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 2 

Abstract   22 

Teleost fishes represent an invaluable repertoire of host species to study the factors 23 

shaping animal-associated microbiomes. Several studies have shown that the 24 

phylogenetic structure of fish gut microbiome is driven by species-specific (e.g. host 25 

ancestry, genotype or diet) and habitat-specific (e.g. hydrochemical parameters and 26 

bacterioplankton composition) factors. However, our understanding of other host-27 

associated microbial niches, such as the skin mucus microbiome, remains limited. The 28 

goal of our study was to explore simultaneously the phylogenetic structure of fish skin 29 

mucus and gut microbiome and compare the effect of species- and habitat-specific 30 

drivers on the structure of microbial communities in both tissues. We sampled 114 wild 31 

fish from 6 populations of 3 ecologically and phylogenetically contrasting Amazonian 32 

Teleost species. Water samples were collected at each site, and 10 physicochemical 33 

parameters were characterized. The skin mucus, gut, and water microbial communities 34 

were characterized using a metabarcoding approach targeting the V3-V4 regions of the 35 

16S rRNA. Our results showed a significant distinction between the phylogenetic profile 36 

and diversity of the microbiome from each microbial niche. Skin mucus and 37 

bacterioplankton communities were significantly closer in composition than gut and free-38 

living communities. Species-specific factors mostly modulated gut bacterial 39 

communities, while the skin mucus microbiome was predominantly associated to 40 

environmental physicochemistry and bacterioplankton community structure. These 41 

results suggest that the variable skin mucus community is a relevant target to develop 42 

microbial biomarkers of environmental status, while the more conserved gut microbiome 43 
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 3 

is better suited to study long-term host-microbe interactions over evolutionary time 44 

scales. 45 

 46 

Importance  47 

Whether host-associated microbiomes are mostly shaped by species-specific or 48 

environmental factors is still unresolved. Especially, it is unknown to what extent 49 

microbial communities from two different host tissues from the same host respond to 50 

these factors. Our study is one of the first to focus on the microbiome of teleost fishes to 51 

shed a light on this topic, as we investigate how the phylogenetic structure of microbial 52 

communities from two distinct fish tissues are shaped by species- and habitat-specific 53 

factors. Our study showed that in contrast to the teleost gut microbiome, skin mucus 54 

communities are highly environment dependent. This result has different implications: 55 

(1) the skin mucus microbiome should be used, rather than the gut, to investigate 56 

bacterial biomarkers of ecosystem perturbance in the wild; (2) the gut microbiome is 57 

better suited for studies on the drivers of phylosymbiosis, or the co-evolution of fish and 58 

their symbionts.  59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 
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 67 

 68 

 69 

Introduction 70 

Teleosts are represented by more than 28 000 species, which exhibit a variety of 71 

physiologies, natural histories and ecologies (1). Thus, they provide an invaluable 72 

repertoire of host species to study the nature of vertebrate microbial communities (2) 73 

and the factors shaping animal-associated microbiomes (3). Teleost’s guts, skin mucus 74 

and gills support high concentrations of bacterial cells (4, 5) forming highly diverse and 75 

structured microbial communities (6). Like in humans, the gut microbial community of 76 

fishes has drawn a lot of attention from the scientific community in the last decade; 77 

dozens of studies have characterized the gut microbiota of various fish species (5, 7). 78 

These studies identified endogenous and exogenous factors that affect the 79 

establishment of bacteria in Teleosts guts (2, 7, 8). Some endogenous factors are 80 

species/population-specific (1)— they include: host ancestry (9), genotype (10), diet (11); 81 

others are individual-specific and include parasitic load (12), immunological state (13), 82 

and life history (14). Exogenous factors are habitat-specific and include: environmental 83 

water physicochemical parameters (15, 16) and bacterioplankton composition (17).  84 

 85 

In contrast to the gut microbiota, our understanding of the mucosal microbiome of fish 86 

skin remains limited (18). Like the gut microbiota, the skin mucus microbial community 87 

plays crucial roles for fish holobionts (5). Skin mucus bacteria constitute the first barrier 88 

of defense against infections by environmental opportunistic pathogens (19). The 89 
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 5 

ecological niche provided by fish skin mucus is in constant contact with the external 90 

environment, rendering its associated microbiota susceptible to environmental 91 

physicochemical disturbances, compared to the stable conditions of the buffered gut 92 

environment (16, 17, 20). This sensitivity of fish skin mucus microbiota suggests that, in 93 

the future, skin mucus bacteria could be used as microbial biomarkers or proxies of fish 94 

health, which would help manage wild fish populations and improve captive fish 95 

performance and growth by enabling the rapid diagnosis of fish gut diseases through 96 

skin mucus microbiota profiling (11, 21). Characterizing fish skin mucus microbial 97 

communities in a range of different hosts and environments is critical for (i) identifying 98 

novel functions of animal-associated microbes, (ii) understanding the connectivity 99 

between environmental microbial communities and those of the host, and (iii) identifying 100 

the endogenous and exogenous factors shaping these microbial consortia. 101 

Furthermore, most studies which investigated the fish skin mucus microbiome did not 102 

concurrently report the bacterial communities from other host-associated tissues, such 103 

as the gut (4, 22). Therefore, we cannot determine to what extent skin mucus 104 

communities are driven by the same species-specific or habitat-specific factors shaping 105 

gut communities. The main goal of our study was to address this gap by (i) exploring the 106 

phylogenetic structure of fish skin mucus and gut microbial communities and (ii) 107 

comparing the effect of species-specific and habitat-specific drivers on the structure of 108 

microbial communities in both tissues. 109 

 110 

Here we investigated the bacterial communities (gut and skin mucus) of three sympatric 111 

host species found in the Brazilian Amazon basin: the flag cichlid (Mesonauta festivus), 112 
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the pacu (Mylossoma duriventre), and the black piranha (Serrasalmus rhombeus). 113 

