farmed in
two geographically distant locations in Greece [30], or
in that of Atlantic salmon (Salmo salar) living in the
wild in Ireland and Canada [31]. Therefore, the pres-
ence of a relationship between the geographic origin
of the marine fishes and the composition of their gut
microbiota seems to depend on the fish species investi-
gated. Extending the analysis of the gut microbiota to a
large geographical range could also contribute to depict
better the core microbiota of a wild fish species. The
core microbiota is described as the set of microbial taxa
that, by being shared by the majority of the individu-
als, characterizes a species [32]. Fish populations with
bacterial communities greatly divergent from the core
could then be investigated to determine the causes and
the consequences of such departure. A similar approach
has been undertaken for humpback whales (Megaptera
novaeangliae) by characterizing the skin microbiota of
different populations, which assisted in the description
of a ‘natural’ healthy microbiota that could be used as
baseline for conservational studies [33].

Both host- and environmental-related factors may
underlie the variation in fish gut microbiota across a
geographical range. Among the former, the genetic
divergence between the individuals of different popu-
lations may be reflected in a greater dissimilarity in the
composition of their gut microbiota, as it was observed
for ten Canadian populations of threespine stickleback
(Gasterosteus aculeatus) from different locations [34].
In contrast, while the trophic level occupied by a species
has been useful to understand the differences in the gut
microbiota structure and diversity across fish species [2,
7], it is less likely to be helpful in unravelling their vari-
ation through a geographical range in individuals of the
same species.
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Among the environment related variables, the nutri-
ent load in the water column, the resources available for
the fishes and the composition of the backterioplankton
communities ingested by fish during osmoregulation
and, in some fish species, for feeding, are described to
directly influence the structure of the gut microbiota in
fishes [2, 7, 35, 36]. Water temperature influences the two
former variables [7], and together with the salinity can
affect the latter [35]. The diet composition driven by the
availability of resources in the different geographic loca-
tions might determine changes in the composition of the
bacterial community [8]: for example, the presence of
insects in the diet was found to result in an increase in
the abundance of chitin-degrading bacteria in the Atlan-
tic salmon, while increased concentration of fatty acids
in the diet was correlated to greater microbial diversity
in juvenile golden pompano (Trachinotus ovatus) and to
greater abundance of Pseudomonas in zebrafish (Danio
rerio) [37]. However, a more diverse diet does not neces-
sarily imply a more diverse gut microbiota in fishes: for
example, specialist individuals of threespine stickleback
and Eurasian perch (Perca fluviatilis) were observed to
display a more diverse microbial community than their
generalist relatives [38].

The habitat occupied by fishes has also been observed
to influence the structure of their gut microbiota: the
microbiota of fishes from freshwaters and marine envi-
ronments was extensively demonstrated to be taxonomi-
cally different [39-41]. In contrast, the influence of the
type of benthic habitats (e.g. rocky reef, soft bottom,
seagrass meadows etc.) on the gut microbiota of wild
fishes has been little investigated [2, 19, 42]. In [42], Min-
ich et al. observed a significant relationship between the
type of benthic substratum and the microbial biomass,
diversity and composition of the fish gut microbiota. This
was described as a consequence of the influence of the
benthic substratum on the composition of the backte-
rioplankton community, which would in turn affect the
microbial community associated with the fishes [42].

Finally, across a geographical range, the habitat of a
fish species can be characterized by different levels of
human pressure. The influence of habitat degradation on
the gut microbiota of fish has been sporadically investi-
gated to date [19, 43, 44], and no investigation has been
conducted to explore the influence of habitat protection
on the microbiota associated with fish body niches (i.e.
gills, skin and gut). The protection of the marine habi-
tat through Marine Protected Areas (MPAs) and more
extensively through Fully Protected marine Areas (FPAs)
(i.e. areas of full protection where any human activity is
forbidden) is recognized to support an increase in abun-
dance, biomass, diversity, body size and reproductive out-
put of the macro-organisms species living within them
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[45, 46] and in their surroundings [47]. Furthermore, sed-
iment samples collected within marine protected areas
were reported to harbor a more diverse microbial com-
munity than those sampled in areas undergoing different
types of anthropogenic disturbance [48, 49]. Finally, habi-
tat protection has already been observed to be a predic-
tor of microbial communities associated with terrestrial
animals [50, 51]. In light of this, a possible influence of
habitat protection on the gut microbiota of fishes can-
not be excluded and further investigation should be per-
formed to explore such a relationship.

The common two-banded sea bream Diplodus vulgaris
(Geoffroy Saint-Hilaire, 1817) is an ecologically impor-
tant demersal fish species mainly found in habitats with
rocky and sandy-muddy substrates and seagrass beds
down to a depth of 160 m but it is mostly recorded at
depths of 30 m and less. Its distribution range extends
from the eastern Atlantic ocean (from the Bay of Biscay
to Senegal) to the Black Sea and the Mediterranean Sea
[52]. In the latter region, it represents a commercially val-
uable resource for local fisheries, as it accounts for 14%
and 5% of the total weight of demersal and pelagic gill-
nets catches, respectively [53]. It is a generalist omnivore
mainly relying on crustaceans, mollusks, polychaetes and
small fishes [54, 55]. As reported in [56], D. vulgaris is an
opportunistic feeder, exploiting both small to large preys
according to its size and to the prey availability in the
environment. Furthermore, both in the Mediterranean
Sea and in the Atlantic Ocean, D. vulgaris was observed
to display small home ranges and high site fidelity (i.e. the
tendency to return to a previously occupied location) [57,
58]. The generalist feeding behavior and the small home
range of this fish makes it an ideal model species to study
the effect of geographic location and habitat features on
the gut microbiota for two main reasons. First, this spe-
cies is able to acclimatize and thrive in different environ-
ments and to exploit the resources available [59]: this is
expected to result in changes in the composition of the
gut microbiota without major losses in the overall micro-
bial diversity, as already observed for other species of
generalist fish [38]. Secondly, the small home range typi-
cally displayed by D. vulgaris facilitates the study of the
effect of local environmental variables even over small
spatial scales.

This study examines the gut mucosa microbiota of D.
vulgaris inhabiting three distant regions of the French
Mediterranean coast. The primary aim was to identify
the bacterial taxa that occur in the majority of the indi-
viduals from the three regions and therefore to charac-
terize the core gut microbiota of this wild species. Spatial
variability in the taxonomical structure and diversity and
the potential functionality of the gut microbiota of D.
vulgaris was evaluated both at a large (> 100 km between
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sites) and at a small spatial scale (<100 km between the
sites of one single region). Lastly, the role of the ben-
thic habitat displayed in the home range of D. vulgaris,
the distance from the FPAs and the diet of the individu-
als was investigated to determine their contribution to
the spatial variation of the gut microbiota structure and
functionality at a local scale.
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Materials and methods

Sampling collection

Samples were collected in three regions of the French
Mediterranean coast in the North-Western Mediterra-
nean Sea (Fig. 1). Two of these regions are located along
the coast of the Lion Gulf: the first one is in close prox-
imity to the marine reserve of Cerbére-Banyuls and the
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Fig. 1 Summary of the design of the study. (i) The geographic locations where the sampling of D. vulgaris took place, (ii) the number of samples
collected in each location and included in each dataset. GDP: Geographic Distance Point and (iii) the gene markers targeted in this study
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second one includes the portion of coastal sea between
the marine reserves of Couronne and Carry-le-Rouet.
The third region is along the south-western coast of the
French island of Corsica and partially included in the
marine reserve of Bonifacio. For the sake of simplic-
ity, the three regions will be referred to as respectively
“BA’, “CR” and “BO”. The three regions differ in terms of
marine habitat types: BA is characterized by a corallige-
nous habitat, CR by Posidonia oceanica meadows extend-
ing up to 1 km of distance from the coast and BO by
patches of Posidonia oceanica meadows alternating with
detritic, rocky and sandy bottoms (EUSeaMap 2021—
EMODnet broad-scale seabed habitat map for Europe,
Mickaél Vasquez, 2021). Furthermore, the BO region is
characterized by higher water temperature throughout
the year compared to BA and CR (MARS3D model simu-
lations, [60]). Lastly, according to the maps available on
www.medtrix.fr in the IMPACT project [61], the level of
cumulative anthropogenic impact in the three regions is
similar. However, the sources of this impact differ across
them: the land adjacent to BA and CR is more urban-
ized than BO; CR is more subjected to the presence of
industrial effluents than the two other regions, due to its
proximity to the industrial site of Fos-Barre, while coastal
agriculture is still an important source of disturbance
both in BA and in BO.

In total, 81 D. vulgaris specimens were collected
between the 29th of July and the 1st of September 2021
by professional fishermen in the three regions by using
gillnets and longlines (20 individuals in BA, 31 in CR and
30 in BO) (Fig. 1). The specimens caught by the fisher-
men were collected by us once already dead, directly at
the dock. Because the three regions are more than 100
km away from each other—specifically, BA and CR are
separated by 180 km while BO is more than 350 km away
both from BA and from CR—the individuals collected
in these regions were included in the analyses to define
the effect of geographical location on the gut microbiota
taxonomy and potential functionality at a large spatial
scale. This dataset will be referred to as “large-scale data-
set” (n=81). Information about the water temperature on
the sampling days in the three regions was retrieved from
[60].

Fifty-eight additional fish were collected by us in BO
between the 30th of August and the 2nd of September
2021 at different distances from fully protected areas
(FPAs) through line-fishing with the help of professional
fishermen (Fig. 1). Specimens collected in this way were
immediately euthanized by cervical dislocation (fol-
lowing the European directive 2010/63/UE). The exact
coordinates of the sampling locations were recorded for
these specimens (GPS points, Supplementary Metadata).
The maximum distance between the sampling locations
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included in this additional sampling was equal to 33.6
km, therefore these samples were employed to study the
effect of geographic location at a small spatial scale and
the dataset will be referred to as “small-scale dataset”
(n=>58). No sample was collected directly from inside the
fully protected areas.

The total length of the fish (i.e. from the tip of the
snout to the tip of the longer lobe of the caudal fin) was
recorded. Fish were kept on ice immediately post capture
and dissected within a maximum of three hours from
their collection. The skin was rubbed with a sterile tissue
and by adding ethanol 70% prior to dissection to avoid
the contamination of the samples by the skin microbiota.
Then the middle and posterior portions of the intestine
(midgut and hindgut) of each individual were extracted.
The intestinal content (digesta) was collected in 50-ml
tubes and stored in 96% ethanol for diet analyses.
Although intestines were collected for all the fish, only
the diet of a subset of the small-scale dataset (N=29) was
analyzed (Fig. 1; Supplementary Metadata).

Once the intestine was emptied of digested food, the
intestinal wall was rinsed with PBS 1X to remove any
food remains and to keep only the bacterial community
adherent to it (i.e. autochthonous community). Intesti-
nal wall samples were placed in sterile 50-ml collection
tubes and completely immersed in up to five times their
volume of RNAlater (Sigma-Aldrich). Following an over-
night incubation at 4°C, they were stored together with
the diet samples at—20°C for the rest of the field cam-
paign (~ 55 days maximum) and eventually at — 80°C until
DNA extraction (in November 2021).

Characterization of the habitat features of the home
ranges of D. vulgaris and measurement of distance

from fully protected areas

The benthic habitat type and the distance from the fully
protected areas were investigated only for the individu-
als included in the small-scale dataset (Supplementary
Metadata).

For the seabed habitat characterization, the publicly
available CARTHAMED dataset (Equipe Ecosystémes
Littoraux, UMR CNRS SPE 6134/FRES 3041, Universita
di Corsica, 2023; [62]) was used. This dataset provides a
continuous map of benthic habitats along the Corsican
coast between 0 and 150 m of depth and it is publicly
available at the LOCUS platform (https://catalog-locus.
univ-corse.fr/.). Three sectors of this map were used to
characterize the benthic habitat occurring in the envi-
ronment exploited by the individuals of D. vulgaris (i.e.
Sector 5A, Capo Pertusato—Roccapina; Sector 5B, Roc-
capine—Punta d’Eccica; Sector 6, Punta d’Eccica—Capo
di Muru) (Fig. 2A).
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Fig. 2 Benthic habitat types occurring in the study area. A Map of benthic habitats occurring in the BO region analyzed for the Small-scale dataset.
This map was generated on the LOCUS platform (https://catalog-locus.univ-corse fr/) using the publicly available CARTHAMED dataset (see
Materials and methods; Equipe Ecosystemes Littoraux, UMR CNRS SPE 6134 / FRES 3041, Universita di Corsica, 2023. Cartographie continue des
habitats marins en Corse - CARTHAMED - Secteur 5A. Consulté le 12/10/2023, https://catalog-locus.univ-corse.fr/layers/canope:carthamed:secteur_
5a. Secteur 5B. Consulté le 12/10/2023, https://catalog-locus.univ-corse fr/layers/canope:carthamed:secteur_5b. Secteur 6. Consulté le 12/10/2023,
https://catalog-locus.univ-corse fr/layers/canope:carthamed:secteur_6). B Profiles of the benthic habitats occurring in the home range of the D.

vulgaris individuals collected in the different sampling locations

To define the area of investigation around each sam-
pling station regarding the type of benthic habitat(s),
we used the average size of the total activity home range
(the 95% of the Kernel Utilization Distribution, KUD) of
D. vulgaris reported by [57], which is equal to 42,286.6
m?. The sampling station was considered as the center of
the area and a radius of 232,08 m (i.e. defining an area
twice larger than that of the 95% KUD reported in [57])
was chosen to set the edge of the home range. Eight dif-
ferent types of benthic habitats were recorded in the
CARTHAMED dataset for our sampling stations: Posi-
donia oceanica meadows, infralittoral algae, coarse sand
and fine gravels, soft bottom (e.g. detritic bottoms), cor-
alligenous, mosaic (patches of Posidonia oceanica in soft
bottom), well sorted fine sand and fine sand with varying

degrees of siltation in open sea (Fig. 2B). In this study,
the two last types of benthic habitat, both characterized
by fine sand, were considered as a single category and
classified as “Fine sand” The proportion of the different
benthic habitat types occurring in each circular area was
measured using Image] [63] and expressed in percentages
(Supplementary Metadata).

