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Summary

1. The close relationships between hosts and their microbiota underlie the current concept

of  holobionts.  This  biological  entity  enlarges  our  perception  of  the  genomic  diversity

supported  by  individuals/species  and  the  potential  abilities  of  hosts  to  respond  to  the

environment. 

2. We investigated a total of 54 specimens of the sofie fish Parachrondrostoma toxostoma

(Pt) for the taxonomic and functional composition of microbiota associated with the skin,

gills and gut tissues.  Five wild populations from the Ardeche and Durance river basins in the

Mediterranean part of the large watershed of the Rhône (Southern France) were compared. 

3. We found that the skin microbiota was more diverse and variable in bacterial community

composition than the gut microbiota. These differences suggest that different deterministic

factors underlie the composition of these bacterial communities, resulting in tissue-specific

variation of the microbiota composition between wild fish populations inhabiting two rivers.

Microbiota diversity and composition differed between wild Pt populations at both regional

and local spatial scales. 

4. Using the Picrust tool, the taxonomic variation of the microbiota composition in the river

fish populations could be associated with the enrichment of predicted metabolic pathways.

In  particular,  carbohydrate  metabolism  was  more  represented  and  xenobiotic

biodegradation pathways less represented in the gut microbiota of Pt populations from the

Ardeche than of those from the Durance.  This result suggests variability in the ability to

acclimate to environmental features through the assimilation of food resources from plants

and the detoxification of xenobiotic components. 



5. This study opens perspectives in the detection of subtle shifts in environmental features

through the description of the microbiota composition, and in the potential prediction of the

functional capacities of species to acclimate.



Introduction

The  microbial  communities  associated  with  macro-organisms  provide  a  large  and

diverse  metagenome  encoding  proteins  with  essential  physiological  functions.  These

communities expand the genomic diversity supported by species and the ability of the host

to respond rapidly to various environmental constraints (Alberdi et al., 2016; Chiarello et al.,

2018).  Indeed,  many  recent  studies  have  shown  that  bacterial  symbionts  are  critical

biological components for host fitness traits, such as development and maturation of the

immune system, or nutrient assimilation and energy metabolism (Fuhrman, 2009; Tremaroli

& Bäckhed, 2012; Gould et al., 2018). Microbial communities are, thus, thought to play key

roles  in  the  exploitation  of  environmental  resources  by  the  host,  and  in  defining  the

ecological  niche  of  the  host  and  its  overall  adaptation  and/or  acclimation  to  local

environmental conditions (Amato et al., 2015, 2018; Alberdi  et al., 2016; Carrier & Reitzel,

2017). Conversely, the environment probably shapes or alters the composition and structure

of  the  microbiota,  resulting  in  differences  between  wild  individuals/populations  with

consequences  for  host  performance  for  various  associated  physiological  functions  (Uren

Webster et al., 2018). The close relationships between hosts and their microbiotas underlies

the definition of a biological  unit  named holobiont  (Bordenstein & Theis,  2015; Sevellec,

Derome & Bernatchez, 2018; Simon et al., 2019). In this new perspective,  the definition of

conservation unit that aims the preservation of the evolutionary processes and the viability

of populations (Fraser & Bernatchez, 2001), is likely to benefit from the characterization of

the  microbiota  composition  differences  and  the  associated  predicted  functions  in  wild

threatened species.

Most  investigations  on  bacterial  symbionts  have  focused  on  the  gut,  but  these

microorganisms  are  present  on  all  mucosal  surfaces,  including  the  skin,  oral  cavity  and



respiratory systems (Ursell et al., 2012). These body sites varies notably by the structure of

epithelia, the type and activity of immune cells and the physico-chemical conditions such as

temperature,  pH  and  oxygenation  (Wilson,  2008).  They  also  differ  by  the  bacterial

colonization processes, which mainly depend from the extent of contact with surrounding

environment. The aquatic organisms such as fish are in continuous contact with bacteria

from  the  surrounding  water,  a  rich  environment  for  microbes  and  favorable  to  their

dispersal.  The freshwater ecosystems are particularly exposed to climate changes affecting

temperature and the water flow regimes, as well as to physical/chemical alterations related

to human activities such as stream channelization or pollutants releasing (Vörösmarty et al.,

2010). Microbial  communities  associated  with  mucosal  tissues  in  fish  species  are  also

exposed to environmental changes and their sensitivity/resistance should play a critical role

in the responses of organism to such disturbances. 

The  three  main  mucosal  tissues  in  teleost  fish  are  the  skin,  gills  and  gut  tissues

(Salinas, 2015). These tissues form different microhabitats within the body, and each harbors

a specific bacterial assemblage (Lowrey et al., 2015; Guivier et al., 2018; Uren Webster et al.,

2018;  Chiarello  et  al.,  2018) that  may  be  associated  with  different  host  physiological

functions. The skin and gills can be considered to be external mucosal tissues coming into

direct contact with bacterioplankton and the surrounding freshwater, which has a number of

specific physical and chemical properties, including pH and oxygen concentration (Sylvain et

al., 2016). These tissues also have essential immune functions, as they constitute the first

line of defense against invading pathogens (Benhamed et al., 2014; Boutin et al., 2014). By

contrast, the gut is considered an internal mucosal tissue, with both ingested freshwater and

food serving as  sources  of  bacteria  (Liu  et  al.,  2016:  meta-analysis  on eight  fish species

belonging to different trophic levels, but see also review on fish gastrointestinal microbiota



in  Wang  et  al. 2018).  The gut  microbiota  has  long been studied for  its  many metabolic

functions,  including vitamin biosynthesis  and nutrient  assimilation  (Tremaroli  & Bäckhed,

2012). Host physiology is also modulate by hormonal status that could explain the difference

in microbiota composition between male and female, as observed in many studies (Bolnick

et al., 2014; Li et al., 2016; Guivier et al., 2018).

In this study, we investigated the variation of microbiota composition associated with

skin, gills and gut of sofie fish, Parachondrostoma toxostoma (Pt), at five separate river sites.

Parachondrostoma toxostoma is an endemic cyprinid species in southern France, which in-

cludes the Rhône, Garonne, and Adour watersheds, but also many other coastal Mediter-

ranean streams (IUCN, 2018). This species has a generalist dietary regime consisting of vari-

able proportions of invertebrates, algae and diatoms, depending on its habitat (Corse, 2010).

