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Abstract
Background Important changes in microbiome composition related to sexual maturation have been already reported in the gut of several
vertebrates including mammals, amphibians and �sh. Such changes in �sh are linked to reproduction and growth during developmental
stages, diet transitions and critical life events. We used amplicon (16S rRNA) high-throughput sequencing to characterize the skin and gill
bacterial microbiomes of farmed seabass and seabream belonging to three different developmental age groups: early and late juveniles and
mature adults. We also assessed the impact of the surrounding estuarine water microbiome in shaping the �sh skin and gill microbiomes.

Results Microbiome diversity, composition and potential metabolic functions varied across �sh maturity stages. Alpha-diversity in the
seabass microbiome varied signi�cantly between age groups and was higher in older �sh. Conversely, in the seabream, no signi�cant
differences were found in alpha diversity between age groups, although it was higher in the skin of juveniles. Microbiome structure varied
signi�cantly across age groups. Different bacterial metabolic pathways were predicted to be enriched in the microbiomes of both species.
Finally, we found that the water microbiome is signi�cantly distinct from all the �sh microbiomes across the studied age groups, although a
high percentage of ASVs is shared with the skin and gill microbiomes.

Conclusions We report important microbial differences in composition and potential functionality across the different ages of farmed
seabass and seabream. These differences may be related to somatic growth and the onset of sexual maturation. Importantly, some of the
inferred metabolic pathways could enhance the host coping mechanisms during stressful conditions. Our results provide new evidence
suggesting that growth and sexual maturation have an important role in shaping the external mucosa microbiomes of �sh and highlight the
importance of considering different life stages in microbiome studies.

Background
Research on animal microbial communities (microbiomes) is growing exponentially as the link between microbiome and host health is
strongly validated by emerging evidence [1–8]. Age-related �uctuations in microbiomes are well studied in humans and are considered as
“natural, inevitable and benign” [9]. Critical microbial changes occur during infancy and old age, coinciding with stages when the immune
system is also more fragile [9]. Results linking changes in the gut microbiome to reproduction and growth (e.g. monkeys, [10]) or disease
resistance in early life stages (e.g. amphibians, [11]) have been also found in other vertebrates.

In piscine hosts, most of the microbiome studies related to the effects of age are focused on the gut microbiomes [12–22]. Some of these
studies showed that microbial communities in the surrounding waters in�uence the gut microbiome during early life stages, which becomes
increasingly unique with age [17, 21]. Indeed, initial microbiome colonization in animals is highly dependent on the environment [e.g. 23–27].
Ecological factors, such as diet transitions [e.g. 21] or critical life events (e.g. habitat transition, [20]), which in turn are intrinsically linked to
sexual maturation, also play a major role in shaping the �sh gut microbiome. Importantly, most studies testing the role of age on �sh
microbiomes were cross-sectional and based on a single time point or short time window [e.g. 16, 18, 19, 21, 22]. Thus, given the high
susceptibility of the �sh microbiome to environmental changes and the high inter-individual microbiome variability [e.g. 28–30], the
compound effect of all these factors could be hard to interpret [31].

Fish skin and gills and their associated mucous and microbes form a natural physical and chemical barrier to pathogens [4, 32, 33]. Despite
this protective role, little is known about potential host developmental effects on skin and gill microbiomes. Filling out this knowledge gap is
especially important in �sh farming, where diseases are a main concern causing large mortality rates [e.g. 34]. Two previous studies in wild
reef �sh comparing the gill [14] and skin [35] microbiomes of juvenile and mature adult �sh from several species, showed a general pattern of
differentiation between life-stages with the differences being attributed to intraspeci�c niche partitioning [14, 35]. Additionally, increases in
body weight were seen to be associated with an increase in the microbiome structure (i.e. beta-diversity) of the skin and gill microbiomes of
wild rabbit�sh [36].

The European seabass (Dicentrarchus labrax) and the gilthead seabream (Sparus aurata) are two of the most important farmed �sh in Europe
(global production of 191,003 and 185,980 tns, respectively, in 2016, [37]). The gilthead seabream is a protandric hermaphrodite, maturing
�rst as males between years 1 and 2, with sex reversal occurring in the following 2–3 years [38–40]. The European seabass reaches sexual
maturity between years 2 and 3 in males, and after year 3 in females [41–43]. Typically, in semi-extensive production systems, both �sh are
reared until they reach their �rst commercial size (18–24 months). However, demand for larger �sh sizes has been increasing, meaning that
both species can reach sexual maturation before harvest.

Here we used amplicon (16S rRNA) high-throughput sequencing to characterize over six months the skin and gill bacterial microbiomes of
farmed seabass and seabream from different ages (juvenile stages and mature adults). Our main aim was to describe differences in
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composition, structure and potential metabolic functions. Additionally, we investigated the impact of the microbial communities present in the
water column in the skin and gill microbiomes.

Results
Skin, gill and water microbial samples from the different age groups of both species were collected simultaneously (same day) from separate
ponds. Three age cohorts were sampled for the seabass, which included �sh on their 1st, 2nd and 3rd year of age, and two for the seabream,
which included �sh in their 2nd and 3rd year of age. Due to non-invasive sampling, we have coupled available information from the literature
[38–43] with data provided by the �sh farmers about the weight and age of maturation of both species, to classify samples into age groups.
The three seabass age cohorts were then classi�ed as early juveniles, late juveniles and mature adults, respectively; while the two seabream
age cohorts were classi�ed as juveniles and mature adults, respectively – see the Materials and Methods section for more details. Differences
in the average weight estimated for each age group at the beginning and end of our sampling indicate a 245% growth for the seabass early
juvenile group, an 83% growth for the late juvenile group and a 43% growth for the mature adult group. For the seabream a 143% growth was
estimated for juveniles and a 16% growth for the mature adults. Descriptive analyses were performed for each age group separately and
comparative statistical analyses were performed between groups.

Microbiome diversity across age groups
Alpha-diversity. Microbial alpha-diversity was calculated using Shannon, Faith’s phylogenetic diversity (PD), ACE and Fisher indices. The skin
microbiome showed higher alpha-diversity than the gill microbiome across all age groups in both �sh species (Additional �le 1). In seabass,
the skin and gill microbiomes of late juveniles and mature adults �sh presented higher alpha-diversity than the microbiomes of the early
juveniles (Fig. 1A, Additional �le 2). In seabream, the skin microbiome of juveniles presented higher alpha-diversity than the microbiome of
mature �sh, while the gill microbiome showed similar diversity in both cohorts (Fig. 1B, Additional �le 2). Linear Mixed Effects (LME) model
analysis (diversity ~ age group + (1|sampling date) showed most alpha-diversity estimates varied signi�cantly between seabass age groups
in both tissues. Pairwise comparisons between age groups in seabass showed signi�cant differences in alpha-diversity for almost all of the
early vs late juvenile and early juvenile vs mature adult comparisons (p < 0.05, Table 1), while late juvenile vs mature adult comparisons were
never signi�cant (p > 0.05, Table 1) in both tissues. In the seabream only the Shannon and PD indices of the gill microbiomes varied
signi�cantly between juveniles and mature adults (p < 0.04, Table 1).
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Table 1
Mean alpha-diversity values, and alpha- and beta-diversity comparisons for the skin and gill microbiomes of the different age groups of

seabass Dicentrarchus labrax and seabream Sparus aurata. Variation in alpha-diversity was assessed using Linear Mixed Effect models, with
age groups as a �xed factor and sampling time as a random factor. Differences in beta-diversity were assessed using PERMANOVA. For each
linear model effect test (alpha-diversity) we report the F statistic and signi�cance (P value) and for each PERMANOVA test (beta-diversity) we

report the R2 statistics and signi�cance (P value). Signi�cant differences are indicated in bold. EJ: early juveniles; LJ: late juveniles; MA:
mature adults; J: juveniles.