These three species are phylogenetically divergent: pacus and black piranhas belong to 114 

the Serrasalmidae family, which diverged from the flag cichlid’s Cichlidae family 229.9 115 

M years ago (23). These species also differ in their overall ecology (behavior, diet, and 116 

distribution). Flag cichlids are more sedentary and live on the surface of river margins 117 

underneath logs of wood or floating macrophytes (24). In contrast, black piranhas and 118 

pacus live in the middle of the water column and can tolerate strong river currents (25). 119 

Black piranhas are opportunistic carnivores, while flag cichlids are benthivores and 120 

pacus are planktivores (24-28). Flag cichlids and black piranhas are found in a great 121 

variety of habitats, and therefore have a larger overall distribution area than pacus (25). 122 

We used a metabarcoding approach targeting the 16S SSU V3-V4 region of the rRNA 123 

gene to analyze the gut and skin mucus bacterial communities of 33 wild flag cichlids, 124 

47 pacus, 34 black piranhas, and six water samples, collected at six sampling sites. Our 125 

results show that the phylogenetic structures of fish gut, skin mucus and 126 

bacterioplankton communities significantly diverge. Most importantly, they also support 127 

the hypothesis that fish skin mucus and gut microbiomes do not show the same 128 

response to species- and habitat-specific factors. 129 

 130 

Results 131 

Host-associated versus free-living bacterial communities 132 

Our results show a clear distinction between the taxonomical structure of the bacterial 133 

communities from skin mucus, gut and bacterioplankton (Fig. 1, Fig. 2, Suppl. Fig. 3, 134 

Suppl. Fig. 4). Permutational analyses of variances (PERMANOVAs) results based on 135 
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 7 

weighted Unifrac distances show smaller significant differences between 136 

bacterioplankton and skin mucus communities (p < 0.001, F = 3.58, df = 115), than 137 

between bacterioplankton and gut communities (p < 0.001, F = 6.63, df = 113). The high 138 

similarity between skin mucus communities and bacterioplankton is also suggested in 139 

the PCoA plots on Suppl. Fig. 3 —the sample type factor explains only 22.2 % of the 140 

variance between skin mucus and free-living communities, while it explains 40.0 % of 141 

the variance between gut and free-living communities. Finally, the Thetayc Dissimilarity 142 

Index (TDI) (29), also showed that bacterioplankton structure was more similar to the 143 

skin mucus microbiota (TDI = 0.690 ± 0.004 S.E.) than to the gut microbiota (TDI = 144 

0.848 ± 0.003 S.E.). Faith’s phylogenetic diversity measures (Fig. 1) also showed 145 

significant differences in the -diversity of the three sample types: overall -diversity 146 

was significantly higher in skin mucus than in gut (p-value < 0.001, T = 4.19, df = 232) 147 

and bacterioplankton samples (p-value = 0.002, T = 5.77, df = 5). Average diversity of 148 

gut was also significantly higher than bacterioplankton samples (p-value < 0.05, T = 149 

2.43, df = 6). Finally, heatmaps in Suppl. Fig. 4 show the clustering of 10 ASVs from 150 

each of the two most important genera in bacterioplankton (CL500-29 marine group and 151 

hgcI clade), based on their mean relative abundance in fish skin mucus, gut and 152 

bacterioplankton samples. They show that the ASVs from these abundant genera in 153 

bacterioplankton share co-abundance with the same ASVs in the fish skin mucus 154 

microbiome, but not with those in the gut microbiome. 155 

 156 

Skin mucus versus gut microbiome  157 
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The two host-associated microbial habitats show certain similarities. For instance, they 158 

both contain a significantly higher abundance of Oxyphotobacteria (p-value < 0.001), 159 

Mollicutes (p-value < 0.001), and of Clostridia (p-value < 0.001) than free-living 160 

communities (Fig. 1). However, results of PCAs, PERMANOVAs (Fig. 2a,b,c), LEfSe 161 

analyses (Fig. 2d,e,f), metagenomeSeq abundance heatmaps (Fig. 2g,h,i) and 162 

differential abundance barplots based on linear discriminant analysis (LDA) log scores 163 

(Fig. 2j,k,l) all show major differences in the phylogenetic structure of microbial 164 

communities from both tissues. PERMANOVA results (Fig. 2a,b,c) first confirm that the 165 

overall community structures were significantly different for both tissues for all three 166 

species sampled (all p values < 0.001, see Fig. 2 for F and df values). Then, to 167 

investigate further these differences, we performed LEfSe analyses (30) to identify the 168 

bacterial taxa (at all taxonomic levels possible) significantly associated with each tissue 169 

(Fig. 2d,e,f). The unpaired Wilcoxon rank-sum test embedded in LEfSe identified 170 

several differentially abundant features in the skin mucus and gut of each species. 171 

Common features in all three host species in this study include a significantly higher 172 

abundance of Clostridia in gut samples, and of Gammaproteobacteria and 173 

Acidobacteria in skin mucus samples. Three other taxonomic groups had a significantly 174 

higher abundance in the skin mucus of at least two species: the class Actinobacteria for 175 

flag cichlids and black piranhas, and the phylum Proteobacteria and the class 176 

