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The composition of intestinal microbiota commonly varies among animal hosts and
may affect host health. However, we have limited knowledge about the different
relative roles of assembly processes, such as drift, dispersal and environmental
selection, for the composition of gut microbiota. Here, we conducted a field
study analyzing intestinal microbial communities of two fish species that either
have (perch) or lack (roach) a stomach. We used a suite of statistical tools to
evaluate the role of different assembly processes for intestine microbiota, including
null model analysis (Chase et al., 2011; Fine and Kembel, 2011; Stegen et al., 2013),
SourceTracker analysis (Knights et al., 2011) and several multivariate analyses, such as
pRDA and PLS analysis. Drift, dispersal (i.e., microbes associated with food sources)
and environmental factors (i.e., diet, host habitats), appeared to be of equal importance
for the assembly of intestinal microbial communities in roach, while drift appeared most
important in perch, followed by dispersal and environmental selection. Furthermore, we
found that microbes associated with macroinvertebrates had a positive association to
fish body condition (weight/length®) whereas microbes associated with zooplankton had
a negative association to fish body condition. These results emphasize the important
combined roles of drift, dispersal and environmental selection in shaping the host-
associated microbial communities. We conclude that general conclusions about fish
as a whole are not justified since different species differ in the relative roles of these
important drivers of community assembly.

Keywords: intestinal microbial community, freshwater fish, metacommunity theory, environmental selection,
dispersal, drift, fish body condition
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Microbes inhabiting animals have been shown to contribute to the health of their hosts, for instance
by facilitating nutrient absorption from the diet, and by stimulating important processes such as
the development of host immune systems (Costello et al., 2012; Dutton and Turnbaugh, 2012).
The interaction between hosts and their microbes, as well as the interactions among microbes,
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results in a rather stable ecosystem where host health can be seen
as an ecosystem service (Costello et al., 2012). Therefore, how
this microbial ecosystem works, and what internal and external
factors influence its assembly is important for host ecology
and evolution (Theis et al, 2016). Conceptually, intestinal
microbial communities can be seen as metacommunities, i.e.,
multiple local communities that are connected by dispersal
via interacting hosts (Leibold et al., 2004; Miller et al., 2018).
Factors such as drift, selection by local environmental conditions
and dispersal can differ in their importance affecting microbial
communities depending on the circumstances (Vellend, 2010;
Lindstrom and Langenheder, 2012).

Drift processes comprise of random recruitment from the
regional species pool and stochastic community assembly, so
the competitive interactions are less important in shaping the
community composition (Chave, 2004; Schmidt et al., 2015). If
a community is driven by ecological drift, there is a smaller role
for environmental interactions, including species-interactions,
in determining its community composition, and will show a
less correlation between community assembly and environment
(Nemergut et al., 2013). For instance, Dethlefsen et al. (2006)
emphasized the importance of unpredictable events, such as
colonization history, for gut microbiota assembly. In contrast Li
and Ma (2016) suggested that in the human microbiome, the
environmental conditions of the host generally dominate over
ecological drift as a major assembly process.

Dispersal, the process and result of the spreading of organisms
from one place to another, is an important regulator of
microbial community assembly (Lindstrom and Langenheder,
2012; Veiga et al., 2014; Berga et al., 2015; Evan, 2016). In the
intestine of vertebrates, microbes are dispersed from mother
to offspring (Round and Mazmanian, 2009; Dominguez-Bello
et al, 2010), from free-living microbes in the surrounding
environment, or through ingestion of food particles (De Filippo
et al., 2010; Koenig et al, 2011; Zhang et al, 2016). The
dispersal ability of microbes from external sources to the
intestine will likely vary, for instance because individual hosts
may differ in their habitat and diet choice. This will affect
which pools of environmental or food associated microorganisms
can act as sources for intestinal microbial communities. When
microbes successfully enter the host intestine they will have
to compete with and integrate into the resident microbial
communities (Derrien and van Hylckama Vlieg, 2015; Fukami,
2015; Zhang et al., 2016). Further they will also need to cope
with the environment in the intestine (Benson et al., 2010;
Campbell et al., 2012).

Environmental factors in the intestine could depend on host
traits, such as host species, sex, and also characteristics of the
host’s habitat such as temperature and salinity (Stewart et al,,
2005; Sullam et al., 2012; Nelson et al., 2013; Bolnick et al., 2014).
Other environmental factors, for example, food availability in
different habitats, lay more complexity to microbial community
assembly (Skulason and Smith, 1995; Bolnick et al., 2003).
One apparent environmental factor affecting gut microbiota
is the host’s diet, since it serves as a substrate for intestinal
microbes (Spor et al, 2011; Wu et al, 2011; Dutton and
Turnbaugh, 2012; Ravussin et al., 2012). The effect of food

choice on gut microbiota is, thus, 2-fold: both as a source of
dispersing microorganisms and as a factor affecting the local
habitat conditions within the gut. Disentangling the complexity
and quantifying the role of dispersal and environmental
factors in the assembly of gut microbiota are important steps
toward understanding the among individual variations in gut
microbial composition.