  Seabass   Seabream

  Skin Gill   Skin Gill

Alpha-
diversity

mean values

EJ LJ MA EJ LJ MA   J MA J MA

1Shannon 3.5 ± 1 4 ± 0.4 3.8 ± 1 3.5 ± 1 3.6 ± 1 3.7 ± 1   3.3 
± 1

3.4 
± 1

2.9 
± 1

3.2 
± 1

PD 20 ± 7 28 ± 11 27 ± 9 19 ± 6 22 ± 8 23 ± 9   19 
± 9

18 
± 8

13 
± 6

15 
± 6

ACE 164 ± 66 239 ± 
106

226 ± 83 138 ± 52 159 ± 69 175 ± 73   155 
± 77

145 
± 71

99 
± 
49

110 
± 54

Fisher 25 ± 11 38 ± 19 35 ± 15 20 ± 8 23 ± 12 26 ± 13   22 
± 12

21 
± 12

13 
± 7

15 
± 9

Alpha-
diversity

comparisons

Overall EJ vs
LJ

LJ vs MA EJ vs
MA

Overall EJ vs
LJ

LJ vs MA EJ vs
MA

  J vs MA J vs MA

Shannon 16 (5− 

7)
6
(0.001)

2 (0.05) -3
(0.003)

3 (0.1) 2 (0.1) -0.2 (0.9) -2 (0.1)   1 (0.3) 5 (0.03)

PD 23 (3− 

9)
6 (1− 4) 1 (0.6) -5 (1− 

4)
7
(0.002)

2
(0.04)

-1 (0.5) -4
(0.001)

  1 (0.4) 4 (0.04)

ACE 17 (2− 

7)
6 (1− 4) 1 (0.6) -5 (1− 

4)
9
(0.0003)

2
(0.05)

-2 (0.2) -4
(0.001)

  1 (0.3) 2 (0.2)

Fisher 16 (5− 

7)
5 (1− 4) 1 (0.6) -4 (1− 

4)
7
(0.001)

2 (0.1) -2 (0.2) -4
(0.001)

  1 (0.5) 3 (0.1)

Beta-
diversity

comparisons

Overall EJ vs
LJ

LJ vs MA EJ vs
MA

Overall EJ vs
LJ

LJ vs MA EJ vs
MA

  EJ vs
MA

EJ vs MA

Unifrac
Unweighted

0.04
(9− 5)

0.1
(0.001)

0.02
(0.01)

0.1
(0.001)

0.1 (9− 

5)
0.04
(0.001)

0.1
(0.001)

0.1
(0.001)

  0.02
(9− 5)

0.03 (9− 5)

Unifrac
Weighted

0.1 (9− 

5)
0.1
(0.001)

0.1
(0.001)

0.1
(0.001)

0.1 (9− 

5)
0.02
(0.1)

0.02
(0.2)

0.04
(0.01)

  0.01
(0.3)

0.04 (9− 5)

Bray-Curtis 0.1 (9− 

5)
0.1
(0.001)

0.1
(0.001)

0.03
(0.02)

0.1 (9− 

5)
0.1
(0.001)

0.1
(0.001)

0.1
(0.001)

  0.02
(0.001)

0.03 (2− 4)

Beta-diversity. Microbial structure was estimated using phylogenetic UniFrac (unweighted and weighted) and Bray-Curtis distances. The
PERMANOVA analyses of dissimilarities (diversity ~ age group, strata = sampling date) showed signi�cant differences between the age
groups of both species (p < 0.02, Table 1), except for the UniFrac Weighted distance between the gills of early and late seabass juveniles (p = 
0.1, Table 1), seabass late juveniles and mature adults (p = 0.2, Table 1), and the skin of juveniles and seabream adults (p = 0.3, Table 1).
Principal Coordinate Analyses (PCoAs) were used to visualize microbial structure (dissimilarity) and depicted the differences between early
and late juvenile/mature seabass groups, in both tissues (Bray-Curtis distance, Fig. 2). For the seabream, however, differences between age
groups were not evident (Fig. 2).
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Bacterial taxa. Proteobacteria and Bacteroidetes were the most abundant (≥ 5%) phyla in the skin (averaging 41 ± 4% and 39 ± 2% of the
sequences in seabass and 55 ± 4% and 31 ± 4% in seabream) and gill (averaging 52 ± 7% and 25 ± 5% in seabass and 69 ± 4% and 12 ± 1% in
seabream) microbiomes of all studied age groups (Table 2). The NS3a marine group and a genus belonging to the Flavobacteriacea family
were the most abundant (≥ 5%) genera in the skin (10 ± 1 and 11 ± 2, respectively) and gill (6 ± 1 both) of all the age groups in seabass; while
Burkholderia-Caballeronia-Paraburkholderia was the most abundant genus in the skin (17 ± 1) and gill (25 ± 0) of both age groups in
seabream (Table 2). The most abundant microbial phyla and genera found in both �sh species varied between age groups and tissues (Fig. 3,
Table 2). LME models showed that the relative abundance of all those phyla was signi�cantly different between age groups, except in the gill
microbiome of the seabream, where the relative abundance of Cyanobacteria did not vary (Additional �le 3). LME analyses also revealed that
100% and 63% of the genera varied in the skin and gill of the seabass, respectively, while 40% and 50% varied in the skin and gill of the
seabream, respectively (Additional �le 3). Pairwise comparisons of taxa across age groups in seabass yielded a higher percentage of
signi�cant differences between early juveniles and mature adults in both tissues (100% in the skin and 38% in the gill) than between early and
late juveniles (67% in the skin and 13% in the gill), or between late juveniles and mature adults (0% in the skin and 25% in the gill) (Additional
�le 3).

Table 2
Relative mean proportions (%) of the most abundant phyla and genera (≥ 5%) in the skin and gill microbiomes of the different age groups of
the seabass Dicentrarchus labrax and the seabream Sparus aurata, and in the water column. Taxa with a ≥ 5% relative mean proportion in a

group are indicated in bold. Unknown genera are identi�ed as u.g.

  Seabass   Seabream

  Skin Gill Water   Skin Gill Water

  EJ LJ MA EJ LJ MA EJ LJ MA   J MA J MA J MA

Phyla                                

Bacteroidota 38 42 36 19 26 30 46 45 43   27 35 11 13 46 44

Cyanobacteria - - - - - - - - -   1 1 4 6 2 2

Proteobacteria 47 36 41 61 46 48 39 35 39   59 52 73 65 41 39

Verrucomicrobiota 5 8 5 10 13 7 9 14 10   2 4 2 5 7 11

Genera                                

Burkholderia-Caballeronia-
Paraburkholderia

- - - - - - - - -   18 15 25 25 0.1 0.03

Glaciecola 2 2 4 1 1 3 3 2 5   - - - - - -

NS3a marine group 11 10 9 5 6 7 13 13 11   7 8 3 3 16 13

Polynucleobacter 3 2 2 4 4 5 0 0 0   - - - - - -

Pseudomonas - - - - - - - - -   6 3 1 0.4 0 0.03

Rubritalea 4 5 2 8 9 4 5 9 4   2 3 2 3 4 5

Vibrio - - - - - - - - -   6 7 0.4 0.3 1 0.4

Burkholderiales Incertae
Sedis (u.g.)