Alphaproteobacteria for flag cichlids and pacu. These results suggest the existence of 177 

distinct and potentially consistent phylogenetic signatures of microbial communities 178 

unique to both tissues investigated. At the ASV level, differences between communities 179 

from both tissues were assessed with the metagenomeSeq LDA approach and 180 
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 9 

visualized with heatmaps and differential abundance barplots (Figure 2), which is more 181 

sensitive to significant differences, but less sensitive to potential confounding factors 182 

than the LEfSe approach (31). Heatmaps on Fig. 2g,h,I show that each host species 183 

microbial communities mostly cluster according to their tissue of origin. Clustering 184 

according to tissue of origin appeared more pronounced in flag cichlid and pacu 185 

samples than for black piranha samples. Differential abundance LDA scores barplots 186 

were made from the 20 ASVs with the highest differential abundance (Fig. 2j,k,l) 187 

between both tissues. Enhydrobacter sp. and CL500-29 marine group sp. were 188 

consistently found to be among the 10 most differentially abundant taxa for fish skin 189 

mucus for all three host species. Amongst these differentially abundant taxa, none were 190 

shared between all three host species for gut communities. 191 

 192 

Species-specific factors  193 

The site-specific PERMANOVAs of Fig. 3 always show a significant effect of the host 194 

phylogeny on the structure of microbial communities from both tissues (p-values < 0.02, 195 

see F and df values on Fig. 3) except for skin mucus communities of the site MPWS23. 196 

However, the factor "host species" (the axes of PCoAs of Fig. 3) consistently explained 197 

a higher percentage of the variance for gut samples (average of 60.9 %) than for skin 198 

mucus samples (average of 39.8 %) for fish assemblages of all six sampling sites. Also, 199 

F values of Fig. 3 PERMANOVAs, which tested the effect of the “host-species” variable, 200 

were invariably lower for skin mucus communities than for gut communities. These 201 

results suggest that species-specific factors particularly drive gut communities rather 202 

than skin mucus communities.  203 
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 204 

Interestingly, the Thetayc Dissimilarity Index values (TDI) (data not shown) suggest a 205 

potential signal of host phylogenetic history for gut microbiotas, but not for skin mucus 206 

microbiotas. Significant interspecific variations in the phylogenetic structures of gut 207 

microbiotas (p-value < 0.001, F = 3.21.41, df = 108) were related to the host phylogeny: 208 

the gut microbiota structures of the two Serrasalmidae species (pacus and black 209 

piranhas) were more similar to each other (TDI = 0.661 ± 0.004 S.E.) than to the gut 210 

microbiota structure of the Cichlidae species (flag cichlids): between flag cichlids and 211 

black piranhas, TDI = 0.783 ± 0.004 S.E.; between flag cichlids and pacus, TDI = 0.786 212 

± 0.003 S.E.). This signal was not observed for skin mucus samples: between pacus 213 

and black piranhas, TDI = 0.692 ± 0.009 S.E ; between flag cichlids and black piranhas, 214 

TDI = 0.576 ± 0.003 S.E.; between flag cichlids and pacus, TDI = 0.66 ± 0.01 S.E. 215 

 216 

Habitat-specific factors  217 

The Spearman correlation network analysis on Fig. 4 highlights similarities between the 218 

phylogenetic structure of samples, and enables visualization of global clustering 219 

patterns among all samples. These networks show an increased sampling-site-220 

dependent clustering for skin mucus samples than for gut samples: there was a much 221 

higher ratio of intra site edges (i.e. correlation between samples/nodes) among skin 222 

mucus communities (81 % of edges) than among gut communities (36 % of edges). The 223 

networks on Fig. 5 investigate deeper two known environmental factors driving 224 

sampling-site-dependent clustering on teleosts: the structure of surrounding 225 

bacterioplankton communities, and the environmental hydrochemical parameters (Table 226 
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1). The skin mucus and bacterioplankton communities are particularly interconnected: at 227 

all instances on Fig. 5, the percentage of taxa from the bacterioplankton and the host 228 

fish microbiome that are involved in significant Spearman correlations is always higher 229 

for skin mucus than for gut communities (for all three host species). Skin mucus 230 

communities also show an increased sensitivity to hydrochemical parameters: all three 231 

host species have interactions between several hydrochemical parameters and skin 232 

mucus taxa, but gut taxa only correlated with hydrochemical parameters for one host 233 

species (pacu). The most sensitive host species to hydrochemical parameters (all 10 234 

parameters studied) was the flag cichlid. Environmental potassium concentration was 235 

the only parameter consistently associated with taxa from the skin mucus of all three 236 

host species. 237 

 238 

These observations regarding the correlation between host habitat characteristics and 239 

skin mucus microbiome structure are also in accordance with the stacked barplots from 240 

Fig. 1, the PCoAs from Suppl. Fig. 3, and the Thetayc dissimilarity analyses, which 241 

show a higher resemblance between skin mucus and bacterioplankton communities 242 

than between gut and free-living communities. Thus, overall, the results consistently 243 

suggest that habitat-specific factors are differentially associated to the phylogenetic 244 

structure of skin mucus communities rather than to gut communities.  245 

 246 

Discussion 247 

The goal of our study was to explore the phylogenetic structure of fish skin mucus and 248 

gut microbial communities and measure the extent to which species- and habitat-249 
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 12 

specific factors shape the structure of microbial communities from both tissues. Our 250 

results showed a significant distinction between the phylogenetic profile and diversity of 251 

the bacterial communities in each microbial niche. Skin mucus and bacterioplankton 252 

communities were significantly closer in resemblance than gut and free-living 253 

communities. Tissue-specific responses showed that species-specific factors mostly 254 

modulate gut bacterial communities, while the skin mucus microbiome is predominantly 255 

associated to environmental physicochemistry and bacterioplankton community 256 

structure. 257 

 258 

Distinct phylogenetic structures in each microbial niche 259 

Microbial assemblages differ along fine scale environmental gradients present in their 260 

host organism, with distinct communities associated with different parts of the host’s 261 

body (6, 16, 17). Likewise, we observed that the three microbial habitats documented in 262 

this investigation (skin mucus, gut, and environmental water) showed significantly 263 

different microbial community taxonomic structures for all three species. We also 264 

showed a higher alpha diversity of skin mucus samples, than gut and bacterioplankton 265 

samples (Fig. 1) (except for the skin mucus of black piranhas at site MPWS2_3). 266 

