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Fish Skin Microbiomes Are Highly Variable Among Individuals and Populations but Not Within Individuals
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Fish skin-associated microbial communities are highly variable among populations and species and can impact host fitness. Still, the sources of variation in microbiome composition, and particularly how they vary among and within host individuals, have rarely been investigated. To tackle this issue, we explored patterns of variation in fish skin microbiomes across different spatial scales. We conducted replicate sampling of dorsal and ventral body sites of perch (Perca fluviatilis) from two populations and characterized the variation of fish skin-associated microbial communities with 16S rRNA gene metabarcoding. Results showed a high similarity of microbiome samples taken from the left and right side of the same fish individuals, suggesting that fish skin microbiomes can be reliably assessed and characterized even using a single sample from a specific body site. The microbiome composition of fish skin differed markedly from the bacterioplankton communities in the surrounding water and was highly variable among individuals. No ASV was present in all samples, and the most prevalent phyla, Actinobacteria, Bacteroidetes, and Proteobacteria, varied in relative abundance among fish hosts. Microbiome composition was both individual- and population specific, with most of the variation explained by individual host. At the individual level, we found no diversification in microbiome composition between dorsal and ventral body sites, but the degree of intra-individual heterogeneity varied among individuals. To identify how genetic and phenotypic characteristics of fish hosts impact the rate and nature of intra-individual temporal dynamics of the skin microbiome, and thereby contribute to the host-specific patterns documented here, remains an important task for future research.

Keywords: community ecology, diversity, fish, heterogeneity, repeatability, richness, skin microbiota, spatial variation


INTRODUCTION

Variation in fish skin microbiome has mainly been attributed to host species, geographic distribution and diet (Smith et al., 2007; Wang et al., 2010; Larsen et al., 2013, 2015; Stevens and Olson, 2015; Webster et al., 2018; Sylvain et al., 2020), but there also exists substantial variation in microbiome composition among individuals within species that remains elusive (Ross et al., 2019). A Web of Science topic search conducted on January 5th, 2021, showed that the scientific output on fish skin-associated microbiomes is growing rapidly, with a six-fold increase in annual output during the past two decades, from <100 contributions before 2000 to nearly 600 contributions published in 2020 (Supplementary Figure 1). Although the skin microbiome is of putatively significant ecological value to their host by aiding pathogen resistance (McLaren and Callahan, 2020) few studies have been conducted at the level of host individuals (Harrison et al., 2019; Ross et al., 2019) (but see recent contributions by Uren Webster et al. (2020) and Berggren et al., under review).

Earlier work on different host-microbe systems indicates that microbiome community compositions vary among host individuals as a consequence of ecological filtering imposed by a combination of host characteristics and environmental factors (Ley et al., 2008; Costello et al., 2012; Boutin et al., 2014; Sylvain et al., 2016; Miller et al., 2018; Krotman et al., 2020), and that this filtering is highly dynamic (Youngblut et al., 2019; Uren Webster et al., 2020). For instance, assembly processes within host species may vary according to life stage (Burns et al., 2016; Chiarello et al., 2019; Risely, 2020), host diet (Muegge et al., 2011), and genetics (Boutin et al., 2014; Webster et al., 2018). As such, assembly processes might vary according to the scale studied (Leibold et al., 2004). If fish are considered habitat islands that vary according to properties of the individual host and the environment it is experiencing, it might be hypothesized that the assembly processes operating within hosts would be more similar than among hosts. However, previous studies of skin microbiome have pointed to high variation in microbiome composition, both among individuals and according to bodily regions (Ley et al., 2008; Costello et al., 2009; Chiarello et al., 2015; Lowrey et al., 2015). The latter can potentially arise due to intrinsic factors such as host secretion and auto-immune molecules like defensins (Boutin et al., 2013; Chen et al., 2018), but extrinsic factors such as differential exposure to temperature, pH, sediments or light levels may also be involved (Shephard, 1994; Wotton, 2004; Grice and Segre, 2011; Wahl et al., 2012; Beck and Peatman, 2015; Hess et al., 2015). Ultimately this could also contribute to high inter-individual variability (Costello et al., 2009), given that patchy environments are expected to harbor higher species richness than homogeneous environments (Johnson and Simberloff, 1974; Tews et al., 2004). Moreover, differences in niche utilization due to behavioral variation expose host individuals to different microhabitats – even within the same population (Van Valen, 1965; Svanbäck and Bolnick, 2007; Forsman, 2015; Nordahl et al., 2018), and this may result in different microbiome composition among host individuals. At the level of host populations, it can be hypothesized that microbiome differences might be even larger due to localities varying in environmental conditions (Östman et al., 2010).

Although the processes shaping fish skin microbiomes attract increasing scientific attention (Supplementary Figure 1), few attempts have been made to evaluate how variation within and among fish individuals contribute to microbiome diversity within fish species. To evaluate the partitioning and respective contribution of alpha- and beta-diversity to the overall gamma-diversity requires multiple sampling scales, but this is seldom included in studies of microbial communities (Leibold et al., 2004; Sarkar et al., 2020; Walters and Martiny, 2020).

To investigate the partitioning of microbiome diversity within (alpha diversity) and among (beta diversity) host individuals and populations (gamma diversity), we sampled dorsal and ventral body parts from 39 individuals of perch (Perca fluviatilis) originating from two distinct populations along the Baltic Sea Swedish coast. Perch is a predatory fish species widely distributed in fresh- and brackish waters in the northern hemisphere of substantial socioeconomic value as a popular target in recreational fisheries (Craig, 2000; Tibblin et al., 2012; Donadi et al., 2017). We aimed to answer the following questions: (i) Do different fish host individuals, and different body parts within hosts, harbor microbiome communities that differ in species richness or community composition? (ii) Do microbiome community diversity and composition differ between different host populations? (iii) Does measurement repeatability allow the fish skin microbiome community composition to be reliably characterized using a single sample from each host individual?



MATERIALS AND METHODS


Study System

Perch was sampled at two locations (Kalmar, 56°40.306′N; 16°21.578′E and Figeholm, 57°22.321′N; 16°33.340′E) separated by a swimming distance of approximately 80 km along the southeast Baltic coast of Sweden. This spatial separation exceeds the general dispersal pattern and home ranges (∼20 km) of Baltic Sea perch (Craig, 2000; Ahlbeck Bergendahl et al., 2017; Hansson et al., 2019) such that the locations likely harbor specific host populations with non-overlapping home ranges. This is also supported by comparisons of microsatellite data from Baltic Sea perch, including our study area, that show genetic clusters (populations) at a much finer spatial resolution than our two locations (Bergek and Björklund, 2009; Olsson et al., 2011). The spatial separation of populations also implies exposure to different environmental conditions that may shape the microbial community, such as sediment load, bottom substrates, and habitat heterogeneity (Caporaso et al., 2011; Walters and Martiny, 2020).

The Figeholm population resides in a habitat that consists of an approximately 5 km wide archipelago with distinct depth gradients as well as two streams discharging into the area. The drainage area is sparsely populated (<1,000 inhabitants), semirural and covered by coniferous forest suggesting limited direct anthropogenic impacts on the aquatic habitat. The Kalmar perch population inhabit a coastal area that generally lacks adjacent archipelago and freshwater inflows. The sample location is in the heart of the urban area of Kalmar municipality (>50,000 inhabitants) with substantial man-made modifications of the habitat including embankment, beachfront buildings and extensive hard surfaces resulting in direct anthropogenic impacts on the habitat and water quality.



Sampling Procedures

Focal individuals [Kalmar: n = 30; Figeholm: n = 9; average size of 33.3 ± 3.6 cm (mean ± SD)] were captured between the 9th and 16th of October 2013. To avoid cross-contamination among individual fish microbiomes, individuals were captured one-by-one using rod and reel fishing. Microbiome samples were obtained from fish immediately after capture following rinsing with sterile MQ-water to eliminate bacterial cells associated with the water column. Pre-defined spots (approximately 2 × 2 cm) on the fish body were sampled with a sterile cotton swab that was twirled four times on the spot and then transferred to an Eppendorf-tube with 750 μl TE buffer (Tris-EDTA, 10:1). To minimize cross-contamination among samples all equipment used for sampling was sterilized with 70% ethanol between each sample. All samples were kept on ice until being stored at −80°C. The majority (32 of 39) of the fishes were females. Immediately after sampling, each fish was stunned and terminated by cervical dislocation. All applicable national guidelines for the care and use of animals were followed. Ethical approval for the study was granted by the Ethical Committee on Animal Research in Linköping, Sweden (Dnr. 33–14 and 10–14).