Organisms that can use food more efficiently for growth
will reduce their vulnerability to predation (Lundvall et al,
1999). The transfer of food into energy reserves is important
for reproduction or for times when food is in short supply
(Davis et al, 2011). Studies on gut microbiota suggest that
microbes in the intestine are crucial for host energy gain and
fat storage, where the composition of the microbiota matters for
the efficiency of these processes (Backhed, 2011; Li et al., 2013;
Shapira, 2016). For example bacteria can produce short chain
fatty acids (SCFA) from the fermentation of carbohydrates, which
then contribute to the energy maintenance of the host (Stevens
and Hume, 1998). Furthermore, in wild animals, a higher body
condition can be beneficial and result in both increased fecundity
and increased survival when food is in short supply (Bender
et al., 2008; Dutil and Lambert, 2000; Davis et al., 2011). Thus,
detailed understanding of assembly processes in gut microbiota
have direct implications for predicting host fitness and well-being
(Nicholson et al., 2012).

In this study, we quantified how environmental factors,
dispersal, and drift can influence the assembly of intestinal
microbiota communities in two co-occurring fish species
(Eurasian perch, Perca fluviatilis, and Roach, Rutilus rutilus).
Perch and roach are two of the most dominant fish species
in Swedish lakes (Persson et al., 1991; Svanbick et al., 2008).
These two species also have different digestive systems, with
perch having and roach lacking a stomach. Both fish feed
on zooplankton and macroinvertebrates. However, perch also
include fish in their diet, and roach include plants and detritus
in their diet (Svanbick et al., 2008).

We analyzed fish intestinal microbial communities as well as
microbes associated with their food sources and microbes in the
surrounding environment. We hypothesized that environmental
factors, such as fish diet and habitat choice will affect intestinal
microbial communities (Ley et al., 2008; Spor et al, 2011;
Wu et al, 2011). If microbes in the intestine are gained by
dispersal via diet and are crucial for host energy gain and body
condition (Bickhed, 2011; Li et al., 2013; Shapira, 2016) we also
expected that fish body condition would depend on bacterial
dispersal sources.

MATERIALS AND METHODS
Field Sampling

Sampling was done in Lake Erken in Sweden between September
4 and 5, 2013. Perch (Perca fluviatilis) and roach (Rutilus rutilus)
were caught from three sites in lake Erken, including littoral,
pelagic and profundal zones using standard survey-link pelagic
and benthic multi-mesh gill nets. Littoral nets (30 m long and
1.5 m deep) were set just outside the vegetation at 2 m depth.
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Pelagic nets (27.5 m long and 6 m deep) were placed at the
surface about 200 m from the shoreline and the littoral nets.
Nets for the profundal zone (30 m long and 1.5 m deep) were
set at 12-meter depth in the lake adjacent to the pelagic nets.
We emptied nets immediately to get all fish after leaving the
nets in the lake overnight. The fish were frozen immediately
after removal from the nets at the Lake Erken field station. Fish
were then kept frozen when transported to the lab at Uppsala
University for analysis. From the pelagic nets, we divided the
catch to represent fish from a depth of 0-3 meters and fish
from a depth of 3-6 meters. We then choose maximum 50
individual fish of perch and roach from the littoral (perch: 50,
roach: 46), pelagic (0-3 m) (perch: 44, roach: 32), pelagic (3-
6 m) (perch: 50, roach: 6) and profundal (perch: 50, roach:
16) nets, respectively, summing up to 194 perch and 100 roach
individuals. Perch and roach were chosen because they are the
numerically dominant species in Lake Erken and were present in
all nets. Water and microalgae were sampled with a Ruttner water
sampler, meanwhile zooplankton was sampled with a plankton
net (100 pm mesh size) from the littoral and pelagic sites.
Sediment (N = 3 per site) and macro-invertebrate samples were
taken from both littoral and profundal sites next to the gill-nets
(see Supplementary Table S3).

Samples Processing

We determined the sex, measured the weight (W, to the nearest
0.1 g) and length (L, total length to the nearest mm) as well as
the intestine length (to the nearest 0.1 mm) of each individual
fish. Fish sex was categorized as male, female and YOY (young
of the year). Fish body condition was calculated as W/L? and
would indicate the fish nutritional status and fitness, which is
similar to the body mass index (BMI) used in human studies.
The whole intestine was thereafter stored at —20°C in Eppendorf
tubes for later bacterial community analysis. Water and algae
were filtered onto 0.2 wm membrane filter (Pall Corporation)
and 0.7 pm glass microfiber filter (Whatman™) separately.
Individuals from zooplankton and macro-invertebrate samples,
0.25 gram sediment and filters from water and algae were
all stored into sterilized Eppendorf tubes at —20°C for later
bacterial analysis.

Analysis of Short-Term Diet by Stomach
Content and Long-Term Diet by Stable
Isotopes

Stomach contents of each fish were examined under dissecting
microscope and were identified to lowest possible taxonomic
group, and lengths of <10 prey from each taxonomic group were
measured to the nearest 0.1 mm. The lengths of all prey were
then converted to biomass (dry weight) using our own length-
mass relationship. The biomass-based diet was then grouped
into macroinvertebrates, zooplankton and fish and represents
measures of short-term diet.

Stable isotopes of carbon and nitrogen are widely used to
study long-term feeding ecology in wild populations (Post, 2002,
Newsome et al., 2007; Alves-Stanley and Worthy, 2009). We used
standard formulas to calculate the proportion of littoral carbon

in the diet of an individual fish and its trophic position (Post,
2002; Matthews et al., 2010) using the isotopes from mussels
and snails as baselines (Supplementary Table S3). Part of the
dorsal muscle was dissected from perch and roach and kept at
—20°C. Each muscle sample was dried for 48h at 60°C and
ground to fine powder. The powder (around 1 mg) was packed
into 6 x 4 mm tin capsules for 1>C and >N analysis using a
continuous-flow isotope ratio mass spectrometer at University
of California at Davis Stable Isotope Facility. In order to get
the baseline values of different carbon and nitrogen sources, we
collected snails [Theodoxus fluviatilis, a grazing littoral primary
consumer (Jacoby, 1985)] and mussels [Zebra mussels, a pelagic
primary consumer filtering phytoplankton (Strayer et al., 1999)]
mostly around the littoral zones in the lake while fish sampling
(Svanbick and Persson, 2009).