1 0.01 0.003 7 2 1 0 0 0   0.1 0.1 7 6 0.001 0

Cryomorphaceae (u.g.) 4 3 3 1 1 2 5 4 5   2 3 0.3 0.4 6 6

Flavobacteriaceae (u.g.) 10 13 9 6 8 5 13 14 12   6 9 3 4 12 11

Paracaedibacteraceae (u.g.) - - - - - - - - -   0.3 0.3 3 6 0.003 0.01

Rhodobacteraceae (u.g.) 2 2 2 5 5 2 4 3 4   2 2 1 1 7 7

Burkholderiales (u.g.) 1 0.4 0.1 6 2 1 0 0 0   4 2 12 4 0.004 0

Bacteroidia (u.g.) 1 2 2 2 6 8 0.3 0.3 0.3   - - - - - -

Microbial predicted functional diversity across age groups
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About 462 ± 18 KEGG pathways were inferred in the skin and gill microbiomes of the seabass, while 455 ± 4 pathways were inferred in the
skin and gill microbiomes of the seabream. Linear discriminant analysis of the metagenomic predictions performed in LEfSe, showed that
different pathways were signi�cantly enriched for each species and for each age group in both species (Fig. 4, Additional �le 4).

While there were no signi�cantly enriched pathways in the skin of early juvenile seabass, enriched pathways in the gills of this age group were
related to metabolic regulator biosynthesis, purine nucleotide degradation, sugar degradation and fermentation of pyruvate. In the skin of late
juveniles seabass enriched pathways were related to thiamine biosynthesis, aldehyde degradation and L-arabinose degradation; while in the
gills were related to denitri�cation, galactose degradation and nitrogen compound metabolism. In mature seabass, pyrimidine and purine
deoxyribonucleotide de novo biosynthesis were enriched in both tissues. Additionally, the gills were also enriched by pathways related to the
biosynthesis of chlorophyll, folate, hemiterpene, L-alanine, L-tyrosine, NAD, secondary metabolite and ubiquinol, chloroaromatic compound
degradation, fermentation to lactate and glycolysis (Fig. 4, Additional �le 4).

In the skin of seabream juveniles, enriched pathways were related to amine and polyamine biosynthesis and degradation, choline
biosynthesis, and sugar acid and toluene degradation; whereas in the gill only pyrimidine and purine deoxyribonucleotide de novo
biosynthesis were identi�ed. The enriched pathways of the seabream mature adults were related to fatty acid, L-methionine, NAD, palmitate,
palmitoleate, siderophore, stearate and unsaturated fatty acid biosynthesis, pyrimidine and purine nucleotide salvage, aspartate
superpathway and TCA cycle in the skin; whereas pyrimidine and purine deoxyribonucleotide de novo biosynthesis, autotrophic CO2 �xation
and fermentation of pyruvate were enriched in the gill (Fig. 4, Additional �le 4).

Fish and water microbiome comparisons
The microbiome of �shpond water showed higher alpha-diversity than the skin and gill microbiomes of seabass and seabream, except when
compared to the Shannon index estimated for the seabass late juveniles (Additional �le 1). The analyses of dissimilarities between the skin
and gill microbiomes and the water microbiome were statistically signi�cant for all pairwise comparisons (PERMANOVA, p < 0.001, Table 3).
Moreover, results from Mantel tests revealed a correlation between gill and water microbiomes of seabass and seabream across age groups
(p < 0.03, Table 3), except in the case of late juvenile seabass (p > 0.05, Table 3). PCoAs showed that the water microbiome clustered more
closely to the skin microbiome than to the gill microbiomes in both �shes (Additional �le 5). In both species, the percentage of ASVs shared
between skin and water microbiomes, and between gill and water microbiomes was very similar (14%±1 and 15%±1 of ASVs (amplicon
sequence variants), respectively) (Fig. 5).

Table 3
Results from pairwise comparisons of beta-diversity and Mantel tests for �sh tissues and water per age group for the

seabass Dicentrarchus labrax and the seabream Sparus aurata. For each PERMANOVA test we report the R2 statistics and
signi�cance (P value) and for each Mantel test we report the R statistic and signi�cance (P value). Signi�cant

differences/associations are indicated in bold. EJ: early juveniles; LJ: late juveniles; MA: mature adults; J: juveniles.

      UniFrac Unweighted UniFrac Weighted Bray-Curtis

      Permanova Mantel Permanova Mantel Permanova Mantel

Seabass EJ Skin vs Water 0.1 (0.001) 0.2 (0.04) 0.1 (0.01) -0.1 (0.9) 0.04 (0.04) 0.1 (0.2)

Gill vs Water 0.2 (0.001) 0.5 (1− 4) 0.1 (0.001) 0.4 (1− 4) 0.2 (0.001) 0.4 (1− 4)

LJ Skin vs Water 0.1 (0.001) 0.2 (0.01) 0.1 (0.001) -0.04 (0.7) 0.1 (0.001) 0.1 (0.1)

Gill vs Water 0.2 (0.001) 0.5 (1− 4) 0.2 (0.001) -0.2 (0.9) 0.2 (0.001) 0.4 (1− 4)

MA Skin vs Water 0.1 (0.001) 0.2 (0.1) 0.1 (0.001) -0.1 (0.8) 0.1 (0.002) 0.1 (0.1)

Gill vs Water 0.1 (0.001) 0.4 (2− 4) 0.1 (0.001) 0.2 (0.03) 0.1 (0.001) 0.2 (0.01)

Seabream J Skin vs Water 0.1 (0.001) 0.2 (0.02) 0.04 (0.01) -0.1 (0.9) 0.1 (0.001) 0.1 (0.1)

Gill vs Water 0.2 (0.001) 0.5 (1− 4) 0.1 (0.001) 0.6 (1− 4) 0.4 (0.001) 0.6 (1− 4)

MA Skin vs Water 0.1 (0.001) 0.2 (0.02) 0.03 (0.03) 0.04 (0.3) 0.2 (0.001) 0.2 (0.02)

Gill vs Water 0.1 (0.001) 0.6 (1− 4) 0.5 (0.001) 0.7 (1− 4) 0.3 (0.001) 0.5 (1− 4)

Discussion
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We characterized the skin and gill microbiomes of different age groups of farmed European seabass and gilthead seabream using 16S rRNA
amplicon high-throughput sequencing. By taking into account potential environmental and seasonal effects, the results of the present study
show that �sh age in�uences skin and gill microbiome diversity and structure (Table 1; Figs. 1–2), composition (Table 2; Fig. 3, 5) and
predicted functions (Additional �le 4; Fig. 4).