The endemicity of this rheophilic cyprinid species,  i.e. with preference for running water

flows, suggests an adaptation to specific environmental conditions. It is particularly relevant

in the Mediterranean region characterized by extreme and rapid changes in climatic condi-

tions (Filipe, Lawrence & Bonada, 2013). We therefore focused on the Pt populations inhab-

iting the Ardeche and Durance river basins, which belong to the Mediterranean part of the

Rhône watershed. These populations are characterized by weak neutral genetic differentia-

tion over this large spatial scale (41 microsatellites, Fst<0.01, in Šimková et al., 2013) but are

subject to very different environmental conditions in these two river systems. The Ardeche is

a river basin with low levels of urbanization and variable and unregulated flow regimes influ-

enced by Mediterranean weather conditions, with a long dry summer season and intense

rainfall in the fall. Climatic conditions are similar for the Durance, but this river basin is heav -

ily managed and drains large urbanized and agricultural areas, with a flow regime strongly

regulated by successive dams and connected man-made canals  (Guivier  et al., 2019). Fur-



thermore,  the Pt  populations of  the Ardeche and Durance basins  use  different  food re-

sources, with the diet of individuals from the Ardeche containing a much higher proportion

of invertebrates, and that of individuals from the Durance containing a higher proportion of

diatoms (Corse et al., 2015). We used high throughput sequencing of 16S rRNA gene to in-

vestigate the  effects  of  these  contrasting  environmental  conditions  and  specific  dietary

regimes on the taxonomic and functional variation of the bacterial communities composition

associated with the skin, gills and gut in these wild Pt populations inhabiting the two river

basins. We hypothesized that the taxonomic diversity and composition of microbiota differ

according to the associated mucosal tissues. In particular, we expected stronger differences

in microbiota composition associated with skin and gills due to higher influence of the exter-

nal environment on these bacterial communities than gut associated microbiota. We also hy-

pothesized that the Pt populations in the 2 river basins would harbor bacterial communities

whose metabolic functions differ and reflect the specific environmental constraints faced in

each basin.

Materials and Methods

Field sampling 

We  sampled  Pt  specimens  from  five  sites  in  two  rivers  from  the  Rhône  basin

(Southern  France):  Buech  (44.344N, 5.771E),  Manosque  (43.874N, 5.878E)  and  Pertuis

(43.668N, 5.493E), (Durance river basin), Rosieres (44.475N, 4.264E) and Saint-Just (44.286N,

4.597E), (Ardeche river basin) (Figure 1). Field sampling was conducted in the summer of

2014 (Durance)  and 2015 (Ardeche).  Specimens were trapped by electrofishing method.

Animals  were  euthanized  by  cervical  dislocation  and  immediately  dissected  with  sterile

materials to sample the three main mucosal tissues: skin (caudal fin), gills and gut (removed



of contents and separated into midgut and hindgut). A piece of each tissue was stored in

95% ethanol at -80°C for further molecular analyses. The reproductive status of the fish was

classified  in  three  categories  as  follows:  sexually  immature,  sexually  mature  male  and

sexually mature female. The study was conducted according to international guidelines for

animal care national protocols, under authorizations 2014-156-0001 and 2015-1426DDT605.

Molecular and bioinformatics pipelines

Bacterial DNA was extracted from each of the tissues sampled, with the Qiagen Food

Mericon kit (Qiagen, Venlo, Netherlands), with a slightly modified version of the protocol de-

scribed by Guivier  et al (2018). Briefly, using sterile materials we isolated a piece of tissue

(bout 5 mg) which was lysed by incubation in 700 µL of Food Lysis Buffer with 3 µl (20 mg/

mL) proteinase K for 3 hours at 56°C. We added 500 µl chloroform, vortexed 15s by pulse,

centrifuged tube sample at 14,000 x g for 15 min and we collected the supernatant. Then,

we added 1.2 mL of PB buffer that was transferred onto silicate column. The sample was

cleaned with 500 µL AW2 buffer and DNA was eluted with 100 µL EB buffer. We amplified a

251  bp  fragment  from the V4 region  of  the bacterial  16S  rRNA gene by  the  dual-index

method of Kozich et al.  (Kozich et al., 2013), with forward (16S-V4F [GTGCCAGCMGCCGCG-

GTAA] and reverse (16S-V4R [GGACTACHVGGGTWTCTAATCC])  primers including 8-bp index

and  Illumina  adapters.  The  combinations  of  tagged-forward  and  tagged-reverse  primers

were specific to each DNA sample amplified, making it possible to reassign sequences at the

end of the total procedure. We performed PCR amplification on 216 samples (four tissues

from each of 54 individuals) from a larger sequencing project including 718 samples, four ex-

traction-negative controls and eight amplification-negative controls. We also duplicated the

amplification of a commercial mock community, the ZymoBiomics microbial community DNA



standard (Zymo Research, Irvine, CA, USA), including a mixture of eight known bacterial taxa.

The conditions for DNA amplification, the purification and pooling of PCR products were as

described by Galan et al. (Galan et al., 2016). Briefly, the DNA amplification was performed

in 5µl of Multiplex PCR kit master mix (Qiagen, ref), 4 µl of combined forward and reverse

primers (2.5 µM) and 2 µl genomic DNA. The initial denaturation at 95°C for 15min was fol-

lowed by 40 cycles including denaturation at 95°C for 20 s, annealing at 55°C for 15 s, and ex-

tension at 72°C for 5 min, followed by a final extension at 72°C for 10 min. The final library

was quantified with the Kapa quantification kit (Kapa Biosystems) and loaded into a MiSeq

(Illumina) flow cell (expected cluster density: 120,000 to 140,000/mm2) with reagent kit v3

(Illumina, 2 × 300 cycles) including 5% Phix DNA. We performed 3 Illumina MiSeq sequencing

runs, and every run contained all 216 samples that were analyzed in this study in order to in -

crease sequencing depth. For two runs we performed the library preparation, and the third

run was simply a sequencing rerun of one of these library preparations (see Supplementary

File S1).  

Independently for each of the three high-throughput runs, we performed denoising,

and assembly independently with the R package Dada2 (Callahan et al., 2016, see detailled R

script  in  Supplementary  File  S2).  The  procedure  began  with  a  filtering  and  trimming  of

sequences on the basis of quality scores (specific filtering parameters: truncLen=c(240,160),

maxN=0, maxEE=c(2,2), truncQ=2). We then considered independent error models defined

in  Dada2  on  the  basis  of  106 forward  and  reverse  sequences.  Using  these  models  we

performed  the  correction  procedure  independently  for  forward  and  reverse  sequences

before merging sequences with a minimum 100 bp overlap and no mismatch accepted. We

removed potential artefactual sequences due to poor quality of assembly and outside the

expected length range of 241 to 261 bp (less and more 4% sequence length variation). In the



final  step,  we removed chimeric  sequences with the  removeBimeraDenovo  function (see

detailed of number of reads retained at each step in Supplementary File S3). 