Overall, the disparity between host-associated and free-living microbiotas, suggests that 267 

fish guts and skin mucus microbiota compositions are not simple reflections of the 268 

microbial assemblages in their habitat, but likely result from selective pressures which 269 

differ according to each tissue (1, 32-34). For instance, in fish guts, microbial symbionts 270 

with the best fitness are usually specialists, which thrive in a stable (buffered) 271 

environment and play key roles in the hosts nutrition by facilitating degradation and 272 
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 13 

assimilation of specific compounds found in the hosts' diet (reviewed in 35). While 273 

community composition varies among fish species, the most abundant phyla typically 274 

found in the gut of freshwater fishes are Proteobacteria, Actinobacteria, Bacteroidetes, 275 

Firmicutes, and Fusobacteria (15, 20, 36-40). In our study, Clostridia from the 276 

Firmicutes was an important discriminant feature of the gut microbiome for all three host 277 

species. Most Clostridia are obligate anaerobes that ferment plant polysaccharides (41). 278 

Interestingly, their presence in the guts of black piranha may suggest the ingestion of 279 

plant material from this once taught strictly piscivorous species. Studies generally show 280 

that gut community composition and diversity is trophic level dependent (42, 43): piscine 281 

gut microbiome diversity tends to decrease from herbivores to omnivores, with the 282 

lowest diversity in found in carnivores (44). However, our results did not show such 283 

decrease in alpha diversity in relation to fish diet (Fig. 1). This result could be 284 

associated to the fact that fishes were sampled in the dry season, a period of fasting for 285 

several Amazonian fish species (45, 46). Thus, diet may not be a major driver of gut 286 

microbiome structure during this period. 287 

 288 

In contrast to gut symbionts, skin mucus bacteria are mostly generalists, which tolerate 289 

a variable environment and play roles in the defense against opportunistic pathogens 
290 

(19) via colonization resistance mechanisms (47). Typically, skin mucus communities 291 

are dominated by Proteobacteria, and other less abundant phyla such as Bacteroidetes, 292 

Actinobacteria, Firmicutes, and Verrucomicrobia (15, 20, 48, 49). In our study, 293 

Proteobacteria was the most abundant phyla in all skin mucus communities, and was 294 

mostly composed of Gammaproteobacteria (Fig. 2d,e,f). Two taxa that were among the 295 
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10 most significant discriminant features of the skin mucus tissue were generalists 296 

found on all three host species: Enhydrobacter sp. and Cl500-29 marine group sp. (Fig. 297 

2.j,k,l). Enhydrobacter aerosaccus, the only species of the Enhydrobacter genus, is 298 

commonly found on fishes. This species is part of the butterflyfish gill core microbiome 299 

(50), the rainbow trout swim-bladder (51) and gut (52) microbiome, and the gut 300 

microbiome of the swamp eel (53). Our study showed that for three Amazonian fish 301 

species, Enhydrobacter sp. was not associated with the gut, but rather with the skin 302 

mucus tissue. Cl500-29 marine group sp. has been mostly reported in bacterioplankton 303 

samples from a variety of freshwater and saltwater habitats (54-56), thus it can tolerate 304 

a great range of hydrochemical parameters. This genus has also been shown to be a 305 

generalist in terms of utilization of different carbon compounds (56). At this moment, 306 

very little is known on the functional repertory of Enhydrobacter aerosaccus and Cl500-307 

29 marine group sp.. However, the ubiquity of these taxa in all skin mucus communities 308 

of the three host species from our study suggests that their recruitment on skin mucus is 309 

positively selected among the large pool of environmental taxa. Thus, they potentially 310 

play essential roles in the skin mucus microbiome, which merit further investigation. 311 

  312 

Species-specific factors and the gut microbiome. 313 

Numerous studies have documented an effect of the host fish species on gut microbial 314 

communities (7, 9). Our results show that phylogenetic structure of gut microbiotas were 315 

especially correlated to host fish ancestry (skin mucus microbiota often showed a 316 

significant, but weaker signal (Fig. 3)). The gut microbiota structure of the two 317 

Serrasalmidae hosts (S. rhombeus and M. duriventre) were more similar to each other 318 
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than to the taxonomic structure of the Cichlidae’s (M. festivus) gut microbiota, even 319 

given strikingly different diets (i.e. planktivorous versus piscivorous). Similarly, some 320 

mammalians with atypical diets for their clade, such as the strictly herbivorous panda 321 

bear (57) and myrmecophagous mammalians (58), harbor gut microbial communities 322 

that are more similar to those of their close relatives than to those of other mammalians 323 

with analogous diets. This phylogenetic inertia highlights the role of the host genotype 324 

(phylogeny) in constraining the range of variation of the gut microbiota in response to 325 

different diets (59). This phenomenon, where closely related species tend to host more 326 

similar microbiomes than evolutionary distant species, is termed “phylosymbiosis” (60-327 

62). Phylosymbiosis can be driven by various factors including phenotypic divergence 328 

between host species that are phylogenetically distinct (63), the host's diet (8, 9, 11, 64-329 

66), the coevolution of specific bacteria with their host (cophylogeny) (67), or by vertical 330 

transmission of bacterial lineages across hosts generations (17). 331 

 332 

 Interestingly, a recent study by Riiser et al. (2020) (68) conducted on cod (Gadus 333 

morhua) and pout (Trisopterus esmarkii) populations in the North Atlantic show results 334 

that contrast with the species-specific and phylosymbiosis patterns observed for the gut 335 

microbiome in our study. First, they show that different host ecotypes have more 336 

influence than the host species factor in shaping gut microbiome. Then, they show high 337 

similarity in the microbiome of cod and pout lineages that diverged over 20M years ago. 338 

