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Abstract
Background

. Fluoride and tebuconazole are two compounds widely used in industrial processes and agriculture,
respectively, and are regularly detected in surface waters. Therefore, there is an urgent need to
characterise their effects on aquatic organisms. In this context, adopting a holistic approach that
integrates the host and its associated microbial communities, the holobiont, is particularly relevant. In
this study, rainbow trout were exposed from 6 days post-fertilisation for 7 months to two environmental
concentrations of fluoride (6.8 or 24.7 mg/L), to tebuconazole (51.7 pg/L), or maintained in control
conditions. At the end of the exposure period, digestive, cutaneous and respiratory microbial
communities were characterized using 16S rRNA gene metabarcoding.

Results

. Fluoride and tebuconazole significantly affected the bacterial alpha diversity in gill and skin tissues,
while the beta diversity was affected across all three tissues. If compared to the control treatment,
fluoride exposure altered microbial co-occurrence networks, affecting bacterial interconnections in a
tissue-specific manner, with reduced interconnections in gills and increased interconnections in skin and
intestine compared to the control treatment. Shifts in taxonomical composition were present following
exposure to both pollutants, and notably increases in the relative abundance of fish pathogens such as
Candidatus Piscichlamydia, Flavobacterium and Aeromonas were observed. The present study also
highlighted a potential co-selection of antibiotic-resistant taxa such as Aeromonas and Acidovorax, as
well as an increased expression of predicted pathways linked to antibiotic resistance following chemical
exposure to fluoride and tebuconazole.

Conclusions

. These results highlight alterations of digestive, cutaneous and respiratory microbiomes in the rainbow
trout following chronic exposure to fluoride and tebuconazole, with distinct and tissue-specific microbial
responses. Beyond taxonomical shifts, the observed alterations of bacterial co-occurrence networks,
enrichment of pathogenic bacteria, and antibiotic-resistant taxa indicate that the microbiome of fish may
represent a sensitive bioindicator system of chemical stress. Such alterations might well impair host
health and, under a One Health perspective, have broader implications for environmental and human
health.

Background

The microbiota is defined as all the microorganisms living in an ecosystem or a particular area (1). They
are involved in the digestion and metabolism of nutrients, in the development of the innate and adaptive
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immune systems and in the defence against opportunistic and pathogenic bacteria (2). In humans, the
gut microbiome may contain up to 150 times more genetic material than the human genome (3). In
teleost fish, research on microorganisms associated with different tissues so far remained scarce
compared to humans or rodents. However, recent evidence suggests that fish hosts actively shape their
microbiota, with marked differentiation in microbial composition and diversity across tissues (4, 5). Two
main factors contribute to shaping fish-associated microbial communities: First, environmental factors
such as pH, temperature, water quality or geographic location can impact microbial communities (6—10).
Second, host factors, including genetics, species, age or trophic level also influence the microbiota (11-
16). Interestingly, the contribution of each type of factor to the microbial composition seems to be
tissue-specific, with the gut microbiota being more sensitive to host factors and external microbial
communities more sensitive to environmental ones (5, 17).

Gut-associated microbial communities have increasingly been studied in aquaculture to understand their
roles in fish health and growth, and how both could be managed using pre- and probiotics (18, 19).
However, research on microorganisms associated with other tissues, such as gills or skin, is scarce.
These tissues exert key functions at the interface between the host and its environment, suggesting that
their associated microbiome may be functionally distinct, relevant to fish health and important to study
(20). Gills are the dominant site for gas exchanges, and, beyond respiration, they are also involved in
osmoregulation, acid-base balance and nitrogenous waste excretion (21). The skin and the secreted
epithelial mucus are involved in inter- and intraspecific interactions, osmoregulation, and are a physical
and biochemical barrier against pathogens (22). The sampling of skin mucus is non-invasive, which
makes the microbial community associated with this tissue a promising bioindicator of disease or water
quality disturbances in aquaculture (22, 23). Among water quality disturbances, exposure to pollutants
can lead to dysbiosis, i.e., an imbalance in the microbial communities (24-26). Therefore,
ecotoxicological studies tend to adopt an integrative approach by considering the effects of pollutants
on the holobiont, i.e., the unit formed by the host and its associated microorganisms (27). Chronic
exposure to pesticides, metals, plastics, sunscreen, endocrine disruptors, etc. can result in impaired
microbial diversity, taxonomical composition and interactions in fish microbiome (24, 28-32).

Fluorine is a widely distributed element, mainly occurring as fluoride (F”) in aquatic environments,
originating from both natural and anthropogenic sources (33). Natural sources include weathering of F™-
rich minerals, volcanic activity or marine aerosols; and anthropogenic ones include coal combustion,
phosphate processing or glass manufacturing (33-35). In unpolluted freshwaters, F~ concentrations
typically range from 0.01 to 0.3 mg/L (33). In naturally enriched regions, F~ concentrations in surface
water can be as high as 50 mg/L (Yellowstone springs, USA) or 69 mg/L (Mount Meru, Tanzania) (33,
36). In industrial wastewaters, they can reach 9720 mg/L and although treatment processes exist, F~
concentrations in effluents typically remain above 20 mg/L prior to environmental release (37, 38).
Fluoride can help prevent dental caries and is therefore added to drinking water in many countries (39,
40). As a consequence, domestic wastewater also contributes to increasing F~ levels in aquatic
environments (41). According to the World Health Organization, fluoride levels above 1.5 mg/L increase
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the risk to develop dental and skeletal fluorosis in humans (34). In fish, chronic fluoride exposure can
induce oxidative stress, altered energetic metabolism, osmoregulation and growth, induce teratogenic
effects, as well as endocrine disruption (42-45). Two studies also highlighted gut microbiome
alterations in fish following chronic F~ exposure at high concentrations (80 mg/L; 90 days) (46, 47).
Fluoride in the form of sodium fluoride (NaF) was also added to List Il of the European Union (EU),
including “substances under evaluation for endocrine disruption under EU legislation”.

Tebuconazole (Tbz) is a triazole fungicide used in agriculture and as a biocide for the protection of
materials and surfaces such as wood, paints and coatings (48). It is one of the most used fungicides
worldwide, and is therefore frequently detected in the aquatic environments due to discharge of
wastewater treatment plants and agricultural surface runoff (49). Tbz levels ranged from 1.4 to 160 ng/L
along an urbanization gradient in the Seine river (France), accounting for inputs related to its biocidal
uses (50). In agricultural contexts, concentrations can be higher: A one-year (2020) hydrogeochemical
monitoring of Tbz in south-western France, carried out upstream of a pond in an agricultural catchment
area, revealed an average concentration of 624 + 255 ng/L and a maximum value of 6703 ng/L (51). Thz
concentrations can reach 81 pg/L in runoff waters during the first rainfall following fungicide application
(52). On the other hand, Tbz exposure can exert harmful effects on aquatic organisms: Chronic exposure
of fish can induce oxidative stress, hepatotoxicity, trigger apoptosis, disrupt the energetic balance and
swimming behavior, and exert teratogenic as well as endocrine disrupting effects (53-57). A recent
study also highlighted disruption in gut microbial communities in Japanese medaka following Tbz
exposure (1 mg/L; 60 days) (58).