Microbiome diversity across age groups
Fish growth and sexual maturation is usually accompanied by extreme morphological and physiological changes [e.g. 44, 45]. Importantly,
some of the changes reported for the skin and gills have been suggested to also affect their microbiota. For example, changes in epidermal
structure derived from sexual maturation (e.g. increases in the number, size and activity of the mucous cells) have been reported in several
�sh species [e.g. 44, 46], and suggested to contribute to a higher infection with Saprolegnia fungus in the cases of the sea trout and brown
trout [47]. Likewise, changes in the hormones expressed in the skin alter the biochemistry of the skin mucous and also potentially affect its
microbiome [48]. Fish growth and sexual maturation also impact gill morphology and function in some �sh species. For example, the ability
to osmoregulate at different salinities was seen to increase throughout the developmental stages of the seabass (between larva and juvenile
individuals, [45]. Additionally, body size was also identi�ed as the main factor affecting morphological variation in gill rakes and the size of
their pores in the Silver Carp and Gizzard Shad, suggesting that the overall �ltering ability of these species is related to size and maturation
[49]. Importantly, a recent study in rabbit�sh showed that increases in body weight are accompanied by increases in the microbial community
structure of the skin and gill of rabbit �sh [36]. We thus hypothesize that such physiological and morphological changes occurring during �sh
growth have led to the changes in microbiome diversity, composition and predicted functionality observed in the present study.

The skin and gill microbiomes of older age groups of seabass showed signi�cantly higher alpha-diversity than early juveniles. Although all of
the most abundant phyla were maintained between age groups, the skin and gill microbiomes of the seabass were highly dynamic,
diversifying with age. Conversely, the skin microbiome of seabream juveniles showed a tendency to exhibit higher alpha-diversity than adults,
though these differences were not signi�cant. Variation in microbiome alpha-diversity between different age groups has been previously
reported for many �sh species. For example, studies on the zebra�sh and salmon gut microbiome, have reported differences between mature
and immature life stages; however those differences also coincide with other major ecological changes in the �sh, such as diet [17] or
environment transitions [20].

The differences found in the present study in microbiome structure across age groups, which were consistently signi�cant in both species,
have been already reported in other �sh (e.g., several reef �sh [14, 35]; Salmo salar [19]), mainly in longitudinal studies several months long
[13, 17, 20].

Microbial predicted functional diversity across age groups
The predicted functional analysis suggests that distinct signi�cantly enriched metabolic pathways are expressed in skin and gill microbiomes
of both �sh species across age groups. Following alpha-diversity patterns, the number and diversity of enriched pathways was higher in
mature seabass adults when compared to juveniles, especially in the gill. In seabream, on the other hand, there were essentially no differences
in both microbial diversity and number of enriched pathways between age groups.

However, one must interpret these results with caution, since PICRUSt2 results are limited by the currently available genomes and biased
towards human health microorganisms [50]. However, it is worth noticing that some of the enriched metabolic pathways detected in the
present study could be driven by the high environmental variability of the Alvor estuary where these �sh are reared. In estuaries, salinity
variations occur on a daily basis due to tides and pollutants can be prevalent [e.g. 51]. Biosynthesis of fatty acids and unsaturated fatty acids
were two of the predicted metabolic pathways enriched in the microbiome of mature seabream skin. These same pathways have also been
enriched in previous analyses of the skin and gut microbiomes in the atlantic salmon [52, 53] and in the skin microbiome of the common
snook [54] when transitioning between freshwater and seawater. Additionally, two of the predicted metabolic pathways identi�ed in both �sh
species were related to degradation of toxic compounds. Speci�cally, biodegradation of the highly prevalent toxic pollutants toluene and
chloroaromaric compounds by bacteria is essential to remove them from the environment and to prevent absorption through the skin and
gills in aquatic animals [55–57].

Fish and water microbiome comparisons
The water microbiome of �shponds were signi�cantly distinct and more diverse than the skin and gill microbiomes of both �sh, regardless of
their age. It is known that free-living microbial communities retain higher richness than host-associated communities [31], with many studies
showing a higher bacterial diversity in water relative to �sh skin [28, 30, 36, 58–60], gills [14, 36], gut [7, 15, 18, 21, 61], stomach [36], hindgut
[36] and whole larvae [22]. Although some studies in �sh have shown that the microbial communities found in the water tend to be recovered
in the larval gut microbiome [17, 21], others have also shown that water microbiomes do not in�uence directly the microbiomes of �sh
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mucosa [7, 8, 13–15, 18, 19, 22, 28, 30, 34, 36, 58–60, 62, 63]. Importantly, a previous study of the skin microbiome of the seabass and
seabream [59] also showed signi�cant differences with plaktonic communities. However, in that study only a low number of OTUs (3%) was
shared between skin and water microbiomes, whereas in the present study higher percentages of ASVs were shared between the skin (14%±1)
and the gill (15%±1) of both �sh species and the surrounding water.

Microbiome dissimilarities depicted by PCoAs showed that, although signi�cantly different, the skin microbiome of both species clustered
more closely to the water microbiome than the gill microbiome. However, only a small percentage of the variation (PC 1 – average 18%±2; PC
2 – average 10%±1) was explained by this analysis. On the other hand, the results from the Mantel tests showed a correlation between the
water and gill microbiomes (p < 0.03), but not the skin microbiomes. This suggests that although both skin and gill are permanently in contact
with water, the gill environment may be more susceptible to variations in the water microbiome.

Conclusions
Skin and gill are important mucosal barriers that protect the �sh from the external environment. They are in permanent contact with the water
column and thus prone to pathogenic bacterioplankton colonization. However, most studies so far investigating microbiome changes related
to �sh age have either strictly focused on early life stages (i.e., larvae development) or on the gut microbiota. In the present study important
differences were uncovered in the diversity, composition, and predicted function of the skin and gill microbiomes across age groups of
farmed seabass and seabream. Besides the increments in biomass recorded at the end of our sampling and the onset of sexual maturity, the
estimated growth rate of each cohort also changed. Growth rate decreased drastically with age, being much higher in juveniles (243% and
83% for early and late seabass juveniles, and 143% in seabream) relative to adults (43% and 16% in adult seabass and seabream,
respectively). We, thus, conclude that growth and sexual maturation are likely the main drivers of the differences found herein. Overall, our
results were in line with what has been previously found in the skin [35, 36] and gill [14, 36] microbiomes of several wild reef �sh, suggesting
this could be a general pattern across �sh. Our results also highlight the importance of considering sexual maturation as a key factor shaping
external �sh mucosa microbiomes, especially in studies focusing on farmed �sh, where the microbiome and disease dynamics can be very
important.

Material And Methods

Fish species, sampling and preparation
Fish were sampled at a semi-intensive open-water farm in the Alvor Estuary (Ria Formosa, Portimão, Portugal). In this �sh farm, seabass and
seabream production can take up to 36 months, so having a healthy mucosa during this time is of utter importance. The gilthead seabream is
a protandric hermaphrodite, maturing �rst as males between years 1 and 2 in the wild, with sex reversal occurring in the following 2–3 years
[38–40]. The European seabass reaches sexual maturity between years 2 and 3 in males, and after year 3 in females [41–43]. In this
particular �sh farm, seabass typically reaches sexual maturity at approximately 275 g, whereas for seabream maturity is usually attained at
300 g. We monitored the skin and gill microbiomes of seabass and seabream of different age cohorts, including juveniles and adults. Due to
sampling restrictions within the �sh farm, sampling was strictly non-invasive and �sh could not be dissected to con�rm sexual maturation.
The categorization of the age group cohorts was based on previous studies [e.g. 38,41] and the weight at maturity records available at this
farm.