These results show that the fraction of microbiome variance that is explained by 339 

environmental versus species-specific factors can vary significantly according to the 340 

host species and the type of environment exploited by these species. For instance, the 341 
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availability of diverse nutrient sources, and the environmental heterogeneity 342 

characteristic of tropical freshwater streams in the Amazon (25) are factors that may 343 

contribute to enhance the specialization of ecological niches, and thus strengthen the 344 

species- and habitat-specific responses observed in our study. 345 

 346 

 347 

 348 

Habitat-specific factors and the skin mucus microbiome. 349 

Ecologically mediated selection is a key driver of speciation (69-71), and it has been 350 

shown that the host fish genotype is correlated to the phylogenetic structure of the host 351 

microbiome (2, 7, 8, 10). Thus, the effect of habitat-specific factors on the structure of 352 

the bacterial communities in this study could be related to the following factors: (i) 353 

divergent selection pressures between sampling locations, leading to adaptive 354 

divergence (72); (ii) possible low gene flow level between sampling locations (73), which 355 

could lead to genetic drift of the host (74), which then modifies the microbiota of the fish 356 

host under selection; or (iii) habitat-specific diet (especially for detritivorous fishes 357 

feeding on sediments such as flag cichlids (11)).   358 

 359 

However, we documented distinct responses to habitat-specific factors: skin mucus 360 

microbial communities were more affected by the "Sampling site" factor than gut 361 

communities (Fig. 4 and Fig. 5). These differences may be associated with the stability 362 

of abiotic conditions on each tissue. The fish gut is a highly stable environment 363 

compared to the skin mucus, which is constantly exposed to environmental water with 364 
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variable physicochemical parameters. The intestinal pH remains circumneutral although 365 

being continuously exposed to acidic pH from gastric secretions (75), thus highlighting 366 

the high efficiency of pH buffering from alkaline secretions in the lower gastro-intestinal 367 

tract. Therefore, the stability of abiotic factors in the host gut promotes specialization of 368 

the microbiota (76, 77). On the opposite, the high variability in terms of physicochemical 369 

parameters in environmental water, to which the skin mucus is exposed, favors a more 370 

dynamic skin mucus community (16). Sylvain et al. (2016) (16), exposed the tambaqui 371 

fish (Colossoma macropomum) to extreme environmental conditions (pH 4.0) and found 372 

that gut microbiotas showed a stronger resistance and resilience capacity than skin 373 

mucus microbial communities. A review from Nemergut et al. (2013) (73) suggests that 374 

the resilience of microbial communities to disturbances (biotic or abiotic) is related to the 375 

duration and severity of the disturbance, community diversity, abiotic factors in the 376 

environment and disturbance history (77-79). Neutral processes (i.e. drift and dispersal) 377 

are expected to increase shortly following disturbance events (e.g. when a fish moves 378 

from a river tributary to another with different physicochemical parameters), while there 379 

is an increase in the effects of selection in stable environments (80) such as fish guts. 380 

This association between disturbance, neutral and selective processes might explain 381 

the distinct responses to habitat-specific factors that we observed for skin mucus and 382 

gut samples.  383 

 384 

Overall, our results have different implications. First, the skin mucus microbiome should 385 

be used, rather than the gut, to investigate bacterial biomarkers of ecosystem 386 

perturbance in the wild. Our study showed that in contrast to the teleost gut microbiome, 387 
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skin mucus communities are highly environment dependent. Thus, skin mucus samples 388 

will lead to a more sensitive and exact evaluation on the type of environment (e.g. 389 

perturbed or pristine, saltwater or freshwater) from which a fish sample originates. 390 

Second, due to its stability, its conserved structure, and its association to fish diets, the 391 

gut microbiome is better suited for studies on the drivers of phylosymbiosis, or on the 392 

co-evolution of fish and their symbionts over evolutionary scales. 393 

 394 

Conclusion 395 

Our study is one of the very first to explore the phylogenetic structure of microbiotas 396 

from wild fishes of the Amazon basin. Our analysis of microbial communities at multiple 397 

scales showed a clear distinction between the phylogenetic structure of the microbiome 398 

in different host tissues. They also highlighted a close resemblance and dense 399 

interaction network between skin mucus and bacterioplankton communities. We showed 400 

that skin mucus communities, in contrast to gut communities, were highly correlated to 401 

environmental hydrochemical parameters, and thus mostly relied on habitat-dependent 402 

factors, making them poor candidates for phylosymbiosis analyses but sensitive targets 403 

to develop database of environmental biomarkers. We suggest that future investigations 404 

use a shotgun metagenomic or metatranscriptomic approach to assess if species- and 405 

habitat-specific factors also affect the functional repertory of fish microbiomes. 406 

 407 

Methods 408 

Ethics approval  409 
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This project and protocol were approved by the Ethics Committee for the Use of 410 

Animals of INPA (number 026/2015 as of Dec 18th, 2015). All methods were carried out 411 

in accordance with the approved guidelines. 412 

 413 

Fish sampling 414 

The fish sampling was done between 05/11/2015 and 25/11/2015 at six different sites in 415 

freshwater streams of the upper Brazilian Amazon, close to Manaus (AM, Brazil): (1) 416 

Catalão Lake; (2) two sites in the Solimões River near Jacurutu Island; (3) the 417 

Manacapuru River; and (4) two sites in Anavilhanas National Park. Map of sampling 418 

sites is in Supplementary Material (Suppl. Fig. 1). 10 flag cichlids (FC) and 4 black 419 

piranhas (BP) were collected at site BWS1; 3 FC and 7 BP at site BWS2; 10 FC, 2 BP, 420 

and 18 pacus (PAC) at site MPWS2_3; 6 BP and 10 PAC at site WWS1; 5 BP and 10 421 