The rainbow trout (Oncorhynchus mykiss) is both a model species in ecotoxicology and a key species for
aquaculture, with approximately 738.5 k tons produced worldwide in 2020 according to the Food and
Agriculture Organization of the United Nations (59). As it develops in freshwater, it is exposed to
pollutants such as fluoride and tebuconazole. While a few studies have been published on acute and
sublethal effects of these pollutants on rainbow trout (60-62), none considered effects on the rainbow
trout microbiome. Additionally, to assess the effects of pollutants, studies mainly rely on an exposure
design where organisms are continuously exposed. However, realistic environmental exposure
conditions are intermittent as pollutants inputs in aquatic ecosystems depend on discharges, runoffs or
rainfall events (63, 64). The effects of pollutants may, however, differ significantly between continuous
and intermittent exposure scenarios (64-67).

The aim of the present study was to determine the impact of chronic fluoride or tebuconazole exposure
on the rainbow trout gill, skin and gut bacterial communities. For this end, rainbow trout were exposed
from 6 days post-fertilization for 7 months to fluoride (6.8 or 24.7 mg/L), tebuconazole (51.7 ug/L), or
maintained under control conditions. Microbiome analyses were performed to assess whether fluoride
or tebuconazole exposure could (i) alter the diversity and structure of bacterial communities; (ii) induce
tissue-specific effects; (iii) change the relative abundance and taxonomical composition among
treatments. Finally, under a One Health perspective, we discuss how microbiome perturbations might
lead to risks for host, environmental and human health.
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Methods
Ethics requirements

Experimentations realised in this study were validated by an aggregated institutional review board, i.e.,
an animal ethics committee, ANSES/ENVA/UPEC N°16 and authorised by the French Ministry of National
Education, Higher Education and Research under the number APAFIS#39732-2022112416434185 v7.
Fish anaesthesia method, realised by an immersion in 20 ppm eugenol (CAS no. 97-53-0, FiliaVet France)
bath, and euthanasia method, realised by a swift transection of the brainstem, inducing immediate loss
of consciousness followed by death were reviewed and approved by the same national committees.

Experimental conditions and chemical exposure

The rainbow trout (Oncorhynchus mykiss) used in this study were sourced from the in-house breeding
stock maintained at the ANSES Laboratory fish rearing facilities in Plouzané, France. These fish are bred
and reared on-site under controlled, specific pathogen-free conditions as part of the laboratory’s
permanent aquatic animal facility, and no external supplier was involved in their provision. In November
2023, ten adults rainbow trout (Oncorhynchus mykiss) were selected for reproduction. Fish were
anesthetized in a 20 ppm eugenol bath before being gently stripped to collect eggs and sperm. Fertilized
eggs were then randomly distributed in each aquarium (12L; 210 embryos/ aquarium; 1 aquarium
/treatment) and at the end of the larval stage, 90 randomly selected fish per experimental treatment
were transferred to 50 L aquaria in the same room with identical physicochemical water parameters
(68). Water temperature was thermoregulated at 12.41 + 0.54°C during the duration of the experiment
and water physicochemical parameters were monitored periodically [additional file 1, table S1].

Rainbow trout were exposed from 6 days post-fertilization (dpf) during 7 months, to four different
chemical treatments: a non-exposed control; tebuconazole at 51.7 pg/L (Tbz; CAS no. 107534-96-3;
Sigma-Aldrich); and two concentrations of fluoride, F1 (6.8 mg F~/L) and F2 (24.7 mg F™/L) (68). Fluoride
exposure was achieved using sodium fluoride (NaF; CAS no. 7681-49-4, Sigma-Aldrich) as the source
compound, but concentrations were quantified and expressed as fluoride concentrations (mg F~/L).
Trout were exposed 7 hours per day, freshwater flow was stopped during the daily exposure period,
before being restored for the rest of the day, allowing gradual dilution. Stock solutions of pollutants were
stored at room temperature, in the dark and renewed weekly. The fluoride stock solution (19.2 g F7/L)
was prepared by diluting NaF in pure water and added directly to the aquaria each morning. The
tebuconazole stock solution was prepared by dissolving 250 mg in 10 mL DMSO (CAS no. 67-68-5,
Sigma-Aldrich), before being diluted in ultrapure water to obtain a 20.6 mg/L working solution (0.082%
DMSO0) and added directly to the aquaria each morning. Fluoride and tebuconazole concentrations were
measured, by an external service provider (LABOCEA, France) [additional file 1, table S2].

Sampling
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All samples were collected on the same day (06/06/2024) under a biological safety cabinet, with a
laminar flow hood and using sterile instruments. From each aquarium, 1 L of water was collected and
divided into three replicates, which were then filtered using a filtration unit onto 0.22 ym sterile
membranes (Grosseron SAS, France). Sterile membranes were stored at -80°C until DNA extraction. Fish
were then collected, approximately 15 hours after the last feeding, to avoid the presence of food in the
digestive tract. Fish were euthanized by a swift transection of the brainstem, posterior to the head, at the
level of the spinal canal, inducing immediate loss of consciousness followed by death. They were
weighed, measured (standard length, i.e., from the tip of the mouth to the base of the caudal fin), and
their Fulton index was calculated (69). Epidermal mucus, gills and midgut were sampled from each trout
for each treatment condition (N = 10—12 per treatment [see additional file 1, table S3]). Epidermal mucus,
i.e., skin, was collected on sterile DryTransport swabs with Hydraflock tips (Dominique Dutscher SAS,
France) by performing ten gentle strokes along the left side of the fish, above the lateral line, starting
behind the head and ending just before the caudal fin. Swabs were stored at -80°C until DNA extraction.
For gill samples, the four gill arches on the left side of the fish were dissected, flash-frozen in liquid
nitrogen and stored at -80°C until DNA extraction. For midgut samples, i.e., intestine, an approximately 2
cm section was collected downstream from the pyloric caeca, and at least 2 cm upstream from the
urogenital opening to limit the risk of collecting hindgut sections. Intestine samples were then flash-
frozen in liquid nitrogen and stored at -80°C until DNA extraction.

Sex identification

The age of the trout at sampling (7 months) did not allow visual determination of the sex. Sex was
determined using a PCR targeting the sdy gene, a male-specific locus (70). Each 25 pL reaction
contained 2 pL gill DNA, 5 uL 5X Green GoTaq® Flexi Buffer (Promega), 0.5 pL nucleotide mix (10 mM), 2
pL MgCl, (25 mM), 1 pL specific primers (20uM; sdy-F: 5-GTTCATATGCCAGGCTCAAC-3’; sdy-R: 5-
CGATTAGAAAGGCCTGCTTG-3'), 0.125 yL GoTaq® G2 Flexi DNA polymerase (5 U/pL) and DNase free
water. PCR reactions were carried out using a Mastercycler® Nexus (Eppendorf): 94°C for 3 min,
followed by 30 cycles (94°C for 30 s; 63°C for 30 s; 72°C for 1 min), and finally 72°C for 7 min. A control
PCR was performed on each sample targeting the actp gene (actB-F: 5- TGTGGATCAGCAAGCAGGAG-3
actp-R: 5- CAGCCTTCACAGAGGCAAAT-3') following the same conditions except hybridization
temperature (60°C). Absence of amplification of sdy and positive amplification of actp indicated females,
while positive amplification of sdy and actB indicated males [see additional file 1, table S3].