We checked the repeatability of the molecular and bioinformatics procedures, based

on the correlation of alpha diversity estimates within and between sequencing runs. We

therefore estimated Shannon and phylogenetic diversity indices for each run, based on a

rarefaction procedure with a depth of 5,000 randomly sampled sequences. We detected

strong correlations between runs for alpha diversity estimates (Shannon: Pearson’s R>0.98,

P<0.01; phylogenetic diversity: Pearson’s R>0.91, P<0.01) and between PCR duplicates within

runs (Shannon: Pearson’s R>0.99, P<0.01; phylogenetic diversity: Pearson’s R>0.97, P<0.01).

we detected between 0 and 5053 sequences from extraction- and amplification-negative

controls,  and  between  0  and  22  sequences  were  assigned  to  unused  tagged-primers

combinations but that have still been detecting at the demultiplexing step (Supplementary

Files S4, S5, S6). We detected between nine and ten variants assigned to the eight bacterial

taxa expected (100% of sequences matched the expected taxa, Supplementary Figure S1) in

samples corresponding to the taxonomic composition of mock community DNA standard,

with exception of one on eight mock samples showing ten sequences on 32,159 not assigned

to the expected taxa. The relative abundance of taxa between observed and expected was

correlated  with  0.81<R²<0.96  (Supplementary  Figure  S1).  Based  on  these  validation

procedures,  we  merged  variants/sequences  of  replicated  samples  between  the  three

sequencing runs. We used the silva v132 database to assign each variant (Quast et al., 2013)

using the naïve Bayes method  (Wang  et al., 2007) implemented in Qiime2  (Bolyen  et al.,

2018).  We  retained  only  variants  assigned  to  the  Eubacteria  kingdom,  and  removed  all

variants  classified  as  chloroplast  or  mitochondrial  sequences.  For  the  216 samples,  we

obtained  a  total  of  9,659,798  sequences  corresponding  to  19,995  amplicon  sequence



variants (ASVs) (distribution of the number of reads per individual, Supplementary Figure

S2).  We  generated  a  phylogenetic  tree  from  the  variants,  using  the  FastTree  algorithm

implemented  in  Qiime2  (Price,  Dehal  &  Arkin,  2010).  We  normalized  the  results  by

rarefaction  of  the  variants  to  10,000  sequences/sample,  a  value  choice  based  on  the

sequencing depth distribution and the plateau observed for this value on alpha diversity

rarefaction  curves  using  the  Shannon  index  and  phylogenetic  diversity  (Supplementary

Figure S2 and S3). This procedure retained 201 of the 216 samples (93%). Further taxonomic

diversity estimates and analyses were based on this rarefied table. 

 We also investigated the functional pathways predicted to be associated with the

taxonomically characterized microbial communities, with the Picrust bioinformatic pipeline

(Langille  et al.,  2013), deleting the 16S copy normalization step which remains a debated

correction  procedure  inducing  potential  biases  (Louca,  Doebeli  &  Parfrey,  2018).  We

assigned ASV to the closest clustering OTU (97% similarity, as described by Langille  et al.

2013) from the Greengenes v13.5 database. We filtered the OTU table obtained by retaining

OTUs assigned to the Eubacteria kingdom but removing OTUs classified as chloroplast  or

mitochondrial  sequences.  We  normalized  the  sequencing  depth  between  samples  by

performing a rarefaction procedure as  for  the taxonomic analysis,  resulting in a random

10,000 sequences/sample, which limited the dataset to  177 of the 216 samples (82%), as

some ASVs have not been assigned to Greengenes OTUs. Using the open Galaxy platform,

we  performed  Picrust  analyses  to  assign  OTUs  to  the  closest  known  genome;  we  then

multiplied OTU occurrences by the genome-associated KEGGs  (Langille  et  al.,  2013).  The

pipeline estimated the quality of the prediction by calculating the nearest sequenced taxon

index (NSTI) score based on the length of the branch between the OTU and the bacterial

reference genome. The final procedure involved classifying KEGGs by level 2 function.  We



focused on the 12 KEGG functional pathways classified as belonging to the “Metabolism”

pathway (level 1) and accounting for a mean of 58% of KEGGs.

Statistical methods

Taxonomic variation of microbiota composition

We  estimated  the  alpha  diversity  of  the  microbial  community  by  calculating  the

Shannon  index  and  phylogenetic  diversity  (PD)  for  each  sample.  We  hypothesized  that

environment  would  have  different  effects  on  microbial  community  diversity  in  different

tissues. To examine the effect of environment on the community diversity, we built for each

alpha index an independent linear mixed model (LMM) including river, tissue and the river x

tissue  interaction  as  fixed  factors,  and  site  and  individual  as  random  factors.  We  also

included reproductive status in each model as an adjusted factor.  We log-transformed PD

data to meet the normality and heteroscedasticity assumptions of LMMs. The significance of

the  effect  of  explanatory  variables  was  assessed  with  type  III  sums  of  squares  and

Satterthwaite approximation of the number of degrees of freedom.

We  estimated  beta  diversity  by  calculating  the  dissimilarity  distance  between

microbial communities in the form of the Bray-Curtis index based on the composition of

ASVs, and unweighted UniFrac based on the fraction of the total phylogenetic branch length

unique or common to the communities considered  (Lozupone & Knight,  2005).  For each

index, we performed principal coordinate analyses (PCoA) in which microbiota were ordered

along axes maximizing the variance between statistical units (Paliy & Shankar, 2016).  

The  shaping  of  microbial  community  composition  by  strong  deterministic  factors

should result in a lower dispersion from the centroid of the factor group considered.  We

hypothesized that the strength of the deterministic factors shaping microbiota composition



would differ between mucosal tissues. We tested the homogeneity of dispersion from the

centroid  between  tissues  by  performing analyses  of  multivariate  homogeneity  of  group

dispersions using the betadisper function of the vegan package (Oksanen et al., 2016) of R (R

Core Team, 2016) for Bray-Curtis and unweighted UniFrac indices, with significance based on

10,000  permutation  tests.  We  performed  pairwise  post-hoc  permutation  tests  for  each

comparison between tissues and applied the FDR correction procedure to adjust the p-value

(Benjamini & Hochberg, 1995). 

We  investigated  the  environmental  factors  structuring  these  compositional

dissimilarities by performing Permanova (Adonis function in the R package vegan,  Oksanen

et  al.,  2016) independently  for  each  dissimilarity  distance  and  including  the  factors

reproductive status, tissue, river, site and the river x tissue interaction. The significance of

pseudo-F estimates was determined with a 10,000-permutation procedure.