Samples were collected every other week (12 sampling time points) between August 2017 and January 2018 (6 months). We simultaneously
sampled three seabass age groups cohorts with approximately one year old difference. Fish were categorized as early juveniles (9 months
and an average weight of 22 g at the beginning of the study and 15 months and an average weight of 76 g at the last sampling date), late
juveniles (18 months and an average weight of 151 g at the beginning of the study and 24 months and an average weight of 277 g at the last
sampling date), and mature adults (32 months and an average weight of 467 g at the beginning of the study and 38 months and an average
weight of 669 g at the last sampling date). We also simultaneously sampled two seabream cohorts categorized as juveniles (15 months and
an average weight of 103 g initially and 21 months and an average weight of 250 g at the last sampling date), and mature adults (37 months
and an average weight of 411 g at the beginning of the study and 37 months and an average weight of 476 g at the last sampling date).
Seabream of an intermediate age were not available.

Each age group and species was reared in separated but not distant open-water ponds (maximum 344 m and 380 m apart for seabass and
seabream, respectively). In this �sh farm, all ponds shared the same in�ow of estuarine, which circulates between ponds and is naturally
recycled. Hence, �sh share roughly the same water quality and environment. Additionally, �sh of each species were bought from commercial
hatcheries where genetic background is limited.
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Fish were caught from each tank using a �sh line, and gill and skin samples were non-invasively taken using sterile swabs (Medical Wire &
Equipment, UK). The right �laments between the �rst and second arches of the gill and the right upper lateral part of the �sh skin from head
to tail were swabbed. Afterwards �sh were released unharmed. Water samples (1 L) were collected from the �ve different culture ponds at the
same time as �sh swabbing was performed, except during the month of December, when no water samples could be collected. Water
samples were �ltered through 0.2 µm �lters on collection day. Swabs and �lters were immediately frozen at -20ºC and then transported in dry
ice to the CIBIO-InBIO laboratory where they were kept at -80ºC until processing.

Five �sh were sampled per week per age group, totaling 60 individuals per species and age group. A total of 360 seabass samples (60 skin
and 60 gills x 3 age groups) plus 29 water samples from their corresponding �shponds and a total of 240 seabream samples (60 skin and 60
gills x 2 age groups) plus 16 water samples from their corresponding �shponds were processed. The seabass and their corresponding water
samples were processed using the PowerSoil DNA Isolation Kit (QIAGEN, Netherlands), while seabream and their corresponding water
samples were processed using the PureLink Microbiome DNA Puri�cation Kit (ThermoFisher Scienti�c, UK). We used two different DNA
extraction kits due to supply shortage at the time of extraction. This technical difference did not impact the goals of our study since we
studied each �sh species separately (i.e., microbiomes are not compared between �sh species). DNA concentration and quality were
measured in a NanoDropTM 2000 Spectrophotometer (ThermoFisher Scienti�c, USA). DNA extractions were shipped on dry ice to the
University of Michigan Medical School (USA) for ampli�cation and sequencing according to the protocol of Kozich et al. [64]. Each sample
was ampli�ed for the V4 hyper-variable region of the 16S rRNA gene (~ 250 bp). All amplicon libraries were pooled and sequenced in a single
run of the Illumina MiSeq sequencing platform.

Approximately 8,313,608 and 6,943,265 16S rRNA sequences were retrieved for seabass and seabream, respectively. The number of
sequences per sample ranged from 726 to 46,001 in seabass and from 5,145 to 151,713 in seabream. After normalization and removal of
non-bacterial reads, 8,724 and 5,754 ASVs were assigned to the skin and gill, respectively, of seabass; while 5,308 and 3,423 ASVs were
assigned to the skin and gill, respectively, of seabream. A total of 2,543 ASVs were retrieved from the water samples collected in seabass
�shponds, while 1,440 ASVs were retrieved from the waters of seabream �shponds. Taxa showing a mean relative proportion ≥ 5% in any
group were considered the most abundant in that group.

Data processing and statistical analysis
Raw FASTQ �les were denoised using the DADA2 pipeline in R with the paramenters for �ltering and trimming being trimLeft = 20, truncLen = 
c(220,200), maxN = 0, maxEE = c(2,2), truncQ = 2 [65]. A midpoint rooted tree of ASVs was estimated using the Quantitative Insights Into
Microbial Ecology 2 package (QIIME2; release 2019.7). A table containing amplicon sequence variants (ASVs) was constructed and
taxonomic inferences made against the SILVA (138 release) reference database [66]. ASV abundances were normalized using the negative
binomial distribution [67], which accounts for library size differences and biological variability.

Microbial taxonomic alpha-diversity (intra-sample) was calculated using Shannon, Faith’s phylogenetic diversity (PD), ACE and Fisher indices
as implemented in the R package phyloseq [68]. Variation in microbial composition (alpha-diversity) and the mean proportions of the most
abundant taxa (≥ 5% of all reads) were assessed using Linear Mixed Effects models (LME) with the lmer R package [69]. Since we were
interested in assessing whether microbial diversity varied across �sh age groups (predictor), we used age groups as a �xed factor and
sampling date (with 12 sampling time points) as a random factor. The �nal general LME formula was expressed as: microbial diversity ~ �sh
age group + (1|sampling time point). Microbial structure (beta-diversity) was estimated using phylogenetic Unifrac (unweighted and
weighted) and Bray-Curtis distances. Dissimilarity in microbial structure between samples was visualized using principal coordinates analysis
(PCoA). Additionally, differences in community structure driven by �sh age group were further tested using permutational multivariate
analysis of variance (PERMANOVA) as implemented in the adonis function of the vegan R package [70]. We used the strata argument to
permutate sampling dates and ran 1,000 permutations.

Previous �sh studies of skin and gill microbiomes [e.g. 7, 8, 36, 61], including seabass and seabream [71], have shown remarkable differences
in microbial composition and structure across host species and tissues. Additionally, a previous study by our group [72] showed that disease
and antibiotic treatment in seabass leads to asymmetrical shifts in skin and gill microbial communities. Therefore, all our statistical analyses
were carried out separately for each �sh species and tissue.

To assess to what extent water microbial communities shaped skin and gill microbiomes across �sh age groups, we estimated the number of
shared ASVs between �sh and water microbiomes and constructed Venn diagrams in R. PERMANOVA and mantel testes [73] were used to
assess differences in community structure and correlations between tissues and water microbiomes, respectively, in both species.

Finally, microbial potential metabolic functions were predicted using the metagenomic Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States software (PICRUSt2) embedded in QIIME2 [74], applying a weighted nearest sequenced taxon index
(NSTI) cutoff of 0.03. Predicted metagenomes were collapsed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway
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metadata [75]. Differentially abundant metabolic pathways in the skin and gill microbiomes of seabass and seabream across age groups
were identi�ed using linear discriminant analysis (LDA) in LEfSe, using age groups as classes [76]. As suggested by the authors, we used a P-
value cut-off of 0.05 and a LDA effect size cut-off of 2 [76].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data and material
The datasets generated and/or analyzed during the current study are available in the NCBI Sequence Read Archive (SRA) database within the
BioProject ID XXXXX (will be added upon acceptance).