The distance between each sampling station and the
centroids of the fully protected areas (FPAs) of iles des
Moines, ile de Bruzzi and iles de Fazzio (Fig. 2), was cal-
culated by the st_distance () function of the R package sf
[64].


https://catalog-locus.univ-corse.fr/
https://catalog-locus.univ-corse.fr/layers/canope:carthamed:secteur_5a
https://catalog-locus.univ-corse.fr/layers/canope:carthamed:secteur_5a
https://catalog-locus.univ-corse.fr/layers/canope:carthamed:secteur_5b
https://catalog-locus.univ-corse.fr/layers/canope:carthamed:secteur_6

Ginevra et al. Animal Microbiome (2024) 6:32

DNA extraction and 16S rRNA and COl amplicon gene
sequencing

The bacterial DNA was isolated from~350 mg of tis-
sue obtained from the intestinal wall samples of 139
specimens. First, the intestinal segment was split lon-
gitudinally, and one of the two halves was used for
the extraction of DNA. The diet DNA was isolated
from ~ 250 mg of digesta previously homogenized by vor-
texing the sample at 2700 rpm for 2 min. To remove the
RNAlater and the 70% ethanol, the intestinal wall and the
digesta samples were centrifuged for 15 min at 1000g,
rinsed with PBS 1x and centrifuged again for a further
15 min. Bacterial and diet DNA were isolated using the
QIAMP Fast Stool Mini Prep kit (Cat. No. 51604, QIA-
GEN) following the protocol modifications reported in
[31]. Negative controls were included in the DNA extrac-
tion procedure to check for cross and reagent contami-
nation. The final DNA purity (A260/A280 and A260/
A230) was measured with a UV-vis spectrophotometer
Nanodrop (Thermofisher Scientific) and DNA concentra-
tion by fluorometry with Qubit (Thermofisher Scientific).
DNA was stored at—20°C until library preparation and
sequencing.

The V4 region of the 16S rRNA marker gene for bac-
terial taxonomical identification was amplified and
sequenced in three runs at StarSEQ GmbH (Mainz, Ger-
many). The primers chosen for the amplification of the
V4 region (~250 bp) were 515F (5"-GTGYCAGCMGCC
GCGGTA-3’) and 806bR (5'-GGACTACNVGGGTWT
CTAAT-3") [65, 66]. Amplicons were sequenced on a
MiSeq Illumina platform to generate paired-end reads.

For diet metabarcoding, library generation and ampli-
cons sequencing were performed in one run at AllGe-
netics & Biology SL (http://www.allgenetics.eu; Coruiia,
Spain). A region of the mitochondrial COI gene of
approximately 313 bp was amplified using the primers
mlCOIintF (5" GGWACWGGWTGAACWGTWTAY
CCYCC 3’) and jgHCO2198 (5 TAIACYTCIGGRT-
GICCRAARAAYCA 3’) [67, 68]. To avoid the ampli-
fication of the host D. vulgaris DNA, a blocking primer
was designed by the company following the procedure
reported in Vestheim & Jarman [69] using Geneious
11.1.5 (Biomatters Ltd). This blocking primer was Dvul-
garis_mlCOIintF-BP (5"-ACCACTGGCAGGAAACCT
TGCC-3").

The PCR protocol used for the library preparation of
both regions and information about the PCR positive
and negative controls are reported in the Supplementary
Materials and Methods..
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Processing of amplicon sequences

Processing of bacterial sequencing reads

The 16S rRNA gene sequence data obtained from the
three sequencing runs were processed independently
by the dada?2 pipeline [70]. Due to the drastically lower
quality of the reverse reads, only the forward reads were
eventually exploited (as explained in Dacey and Chain
[71]). Reads were trimmed at 3’ for the length of the
forward primer and at the first base with quality lower
than Q=30 at 5". Reads displaying a number of expected
errors higher than 2 and those assigned to the PhiX bac-
teriophage genome used as an internal standard during
sequencing [72] were removed from the final dataset.
After dereplicating, Amplicon Sequence Variants (ASVs)
were inferred by the dada?2 algorithm [70] and chimeric
sequences were removed. A decontaminated ASV table
was obtained by removing all the ASV inferred from
the reads sequenced in the negative controls. The three
decontaminated ASV tables obtained separately for each
sequencing run were merged together.

Taxonomical classification of the merged ASV table
was performed using the Bayesian RDP classifier imple-
mented in dada2, which relies on the SILVA rRNA gene
database (release v138) [73]. Each ASV was assigned at
the taxonomical level of kingdom, phylum, class, order,
family and genus.

A few filtration steps were performed on the ASV table
in order to remove all the ASVs belonging to mitochon-
dria, chloroplasts and archaea and those occurring in
only 1 sample. Additionally, samples with less than 8000
reads were also excluded from further analyses.

Processing of diet sequencing reads

The generation of an ASV table from the COI sequencing
data followed the same steps just described for the 16S
rRNA gene data. However, in this case both the forward
and reverse reads were used and assembled to infer the
diet profile of D. vulgaris.

ASVs were classified taxonomically by using both the
BOLD [74] and NCBI nucleotide (nt) [75] databases as
follows. First, the ASVs were classified by BOLDigger
[76] that provided the taxonomical lineages and percent-
ages of identity between the ASVs and the top 20 most
similar sequences found in the BOLD database (i.e. hits).
The taxonomical lineage assigned by BOLDigger to each
hit was considered reliable depending on the percentage
of identity displayed by the match: if higher or equal to
97%/95%/90%/85%/80% the classification was consid-
ered reliable down to the level of species/genus/family/
order/class, respectively. All the hits with a percentage
of identity lower than 80 were classified only at the phy-
lum level. Then, the lineage occurring the most among
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the 20 hits and displaying the highest percentage of iden-
tity was selected as the final one for each ASV. The ASVs
not classified by BOLDigger and those unclassified at the
genus level by the steps just described, were reclassified
by BLASTN using the NCBI nt database. A confidence
threshold of 80% was set for the unclassified ASVs and of
95% for those classified down to genus level.

The ASVs represented by less than 3 reads in the data-
set, those unclassified at the phylum level and those clas-
sified as D. vulgaris and Homo sapiens were removed
from the final dataset.

Diversity analyses

The bacterial ASVs associated to the samples included in
the large-scale dataset (i.e. BA, CR, BO regions) and to
those included in the small-scale dataset (only BO region)
were analyzed separately. To ensure the robustness of the
analyses, the bacterial community was not only explored
at the ASV level, but also on bacterial data agglomerated
at the level of genus, family, order, class and phylum. All
statistical analyses were implemented in R studio (R Core
Team, 2021).

Is geographic location a significant predictor of the diversity
and composition of the gut microbiota?

The alpha-diversity of the bacterial communities was esti-
mated by calculating the Shannon diversity index on the
ASVs rarefied to 8000 reads per sample. The alpha-diver-
sity of the bacterial communities was estimated by calcu-
lating the Shannon diversity index on the ASVs rarefied
to 8000 reads per sample. The possibility that Shannon
diversity index varies among the samples collected in the
different sampling locations (both at a large and a small
scale) was tested. For the samples included in the large
scale dataset, a two-way ANOVA (or a two-way ANOVA
on ranks, if the requirement of normal distribution and/
or homogeneity of variance of the data were not met)
was performed to test the effect of geographic location,
sampling date and water temperature on the diversity
of the gut microbiota of D. vulgaris. The two latter fac-
tors were included to rule out potential cofounding fac-
tors in case a significant effect of geographic location was
observed. In contrast, because the samples included in
the small scale dataset were collected over a short period
of time and in one region, a one-way ANOVA tests (or
Kruskal-Wallis tests, if the requirement of normal distri-
bution and/or homogeneity of variance of the data were
not met) was performed to determine only the effect of
sampling location on the alpha diversity. In case of a sig-
nificant outcome of the ANOVA tests, Tukey’s HSD test
(or the non-parametric Dunn’s test) was performed as
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post-hoc test for pairwise comparisons between the geo-
graphic locations.

A compositional approach was applied to analyze the
structure (i.e. composition) of the microbiota datasets as
suggested by [77]: the zeros in the unrarefied ASV tables
were replaced with near-zero counts by the cmultRepl()
function of the R package “zComposition” [78] through
the Bayesian multiplicative treatment [79]. Then, ASV
tables were transformed by the centered log-ratio trans-
formation (CLR) and pairwise dissimilarities were calcu-
lated among the fish individuals using the Aitchinson’s
distance [80]. A Principal Component analysis (PCA)
was implemented to explore the relationships between
the samples based on their microbiota dissimilarities
(beta-diversity).

The possibility that the dispersion of the dissimilar-
ity values obtained would differ between the geographic
locations (i.e. heterogeneity of variances) was tested by
performing the Permutational Analysis of Multivariate
Dispersion (PERMDISP) [81] through the betadispers()
function from the vegan package in R [82]. The vegan
function adonis2() was applied to define the effect of
geographic location on the variation of the gut microbi-
ota structure both at large and small scale. This function
performs Permutational multivariate analysis of variance
(PERMANOVA) if the covariate selected is a categorical
one—as geographic location—; conversely, it performs
linear regression with continuous covariates. In case
of significant outcome of PERMANOVA, the pairwise.
adonis() function from the pairwiseAdonis package in R
[83] was applied to perform a multilevel pairwise com-
parison of the composition of the bacterial community in
each geographic location.

Due to the significant differences observed in terms of
total length of the fish both within the large-scale data-
set and within the small-scale dataset, the relationship
between this factor and the structure of the gut microbi-
ota was further investigated in the two datasets. To do so,
the total length of the fish was included in the adonis2()
function together with the geographic location. Lastly, to
exclude the potential cofounding effect of sampling date
and water temperature on the composition dissimilari-
ties between the individuals from the three regions (BA,
CR and BO), these two factors were also included in the
adonis2() function performed on the large scale dataset.

The bacterial genera differently abundant between the
geographic locations were detected by ANCOM II on
ASVs agglomerated at the genus level [84]. To confirm
the results obtained by ANCOM II, the CLR abundances
of the bacterial genera selected were also compared using
one-way ANOVA and pairwise Tukey’s HSD test (or
non-parametric Kruskal-Wallis test and non-parametric
pairwise Dunn’s test).
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The possibility that the composition of the core micro-
biota of D. vulgaris and of the non-core bacterial taxa in
the community varied differently across the geographic
locations was investigated in the large-scale dataset. First,
the core microbiota was defined for each region sepa-
rately (BA, CR and BO) as the bacterial genera occurring
in at least 75% of the samples and with relative abundance
higher than 0.01%. To detect these genera, the core_mem-
bers() function of the R package microbiome [85] was
performed on the rarefied ASVs agglomerated at the
genus level. Then the PERMDISP test and PERMANOVA
were applied to determine the relationship between the
geographic location and the structure of the core micro-
biota. The same was done for the non-core bacterial com-
munity. The effect size (i.e. F values) and the significance
(i.e. P values) provided by the PERMANOVA were used
to define the amount of variance explained by the vari-
able geographic location in each portion of the bacterial
community (i.e. core and non-core).

The diet profile of D. vulgaris in BO

The diversity and structure of the diet of D. vulgaris was
measured from the ASV table obtained for the COI mito-
chondrial region by the dada2 processing and filtering.

The diet ASV table was rarefied down to the sample
with the minimum number of reads (i.e. 7446 reads) and
agglomerated to the different taxonomical levels (i.e. spe-
cies, genus, family, order, class and phylum). The diver-
sity of the diet was estimated by calculating the Shannon
index on the rarefied datasets and the variation of this
parameter across the sampling stations in BO was evalu-
ated as described for the microbiota.

To generate the dissimilarity matrices needed to evalu-
ate the differences in the composition of the diet in D.
vulgaris, the same compositional approach performed
on the bacterial data was applied on the diet profiles at
all taxonomical levels. PERMANOVA was applied to
the dissimilarity matrices to determine the contribu-
tion of the sampling location to the variation in the diet
composition.

Which factors contribute to the variation of the gut
microbiota across geographic locations at small scale?

Some factors that possibly contributed to the variation of
both the alpha and beta diversity of D. vulgaris microbi-
ota across the sampling stations in BO (small-scale data-
set) were explored. These were: (i) the proportions of the
seven types of benthic habitat in the area surrounding
the sampling locations (see section "Characterization of
the habitat features of the home ranges of D. vulgaris and
measurement of distance from fully protected areas"),
(ii) the distance of the sampling station from the clos-
est Fully Protected Area (FPA) and (iii) the diversity and
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composition of the diet (i.e. number and identity of prey
taxa found in the diet).

Distance based redundancy analysis (dbRDA) was
implemented to determine the contribution of the the
features characterizing the sampling station (i.e. propor-
tions of the different benthic habitat types and distance
from the FPA) to the variance of the microbiota com-
position dissimilarities. Six different dbRDA models
were performed, each including a dissimilarity matrix
obtained from the bacterial community agglomerated
at different taxonomical levels (i.e. phylum, class, order,
family, genus and non-agglomerated ASVs) as response
variable. The collinearity among the explanatory variables
was tested by the vifcca () function of the vegan pack-
age and the variables with a VIF (variance inflation fac-
tor) value higher than 20 were removed from the model
[86]. Each model was tested by performing an ANOVA
and in case of significance, a forward stepwise selec-
tion (ordistep() function from the R vegan package) was
employed to select the variable contributing the most to
the variance in the matrix. The percentage of variance
explained by each final model was evaluated in terms of
R? adjusted and the contribution of each selected variable
was defined by performing ANOVA.