DNA Extraction and Bacterial 16S rRNA

Genes lllumina Sequencing

Bacteria DNA from the whole fish intestine were extracted
using PowerSoil® DNA Isolation Kit (MO BIO Laboratories,
Inc., Carlsbad, CA, United States) including PCR grade water
as negative extraction control (VWR). Bacteria from algae,
zooplankton, macroinvertebrates, water and sediment were
extracted in the same way. 16S rRNA bacterial genes were
amplified by using two universal primers, and PCR grade water
was used as PCR negative controls. Polymerase chain reaction
was applied in two steps. The first step was amplified with the
universal primers 515F (5'-GTGCCAGCMGCCGCGGTAA -3')
and 806R (5'- GGACTACHVGGGTWTCTAAT-3). Triplicates
of 20 pl reaction were carried out for each sample. Each
reaction consisted of 10 wM of forward and reverse primers,
5 x reaction buffer, 2 mM of dNTPs and 2 U/ul Q5 HF
DNA polymerase and 1 pl of DNA template. Reactions were
started with initial denaturation at 98°C for 30 s, then followed
with 30 cycles of denaturation at 98°C for 10 s, annealing
at 58°C for 30 s and extension at 72°C for 30 s. A final
extension was done at 72°C for 2 min. First step PCR products
were purified and concentrated using Agencourt® AMPure®
XP (Beckman Coulter). Purified products were then used as
the template for the second step PCR. Forward and reverse
barcode primers were used for the second step PCR. Triplicates
were prepared for each sample. Each reaction consisted of
1.25 uM of primers, 5 X reaction buffer, 2 mM of dNTPs
and 2 U/pl of Q5 HF DNA polymerase and 1 pl of template.
Each reaction started with initial denaturation at 98°C for
30 s, followed by 20 cycles of denaturation at 98°C for 10 s,
annealing at 68°C for 30 s and extension at 72°C for 30 s. Final
extension was finished at 72°C for 2 min. The second step PCR
products were also purified with Agencourt® AMPure® XP, then
quantified with Quant-iT™ PicoGreen® dsDNAReagent Kit
(Invitrogen) according to manual instructions. Equal amounts
of PCR products were mixed with a final concentration of
2.68 ng/ul and sent to sequencing. Sequencing was performed
using Illumina Miseq in SNP&SEQ technology platform in the
national genomics infrastructure Sweden and science for life
laboratory in Uppsala.
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Sequencing Data Analysis

In total, 165 fish were included in the sequencing analysis
(Supplementary Table S1) due to the failure of PCR for some
fish intestine samples. The raw amplicon sequencing data was
demultiplexed and sequence-pairs were assembled using pipeline
developed by Sinclair et al. (2015). In short, every read-pair
produced was parsed and checked for recognizable barcodes on
both the forward and reverse sequences.

Next, sequences with missing primers and unassigned base
pairs were removed and resulting quality filtered assembled reads
were clustered into operational taxonomical units (OTUs) using
UPARSE (cutoff of 3% sequence dissimilarity) (Edgar, 2013).
Taxonomy was assigned using CREST (Lanzén et al., 2012) and
the ribosomal sequence database SilvaMod. Raw sequences were
deposited in the European Nucleotide Archive (ENA) under
accession numbers ERS4181501-ERS4181737.

Statistical Analysis

Figure 1 gives an overview of the sample and statistical analysis
of this study. More specifically, after sequences had been assigned
into operational taxonomic units (OTUs) with a 97% sequence
similarity, we removed non-bacterial OTUs (e.g., Archaea) prior
to all downstream analyses. Each sample was rarified down
to 15299 reads using package GUniFrac in R. The following
statistical analyses were also run in R (version 3.2.2). Phylogenetic
trees were constructed using MacQIIME with default settings
(FastTree; Price et al., 2010). We used the Bray-Curtis (vegan,
version 2.3-5) and weighted UniFrac distances (phyloseq, version
1.12.2) based on the OTU’s relative abundance to calculate
differences in community composition between samples (i.e.,
fish and environmental). Adding the phylogenetic perspective
in distance matrix calculation takes into account the species
phylogenetic relationship among communities, and this can help
to capture of even small differences among communities (Cadotte
et al., 2009). Non-metric multidimensional scaling (NMDS) of
the distance matrices was done in package vegan. We used
the function of metaMDS to test different k values (number of
dimensions), and then used a Shepard plot to determine the
value of k, then the first two axis were chosen to make the
NMDS plot with ggplot2 package (version 2.1.0). PERMANOVA
(vegan, version 2.3-5) was used to test the effects of all measured
environmental factors on the intestinal microbial communities
among individual fish.