DNA extraction and sequencing

DNA extraction and sequencing were done according to Bellec, Le Du-Carreet al.,, 2022 (28) with a few
modifications. DNA from water samples was extracted using the Qiagen® DNeasy PowerWater kit, DNA
from intestine samples was extracted using the Qiagen® QlAamp DNA Mini Kit and DNA from gills and
skin samples was extracted using the Qiagen® QlAamp PowerFecal Pro kit, following the manufacturer’s
instructions. DNA samples were then sent to the Genome Transcriptome Platform Bordeaux
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(www.pgtb.fr, Cestas Pierroton, France) for library preparation and sequencing. Sequencing was
performed on 450 bp fragments of the 16S rRNA gene, V3-V4 region, to target bacterial communities
(341-F: 5-CCTACGGGNGGCWGCAG-3’; 785-R: 5-GACTACHVGGGTATCTAATCC-3’) (71). Sequencing was
performed on an lllumina NextSeq2000 using a 2 x 300 cycle flow cell with a NextSeq 1000/2000 P2
XLEAP-SBS Reagents kit (lllumina). Negative controls and positive bacterial mock community controls
(ZymoBIOMICS Microbial Community DNA Standard, Zymo Research) were also used for amplification
and sequencing.

Bioinformatic processing

After sequencing, 16S rRNA gene reads were bioinformatically processed using the FROGS v5 pipeline
(72). First of all, a denoising step was performed, sequences > 300 bp were removed before being
depleted of primers using Cutadapt v2.10 with a maximum error rate of 0.1. Sequences lacking primers
were discarded. Next, the vsearch tool (v2.17.0) was used to merge forward and reverse sequences with
a maximum mismatch rate of 0.05 (73). Amplicons between 320 and 600 bp were retained, and
Amplicon Sequence Variants (ASVs) were generated using the DADA2 process with independent sample
inference (74). Chimeras were removed using vsearch. Additionally, an abundance filter was applied to
ASVs, with a threshold of 0.005% (75). ASVs were taxonomically assigned by BLASTN (76) and RDP (77)
with SILVA v138.2 reference database (78, 79). Only taxonomic assignations with an RDP bootstrap
confidence > 0.8 and BLAST alignments showing at least 90% coverage and 97% identity were kept.
Finally, contaminant sequences were identified and removed using the R package microDecon (v1.0.2),
which corrects for contaminations based on negative control samples (80). The decon function was run
using the default parameters (runs = 2; thresh = 0.7; prop.thresh = 0.00005). The phyloseq package
(v1.52.0) (81) was used for further analyses.

Statistical analysis

Statistical analyses and data visualizations were performed using R software (version 4.5.1, www.r-
project.org). Alpha diversity statistical comparisons were done using the Wilcoxon rank-sum test
(between matrices and sex), the Wilcoxon signed-rank test for matched samples (among tissues) or
using a one-way ANOVA, followed by a Tukey post-hoc (among chemical treatments). Beta diversity
analyses were performed on Bray-Curtis dissimilarity matrices, after Cumulative Sum Scaling (CSS)
normalization using the metagenomeSeq R package (82) and were visualized using Principal Coordinate
Analysis (PCoA). Beta dispersion was compared using a multivariate homogeneity of group dispersions
test (1000 permutations). Beta diversity was compared between groups by permutational multivariate
analysis of variance (PERMANOVA; 999 permutations) using the adonis2 function of the vegan R
package (83), and multilevel comparisons were performed using the pairwiseAdonis R package (84).

Microbial analyses
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A differential analysis was performed as implemented in the DESeq2 R package (v1.48.1) (85), and
results were considered significant if p-value < 0.01. Venn diagrams, indicating shared and unique ASV
among treatments and tissues, were generated using the ggVennDiagram R package (v1.5.4) (86).

Bacterial microbiomes co-occurrence networks were generated using sparse inverse covariance
estimation for ecological association (SPIEC-EASI; SpiecEasi R package (v1.1.1); Kurtz, Mulleret al.,,
2015 (87)). Before inference, ASVs with relative abundance < 0.01% were removed. Networks were then
inferred with SPIEC-EASI using the Meinhausen-Biihimann neighbourhood selection (method = “mb”) and
stability selection via StARS (sel.criterion = “stars”) with 99 pulsar repetitions. The resulting adjacency
matrix (refit) was converted to an igraph object for further calculations (igraph R package (v2.1.4); Csardi
and Nepusz, 2006 (88)). Node sizes were scaled by degree, and network modules were detected using
the Louvain algorithm. The network visualization was plotted with a Fruchterman-Reingold layout (seed
set for reproducibility).

Functional predictions were generated from 16S rRNA data using PICRUSt2 (Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States; Douglas, Maffeiet al.,, 2020 (89)) with default
parameters. The workflow included phylogenetic placement of ASVs using EPA-NG (Evolutionary
Placement Algorithm Next Generation; Barbera, Kozlovet al.,, 2019 (90)), hidden-state prediction with
GAPPA (Genetic Ancestral Prediction and Parsimony Analysis; Czech, Barberaet al.,, 2020 (91)), gene
family prediction and pathway reconstruction using MinPath (Minimal Set of Pathways; Ye and Doak,
2009 (92)). Results were filtered to remove ASVs with a Nearest Sequenced Taxon Index (NSTI) value >
0.5 to ensure higher confidence in functional prediction. Finally, MetaCyc functional pathways were
compared among treatments using DESeq2, according to the same methods as described previously,
but only pathways with a log, fold change < -1 or > 2 were retained.

Results

Rainbow trout mortality and growth

Trout mortality was recorded each day. Mortality during the embryonic and larval stages (fertilization to
788 degree days) was 17.3%, 10.5%, 7.3% and 11.2% in the Control, F1, F2 and Tbhz treatments,
respectively [see additional file 2, Figure S1A]. During the juvenile stage (788 degree days to the end of
the experiment), mortality was 4.6%, 8.6%, 3.6% and 8.5%, respectively [see additional file 2, Figure S1B].
At the sampling day, each fish was weighed, measured, and its Fulton index was calculated. Mean (+ std)
length was 18.0 + 1.1 cm, mean weight was 71.5 + 13.4 g, and mean Fulton index was 1.22 + 0.09 [see
additional file 2, Figure S1C]. No statistical differences were highlighted among exposure treatments.

Sequencing and ASV processing

A total of 34,606,774 reads were produced after sequencing of 138 Oncorhynchus mykiss individuals, 12
water samples, 23 blanks and 5 positive controls [see additional file 1, table S4]. Seven extraction blanks
and 16 PCR blanks were included and represented 1,236,403 reads (3.6%). Five positive controls, i.e.,
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mock communities, were included to ensure the quality of sequencing and affiliation. These samples
produced 702,899 reads, and their taxonomical profiles matched the theoretical composition provided by
the manufacturer. Blanks were used to filter out contaminant sequences, and reads corresponding to
chloroplasts or non-affiliated at the phylum, class or order taxonomical levels were removed, resulting in
25,984,585 reads and 662 bacterial ASVs retained after all filtering steps [see additional file 1, tables S4
and S5].