We obtained two samples (dorsal and ventral) from the right side of every individual (n = 39). From a subset (n = 16) of these individuals, representing both populations, we also took two additional corresponding samples from the left side of the body (both dorsal and ventral) to be able to evaluate heterogeneity and sample repeatability within individuals (Figure 1). Data thus consists of 110 samples that represent 2–4 samples from 39 fish individuals originating from 2 different populations. Specifically, 82 samples from the Kalmar population of 30 fish individuals that were caught on three occasions (9, 11, and 15 October 2013; 4 samples from 11 individuals and 2 samples from 19 individuals) and 28 samples from the Figeholm population distributed among 9 fish individuals that were caught on one occasion (16 October 2013; 4 samples from 5 individuals and 2 samples from 4 individuals).
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FIGURE 1. Body sites of Perca fluviatilis that were sampled to characterize variation in skin-associated microbiomes within and among host individuals. Dorsal (D) and ventral (V) samples from right (R) and left (L) side of the body. DR and VR sites were sampled on all 39 individuals included in the study and a subset of these individuals (n = 16) were also sampled on DL and VL sites.


At each sampling occasion and location, surface water samples (1 L) were taken to enable comparisons of the microbial communities in the water column with those present on the fish skin. Water samples (n = 4) were vacuum filtered through a Supor membrane filter (Pall Corporation, pore size 0.22 μm, Ø 47 mm). The filter was transferred to a sterile tube containing 1.8 mL TE-buffer (Tris-EDTA, 10:1) and stored at −80°C until DNA extraction.



DNA Extraction, Library Preparation, and Amplicon Sequencing

DNA was extracted from the microbiome samples collected with sterile swabs (n = 110) using the QIAmp DNA Mini Kit (QIAGEN, Germany) starting from step 3 in the protocol by the manufacturer. Final elution volume was set to 100 μl to increase the DNA yield. To minimize cross-contamination of samples, the nipper used to take out swabs was sterilized with 70% ethanol between each sample. DNA from water filters (n = 4) was extracted with the DNeasy PowerWater kit (Qiagen, Germany) and obtained concentrations were measured using NanoDrop 2000. Sequencing libraries were prepared by using the 16S rRNA gene primer pair 341F and 805R (Herlemann et al., 2011) following the PCR-protocol by Hugerth et al. (2014) modified by Lindh et al. (2015), with the exception of an additional five cycles in the first PCR. The process of adding Illumina adapters and index sequences was conducted according to Lindh et al. (2015). Final DNA concentrations were measured with a Qubit® 2.0 Fluorometer. The resulting purified (individually barcoded) amplicons were pooled into three libraries that were purified with gel purification kit (E.Z.N.A.® Gel purification kit, Omega Bio-Tek, Inc.) and sequenced on three separate occasions (n = 70 and 40 on each occasion for microbiome samples, and n = 4 for water samples) on the Illumina MiSeq platform (Illumina, United States) with 2 × 300 bp paired-end settings at Science for Life Laboratory (SciLifeLab, Stockholm, Sweden).



Sequence Data Processing


Microbiome Samples

Raw sequences from each library were processed separately using the DADA2 package implemented in QIIME2 2018.8 with default settings except for the parent over abundance parameter that was set to four (Caporaso et al., 2010; Callahan et al., 2016, 2017; Bolyen et al., 2019). Merging of pair end reads was not possible due to high frequency of reads with low quality ends. Therefore, only forward reads were retained for analysis, an approach that has been used previously (Checinska et al., 2015; Videvall et al., 2018). Truncation lengths were set to 120 nucleotides (nt) and primers were trimmed by cutting 21 nt in the start of the sequence. By default, DADA2 corrects Illumina sequencing errors, remove chimeric sequences, and finally produces sequences with single-nucleotide resolution called “amplicon sequence variants” (henceforth ASVs). Sequences from both libraries were then combined into a single fasta file in RStudio (v1.3.1093) (R Core Team, 2013; RStudio Team, 2019). Taxonomy was assigned using a naïve Bayesian classifier trained on the V3–V4 region of the 16S rRNA gene with reference sequences (also truncated at 120 nt) from the SILVA database [SILVA v132; (Quast et al., 2013) in QIIME2 (v2019.10)]. Taxonomically assigned mitochondric sequences were filtered as possible contaminant DNA from the fish. Sequences that were unassigned at the domain level were also filtered out. After pre-processing, 40,291,388 raw sequences were down to 30,308,550 sequences and 5,778 ASVs. The microbiome samples (n = 110) consisted of 275,532 sequences on average (median = 265,779; range = 25,787–1,007,839). According to rarefactions curves, the community members within samples are expected to be sufficiently covered (Supplementary Figure 2).



Water Samples

Raw sequence data from the sequencing occasion including the water samples was processed independently using the DADA2 package in QIIME2 2018.8. All settings were the same as for the microbiome samples, except that merging of pair-end reads was successful. This means that ASVs from microbiome and water samples had different lengths and thus comparison at the level of ASVs was impossible. However, taxonomic comparison was still possible. After pre-processing the water data (n = 4) consisted of 55,362 sequences and 1,278 ASVs.




Statistical Analyses


Richness Measurements (Alpha Diversity)

All statistical analyses were performed in Rstudio (v1.3.1093) (R Core Team, 2013; RStudio Team, 2019) unless stated otherwise and the code is provided in Supplementary Data File 1. To quantify richness within individuals we used both the number of observed ASVs, and estimated the species richness using the “breakaway” package (v4.6.11) with default settings (Willis, 2019). This function estimates richness from a non-linear regression model based on probability theory and the observed frequency counts. To evaluate whether the number of samples from each individual affected the observed richness, we performed a one-way ANOVA on the groups that were sampled two and four times, respectively. The test was performed with aov function in the stats package under the null hypothesis that individuals represented by four samples would not display higher observed richness.



Community Composition Measurements (Beta Diversity)

Because of the compositional nature of data sets obtained from high throughput sequencing (HTS) (Gloor et al., 2017), we performed a centered log ratio (clr) transformation of the microbiome data (Aitchison et al., 2000) to make it symmetric and linearly related (Pawlowsky-Glahn et al., 2015). First, we calculated point value estimates with zCompositions package (v1.2.31) representing estimates of the probability for each observation in the data set to deal with the general zero-inflatedness in microbiome data (Gloor et al., 2017). Then, we performed clr-transformation on those probabilities with CoDaSeq package (v0.99.3). This method of estimating the probability of the observation to be a true observation does not only offer a solution to the compositional structure of the data, it is also a way to circumvent the differences in number of sequences among samples that is usually solved by rarefying (McMurdie and Holmes, 2014). The clr-transformed values can be used as input for both multivariate analysis, such as (PER)MANOVA, and regressions (e.g., constrained redundancy analysis) since the log-ratios makes the data symmetric and linearly related (Pawlowsky-Glahn et al., 2015).



Exploring the Effects of Host Population and Individuals on Microbiome Composition

To test for effects of host population and individuals on the composition of the microbiome we performed constrained redundancy analyses (henceforth RDA) with the rda function implemented in the vegan package (v2.5-6) (Dixon, 2003; Oksanen et al., 2019) which uses ordinary unweighted linear regression on constraining variables. To evaluate model fit we used the function anova.cca, which is a permutation-based test that allows for nesting of factors. Since microbiome sequences were produced on two separate sequencing runs (i.e., different MiSeq flow cells), we restricted permutations within each flow-cell when evaluating effects of population and individuals (n = 110). Adjusted R-squared values were calculated with function RsquareAdj in the vegan package.



Evaluating Heterogeneity and Intra- vs. Inter-Individual Variation in Microbiome Composition

To determine the repeatability of samples taken from mirroring left and right side of dorsal and ventral body sites, we used samples from 16 host individuals that contributed with four samples (n = 64) and performed an intraclass correlation analysis on the estimated species richness. This was done with the ICC function in the R package psych (v1.8.12) (Revelle, 2019), using the ICC1 option as outlined by Shrout and Fleiss (1979) that includes a one-way ANOVA fixed effects model based on (MSB–MSW)/[MSB + (nr − 1) × MSW].

To explore the partitioning of the variance among samples from different levels, we used the function betadisper in the vegan package with Euclidean distances as input. We extracted the distance to the group centroid for each of the following levels: each body site within individuals (dorsal and ventral separately); within individuals (both dorsal and ventral); among individuals; and between populations.