Null Model Analysis

We applied a null model analysis to disentangle the contributions
of environmental selection and other ecological processes for
the assembly of fish intestinal microbial communities. First,
we calculated phylogenetic beta diversity between pairs of
fish using B-mean-nearest taxon distance (BMNTD) (Fine and
Kembel, 2011; Stegen et al.,, 2013). Then in order to measure
the degree to which community composition is determined by
environmental selection, we calculated how much the observed
BMNTD deviated from the mean of the null distribution based
on random shuffling of the tip labels on the phylogenetic
tree constructed by MacQIIME. We calculated BNTI (B-nearest
taxon index) from 1000 random phylogenetic trees. PNTI

indicates the number of standard deviations the observed
BMNTD is from the mean of the distribution of the randomized
phylogenetic trees (Stegen et al., 2012, 2013). We used the
cut off |BNTI| > 2 to identify pairs of communities that
were phylogenetically more similar than expected by chance,
meaning that the observed difference between communities
can be assumed to be determined by environmental selection
(Stegen et al., 2013; Langenheder et al., 2017). Further we
calculated Raup-Crick distances (RCpray) between pairs of
intestinal microbial communities (Raup and Crick, 1979) based
on relative abundance data according to modification from Chase
et al. (2011). Among the numerous metrices describing OTU
turnover, Raup-Crick provides information on whether the OTU
turnover in one community is different from a community
that would be structured mainly by drift (Chase et al., 2011).
In the following analyses, we combined the BNTI and RCyp,y
into Brcpray, to further assess the contribution of ecological
processes to fish intestinal microbial communities that were not
determined by environmental selection (|BNTI| < 2) (Stegen
etal., 2013; Yan et al., 2016; Langenheder et al., 2017). This metric
provides some indication of the possible underlying mechanisms
of community assembly, in particular the degree to which
deterministic processes create communities that deviate from
those based on stochastic (null) expectations. An assumption of
the analysis is that the samples of each fish species’ microbiome
is representative for the regional species pool of the respective
gut microbiome. When Brcpray > 0.95 or < —0.95, it indicates
that the community variation is influenced by dispersal limitation
or mass effects, respectively, when Brcpray is between —0.95
and +0.95, it suggests that community variation is determined
by ecological drift (Stegen et al, 2013; Langenheder et al,
2017). The scripts of the null model analysis are attached as
Supplementary Material.

Source Tracker Analysis

As fish diet can both be an environmental factor and a dispersal
source for the fish intestinal communities, we treated it in two
parts. Firstly, microorganisms attached associated with the diet
and other external sources (i.e., water, sediment) were assigned as
the dispersal sources for fish intestinal microbiota using section
“Source Tracker Analysis”. Secondly, stomach content (such as
the proportion of zooplankton, macroinvertebrates as diet) were
used as intestine environmental factors, together with fish traits
such as fish species, sex, habitat, length, weight, intestine length,
trophic position, and proportion of littoral carbon.

Source Tracker analysis was used to analyze the contribution
and the relative importance of different dispersal sources
(bacteria from fish diet including algae, zooplankton,
macroinvertebrates, prey fish, and water and sediment as
known from sequencing data) (defined as sources in section
“Source Tracker Anaysis”) to intestinal microbial communities
of the individual fishes as known from sequencing data (defined
as sinks in Source Tracker) (Knights et al.,, 2011). This analysis
produces a table showing the proportion of each dispersal source
explaining their contribution to the intestine microbiota of
each individual fish. For roach of all sizes and perch that were
shorter than 18 cm, bacteria attached to algae, zooplankton,
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Field sampling A. Diversity
analysis
Sample B. Null model
processing analysis

C. Source

Fish intestine ;
Tracker analysis

+

Environmental
samples

D. pRDA analysis

Bacterial
community
composition

E. PLS analysis

FIGURE 1 | Flow chart of the statistical analysis of this study. (A) Beta diversity analysis of the bacterial community composition using Bray-Curtis and weighted
UniFrac distances based on the OTU’s relative abundance. (B) We used null model analysis to determine the contributions of environmental selection and other
ecological processes to the assembly of fish intestinal bacterial communities. In this analysis, BMNTD was used to measure the dissimilarities of bacterial

|BNTI| >2
Enviromental
selection

Breeray> 0.95 or < -0.95
IBNTI| <2

-0.95 < Bycpray < 0.95

Intestine bacterial
community difference
explained

R2XY: explained
variance of variables
by PLS componets

communities between fish. Then BNTI is calculated as how much observed BMNTD deviated from the mean of the null distribution based on 1000 randomly shuffling
of the tip labels on the phylogenetic tree, to check if the difference between microbial communities is determined by environmental selection when | BNTI | > 2 or not
when | BNTI | < 2. For communities with | BNTI | < 2, Raup-Crick distances were calculated based on the relative abundance data. Then we combined BNTI and
RChray iNto Brearay, to further assess the contribution of ecological processes. When Bregray > 0.95 or < -0.95, it indicates that the community variation is
influenced by dispersal limitation or mass effects, respectively, when Brcgray is between —0.95 and +0.95, it suggests that community variation is determined by
ecological drift. (C) We used Source Tracker analysis, which is a Bayesian method to estimate the proportion of one community that originates from a set of source
environments (Knights et al., 2011). In our study, we used it to determine the contribution and relative importance of different dispersal sources to intestinal bacterial
communities. (D) pRDA analysis with forward selection is used to test how much the significant variables could explain the differences among fish intestinal bacterial
communities. (E) PLS analysis is used to predict the relationship between dispersal factors and environmental factors on one hand, and fish body condition on the

other with both environmental and dispersal factors.

macroinvertebrates, water and sediment were treated as external
dispersal sources. As perch that are longer than 18 cm can be
highly piscivorous and feeds on both smaller perch and roach
(Svanbick et al., 2015), we also included bacteria associated
with the 5 shortest perch and 5 shortest roach as an extra
source for perch longer than 18 cm. Furthermore, diet analyses
of the perch showed that both smaller perch and roach was
included in the diet of perch larger than 18 cm (data not shown).
A limitation of the Source Tracker is that it computes a source
to sink model, only considering unidirectional movement of
bacteria into the gut.