PAC at site WWS2; 10 FC, 10 BP, and 10 PAC at site Catalão (N total = 115 fish). At 422 

the moment, most of other studies on fish microbiota have only used 3-5 fish per site or 423 

species (reviewed in 7).  Fishing was done with fixed gillnets. If specimens of the 424 

targeted species were in contact with other fishes in the net – e.g. if two fishes were in 425 

adjacent net mesh – these specimens were discarded to avoid cross-contamination of 426 

the skin mucus bacterial communities. Skin mucus bacterial composition can be 427 

affected by net-fishing, due to a modification of mucus secretion and composition (81, 428 

82). Thus, we carefully checked the nets every 15 minutes to minimize the time captive 429 

fishes spent in the net and to reduce sources of contamination from the net itself. After 430 

capture, the skin mucus of all fishes was immediately sampled by gently rubbing a 431 

sterile cotton swab on ≈ 50% of the total surface on the right side of each fish. Whole 432 
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fishes and the skin mucus samples were then stored on ice with liquid Nitrogen until 433 

arrival at the Laboratório de Ecofisiologia e Evolução Molecular of INPA, where all 434 

samples were kept frozen at -80°C until dissection. There were about 4 hours between 435 

fish collection/flash freezing and dissection at the laboratory, and all fishes were 436 

processed the same way. 437 

 438 

2 L of water was also sampled at each site in sterile Nalgene™ bottles to characterize 439 

bacterioplankton community. Water samples were taken at 30 cm below the surface. 440 

The species collected in this study are found at these depths (25). The water samples 441 

were collected shortly before leaving the sampling sites to minimize time between 442 

collection and filtration. They were immediately stored in a large cooler full of ice and 443 

liquid nitrogen until arrival at the laboratory. There were about 4 hours between 444 

collection and filtration. Water samples were filtered on 0.2 μm membranes 445 

(Nucleopore©) using a Masterflex Easy-Load® II peristaltic pump from Cole-Parmer®. 446 

Post-filtration, the membranes were stored dry at -80°C. 447 

 448 

All fishes were measured, weighed, and dissected. Student’s T tests showed no 449 

significant difference (p-values > 0.05) between the average length and weight of all 450 

three species between different sampling sites. All fish were dissected with sterile 451 

instruments, under a flame, to isolate a section comprising midgut (right after pyloric 452 

caeca) and hindgut. Complete midgut and hindgut were pooled together in one sample 453 

for DNA extractions for each fish. Fish were sampled during dry season, which 454 

corresponds to a period of fasting for Amazonian fishes (45, 46). Thus, the isolated gut 455 
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sections of all host species were small, empty of intestinal content, and therefore, gut 456 

samples mostly represented mucosal flora rather than flora associated with digesta. Gut 457 

samples were kept at -80°C along with skin mucus and water samples until DNA 458 

extraction.  459 

 460 

Hydrochemical parameters 461 

Water parameters for each sampling site are found in Table 1. Temperature, pH, and 462 

dissolved oxygen % were measured at each sampling site. Then, 2 L of water were 463 

sampled at 30 cm below surface, and brought back to the laboratory on ice for further 464 

analysis. These water samples were collected at the same time and depth than the 465 

water samples used to characterize bacterioplankton. Carbonate hardness was 466 

calculated from the Ca2+ and Mg2+ concentrations and alkalinity was assessed using the 467 

method APHA Standard Methods for Examination of Water and Wastewater method 468 

2320 (1992). The ionic composition (Na+, Mg2+, Ca2+, K+) of each sample was analyzed 469 

using flame atomic absorption spectroscopy (Perkin-Elmer model 3100). The 470 

concentration of Cl- was measured using the colorimetric method as described by 471 

Clarke (1950) (83). Samples for dissolved organic carbon analysis were first filtered on 472 

0.45 um Sartorius filters and then were analyzed using a total carbon analyzer (Apollo 473 

9000 combustion TOC analyzer: ©Teledyne Tekmar). The TOC machine was calibrated 474 

according to the manufacturer’s instructions, using primary standard grade potassium 475 

hydrogen phthalate (KHP).  476 

 477 

Data availability  478 
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The sequence files are available from the Sequence Read Archive 479 

(http://www.ncbi.nlm.nih.gov/sra), BioProjectID: PRJNA574456. The scripts used for the 480 

statistical analysis of sequence variants (dada2 pipeline), the output ASV table, 481 

taxonomy data, mapping (metadata) file and R markdowns used during this project are 482 

freely available from the Open Science Network platform (URL: https://osf.io/h7skx/).  483 

 484 

Preparation of 16S amplicon libraries 485 

DNA extraction of skin mucus samples, whole guts and 0.2 μm membranes from water 486 

samples was performed using DNeasy® Blood and Tissue Kit from QIAGEN according 487 

to the manufacturer's instructions. Extracted DNA from guts, skin mucus, and water was 488 

stored at -80°C until amplification. The fragment V3-V4 (≈ 500 base pairs) of the 16S 489 

rRNA was amplified by polymerase chain reaction (PCR) using the forward primer 347F 490 

of sequence 5’-GGAGGCAGCAGTRRGGAAT-3' and the reverse primer 803R of 491 

sequence 5’-CTACCRGGGTATCTAATCC-3' (84). All PCR reactions were performed 492 

according to the manufacturer's instructions of Q5® High-Fidelity DNA Polymerase from 493 

New England BioLabs® Inc. PCR program: (1) 30 sec 98°C; (2) 10 sec 98°C; (3) 30 sec 494 

64°C; (4) 20 sec 72°C; (5) 2 min at 72°C; 35 amplification cycles total. To reduce PCR 495 

bias, and to increase precision in the assessment of microbial community composition 496 

and diversity, PCRs were done in triplicates. Amplified DNA was purified according to 497 

the manufacturer's instructions with AMPure beads (Beckman Coulter Genomics) to 498 

eliminate primers, dimers, proteins and phenols. All three PCR products for each 499 

sample were kept separate for post-PCR DNA purification but were pooled together 500 

before sequencing. Post-PCR DNA concentration and quality were assessed on 501 
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Nanodrop and by electrophoresis on [1.5%] agarose gels. After purification, Multiplex 502 