To assess whether the composition of the skin microbiomes was heterogeneous within individuals, we performed a PERMANOVA on Euclidean distance matrix in PRIMER-E v7 (Anderson et al., 2008) with 10,000 permutations. The test included 16 individuals that contributed with four samples each (n = 64). In this model, individual was set as a random factor to control for repeated sampling, and body site (dorsal or ventral) was treated as a fixed factor. We further performed PERMDISP as a complementary test to aid the interpretation of the results from the main tests. PERMDISP gives a p-value regarding the null hypothesis that dispersions around the mean or centroid are homogenous across samples (Anderson, 2006). Results revealed significant differences among hosts regarding heterogeneity of community composition, such that some hosts varied more in community composition between dorsal and ventral body parts than others (note individual 25 and 26 in Figure 2). Results from the main tests were qualitatively similar with or without outliers (PERMANOVA, Euclidean matrix, effect of host individual: F13, 41 = 2.47, P < 0.001, R2 = 0.39; effect of body site within host: F1, 41 = 0.92, P = 0.30, R2 = −0.03; PERMDISP, F13, 42 = 3.47, P = 0.11), thus we report on the results where outliers are included.
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FIGURE 2. Variance among replicate samples of fish skin microbiomes from dorsal and ventral body sites within different host individuals. Beta dispersion plots based on Euclidean distances to centroid. Each dot represents one sample and shows the dispersion among the four samples taken from mirroring left and right sides of the dorsal and ventral body sites from each fish individual (n = 16) collected from Figeholm and Kalmar.




Data Exploration

The hierarchical diversity figure was generated with SigmaPlot for Windows (v12.5, Build 12.5.0.38). The rarefaction plot was generated in ampvis2 (Andersen et al., 2018) using function amp_rarecurve. All other plots were made with ggplot2 (Wickham, 2016) in Rstudio (R Core Team, 2013; RStudio Team, 2019).





RESULTS

Total observed richness summed across all microbiome samples was 5,778 ASVs. The total richness found within each population was greater than mean richness observed among individuals, demonstrating that the microbiome community compositions varied among hosts (Figure 3). The varying number of ASVs found on each individual fish host (Figure 3) did not reflect differences in the number of samples collected from each individual such that there was no difference in the number of ASVs between individuals that were sampled four (n = 16) or two (n = 22) times, respectively (ANOVA: F1, 37 = 1.77, P = 0.19).
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FIGURE 3. Hierarchical levels of fish skin microbiome richness representing host individuals, populations, and regional scales. Each dot represents an individual, black line represents the mean richness among individuals within Kalmar and Figeholm population, respectively. Red dashed line represents the total numbers of 16S rRNA gene ASVs observed within each population. Red solid line represents the total number of ASVs found among all samples (5,778 ASVs).


Only three of the 5,778 ASVs were detected in 80% of the samples and they belonged to families Burkholderiaceae (Variovorax paradoxus, and genera Burkholderia, Caballeronia, and Paraburkholderia) and Rhizobiaceae (genus Ensifer). The relative abundance of these two families varied between 0.04 and 29% and 0.002 and 1.1%. Only three phyla were present in all samples: Actinobacteria, Bacteroidetes, and Proteobacteria with ranges among samples varying between 0.003–82, 0.02–80, and 2.7–55%, respectively (Figure 4).
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FIGURE 4. Relative abundance of the three most prevalent phyla among all microbiome samples, split by population. Boxplot elements: center line, median; box limits, upper and lower quartiles; whiskers, 1.5× interquartile range. Each dot represents a sample.



Microbiome Composition Varied Among Host Individuals From Different Source Populations

Both source population and individual accounted for variation in the microbiome composition, but host individual explained a larger proportion of the total variation than did population (RDA, n = 110, effect of population: F1, 108 = 1.80, P = 0.007, R2 = 0.007; effect of individual: F38, 71 = 1.76, P = 0.001, R2 = 0.21; Figures 5A,B and Supplementary Figure 3). The amount of variation in microbial community composition was comparable between the two populations (ANOVA, effect of population on Euclidean distance to centroid: F1, 108 = 0.046, P = 0.83), indicating that the difference in microbiome composition was not due to a difference in variance among samples within populations. When analyzing host populations separately, individuals within populations were still significantly different from each other (RDA, effect of individual, Figeholm: F8, 19 = 2.10, P < 0.001, R2 = 0.25; Kalmar: F29, 52 = 1.65, P < 0.001, R2 = 0.19).
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FIGURE 5. Comparison of phylum-level composition in fish skin microbiome and bacterioplankton communities, ordered by increasing relative abundance from left to right. The 12 most abundant phyla based on relative abundance among fish skin microbiome samples within (A) population Kalmar (n = 30 individuals), and (B) population Figeholm (n = 9 individuals), respectively. Each number on the y-axis denotes an individual fish represented by either 2 or 4 samples. (C) Displays taxonomic comparison of bacterioplankton communities in the water samples from Kalmar (n = 3) and Figeholm (n = 1) and represent the 12 most abundant phyla among all water samples.


The total number of phyla discovered among all fish skin microbiomes was 57, of which 52 were present in the Kalmar and 47 in the Figeholm population, respectively. Comparisons of the 12 most abundant microbiome phyla in each host population showed that 8 of these 12 phyla were shared between the two populations, but their prevalence varied greatly among individuals (Figures 5A,B). Moreover, these eight phyla included three phyla that were not detected in the water samples: Euryarchaeota, Deinococcus-Thermus, and Gemmatimonadetes. A few phyla had notably high mean relative abundance in one host population while being rare in the other, and this was attributable to variation among individuals. For example, the phyla Tenericutes (majority of sequences belonging to family Mycoplasmataceae) had mean relative abundances 28.7% ranging between 0.007 and 88% in Figeholm, but 4.4%, varying between 0.001–35% in Kalmar, and Patescibacteria (majority of sequences belonging to family Gracilibacteria bacterium JGI 0000069-P22) had mean relative abundance 14.4%, with a range of 0.002–80% in Figeholm while the mean relative abundance was 0.8%, ranging between 0.001 and 9.2% in Kalmar (Figures 5A,B). Within population comparisons revealed that except for the phyla present in all samples from both populations (Figure 4), Patescibacteria was present in all samples from the Kalmar host population. No other phyla were present in all samples from either of the two populations, respectively.

We identified a total of 1,278 ASVs in the bacterioplankton communities from water samples, distributed among 16 and 12 phyla in Kalmar and Figeholm, respectively. None of these phyla were exclusively found in water. The most abundant taxonomic groups, Actinobacteria, Bacteroidetes, and Proteobacteria, were shared between water samples from the two geographic locations, [overall mean abundance 29.4% (range = 18.4–58.7%); 9.9% (range = 4.3–21.1%); 9.1% (range = 4.8–18.2%)] (Figure 5C). These phyla were also the most abundant in skin microbiomes but included more clades at lower taxonomic levels (23, 13, and 87 vs. 13, 8, and 31 orders in microbiome and water samples respectively Supplementary Data File 2). The community composition of bacterioplankton communities in the water was significantly different from that in the skin microbiomes (RDA, effect of sample type: F1, 112 = 17.4, P < 0.001, R2 = 0.13; Figure 5).



Evaluating Heterogeneity in Microbiome Community Composition Within Individuals

Species richness was highly correlated between left and right samples for both dorsal and ventral body sites within individuals (dorsal: 85.6%, F15, 16 = 12.9, P < 0.001; ventral: 87.1%, F15, 16 = 14.5, P < 0.001, Figure 6). The microbiome community composition did not differ significantly between samples taken from the dorsal and ventral body parts of the same host individuals, but the significant variation among hosts as reported above (see the effects of individual in the RDA analyses in the previous section) was further supported (PERMANOVA random effect of host individual: F15, 47 = 2.16, P < 0.001, R2 = 0.22; effect of body site within host: F1, 47 = 1.11, P = 0.30, R2 = 0.03, Figure 6). There was a significant difference in variance among samples taken from the same host individual (PERMDISP: F15, 48 = 10.2, P < 0.001, Figure 2). This reflected that the microbiome community composition was more heterogeneous (i.e., differed more between body sites) in some host individuals than in others (note individual 25 and 26 in Figure 2).