pRDA Analysis

We used partial redundancy analysis (pRDA) to determine
how much of the variation in intestinal microbial communities
could be explained by dispersal and environmental factors
(package vegan). According to the results from previous analyses
(i.e., NMDS, and PERMANOVA) we found that intestinal
microbial communities differed between perch and roach,

thus pRDA analysis was implemented for perch and roach
separately. Microbial community data of the fish intestines
was Hellinger transformed to let us be able to implement
ordination methods for species data containing many zeros
and minimize the influence from rare species on the analysis
(Legendre and Gallagher, 2001). Dispersal (i.e., the contribution
of different dispersal sources as obtained from SourceTracker
analysis) and environmental variables were log transformed [log
(x + 1)] to remove the zeros in the dataset and to make
the Canonical coefficient comparable (Ferreira et al., 1999).
The full list of dispersal sources includes algae, invertebrates,
sediments, water, zooplankton and in some cases fish (see
above). The full list of environmental factors includes habitat,
sex, length, weight, proportion of littoral carbon, trophic level,
macroinvertebrates as diet and zooplankton as diet. Forward
selection of both environmental and dispersal variables was
implemented in separate analyses prior to pRDA to select
only significant variables (p < 0.05) to be included in the
model. We used step selection to check which factors should
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be added to the reduced RDA model with only the significant
factors included. AIC value was used to estimate which was
the best model, the lower the AIC value, the better the
model. In the final reduced pRDA model for perch, the
environmental variables were profundal habitat, fish length,
trophic level, proportion of littoral carbon in the diet, and the
dispersal variables for perch were the proportion of bacteria
from zooplankton, macroinvertebrates and fish as obtained
from the SourceTracker analysis. In the final reduced pRDA
model for roach, the environmental variables were proportion
of littoral carbon in the diet, macroinvertebrates as diet and
zooplankton as diet; the dispersal variables for roach were
the proportion of bacteria from algae, macroinvertebrates,
water and zooplankton as obtained from the SourceTracker
analysis (Table 1). The first pRDA model was run using
environmental factors as constrained variables and dispersal
factors as condition variables, while the second pRDA model
used dispersal factors as constrained variable and environmental
factors as a condition variable. In this way, we could
analyze the effect of environmental and dispersal factors on
the microbial community composition independent of each
other. An ANOVA test of each pRDA model with 999
permutations was followed to test the significance of each
variable in environmental and dispersal factors on the variance
of intestinal microbial communities (vegan). Further we used
variation partitioning based on RDA to quantify the amount
of variation explained by environmental and dispersal factors,
respectively. Projection of pRDA and variation partitioning
was done by packages of ggplot2 and VennDiagram (version
1.6.17) separately.

PLS Analysis

We ran three separate partial least squares regression (PLS)
models. In the first model we investigated if fish body
condition (response variable) could be statistically explained
by dispersal factors (predictor variables). In the second model,
we investigated if fish body condition (response variable)
could be explained by environmental factors (predictor
variables). The factors included were the same as for the
pRDA described above, i.e., dispersal factors were the
contributions of the different dispersal sources as obtained
from SourceTracker analysis.

In the third PLS model we wanted to explore how well
bacteria from the different dispersal sources could establish in
the intestines (based on SourceTracker data) considering how
important that particular source was as a diet. In this analysis,
therefore, the dispersal factors were used as response variables
while the environmental factors were used as predictor variables.

For the PLS we used the package pisdepot version 0.1.17 and
all analyses were made for perch and roach separately. The R2Xy
value (explained variance of variables by PLS components) was
used to evaluate how strong this relationship was with a cutoff
at 0.8 (Eriksson et al.,, 2013). Variables in environmental and
dispersal factors were log (x + 1) transformed before analysis.
The final PLS results were projected as principal component
figures showing a circle of correlations with arrows indicating
tested variables.

RESULTS

Fish intestinal bacteria were distinctively different from those
from the dispersal sources (Figure 2A and Supplementary
Figure S1A). Among intestinal microbial communities, fish
species (perch and roach) seemed to be one of the major
steering factors (Figure 2B and Supplementary Figure S1B).
PERMANOVA showed that the microbial communities
among individual fish were significantly dependent on the
habitat (i.e., littoral, profundal or pelagic) and fish species
(Supplementary Table S2).

The null model analysis showed that ecological drift could
explain 60% of the assembly of the communities in perch,
followed by dispersal limitation, environmental selection and
mass effects (Figure 3A). In contrast, roach communities
appeared to be assembled by environmental selection, dispersal
and ecological drift to about an equal degree (approximately 30%
each, Figure 3B).

Source Tracker analysis showed that dispersal sources
contributed to microbiota to different degrees, and this was
dependent on fish species. In perch, zooplankton appeared
as the most important source of dispersal, followed by
macroinvertebrates and fish (Figure 4A). In contrast, the
most important dispersal source in roach appeared to be
macroinvertebrates (Figure 4B), followed by zooplankton, and
algae. Water and sediment seemed to be negligible as dispersal
sources in both fish species. Still in both perch and roach,
unknown dispersal sources contributed to 28-35% in our Source
Tracker model (“unknown” in Figure 4). These unknown sources
may be associated with zooplankton and macroinvertebrates that
were not present during the time of sampling or not present at
the place of sampling.