Bacterial diversity analyses

Three alpha diversity indexes (Observed, Chao1, Shannon) were calculated in every sample [see
additional file 1, table S6]. Statistical comparisons for alpha diversity are shown in additional file 3.
Comparisons between matrices (Water and Fish) showed significant differences for the Observed and
Chao1 indexes. No differences in alpha diversity were highlighted between males and females.
Concerning the different tissues, alpha diversity was significantly highest in skin, followed by the gill and
intestine microbiome. Mean Observed index (z std) was 234 + 47,217 + 66 and 66 + 32 in skin, skin and
intestine microbiota, respectively.

Exposure to chemical treatments significantly affected alpha diversity in water, gills and skin but had no
effect on the intestine (Fig. 1; additional file 3). Shannon diversity was affected by treatment in water
samples, with significantly increased diversity in F2 and Tbz relative to the control treatment [see
additional file 3]. Alpha diversity in gill samples (Fig. 1) was influenced by treatment across all three
indexes. Gill exposed to F2 had increased Observed and Chao1 values compared to control fish. Gill
exposed to F1 had decreased Shannon index values compared to the control and to F2 fish. Skin
exposed to F1, F2 and Tbz showed an increase in the Shannon index value compared to the controls

(Fig. 1).

Beta diversity and dispersion were next assessed and compared among matrices, tissues and treatment
conditions [see additional files 4 and 5]. Beta diversity between matrices was significantly different (fish
vs water; p = 0.002), and water samples were grouped together, separately from fish samples, on the
Bray-Curtis PCoA [see additional file 2, Figure S2A]. Fish sex did not explain variations in beta diversity
(male vs female; p = 0.997). Tissue type (gill, skin or intestine) accounted for 53.2% of the variance in
beta diversity, and samples from each tissue were grouped together, separately from each other, on the
Bray-Curtis PCoA [see additional file 2, Figure S2B].

Chemical treatment significantly affected the bacterial beta diversity [see additional file 4]. Water
samples were grouped according to treatment condition on the Bray-Curtis PCoA [see additional file 2,
Figure S3]. Exposure to fluoride or tebuconazole significantly affected the beta diversity in the gills, with
the treatment accounting for 29.5% of variance (PERMANOVA; p = 0.001). Pairwise comparisons showed
significant differences among all treatment pairs in gills, except between the control and F1. Gill samples
from each treatment were grouped together on the Bray-Curtis PCoA (Fig. 2A). In skin samples, beta
diversity was also affected by chemical treatment, which explained 20.9% of variance (PERMANOVA; p =
0.001). In skin, the control differed significantly from F1, F2 and Tbz, but no differences were detected
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among exposed groups (Fig. 2B). Skin samples from each treatment were grouped together on the Bray-
Curtis PCoA (Fig. 2B). Concerning intestine samples, although PERMANOVA indicated an overall
treatment effect, accounting for 12.1% of the variance (p = 0.016), pairwise comparisons showed no
significant differences among all treatment pairs (Fig. 2C).

Bacterial taxonomic composition

Bacterial community compositions were represented by the same major phyla among water, gill, skin
and intestine samples, but relative abundance differed depending on the tissue type and treatment

(Fig. 3). The three dominant phyla in water samples were Bacteroidota (59.5 + 12.0%), Pseudomonadota
(36.0 £ 11.1%) and Bacillota (1.4 + 1.4%). Gill-associated bacterial communities were mainly represented
by Pseudomonadota (37.2 £ 21.1%), Chlamydiota (34.4 + 23.2%) and Bacteroidota (23.9 + 19.1%). Skin-
associated microbiome was dominated by Pseudomonadota (52.7 + 14.8%), Bacteroidota (34.1+17.1%)
and Bacillota (6.85 + 13.5%). Intestine microbial communities were mainly composed of
Pseudomonadota (64.8 + 20.8%), Bacillota (23.9 + 12.0%) and Bacteroidota (9.2 + 24.5%). Venn diagrams
showed that 20% of ASVs were common to all three tissues, and that gill and skin samples shared the
largest proportion of ASVs (60%) [see additional file 2, Figure S4].

The Bacillota/Bacteroidota ratio was examined in intestinal samples. It averaged (+ std) 253 (+ 166) in
controls, 370 (x 349) in F1, 45 (£ 40) in F2 and 33 (x 40) in Thz. Treatment had a significant effect on this
ratio (Kruskal-Wallis, x? = 13.4, df = 3, p = 0.0039) and pairwise tests showed a significantly lower ratio in
Tbz compared with the control (Dunn Test with Bonferroni correction, p = 0.0247).

Differential abundance analyses

Differential abundance analyses were performed independently at the genus level to identify taxa whose
abundances differed between exposed and control trout (Fig. 4). In gills, skin and intestine, 35, 21 and 12
genera, respectively, were significantly differentially abundant in at least one exposure treatment
compared to the control.

In gills, several abundances shift relative to the control were observed among all treatment conditions:
AAP99, Rhizorhapis, Polyangium, Microbacterium, Candidatus Berkiella, Shingobium, Deefgea and
Phenylobacterium (Fig. 4A). Among differentially abundant genera, some potential fish pathogens were
enriched in gills following chemical exposure: Candidatus Piscichlamydia exhibited a log, fold change of
2.1 in F1-exposed trout, Flavobacterium of 3.9 and Aeromonas of 2.9 in Tbz-exposed trout, each relative
to the control (Fig. 4A). A potential human pathogen, Candidatus Berkiella, was also increased in gills
among all treatment conditions with a log, fold change of 4.4 in F1, of 6.6 in F2 and 7.6 in Thz-exposed

fish, each relative to the control (Fig. 4A). A significant increase in the genus Acidovorax was also
reported following exposure to F2 in gills (Fig. 4A). Relative abundances of Candidatus Piscichlamydia,
Flavobacterium and Acidovorax in each gill sample are represented in [see additional file 2, Figure S5].
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Microbial communities associated with skin tissue were significantly depleted in Sphaerotilus and
enriched in Methylorubrum and Phenylobacterium among all treatment conditions (Fig. 4B). As described
in the gill samples, a similar, even though not significant, increase in Acidovorax relative abundance was
reported following exposure to F2 in the skin-associated microbiome [see additional file 2, Figure S5]. In
the intestine microbiome, four of the twelve differentially abundant genera were enriched across all three
treatment conditions: SH-PL-14, Candidatus Berkiella, Rhizobium and Aeromonas (Fig. 4C). As in the gill
microbiome, an enrichment of potential pathogens was highlighted in intestine following chemical
exposure: Flavobacterium was significantly enriched in Tbz-exposed fish with a log, foldchange of 9.3
and Candidatus Berkiella was significantly enriched among all treatment conditions with a log,
foldchange of 20.3 in F1, of 24.0 in F2 and 22.3 in Thz-exposed fish, each relative to the control (Fig. 4C).