[image: image]

FIGURE 6. Intra- vs. inter-individual comparisons of variation among samples of fish skin microbiomes. Variation among samples is measured as Euclidean distances to centroid. Dorsal (petrol blue) and ventral (turquoise) boxes display pairwise comparisons of replicated samples within individuals (mirroring right and left side from each body site, respectively). The estimates of variation within individuals (pink) are based on the four samples from each of the 16 individuals, and the estimates of variation among individuals (plum) are based on all samples from the 16 individuals together. All data points are shown. Box-plot elements: center line, median; box limits, upper and lower quartiles; whiskers, 1.5× interquartile range.





DISCUSSION

In this study, we compared samples from different body sites, individuals and source populations of P. fluviatilis. The study offers the first attempt, to our awareness, to systematically evaluate intra-individual heterogeneity of fish skin microbiomes and investigate how variation in microbiome composition accumulates along hierarchical levels of organization. In brief, our results demonstrate that the community composition of the fish skin microbiomes was different overall from the microbial community in the surrounding water, did not differ between dorsal and ventral body sites within hosts, varied considerably among host individuals, and differed according to host population. Our analyses also uncovered a high similarity of microbiome samples taken from the left and right side of the same individuals, suggesting that fish skin microbiomes can be reliably assessed and characterized even using a single sample of host phenotypes.


Taxonomic Patterns

We found more ASVs at the population than individual level (Figure 3), indicating that microbiome composition varied among individual fish hosts. When examining the prevalence of phyla, only three were present in all samples: Actinobacteria, Bacteroidetes, and Proteobacteria, and their relative abundances were highly variable among samples (Figure 4). These phyla were also present in the bacterioplankton communities in the water. However, their relative abundances were much higher in the water compared to the microbiome samples (Figure 5), and the composition at lower taxonomic levels was far more diverse in fish skin microbiomes (Supplementary Data File 1). Other studies have also found the three aforementioned taxa to be the most prevalent in fish skin microbiomes (Boutin et al., 2014; Chiarello et al., 2015; Legrand et al., 2018; Krotman et al., 2020; Uren Webster et al., 2020), indicating that these phyla include symbiotic and commensal bacterial taxa that thrive on fish skin (Tarnecki et al., 2019). Another interesting finding was that three of the most abundant phyla that were present in both populations (Euryarchaeota, Deinococcus-Thermus, and Gemmatimonadetes; Figures 5A,B) were unique to fish skin microbiome samples (i.e., not detected in water), which could point to a specific association to fish microbiome. These three phyla have previously been reported in studies associated with fish microbiomes. For instance Gemmatimonadetes has been reported in the gut of Atlantic salmon (Salmo salar) (Dehler et al., 2017), and Euryarchaeota was detected in the skin microbiome of coral reef fishes (Chiarello et al., 2018). Deinococcus-Thermus have been detected in certain parts of the gut of the yellow grouper (Epinephelus awoara) (Egerton et al., 2018), but also on the skin of the common snook (Centropoumus undecimalis) (Tarnecki et al., 2021), and it is noteworthy that both of these species belong to the same order as perch, Perciformes.

The three ASVs present in at least 80% of the fish skin samples belonged to the families Burkholderiaceae and Rhizobiaceae, both of which are commonly associated with fish skin (Reinhart et al., 2019; Chiarello et al., 2020; Uren Webster et al., 2020). One ASV was annotated to species level, Variovorax paradoxus, a bacterium that can utilize many different organic compounds (Willems et al., 1991), and thus possibly a commensal microbiome member of perch that feed on the nutrient rich mucus (Shephard, 1994).

Taken together, these findings are in accordance with previous studies on fish skin microbiomes that also report on high variability among individuals in microbiome composition (Chiarello et al., 2015; Legrand et al., 2018, 2020; Uren Webster et al., 2020), and that fish skin microbiome composition is different from the surrounding bacterioplankton (Horsley, 1977; Wang et al., 2010; Stevens and Olson, 2013; Chiarello et al., 2018, 2019; Krotman et al., 2020; Sylvain et al., 2020; Uren Webster et al., 2020). One possible explanation for the different composition in fish skin microbiome compared to water, is that the fish skin offers a nutrient rich habitat for epibiotic bacteria in terms of the mucosal layer (Ángeles Esteban, 2012). The mucus constitutes a diversity of gel glycoproteins that have been suggested to provide many ecological niches for microbial organisms (Shephard, 1994; Wotton, 2004; Brown and Bythell, 2005; Chiarello et al., 2015, 2018; Sylvain et al., 2016).



Individual-Specific vs. Population-Specific Microbiome Composition

Although we found statistical support for microbiome differences between populations, host individual accounted for a larger proportion of the total variation in microbiome composition than did host population. Individual-specific variation was evident also when considering the most abundant taxonomic groups; a few phyla were over- and underrepresented in the respective populations (e.g., Tenericutes and Patescibacteria, Figures 5A,B), however, this skewed abundance was an effect of host individual rather than population. A potential explanation for the relatively low differentiation between the two host populations in our study is that the host species is a strong determinant of the associated microbial community composition (Larsen et al., 2013; Stevens and Olson, 2013; Chiarello et al., 2018; Sylvain et al., 2020), at least relative to the effects of the environment (Östman et al., 2010). This was suggested by Stevens and Olson (2015) with the argument that the fish host-microbiome interaction creates niches that potentially make the skin surface less accessible for free-living microorganisms and possibly more resistant to fluctuations in abiotic factors (e.g., pH, temp, and nutrients) than bacterioplankton communities (Pinhassi et al., 2003; Martiny et al., 2006). It has previously been reported that population differences in skin microbiome compositions are correlated with genetic dissimilarities (Webster et al., 2018), and this could potentially apply to the pattern observed here since perch populations in the different study sites are genetically distinct (Olsson et al., 2011).

However, the high individual variation in microbiome composition, reported in our study, might be indicative of the fact that stochastic processes influence which microbes that colonize the skin of perch (Burns et al., 2016; Chiarello et al., 2019). Alternatively, the large variation of microbiomes among individual hosts may reflect individual differences in the genetic make-up of the immune system (Boutin et al., 2014; Malmstrøm et al., 2016; Webster et al., 2018), diet preferences (Chiarello et al., 2018; Uren Webster et al., 2020), and behaviors (Bolnick et al., 2003). Host individuals can be regarded as islands with different properties according to both intrinsic (e.g., host genetic and phenotypic variation) and extrinsic factors (e.g., external environmental conditions in the habitat). This means that their skin-associated microbiomes are exposed to constantly changing, and possibly contrasting, environmental conditions–both from the hosts and the environment that the host is exposed to. These combined features result in environmental heterogeneity which might have the potential to promote more species rich and diverse communities at higher level of biological organization (microbial communities), as have been shown for trophic levels in other systems (e.g., Koricheva and Hayes, 2018; Raffard et al., 2019).



The Degree of Intra-Individual Heterogeneity in Microbiome Composition Varied Among Individuals

In animal and plant ecosystems, heterogeneous or patchy environments are expected to promote species diversity (Johnson and Simberloff, 1974; Tews et al., 2004) and in this context, heterogeneity in microbiome composition within individuals can be of eco-evolutionary interest and importance (Anderson et al., 2006; Forsman and Wennersten, 2016; Yildirim et al., 2018). In line with this prediction, we hypothesized that different body parts constituted contrasting habitats and thus harbored different microbial communities (Costello et al., 2009; Chiarello et al., 2015). However, according to our results, the microbiomes on dorsal and ventral body sites within host individuals were not distinct from one another. This can either reflect similar microbiome assembly processes (Costello et al., 2009; Kraft et al., 2015), or that connectivity and dispersal of microbes between bodily regions within the host is high (MacArthur and Wilson, 1967; Miller et al., 2018).

Interestingly, we found that the within-individual variability of microbiome composition varied significantly among host individuals (see results from PERMDISP and Figure 2). This could reflect behavioral variation among host individuals. Vertical migration associated with foraging, thermoregulation and diel activity patterns expose the dorsal and ventral microbiomes to contrasting environmental conditions, and possibly also to different species pools of potential microbial colonizers (Bolnick et al., 2003; Nordahl et al., 2018, 2020). It can therefore be hypothesized that the difference between dorsal and ventral microbiomes should be more pronounced in individuals that engage in vertical migrations to a higher degree. Given that there is typically a large proportion of unexplained variation in microbiome composition across fish hosts (Falony et al., 2016; Miller et al., 2018), it is critical to evaluate the reliability and repeatability of microbiome samples taken from the same host individual. Knowledge about individual differences and measurement consistency and how they influence the partitioning of the total variance can inform sampling design, with potential to increase the reliability and to improve reproducibility of future studies (Voelkl et al., 2020). In our case, the high similarity of microbiomes sampled on the left and right side within perch individuals (Figure 6) suggests that the observed differences in variance between dorsal and ventral samples among individuals were not resulting from measurement error.