When analyzing the Source Tracker results grouped by
habitat, we observed that fish as food sources could contribute to
the intestinal bacteria in perch from littoral and profundal zones
but not from pelagic zones (Figure 4C). Further, zooplankton
contributed slightly more to microbes in pelagic fish than in fish
from the littoral and profundal zones. In roach (Figure 4D),
microbes attached to algae contributed to the microbes in pelagic
fish but not to the gut microbiota of littoral and profundal fish.

Forward selection in RDA and subsequent pRDA analysis
showed that several environmental and dispersal factors
could significantly explain variation in microbial community
composition among fishes, and that there were differences
between perch and roach (Table 1). More specifically, profundal
habitat, fish length and trophic position were significant
environmental factors explaining variations in the gut microbiota
of perch (Figure 5A and Table 1), while for roach the only
significant environmental factor was macroinvertebrates as diet
(Figure 5B and Table 1). There were also differences between
the fish species when it came to the dispersal factors explaining
variations in the microbiota. Bacteria from macroinvertebrates,
zooplankton and fish could significantly explain the variation
among perch gut microbiota (Figure 5C and Table 1), while
for roach, bacteria from algae and water as well as from
macroinvertebrates and zooplankton were significant dispersal
variables (Figure 5D and Table 1).
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TABLE 1 | ANOVA test the significance of each variable in the estimated environmental and dispersal factors explaining the variance of intestinal microbial communities

from pRDA analysis in perch and roach.

Perch Roach
df F P df F P
Environment Environment
Profundal 1 4.30 0.001 Littoral carbon use 1 0.76 0.74
Length 1 3.61 0.001 macroinvertebrates as diet 1 2.36 0.008
Littoral carbon use 1 1.80 0.075 Zooplankton as diet 1 0.83 0.67
Trophic position 1 2.71 0.008
Dispersal Dispersal
Macroinvertebrates 1 3.24 0.001 Algae 1 3.80 0.001
Zooplankton 1 3.63 0.001 macroinvertebrates 1 7.88 0.001
Fish 1 2.62 0.003 Water 1 2.81 0.001
Zooplankton 1 4.92 0.001
Significant variables are bold labeled.
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FIGURE 2 | NMDS plot using Bray-Curtis distance showing variations of microbial communities in fish intestine and external dispersal sources (A) and fish species
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FIGURE 3 | Relative importance of environmental selection, mass effects, dispersal limitation and ecological drift for the variation of intestinal microbial communities
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Variation partitioning analysis further revealed the differences
between perch and roach in the percentage of environmental and
dispersal factors that could explain the variation in microbiota
(Figures 5E,F). While dispersal explained 21.63% of the variation
in roach, only a small proportion of the variation could
be explained by dispersal in perch (5.45%). The proportion
that dispersal explained in perch was approximately equal
to the proportions explained by environmental factors (7%)
and their shared contribution (6.01%) (Figure 5E). In both
fish species the largest part of the variation was unexplained
by the RDA models.

Partial least squares analyses showed that different dispersal
sources were related to fish body condition in perch and roach
(Figure 6 and Table 2), but only a relatively low proportion
if the fish body condition variation could be explained (22.6%
variance explained for perch, 4.88% variation explained for
roach). More specifically, the effect of macroinvertebrates and
zooplankton associated microbes appeared more pronounced
compared with other dispersal factors, however, zooplankton
as a dispersal source was negatively associated with fish body
condition, while macroinvertebrates as a dispersal source was
positively associated with fish body condition (Figure 6).
When we also included environmental factors in the PLS
analyses of fish body condition, more of the variation could be
explained (39.03% for perch and 10.88% for roach, respectively),
and different variables were related to fish body condition
(Tables 3, 4). In this analysis macroinvertebrates as diet was
positively related to fish body condition in both perch and
roach (Figure 7). Macroinvertebrates as diet was strongly
related to roach condition, while this relation was weaker
than that between microbes from macroinvertebrates and roach

condition (Figure 7). PLS analysis between environmental and
dispersal factors showed that, in both perch and roach, that
the contribution of bacteria from zooplankton to microbiota
in fish intestine was associated with the degree of zooplankton
as food, while for macroinvertebrates this association was
weaker (Figure 8 and Table 5).

DISCUSSION

The composition and diversity of intestinal microbial
communities can directly or indirectly affect hosts’ health
(Béckhed, 2011; Li et al., 2013; Shapira, 2016). Therefore, the
understanding of how intestinal microbes assemble in their
hosts, and what factors contribute to the assembly is of great
importance (Miller et al., 2018). In this field study, by sampling
the gut microbiota of two different fish species as well as
the multiple origins of the microbial species pool, we found
an equal contribution of environmental selection, dispersal
and ecological drift, contributed to the assembly of intestinal
microbial communities in roach, whereas the dominant factor in
perch was ecological drift. Berg et al. (2016) showed that in the
free-living nematode Caenorhabditis elegans the assembly of gut
microbiota communities is controlled by deterministic processes
(host and interaction between microbiota members). Burns et al.
(2016) on the other hand showed that neutral processes can
explain a large part of the variation in microbiota composition
in zebrafish. Possible reason for these differences in assembly
processes between species can be hosts’ habitat choice, which
results in differences in environmental settings, food choice and
anatomy (i.e., design of the digestive system).
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TABLE 2 | Results from PLS model 1 tested relationship between fish body condition and dispersal factors.