Multiple Linear Regression (MLR) models were per-
formed to investigate the relationship between the same
features investigated in the dbRDA models and the alpha
diversity of the bacterial community. Six different MLR
models were performed each including as response vari-
able the Shannon index calculated on the bacterial ASV
table agglomerated at different taxonomical levels (i.e.
phylum, class, order, family and genus) and non-agglom-
erated (i.e. at the ASV level). In order to identify the most
important explanatory variables in each MLR model,
we applied the best subset method with the ols_step_
best_subset () function of the olrss () package in R [87].
All potential models were performed by fitting sequen-
tially and independently all the explanatory variables;
the Akaike information criterion (AIC), the R? adjusted,
and the Mallows” Cp coefficient were estimated for each
potential model; the model displaying the lowest AIC
and Mallows’ Cp coefficient and the highest R* adjusted
was selected as the best one. The VIF (variance inflation
factor) was measured for the variables included in the
models selected by the best subset method to check for
collinearity. In case collinear variables were detected, one
of them was removed and the VIF recalculated.

Because the diet was analyzed only in a subset of sam-
ples included in the small-scale dataset, diet diversity
and composition were not included as covariates neither
in the dbRDA nor in the MLR models described above.
Instead, the relationship between the Shannon diversity
indexes of diet and gut microbiota was tested through
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Spearman’s correlation. To evaluate the contribution of
diet diversity (i.e. Shannon index) to the dissimilarities
between bacterial communities in terms of taxonomical
composition (i.e. beta-diversity), the adonis2() function of
the vegan package in R [82] was used. More specifically, a
linear regression was fitted with the gut microbiota dis-
similarity matrix as response matrix and the Shannon
index of diet diversity as explanatory variable. Lastly, the
association between the composition of the diet and that
of the gut microbiota of D. vulgaris was investigated as
follows. A Mantel test was performed between the dis-
similarity matrix obtained for the diet and that obtained
for the microbiota. As done previously, such as test were
repeated at all taxonomical levels, both for the diet and
for the microbiota.

Inference of potential functions of the microbiota

The functional potential of the gut microbiota of D. vul-
garis was predicted by the software PICRUST?2 [88]. This
analysis was performed independently in both the large-
scale and the small-scale datasets.

The unrarefied and non-agglomerated bacterial ASV
table was used as input for the PICRUST2 pipeline to
generate a table of absolute abundances of gene families.
First, PICRUST?2 places the ASVs in a reference phylog-
eny to obtain the genetic profile of the phylogenetically
closest genome for each ASV; then, the number of genes
for each gene family found in the reference genomes and
the total number of reads assigned to the ASV in the
community are multiplied to predict the abundances of
the gene families in the different samples. These abun-
dances are eventually corrected for the number of 16S
rRNA gene copies reported for each genome closely
related to each ASV.

The gene families obtained by PICRUST2 were classi-
fied into Kyoto Encyclopedia of Genes (KEGG) orthologs
(KOs) [89] and placed in broader KEGG metabolic path-
ways. We performed Hellinger’s transformation on the
table of KEGG metabolic pathway abundances to cor-
rect for uneven sequencing of the samples, and 8 macro
functional categories (each including several KEGG func-
tional pathways) involved in the metabolism and homeo-
stasis of the fish host were selected for the analyses. The
KEGG functional pathways included in the analyses
were selected based on previous reviews about the func-
tionality of the fish gut microbiota [90]. These 8 macro-
categories were: carbohydrate metabolism (15 KEGG
pathways), amino acid metabolism (14 KEGG pathways),
energy metabolism (8 KEGG pathways), lipid metabolism
(16 KEGG pathways), glycan biosynthesis and metabo-
lism (22 KEGG pathways), metabolism of cofactors and
vitamins (12 KEGG pathways), metabolism of terpenoids
and polyketides (21 KEGG pathways) and xenobiotics

Page 10 of 24

biodegradation and metabolism (21 KEGG pathways).
The dissimilarities between samples regarding their func-
tional potential were measured in terms of Bray—Curtis
distances independently for each macro-category inves-
tigated. The contribution of the geographic location to
the dissimilarities was explored using PERMANOVA
(or Welch MANOVA if the condition of homogeneity
of variances was not met by PERMDISP). Additionally,
the metabolic pathways (KEGG pathways) enriched or
underrepresented in the different geographic locations
were detected by comparing their Hellinger transformed
abundances using one-way ANOVA (or the non-para-
metric Kruskall-Wallis test).

In the small-scale dataset, simple linear regression was
also calculated to test the relationship between the differ-
ent features characterizing the sampling location in BO
(i.e. proportions of different benthic habitat types and
distance from FPA) and the functional potential of the
microbiota using the vegan function adonis2().

Results

Fish size

Fish from BA and BO had similar mean length (respec-
tively 20.4 cm and 20.1 cm; Wilcox-Mann—Whitney test,
P value=0.89). They were significantly smaller than fish
collected in CR (22.4 cm; Wilcoxon-Mann—Whitney
test, P value=0.0007 for the comparison of specimens
from BA and CR, and P value=0.01 for that of specimens
from BO and CR). The mean size of the fish collected in
BO for the small-scale dataset was equal to 19.9 cm and
it also varied significantly across the sampling locations
(ANOVA, P value=0.001, F statistics =4.14). The speci-
mens from GDP-7 were the largest in the dataset and
they significantly differed from the other specimens from
BO (results of the pairwise Tukey’s test in Supplementary
Fig. 1).

Sequencing outcome

The three Illumina MiSeq sequencing runs of the 16S
rRNA gene (V4 region) generated together 5,321,854
uncontaminated reads with an average number of reads
per sample equal to 38,286. The dada2 pipeline gener-
ated a total of 11,473 ASVs. Among these, 2311 ASVs
were assigned to mitochondria and 122 ASVs to archaea
and therefore excluded from further analyses. In addi-
tion, 80.7% of the ASVs (7297 ASVs) appeared only once
in the dataset and were therefore discarded as well. The
final dataset resulted in 1743 bacterial ASVs (Supple-
mentary ASV Table). Finally, 9 specimens (1 from BO for
the large-scale dataset and 8 from BO for the small-scale
dataset) were discarded after filtering for a minimum of
8,000 reads per sample. The ASVs included in the final



Ginevra et al. Animal Microbiome (2024) 6:32

dataset belonged to 435 classified bacterial genera and to
92 unclassified genera.

The sequencing of the COI mitochondrial gene from
29 specimens included in the small-scale dataset gen-
erated 1,063,701 reads with an average of 35,456 reads
per sample. A total of 1205 ASVs were obtained from
the sequencing data processing by dada2. This amount
was reduced after the filtration steps: 25 ASVs were rep-
resented by only 2 reads in the whole dataset, 7 ASVs
were assigned to D. vulgaris, 2 ASVs to Homo sapiens
and finally only 2 ASVs were not classified at the phylum
level. Furthermore, 2 specimens were discarded after fil-
tering for a minimum of 7,446 reads per sample. The final
dataset contained 1169 ASVs, among which 35,5% were
classified at the species level into a total of 175 different
species.

The taxonomical and functional composition of the D.
vulgaris gut mucosal microbiota vary spatially at large
scale

The Permutational Analysis of Multivariate Dispersion
(PERMDISP) indicated no difference in the inter-individ-
ual variability of the gut mucosal microbiota composition
for the three populations of D. vulgaris collected in the
North-Western Mediterranean Sea (BO, CR, BA) (PER-
MDISP, P value>0.05). Additionally, the gut mucosal
microbiota structure was significantly different between
the three populations (PERMANOVA at the ASV level, P
value=0.001; F statistics =4.77). This was observed at all
taxonomical levels (Supplementary Table 1). Conversely,
neither the sampling date nor the water temperature
seemed to contribute significantly to the composition
dissimilarities observed: while no significant effect was
found of the former factor at any taxonomical level, the
latter was found to influence the structure of the microbi-
ota only at the ASV level (Supplementary Table 1). Lastly,
no relationship was found between the total length of fish
specimens collected in the three regions and their gut
microbiota composition (Supplementary Table 1).

By exploring the different composition of the gut
microbiota at the ASV level through the PCA analysis
(Fig. 3A), a separation between the specimens from BO
and those from CR and BA samples was clearly observed.
The pairwise statistical comparison of the beta dissimi-
larities revealed significant differences between all three
locations (pairwise.adonis, P value=0.01 for the com-
parison between BA and CR, P value=0.003 for the
comparison between BO and CR, and BA and BO). The
contribution of the core and non-core bacterial genera
to the microbiota dissimilarity observed across the three
regions was further evaluated. The specimens collected
in the three Mediterranean regions were characterized
by a core gut microbiota represented only by 15 bacterial
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genera in BA, 12 in CR and 10 in BO (Fig. 3B; Supple-
mentary Table 2). Although the number of core bacterial
genera appeared relatively small compared to the number
of bacterial genera detected in the D.vulgaris gut micro-
biota (527 in total), they were very abundant, as the num-
ber of reads assigned to these genera represented 84% of
the total number of rarefied reads in BA, 87% in CR and
89% in BO. Aliivibrio and Vibrio were the most abundant
genera in the fish gut microbiota from the three regions:
together they represented 43% of the whole gut micro-
biota in BA, 60% in CR and the 41% in BO (Supplemen-
tary Table 2). Additionally, the core gut microbiota of the
specimens from BO displayed a high abundance of the
genus Photobacterium (22% of the whole gut microbiota).
The genera Brevundimonas and Clostridium sensu stricto
1 were only found in the core gut microbiota of the speci-
mens from BA, while Cetobacterium and one unclassified
genus of Vibrionaceae were only found in BO.

The differences observed in the structure of the core
gut microbiota of D. vulgaris (i.e. beta diversity) were sta-
tistically confirmed by PERMANOVA (P value=0.001,
F statistics=8.2251). Also, the structure of the non-core
gut microbiota was observed to change between BA, CR
and BO (P value=0.001, F statistics =2.89). The pairwise
statistical comparison highlighted a significant dissimi-
larity of the core and non-core gut microbiota composi-
tion of BO compared to BA and CR (pairwise.adonis: P
value=0.003 obtained for both the core microbiota and
the non-core microbiota). In contrast, only the compo-
sition of the non-core microbiota was different between
the specimens from BA and those from CR (pairwise.
adonis: P value=0.012 obtained for the non-core micro-
biota; P value =0.057 for the core microbiota).

Despite the differences observed in the microbiota
composition, the overall diversity of the communi-
ties—Shannon index of alpha diversity—appeared to
vary slightly across the three regions and only when cal-
culated on the non-agglomerated ASVs (Fig. 3C; Sup-
plementary Table 3) (two-way ANOVA P value=0.04,
F statistics=3.37; pairwise Tukey’s test with Bonfer-
roni adjustment method, P value>0.05 for all compari-
sons). Conversely, sampling date was the only factor that
appeared to be significantly related to the variation of
the diversity of the community at all taxonomical levels
(two-way ANOVA, P value<0.05 at all taxonomical lev-
els; Supplementary Table 3). Overall, the mean value of
Shannon index across the three regions was 2.99+0.7.

The abundances of 19 bacterial genera were found to
be different between the three fish populations by the
ANCOM 1I test (Supplementary Fig. 2). The abundance
of 18 of these bacterial genera significantly differed
between BO and at least one of the other two popula-
tions. For example, BO displayed the highest abundances
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Fig. 3 Gut microbiota structure and diversity of D. vulgaris investigated across a large geographic range in the NW Mediterranean Sea (Large-scale
dataset). A Principal Component Analysis ordination representing the gut bacterial communities of specimens from the three geographic regions
(BA, CR and BO). The distances were obtained by calculating the Aitchinson’s distances on the centered log-ratio (CLR) transformed abundances
of the ASV (not agglomerated at higher taxonomical levels). B Stacked barplot representing the relative abundances of the core bacterial

genera characterizing the gut microbiota of D. vulgaris in the NW Mediterranean Sea. Only the bacterial genera occurring in more than 75%

of the individuals and representing more than 0.01% of their community were included in the core microbiota. C Boxplot of the Shannon alpha
diversity index (at the ASV level) compared between the three different regions

of the genera Photobacterium, Paraclostridium, Ceto-
bacterium and the lowest for Bacillus, Ammoniphilus,
Brevundimonas, Massilia and one unclassified genus
included in the family of Nesseiraceae (Supplementary
Fig. 2). By contrast, the BA and CR specimens differed
by only 2 genera: Romboutsia and one unclassified genus
from the Mycoplasmataceae family (Supplementary
Fig. 2). Interestingly, of the 19 differently abundant bacte-
rial genera, 8 were included in the core microbiota of the
BA specimens, 6 in that of those from CR and only 4 in
the BO ones (Supplementary Fig. 2).

Functional profiling of the gut microbiota using PIC-
RUST2 showed that 6 out of the 8 macro-categories of

KEGG metabolic pathways involved in the metabolism
and homeostasis of the fish, displayed a different compo-
sition according to geographic location, i.e. all except the
energy metabolism category and the glycan biosynthesis
and metabolism category (PERMANOVA, Supplemen-
tary Table 4). The gut microbiota of the specimens from
the three regions appeared to be particularly different
regarding the macro categories of carbohydrate metabo-
lism and metabolism of cofactors and vitamins (see F
statistics of PERMANOVA in Supplementary Table 4).
This was especially true for CR (Supplementary Table 4).
In the macro category of carbohydrate metabolism, the
metabolic pathways of fructose, mannose, galactose,
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sucrose and starch were enriched in CR (Fig. 4A) while
those of butanoate, pyruvate, propanoate and inositol
phosphate were underrepresented in this population
(Fig. 4A). In the macro-category of metabolism of cofac-
tors and vitamins, all but one metabolic pathways looked
underrepresented in the specimens from CR; the statis-
tical test confirmed a significant difference with at least
one of the two other regions for the metabolism of ribo-
flavin, biotin and one carbon pool by folate (Fig. 4B). In
addition, the specimens from CR harbored a distinct
functional microbiota for the macro categories of amino
acid and lipid metabolism (Supplementary Table 4).