We investigated  the  differences  in  the  taxonomic  composition  of  the  microbiota

between the Pt populations from the two river basins. We explored taxonomic variation by

assigning ASVs at phylum level, the highest level of taxonomic classification in the Eubacteria

kingdom and, therefore, the highest level at which differences in the relative abundance of

taxa  could  be  detected.  Independently  for  each  tissue,  we  performed  an  analysis  of

composition (ANCOM) in Qiime2 to investigate differences in the microbiota compositions of

Pt populations from the two (Bolyen et al., 2018). ANCOM decreases the false discovery rate

by calculating the abundance of each taxon relative (log ratios) to all the other taxa present

within the microbial  community,  and can be used to assess differences in ratio between

groups (Mandal et al., 2015; Weiss et al., 2017). The W value indicates, for each taxon, the

number of log ratios significantly different between populations from the two rivers.



Predicted functional variation of microbiota composition

We  explored  differences  in  the  predicted  functional  metabolic  pathways  of  the

microbiota from different mucosal tissues between Pt populations in these environments.

We  hypothesized  that  the  Pt  populations  of  each  river  harbored  host  microbiotas  with

different metabolic profiles. For each tissue, we used STAMP software (Parks et al., 2014) to

perform Welch’s  t tests followed by correction by the FDR procedure for multiple testing

(Benjamini & Hochberg, 1995), to detect metabolic functions differentially represented in

the microbiotas of Pt populations between the two rivers. 

Results

Differences in the taxonomic diversity and composition of microbiotas 

We detected an effect of river, but this effect was dependent on the associated tissue

considered (Shannon: LMM, river x tissue interaction, F=12.1, p<0.01; PD: LMM, river x tissue

interaction,  F=14.2,  p<0.01,  Table  1).  This  interaction  corresponds  to  higher  levels  of

microbiota diversity associated with the skin, midgut and hindgut in Pt populations from the

Durance  than  in  those  from  the  Ardeche,  and  the  opposite  pattern  for  the  microbiota

associated with gills (Supplementary Table S1). Interestingly, we observed a general trend

towards  an  increase  in  microbiota  diversity  moving  downstream  along  each  river,  with

different degrees of variation in mucosal different tissues, except for the midgut, in which

bacterial diversity was lower in Pt populations from Buech (upstream Durance) than in those

from Pertuis (downstream Durance) (Figure 2). We assessed the significance of this effect by

comparing the LMMs with and without site as a random factor by ANOVA. We detected a

significant effect of site for the PD index (ANOVA, χ²=5.94, p=0.01) but not for Shannon index

(ANOVA, χ²=0.86, p=0.35). 



 We explored the total range of environmental variation of microbiota structure for

each of the associated mucosal tissues. Significant differences in distance to the centroid

based on  Bray-Curtis  dissimilarity  were  found between tissues  (Bray-Curtis:   analyses  of

multivariate  homogeneity  of  group  dispersions,  F=6.38,  p<0.01).  In  particular,  the

microbiotas of external tissues (i.e. skin and gills) were characterized by a higher distance to

their  centroid  than  those  of  internal  tissues  (i.e.  midgut  and  hindgut  tissues;  pairwise

permutation test, skin/gills vs. midgut/hindgut p<0.05). This pattern was also detected based

on  unweighted  UniFrac  distance  to  the  centroid  but  only  with  the  skin  microbiota

composition  compared  to  gut  microbiota  composition  (midgut  and  hindgut)  (pairwise

permutations test, skin vs. midgut/hindgut p<0.05). 

Microbiota composition dissimilarities differed significantly between rivers, according

to the associated tissues (Bray-Curtis:  Permanova, river x tissue interaction, pseudo-F=6.60,

R²=0.06, p<0.01, Table 2, Figure 3). However, even if significant, we noted that the variance

explained  (R²  values)  by  the  river  x  tissues  interaction  are  low  suggesting  that  others

unknown factors affect the difference in microbiota composition. Observation of the PCoA

graphs highlighted a strong effect of river on skin- and midgut-associated microbiotas, but a

much  weaker  effect  of  river  for  the  microbiotas  of  the  gills  and hindgut,  whatever  the

dissimilarity  index (Figure 3,  S4).  We also detected an important  influence of  site (Bray-

Curtis:  Permanova,  site,  pseudo-F=5.48,  R²=0.05,  p<0.01,  Table  2),  again  highlighting the

effect of local environment on microbiota composition and structure. Similar results were

obtained based on unweighted Unifrac distance (Table S2). We therefore explored, for each

tissue,  the dissimilarity  of  microbiota  structure  between  each  pair  of  sites,  in  pairwise

Permanova with FDR-based correction for multiple testing  (Benjamini & Hochberg, 1995).

For each tissue, we detected a consistent pattern of microbiota differentiation between pairs



of sites from different rivers (Bray-Curtis: Permanova,  p-value <0.05, Table 3, Figure 4). We

then distinguished between the two populations in the Ardeche for each tissue-associated

microbiota  (Bray-Curtis:  Permanova,  FDR-  p-value  <0.05).  Similar  results  were  obtained

based  on  unweighted  unifrac  distance  (Supplementary  Table  S3  and  Figure  S5).  In  the

Durance,  each  pair  of  sites  differed  significantly  in  terms  of  microbiota  composition

dissimilarity except for the gill-associated microbiotas of the neighboring populations from

Buech and Manosque according to Bray-Curtis dissimilarity (pairwise Permanova, adjusted

p=0.50, Table 3), and for the hindgut-associated microbiotas composition of the populations

from Manosque and Pertuis, for which the two dissimilarity indices gave inconsistent results

(hindgut,  Bray-Curtis, pairwise Permanova,  adjusted  p=0.11, Table 3; midgut,  unweighted

UniFrac: pairwise Permanova, 10,000 permutations, adjusted p=0.06, Table S3).

 By performing ANCOM between the two river basins independently for each tissue,

we were able to detect the variation of the relative abundance of several phyla within the

microbial community. This variation concerned different phyla in different mucosal tissues

(Figure  5).  Skin-associated  microbiotas  differed  between  rivers,  with  a  higher  relative

abundance of Deinococcus-Thermus in the Ardeche (W=45). Gill-associated microbiotas in

the Ardeche were characterized by a higher relative abundance of Cyanobacteria than those

of the populations in the Durance (W=32). Interestingly, although there was no significant

difference in abundance between river basins, the gill-associated microbiota displayed a high

relative abundance of the pathogen Candidatus piscichlamydia from the phylum Chlamydiae

(Figure  S6).  Both  midgut  and  hindgut  microbiotas  had  higher  relative  abundances  of

Cyanobacteria, Firmicutes and Fusobacteria (W>28) in populations from the Ardeche than in

populations from the Durance, whereas populations from the Durance displayed enrichment

in  Actinobacteria  and  Tenericutes  (W>27).  The  relative  abundance  of  Planctomycetes



(W=25) was also higher in the hindgut of Pt populations from the Durance than in those

from the Ardeche. 