t1 t2 t3 t4 t5 t6 t7
Algae 0.02 0.06 0.08 0.09 0.13 0.98 1.00
Macroinvertebrates 0.48 0.52 0.72 0.81 0.93 0.93 1.00
Sediment 0.01 0.15 0.49 0.50 0.57 0.62 1.00
Water 0.04 0.23 0.44 0.58 0.82 0.85 1.00
Zooplankton 0.52 0.91 0.97 0.97 0.97 0.99 1.00
Unknown 0.00 0.42 0.73 0.88 0.98 0.98 1.00
Fish 0.36 0.54 0.69 0.71 0.71 0.73 1.00
Condition 0.08 0.08 0.08 0.09 0.10 0.10 0.10
R? 8E-2 3.65E-3 5.99E-4 8.88E-3 5.80E-3 1.20E-4 1.02E-7
@? 0.014 —0.034 —0.041 —0.045 -0.017 —0.011 —0.008

R2Xy value from PLS test shows the relationship between the response and predictor factors. R2Xy values are above 0.8 is bold labeled indicating a more pronounced
relationship between fish body condition and dispersal factors. Q° and R? values from PLS also showed. Q° and R? values from PLS also showed. t1 to t7 is each of

the PLS components.

TABLE 3 | Results from PLS model 2 tested relationship between perch body condition with both environmental and dispersal factors.

t1 t2 t3 t4 t5 t6 t7 t8 t9 t10
HabitatPelagic_bottom 0.09 0.26 0.30 0.31 0.70 0.83 0.83 0.84 0.88 0.97
HabitatPelagic_top 0.15 0.29 0.60 0.60 0.72 0.76 0.88 0.88 0.88 0.90
HabitatProfundal 0.13 0.13 0.13 0.16 0.23 0.23 0.43 0.70 0.71 0.80
SexM 0.03 0.04 0.07 0.09 0.09 0.16 0.37 0.47 0.73 0.73
SexYO 0.17 0.18 0.18 0.20 0.21 0.21 0.30 0.36 0.39 0.80
Propor_Litt 0.31 0.41 0.62 0.70 0.92 0.92 0.93 0.95 0.96 0.97
Trophic_P 0.00 0.28 0.39 0.63 0.81 0.92 0.92 0.93 0.95 0.96
Algae 0.02 0.08 0.08 0.25 0.37 0.45 0.56 0.62 0.87 0.90
Macroinvertebrates 017 0.22 0.27 0.40 0.42 0.51 0.51 0.51 0.55 0.65
Water 0.01 0.07 0.07 0.09 0.09 0.10 0.1 0.11 0.14 0.33
Zooplankton 0.45 0.56 0.60 0.63 0.63 0.66 0.72 0.72 0.74 0.75
Fish 0.44 0.57 0.61 0.69 0.71 0.72 0.77 0.86 0.92 0.92
inverte_diet 0.06 0.06 0.06 0.08 0.08 0.09 0.22 0.23 0.44 0.48
zoop_diet 0.33 0.33 0.34 0.35 0.38 0.50 0.58 0.58 0.58 0.65
Condition 0.32 0.39 0.45 0.48 0.49 0.50 0.50 0.50 0.50 0.50
Q? 0.22 -0.10 -0.18 —0.11 -0.14 -0.13 —0.11 —0.09 —0.08 -0.07
R? 3.21E-1 6.8E-2 5.5E-2 3.5E-2 7.9E-3 6.6E-3 2.3E-3 1.6E-3 1.4E-4 1.8E-6

R2Xy value from PLS test shows the relationship between the response and predictor factors. R2Xy values are above 0.8 is bold labeled indicating a more pronounced
relationship between both environmental and dispersal factors with perch body condition. Q? and R? values from PLS also showed. @ and R? values from PLS also

showed. t1 to t10 is each of the PLS components.

Here we caught both perch and roach at the same place,
thus the differences in environmental conditions experienced by
the two species should be minor. Genetic differences between
perch and roach, which previously have been found to influence
gut microbial communities (Benson et al., 2010; Koenig et al,,
2011; Bolnick et al., 2014; Brooks et al., 2016), can therefore be
one reason for differences in the assembly mechanisms. Another
possible explanation could be the difference of the digestive
system between perch and roach. In perch food passes through
the stomach before it enters the intestine, while roach have no
stomach, so food goes directly into the intestine. Studies on
other vertebrates have shown that the stomach could work as an
ecological barrier to filter microbial taxa before they enter into
intestines due to the produced gastric acid (Martinsen et al., 2005;
Beasley et al., 2015). Moreover, pH influence from the stomach

could be an important factor to form gut microbial communities
as it is for free-living microbes (Rousk et al, 2010). Thus,
we would have expected environmental selection to be most
important in perch, but our result was the opposite (Figure 3).
The explanation for this could instead be that the stomach barrier
leads to dispersal limitation, which would lead to more drift in
perch than in roach. Still, further investigations are needed to
confirm these speculations.