In total, the relative abundance (Hellinger trans-
formed) of 58 KEGG metabolic pathways was observed
to vary significantly between the three populations

(Supplementary Table 5; Fig. 4 and Supplementary
Fig. 3). Overall, the metabolic pathway with the strongest
significant difference between the three regions (Krustal-
Wallis chi-squared value, Supplementary Table 5) was
that classified as drugs metabolism in the macro-cat-
egory of xenobiotics metabolism and biodegradation
(Fig. 4C). The highest abundance was recorded in the
region of BO, followed by that of BA and the lowest in
that of CR. Other functions in the same macro-category
showed differential abundances: the specimens from CR
displayed the highest abundance of functions included
in the metabolism and degradation of polycyclic aro-
matic hydrocarbons (PAH) and of chlorocyclohexane
and chlorobenzene than those collected in the other two
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locations; similarly, those from BA were enriched for the
functions included in the degradation of caprolactam.

The gut microbiota of D. vulgaris vary taxonomically

and functionally across a small spatial range

Similar to what was observed in the large-scale dataset,
the taxonomic composition of the gut microbiota of the
fish varied with sampling location at small spatial scale
(only 33.6 km between the two most distant sampling
locations). This result was obtained at all taxonomical
levels except at the phylum level (PERMANOVA tests in
Supplementary Table 1).

To define the pairs of sampling locations where the
structure of the fish gut microbiota differed significantly,
a pairwise post-hoc test (pairwise.adonis) was imple-
mented. At the ASV level, 17 out of 21 pairwise com-
parisons between the sampling locations appeared to
be significantly different (Supplementary Table 6). By
repeating the pairwise analysis at all taxonomical reso-
lutions, several pairs of sampling locations recursively
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displayed a significantly different bacterial community:
GDP-8 and GDP-12, GDP-8 and GDP-4, GDP-1 and
GDP-4, GDP-1 and GDP-12, and GDP-7 and GDP-4
(Supplementary Table 6). The specimens from GDP-1
and GDP-7 were observed to be clearly separated from
the rest in the PCA ordination space (Fig. 5A). This sepa-
ration resulted from different abundance of a few bacte-
rial genera in the gut microbiota of the specimens from
these two sampling locations and the rest of the samples
(Supplementary Fig. 4). Indeed, of the 8 bacterial genera
found to differ significantly across the sampling locations,
two were overrepresent in GDP-1 and/or in GDP-7:
Moritella in both locations (compared to all other sam-
pling locations except GDP-6) and Enterovibrio in GDP-1
only (compared to GDP-5 and GDP-12) (Supplementary
Fig. 4). Conversely, three bacterial genera were underrep-
resented in the gut microbiota of the fish in GDP-1 and/
or in GDP-7: an unclassified genus included in the family
Vibrionaceae in the specimens in both locations (com-
pared to GDP-4, GDP-8 and GDP-12 for GDP-1, and to
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Fig.5 Gut microbiota structure and diversity of D. vulgaris investigated in BO (Small-scale dataset). A Principal Component Analysis ordination
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GDP-4 and GDP-8 for GDP-7), Endozoicomonas and one
unclassified genus included in the family Peptostreptococ-
caceae in GDP-7 only (compared to GDP-4).

The alpha-diversity of the bacterial communities from
the BO specimens appeared to vary accordingly with the
sampling location when investigated at the ASV level
(Fig. 5B). This was confirmed by extending the analy-
sis at the taxonomical ranks of order, family and genus
(Kruskal-Wallis, P value<0.01). However, at the phy-
lum and class levels, the gut bacterial communities were
observed to be rather similar in terms of richness of the
community (Kruskall-Wallis, P value=0.09). The micro-
biota from the specimens collected in GDP-1 and GDP-7
displayed the highest Shannon index values and therefore
the richest communities in the sample pool. However, the
Shannon index from these two locations was significantly
different from only one other location: GDP-6 (Dunn’s
test: P value=0.03 for the comparison between GDP-7
and GDP-6; P value=0.04 for the comparison between
GDP-1 and GDP-6).

The variation of the functional potential of the gut
microbiota across a geographical range was investigated
at small spatial scale by targeting the same 8 functional
macro-categories of KEGG metabolic pathways targeted
in the analysis at large spatial scale. Differently from what
observed with the large-scale dataset, only the abundance
of 2 out of the 8 macro-categories was found to vary sig-
nificantly across the sampling locations: the metabo-
lism of terpenoids and polyketides (PERMANOVA,
P Value=0.012, F value=2.21) and the metabolism
and biodegradation of xenobiotics (PERMANOVA, P
value =0.04, F value=1.81). When comparing the KEGG
metabolic pathways included in these two macro-cate-
gories, five pathways were found to be significantly dif-
ferent across the sampling locations: the biosyntesis of
tetracycline (Kegg identifier: ko00253; P value=0.02,
Kruskall-Wallis chi-squared=14.4) and of carotenoids
(Kegg identifier: ko00906; P value=0.01, Kruskall-Wallis
chi-squared=15.5), the degradation and metabolism
of dioxins (Kegg identifier: ko00621; P value=0.007,
Kruskall-Wallis  chi-squared=17.5), of caprolactam
(Kegg identifier: ko00930; P value=0.004, Kruskall-
Wallis chi-squared=18.7) and of aminobenzoate (Kegg
identifier: ko00627; P value=0.01, Kruskall-Wallist
chi-squared=15.3). The pairwise comparison revealed
that the specimens from GDP-1 displayed higher abun-
dances of functions related to the biosynthesis of tetra-
cycline (compared to those from GDP-12, GDP-6 and
GDP-4) and of carotenoids (compared to GDP-6 and
GDP-4) (Supplementary Table 7). Differently, the metab-
olism and degradation of aminobenzoate was underep-
resented in the specimens from GDP-1 when compared
to GDP-8. Lastly, the metabolism of caprolactam was
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overepresented in the specimens from GDP-7 com-
pared to those from GDP-4 and GDP-6 (Supplementary
Table 7).

The type of benthic habitat and the distance from fully
protected areas are predictors of gut mucosal microbiota
features in D. vulgaris

Because the composition of the gut microbiota of D. vul-
garis appeared to vary depending on the sampling loca-
tion (except at the phylum level, Supplementary Table 1),
we investigated the relationship between the dissimi-
larities of the gut microbiota composition and 9 features
characterizing the sampling locations, i.e. the benthic
habitat types and their distance from the FPAs. For that
purpose, we performed 6 dbRDA (distance based redun-
dancy analysis) models (i.e. one for each taxonomi-
cal level to which ASVs were agglomerated). Except the
dbRDA model at the phylum level, all the other models
confirmed the existence of this relationship (ANOVA,
P value<0.05 at all taxonomic resolution; P value=0.24
at Phylum level; Supplementary Table 8). When the gut
microbiota was investigated at the ASV level, 10.1% of
the variation in its composition was predicted by the pro-
portion of the Posidonia oceanica meadows, the distance
from the closest fully protected area, the total number
of different benthic habitats in the home range and the
proportion of the coralligenous biocenosis (Supplemen-
tary Table 8). Among these, the most influential variable
was the proportion of Posidonia oceanica meadows in
the home range: indeed, this variable was a significant

Table 1 Variables included in the 5 significant distance-based
RDA models (tested at the ASV, genus, family, order and class
levels) to evaluate the relationship between the structure of
the gut microbiota of D. vulgaris, the benthic habitat and the
distance from fully protected areas (FPAs)

Number of times the
variable was selected in the
5 dbRDA

Features characterizing the habitat

Prop. of Posidonia oceanica meadows 4

w

Prop. of coarse and fine gravel
under the influence of bottom currents

Distance from the closest FPA 3
Prop. of infralittoral algae 1
Number of benthic habitats 2
Prop. soft bottom 1
Prop coralligenous 1
Prop. of mosaic (Posedonia oceanica) 0

Proportion of fine sand 0

Further details on the models are reported in Supplementary Table 8. The
total number of times each variable was finally selected in the models—after
checking for collinearity among variables and executing a stepwise forward
selection—is reported in the table
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predictor for 4 out of the 5 dbRDA models (Table 1), fol-
lowed by the proportion of coarse sand and fine gravels
and the distance from the FPA (both variables significant
in 3 out of 5 models, Table 1).

The relationship between the 9 features characteriz-
ing the sampling location and the alpha diversity of the
gut microbiota was evaluated by performing six multiple
linear regression (MLR) models (i.e. one for each taxo-
nomical level to which the ASVs were agglomerated prior
to calculations of Shannon indexes). The proportion of
the Posidonia oceanica meadows, that of infralittoral
algae and that of fine sand were the variables included
in the MLR models selected by the best subset method
at all taxonomical levels (Supplementary Table 9). Dif-
ferently the distance of the sampling station from the
FPA was never selected in the models. However, only
the proportion of Posidonia oceanica meadows dis-
played a significant association with the diversity of the
bacterial community whatever the taxonomical level
(P value<0.05 at all taxonomical levels; Supplementary
Table 9). The negative coefficient reported for this vari-
able in the output of the MLR models suggests the exist-
ence of an inverse relationship between the diversity of
the bacterial community and the proportion of Posidonia
ocenainca meadows in the benthic substratum (Fig. 5C).

Among the functional macro-categories observed to
vary across the sampling stations in BO, only the metab-
olism of terpenoids and polyketides varied according to
the proportion of the Posidonia oceanica meadows (lin-
ear regression, P value=0.005, F statistics=5.72) and
of that of fine sand (linear regression, P value=0.04, F
statistics =3.09).

No significant relationship is found between the diet

and the gut mucosal microbiota taxonomical structure

The composition of prey families differed from one fish
individual to another (Supplementary Fig. 5); however, at
the phylum level the gut content was dominated by three
taxa: Arthropoda (48% of the total abundance, occurring
in the 100% of the samples), Annelida (28% of the total
abundance, occurring in the 100% of the samples) and
Mollusca (10% of the total abundance, occurring in the
96% of the samples).

Whatever the taxonomical level considered, the com-
position of the diet appeared to vary across the differ-
ent sampling locations (PERMANOVA, P value<0.05 at
phylum level and P value<0.01 at the class/order/family/
genus/species levels). Despite both the composition of
the diet and that of the gut microbiota were observed to
differ depending on the sampling location, no direct rela-
tionship was found between them when investigated at
all taxonomical resolutions: the Mantel test did not show
any significant correlation between the dissimilarities
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found in the diets of the individuals and the composi-
tion of their gut microbiota (Mantel test, P value>0.1 for
the comparisons at all taxonomical levels). Similarly, the
diversity of the diet (Shannon index) did not influence
neither the structure of the gut microbiota (linear regres-
sion, P value>0.1 at all taxonomic resolutions) nor its
diversity (Spearman’s correlation, P value > 0.1 at all taxo-
nomic resolutions).

Discussion

The gut mucosal microbiota of D. vulgaris is represented

by a few core taxa and similar taxonomical diversity

across a large geographical scale in the NW Mediterranean
Sea

This study is the first to explore and to describe the gut
microbiota of the two-banded sea bream (D. vulgaris,
Geoffroy Saint-Hilaire 1817) by using a large and com-
prehensive dataset including 129 individuals from differ-
ent geographical regions. Generally, when investigated
through the analysis of the large scale dataset, the gut
mucosal microbiota of the three populations displayed
similar levels of Shannon diversity (Fig. 3C) and inter-
individual variability of the bacterial community com-
position (Fig. 3A). Inter-individual variability is claimed
to be often a consequence of stochastic changes in the
microbiota that may occur in case of host’s stress or dis-
eases [15]; increasing levels of inter-individual variability
of the gut microbiota composition have been observed
in populations of butterflyfish (Chaetodon capistratus)
dwelling degraded coral reefs [19] and of sharpbelly
(Hemiculter leucisculus) from polluted sites along the Ba
river (China) [91]. Therefore, the similar inter-individual
variability observed between the three populations inves-
tigated in this study may be interpreted as a sign of local
stability and low levels of stress.

The core microbiota was explored to define the most
commonly occurring and abundant bacterial genera
characterizing this fish species. Seven core genera known
to have a mutualistic relationship with marine fishes were
identified in the gut microbiota of D. vulgaris: Vibrio, Ali-
ivibrio, Photobacterium, Enterovibrio, Endozoicomonas,
Shewanella, Propionigenium (Fig. 3B). Vibrio and Aliivi-
brio alone represented almost half of the whole gut bac-
terial community of the three populations. In samples
from BO, these two genera and the genus Photobacte-
rium represented 64% of the community. Vibrio is a very
common genus in the intestine of marine fishes [2]. This
includes many strains, and although some are harmful
for fish, others have been described to confer protection
against fish pathogens such as Aeromonas salmonicida,
Pasteurella piscicida and Listonella anguillarum [2, 92].
Moreover, this genus contributes to the fish metabolism
of several dietary compounds by producing amylase,
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lipase and chitinase [93, 94]. Aliivibrio correspond to the
Vibrio fischeri group and it is phylogenetically and phe-
notypically distinct from other members of the Vibrion-
aceae family [95]. The genus Aliivibrio contains only six
strains, four of which are consistently found in associa-
tion with different marine vertebrates and invertebrates
(A. fischeri, A. logei, A. wodanis, A. sifiae and A. finister-
ris) [96-99]. Aliivibrio fischeri, A. sifiae and A. logei have
been described as bioluminescent [99], however the
role of light-producing bacteria in the intestinal tract of
fishes is not known yet. The genus Photobacterium was
reported several times as a symbiont of carnivorous and
omnivorous fishes, where it produces chitinases essential
for the digestion of crustaceans in the diet [97].

In summary, our findings indicate that at the time
of the investigation, D. vulgaris from the NW Mediter-
ranean Sea held a stable gut bacterial community that
was mainly composed of members of the family Vibrion-
aceae, especially Vibrio and Aliivibrio. Given the high
abundance and occurrence of these bacterial genera,
they can be considered resident of the gut microbiota
of D. vulgaris. Therefore, future studies set in the NW-
Mediterranean Sea pay attention to any major shift in the
abundances, or the absence, of these bacterial genera in
the gut mucosa microbiota of D. vulgaris.