Differences in the predicted metabolic function of microbiota between Pt populations from

the two river basins

We defined the predicted functional composition of the microbiota with the Picrust

pipeline, resulting in a mean NSTI score of 0.10 ± 0.03, making it possible to provide accurate

information  about  the  predicted  function  of  the  various  tissue-associated  microbiotas

(Langille et al., 2013). 

 We  identified  several  predicted  metabolic  pathways,  categorized  to  level  2,  as

differentially represented in the microbial communities associated with the skin, midgut and

hindgut (Figure 6) between the two rivers. We detected no significant difference in predicted

metabolic pathways in gill-associated microbiotas between populations from the two rivers

(adjusted  p>0.05). For the skin microbiota, we detected enrichment in glycan biosynthesis

and  metabolism  and  energy  metabolism  in  Pt  populations  from  the  Durance,  and

enrichment in amino-acid metabolism in Pt populations from the Ardeche. Observation of

the  PCoA  plot  obtained  with  STAMP  (Figure  S7),  revealed  the  presence  of  an  outlier

corresponding  to  a  midgut-associated  microbiota  from  an  individual  from  Pertuis.  We

removed  this  outlier  from  subsequent  function-predicting  analyses.  We  identified,

consistently  in  midgut-  and  hindgut-associated  microbiotas,  nine  functional  pathways

differing significantly in importance between Pt populations from the two rivers (adjusted

p<0.05).  Specifically, we detected an effect for carbohydrate metabolism enrichment in the

Ardeche  (midgut:  Ardeche:  mean=22.2  +/-std.  dev=0.89,  Durance:  mean=20.3%  +/-  std.

dev.=0.6, adjusted p<0.01) and amino-acid metabolism enrichment in the Durance (midgut:



Ardeche:  mean=19.4  +/-0.4,  Durance:  20.5  +/-0.4,  adjusted  p<0.01).  We  also  noted

enrichment in predicted xenobiotic biodegradation and metabolism in Pt populations from

the Durance relative to the Ardeche (midgut: Ardeche: mean=4.8 +/-0.1, Durance: mean=5.8

+/-0.7, adjusted p<0.01)). Finally, we detected an enrichment in the predicted metabolism of

cofactors and vitamins in midgut microbiotas from populations in the Ardeche (Ardeche:

mean=9.3 +/-0.1, Durance: mean=9.0 +/-0.3, adjusted p<0.05), and glycan biosynthesis and

metabolism in hindgut microbiotas from populations in the Durance (Ardeche: mean=4.5 +/-

0.3,  Durance:  mean=4.8  +/-0.2,  adjusted p<0.05).  Although significant,  we note  that  the

variation  in  the  relative  abundance  of  the  predicted  metabolic  functions  between

populations from the two rivers were slight in magnitude (Figure 6). 

Discussion

Our study highlighted the variation of microbiota diversity, composition and structure

among five wild populations of a cyprinid species, according to the nature of the associated

mucosal tissues. Consistent with our hypotheses, we showed that the skin microbiota was

more diverse and variable in composition than the gut microbiota, as previously reported by

Guivier  et al. (2018) for Pt and other fish species such as the rainbow trout  Oncorhynchus

mykiss (Lowrey et al., 2015) or the tambaqui Colossoma macropomum (Sylvain et al., 2016).

This  pattern  suggests  differences  in  the  factors  determining  the  composition  of  these

bacterial  communities.  We  found  that  the  environmental  conditions  characterizing  the

spatial  scales  from  the  river  basin  to  local  sites  structured  the  taxonomic  diversity  and

composition of the microbiota, from ASV to phylum level. Moreover, as hypothesized, the

differences in the microbiota composition of Pt populations from rivers were associated with

specific  predicted metabolic  pathways,  such as  carbohydrate  metabolism and xenobiotic



biodegradation  in  the  midgut  microbiota.  We  speculate  that  such  predicted  functional

differentiation, although slight in magnitude, may reflect local adaptation to the assimilation

of plant-diet resources and exposure to pollutants, respectively. 

Tissue-specific microbiota compositional variation

Consistent with the first description of microbiota diversity in Pt (Guivier et al., 2019),

we were able to distinguish between the bacterial communities associated with the skin, gills

and gut. In this study, over a larger spatial scale, the most important discriminating factor for

microbiota  composition  remained  the  nature  of  the  associated  tissues,  with  strong

differentiation between the external and internal tissues, which was particularly pronounced

for the phylogenetic dissimilarity index based on the presence/absence of specific bacterial

lineages. Such patterns could be explained mostly by the extent of contact with sources of

bacteria in the surrounding environment. The skin and gills are in direct contact with the

surrounding water flow, and the associated microbial communities probably reflect for one

part the bacteriological composition of the water flowing over these surfaces (Pratte et al.,

2018; Uren Webster et al., 2018; Tarnecki et al., 2018). Indeed, Tamecki et al. (2018) showed

that, in common snook, Centropomus undecimalis, the composition of the skin microbiota in

released  hatchery-reared  juveniles  rapidly  converged  on  the  bacterial  community

composition of the water at the release site. By contrast, the gut microbiota is known to be

strongly  influenced  by  dietary  regime,  directly  by  the  source  of  bacteria  colonizing  the

epithelium of the digestive tract, but also indirectly by nutrients favoring specific bacteria or

by the modulation of host physiology (see review Wang et al., 2018).

The bacterial communities associated with the skin were the most variable between

the  wild  Pt  populations  studied.  The  skin  microbiota  was  characterized  by  greater

compositional variation than the mid- and hindgut microbiota, suggesting a high sensitivity



of cutaneous bacteria to environmental conditions. The plasticity of the skin microbiota has

been  investigated  experimentally  in  the  tambaqui  fish,  Colossoma  macropomum,  in

response to a fall  in pH  (Sylvain  et  al.,  2016).  Within a  few days  of  the pH change,  the

authors  detected  a  rapid  and  prolonged  change  in  the  taxonomic  structure  of  the  skin

microbiota that was more pronounced than that  in the gut microbiota,  revealing both a

higher sensitivity and a weaker resilience of these skin bacterial communities. By contrast,

the composition of the gut microbiota results from selective processes involving host feeding

behavior  (i.e.  the food resources ingested from those available in the environment) and

stringent abiotic conditions, such as low pH and anaerobia, which constrain the range of

bacteria able to colonize and grow in these tissues (Donaldson, Lee & Mazmanian, 2015; Yan

et al.,  2016). However the relative roles of microbe-microbe, host-microbe and microbe-

environment interactions, which shape the sensitivity/resistance of microbiota in response

to the external environment, remain to be investigated. 