Previous attempts to sample, quantify and compare microbiomes between different functional parts of the fish host have not formally evaluated heterogeneity among body sites while accounting for individual identity using repeated samples from each body site (Chiarello et al., 2015; Lowrey et al., 2015; Legrand et al., 2018). The results from this study, based on repeated samples taken from the same individuals and body sites, thus provide novel insights on how variation among individuals in alpha diversity, and the degree of spatial heterogeneity within individuals, contribute to beta-diversity in fish skin microbiomes.




CONCLUSION AND FUTURE DIRECTIONS

Here we have reported on a study of microbiomes that inhabit the skin of perch showing that: (i) fish skin microbiomes are highly diverse, even at the level of phyla; (ii) fish individual accounts for a high proportion of the variation in microbiome composition; and that (iii) the microbiome composition is not patchy within individual fish, but the degree of heterogeneity varies among individuals. The results also indicated that fish skin-associated microbiomes can be sampled, quantified, and characterized with high repeatability at the studied body positions. There is currently a knowledge gap about what drives the spatiotemporal dynamics of microbiomes within individual fish hosts. Our present findings thus have implications for future studies in that they emphasize the need to consider individual-specific effects when attempting to disentangle the importance of extrinsic vs. intrinsic factors. Besides identifying the role of ecological filtering imposed by the environment, an important task for future research is to determine the genetic, phenotypic and behavioral characteristics of hosts that affect the assembly and dynamics of fish skin microbiomes, and that thereby contribute to the type of individual-specific patterns documented in this study. Other challenges for the future are to perform repeated longitudinal sampling of fish hosts to assess the rate and nature of intra-individual temporal dynamics of microbiomes and to investigate whether and how they change with host behaviors and habitat shifts.



DATA AVAILABILITY STATEMENT

The datasets generated in this study can be found in the NCBI SRA database under accession number PRJNA716301 and can be found here: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA716301.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethical Committee on Animal Research in Linköping, Sweden, Dnr. 33–14 and 10–14.



AUTHOR CONTRIBUTIONS

HB and AF conceived the study. HB, PT, PL, and AF designed the study. HB and PT conducted the field work. HB and YY performed the laboratory work. HB, EB, and DL performed the bioinformatics analyses. HB and YY performed the statistical analyses with support from AF. HB wrote the first draft. All authors contributed to interpreting the results, read and approved the final version of the manuscript.



FUNDING

This work was financially supported by the Linnaeus University Centre for Ecology and Evolution in Microbial Model Systems (EEMiS) and by the Swedish Research Council Formas (grant to AF and PT Dnr. 2017-00346).



ACKNOWLEDGMENTS

We are grateful to Peter Johannesson and Oscar Nordahl for help with fieldwork, and Mattias Fast for help with DNA extraction and amplification. We would like to thank Markus Lindh, Stina Israelsson, Per Koch-Schmidt, and Sabina Arnautovic for help and advice concerning collection, storage, and processing of samples. We would also like to thank Hanna Bensch and two reviewers for comments on the manuscript. We further acknowledge the support from Science for Life Laboratory and the National Genomics Infrastructure in Stockholm for providing assistance with massively parallel sequencing and access to the UPPMAX computational infrastructure. The computations were performed under project b2017043.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.767770/full#supplementary-material

Supplementary Figure 1 | Publication trend on fish skin microbiome. A Web of Science topic search [using the search string (skin OR epiderm*) AND (microb* OR bacteri* OR microorg* OR microflora OR microbiome OR microbiota) AND fish*] conducted on 5th of January 2021 yielded 7,299 publications indicating that scientific output on fish skin-associated microbiomes is limited but growing by each year.

Supplementary Figure 2 | Rarefaction curves for fish skin-associated microbiomes and bacterioplankton communities in water samples. Curves display a sufficient sequence coverage.

Supplementary Figure 3 | PCA plot based on model output from rda analysis on population differences. All 110 samples are represented. Different colors represent individual (n = 39) and shape population affinity (triangles = Kalmar, circles = Figeholm). The plot is based on the output from the rda analysis with population as constraining variable.

Supplementary Data File 1 | ASV-table and taxonomy.

Supplementary Data File 2 | R-code for data processing, analysis and figures.



REFERENCES

Ahlbeck Bergendahl, I., Holliland, P. B., Hansson, S., and Karlöf, O. (2017). Feeding range of age 1+ year Eurasian perch Perca fluviatilis in the Baltic Sea. J. Fish Biol. 90, 2060–2072. doi: 10.1111/jfb.13285

Aitchison, J., Barcelo-Vidal, C., Martin-Fernandez, J. A., and Pawlowsky-Glahn, V. (2000). Logratio analysis and compositional distance. Math. Geol. 32, 271–275.

Andersen, K., Kirkegaard, R., Karst, S., and Albertsen, M. (2018). ampvis2: an R package to analyse and visualise 16S rRNA amplicon data. bioRxiv [Preprint]. doi: 10.1101/299537

Anderson, M. J. (2006). Distance-based tests for homogeneity of multivariate dispersions. Biometrics 62, 245–253. doi: 10.1111/j.1541-0420.2005.00440.x

Anderson, M. J., Ellingsen, K. E., and McArdle, B. H. (2006). Multivariate dispersion as a measure of beta diversity. Ecol. Lett. 9, 683–693. doi: 10.1111/j.1461-0248.2006.00926.x

Anderson, M. J., Gorley, R. N., and Clarke, K. R. (2008). PERMANOVA+ for Primer: Guide to software and statistical methods. Plymouth: PRIMER-E.

Ángeles Esteban, M. (2012). An Overview of the Immunological Defenses in Fish Skin. ISRN Immunol. 2012:853470.

Beck, B., and Peatman, E. (eds) (2015). Mucosal Health in Aquaculture. San Diego: Academic Press.

Bergek, S., and Björklund, M. (2009). Genetic and morphological divergence reveals local subdivision of perch (Perca fluviatilis L.). Biol. J. Linn. Soc. 96, 746–758. doi: 10.1111/j.1095-8312.2008.01149.x

Bolnick, D. I., Svanbäck, R., Fordyce, J. A., Yang, L. H., Davis, J. M., Hulsey, C. D., et al. (2003). The ecology of individuals: incidence and implications of individual specialization. Am. Nat. 161, 1–28. doi: 10.1086/343878

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857.

Boutin, S., Bernatchez, L., Audet, C., and Derome, N. (2013). Network Analysis Highlights Complex Interactions between Pathogen, Host and Commensal Microbiota. PLoS One 8:e84772. doi: 10.1371/journal.pone.0084772

Boutin, S., Sauvage, C., Bernatchez, L., Audet, C., and Derome, N. (2014). Inter Individual Variations of the Fish Skin Microbiota: host Genetics Basis of Mutualism?. PLoS One 9:e102649. doi: 10.1371/journal.pone.0102649

Brown, B. E., and Bythell, J. C. (2005). Perspectives on mucus secretion in reef corals. Mar. Ecol. Prog. Ser. 296, 291–309. doi: 10.1128/mBio.00052-13

Burns, A. R., Stephens, W. Z., Stagaman, K., Wong, S., Rawls, J. F., Guillemin, K., et al. (2016). Contribution of neutral processes to the assembly of gut microbial communities in the zebrafish over host development. ISME J. 10, 655–664. doi: 10.1038/ismej.2015.142

Callahan, B. J., McMurdie, P. J., and Holmes, S. P. (2017). Exact sequence variants should replace operational taxonomic units in marker-gene data analysis. ISME J. 11, 2639–2643. doi: 10.1038/ismej.2017.119

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A., Turnbaugh, P. J., et al. (2011). Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. U. S. A. 108, 4516–4522. doi: 10.1073/pnas.1000080107

Checinska, A., Probst, A. J., Vaishampayan, P., White, J. R., Kumar, D., Stepanov, V. G., et al. (2015). Microbiomes of the dust particles collected from the International Space Station and Spacecraft Assembly Facilities. Microbiome 3:50. doi: 10.1186/s40168-015-0116-3

Chen, Y. E., Fischbach, M. A., and Belkaid, Y. (2018). Skin microbiota-host interactions. Nature 553, 427–436.