Competing interests
The authors declare that they have no competing interests.

Funding
This work was funded by the European Regional Development Fund (ERDF) through the COMPETE program and by National Funds through
FCT - Foundation for Science and Technology (project PTDC/ MAR-BIO/0902/2014 -POCI-01-0145-FEDER-016550; project PTDC/BIA-
MIC/27995/2017 POCI-01-0145- FEDER-027995); DR, MP-L and RX were supported by FCT under the Programa Operacional Potencial
Humano – Quadro de Referência Estratégico Nacional funds from the European Social Fund and Portuguese Ministério da Educação e
Ciência (DR doctoral grant SFRH/ BD/117943/2016; AP doctoral Grant SFRH/BD/144928/2019;

Author’s contributions
D.R., R.X. and R.S. designed the research. R.S. collected the samples. D.R. and A.P. performed laboratory work and analyzed the results. M.P.-L.
contributed to the statistical analysis. R.X. and M.P.-L. supervised and provided intellectual content. All authors reviewed the manuscript.

Acknowledgements
Not applicable.

References
1. Murphy JF. The human microbiome: an emerging paradigm for better health. MOJ Immunol. 2018;6:54–5.

2. Ross AA, Hoffmann AR, Neufeld JD. The skin microbiome of vertebrates. Microbiome. 2019;7:79.

3. Jin Song S, Woodhams DC, Martino C, Allaband C, Mu A, Javorschi-Miller-Montgomery S, Suchodolski JS, Knight R. Engineering the
microbiome for animal health and conservation. Exp Biom Med. 2019;244:494–504.

4. Kelly C, Salinas I. Under pressure: interactions between commensal microbiota and the teleost immune system. Front Immunol.
2017;8:559.

5. Reid KM, Patel S, Robinson AJ, Bu L, Jarungsriapisit J, Moore LJ, Salinas I. Salmonid alphavirus infection causes skin dysbiosis in
Atlantic salmon (Salmo salar L.) post-smolts. PloS one. 2017;12:3. p.e0172856.

�. Tarnecki AM, Rhody NR, Walsh CJ. 2018. Health Characteristics and Blood Bacterial Assemblages of Healthy Captive Red Drum:
Implications for Aquaculture and Fish Health Management. J Aquat Anim Health. 2018;30:339–353.



Page 11/18

7. Zhang X, Ding L, Yu Y, Kong W, Yin Y, Huang Z, Xu Z. The change of teleost skin commensal microbiota is associated with skin mucosal
transcriptomic responses during parasitic infection by Ichthyophthirius multi�llis. Front Immunol. 2018;9:2972.

�. Legrand TP, Catalano SR, Wos-Oxley ML, Stephens F, Landos M, Bansemer MS, Stone DA, Qin JG, Oxley A. The inner workings of the
outer surface: skin and gill microbiota as indicators of changing gut health in yellowtail king�sh. Front Microbiol. 2018;8:2664.

9. Nagpal R, Kurakawa T, Tsuji H, Takahashi T, Kawashima K, Nagata S, Nomoto K, Yamashiro Y. Evolution of gut Bi�dobacterium
population in healthy Japanese infants over the �rst three years of life: a quantitative assessment. Sci Rep. 2017;7:10097.

10. Amato KR, Leigh SR, Kent A, Mackie RI, Yeoman CJ, Stumpf RM, Wilson BA, Nelson KE, White BA, Garber PA. The role of gut microbes in
satisfying the nutritional demands of adult and juvenile wild, black howler monkeys (Alouatta pigra). Am J Phys Anthropol.
2014;155:652–64.

11. Warne RW, Kirschman L, Zeglin L. Manipulation of gut microbiota during critical developmental windows affects host physiological
performance and disease susceptibility across ontogeny. J Anim Ecol. 2019;88:845–56.

12. Llewellyn MS, Boutin S, Hoseinifar SH, Derome N. Teleost microbiomes: the state of the art in their characterization, manipulation and
importance in aquaculture and �sheries. Front Microbiol. 2014;5:207.

13. Yan Q, Li J, Yu Y, Wang J, He Z, Van Nostrand JD, Kempher ML, Wu L, Wang Y, Liao L, Li X. Environmental �ltering decreases with �sh
development for the assembly of gut microbiota. Environ Microbiol. 2016;18:4739–54.

14. Pratte ZA, Besson M, Hollman RD, Stewart FJ. 2018. The gills of reef �sh support a distinct microbiome in�uenced by host-speci�c
factors. Appl Environ Microbiol. 2018;84. pp.e00063-18.

15. Bledsoe JW, Peterson BC, Swanson KS, Small BC. Ontogenetic characterization of the intestinal microbiota of channel cat�sh through
16S rRNA gene sequencing reveals insights on temporal shifts and the in�uence of environmental microbes. PloS one. 2016;11:11.

1�. Wong S, Stephens WZ, Burns AR, Stagaman K, David LA, Bohannan BJ, Guillemin K, Rawls JF. 2015. Ontogenetic differences in dietary
fat in�uence microbiota assembly in the zebra�sh gut. MBio. 2015;6. pp.e00687-15.

17. Stephens WZ, Burns AR, Stagaman K, Wong S, Rawls JF, Guillemin K, Bohannan BJ. The composition of the zebra�sh intestinal microbial
community varies across development. ISME J. 2016;10:644.

1�. Parris DJ, Brooker RM, Morgan MA, Dixson DL, Stewart FJ. Whole gut microbiome composition of damsel�sh and cardinal�sh before and
after reef settlement. PeerJ. 2016;4:2412.

19. Llewellyn MS, McGinnity P, Dionne M, Letourneau J, Thonier F, Carvalho GR, Creer S, Derome N. The biogeography of the Atlantic salmon
(Salmo salar) gut microbiome. ISME J. 2016;10:1280.

20. Lokesh J, Kiron V, Sipkema D, Fernandes JM, Moum T. Succession of embryonic and intestinal bacterial communities of Atlantic salmon.
bioRxiv, 2017. 128066.

21. Wilkes Walburn J, Wemheuer B, Thomas T, Copeland E, O'Connor W, Booth M, Fielder S, Egan S. Diet and diet-associated bacteria shape
early microbiome development in Yellowtail King�sh (Seriola lalandi). Microb Biotechnol. 2019;12:275–88.

22. Nikouli E, Meziti A, Antonopoulou E, Mente E, Kormas KA. Host-Associated Bacterial Succession during the Early Embryonic Stages and
First Feeding in Farmed Gilthead Sea Bream (Sparus aurata). Genes. 2019;10:483.

23. Collado MC, Cernada M, Neu J, Pérez-Martínez G, Gormaz M, Vento M. Factors in�uencing gastrointestinal tract and microbiota immune
interaction in preterm infants. Pediatr Res. 2015;77:726.

24. Mueller NT, Bakacs E, Combellick J, Grigoryan Z, Dominguez-Bello MG. The infant microbiome development: mom matters. Trends Mol
Med. 2015;21:109–17.

25. Frese SA, Parker K, Calvert CC, Mills DA. Diet shapes the gut microbiome of pigs during nursing and weaning. Microbiome. 2015;3:28.