Microbiota compositional variation at different spatial scales

The diversity and taxonomic composition of the microbiotas of wild Pt populations,

regardless of the associated tissue considered, varied over a large spatial scale and was char-

acteristic of river systems. We were able to distinguish between the microbiota composition

of wild Pt populations from the Ardeche and Durance river basins. The taxonomic differenti-

ation of the microbiota composition was particularly strong for skin and midgut tissues. The

Ardeche and Durance differ in terms of many climatic, geological, hydrological and ecological

features. In particular, the Ardeche river basin, in the Mediterranean region, is little man-

aged by anthropogenic structures and is characterized by changes in flow regime, with sud-

den floods in the fall and long periods in which water volume remains low during the sum -



mer.  By  contrast,  the  Durance  river  basin  is  geographically  situated  in  the  Alpine  and

Mediterranean  climatic  regions,  with  a  large  positive  temperature  gradient  from up-  to

downstream (Corse et al., 2015). The Durance River is heavily managed, with its water flow

regulated by successive dams and weirs that buffer climatic changes and maintain a mini-

mum flow depth, particularly during long dry periods in summer. These environmental fea-

tures probably influence the bacterioplankton, the renewed suspension of sediments and

the local food resources affecting the sources of the bacteria colonizing tissues. We high-

lighted the greater abundance of Deinococcus-Thermus (genus Deinococcus, accounting for

up to 90% of bacteria) in the skin microbiota of Pt from the Ardeche than in those from the

Durance. Deinococcus is an aerobic bacterium known to be resistant to UV irradiation, with

an optimal growth temperature of 25°C to 35°C (Brooks & Murray, 1981). These favorable

conditions are achieved when the river is shallow during the hot summers of the Ardeche

(until 29°C at Rosieres in 2015, personal observation), whereas the reserved flow regimes

managed by dams in the Durance may limit the increase in water temperature during the

summer. Moreover, the higher abundance of Cyanobacteria in the gill  microbiota of fish

from the Ardeche populations than in that of fish from the Durance, is also consistent with

our hypothesis of thermal differences between the two rivers. Characterization of the gut

microbiota provided clues to the dietary regimes and ecological features of wild Pt popula-

tions. Corse et al. (2015) showed that Pt populations from the Ardeche and Durance differed

in their feeding habits, with a mixed regime in the Ardeche, including an important propor-

tion of invertebrates (40% of the specimen are invertebrate eaters) that decrease to less

than 5% in the diet of populations from the Durance. Consistent with these previous find-

ings, we detected a clear differentiation of the midgut microbiota between populations from

the two river basins, with a higher abundance of Fusobacteria (genus  Cetobacterium) and



Firmicutes (family Erysipelotrichaceae) in the Ardeche than in the Durance. The presence of

Cetobacterium has been observed dominant in carnivorous fish (Liu et al., 2016; Hao et al.,

2017a; Kashinskaya et al., 2018), and this bacterium is known to synthesize large amounts of

vitamin B12 and to play an important role in host immune activation (Liu et al., 2016; Hao et

al., 2017b a). By contrast, Erysipelotrichaceae is associated with a plant-based diet and the

need to digest complex polysaccharides (Liu et al., 2016; Hao et al., 2017b a). The abundance

of these two taxa in the gut microbiota is consistent with previous descriptions of a mixed di-

etary regime in Pt populations from the Ardeche. The reasons for the high abundance of

Tenericutes (genus  Mycoplasma)  in the gut  microbiota of  populations from the Durance

(Holben et al., 2002; Bano et al., 2007; Xing et al., 2013), remains less clear as the presence

of this taxon has not been associated with specific feeding habits (Holben et al., 2002; Bano

et al., 2007; Xing et al., 2013). 

Microbiota diversity and composition in wild Pt populations varied within both rivers,

and we observed a general trend towards an increase in microbiota diversity from up- to

downstream. Read  et al. (2015) reported a similar  pattern across  the basin of  the River

Thames (UK) with an increasing diversity of bacterioplankton with dendritic distance (i.e.

network  distance  from  upstream),  and  a  gradual  succession  of  the  composition  of  the

bacterial  community  in  the water.  The  shift in  the  diversity  of  the  bacterial  community

associated  with  the  skin  from Manosque  to  Pertuis  may  result  at  least  partly  from the

confluence with the Verdon River,  the main tributary  of  the Durance,  between the two

sampling sites. Further investigations are required to evaluate the relative importance of the

selective  processes  acting  between  the  bacterioplankton  and  the  skin  microbiota.  The

differences in microbiota composition between pairs of sites highlighted the effect of local

environmental  conditions  on  the  shaping  of  bacterial  communities.  For  instance,  we



observed the pathogen Candidatus piscichlamydia, from the phylum Chlamydiae, in the gill

microbiotas of individuals from different sites. This bacteria accounted for up to 84% of the

bacteria associated with gills.  Candidatus piscichlamydia causes epitheliocystis inclusions in

the gills and has been already detected in salmonid and cyprinid species (Draghi et al., 2004;

Sellyei, Molnár & Székely, 2017).  Chlamydia-like pathogens have recently been detected in

wild  Salmo trutta in the Upper Rhône  (Guevara Soto  et al.,  2016) and its detection in Pt

opens the need for further epidemiological investigations. 

Microbiota compositional variation with predicted metabolic function

We  explored  the  relationship  between  the  microbiota  taxonomic  dissimilarity

observed  between  populations  from  the  Ardeche  and  the  Durance  and  enrichment  in

predicted functional metabolic pathways. Despite the taxonomic dissimilarity between the

gill  microbiotas  of  the  populations  from  the  two  rivers,  we  detected  no  difference  in

metabolic profiles. By contrast, the skin microbiota was characterized by an enrichment in

three metabolic pathways that differed between the river basins, and particularly with an

enrichment in amino-acid metabolism in the Ardeche relative to the Durance. Interestingly,

this metabolic pathway influences the activation of immune responses and would therefore

be expected to be involved in key functions of  host  immune defense against  pathogens

colonizing cutaneous tissues (Li  et al., 2007). The midgut and hindgut microbiota displayed

the  highest  degree  of  functional  differentiation  between  the  two  rivers.  The  functional

patterns  of  the  two segments  of  gut  were similar,  with  nine  of  10 metabolic  pathways

displaying enrichment common to both tissues. In particular, we observed an enrichment in

carbohydrate  metabolism  in  the  gut  of  populations  from  the  Ardeche  relative  to  the

Durance. The variation of this metabolic pathway, which is critical for the degradation of

complex polysaccharides present in plants and algae (Liu et al., 2016), is consistent with the



proportion of plant material in the dietary regime of Pt populations from the Ardeche. It

indicates that Pt from Ardeche could compensate the reduced proportion of plant in diet by

assimilating and metabolizing more efficiently such foods. Conversely, the gut microbiota of

populations in the Durance was characterized by an enrichment in amino-acid metabolism,

which is involved in host immune functions (Li et al., 2007), and higher levels of xenobiotic

biodegradation. The response to xenobiotic components appears particularly relevant in the

urbanized context of the Durance with many industrial and agricultural activities potentially

exposing aquatic organisms to pollutants.  However, the accuracy of  the method used to

predict  the  metabolic  functions  associated  with  microbiota  remains  limited  by  available

reference genomes, particularly for poorly known microbiomes. Increasing characterization

of  the  microbiomes,  particularly  in  wildlife,  should  improve  our  ability  to  predict  the

functional characteristics of microbiotas and therefore of the holobiont to environmental

constraints.