Generally, the core microbiota is shaped by the selec-
tive pressure of the host intestinal system regardless of
the environment [100]. However, to have a more com-
plete overview of the core gut mucosal microbiota of D.
vulgaris from the NW-Mediterranean Sea, the microbial
data presented in this study should be coupled with data
from other D. vulgaris populations, and with data from
the same D. vulgaris populations at the reproductive sea-
son (from October to February). Indeed, during this sea-
son fishes undergo different environmental pressures due
to their increased movement activity [57] and physiologi-
cal alteration linked to the increased production of sex
hormones that may influence the gut microbiota [101].

The taxonomy and functionality of the gut mucosal
microbiota of D. vulgaris is spatially heterogeneous

in the Mediterranean Sea

Geographic location influences the taxonomy and potential
functionality of the gut microbiota of D. vulgaris at a large
geographic scale

At a large scale (i.e. the three regions BA, CR and BO),
the taxonomical composition of the gut microbiota of D.
vulgaris was observed to differ significantly at all taxo-
nomic resolutions. Between the three populations, the
one from BO showed the most unique bacterial commu-
nity (Fig. 3A): 18 bacterial genera were differently abun-
dant between the specimens from BO and those from at
least one of the other two populations (Supplementary
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Fig. 2). Nevertheless, it is important to notice that most
of these differently abundant genera were not representa-
tive of the bacterial community in BO as only 4 genera
were included in the core microbiota of this population.
Conversely, several genera reported to be differently
abundant in BA and CR were recorded in the core micro-
biota of these two populations (Fig. 3B).

Analysis of the results obtained at large spatial scale
can be useful to review the role that both the environ-
ment and the host’s genotype have on the development of
the fish gut microbiota. The microbial colonization of the
intestinal system of fish larvae occurs within the first 50
days of life. This microbiota colonizes the gut following
the ingestion of suspended particles and egg debris by the
fish larvae [41], from the surrounding water and from the
first feed [2]. Therefore, the free-living bacterial taxa that
are most abundant in the local environment and along
the larval dispersal routes during this developmental
stage may contribute to the final structure of the fish gut
microbiota. Indeed, although the composition of seawa-
ter and sediment bacterial communities can vary greatly
from those associated with fish gut, gills and skin, cer-
tain free-living bacterial taxa can benefit from the con-
ditions of those body niches and establish within them
[102]. In the Mediterranean Sea, an uneven distribution
of environmental bacterial taxa (i.e. biogeography) was
described in [103] and was shown to be a consequence
of the interplay between different environmental param-
eters such as oxygen concentration and salinity, the lon-
gitude and the latitude of the sampling points. However,
the composition of the free-living bacterial community
is also influenced by the microbes specifically associ-
ated with the different marine macro-organisms (i.e. ani-
mals and plants): the contribution of macro-organisms
in the dispersal and in the geographic distribution of
marine microorganisms was indeed recently revealed
[102]. Besides being the most distant region among the
three, that of Corsica (BO) displays also higher salinity
and water temperature compared to the Lion Gulf (BA
and CR) (MARS3D model simulations, www.marc.ifrem
er.fr [60]). Temperature has been described to influence
fish gut microbiota both in the wild and in controlled
conditions [2, 104]. Temperature-related differences in
microbiota composition are mainly due to the inability
of fish to regulate their body temperature (i.e. ectother-
mic organisms) and the different temperature require-
ments of bacterial taxa. In this study, the different water
temperatures reported for the sampling days in the three
geographical regions by [60] contributed to explain the
dissimilarities in the gut microbiota composition when
those were analyzed at the ASV level. Beside displaying
higher water temperature, BO is characterized by distinct
biodiversity conditions both in terms of fish assemblage
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and coralligenous benthic species [105]. With this in
mind, it is possible that the greater differences observed
in the gut microbiota of the D. vulgaris from BO com-
pared to BA and CR would be a consequence of the dif-
ferent environmental microbiota occurring in this region.
In the future, the composition of the free-living bacterial
communities living in the sediment and in the water col-
umn of the three regions investigated in this study should
be further explored.

The contribution of the host genotype to the gut micro-
biota should also be considered further [7]. D. vulgaris
is described to have a larval and juvenile dispersal range
respectively, of 90 km and 165 km [106]. Given that the
region of BO is more than 350 km away from CR and
more than 450 km from BA, the possibility that the BO
population is genetically separated from the other two is
not unreasonable. However, this is currently unknown
and therefore, a genetic analysis of the populations of D.
vulgaris in the NW Mediterranean Sea will be required.
In practical terms, this could be implemented by the
combined analysis of mitochondrial DNA sequence
markers and microsatellites to define the existing hap-
logroups for the three species in the Mediterranean Sea
[107].

Despite the different microbiota structure found in
the fishes from BO compared to those from BA and CR,
the potential functionality of their microbiota was rather
similar to that recorded for the fishes from BA. Con-
versely, the analysis of potential functions revealed that
the bacterial communities from the CR region were sig-
nificantly different from those from BA and BO for all
the macro functional categories considered, except for
the metabolism of terpenoids and polyketides, the energy
metabolism, and the metabolism and biosynthesis of gly-
cans (Supplementary Table 4).

The differences between the functional potential
observed for the microbiota of the CR and BO popula-
tions are a consequence of their largely different micro-
biota taxonomic structure. Differently, those reported for
the microbiota of the CR and BA populations—which
were more similar taxonomically—may be caused by
the differential abundance of a few functionally impor-
tant bacterial taxa. The bacterial communities recorded
in BA and CR were dissimilar only for the abundance
of two bacterial genera: one unclassified genus of the
Mycoplasmataceae family (more abundant in the sam-
ples from CR) and Romboutsia (more abundant in the
samples from BA) (Supplementary Fig. 2). The genera
included in the Mpycoplasmataceae family are known
for their important contribution to fish homeostasis and
metabolism and among their several functions, they have
been reported to support the metabolism of long chain
polymers such as chitin and starch [18]. Indeed, the
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metabolism of starch was significantly more abundant
in the samples from CR than those from BA (and BO)
(Fig. 4A). Similarly, the genus Rombustia was described
to be an important player in the metabolism of amino
acids and of vitamins, except for vitamin B6 [108]. The
higher abundance of this genus in the microbiota of
individuals from BA, compared to those from CR, may
explain why we inferred different abundances of genes
linked to these metabolic pathways in the samples from
the two regions (Fig. 4B).

Investigating the differential abundance of potential
functions involved in metabolism and biodegradation
of xenobiotics in the fish gut microbiota across a spa-
tial range can be a starting point to detect compromised
environments, as well as the distribution of specific pol-
lutants [44, 109]. Even if CR is the most industrialized
region among the three, being closely located to the area
of Fos-Barre and to the commercial and touristic har-
bor of Marseille, a similar level of human impact was
reported in the three regions (www.medtrix.fr in the
IMPACT project [61]). In light of this, it was not surpris-
ing to find an overrepresentation of specific metabolic
pathways linked to the degradation of xenobiotics in all
three populations (Fig. 4C). Among all the metabolic
pathways included in this category, the most discrimi-
nant one was that related to the degradation of drugs
(i.e. pharmaceuticals), which was overrepresented in the
gut microbiota of fish from the region of BO. Given this
higher abundance in BO it would be worth investigat-
ing further the presence of these pollutants in the south
western coast of Corsica. A recent study [110] set in the
Western Mediterranean Sea reported that the highest
concertations of the anti-inflammatory drug naproxen
was detected in sites located around the Corsican island.
Also the presence of seven other pharmaceuticals was
detected at lower concentrations (diclofenac, ibuprofen,
ketoprofen, paracetamol, caffeine, carbamazepine and
sulfamethoxazole) [110]. Pharmaceuticals are an emerg-
ing source of pollution that reaches the sea through the
river inputs as a main outflux of agricultural, urban and
industrial runoff, through coastal wastewater treatment
plants and through touristic coastal infrastructures; the
distribution of pollution sources in the Mediterranean
Sea needs a more intense monitoring [111]. To monitor
the distribution of these pollutants in the Mediterranean
Sea and more specifically its fauna, a possible approach
would be to combine measurements of pollutant concen-
tration in the fish tissues with the analysis of the fish gut
microbiota for its biodegradation potential. Fishes such
as D. vulgaris may be a good model for such an approach
for two reasons: first, by being widespread in the Medi-
terranean Sea, they can be a good sentinel species; sec-
ondly, because they occupy a relatively high position in
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the trophic network (i.e. 3.5) [112] and therefore they are
exposed to higher concentrations of pollutants through
biomagnification [113].

Heterogeneity of the benthic habitats likely defines
the taxonomy of the gut microbiota of D. vulgaris at a small
geographic scale
Exploring the gut microbiota of 50 individuals in seven
sampling locations distant from at most 33.6 km along
the coast of the BO region allowed to define the effect of
geographic location on the taxonomy and functionality of
the microbiota at small spatial scale (small-scale dataset).
Surprisingly, regardless of the proximity of the sam-
pling stations, the structure and the diversity of the
bacterial communities associated with D. vulgaris
varied according to the fish catching site (Fig. 5A, B).
Although the extent of the variation was smaller than
that observed at a large spatial scale, the statistical dif-
ference was observed at all taxonomical ranks except
at the highest ones (i.e. phylum, class for the alpha
diversity; phylum for beta diversity). The type of ben-
thic habitat appeared to be the strongest determinant
of the spatial variation of the gut microbiota. More
specifically this was driven by the proportion of bio-
cenosis of Posidonia oceanica meadows on the sea
substratum (Table 1). In terrestrial animals, the type
of habitat has been demonstrated to shape the struc-
ture of the gut microbiota in different classes. In the
herbivorous howler monkeys (Alouatta pigra), the
structure of the gut microbiota was observed to differ
according to the type of vegetation present in the habi-
tat (from evergreen to semi-deciduous forests) [50].
Similarly, blue tits (Cyanistes caeruleus) were found to
harbor different gut microbiota communities depend-
ing whether they breed in dense deciduous forests or in
meadows-like habitats [114]. In fishes, the gut microbi-
ota structure was mostly described to change between
freshwaters and marine habitat [39, 115]. However, in a
recent multi-species study, the type of marine substra-
tum (rocks, sand and detritic bottoms) was shown to be
an important determinant of the diversity and structure
of fish microbiota not only in the gut but also the skin
and gills [42]. Both the bacterial communities living in
the sediment and in the water column may influence
the development of the gut microbiota in fishes [2]. In
this regard, the presence of vegetation (i.e. seagrass) on
the sea bottom has been shown to influence the compo-
sition of the sediment and free-living bacterial commu-
nities [116]: specifically, sediment and water samples
collected in sampling sites characterized by unveg-
etated substratum displayed a distinct bacterial com-
munity composition compared to those collected in
sampling sites with an increasing degree of vegetation
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(i.e. seagrass and algae, seagrass at low density, seagrass
at high density). In this study, the sampling locations
GDP-1 and GDP-7 were the only ones mostly sur-
rounded by soft detritic bottom and completely lacking
Posidonia oceanica meadows (Fig. 2). Thus, this differ-
ence in vegetation may have led to a distinct structure
of the gut microbiota of the specimens collected in
them (Fig. 5A), through a different composition of the
bacterial communities living in the sediment and in the
water column in this marine habitat.

The alpha-diversity of the fish gut microbiota was
observed to be negatively related with the proportion of
Posidonia oceanica meadows (Fig. 5C). This may suggest
that the vegetated substrata are less favorable for this fish
species’ gut microbiota, as higher alpha diversity is asso-
ciated with better health and homeostasis in fishes [7].
Indeed, D. vulgaris is recorded frequently in rocky-algal
and sandy substrata and only occasionally in Posidonia
oceanica meadows [117].

The spatial difference in the composition of the gut
microbiota observed at a small scale was also supported
by the different distance of the sampling locations from
the fully protected areas (i.e. FPAs) (Table 1, Supple-
mentary Table 8). However, the alpha-diversity (Shan-
non index) of the microbiota did not correlate with the
distance from the FPA. Although the fully protected
areas are described to increase fish biomass and pro-
mote ecosystem restoration in the Mediterranean Sea
and in the oceans [46, 118], omnivorous species are gen-
erally less affected by habitat protection—or degrada-
tion—compared to specialist ones [119]. Therefore, the
result obtained for D. vulgaris in this study is in accord-
ance with the generalist foraging strategy of this species.
In fact, individuals living closer to the FPA would benefit
from a more intact habitat and trophic network without
major changes in the nutritional intake of their gener-
alist diet. However, they would also experience higher
inter-specific competition due to higher fish biomass.
Conversely, those living further away would benefit from
reduced inter-specific competition and still be able to
find suitable foraging resources. In both scenarios, this
adaptable species would emerge victorious, and it would
not experience major changes in the alpha diversity of its
gut microbiota.

Host’s diet is recognized to be one of the main predic-
tors of the different gut microbiota composition; hence
the relationship between the diet of D. vuigaris—inferred
from the composition of the intestinal content—and the
gut microbiota structure was investigated on a subset
of the full small-scale dataset comprising 27 samples.
Although the composition of the diet of D. vulgaris varied
across the sampling locations (Supplementary Fig. 5), this
appeared not to be a determinant of the structure and
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diversity of the mucosal gut microbiota of D. vulgaris. As
previously stated, the autochthonous gut mucosal bacte-
rial community is largely driven by the environment and
the first feeds during the development of fish [2]; they
lead at the adult stage to a few highly abundant bacte-
rial genera representing almost entirely this community
[120]. The latter represent a limit for the colonization
and proliferation of external taxa that reach the intes-
tine through the food and the water ingested. Therefore,
while the type of resources exploited by the fish through-
out its life time may influence the composition of the
autochthonous gut mucosal microbiota, the gut content,
which reflects the food ingested in the last few days, is
less likely a determinant of this community. Differently,
the gut lumen transient bacterial community is generally
influenced by the short term diet as it is the one actively
metabolizing the diet input [34]. Lastly, it is also impor-
tant to consider again the generalist behavior of this spe-
cies: analyzing the intestinal content after catching a fish
provides only a snapshot of the diet, that might not be
very representative of the general diet of the individual.
In future studies, the relationship between the long term
diet—obtained through the analysis of stable isotopes—
and the structure of the gut mucosal community could be
further investigated to determine their relationship in D.
vulgaris.