Chiarello, M., Auguet, J.-C., Bettarel, Y., Bouvier, C., Claverie, T., Graham, N. A. J., et al. (2018). Skin microbiome of coral reef fish is highly variable and driven by host phylogeny and diet. Microbiome 6:147. doi: 10.1186/s40168-018-0530-4

Chiarello, M., Auguet, J.-C., Graham, N. A. J., Claverie, T., Sucre, E., Bouvier, C., et al. (2020). Exceptional but vulnerable microbial diversity in coral reef animal surface microbiomes. Proc. R. Soc. B Biol. Sci. 287:20200642. doi: 10.1098/rspb.2020.0642

Chiarello, M., Paz-Vinas, I., Veyssiere, C., Santoul, F., Loot, G., Ferriol, J., et al. (2019). Environmental conditions and neutral processes shape the skin microbiome of European catfish (Silurus glanis) populations of Southwestern France. Environ. Microbiol. Rep. 11, 605–614. doi: 10.1111/1758-2229.12774

Chiarello, M., Villeger, S., Bouvier, C., Bettarel, Y., and Bouvier, T. (2015). High diversity of skin-associated bacterial communities of marine fishes is promoted by their high variability among body parts, individuals and species. FEMS Microbiol. Ecol. 91:fiv061. doi: 10.1093/femsec/fiv061

Costello, E. K., Lauber, C. L., Hamady, M., Fierer, N., Gordon, J. I., and Knight, R. (2009). Bacterial Community Variation in Human Body Habitats Across Space and Time. Science 326, 1694–1697. doi: 10.1126/science.1177486

Costello, E. K., Stagaman, K., Dethlefsen, L., Bohannan, B. J. M., and Relman, D. A. (2012). The Application of Ecological Theory Toward an Understanding of the Human Microbiome. Science 336, 1255–1262. doi: 10.1126/science.1224203

Craig, J. F. (ed.) (2000). Percid Fishes: Systematics, Ecology and Exploitation. Oxford: Blackwell Science.

Dehler, C. E., Secombes, C. J., and Martin, S. A. M. (2017). Seawater transfer alters the intestinal microbiota profiles of Atlantic salmon (Salmo salar L.). Sci. Rep. 7:13877. doi: 10.1038/s41598-017-13249-8

Dixon, P. (2003). VEGAN, a package of R functions for community ecology. J. Veg. Sci. 14, 927–930. doi: 10.1111/j.1654-1103.2003.tb02228.x

Donadi, S., Austin, Å. N., Bergström, U., Eriksson, B. K., Hansen, J. P., and Jacobson, P. (2017). A cross-scale trophic cascade from large predatory fish to algae in coastal ecosystems. Proc. R. Soc. B Biol. Sci. 284:20170045. doi: 10.1098/rspb.2017.0045

Egerton, S., Culloty, S., Whooley, J., Stanton, C., and Ross, R. P. (2018). The Gut Microbiota of Marine Fish. Front. Microbiol. 9:873. doi: 10.3389/fmicb.2018.00873

Falony, G., Joossens, M., Vieira-Silva, S., Wang, J., Darzi, Y., Faust, K., et al. (2016). Population-level analysis of gut microbiome variation. Science 352, 560–564. doi: 10.1126/science.aad3503

Forsman, A. (2015). Rethinking phenotypic plasticity and its consequences for individuals, populations and species. Heredity 115, 276–284. doi: 10.1038/hdy.2014.92

Forsman, A., and Wennersten, L. (2016). Inter-individual variation promotes ecological success of populations and species: evidence from experimental and comparative studies. Ecography 39, 630–648.

Gloor, G. B., Macklaim, J. M., Pawlowsky-Glahn, V., and Egozcue, J. J. (2017). Microbiome Datasets Are Compositional: and This Is Not Optional. Front. Microbiol. 8:2224. doi: 10.3389/fmicb.2017.02224

Grice, E. A., and Segre, J. A. (2011). The skin microbiome. Nat. Rev. Microbiol. 9, 244–253.

Hansson, S., Larsson, U., and Walve, J. (2019). Site fidelity in perch (Perca fluviatilis) and roach (Rutilus rutilus) in two Baltic Sea coastal areas. Estuar. Coast. Shelf Sci. 226:106261. doi: 10.1016/j.ecss.2019.106261

Harrison, X. A., Price, S. J., Hopkins, K., Leung, W. T. M., Sergeant, C., and Garner, T. W. J. (2019). Diversity-Stability Dynamics of the Amphibian Skin Microbiome and Susceptibility to a Lethal Viral Pathogen. Front. Microbiol. 10:2883. doi: 10.3389/fmicb.2019.02883

Herlemann, D. P. R., Labrenz, M., Juergens, K., Bertilsson, S., Waniek, J. J., and Andersson, A. F. (2011). Transitions in bacterial communities along the 2000 km salinity gradient of the Baltic Sea. ISME J. 5, 1571–1579. doi: 10.1038/ismej.2011.41

Hess, S., Wenger, A. S., Ainsworth, T. D., and Rummer, J. L. (2015). Exposure of clownfish larvae to suspended sediment levels found on the Great Barrier Reef: impacts on gill structure and microbiome. Sci. Rep. 5:10561. doi: 10.1038/srep10561

Horsley, R. W. (1977). Review of bacterial flora of teleosts and elasmobranchs, including methods for its analysis. J. Fish Biol. 10, 529–553. doi: 10.1111/j.1095-8649.1977.tb04086.x

Hugerth, L. W., Wefer, H. A., Lundin, S., Jakobsson, H. E., Lindberg, M., Rodin, S., et al. (2014). DegePrime, a Program for Degenerate Primer Design for Broad-Taxonomic-Range PCR in Microbial Ecology Studies. Appl. Environ. Microbiol. 80, 5116–5123. doi: 10.1128/AEM.01403-14

Johnson, M., and Simberloff, D. (1974). Environmental Determinants of Island Species Numbers in the British Isles. J. Biogeogr. 1, 149–154. doi: 10.2307/3037964

Koricheva, J., and Hayes, D. (2018). The relative importance of plant intraspecific diversity in structuring arthropod communities: a meta-analysis. Funct. Ecol. 32, 1704–1717. doi: 10.1111/1365-2435.13062

Kraft, N. J. B., Adler, P. B., Godoy, O., James, E. C., Fuller, S., and Levine, J. M. (2015). Community assembly, coexistence and the environmental filtering metaphor. Funct. Ecol. 29, 592–599. doi: 10.1098/rsbl.2018.0460

Krotman, Y., Yergaliyev, T. M., Alexander Shani, R., Avrahami, Y., and Szitenberg, A. (2020). Dissecting the factors shaping fish skin microbiomes in a heterogeneous inland water system. Microbiome 8:9. doi: 10.1186/s40168-020-0784-5

Larsen, A., Tao, Z., Bullard, S. A., and Arias, C. R. (2013). Diversity of the skin microbiota of fishes: evidence for host species specificity. FEMS Microbiol. Ecol. 85, 483–494. doi: 10.1111/1574-6941.12136

Larsen, A. M., Bullard, S. A., Womble, M., and Arias, C. R. (2015). Community Structure of Skin Microbiome of Gulf Killifish, Fundulus grandis, Is Driven by Seasonality and Not Exposure to Oiled Sediments in a Louisiana Salt Marsh. Microb. Ecol. 70, 534–544. doi: 10.1007/s00248-015-0578-7

Legrand, T. P. R. A., Catalano, S. R., Wos-Oxley, M. L., Stephens, F., Landos, M., Bansemer, M. S., et al. (2018). The Inner Workings of the Outer Surface: skin and Gill Microbiota as Indicators of Changing Gut Health in Yellowtail Kingfish. Front. Microbiol. 8:2664. doi: 10.3389/fmicb.2017.02664

Legrand, T. P. R. A., Wynne, J. W., Weyrich, L. S., and Oxley, A. P. A. (2020). Investigating Both Mucosal Immunity and Microbiota in Response to Gut Enteritis in Yellowtail Kingfish. Microorganisms 8:1267. doi: 10.3390/microorganisms8091267

Leibold, M. A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J. M., Hoopes, M. F., et al. (2004). The metacommunity concept: a framework for multi-scale community ecology. Ecol. Lett. 7, 601–613.