Our study highlighted the tissue-specific variation in the diversity and composition of

the microbiota between five wild fish populations inhabiting two rivers. Different host and

environmental  determinants,  such  as  dietary  regimes  or  water  temperature,  shape

differently the microbiota composition associated with tissues. In particular, as expected, we

showed a higher taxonomic variation in the microbiota composition associated with skin

compared to others tissues.

Data  accessibility:  Study,  Samples  and  Sequence  reads  are  available  in  the  ENA  public

database  (https://www.ebi.ac.uk/ena/).  Accession  number:  Study (PRJEB33555),  Samples

(ERS3605204-ERS3605419), Sequences reads: Run1 (ERR3458554-ERR3458769), Run2 (ERR3460030-

ERR3460245), Run3 (ERR3460247-ERR3460462).

https://www.ebi.ac.uk/ena/
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Figures legend

Figure  1. Map  of  the  sampling  sites  along  the  Durance  and  Ardeche  River.   Black  bars

represents major dams and blue lines the main canals connected to rivers. The number of

individual sampled (N) is indicated for each site.

Figure  2. Alpha  diversity  A)  Shannon  B)  Phylogenetic  Diversity  indices  of  microbiota

associated with tissues. Each dot represents a sample (mean ± SE). skin (red), gills (orange),

midgut (darkblue) and hindgut (lightblue). Bar and error bars represents mean ± SE for each

tissues in each site.

Figure 3. Principal coordinates analysis exploring the effect of tissues and river on the Bray-

Curtis distance of microbiota composition. We present the three dimension plot of PCoA

analysis performed on Qiime2. Each point corresponds to one microbiota sample colored

following the 4 mucosal  tissues: skin (red),  gills (orange),  midgut (darkblue),  and hindgut

(lightblue). Filled dots correspond to samples from Ardeche River and rings to samples from

Durance River.

Figure 4. Principal coordinates analysis exploring the effect of river and sites on the Bray-

Curtis distance of microbiota composition. We present the two first axes of independent

PCoA analyses performed A) skin B) gills C) midgut and D) hindgut. Each point corresponds to

one  microbiota  sample  colored  following  Buech  (darkblue),  Manosque  (blue),  Pertuis

(lightblue), Rosieres (darkgreen) and St-Just (lightgreen). Filled dots correspond to samples

from Ardeche River and rings to samples from Durance River.

Figure 5. Cumulative bar charts  of  main bacterial  phyla present  in mucosal  tissues of  P.

toxostoma  in each sites sampled. Percentages show the mean relative abundance of each

phylum by tissues and sites.



Figure  6.  Variable  functional  metabolic  pathway  of  a)  skin,  b)  midgut  and  c)  hindgut

microbiota between populations from Ardeche and Durance River. Only significant metabolic

pathways are listed and sorted by their effect size. Standard deviation is represented on

each bar subplot. Colors corresponds to samples from Pt populations of Ardeche (green) and

Durance (blue). 

Supplementary figures legend

Figure S1.  Mock microbial  community  Dna standard.  Cumulative bar  charts  showing the

mean  relative  abundance  of  expected  taxon  in  Zymo  Dna  standard  and  observed  in

amplification 1 and 2 (Mock-1 and Mock-2) for each Run.

Figure S2. Sequencing depth distribution by sample. Bars represent the number of reads for

each sample.

Figure S3. Rarefaction curves for A) Shannon and B) Phylogenetic Diversity indices from 1000

to 15000 reads by samples with 10 iteration by step.

Figure  S4. Principal  coordinates  analysis  exploring the effect  of  tissues  and river  on the

unweighted Unifrac distance of microbiota composition. We present the three dimension

plot  of  PCoA analysis  performed  on  Qiime2.  Each  point  corresponds  to  one  microbiota

sample colored following the 4 mucosal tissues: skin (red), gills (orange), midgut (darkblue),

and hindgut (lightblue). Filled dots correspond to samples from Ardeche River and rings to

samples from Durance River.

Figure  S5. Principal  coordinates  analysis  exploring  the  effect  of  river  and  sites  on  the

unweighted Unifrac distance of microbiota composition. We present the two first axes of

independent PCoA analyses performed A) skin B) gills C) midgut and D) hindgut. Each point

corresponds  to  one  microbiota  sample  colored  following  Buech  (darkblue),  Manosque



(blue),  Pertuis  (lightblue),  Rosieres  (darkgreen)  and  St-Just  (lightgreen).  Filled  dots

correspond to samples from Ardeche River and rings to samples from Durance River.

Figure S6. Individual relative abundance of the pathogen  Candidatus Piscichlamydia sp. in

microbiota associated with gills after a 10,000 rarefaction procedure. Each dotcorrespond to

one sample in the different sites.

Figure  S7. Principal  coordinates  analysis  on  metabolic  functional  pathways  of  midgut

microbiota.  The  figure  includes  only  samples  with  more  than  10000  reads  assigned  to

Greengenes OTU. Three first axes are represented, each dot corresponds to a sample from

Durance (blue) and Ardeche (green). We detect an outlier corresponding to a sample from

Pertuis (Durance).

Supplementary files 

File  S1.  Metadata  file.  Tab-separated  text  file  detailing information on each sample  and

controls.

File S2. R script of Dada2 pipeline.

File S3. Summary of reads retained for sample at each step of Dada2 pipeline for Run1, Run2

and Run3. 

File S4. Qiime2 file corresponding to cumulative bar chart for controls of Run1. Interactive

file  .qzv  is  readable  on  https://view.qiime2.org/.   Controls  without  reads  are  not

represented.  “Blanc-”:  extraction  control,  “T-“:  PCR  control  and  “empty-“:  unused

combinations of tagged-primers.

File  S5. Qiime2 file  corresponding cumulative bar  chart  for  controls  of  Run2.  Interactive

file  .qzv  is  readable  on  https://view.qiime2.org/.   Controls  without  reads  are  not

https://view.qiime2.org/
https://view.qiime2.org/


represented.  “Blanc-”:  extraction  control,  “T-“:  PCR  control  and  “empty-“:  unused

combinations of tagged-primers.