Microbial co-occurrence networks

Co-occurrence networks were inferred using SPIEC-EASI to explore the effects of fluoride exposure (F1
and F2) on gill, skin and intestine microbial interconnections and community structure (Fig. 5; and see
additional file 2 Figure S6). Network characteristics were identified and are presented in Table 1. In gills,
microbial networks were similar in size across treatments with 305, 268 and 323 nodes and 14, 12 and
13 modules for the control, F1 and F2 treatment conditions, respectively. In gills, fluoride exposure
reduced microbial interconnections, decreasing from 897 in the control, to 548 in F1, and showing an
intermediate value for F2 (764). Mean node degree followed the same pattern (control: 5.88, F1: 4.09, F2:
4.73), indicating that this reduction reflects fewer connections per node rather than differences in node
counts. Modularity values were high among treatments, reflecting that most of the connections occurred
within each module, rather than between them. Modularity increased from 0.48 in the control to 0.57 in
F1 and 0.53 in F2, highlighting stronger compartmentalisation of microbial networks in gills after fluoride
exposure, particularly at the lowest concentration. The bacterial networks associated with skin samples
were also similar in size among the control, F1 and F2 treatments with 323, 395 and 386 nodes, and 13,
14 and 14 modules, respectively. While a decrease in microbial interconnections was observed in gills
following fluoride exposure, the exact opposite pattern was highlighted in skin microbial communities.
Edge count increased from 764 in the control to 1776 in F1 and 1372 in F2 and mean node degree rose
accordingly, from 4.73 t0 9.00 and 7.11, respectively. Compartmentalisation of networks decreased in
fluoride-exposed fish, with modularity dropping from 0.53 in the control to 0.37 in F1 and 0.43 in F2. In
intestine samples, node counts were comparable across treatments (control: 127, F1: 162, F2: 143). In
the same manner as observed in skin microbial communities, an increase in bacterial interconnections
was observed in the intestine following exposure to F1. The module count decreased from 33 (control)
to 11 (F1), the edge count increased from 100 (control) to 237 (F1), the mean node degree increased
from 1.58 (control) to 2.93 (F1) and the modularity dropped from 0.90 (control) to 0.71 (F1). Intestinal
microbial networks in F2-exposed fish showed similar metrics as those observed in control fish. Across
tissues, fluoride exposure induced opposite responses in bacterial network structure, with reduced
interconnections in gills and increased interconnections in skin and intestine. Despite these contrasting
patterns, the strongest network alterations were observed following exposure to the lowest fluoride
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concentration (F1), whereas F2 displayed intermediate effects, highlighting that the effects differed
depending on the fluoride exposure level.

Table 1

Network characteristics for the microbial co-occurrence networks shown in Fig. 5. Calculations of these
properties were performed using igraph functions, as described in the Methods section.

Gill Skin Intestine

Control F1 F2 Control F1 F2 Control F1 F2

No. of samples 12 12 12 11 12 12 11 10 11
No. of nodes 305 268 323 323 395 386 127 162 143
No. of edges 897 548 764 764 1776 1372 100 237 115
No. of modules 14 12 13 13 14 14 33 11 37
Modularity 0.48 0.57 0.53 0.53 037 043 0.90 0.71 0.90
Mean node degree 5.88 409 473 473 9.00 7.11 1.58 293 1.61
Clustering 0.09 0.07 0.07 0.07 0.11 0.09 0.04 0.09 0.01
coefficient

Mean path length 3.65 446 414 414 312 342 423 6.55 7.48
Density 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.01

Taxonomical composition of each module at the class level was explored for gill, skin and intestine
samples among treatments [see additional file 2, Figure S6]. In gills, 21, 17, and 18 taxonomical classes
structured the bacterial networks in the control, F1 and F2 treatments, respectively. The number of
classes per module was not affected by fluoride exposure. Bacteroidia, Gammaproteobacteria,
Actinobacteria and Alphaproteobacteria were the dominant classes structuring the gill bacterial
networks across treatments. Chlamydiia appeared in only two modules in the control (modules 7 and 9)
but was present in five modules in the F1 treatment (modules 1, 4, 5, 10 and 11), suggesting a stronger
structuring role of this taxon following fluoride exposure. In skin, 21, 23 and 24 taxonomical classes
structured the bacterial network in the control, F1 and F2 bacterial networks, respectively. Skin bacterial
networks were dominated by the same classes as gill microbiomes. Fluoride exposure had little to no
impact on the taxonomical composition of the modules structuring the co-occurrence networks. In
intestine samples, 7 taxonomical classes were represented in bacterial networks in controls, 12 in F1
and 8 in F2. Alphaproteobacteria, Bacilli and Gammaproteobacteria were the most structuring bacterial
classes.

Functional predictions

Functional predictions were generated from metabarcoding data using PICRUSt2, and MetaCyc function
pathways were compared among exposure treatments for each tissue using DESeq?2 [see additional file
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6]. In gills, 32 functional pathways were predicted to be differentially expressed following chemical
exposure. Most predicted alterations were associated with Tbz, with 14 disrupted pathways, followed by
F1 (10 pathways) and F2 (8 pathways). Compared to control fish, carbohydrate metabolism was the
most affected functional category following exposure to F1, vitamin biosynthesis following F2 exposure
and aromatic compound metabolism following exposure to Thz [see additional file 2, Figure S7]. Among
differentially expressed pathways in gills, PWY0-1338 (polymyxin resistance) and PWY-6992 (1,5-
anhydrofructose degradation), involved in antibiotic resistance, were overexpressed in F2-exposed fish
[see additional file 6]. In skin microbiomes, 38 pathways were predicted to be differentially expressed
following chemical exposure. In contrast to gills, F2 exposure induced the highest number of predicted
disruptions with 20 differentially expressed pathways, followed by F1 (13) and Tbz (5). Exposure to
fluoride (F1 and F2) mainly disrupted pathways linked to aromatic compounds metabolism, while Tbz
exposure affected carbohydrates and cofactors metabolism [see additional file 2, Figure S7].
Additionally, the predicted pathway PWY-6470 (peptidoglycan biosynthesis V B-lactam resistant) was
increased following exposure to both fluoride treatments in skin microbiomes [see additional file 6]. In
intestinal microbiomes, 36 pathways were predicted to be differentially expressed following chemical
exposure. It concerned 15 pathways in the Tbz treatment group, 11 for F1 and 12 for F2. In the intestine,
the distribution of disrupted functional categories appeared more homogeneous compared to gills and
skin, with most alterations involving vitamins biosynthesis, C1 compounds, carbohydrates and lipid
metabolisms [see additional file 2, Figure S7]. In the intestine, two pathways involved in the steroid
metabolism, i.e. potentially involved in hormonal regulation, were differentially expressed following
chemical exposure: the predicted pathway PWY-6944 (androstenedione degradation) was increased in
F1- and F2-exposed fish and the pathway PWY-6948 (sitosterol degradation to androstenedione) was
inhibited after Tbz exposure relative to the control [see additional file 6].