Although the taxonomic composition of the gut micro-
biota was observed to differ across locations at a small
scale, its functional potential was mainly conserved. Only
five KEGG metabolic pathways were significantly dif-
ferent between the sampling locations, which reflected
differences in the metabolism of terpenoids and polyke-
tides and in the metabolism of xenobiotics. In the latter
category, it was interesting to observe the higher abun-
dance of the functions involved in the degradation of
aminobenzoate in the samples collected in GDP-8 com-
pared to those from GDP-1. 4-aminobenzoate (or para-
aminobenzoic acid, or PABA) is a compound showing
high UV absorption properties which makes it a common
component of sunscreen products [121]. Its dispersion
in the marine waters linked to seaside tourism makes
it a harmful product for the marine environment [122].
Specifically, this compound is reported to have estrogen
activity and to induce feminization in fish juveniles [123].
The higher potential ability to degrade aminobenzoate
by the gut microbiota of specimens from GDP-8 might
be linked to a higher concentration of aminobenzoate in
the water surrounding this sampling station. According
to the maps available on www.medtrix.fr in the IMPACT
project [61, 124], the level of seaside tourism along the
coast appears to be higher in front of the station GDP-8
than in front of the GDP-1 one (Supplementary Fig. 6).
However, additional data on the concentration of
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4-aminobenzoate in the area of this study are needed to
confirm this speculation.

Although inferring the potential functions of D. vul-
garis gut mucosal microbial community through PIC-
RUST2 provided valuable insight into some specific
metabolic pathways, it is important to stress the limits
of such predictive methods [87]. Functional predictions
are biased towards existing reference bacterial genomes,
therefore the functions specific to an environment and
performed by novel taxa are less likely to be identified.
Secondly, the functions are predicted on short amplicon
sequences (~250bp), therefore it is not possible to infer
strain-specific functionality. In light of this, it is impor-
tant that future studies investigate the functionality of the
gut microbiota of D. vulgaris also through metagenomic
and metatranscriptomic data: while the first would pro-
vide information about the potential functionality of the
microbiota at the bacterial strain level, the second would
inform on the functions effectively performed by the bac-
terial community.

Conclusion

For the first time the gut mucosal microbiota of D. vul-
garis was characterized by using a large dataset includ-
ing specimens from three different geographic locations
in the Mediterranean Sea. We report the genus Aliivi-
brio, Vibrio and Photobacterium as dominant taxa in
the “natural” microbiota of D. vulgaris, at least for the
populations living in the North-West Mediterranean
Sea. Therefore, we suggest that future studies on the gut
microbiota of D. vulgaris must treat with caution any
major shift in the abundances of these three genera. We
also reveal that the taxonomic and functional composi-
tion of the gut microbiota of D. vulgaris differ according
to the geographic origin of the fish, to varying degrees
depending on the spatial scale considered. At large scale,
the Corsican population (BO) appeared to harbor the
most distinct microbiota in terms of taxonomical com-
position. Conversely, one of the two population from
the Lion Gulf (i.e. CR) displayed the most different set
of potential functions. At small scale, we emphasize the
role of the benthic habitat and the distance from fully
protected areas as predictors of the spatial heterogene-
ity of the taxonomic composition of the gut microbiota.
Specifically, we target the presence of Posidonia oceanica
in the benthic habitat as predictor of both the microbiota
composition and diversity. In contrast, we do not observe
any contribution of the diet to the taxonomic composi-
tion of the gut microbiota of D. vulgaris.
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In this study, we also suggest to consider the potential
functionality of the gut microbiota of D. vulgaris to mon-
itor pollutants in the Mediterranean Sea. We observed
higher abundance of functions related to the drug metab-
olism in Corsica, where the levels of pharmaceuticals
in the water have been reported to be higher than in
other locations of the Mediterranean Sea. Moreover, we
observed higher abundance of functions involved in the
metabolism of aminobenzoate (component of sunscreen
products) in specimens collected closely to sites under-
going seaside tourism in Corsica.

Lastly, given the important influence that the geo-
graphic origin has on both the taxonomical and func-
tional features of the gut microbiota of D. vulgaris, we
strongly advise future studies on this species to include
specimens from multiple populations.
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Fig. 1 Boxplots representing the total length of the D. vulgaris specimens
across the seven sampling locations in BO. Only significant pairwise
comparisons obtained using Tukey’s test are reported in the plot (**P
value<0.01).

Fig. 2 Boxplots representing the CLR transformed abundances of the gut
bacterial genera indicated as differently abundant between the three
regions (BA in pink, CR in violet and BO in orange) by ANCOM Il and
Kruskal-Wallis' test. The P-value of significant pairwise differences between
regions (according to Dunn’s post hoc test) is reported over the boxplots
(*=P value <0.05). The bacterial genera included in the core gut micro-
biota of D. vulgaris in each region are flagged with a star.

Fig. 3 Boxplots representing the Hellinger transformed abundances of the
KEGG metabolic pathways differently abundant in the gut microbiota of D.
vulgaris from the three regions (BA in pink, CR in violet and BO in orange)
according to the Kruskal-Wallis test. The metabolic pathways reported

in this figure are included in the macro functional categories of: A) lipid
metabolism; B) amino acid metabolism; C) metabolism of terpenoids

and polyketides. The P-value of significant pairwise differences between
regions (according to Dunn’s post hoc test) is reported over the boxplots.

Fig. 4 Boxplots representing the CLR transformed abundances of the gut
bacterial genera indicated as differently abundant between the seven
sampling stations by ANCOM Il and Kruskal-Wallis'test. The P-value of
significant pairwise differences between regions (according to Dunn's
post hoc test) is reported over the boxplots (*=P value < 0.05).

Fig. 5 Barplots representing the top 20 most abundant families of preys
found in diet of D. vulgaris in BO. A portion of 313bp of the COI mitochon-
drial gene was used to obtain the diet profile of the individuals and the
BOLD and NCBI (nt) databases were consulted for the taxonomical clas-
sification. Other prey families were included in “Other families”.

Fig. 6 Map of the seaside tourism pressure (“Tourisme balnéaire”) occur-
ring in the BO region analyzed for the Small-scale dataset. Data from

the IMPACT project publicly available at www.medtrix.fr were used to
generate this map. Impact ranges between 0 (no touristic pressure) and
1 (intense touristic pressure). This was calculated in [61-124] through the
support of data about touristic accommodations and second houses
from the Institute National de la Statistique et Etudes Economiques
(INSEE, www.insee.fr) and the locations of coastal beaches obtained from
OpenStreet.
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The PCR protocols performed to amplify both the V4 regions of the 165
rRNA gene and the 313 bp fragment of the COI gene prior amplicon
sequencing with lllumina Miseq.

Acknowledgements

The authors would like to thank the professional fishermen and the under-
graduate students, without whom this study would not have been possible,
and Paul Henry Minguet for conducting a pilot study during his internship at
the ESA lab (ULB). We are grateful to Biodiversa for funding the project MET-
RODIVER and to Dr Joachim Claudet for his support during the project.

Author contributions

GL, CS and IG contributed equally to the design of the study; GL, CS and HC
participated to the collection of the samples; GL performed laboratory analy-
ses; GL performed the formal analyses and the data curation with the support
of IG, CG, DB, JF, CS and FH; GL has written the first draft of the work and all the
authors have contributed to the revision of the manuscript. All authors read
and approved the final manuscript.

Funding

The author(s) declare financial support was received for the research, author-
ship, and/or publication of this article. This study was funded by the grant
BiodivERsA2018-A-517 through the project METRODIVER (https:.//metro-
diver2020.wixsite. com/website).

Availability of data and materials

The 16S rRNA gene sequence data generated and analyzed in this study have
been deposited in the NCBI Sequences Read Archive (SRA, https://www.
nchi.nlm.nih.gov/sra) and are publicly available under the BioProject number
PRINA1081196.The COI gene sequence data are accessible at the same
platform with the BioProject number PRINA1081353. The SRA BioSample
accession number generated for each sample are reported in the Supplemen-
tary Metadata. The codes used to perform the analyses are publicly available
in the Github repository https://github.com/ginevralilli93/diplodusMed_micor
biota_spatialVariation.

Declarations

Ethics approval and consent to participate

Ethical approval for using animals: all fish included in this study were collected
according to the Council Regulation (EC) No 1967/2006 of 21 December 2006
concerning management measures for the sustainable exploitation of fishery
resources in the Mediterranean Sea, amending Regulation (EEC) No 2847/93
and repealing Regulation (EC) No 1626/94. The fish included in the large-scale
dataset were caught by professional fishermen and collected already dead by
us; those included in the small-scale dataset were collected by us together
with professional fishermen and euthanized out of the water by cervical
dislocation according to the European directive 2010/63/UE.

Consent for publication
All the authors provided their consent for publication of this manuscript.

Competing interests
The authors declare no conflict of interest related to this work.

Author details

!Laboratoire d’Ecologie des Systémes Aquatiques (ESA), Université Libre de
Bruxelles (ULB), 1050 Brussels, Belgium. 2Centre de Recherches Insulaires et
Observatoire de I'Environnement (CRIOBE), University of Perpignan, Perpignan,
France. *Marine and Freshwater Research Centre, Atlantic Technological
University, Dublin Road, Galway, Ireland. *Evolutionary Biology and Ecology,
Université libre de Bruxelles (ULB), 1050 Brussels, Belgium. 5\merumversity
Institute of Bioinformatics in Brussels — (IB), 1050 Brussels, Belgium.

Received: 28 March 2024 Accepted: 29 May 2024
Published online: 13 June 2024


https://doi.org/10.1186/s42523-024-00319-2
https://doi.org/10.1186/s42523-024-00319-2
https://metrodiver2020.wixsite
https://metrodiver2020.wixsite
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://github.com/ginevralilli93/diplodusMed_micorbiota_spatialVariation
https://github.com/ginevralilli93/diplodusMed_micorbiota_spatialVariation

Ginevra et al. Animal Microbiome

(2024) 6:32

References

1.

20.

International Council for the Exploration of the Sea [ICES]. ICES. 2011.
Report of the working group on biodiversity science (WGBIODIV). ICES
Headquarters, Copenhagen, Denmark; 2011.

Egerton S, Culloty S, Whooley J, Stanton C, Ross RP. The gut microbiota
of marine fish. Front Microbiol. 2018,9:1-17.

Kohl KD. Ecological and evolutionary mechanisms underlying patterns
of phylosymbiosis in host-associated microbial communities. Philos
Trans R Soc B Biol Sci. 2020;375:20190251.

Ley RE, Lozupone CA, Hamady M, Knight R, Gordon JI. Worlds within
worlds: evolution of the vertebrate gut microbiota. Nat Rev Microbiol.
2008;6:776-88.

Neish AS. Microbes in gastrointestinal health and disease. Gastroenter-
ology. 2015;61:515-25.

Berg G, Rybakova D, Fischer D, Cernava T, Verges MCC, Charles T, et al.
Microbiome definition re-visited: old concepts and new challenges.
Microbiome. 2020;8:1-22.

Butt RL, Volkoff H. Gut microbiota and energy homeostasis in fish. Front
Endocrinol. 2019;10:6-8.

Luan, Li M, Zhou W, Yao Y, Yang Y, Zhang Z, et al. The Fish microbiota:
research progress and potential applications. Engineering. 2023;29:137-
46. https://doi.org/10.1016/j.eng.2022.12.011.

Forsatkar MN, Nematollahi MA, Rafiee G, Farahmand H, Lawrence C.
Effects of the prebiotic mannan-oligosaccharide on the stress response
of feed deprived zebrafish (Danio rerio). Physiol Behav. 2017;180:70-7.
Semova |, Carten JD, Stombaugh J, Mackey LC, Knight R, Farber SA, et al.
Microbiota regulate intestinal absorption and metabolism of fatty acids
in the zebrafish lvana. Cell Host Microbe. 2013;12:277-88.

Ramos MA, Weber B, Gongalves JF, Santos GA, Rema P, Ozério ROA.
Dietary probiotic supplementation modulated gut microbiota and
improved growth of juvenile rainbow trout (Oncorhynchus mykiss).
Comp Biochem Physiol Part A. 2013. https://doi.org/10.1016/j.cbpa.
2013.06.025.

Lépez-mas L, Claret A, Reinders MJ, Banovic M, Krystallis A. Farmed or
wild fish? Segmenting European consumers based on their beliefs.
Aquaculture. 2021. https://doi.org/10.1016/j.aquaculture.2020.
735992.

Brosset P, Fromentin J, Ménard F, Pernet F, Bourdeix J, Bigot J, et al.
measurement and analysis of small pelagic fish condition: a suitable
method for rapid evaluation in the field. J Exp Mar Bio Ecol. 2015.
https://doi.org/10.1016/jjembe.2014.10.016.

Llewellyn MS, Boutin S, Hoseinifar SH, Derome N. Teleost microbi-
omes: the state of the art in their characterization, manipulation

and importance in aquaculture and fisheries. Front Microbiol. 2014.
https://doi.org/10.1038/ismej}.2015.189.

Zaneveld JR, McMinds R, Thurber RV. Stress and stability: applying
the anna karenina principle to animal microbiomes. Nat Microbiol.
2017. https://doi.org/10.1038/nmicrobiol.2017.121.
Rodriguez-romeu O, Soler-membrives A, Padros F, Dallarés S,
Carreras-colom E, Carrasson M, et al. Assessment of the health status
of the European anchovy (Engraulis encrasicolus) in the NW Mediter-
ranean Sea from an interdisciplinary approach and implications for
food safety. Sci Total Environ J. 2022. https://doi.org/10.1016/j.scito
tenv.2022.156539.

Infante-Villamil S, Huerlimann R, Jerry DR. Microbiome diversity and
dysbiosis in aquaculture. Rev Aquac. 2021;13:1077-96.