2�. Quercia S, Freccero F, Castagnetti C, Soverini M, Turroni S, Biagi E, Rampelli S, Lanci A, Mariella J, Chinellato E, Brigidi P. Early
colonisation and temporal dynamics of the gut microbial ecosystem in Standardbred foals. Equine Vet J. 2019;51:231–7.

27. Villamil SI, Huerlimann R, Morianos C, Sarnyai Z, Maes GE. Adverse effect of early-life high-fat/high-carbohydrate (“Western”) diet on
bacterial community in the distal bowel of mice. Nut Res. 2018;50:25–36.

2�. Webster TMU, Consuegra S, Hitchings M, de Leaniz CG. Interpopulation variation in the Atlantic salmon microbiome re�ects
environmental and genetic diversity. Appl Environ Microbiol. 2018;84:00691–18.

29. Webster TMU, Rodriguez-Barreto D, Castaldo G, Gough P, Consuegra S, de Leaniz CG. Environmental plasticity and colonisation history in
the Atlantic salmon microbiome: a translocation experiment. bioRxiv. 2019. p. 564104.

30. Larsen AM, Bullard SA, Womble M, Arias CR. Community structure of skin microbiome of gulf killi�sh, Fundulus grandis, is driven by
seasonality and not exposure to oiled sediments in a Louisiana salt marsh. Microb Ecol. 2015;70:534–44.

31. Thompson LR, Sanders JG, McDonald D, Amir A, Ladau J, Locey KJ, Prill RJ, Tripathi A, Gibbons SM, Ackermann G, Navas-Molina JA. A
communal catalogue reveals Earth’s multiscale microbial diversity. Nature. 2017;551:457.



Page 12/18

32. Trivedi B. The surface brigade. Nature. 2012;492:60.

33. Dash S, Das SK, Samal J, Thatoi HN. Epidermal mucus, a major determinant in �sh health: a review. Iran J Vet Res. 2018;19:72.

34. Schmidt JG, Thompson KD, Padros F. Emerging skin diseases in aquaculture. B Eur Assoc Fish Path. 2018;38:122–9.

35. Xavier R, Pereira A, Pagan A, Hendrick GC, Nicholson MD, Rosado D, Soares MC, Pérez-Losada M, Sikkel PC. The effects of environment
and ontogeny on the skin microbiome of two Stegastes damsel�shes (Pomacentridae) from the eastern Caribbean Sea. Mar Biol.
2020;167(7):1–12.

3�. Wu Y, Xiao F, Wang C, Shu L, Zheng X, Xu K, Yu X, Zhang K, Luo H, Yang Y, He Z, Yan Q. The Beta-Diversity of Siganus fuscescens-
Associated Microbial Communities From Different Habitats Increases With Body Weight. Front Microbiol. 2020;11:1562.

37. FAO Aquaculture Department. http://www.fao.org/�shery/en.

3�. Zohar Y, Gordin H. Spawning kinetics in the gilthead sea-bream, Sparus aurata L. after low doses of human chronic gonadotropin. J Fish
Biol. 1979;15:665–70.

39. Mehanna SF. A preliminary assessment and management of gilthead bream Sparus aurata in the Port Said �shery, the Southeastern
Mediterranean, Egypt. Turk J Fish Aquat Sc. 2007;7:123–30.

40. Chaoui L, Kara MH, Faure E, Quignard JP. Growth and reproduction of the gilthead seabream Sparus aurata in Mellah lagoon (north-
eastern Algeria). Sci Mar. 2006;70:545–52.

41. Felip A, Piferrer F, Zanuy S, Carrillo M. Comparative growth performance of diploid and triploid European sea bass over the �rst four
spawning seasons. J Fish Biol. 2011;58:76–88.

42. Carrillo M, Zanuy S, Prat F, Cerdá J, Ramos J, Mañanós E, Bromage N. Sea bass (Dicentrarchus labrax). In: Bromage NR, Roberts RJ,
editors. Broodstock Management and Egg and Larval Quality. Oxford: Blackwell Science; 1995. pp. 138–68.

43. Barnabé G. (1991). La cría de lubina y de dorada. Acuicultura, 573–612.

44. Wilkins NP, Jancsar S. Temporal variations in the skin of Atlantic salmon Salmo solar L. J Fish Biol. 1979;15:299–307.

45. Varsamos S, Nebel C, Charmantier G. Ontogeny of osmoregulation in postembryonic �sh: a review. Comp Biochem Phys A.
2005;141:401–29.

4�. Whitear M. The skin surface of bony �shes. J Zool. 1970;160:437–54.

47. Richards RH, Pickering AD. Frequency and distribution patterns of Saprolegnia infection in wild and hatchery-reared brown trout Salmo
trutta L. and char Salvelinus alpinus (L.). J Fish Dis. 1978;1(1):69–82.

4�. Roberts RJ, Bullock AM. The skin surface ecosystem of teleost �shes. P Roy Soc Edinb B. 1980;79:87–91.

49. Walleser LR, Sandheinrich MB, Howard DR, Gaikowski MP, Amberg JJ. Spatial and temporal variation of the gill rakers of gizzard shad
and silver carp in three Midwestern rivers. N Am J Fish Manag. 2014;34:875–84.

50. Choi J, Yang F, Stepanauskas R, Cardenas E, Garoutte A, Williams R, Flater J, Tiedje JM, Hofmockel KS, Gelder B, Howe A. Strategies to
improve reference databases for soil microbiomes. ISME J. 2017;11(4):829–34.

51. Antunes P, Gil O, Ferreira M, Vale C, Reis-Henriques MA. Depuration of PCBs and DDTs in mullet under captivity clean conditions.
Chemosphere. 2007;67(9):58–64.

52. Lokesh J, Kiron V. Transition from freshwater to seawater reshapes the skin-associated microbiota of Atlantic salmon. Sci Rep.
2016;6:19707.

53. Dehler CE, Secombes CJ, Martin SA. Seawater transfer alters the intestinal microbiota pro�les of Atlantic salmon (Salmo salar L.). Sci
Rep. 2017;7(1):1–11.

54. Tarnecki AM, Brennan NP, Schloesser RW, Rhody NR. Shifts in the skin-associated microbiota of hatchery-reared common snook
Centropomus undecimalis during acclimation to the wild. Microb Ecol. 2019;77(3):770–81.

55. Patrolecco L, Ademollo N, Capri S, Pagnotta R, Polesello S. Occurrence of priority hazardous PAHs in water, suspended particulate matter,
sediment and common eels (Anguilla anguilla) in the urban stretch of the River Tiber (Italy). Chemosphere. 2010;81:1386–92.

5�. Fuchs G, Boll M, Heider J. Microbial degradation of aromatic compounds-from one strategy to four. Nat Rev Microbiol. 2011;9:803.

57. Van der Meer JR. Evolution of novel metabolic pathways for the degradation of chloroaromatic compounds. Anton Leeuw. 1997;71(1–
2):159–78.

5�. Chiarello M, Paz-Vinas I, Veyssière C, Santoul F, Loot G, Ferriol J, Boulêtreau S. Environmental conditions and neutral processes shape the
skin microbiome of European cat�sh (Silurus glanis) populations of Southwestern France. Env Microbiol Rep. 2019;11:605–14.

59. Chiarello M, Villéger S, Bouvier C, Bettarel Y, Bouvier T. High diversity of skin-associated bacterial communities of marine �shes is
promoted by their high variability among body parts, individuals and species. FEMS Microbiol Ecol. 2015;91:7.