Discussion

Fluoride-induced microbiome disruptions

Rainbow trout chronically exposed to fluoride at 6.8 or 24.7 mg/L exhibited a microbiome shift
compared to unexposed fish. Depending on the tissue considered, alpha and beta diversity diverged
following exposure; the relative abundances of several taxa, including potential pathogens, were
modified and microbial networks and connections were affected. Interestingly, the two tested fluoride
concentrations exhibited distinct microbial responses. In gills, alpha diversity was significantly higher in
the F2 treatment than in F1 across all indexes, and beta diversity also differed between the two
concentrations. Although fluoride-induced alterations of microbial co-occurrence networks were
highlighted for both concentrations in gills, skin and intestine, these effects were more pronounced at
the lower concentration.

Fluoride is known to exhibit antibacterial and antifungal properties through inferences with the energetic

and glycolytic metabolism pathways, as well as by affecting enzyme activity and pH homeostasis of the

intracellular environment (93-95). Fluoride-induced buffering of local physicochemical conditions may
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create different microbial microenvironments that could lead to selective pressures on microbial taxa
and ultimately reorganise the communities (96). Substantial research reported fluoride impacts on the
gut microbiome, mainly in humans and rodents (reviewed by Yasin, Zohooriet al.,, 2025 (97)). In the gut
microbiome of humans and rodents, fluoride exposure has been linked to shifts in major phyla, such as
Bacillota, Bacteroidota and Pseudomonadota, as well as changes in microbial diversity (98, 99). These
effects appeared to be strongly dependent on exposure levels, with low concentrations (< 2 mg/L)
sometimes promoting the growth of beneficial bacteria such as Bifidobacterium and Lactobacillus,
whereas higher concentrations (> 10 mg/L) can lead to dysbiosis and functional impairment (97).

Only two studies considered the impacts of fluoride on the fish gut microbiome (46, 47), and none have
investigated the effects on microbial communities associated with other tissues, such as skin or gill.
Microbial community changes were reported in the gut of zebrafish chronically exposed to 80 mg F~/L
for 90 days: both alpha and beta diversity were affected, and the authors observed increases of
Pseudomonadota and decreases of Bacteroidota and Planctomycetota (47). Likewise, common carp

exposed to 80 mg F~/L had a lower gut microbial diversity, an increased abundance of Fusobacteria and
Bacillota, and a loss of Actinobacteria (46). Both studies linked the gut dysbiosis following fluoride
exposure to a loss of integrity of the epithelial barrier: Fluoride induced atrophy and swelling of intestinal
villi, destruction of the lamina propria and disrupted expression of tight junction proteins (46, 47).

Differences among these studies and the present work may stem from several factors: First, microbial
responses may by dependant on the fish species considered. Second, the type of gut microbiome
analysed differed: In this study, the autochthonous, i.e., resident microbiome, was targeted by sampling
the mid gut with almost no residual content. On the contrary, Yu, Zhanget al.,, 2021 (46) and Zhang,
Chenet al.,, 2022 (47) sampled faeces, which reflects the allochthonous, i.e., transient microbiome, both
having their own distinct properties (100). Finally, exposure concentrations also differed, which may
account for differences in microbial responses: In the present study, rainbow trout were exposed to 6.8
or 24.7 mg F~/L, compared to 80 mg F~/L in previous fish studies. A study performed on mice exposed
to 4 mg F~/L via drinking water showed that most of the fluoride was absorbed in the upper
gastrointestinal tract (101). Therefore, higher exposure levels (e.g., 80 mg/L) could modify its
toxicokinetics and result in enhanced effects along the intestinal tract.

Tebuconazole-induced microbiome disruptions

Tebuconazole is a triazole fungicide, inhibiting an enzyme involved in the synthesis of ergosterol, a key
compound of the fungal cell wall (102). By impairing fungal growth and survival, tebuconazole is also
expected to affect bacterial communities. Indeed, pollutant effects on bacterial microbiomes are often
indirect and mediated through altered microbial interactions (103). In this study, results showed that
tebuconazole exposure was associated with increased Alpha diversity (Shannon index) in skin samples
and disrupted beta diversity in gill and skin tissues compared to the control. Exposure of zebrafish to 1.2
mg/L of tebuconazole for 21 days also affected the gut beta diversity and taxonomical composition,
although the specific taxonomic responses differed, with increased abundances of Pseudomonadota,
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Bacillota and Bacteroidota and a decrease of Fusobacteria (104). In an integrative study on the
Japanese medaka (Oryzias latipes), exposure to 1 mg/L tebuconazole for 60 days increased the gut
alpha diversity and altered the taxonomical composition: While beneficial taxa such as Lactobacillus or
Cetobacterium decreased, the abundance of opportunistic and pathogenic bacteria such as Aeromonas
and Flavobacterium increased (58). Authors also highlighted that gut dysbiosis following tebuconazole
exposure was associated with alterations in host hepatic metabolism and immune system, suggesting a
contribution of microbial imbalance to hepatic dysfunctions via the gut-liver axis (58).

In the present study, alterations of the taxonomical composition led to a decreased Bacillota/
Bacteroidota ratio in the gut of Thz-exposed trout compared to controls. Alteration of this ratio could
indicate a dysbiosis, as both phyla are responsible for specific functions within the intestinal microbiome
(105-107). Bacillota are involved in fibre fermentation and production of short-chain fatty acids (SCFAs)
such as butyrate, acetate or propionate, which take part in the regulation of the gut-brain axis (105, 108).
Bacteroidota are involved in the degradation of polysaccharides and fatty acids, and their
lipopolysaccharides (LPS) are strong stimulators of innate immunity, therefore impacting
immunomodulation and inflammation (105, 108). The Bacillota/ Bacteroidota ratio broadly reflects a
balance between energy yield and SFCA production (Bacillota) and polysaccharides degradation coupled
with immune signalling (Bacteroidota), suggesting that Tbz-exposed trout may experience a disruption if
this equilibrium.

Tissue-specific effects of exposure on microbiomes

Although fluoride or tebuconazole exposure induced changes in bacterial diversity, taxonomical
composition and network structures, the nature and magnitude of these effects differed among gills,
skin and intestine. While chemical exposure did not affect bacterial alpha nor beta diversity in intestine
samples compared to the controls, significant effects were observed in gill and skin microbiomes.
Previous studies highlighted this tissue-specific pattern, describing the gut microbiome as more resilient
to environmental changes. This resilience could be linked to the fact that gut microbial communities are
not directly exposed to the exposure medium, i.e., the surrounding water, and are mainly shaped by
species and host factors, more than by environmental conditions (5, 17). In contrast, skin and gill
microbiomes showed significant differences in diversity following fluoride and tebuconazole exposure
compared to unexposed fish. In fish, the skin microbiome has been described as a sensitive bioindicator
of environmental status, responding to physicochemical changes in water (5). For instance, bacterial
shifts have been described in the skin microbiome of Gobio occitaniae along a water eutrophication
gradient, with limited influence of host-specific factors (9). Urbanisation was also reported as a major
structuring factor of skin microbiome across different fish species, whereas gut communities appeared
less vulnerable to anthropogenic pressures (109). Consistent with these observations, water exposure of
rainbow trout to glyphosate had no impact on gut microbial diversity, but significantly altered the gill
microbiome, supporting the tissue-specific pattern observed in this study (28).