File  S6.  Qiime2 file  corresponding cumulative bar  chart  for  controls  of  Run3.  Interactive

file  .qzv  is  readable  on  https://view.qiime2.org/.   Controls  without  reads  are  not

represented.  “Blanc-”:  extraction  control,  “T-“:  PCR  control  and  “empty-“:  unused

combinations of tagged-primers.

https://view.qiime2.org/


Fixed factors Df F value p value Df F value p value

reproductive status 2 3.72 0.03 2 6.21 <0.01

river 1 0.62 0.48 1 0.47 0.54

tissues 3 53.44 <0.01 3 33.03 <0.01

river:tissues 3 12.12 <0.01 3 14.16 <0.01

Table 1. Summary of linear mixed models of alpha diversity variation of microbiota. The models including

the fixed factor reproductive status, river, tissus and river : tissus and the random factors identity and sites

were performed independently on Shannon and Phylogenetic diversity indices. 

Shannon Phylogenetic Diversity



Terms added sequentially Df pseudo-F R² p value

reproductive status 2 4.93 0.03 <0.01

tissues 3 12.57 0.13 <0.01

river 1 18.18 0.06 <0.01

site 3 5.48 0.05 <0.01

tissues : river 3 6.60 0.06 <0.01

Table 2. Permanova exploring the effect of reproductive status, tissues, river, site and

tissues x river interaction on dissimilarity distances between microbiota compositions.

The model was performed on Bray-Curtis distance matrices. The terms were added

sequentially and tested on pseudo F value and random distribution estimated after

10,000 permutations.

Bray-Curtis



A) Skin

Sites Rosieres Buech Manosque Pertuis

Buech <0.010 - - -

Manosque <0.010 <0.010 - -

Pertuis <0.010 <0.010 <0.010 -

St-Just <0.010 <0.010 <0.010 <0.010

B) Gills

Sites Rosieres Buech Manosque Pertuis

Buech <0.010 - - -

Manosque <0.010 0.501 - -

Pertuis <0.010 0.013 <0.010 -

St-Just <0.010 <0.010 <0.010 <0.010

C) Midgut

Sites Rosieres Buech Manosque Pertuis

Buech <0.010 - - -

Manosque <0.010 <0.010 - -

Pertuis <0.010 <0.010 0.015 -

St-Just <0.010 <0.010 <0.010 <0.010

D) Hindgut

Sites Rosieres Buech Manosque Pertuis

Buech <0.010 - - -

Manosque <0.010 <0.010 - -

Pertuis <0.010 <0.010 0.107 -

St-Just 0.043 <0.010 <0.010 <0.010

Table 3. Post-hoc pairwise permanova of microbiota diisimilarity 

based on bray-curtis index between sites for each tissues. Matrices A) 

skin, B) Gills, C) Midgut, D) Hindgut, indicated p values associated to 

each pairwaise permanova and corrected through Benjamini & 

Hochberg procedure.
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A) Shannon

Estimate Std. Error df t value Pr(>|t|)

(Intercept) 6.702 0.527 10.820 12.713 <0.001

rep.status sexually_immature -0.706 0.456 50.990 -1.547 0.128

rep.status  male -1.043 0.393 48.660 -2.652 0.011

river Durance 1.403 0.596 6.860 2.355 0.051

tissues gills -0.883 0.388 142.400 -2.275 0.024

tissues hindgut -2.458 0.388 142.400 -6.333 <0.001

tissues midgut -2.761 0.409 143.680 -6.758 <0.001

river Durance : tissues gills -2.917 0.532 148.010 -5.489 <0.001

river Durance : tissues hindgut -0.714 0.526 146.920 -1.357 0.177

river Durance : tissues midgut -0.405 0.539 146.020 -0.751 0.454

B) Phylogenetic Diversity

Estimate Std. Error df t value Pr(>|t|)

(Intercept) 3.822 0.179 6.950 21.388 <0.001

rep.status sexually_immature -0.132 0.124 50.970 -1.061 0.294

rep.status  male -0.322 0.106 49.280 -3.039 0.004

river Durance 0.167 0.213 5.160 0.784 0.468

tissues gills 0.022 0.118 143.560 0.191 0.849

tissues hindgut -0.689 0.118 143.560 -5.848 <0.001

tissues midgut -0.901 0.124 145.300 -7.266 <0.001

river Durance : tissues gills -0.633 0.161 149.270 -3.934 <0.001

river Durance : tissues hindgut 0.096 0.159 148.040 0.604 0.547

river Durance : tissues midgut 0.386 0.163 147.410 2.367 0.019

Table S1. Summary of coefficient effect of fixed factors of linear mixed models on A) Shannon and 

B) Phylogentic diversity variation of microbiota. The models including the fixed factor reproductive 

status, river, tissues and river : tissues and the random factors identity and sites.



Terms added sequentially Df pseudo-F R² p value

reproductive status 2 4.60 0.03 <0.01

tissues 3 9.19 0.10 <0.01

river 1 8.26 0.03 <0.01

site 3 4.37 0.05 <0.01

tissues : river 3 3.55 0.04 <0.01

Table S2. Permanova exploring the effect of reproductive status, tissues, river, site and

tissues x river interaction on dissimilarity distances between microbiota compositions.

The model was performed independently on unweighted Unifrac distance matrice. The

terms were added sequentially and tested on pseudo F value and random distribution

estimated after 10,000 permutations.

unweighted Unifrac



A) Skin

Sites Rosieres Buech Manosque Pertuis

Buech <0.010 - - -

Manosque <0.010 0.017 - -

Pertuis <0.010 <0.010 <0.010 -

St-Just <0.010 <0.010 <0.010 <0.010

B) Gills

Sites Rosieres Buech Manosque Pertuis

Buech <0.010 - - -

Manosque <0.010 <0.010 - -

Pertuis <0.010 <0.010 <0.010 -

St-Just <0.010 <0.010 <0.010 <0.010

C) Midgut

Sites Rosieres Buech Manosque Pertuis

Buech <0.010 - - -

Manosque <0.010 <0.010 - -

Pertuis <0.010 <0.010 0.06019 -

St-Just <0.010 <0.010 <0.010 <0.010

D) Hindgut

Sites Rosieres Buech Manosque Pertuis

Buech <0.010 - - -

Manosque <0.010 <0.010 - -

Pertuis <0.010 <0.010 <0.010 -

St-Just <0.010 <0.010 <0.010 <0.010

Table S3. Post-hoc pairwise permanova of microbiota diisimilarity 

based on unweighted unifrac index between sites for each tissues. 

Matrices A) skin, B) Gills, C) Midgut, D) Hindgut, indicated p values 

associated to each pairwaise permanova and corrected through 

Benjamini & Hochberg procedure.
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