Sequencing was performed using the MiSeq platform from Illumina®, by the Plateforme 503 

d'analyses génomiques at the Institut de Biologie Intégrative et des Systèmes (IBIS) of 504 

Université Laval. A total of 232 samples were sequenced: 33 FC guts, 33 BP guts, 47 505 

PAC guts, 33 FC skin mucus, 34 BP skin mucus, 46 PAC skin mucus, and 6 water 506 

samples. 507 

 508 

Processing of 16S sequences 509 

The analysis of amplicon sequences was done at the Institut de Biologie Intégrative et 510 

des Systèmes (IBIS) at Université Laval. After sequencing, 4 247 979 sequences were 511 

obtained (mean of 18 310 sequences per sample). The demultiplexed fastq sequence 512 

files were processed through QIIME2 (85), and the dada2 tool (86) was used for 513 

Amplicon Sequence Variant (ASV) picking. Quality control of reads was processed 514 

through the filterAndTrim function by using the following parameters : 270 for the read 515 

truncation length, 2 as the phred score threshold for total read removal, and a maximum 516 

expected error of 2 for forward reads and 4 for reverse reads. The filtered reads were 517 

then fed to the error rate learning, dereplication and ASV inference steps using the 518 

functions learnErrors, derepFastq and dada, which are all from the dada2 pipeline (86). 519 

Chimeric sequences were removed using the removeBimeraDenovo function (86) with 520 

the “consensus” method parameter. Taxonomic classification was done through the 521 

assignTaxonomy function (86) using the SILVA v. 132 reference database. A rarefaction 522 

analysis of observed "species" counts and Shannon diversity (according to sampling 523 

depth) for each sample type (Suppl. Fig. 2) showed that four samples had 524 

 on A
ugust 19, 2020 at Instituto N

acional de P
esquisas da A

m
azonia

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


 24 

conspicuously lower sampling depth than the others: WWS1 = 199 reads, BWS1 = 381 525 

reads, 10.F = 474 reads, and 32.F = 9 reads. These four samples (< 5000 reds) were 526 

discarded, bringing total number of samples to 228, and lowest sampling depth to 5223 527 

reads. The average Good's coverage index for all samples was 0.9917 ± 0.0005 (S.E.).  528 

 529 

Statistical analysis of sequence variants 530 

To compare the taxonomical structures of the bacterial communities from the three 531 

microbial niches considered (Fig. 1), we used stacked barplots built on phyloseq (87), 532 

from the relative abundance of the 12 most abundant classes (all ASVs were used for 533 

the analysis). We used the R package btools to calculate Faith's Phylogenetic Diversity 534 

metric (88) for each sample type (Fig. 1). Then, we used Principal Components 535 

Analyses (PCA) based on weighed Unifrac distances (77) using the R package 536 

phyloseq (87), to visualize sample clustering between the different tissues (Fig. 2a,b,c, 537 

and Suppl. Fig. 3) and the different host species (Fig. 3). Then, the significance of these 538 

clusterings were assessed with p-values from PERMutational ANalyses Of VAriances 539 

(PERMANOVAs), computed with 10 000 permutations using the R package vegan (89, 540 

90) and a distance matrix of weighed Unifrac indexes between samples (Fig. 1a, Fig. 541 

2a,b,c, and Fig. 3). Finally, to investigate further the dissimilarity between the taxonomic 542 

structures of bacterial communities from different tissues / host species, we also used 543 

Thetayc β-diversity measures, or Thetayc Dissimilarity Index (TDI) (29). We chose to 544 

use the Thetayc index as it is a function of species proportions from both the shared 545 

and non-shared species. In addition, in the Thetayc index, the shared species 546 

proportions in each community are compared one-to-one (instead of a sum of the 547 
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abundances of all shared species in the Bray-Curtis index, which gives no indication on 548 

which species are shared, and if the abundances of the shared species are similar or 549 

not). As a result, the Thetayc index places more weight on those shared species, which 550 

have similar species proportions in both communities. 551 

 552 

We used LEfSe tests (Linear Discriminant Analysis Effect Size) (30) to identify the 553 

taxonomic groups which abundances varied significantly between different tissues (Fig. 554 

2d,e,f). This test uses non-parametric factorial Kruskal-Wallis sum-rank test to detect 555 

discriminant features (taxonomic groups) with significant differential abundance 556 

between tissues. Biological significance of these features is subsequently investigated 557 

by completing pairwise tests between the abundance of the selected features, using an 558 

unpaired Wilcoxon rank-sum test. Finally, LEfSe uses Linear Discriminant Analysis 559 

(LDA score) to quantify the effect size of each differentially abundant feature. The 560 

threshold for the LDA parameter was 2.0 (the default value).  561 

 562 

We also produced heatmaps based on the relative abundance of the 100 most 563 

abundant ASVs to investigate how samples from different tissues cluster on a 564 

phylogenetic tree (Fig. 2g,h,i). Then, we used the package metagenomeSeq (31) as 565 

another method (in addition to LEfSe) to identify discriminant features at the ASV level. 566 

metagenomeSeq's LDA approach is more sensitive to significant differences, but less 567 

sensitive to potential confounding factors than the LEfSe approach (31). The 10 568 

discriminant ASVs with the highest LDA score for each tissue were highlighted in the 569 

barplots of Fig. 2j,k,l. 570 
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 571 

To assess the effect of habitat-specific factors on the clustering of samples between 572 

both host-associated tissues, we computed Spearman correlations between all samples 573 

for each tissue, based on co-abundance patterns of the ASVs in the samples. 574 

Correlations kept for downstream analysis had a significant Spearman correlation value 575 