Although both gill and skin microbiomes responded to fluoride and tebuconazole exposure, their
responses were divergent. In gills, exposure to fluoride was associated with a decrease in the Shannon
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index, a loss of microbial network connectivity and an increase in compartmentalization. In contrast, the
skin microbiome exhibited an increased Shannon diversity across all exposure treatments and showed
an opposite network pattern with enhanced microbial interconnections and reduced
compartmentalization compared to controls. Comparable results were reported in Cyprinus carpio
following a 30-min immersion in povidone-iodine (1%), a disinfectant commonly used to prevent and
treat bacterial diseases in fish: Gill microbiome showed a decrease in alpha diversity at 3- and 7-day
post-exposure, whereas skin diversity tended to increase (110).

Chemical exposure promoted pathogenic bacteria

Trout exposed to the F1 treatment or to tebuconazole exhibited significant increases in the relative
abundances of several potential pathogenic bacteria. These increases appeared after an increase of
mortality by 2 to 5% of trout in both treatments in the days prior to sampling, suggesting a potential link
between microbiome alterations, abundance of pathogenic bacteria and host susceptibility to bacterial
diseases. Candidatus Piscichlamydia was overrepresented, and the Chlamydiia class had a stronger
structuring role in the microbial networks in the gills of F1-exposed fish compared to the control. C.
Piscichlamydia has already been reported in the trout gills microbiome (28). The intracellular Chlamydia-
like bacterium, C. Piscichlamydia salmonis, is a causative agent of epitheliocystis, a disease
characterized by cyst formation in gill epithelia, leading to impaired respiration and death (111, 112).

Exposure to tebuconazole led to an increase in Flavobacterium in both gill and intestine samples
compared to controls. While Flavobacterium is regularly found in trout microbiomes, its increased
abundance following chemical exposure may lead to adverse effects on the host (28). Within this genus,
F. psychrophilum and F. columnare are major threats to aquaculture as they are responsible for the
rainbow trout fry syndrome and for the bacterial coldwater disease (113, 114). Similar enrichments of
Flavobacterium were observed in trout gills following exposure to other environmental contaminants,
such as TiO, nanoparticles (28 days, 210 pg/L) (115).

In addition, an increase in the opportunistic pathogen Aeromonas was also reported in gill and gut
microbiota following exposure to fluoride or tebuconazole. Aeromonas has been reported to be part of
the trout’s intestinal core microbiome (114). Nevertheless, increased abundance of some species,
including A. salmonicida, A. hydrophila, A. veronii, A. bestiarum, A. caviae, or A. sobria, has been
associated with severe pathological outcomes in rainbow trout, such as behavioural alterations,
histopathological lesions, septicaemia and furunculosis (116—118). Altogether, these findings are
consistent with the hypothesis that disturbances of the environment, e.g., chemical exposure, disrupt the
microbial community structure, leading to dysbiosis and the opening of ecological niches favourable to
pathogenic taxa (119). This could in turn affect the host immune defences and increase disease
susceptibility, as suggested in this study by the parallel increase in potential pathogenic taxa and fish
mortality, and as previously demonstrated in pollutant-exposed fish challenged with bacterial pathogens
(120).
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An increased relative abundance of Candidatus Berkiella was also observed in gills and gut microbiomes
across all treatment conditions compared to the control. This taxon is an intranuclear bacteria of
freshwater amoebae, which can be human parasites causing nearly 100% morbidity for some strains
(121, 122). Recently, Candidatus Berkiella have been shown to invade and replicate directly in murine and
human cell lines, leading authors to suggest that it may represent an early stage in the evolution of a
human pathogen (123). As Candidatus Berkiella was detected here in rainbow trout, a widely consumed
fish species, these findings raise questions concerning possible trophic transfer and potential
implications for human health.

Exposure may favour the selection of antibiotic-resistant
bacteria

In addition to being opportunistic pathogens, Aeromonas spp. can produce extended-spectrum (-
lactamases (ESBL), enzymes capable of degrading B-lactam antibiotics (124, 125). An emergence of
multidrug-resistant (MDR) Aeromonas spp. strains in freshwater environments has also recently been
described (125). These strains are a reservoir of antibiotic resistance genes (ARGs) that can be
transferred through conjugation, even to phylogenetically distant taxa (125). The increase in Aeromonas
abundance in the trout microbiomes following exposure to fluoride or tebuconazole could therefore
influence ARG dynamics and act as a co-selector of MDR bacteria. Similar results were observed in
tebuconazole-contaminated soil ecosystems (0 to 10 mg/L) with increases in the frequency of plasmid
conjugative transfer, promoting horizontal transfer of ARGs (126). Authors linked these increases in
transfer to the increased abundance of donor bacteria and increased bacterial membrane permeability in
donor and recipient bacteria following tebuconazole exposure.

In the present study, an increased abundance of the genus Acidovorax was observed in skin in the F2
treatment, and the same pattern, even though not significant, was observed in gill samples compared to
the control. This genus has been reported to be enriched in polluted environments, and to be particularly
active in the production of quorum-sensing (QS) signals, favouring the communication among bacteria
(124,127). Acidovorax spp. are well-known vectors of ARGs, and their QS-mediated signalling, which
enhances inter-bacterial interactions and conjugative processes, may facilitate horizontal gene transfer
(124, 127). Consequently, their increased abundance following fluoride exposure could enhance ARGs’
dissemination within trout microbiomes. Functional prediction pathways also highlighted the potential
role of fluoride as a co-selector of ARGs in trout microbiomes. Pathways responsible for polymyxin
resistance (PWY0-1338), 1,5-anhydrofructose degradation (PWY-6992) and biosynthesis of B-lactam-
resistant peptidoglycan (PWY-6470) were overexpressed following fluoride exposure. Fluoride has been
reported to increase reactive oxygen species (R0OS), potentially inducing oxidative stress in tissues (45,
128). Such ROS production has been suggested as one of the mechanisms by which pollutant exposure
influences horizontal transfer of ARGs within bacterial communities (129). These results, based on
functional predictions using 16S rRNA gene metabarcoding data, should be confirmed by
metatranscriptomic studies that truly reflect the activity of microorganisms.
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From pollutant-induced dysbiosis to endocrine disruption

In this study, the predicted pathway for androstenedione degradation (PWY-6944), a steroid compound,
was strongly overexpressed in the gut microbiome in the F1 and F2 treatments compared to the control.
Additionally, the predicted pathway for sitosterol degradation to androstenedione (PWY-6948) was
inhibited in the gut after Tbz exposure. Fluoride, but also tebuconazole, have been reported as endocrine
disruptors in fish, affecting the reproductive and thyroid hormone (TH) systems. In zebrafish, chronic
fluoride exposure (0 to 40 mg/L; 20 to 60 days) altered the reproductive hormone levels (LH, FSH,
testosterone, estradiol) and gonadal structure (128, 130). It also induced thyroid disruption with changes
in TH concentrations and histopathological alterations of thyroid follicles (0 to 80 mg/L, 45 to 90 days)
(44, 131). Tebuconazole affects the endocrine axis in a similar manner. Early-life exposure of zebrafish to
0.5 mg/L (0 to 60 dpf) unbalanced the sex ratio and the levels of steroid hormones via aromatase
inhibition (56), whereas adult exposure decreased egg production, fertilization success (0 to 1.6 mg/L; 4
months) and disrupted thyroid-related gene expression and TH levels (2 mg/L; 5 days) (132, 133). The
observed effects of fluoride or tebuconazole exposure on the trout microbiomes could therefore reflect
interactions with endocrine pathways, as both compounds have been reported to exert an endocrine-
disrupting activity in fish. These interactions could be two-dimensional: pollutants may disrupt hormonal
homeostasis and thereby affect microbial communities, while microbiota dysbiosis may feedback on
hormone regulation by affecting (i) bacterial metabolism of circulating steroids which modifies their
activity and bioavailability, and (ii) deconjugation and recycling of TH in the gut (134, 135). To clarify
these interactions, integrative studies combining microbiomes and hormonal analyses are needed.
Finally, while the role of the gut microbiota in hormonal homeostasis is increasingly understood, the
roles of the gill and skin microbiota remain unexplored and would need further investigations.