Rasmussen JA, Villumsen KR, Duchéne DA, Puetz LC, Delmont TO,
Sveier H, et al. Genome-resolved metagenomics suggests a mutualistic
relationship between Mycoplasma and salmonid hosts. Commun Biol.
2021;4:1-10.

Clever F, Sourisse JM, Preziosi RF, Eisen JA, Guerra ECR, Scott JJ, et al.
The gut microbiome variability of a butterflyfish increases on severely
degraded Caribbean reefs. Commun Biol. 2022. https://doi.org/10.
1038/542003-022-03679-0.

Escalas A, Auguet JC, Avouac A, Seguin R, Gradel A, Borrossi L, et al.
Ecological specialization within a carnivorous fish family is supported
by a herbivorous microbiome shaped by a combination of gut traits
and specific diet. Front Mar Sci. 2021. https://doi.org/10.3389/fmars.
2021.622883.

21.

22.

23.

24.

25.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 22 of 24

Nielsen S, Walburn JW, Vergés A, Thomas T, Egan S. Microbiome pat-
terns across the gastrointestinal tract of the rabbitfish Siganus fusces-
cens. Peer). 2017. https://doi.org/10.7717/peerj.3317.

Huang Q, Sham RC, Deng Y, Mao Y, Wang C, Zhang T, et al. Diversity of
gut microbiomes in marine fishes is shaped by host-related factors. Mol
Ecol. 2020. https://doi.org/10.1111/mec.15699.

Gaulke CA, Sharpton TJ. The influence of ethnicity and geography on
human gut microbiome composition. Nat Med. 2018;24:1493-5.
Goertz S, de Menezes AB, Birtles RJ, Fenn J, Lowe AE, MacColl ADC, et al.
Geographical location influences the composition of the gut micro-
biota in wild house mice (Mus musculus domesticus) at a fine spatial
scale. PLoS ONE. 2019;14:1-16.

Koh! KD. Diversity and function of the avian gut microbiota. J Comp
Physiol B Biochem Syst Environ Physiol. 2012;182:591-602.

Dunphy CM, Gouhier TC, Chu ND, Vollmer SV. Structure and stability of
the coral microbiome in space and time. Sci Rep. 2019;9:1-13.

Pan B, Han X, Yu K, Sun H, Mu R, Lian A. Geographical distance, host
evolutionary history and diet drive gut microbiome diversity of fish
across the Yellow River. 2022; 1183-96.

Escalas A, Auguet J-C, Avouac A, Belmaker J, Dailianis T, Kiflawi M,

et al. Shift and homogenization of gut microbiome during invasion in
marine fishes. Anim Microbiome. 2022;4:1-16.

Lilli G, Campbell H, Brophy D, Graham C, George I. Geographic origin
and host's phylogeny are predictors of the gut mucosal microbiota
diversity and composition in Mediterranean scorpionfishes (Scorpaena
sp.). 2023. https://doi.org/10.3389/fmars.2023.1286706.

Nikouli E, Meziti A, Antonopoulou E, Mente E, Kormas KA. Gut bacterial
communities in geographically distant populations of farmed sea
bream (Sparus aurata) and sea bass (Dicentrarchus labrax). Microorg.
2018. https://doi.org/10.3390/microorganisms6030092.

Llewellyn MS, McGinnity P, Dionne M, Letourneau J, Thonier F, Carvalho
GR, et al. The biogeography of the Atlantic salmon (Salmo salar) gut
microbiome. ISME J. 2016;10:1280-4.

Neu AT, Allen EE, Roy K. Defining and quantifying the core microbiome:
challenges and prospects. Proc Natl Acad Sci. 2021. https://doi.org/10.
1073/pNnas.2104429118.

Apprill A, Robbins J, Eren AM, Pack AA, Reveillaud J, Mattila D, et al.
Humpback whale populations share a core skin bacterial community:
towards a health index for marine mammals? PLoS ONE. 2014. https://
doi.org/10.1371/journal.pone.0090785.

Smith CCR, Snowberg LK, Gregory Caporaso J, Knight R, Bolnick DI. Die-
tary input of microbes and host genetic variation shape among-popu-
lation differences in stickleback gut microbiota. ISME J. 2015;9:2515-26.
Sullam KE, Essinger SD, Lozupone CA, Connor MPO. Environmental and
ecological factors that shape the gut 2 bacterial communities of fish: a
meta-analysis. Molecular. 2012;21:1-16.

Legrand T, Wynne JW, Weyrich LS, Oxley APA. A microbial sea of possi-
bilities: current knowledge and prospects for an improved understand-
ing of the fish microbiome. Rev Aquac. 2020;12:1101-34.

Ring@ E, Zhou Z, Vecino JLG, Wadsworth S, Romero J, Krogdahl, et al.
Effect of dietary components on the gut microbiota of aquatic animals.
A never-ending story? Aquac Nutr. 2016;22:219-82.

Bolnick DI, Snowberg LK, Hirsch PE, Lauber CL, Knight R, Caporaso JG,
et al. Individuals'diet diversity influences gut microbial diversity in two
freshwater fish (threespine stickleback and Eurasian perch). Ecol Lett.
2014;17:979-87.

Kim PS, Shin NR, Lee JB, Kim MS, Whon TW, Hyun DW, et al. Host habitat
is the major determinant of the gut microbiome of fish. Microbiome.
2021;9:1-16.

Sullam KE, Essinger SD, Lozupone CA, O'Connor MP, Rosen GL, Knight R,
et al. Environmental and ecological factors that shape the gut bacterial
communities of fish: a meta-analysis. Mol Ecol. 2012;21:3363-78.
Romero J, Ringg E, Merrifield DL. The gut microbiota of fish. Aquac Nutr.
2014;66:75-100.

Minich JJ, Harer A, Vechinski J, Frable BW, Skelton ZR, Kunselman E,

et al. Host biology, ecology and the environment influence micro-

bial biomass and diversity in 101 marine fish species. Nat Commun.
2022;13:1-19.

Gallo BD, Farrell JM, Leydet BF. Fish Gut Microbiome: a primer to an
emerging discipline in the fisheries sciences. Fisheries. 2020;45:271-82.


https://doi.org/10.1016/j.eng.2022.12.011
https://doi.org/10.1016/j.cbpa.2013.06.025
https://doi.org/10.1016/j.cbpa.2013.06.025
https://doi.org/10.1016/j.aquaculture.2020.735992
https://doi.org/10.1016/j.aquaculture.2020.735992
https://doi.org/10.1016/j.jembe.2014.10.016
https://doi.org/10.1038/ismej.2015.189
https://doi.org/10.1038/nmicrobiol.2017.121
https://doi.org/10.1016/j.scitotenv.2022.156539
https://doi.org/10.1016/j.scitotenv.2022.156539
https://doi.org/10.1038/s42003-022-03679-0
https://doi.org/10.1038/s42003-022-03679-0
https://doi.org/10.3389/fmars.2021.622883
https://doi.org/10.3389/fmars.2021.622883
https://doi.org/10.7717/peerj.3317
https://doi.org/10.1111/mec.15699
https://doi.org/10.3389/fmars.2023.1286706
https://doi.org/10.3390/microorganisms6030092
https://doi.org/10.1073/pnas.2104429118
https://doi.org/10.1073/pnas.2104429118
https://doi.org/10.1371/journal.pone.0090785
https://doi.org/10.1371/journal.pone.0090785

Ginevra et al. Animal Microbiome

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

(2024) 6:32

Turner JW, Cheng X, Saferin AN, Yeo AJ, Joe B. Gut microbiota of wild
fish as reporters of compromised aquatic environments sleuthed
through machine learning. Physiol Genomics. 2023;66:177-85.
Claudet J, Osenberg C, Benedetti-Cecchi L, Domenici P, Garcia-Charton
J-A, Perez-Ruzafa A, et al. Marine reserves: size and age do matter. Ecol
Lett. 2008;11:481-9.

Sala E, Giakoumi S. No-take marine reserves are the most effective
protected areas in the ocean. ICES J Mar Sci. 2018;75:1166-8.

Di Lorenzo M, Claudet J, Guidetti P. Spillover from marine protected
areas to adjacent fisheries has an ecological and a fishery component. J
Nat Conserv. 2016;32:62-6.

CataniaV, Sara G, Settanni L, Quatrini P. Bacterial communities in
sediment of a Mediterranean Marine Protected Area. Can J Microbiol.
2016;63(4):303-11.

Bruce SA, Aytur SA, Andam CP, Bucci JP. Metagenomics to characterize
sediment microbial biodiversity associated with fishing exposure within
the Stellwagen Bank National Marine Sanctuary. Sci Rep. 2022,66:1-12.
Amato KR, Yeoman CJ, Kent A, Righini N, Carbonero F, Estrada A, et al.
Habitat degradation impacts black howler monkey (Alouatta pigra)
gastrointestinal microbiomes. ISME J. 2013;7:1344.

Jiménez RR, Alvarado G, Sandoval J, Sommer S. Habitat disturbance
influences the skin microbiome of a rediscovered neotropical-montane
frog. BMC Microbiol. 2020;20:1-14.

Fischer, W. LB et MS. Méditerranée et mer Noire. Zone de péche 37.
Fiches FAO d'identification des especes pour les besoins la péche.
1987;2:761-1530.

Ragheb E, Akel ESHK. Some biological aspects and fisheries assessment
of Diplodus vulgaris (Geoffrey Saint-Hilaire, 1817) (Teleostei: Sparidae)
caught by gillnets (Egyptian Mediterranean waters, Alexandria). Egypt J
Aquat Res. 2022;48:425-32.

Pallaoro A, Santi¢ M, Jardas I. Feeding habits of the common two-
banded sea bream, Diplodus vulgaris (Sparidae), in the eastern Adriatic
Sea. Cybium. 2006;30:19-25.

Amany MO, Hatem HM. Feeding biology of Diplodus sargus and Dip-
lodus vulgaris (Teleostei, Sparidae) in Egyptian Mediterranean waters.
World J Fish Mar Sci. 2009;1:290-6.

Polidoro B, Ralph G, Strongin K, Harvey M, Carpenter K, Adeofe TA, et al.
Red list of marine bony fishes of the eastern central atlantic The IUCN
Red List of Threatened Species TM. 2016. https://doi.org/10.2305/IUCN.
CH.2016.04.en of subordinate document. Accessed 10 Dec 2023.

La Mesa G, Consalvo I, Annunziatellis A, Canese S. Spatio-temporal
movement patterns of Diplodus vulgaris (Actinopterygii, Sparidae) in a
temperate marine reserve (Lampedusa, Mediterranean Sea). Hydrobio-
logia. 2013;720:129-44.

Abecasis D, Bentes L, Erzini K. Home range, residency and movements
of Diplodus sargus and Diplodus vulgaris in a coastal lagoon: con-
nectivity between nursery and adult habitats. Estuar Coast Shelf Sci.
2009;85:525-9.

Bussotti S, Guidetti P. Timing and habitat preferences for settlement of
juvenile fishes in the Marine Protected Area of Torre Guaceto (south-
eastern). Ital J Zool. 2011;78:243-54.

Data from MARS3D model simulations, «<Modelling and Analysis for
Coastal Research» (MARC) project https://marc.ifremerfr, Ifremer,
University of Brest, CNRS, IRD, Laboratoire d'Océanographie Physique et
Spatiale (LOPS), IUEM, Brest, France.

Holon F, Mouquet N, Boissery P, Bouchoucha M. fine-scale cartography
of human impacts along French Mediterranean coasts: a relevant map
for the management of marine ecosystems. 2015;1-20.
Vallette-Sansevin A, Pergent G, Buron K, Damier E, Pergent-Martini C.
Continuous mapping of benthic habitats along the coast of Corsica:

a tool for the inventory and monitoring of blue carbon ecosystems.
Mediterr Mar Sci. 2019;20:585-93.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagelJ: 25 years
of Image analysis. Nat Methods. 2012;9:671-5.

Pebesma E. Simple features for R: standardized support for spatial vec-
tor data. R J. 2018;10:439-46.

Apprill A, Mcnally S, Parsons R, Weber L. Minor revision to V4 region SSU
rRNA 806R gene primer greatly increases detection of SAR11 bacterio-
plankton. Aquat Microb Ecol. 2015;75:129-37.

Parada AE, Needham DM, Fuhrman JA. Every base matters: assess-

ing small subunit rRNA primers for marine microbiomes with mock

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

Page 23 of 24

communities, time series and global field samples. Environ Microbiol.
2016;18:1403-14.

Geller J, Meyer C, Parker M. Redesign of PCR primers for mitochondrial
cytochrome c oxidase subunit | for marine invertebrates and applica-
tion in all-taxa biotic surveys. Mol Ecol Resour. 2013. https://doi.org/10.
1111/1755-0998.12138.

Leray M, Yang JY, Meyer CP, Mills SC, Agudelo N, Ranwez V, et al. A new
versatile primer set targeting a short fragment of the mitochondrial COI
region for metabarcoding metazoan diversity: application for character-
izing coral reef fish gut contents. Front Zool. 2013;10:1-14.

Vestheim H, Jarman SN. Blocking primers to enhance PCR amplifica-
tion of rare sequences in mixed samples—a case study on prey DNA in
Antarctic krill stomachs. Front Zool. 2008;11:1-11.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADAZ2: high-resolution sample inference from lllumina amplicon data.
Nat Methods. 2016;13:581-3.

Dacey DP, Chain FJJ. Concatenation of paired-end reads improves taxo-
nomic classification of amplicons for profiling microbial communities.
BMC Bioinform. 2021;22:1-25.

Mukherjee S, Huntemann M, Ivanova N, Kyrpides NC, Pati A. Large-scale
contamination of microbial isolate genomes by illumina Phix control.
Stand Genomic Sci. 2015;10:1-4.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2013;41:590-6.

Ratnasingham S, Herbert P. BARCODING BOLD: the Barcode of Life Data
System. Mol Ecol Notes. 2007;7:355-64.