Page 13/18

�0. Chiarello M, Auguet JC, Bettarel Y, Bouvier C, Claverie T, Graham NA, Rieuvilleneuve F, Sucré E, Bouvier T, Villéger S. (2018). Skin
microbiome of coral reef �sh is highly variable and driven by host phylogeny and diet. Microbiome. 2018;6:1–14.

�1. Reinhart EM, Korry BJ, Rowan AD, Belenky P. De�ning the distinct skin and gut microbiomes of the northern pike (Esox lucius). Front
Microbiol. 2019;10:2118.

�2. Boutin S, Bernatchez L, Audet C, Derôme N. Network analysis highlights complex interactions between pathogen, host and commensal
microbiota. PloS one. 2013;8:12.

�3. Carlson JM, Leonard AB, Hyde ER, Petrosino JF, Primm TP. Microbiome disruption and recovery in the �sh Gambusia a�nis following
exposure to broad-spectrum antibiotic. Infect Drug Resist. 2017;10:143.

�4. Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development of a dual-index sequencing strategy and curation pipeline for
analyzing amplicon sequence data on the MiSeq Illumina sequencing platform. Appl Environ Microbiol. 2013;79:5112–20.

�5. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: high-resolution sample inference from Illumina
amplicon data. Nat Methods. 2016;13:581.

��. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glöckner FO. The SILVA ribosomal RNA gene database project:
improved data processing and web-based tools. Nucleic Acids Res. 2012;41:D590–6.

�7. McMurdie PJ, Holmes S. Waste not, want not: why rarefying microbiome data is inadmissible. PLoS Comput Biol. 2014;10:e1003531.

��. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PloS
one. 2013;8:e61217.

�9. Gałecki A, Burzykowski T. Linear mixed-effects models using R: A step-by-step approach. Springer Science & Business Media. 2013.

70. Oksanen J, Kindt R, Legendre P, O'Hara B, Simpson GL, Stevens MHH, Wagner H. The vegan package: community ecology package,
version 1.13-1. URL: http://vegan. r-forge. r-project. org. 2008.

71. Rosado D, Pérez-Losada M, Severino R, Cable J, Xavier R. Characterization of the skin and gill microbiomes of the farmed seabass
(Dicentrarchus labrax) and seabream (Sparus aurata). Aquaculture. 2019;500:57–64.

72. Rosado D, Xavier R, Severino R, Tavares F, Cable J, Pérez-Losada M. Effects of disease, antibiotic treatment and recovery trajectory on the
microbiome of farmed seabass (Dicentrarchus labrax). Sci Rep. 2019;1–11.

73. Mantel N. The detection of disease clustering and a generalized regression approach. Cancer Res. 1967;27:209–20.

74. Douglas GM, Maffei VJ, Zaneveld J, Yurgel SN, Brown JR, Taylor CM, Huttenhower C, Langille MG. PICRUSt2: An improved and extensible
approach for metagenome inference. BioRxiv, 672295. 2019.

75. Kanehisa M, Sato Y, Furumichi M, Morishima K, Tanabe M. New approach for understanding genome variations in KEGG. Nucleic Acids
Res. 2018;47:D590–5.

7�. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower C. Metagenomic biomarker discovery and explanation.
Genome Biol. 2011;12:R60.

Description Of Additional Files
Additional �le 1: Mean values and standard deviations of Shannon, Faith’s phylogenetic (PD), ACE and Fisher alpha-diversity estimates
plotted for skin (yellow), gill (pink) and water (blue) microbiomes of the different age groups of seabass Dicentrarchus labrax (A) and the
seabream Sparus aurata (B).

Additional �le 2: Mean values and standard deviations of Faith’s phylogenetic (PD), ACE and Fisher alpha-diversity estimates plotted for the
early juveniles/juveniles (green), late juveniles (yellow) and mature adults (orange) of the seabass Dicentrarchus labrax (A) and seabream
Sparus aurata (B). Pairwise comparisons of  alpha-diversity were assessed using Linear Mixed Effect models with age groups as a �xed
factor and sampling time as a random factor. Statistically signi�cant differences are denoted with an asterisk, and non statistically
signi�cant differences are denoted with “ns”.

Additional �le 3: Overall and pairwise comparisons of the relative proportions of the most abundant (≥5%) phyla and genera in the skin and
gill microbiomes of the seabass Dicentrarchus labrax and the seabream Sparus aurata across age groups. Variation in taxa proportion was
assessed using Linear Mixed Effect models with age group as a �xed factor and sampling time as a random factor. For each linear model
effect model test we report the F statistic and signi�cance (P value). Signi�cant differences are indicated in bold. EJ: early juveniles; LJ: late
juveniles; MA: mature adults; J: juveniles.

Additional �le 4: Signi�cantly enriched pathways recovered from the skin and gill of the early juveniles (EJ), late juveniles (LJ) and mature
adults (MA) of the seabass Dicentrarchus labrax and the juveniles (J) and mature adults (MA) of the seabream Sparus aurata. LEfSe tests
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were performed with a P value and LDA score cut-offs of 0.05 and of 2, respectively.

Additional �le 5: PCoA plot computed using Bray-Curtis distances for water, skin and gills microbiomes of the seabass Dicentrarchus labrax
(A) and the seabream Sparus aurata (B). Each dot represents a microbiome sample and is coloured by tissue/origin (skin, gill and water).

Figures

Figure 1

Mean values and standard deviations of Shannon alpha-diversity estimates plotted for the early juveniles/juveniles (green), late juveniles
(yellow) and mature adults (orange) of the seabass Dicentrarchus labrax (A) and the seabream Sparus aurata (B). Pairwise comparisons of
alpha-diversity were assessed using Linear Mixed Effect models with age groups as a �xed factor and sampling time as a random factor.
Statistically signi�cant differences are denoted with an asterisk and non statistically signi�cant differences with “ns”.
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Figure 2

PCoA plots computed using Bray-Curtis distances. Each dot represents a microbiome sample and is colored by age group (early
juveniles/juveniles, late juveniles and mature adults) of seabass Dicentrarchus labrax (A) and seabream Sparus aurata (B). Ellipses denote a
95% con�dence for the age group mean.
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Figure 3

Most abundant (≥5%) phyla and genera of the seabass Dicentrarchus labrax (A) and seabream Sparus aurata (B). Distinctive bars represent
relative abundance of each taxa for skin, gill and water microbiomes of studied age group (EJ - early juveniles, LJ - late juveniles, J –
Juveniles, and MA - mature adults), labeled to the lowest taxonomic level possible. Unknown genera are identi�ed as u.g.
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Figure 4

LDA score of differentially abundant enriched pathways in the skin and gill microbiomes of early juveniles (EJ), late juveniles (LJ), juveniles
(J) and mature adults (MA) of seabass Dicentrarchus labrax (A) and seabream Sparus aurata (B). Bios: Biosynhtesis; DUA:
Degradation/Utilization/Assimilation; GPME: Generator of Percursor Metabolites and Energy; MM: Macromolecule Modi�cation.
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Figure 5

Venn diagrams showing the number and percentage of shared ASVs between skin (yellow), gill (pink) and water (blue) microbiomes of the
different age groups for the seabass Dicentrarchus labrax (A) and the seabream Sparus aurata (B).
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