Conclusions

Rainbow trout chronically exposed to fluoride (6.8 and 24.7 mg/L) or to tebuconazole (51.7 pg/L) show
shifts in their microbial communities associated with gills, skin and intestine. Exposure to chemical
treatments significantly affected bacterial alpha diversity in gills and skin, but had no effect on the
intestine, while beta diversity was affected across all three tissues. Microbial co-occurrence networks
indicated a loss of interactions following fluoride exposure in the gills, while the opposite, i.e., increased
interactions, were observed in the skin and intestine tissues. Exposure also affected the taxonomic
composition in the three considered tissues. Genera responsible for fish diseases such as Candidatus
Piscichlamydia, Flavobacterium and Aeromonas were increased in gills and intestine following fluoride or
tebuconazole exposure. The present study also highlighted an increase in Candidatus Berkiella, a
potential human pathogen, raising the question of trophic transfer and the implications for human
health. We also observed increased abundances of Acidovorax, a genus known to carry and transfer
antibiotic resistance genes. Finally, predicted functions showed increased expression of pathways
responsible for antibiotic resistance following chemical exposure, suggesting a potential co-selection of
antibiotic-resistant taxa under chemical pressure. To gain a better understanding of the effects of
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chronic fluoride and tebuconazole exposure on the holobiont, it would be valuable to consider
bioindicators linked to the host health. As fluoride and tebuconazole exposure favoured pathogenic
bacteria, it would be relevant to consider parameters linked to the host immune status. In parallel,
indicators of hormonal homeostasis should also be considered, given the described endocrine-
disrupting activities of both fluoride and tebuconazole. Moreover, further studies should focus on the
functions of microbial communities associated with the different trout tissues and their responses to
fluoride and tebuconazole exposure.
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Figure 1

Alpha diversity per tissue and treatment. Alpha diversity was quantified using three indexes (left to
right): Observed, Chao1 and Shannon. Measures were calculated after exposure for 7 months to different
treatments (coloured boxplots): fluoride (F1, 6.8 mg F-/L or F2, 24.7 mg F-/L), tebuconazole (Tbz, 51.7
ug/L) or a control condition. Statistical comparisons were performed for each tissue independently,
different letters indicate significant differences among treatments (p < 0.05).
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Principal Coordinates Analysis (PCoA) based on Bray-Curtis dissimilarity matrices. PCoA are displayed
for (A) gill, (B) skin and (C) intestine samples. Points represent individual samples and are coloured
according to treatment. Ellipses represent 95% confidence intervals around group centroids based on a
multivariate t-distribution. Percentages on the axes indicate the proportion of variance explained by each
principal coordinate. Data were normalized using cumulative sum scaling (CSS) prior to ordination.
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Taxonomical composition at the phylum level. Relative abundance of the 10 dominant phyla by sample
type and treatment. Remaining phyla are grouped under “Other”.

Page 33/36



(A)

Candidatus Piscichfamydia
Flavobactenim
Acidovorax
Paracoccus
{nidbacterium
Aeromonas
Novosphingobium

L ysobacter

Baosea

AAPI9
Sphingapyxis
Clostridium
Rhizoriapis
Fseudomonas
Deinococcus
Legionefla
Polyangium
Mycobacterium
Aetherobacter
Persicitafea

Massifia
Paenarthrobacter
Microbacterivm
Paludibacter
Psychrobacter
Candidatus Berkiella
Sphingobium
Halormonas
Noviherbaspirifium
Deefgea
Candidatus Ovatusbacter
Paeniglutamicibacter
Aquicella
Pararhizobium
FPhenylobacterium

Figure 4

2 Tbz vs Control

Underrepresented Overrepresented
@
A
=]
Fay
a
A
]
Yav|
&
£n
=]
2N
o
o
oA
A
[
@]
A
oo
oY
A
Q
(O] 7AN
B @
=]
5]
@
]
a
B
DA@
-20 -10 0 20
Log2 Fold Change
Comparison Phylum
G F1 vs Control Actinomycetota
O F2 vs Control @ Bacillota

® Bacteroidota

(B)
Sphaeroffius
Unidbacterium
Arcicella
Emiticicia
Arenimonas

L ysobacter
Rhizorharpis
Deinacoccus
Halomanas
Rivicola
Methyiorubrum
Phenyiobacteritim
SM1A02
Phaselicystis
Ferribacterium
Beggiatoa
Aetheraobacter
Aquirhabdus
Limnohabitans
Rhizobadter
Pird fineage

(C)
Flavobactenim
SH-Pt-14
Reyranelfa
Candidatus Berkiella
Phreatobacter
Staphylococcus
Legionella
Rhizobium
Tabrizicola
Aeromonas
Aquicefia
Mycobacterium

& Chlamydiota
Deinococcota
@8 Myxococcota

Log2 Fold Change

® Planctomycetota
Pseudomonadata

Underrepresented Overreprese nted
0
@
]
.
o
fasl
]
ZaN
o
=
0o
]
Am
Fasl
A
o}
o
o}
] ]
-20 -10 0 10 20
A
A m
[mig o}
oAH
0
25
280
o}
Aod
a
-20 -10 0 10 20

Differential analysis results.Differential analyses were performed at the genus level using DESeq?2.
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control (p-value < 0.01), are displayed for gill (A), skin (B) and intestine (C) samples. Genera are ordered
by decreasing mean relative abundance (top to bottom). The shape of the points indicates the between-
treatments comparison pair, while their colour corresponds to the phylum.
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Figure 5

Microbial co-occurrence networks. Networks are displayed in the gill (A — C), skin (D — F) and intestine
(G - 1) samples under control (A, D, G), F1 (B, E, H) and F2 (C, F, I) treatment conditions. Co-occurrence
networks were inferred using SPIEC-EASI and modules were detected with the Louvain algorithm. Each
coloured node represents an ASV; node colour indicates its membership to a network module, i.e., a
group of highly interconnected ASVs. The percentage of ASVs assigned to each module is reported in
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the legend. Grey edges indicate significant co-occurrences between two nodes. Edge length is
determined solely by the two-dimensional layout (Fruchterman-Reingold) and does not represent the
strength nor distance of associations. Node size is proportional to the number of edges (node degree).
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