Sayers EW, Bolton EE, Brister JR, Canese K, Chan J, Comeau DC, et al.
Database resources of the national center for biotechnology informa-
tion. Nucleic Acids Res. 2022;50:20-6.

Buchner D, Leese F. BOLDigger—a Python package to identify and
organise sequences with the Barcode of Life Data systems. Metabar-
cod Metagenom. 2020;4:19-21.

Gloor GB, Macklaim JM, Pawlowsky-Glahn V, Egozcue JJ. Microbiome
datasets are compositional: and this is not optional. Front Microbiol.
2017,8:1-6.

Palarea-Albaladejo J, Martin-Fernandez JA. zCompositions—R
package for multivariate imputation of left-censored data under a
compositional approach. Chemom Intell Lab Syst. 2015;143:85-96.
Martin-Fernandez JA, Hron K, Templ M, Filzmoser P, Palarea-
Albaladejo J. Bayesian-multiplicative treatment of count zeros in
compositional data sets. Stat Model. 2015;15:134-58.

Aitchison J, Barcelé-Vidal C, Martin-Fernandez JA, Pawlowsky-

Glahn V. Logratio analysis and compositional distance. Math Geol.
2000;32:271-5.

Anderson MJ. A new method for non-parametric multivariate analy-
sis of variance. Aust Ecol. 2001;26:32-46.

Oksanen J, Blanchet F, Kindt R, Legendre P, Minchin P, O'Hara R.
vegan: R package for community ecologists: popular ordination
methods, ecological null models and diversity analysis. 2013. https://
github.com/vegandevs/vegan of subordinate document. Accessed 5
July 2023.

Martinez Arbizu P. pairwiseAdonis: pairwise multilevel comparison
using adonis. 2020. https://github.com/pmartinezarbizu/pairwiseAd
onis of subordinate document. Accessed 10 May 2022.

Mandal S, Van Treuren W, White RA, Eggesba M, Knight R, Peddada
SD. Analysis of composition of microbiomes: a novel method for
studying microbial composition. Microb Ecol Heal Dis. 2015. https://
doi.org/10.3402/mehd.v26.27663.

Lahti L. Microbiome R package. 2019. http://microbiome.github.io of
subordinate document. Accessed 2 Jul 2023.

Borcard D, Gillet F, Legendre P. Numerical ecology with R, 2nd ed.
Berlin: Springer; 2011.

Hebbali A. olsrr: tools for building OLS regression models. 2024. R
package version 0.6.0.9000, https://github.com/rsquaredacademy/
olsrr of subordinate document. Accessed 2 May 2024.

Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM,
et al. PICRUSt2 for prediction of metagenome functions. Nat Biotech-
nol. 2020;38:669-88.

Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes.
Nucleic Acids Res. 2000;28:27-30.


https://doi.org/10.2305/IUCN.CH.2016.04.en
https://doi.org/10.2305/IUCN.CH.2016.04.en
https://marc.ifremer.fr
https://doi.org/10.1111/1755-0998.12138
https://doi.org/10.1111/1755-0998.12138
https://github.com/vegandevs/vegan
https://github.com/vegandevs/vegan
https://github.com/pmartinezarbizu/pairwiseAdonis
https://github.com/pmartinezarbizu/pairwiseAdonis
https://doi.org/10.3402/mehd.v26.27663
https://doi.org/10.3402/mehd.v26.27663
http://microbiome.github.io
https://github.com/rsquaredacademy/olsrr
https://github.com/rsquaredacademy/olsrr

Ginevra et al. Animal Microbiome

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

(2024) 6:32

Clements KD, Angert ER, Montgomery WL, Choat JH. Intestinal micro-
biota in fishes: what's known and what'’s not. Mol Ecol. 2014;23:1891-8.
Xue X, Jia J, Yue X, GuanY, Zhu L, Wang Z. River contamination shapes
the microbiome and antibiotic resistance in sharpbelly (Hemiculter
leucisculus). Environ Pollut. 2021. https://doi.org/10.1016/j.envpol.2020.
115796.

Fjellheim AJ, Playfoot KJ, Skjermo J, Vadstein O. Vibrionaceae dominates
the microflora antagonistic towards Listonella anguillarum in the
intestine of cultured Atlantic cod (Gadus morhua L.) larvae. Aquaculture.
2007;269:98-106.

Liu H, Guo X, Gooneratne R, Lai R, Zeng C, Zhan F, et al. The gut
microbiome and degradation enzyme activity of wild freshwater fishes
influenced by their trophic levels. Sci Rep. 2016;6:24340.

Ray AK, Ghosh K, Ringe E. Enzyme-producing bacteria isolated from fish
gut: a review. Aquac Nutr. 2012;18:465-92.

Urbanczyk H, Ast JC, Higgins MJ, Carson J, Dunlap P V. Reclassification
of Vibrio fischeri, Vibrio logei, Vibrio salmonicida and Vibrio wodanis as Ali-
ivibrio fischeri gen. nov., comb. nov., Aliivibrio logei comb. nov., Aliivibrio
salmonicida comb. nov. and Aliivibrio wodanis comb. nov. Int J Syst Evol
Microbiol. 2007;57:2823-9.

Bazhenov SV, Khrulnova SA, Konopleva MN, Manukhov IV. Seasonal
changes in luminescent intestinal microflora of the fish inhabiting the
Bering and Okhotsk seas. FEMS Microbiol Lett. 2019;366:1-7.

Burtseva O, Kublanovskaya A, Fedorenko T, Lobakova E, Chekanov K.
Gut microbiome of the White Sea fish revealed by 165 rRNA metabar-
coding. Aquaculture. 2021;533: 736175.

Riiser ES, Haverkamp THA, Varadharajan S, Borgan &, Jakobsen KS,
Jentoft S, et al. Switching on the light: using metagenomic shotgun
sequencing to characterize the intestinal microbiome of Atlantic cod.
Environ Microbiol. 2019;21:2576-94.

Burtseva O, Kublanovskaya A, Baulina O, Fedorenko T, Lobakova E,
Chekanov K. The strains of bioluminescent bacteria isolated from the
White Sea finfishes: genera Photobacterium, Aliivibrio, Vibrio, Shewanella,
and first luminous Kosakonia. J Photochem Photobiol B Biol. 2020;208:
111895.

Roeselers G, Mittge EK, Stephens WZ, Parichy DM, Cavanaugh CM, Guil-
lemin K, et al. Evidence for a core gut microbiota in the zebrafish. ISME
J.2011,5:1595-608.

Santos-Marcos JA, Mora-Ortiz M, Tena-Sempere M, Lopez-Miranda J,
Camargo A. Interaction between gut microbiota and sex hormones
and their relation to sexual dimorphism in metabolic diseases. Biol Sex
Differ. 2023;14:1-24.

Troussellier M, Escalas A, Bouvier T, Mouillot D. Sustaining rare marine
microorganisms: macroorganisms as repositories and dispersal agents
of microbial diversity. Front Microbiol. 2017,8:947.

Mapelli F, Varela MM, Barbato M, Alvarifio R, Fusi M, Alvarez M, et al.
Biogeography of planktonic bacterial communities across the whole
Mediterranean Sea. Ocean Sci. 2013;9:585-95.

Kokou F, Sasson G, Nitzan T, Doron-Faigenboim A, Harpaz S, Cnaani

A, et al. Host genetic selection for cold tolerance shapes microbi-

ome composition and modulates its response to temperature. Elife.
2018;7:1-21.

Doxa A, Holon F, Deter J, Villéger S, Boissery P, Mouquet N. Mapping
biodiversity in three-dimensions challenges marine conservation
strategies: the example of coralligenous assemblages in North-Western
Mediterranean Sea. Ecol Indic. 2016;61:1042-54.

Di Franco A, Calo A, Pennetta A, De Benedetto G, Planes S, Guidetti P.
Dispersal of larval and juvenile seabream: implications for Mediterra-
nean marine protected areas. Biol Conserv. 2015;192:361-8.

Gandolfi A, Ferrari C, Crestanello B, Girardi M, Lucentini L, Meraner A.
Population genetics of pike, genus Esox (Actinopterygii, Esocidae), in
Northern Italy: evidence for mosaic distribution of native, exotic and
introgressed populations. Hydrobiologia. 2017;794:73-92.

Gerritsen J, Hornung B, Ritari J, Paulin L, Rijkers GT, Schaap PJ, et al. A
comparative and functional genomics analysis of the genus Rombout-
sia provides insight into adaptation to an intestinal lifestyle. BioRxiv.
2019. https://doi.org/10.1101/845511.

Walter JM, Bagi A, Pampanin DM. Insights into the Potential of the
Atlantic cod gut microbiome as biomarker of oil contamination in the
marine environment. Microorg. 2019. https://doi.org/10.3390/micro
organisms7070209.

110.

112.

115.

124.

Page 24 of 24

Brumovsky M, Be¢anové J, Kohoutek J, Borghini M, Nizzetto L. Con-
taminants of emerging concern in the open sea waters of the Western
Mediterranean. Environ Pollut. 2017;229:976-83.

Ziveri P, Grelaud M, Pato J. Research for REGI Committee—Study on
Actions of cities and regions in Mediterranean Sea area to fight sea pol-
lution; Reducing marine litter and plastic pollution [Internet]. Brussels;
2023. https://bit.ly/406RP7s of subordinate document. Accessed 8 Nov
2023.

Sala E, Ballesteros E. Partitioning of space and food resources by three
fish of the genus Diplodus (Sparidae) in a Mediterranean rocky infralit-
toral ecosystem. Mar Ecol Prog Ser. 1997;152:273-83.

Gray JS. Biomagnification in marine systems: the perspective of an
ecologist. Mar Pollut Bull. 2002;45:46-52.

Drobniak SM, Cichori M, Janas K, Barczyk J, Gustafsson L, Zagalska-
Neubauer M. Habitat shapes diversity of gut microbiomes in a wild
population of blue tits Cyanistes caeruleus. J Avian Biol. 2022;2022:1-14.
OuW, Yu G, Zhang Y, Kangsen M. Recent progress in the understand-
ing of the gut microbiota of marine fishes. Mar Life Sci Technol.
2021,3:434-48.

Alsaffar Z, Pearman JK, Curdia J, Ellis J, Calleja ML, Ruiz-Compean P, et al.
The role of seagrass vegetation and local environmental conditions

in shaping benthic bacterial and macroinvertebrate communities in a
tropical coastal lagoon. Sci Rep. 2020;10:1-17.

Guidetti P. Differences among fish assemblages associated with
nearshore posidonia oceanica seagrass beds, rocky-algal reefs and
unvegetated sand habitats in the adriatic sea. Estuar Coast Shelf Sci.
2000;50:515-29.

Guidetti P, Baiata P, Ballesteros E, Di Franco A, Hereu B, Macpherson E,
et al. large-scale assessment of mediterranean marine protected areas
effects on fish assemblages. PLoS ONE. 2014. https://doi.org/10.1371/
journal.pone.0091841.

Hauffe HC, Barelli C. Conserve the germs: the gut microbiota and adap-
tive potential. Conserv Genet. 2019;20:19-27.

Limborg MT, Chua PYS, Rasmussen JA. Unexpected fishy microbiomes.
Nat Rev Microbiol. 2023;21:346.

Levee GJ, Sayre R, Marlowe E. P-aminobenzoic acid as a sunscreen and
its behaviour on the skin. Int J Cosmet Sci. 1981;3:49-55.

Downs CA, Cruz OT, Remengesau TE. Sunscreen pollution and tourism
governance: science and innovation are necessary for biodiversity con-
servation and sustainable tourism. Aquat Conserv Mar Freshw Ecosyst.
2022;32:896-906.

Kunz PY, Fent K. Multiple hormonal activities of UV filters and compari-
son of in vivo and in vitro estrogenic activity of ethyl-4-aminobenzoate
in fish. Aquat Toxicol. 2006;79:305-24.

Holon F. Modélisation des pressions anthropiques cotiers IMPAC 2018.
France; 2018.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.envpol.2020.115796
https://doi.org/10.1016/j.envpol.2020.115796
https://doi.org/10.1101/845511
https://doi.org/10.3390/microorganisms7070209
https://doi.org/10.3390/microorganisms7070209
https://bit.ly/406RP7s
https://doi.org/10.1371/journal.pone.0091841
https://doi.org/10.1371/journal.pone.0091841

	Do fish gut microbiotas vary across spatial scales? A case study of Diplodus vulgaris in the Mediterranean Sea
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Sampling collection
	Characterization of the habitat features of the home ranges of D. vulgaris and measurement of distance from fully protected areas
	DNA extraction and 16S rRNA and COI amplicon gene sequencing
	Processing of amplicon sequences
	Processing of bacterial sequencing reads
	Processing of diet sequencing reads

	Diversity analyses
	Is geographic location a significant predictor of the diversity and composition of the gut microbiota?
	The diet profile of D. vulgaris in BO
	Which factors contribute to the variation of the gut microbiota across geographic locations at small scale?

	Inference of potential functions of the microbiota

	Results
	Fish size
	Sequencing outcome
	The taxonomical and functional composition of the D. vulgaris gut mucosal microbiota vary spatially at large scale
	The gut microbiota of D. vulgaris vary taxonomically and functionally across a small spatial range
	The type of benthic habitat and the distance from fully protected areas are predictors of gut mucosal microbiota features in D. vulgaris
	No significant relationship is found between the diet and the gut mucosal microbiota taxonomical structure


	Discussion
	The gut mucosal microbiota of D. vulgaris is represented by a few core taxa and similar taxonomical diversity across a large geographical scale in the NW Mediterranean Sea
	The taxonomy and functionality of the gut mucosal microbiota of D. vulgaris is spatially heterogeneous in the Mediterranean Sea
	Geographic location influences the taxonomy and potential functionality of the gut microbiota of D. vulgaris at a large geographic scale
	Heterogeneity of the benthic habitats likely defines the taxonomy of the gut microbiota of D. vulgaris at a small geographic scale


	Conclusion
	Acknowledgements
	References