Ley, R. E., Lozupone, C. A., Hamady, M., Knight, R., and Gordon, J. I. (2008). Worlds within worlds: evolution of the vertebrate gut microbiota. Nat. Rev. Microbiol. 6, 776–788. doi: 10.1038/nrmicro1978

Lindh, M. V., Figueroa, D., Sjostedt, J., Baltar, F., Lundin, D., Andersson, A., et al. (2015). Transplant experiments uncover Baltic Sea basin-specific responses in bacterioplankton community composition and metabolic activities. Front. Microbiol. 6:223. doi: 10.3389/fmicb.2015.00223

Lowrey, L., Woodhams, D. C., Tacchi, L., and Salinas, I. (2015). Topographical Mapping of the Rainbow Trout (Oncorhynchus mykiss) Microbiome Reveals a Diverse Bacterial Community with Antifungal Properties in the Skin. Appl. Environ. Microbiol. 81, 6915–6925. doi: 10.1128/AEM.01826-15

MacArthur, R. H., and Wilson, E. O. (1967). The Theory Of Island Biogeography. New Jersey: Princeton University Press.

Malmstrøm, M., Matschiner, M., Tørresen, O. K., Star, B., Snipen, L. G., Hansen, T. F., et al. (2016). Evolution of the immune system influences speciation rates in teleost fishes. Nat. Genet. 48, 1204–1210. doi: 10.1038/ng.3645

Martiny, J. B. H., Bohannan, B. J. M., Brown, J. H., Colwell, R. K., Fuhrman, J. A., Green, J. L., et al. (2006). Microbial biogeography: putting microorganisms on the map. Nat. Rev. Microbiol. 4, 102–112. doi: 10.1038/nrmicro1341

McLaren, M. R., and Callahan, B. J. (2020). Pathogen resistance may be the principal evolutionary advantage provided by the microbiome. Philos. Trans. R. Soc. B Biol. Sci. 375:20190592. doi: 10.1098/rstb.2019.0592

McMurdie, P. J., and Holmes, S. (2014). Waste Not, Want Not: why Rarefying Microbiome Data Is Inadmissible. PLoS Comp. Biol. 10:e1003531. doi: 10.1371/journal.pcbi.1003531

Miller, E. T., Svanback, R., and Bohannan, B. J. M. (2018). Microbiomes as Metacommunities: understanding Host-Associated Microbes through Metacommunity Ecology. Trends Ecol. Evol. 33, 926–935. doi: 10.1016/j.tree.2018.09.002

Muegge, B. D., Kuczynski, J., Knights, D., Clemente, J. C., Gonzalez, A., Fontana, L., et al. (2011). Diet Drives Convergence in Gut Microbiome Functions Across Mammalian Phylogeny and Within Humans. Science 332, 970–974. doi: 10.1126/science.1198719

Nordahl, O., Koch-Schmidt, P., Tibblin, P., Forsman, A., and Larsson, P. (2020). Vertical movements of coastal pike (Esox lucius)—On the role of sun basking. Ecol. Freshw. Fish 29, 18–30.

Nordahl, O., Tibblin, P., Koch-Schmidt, P., Berggren, H., Larsson, P., and Forsman, A. (2018). Sun-basking fish benefit from body temperatures that are higher than ambient water ambient water. Proc. R. Soc. B Biol. Sci. 285:20180639. doi: 10.1098/rspb.2018.0639

Oksanen, F. J., Blanchet, G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al. (2019). vegan: Community Ecology Package. R Package Version 2.5-6. Available online at: https://CRAN.R-project.org/package=vegan

Olsson, J., Mo, K., Florin, A. B., Aho, T., and Ryman, N. (2011). Genetic population structure of perch Perca fluviatilis along the Swedish coast of the Baltic Sea. J. Fish Biol. 79, 122–137. doi: 10.1111/j.1095-8649.2011.02998.x

Östman, Ö, Drakare, S., Kritzberg, E. S., Langenheder, S., Logue, J. B., and Lindström, E. S. (2010). Regional invariance among microbial communities. Ecol. Lett. 13, 118–127. doi: 10.1111/j.1461-0248.2009.01413.x

Pawlowsky-Glahn, V., Egozcue, J. J., and Lovell, D. (2015). Tools for compositional data with a total. Stat. Modelling 15:16.

Pinhassi, J., Winding, A., Binnerup, S. J., Zweifel, U. L., Riemann, B., and Hagstrom, A. (2003). Spatial variability in bacterioplankton community composition at the Skagerrak-Kattegat Front. Mar. Ecol. Prog. Ser. 255, 1–13. doi: 10.3354/meps255001

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

R Core Team (2013). R: A language and environment for statistical computing. Vienna: R Foundation for Statistical Computing.

Raffard, A., Santoul, F., Cucherousset, J., and Blanchet, S. (2019). The community and ecosystem consequences of intraspecific diversity: a meta-analysis. Biol. Rev. 94, 648–661. doi: 10.1111/brv.12472

Reinhart, E. M., Korry, B. J., Rowan-Nash, A. D., and Belenky, P. (2019). Defining the Distinct Skin and Gut Microbiomes of the Northern Pike (Esox lucius). Front. Microbiol. 10:2118. doi: 10.3389/fmicb.2019.02118

Revelle, W. (2019). psych: Procedures for Personality and Psychological Research. Evanston, IL: Northwestern University.

Risely, A. (2020). Applying the core microbiome to understand host-microbe systems. J. Anim. Ecol. 89, 1549–1558. doi: 10.1111/1365-2656.13229

Ross, A. A., Hoffmann, A. R., and Neufeld, J. D. (2019). The skin microbiome of vertebrates. Microbiome 7:79. doi: 10.1186/s40168-019-0694-6

RStudio Team (2019). RStudio: Integrated Development for R. Boston: RStudio, Inc.

Sarkar, A., Harty, S., Johnson, K. V. A., Moeller, A. H., Archie, E. A., Schell, L. D., et al. (2020). Microbial transmission in animal social networks and the social microbiome. Nat. Ecol. Evol. 4, 1020–1035. doi: 10.1038/s41559-020-1220-8

Shephard, K. L. (1994). Functions for fish mucus. Rev. Fish Biol. Fish. 4, 401–429. doi: 10.1007/bf00042888

Shrout, P. E., and Fleiss, J. L. (1979). Intraclass correlations - uses in assessing rater reliability. Psychol. Bull. 86, 420–428. doi: 10.1037//0033-2909.86.2.420

Smith, C. J., Danilowicz, B. S., and Meijer, W. G. (2007). Characterization of the bacterial community associated with the surface and mucus layer of whiting (Merlangius merlangus). FEMS Microbiol. Ecol. 62, 90–97. doi: 10.1111/j.1574-6941.2007.00369.x

Stevens, J. L., and Olson, J. B. (2013). Invasive lionfish harbor a different external bacterial community than native Bahamian fishes. Coral Reefs 32, 1113–1121. doi: 10.1007/s00338-013-1072-7

Stevens, J. L., and Olson, J. B. (2015). Bacterial communities associated with lionfish in their native and invaded ranges. Mar. Ecol. Prog. Ser. 531, 253–262. doi: 10.3354/meps11323

Svanbäck, R., and Bolnick, D. I. (2007). Intraspecific competition drives increased resource use diversity within a natural population. Proc. Biol. Sci. 274, 839–844. doi: 10.1098/rspb.2006.0198

Sylvain, F.-E., Cheaib, B., Llewellyn, M., Correia, T. G., Fagundes, D. B., Val, A. L., et al. (2016). pH drop impacts differentially skin and gut microbiota of the Amazonian fish tambaqui (Colossoma macropomum). Sci. Rep. 6:32032. doi: 10.1038/srep32032

Sylvain, F.-E., Holland, A., Bouslama, S., Audet-Gilbert, E., Lavoie, C., Val, A. L., et al. (2020). Fish Skin and Gut Microbiomes Show Contrasting Signatures of Host Species and Habitat. Appl. Environ. Microbiol. 86, e00789–20.. doi: 10.1128/AEM.00789-20

Tarnecki, A. M., Brennan, N. P., Schloesser, R. W., and Rhody, N. R. (2019). Shifts in the Skin-Associated Microbiota of Hatchery-Reared Common Snook Centropomus undecimalis During Acclimation to the Wild. Microb. Ecol. 77, 770–781. doi: 10.1007/s00248-018-1252-7

Tarnecki, A. M., Levi, N. J., Resley, M., and Main, K. (2021). Effect of copper sulfate on the external microbiota of adult common snook (Centropomus undecimalis). Anim. Microbiome 3:21. doi: 10.1186/s42523-021-00085-5

Tews, J., Brose, U., Grimm, V., Tielborger, K., Wichmann, M. C., Schwager, M., et al. (2004). Animal species diversity driven by habitat heterogeneity/diversity: the importance of keystone structures. J. Biogeogr. 31, 79–92.