< 0.05 after Bonferroni correction. Two correlations networks (skin mucus and gut 576 

communities) were constructed using Cytoscape version 3.2.1 (91) to plot significant 577 

interactions (Fig. 4). The nodes of the networks each represent one sample and the 578 

edges (i.e. connections between nodes) are attributed to significant Spearman 579 

correlations between nodes.  580 

 581 

Then, to investigate further the correlations between bacterioplankton, hydrochemical 582 

parameters, and host-associated communities, we computed Spearman correlations 583 

based on co-abundance patterns of the ASVs in the samples. Correlations kept for 584 

downstream analysis had a significant Spearman correlation value < 0.05 after 585 

Bonferroni correction. Correlations networks were constructed using Cytoscape version 586 

3.2.1 (91) to plot significant interactions (Fig. 5). The nodes of the networks represent 587 

taxa or hydrochemical parameters and the edges (i.e. connections between nodes) are 588 

attributed to significant Spearman correlations between nodes.  589 

 590 
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 934 

Table 935 

Sites 

GPS coordinates Water parameters 

S W pH O2 Temp. Na  Cl  Ca  Mg  K  DOC Hard. 

  % °C mg/L 

Catalao 03° 10' 09" 059° 54' 43" 6.71 42.00 31.5 12.56 3.19 2.22 1.96 2.14 7.89 14 

BW1 02° 42' 55.1" 060° 44' 52.2" 4.7 89.32 31.2 0.64 0.03 0.01 0.072 1.19 7.26 0 

BW2 02° 41' 29.5" 060° 45' 34.1" 4.65 88.50 30.3 0.68 0.02 0.00 0.073 1.19 8.02 0 

WW1 03° 16.322' 060° 15.078' 6.9 81.00 32.7 6.02 7.49 0.75 0.665 2.06 3.50 5 

WW2 03° 15.490' 060° 13.833' 6.86 76.30 30.7 5.96 7.69 0.74 0.635 2.02 3.44 4 

MPWS2_3 03° 18' 54.7" 060° 35' 37.4" 6.15 79.10 32.5 9.66 24.10 1.04 1.035 1.96 3.46 7 

 936 

Table 1: GPS coordinates and hydrochemical parameters of the six sampling sites of 937 

this study. "Temp." stands for temperature, "DOC" for dissolved organic carbon, and 938 

"Hard." for carbonate harness. 939 

 940 

Figure legends 941 
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Figure 1: The phylogenetic structure of the skin mucus community is closer to 942 

bacterioplankton than to gut community. Stacked barplots display the relative 943 

abundance of the 12 most abundant classes in all sample types collected. Boxplot of 944 

Faith's phylogenetic alpha diverity index were also added below barplots for each 945 

sample type. These analyses were performed on the 4 sampling sites from which we 946 

have bacterioplankton samples with adequate sequencing depth (> 5000 sequences): 947 

Catalão (a), MPWS2_3 (b), BWS2 (c), and WWS2 (d). All specimens from each species 948 

were pooled together for these analyses. 949 

 950 

Figure 2: The gut and skin mucus have unique community structures, as shown on the 951 

three species sampled. Principal components analyses show the clustering of gut 952 

versus skin communities for flag cichlids (a), black piranhas (b), and pacus (c). Results 953 

of PERMANOVA tests between groups are indicated on the top left corner of each PCA 954 

plot. LEfSe analyses highlight the phyla and classes significantly more abundant in one 955 

of the two tissues considered for flag cichlids (d), black piranhas (e), and pacus (f). 956 

Heatmaps produced with metagenomeSeq show that samples cluster according to the 957 

relative abundance of the 100 most abundant ASVs for flag cichlids (g), black piranhas 958 

(h), and pacus (i). Barplots produced with metagenomeSeq highlight the 10 discriminant 959 

ASVs with the highest LDA score for each tissue for flag cichlids (j), black piranhas (k), 960 

and pacus (l). 961 

 962 

Figure 3: Host species has a more important impact on the structure of gut 963 

communities than of skin mucus communities. The assessment  of  host species impact 964 
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was based on PERMANOVA F and p values, and the total % of variance explained by 965 

the 2 first axes of PCA plots. The PCAs show the clustering of bacterial communities 966 

according to the host fish species at each sampling site. PERMANOVAs with 10 000 967 

permutations tested the significance of the "Host Species" factor at each site. At least 968 

two species were found at every site, and all three species were found at the sites 969 

Catalāo and MPWS2_3. 970 

 971 

Figure 4: Overall, skin mucus communities are more associated to habitat-specific 972 

factors than gut communities. The figure shows the clustering of nodes (i.e. samples) 973 

according to the pattern of Spearman correlations when all samples (for communities of 974 

the same tissue) are compared to one another. Nodes sharing and edge (link) have a 975 

Spearman correlation > 0.5 with a p-value < 0.05 (corrected with Bonferroni). The color 976 

of the node indicates the host species, while the shape indicates the sampling site of 977 

the sample. 978 

 979 

Figure 5: Interaction networks show high connectivity between skin communities, 980 

environmental bacterioplankton and hydrochemical parameters. Nodes sharing an edge 981 

(link) have a Spearman correlation > 0.5 with a p-value < 0.05 (corrected with 982 

Bonferroni). The color of the node indicates the type of sample: blue nodes represent 983 

bacterioplankton taxa, orange nodes are hydrochermical parameters, and grey nodes 984 

are host fish taxa. No significant correlations were detected between gut taxa and 985 

environmental hydrochemical parameters for black piranha and flag cichlid samples. 986 

 on A
ugust 19, 2020 at Instituto N

acional de P
esquisas da A

m
azonia

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


 45 

Numbers under each network indicate the number and % of ASVs implicated in 987 

significant interactions in each community. 988 

 989 

 990 
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