Tibblin, P., Koch-Schmidt, P., Larsson, P., and Stenroth, P. (2012). Effects of salinity on growth and mortality of migratory and resident forms of Eurasian perch in the Baltic Sea. Ecol. Freshw. Fish. 21, 200–206.

Uren Webster, T. M., Rodriguez-Barreto, D., Castaldo, G., Gough, P., Consuegra, S., and Garcia de Leaniz, C. (2020). Environmental plasticity and colonisation history in the Atlantic salmon microbiome: a translocation experiment. Mol. Ecol. 29, 886–898. doi: 10.1111/mec.15369

Van Valen, L. (1965). Morphological Variation and Width of Ecological Niche. Am. Nat. 99, 377–390. doi: 10.1086/282379

Videvall, E., Strandh, M., Engelbrecht, A., Cloete, S., and Cornwallis, C. K. (2018). Measuring the gut microbiome in birds: comparison of faecal and cloacal sampling. Mol. Ecol. Resour. 18, 424–434. doi: 10.1111/1755-0998.12744

Voelkl, B., Altman, N. S., Forsman, A., Forstmeier, W., Gurevitch, J., Jaric, I., et al. (2020). Reproducibility of animal research in light of biological variation. Nat. Rev. Neurosci. 21, 384–393. doi: 10.1038/s41583-020-0313-3

Wahl, M., Goecke, F., Labes, A., Dobretsov, S., and Weinberger, F. (2012). The second skin: ecological role of epibiotic biofilms on marine organisms. Front. Microbiol. 3:292. doi: 10.3389/fmicb.2012.00292

Walters, K. E., and Martiny, J. B. H. (2020). Alpha-, beta-, and gamma-diversity of bacteria varies across habitats. PLoS One 15:e0233872. doi: 10.1371/journal.pone.0233872

Wang, W., Zhou, Z., He, S., Liu, Y., Cao, Y., Shi, P., et al. (2010). Identification of the adherent microbiota on the gills and skin of poly-cultured gibel carp (Carassius auratus gibelio) and bluntnose black bream (Megalobrama amblycephala Yih). Aquac. Res. 41, e72–e83.

Webster, T. M. U., Consuegra, S., Hitchings, M., and de Leaniz, C. G. (2018). Interpopulation Variation in the Atlantic Salmon Microbiome Reflects Environmental and Genetic Diversity. Appl. Environ. Microbiol. 84:e00691. doi: 10.1128/AEM.00691-18

Wickham, H. (2016). Elegant Graphics for Data Analysis. New York: Springer-Verlag.

Willems, A., Deley, J., Gillis, M., and Kersters, K. (1991). Comamonadaceae, a new family encompassing the acidivorans ribosomal-RNA complex, inlcuding Variovorax-Paradoxus gen-nov, comb-nov, for alcaligenes-paradoxus (Davis 1969). Int. J. Syst. Bacteriol. 41, 445–450. doi: 10.1099/00207713-41-3-445

Willis, A. D. (2019). Rarefaction, Alpha Diversity, and Statistics. Front. Microbiol. 10:2407. doi: 10.3389/fmicb.2019.02407

Wotton, R. S. (2004). The ubiquity and many roles of exopolymers (EPS) in aquatic systems. Sci. Mar. 68, 13–21. doi: 10.3989/scimar.2004.68s113

Yildirim, Y., Tinnert, J., and Forsman, A. (2018). Contrasting patterns of neutral and functional genetic diversity in stable and disturbed environments. Ecol. Evol. 8, 12073–12089. doi: 10.1002/ece3.4667

Youngblut, N. D., Reischer, G. H., Walters, W., Schuster, N., Walzer, C., Stalder, G., et al. (2019). Host diet and evolutionary history explain different aspects of gut microbiome diversity among vertebrate clades. Nat. Commun. 10:2200. doi: 10.1038/s41467-019-10191-3


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Berggren, Tibblin, Yıldırım, Broman, Larsson, Lundin and Forsman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-767770-g001.jpg
Ventral right(VR)

Ventral Ieft (VL)





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Fish Skin Microbiomes Are Highly Variable Among Individuals and Populations but Not Within Individuals



		INTRODUCTION



		MATERIALS AND METHODS



		Study System



		Sampling Procedures



		DNA Extraction, Library Preparation, and Amplicon Sequencing



		Sequence Data Processing



		Microbiome Samples



		Water Samples







		Statistical Analyses



		Richness Measurements (Alpha Diversity)



		Community Composition Measurements (Beta Diversity)



		Exploring the Effects of Host Population and Individuals on Microbiome Composition



		Evaluating Heterogeneity and Intra- vs. Inter-Individual Variation in Microbiome Composition



		Data Exploration











		RESULTS



		Microbiome Composition Varied Among Host Individuals From Different Source Populations



		Evaluating Heterogeneity in Microbiome Community Composition Within Individuals







		DISCUSSION



		Taxonomic Patterns



		Individual-Specific vs. Population-Specific Microbiome Composition



		The Degree of Intra-Individual Heterogeneity in Microbiome Composition Varied Among Individuals







		CONCLUSION AND FUTURE DIRECTIONS



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Microbiology

Fish Skin Microbiomes Are
Highly Variable Among
Individuals and Populations but
Not Within Individuals









OPS/images/fmicb-12-767770-g002.jpg
O O @ B
o] Jo) 5 -9
Q0 @ - 2
®@ O ®@ O - O
@ O ® - L0
©
m Od |5
X
O e ™
oYoX ) L ©
& O |
® D =
o) Yo L —
® OO N,
O O@}3
I=
& 9]
- O 00 -0
o)
LL
QO e -
® O 0}
o o o o o
<t Al o 0 ©

cmwn__o:m_ - nﬂobcmo 0} 8oue)sI(]

Individual

O ventral

® dorsal





OPS/images/fmicb-12-767770-g003.jpg
Number of ASVs

6000

5000

4000

3000

2000

1000

Perca fluviatilis ASVs in mucus (dorsal plus ventral)

I o®
* @
» .. ® *®
*e® FL I AL PP

oy !

v—diversity

B — diversity

o — diversity

Kalmar

Figeholm





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-767770-g004.jpg
1.00 -

Relative abundance

0.00 1

DL 75

0.50 -

o
N
&)

BE Actinobacteria E3 Bacteroidetes Il Proteobacteria

—

Kalmar

1.00 -

079"

0.50-

0. 28"

0.00 -

Figeholm





OPS/images/fmicb-12-767770-g005.jpg
311
30+
294
28-
271
26-
251
24 -
231
22-
211
204
191
18-
179
161
191
14+
131
121
111
104

8..

7..

6.

5.

4-

3+

2..

1-1

Kalmar, individuals

-
|
|
-‘ l

o
o1
O|
o
N
(o)
o
o)
o
o
~
(83
—N
o
o

-

Relative abundance

Other phyla |l Actinobacteria uncultured archaeon '’KTK 28A’  Deinococcus-Thermus || Planctomycetes
Bacteroidetes [} Euryarchaeota [l Chioroflexi Crenarchaeota
B Proteobacteria Gemmatimonadetes Tenericutes B Verrucomicrobia

Figeholm, individuals

43

391

C

Kalmar -

Figeholm 1

0.50
Relative abundance

Other phyla Bacteroidetes Gemmatimonadetes lll Actinobacteria Cyanobacteria
Tenericutes Patescibacteria | Aquificae Spirochaetes
B Proteobacteria [l Euryarchaeota [l Chioroflexi

~ Deinococcus-Thermus

Water
il
1

|
|‘
e |
|

0.00 0.25 0.50 0.75 1.00
Relative abundance

Other phyla | Proteobacteria Firmicutes I Acidobacteria Tenericutes
B Actinobacteria  Cyanobacteria [Jl] Chlorofiexi B Fusobacteria
Bacteroidetes [l Verrucomicrobia [ Planctomycetes Dependentiae






OPS/images/fmicb-12-767770-g006.jpg
O 150-
®)
S
-
8 120 -
@)
e
S
Q 90
©
-
N
0O 60-

3 dorsal &3 ventral =7 within B2 between