The results from the PLS analyses show that not all
microbes associated with diet could establish themselves in the
intestinal environment equally well. This is because the degree of
macroinvertebrates as diet (obtained from gut analysis) was not
related to the contribution of bacteria from macroinvertebrate to
intestine microbiota (as obtained from SourceTracker analysis).
This suggests that host’s intestinal environment could select for
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TABLE 4 | Results from PLS model 2 tested relationship between roach body condition with both environmental and dispersal factors.

t1 t2 t3 t4 t5 t6 t7 t8 t9 t10
HabitatPelagic_top 0.31 0.35 0.43 0.59 0.72 0.75 0.77 0.78 0.88 0.90
HabitatProfundal 0.00 0.01 0.06 0.67 0.68 0.72 0.86 0.88 0.88 0.89
SexM 0.02 0.68 0.68 0.76 0.77 0.77 0.83 0.84 0.84 0.88
SexYO 0.07 0.18 0.19 0.21 0.28 0.80 0.82 0.82 0.83 0.83
Propor_Litt 0.20 0.59 0.75 0.77 0.77 0.79 0.79 0.80 0.82 0.87
Trophic_P 0.00 0.18 0.46 0.62 0.62 0.62 0.62 0.62 0.65 0.87
Algae 0.15 0.22 0.22 0.30 0.44 0.45 0.55 0.86 0.86 0.88
Macroinvertebrates 0.41 0.41 0.42 0.43 0.60 0.75 0.81 0.90 0.90 0.91
Sediment 0.02 0.03 0.15 0.20 0.27 0.32 0.34 0.49 0.90 0.96
Water 0.06 0.23 0.31 0.35 0.38 0.56 0.66 0.73 0.90 0.95
Zooplankton 0.46 0.59 0.59 0.73 0.75 0.77 0.87 0.87 0.88 0.95
inverte_diet 0.34 0.39 0.50 0.54 0.57 0.59 0.60 0.73 0.83 0.95
zoop_diet 0.21 0.23 0.24 0.37 0.45 0.45 0.46 0.65 0.70 0.82
Condition 0.09 0.11 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Q2 —0.038 —0.07 —0.09 —0.07 —0.08 —0.07 -0.07 —0.05 —0.038 —0.03
R? 9.1E-2 1.7E-2 8.3E-3 1.8E-3 1.7E-3 3.4E-4 1.8E-4 2.8E-6 3.3E-7 6.6E-8

R2Xy value from PLS test shows the relationship between the response and predictor factors. R2Xy values are above 0.8 is bold labeled indicating a more pronounced
relationship between both environmental and dispersal factors with perch body condition. Q2 and R? values from PLS also showed. Q2 and R? values from PLS also

showed. t1 to t10 is each of the PLS components.
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FIGURE 7 | PLS regression analysis between fish body condition and environmental and dispersal factors. Fish body condition was used as response variable
(orange lines), whereas dispersal and environmental factors were used as predictor variables (blue lines) in perch (A) and roach (B).
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microbial communities that can locally adapt. One other reason
for this pattern could be priority effects, which suggests that the
colonization success of species is dependent on the order when
they get into a site (Fukami, 2015). Juvenile perch usually feed
on zooplankton, and when they get large enough they will switch
to feed on macroinvertebrates and later on to fish (Svanbick
et al,, 2015). Thus, when macroinvertebrate diet proportionally
increases as perch grow, microbes attached to it will not increase
as quickly in the intestine due to the pre-colonized microbes from
zooplankton diet.

When foragers switch diets, as both perch and roach
do with size (Svanbick et al., 2008) this can both change
the substrate diversity and amount of substrate for gut
microbial communities. This could increase the competition
between the bacteria attached to the new food intake
and the original bacteria in the intestine if they have
overlapping niche use. A change in diet use of the host
might thus lead to invasion by bacterial species attached to
the new food source into the niche of the original species
(Mihaljevic, 2012), which will lead to variation in the local
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FIGURE 8 | PLS regression analysis between environmental and dispersal factors. Dispersal factors were used as response variable (orange lines), whereas
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environmental factors were used as predictor variables (blue lines) in perch (A) and roach (B).
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TABLE 5 | Results from PLS model 3 tested relationship between environmental
and dispersal factors in perch.

TABLE 6 | Results from PLS model 3 tested relationship between environmental
and dispersal factors in roach.

t1 t2 t3 t4 t5 t1 t2 t3 t4 t5
Pelagic bottom 1.1 0.9 0.8 0.8 0.9 Pelagic top 1.1 1.3 1.2 1.1 1.1
Pelagic top 0.7 0.7 0.8 0.8 0.8  Profundal 0.4 0.7 0.7 0.7 0.8
Profundal 0.4 0.8 0.8 0.9 09 Male 0.6 0.6 0.7 0.9 0.9
Male 0.2 0.7 0.9 0.9 0.9 Young 0.2 0.4 0.3 0.6 0.7
Young 0.9 0.9 0.9 0.8 0.8 Littoral carbon using 1.7 1.4 1.4 1.3 1.3
Littoral carbon using 1.7 1.5 1.4 1.4 1.4  Trophic position 0.6 0.7 0.9 0.8 0.8
Trophic position 0.3 0.8 0.8 0.7 0.8 Macroinvertebrates diet 0.8 0.9 0.8 0.9 0.9
Macroinvertebrates diet 0.08 0.9 0.9 0.9 0.9  Zooplankton diet 1.5 1.4 1.4 1.3 1.3
Zooplankton diet 1.7 1.5 1.5 1.4 1.4

R2Xy value from PLS test shows the relationship between the response and
predictor factors. R2Xy values are above 0.8 is bold labeled indicating a more
pronounced relationship between environmental and dispersal factors. @° and R?
values from PLS also showed. t1 to t5 is each of the PLS components.

diversity among individual hosts. These processes could
either decrease or increase the microbial beta diversity
among fish individuals depending on how competitive
the bacteria species are and if fish individuals could
diverge in their use of food sources (Costello et al, 2012).
In other words, dispersal of bacterial species can be an
effective way of altering gut microbiota in fish both at the
local (in individual fish) and regional (in fish populations
of a lake) level.

The metacommunity dynamics of gut microbiota and
the surrounding environment is probably governed by bi-
directional dispersal between hosts and the surrounding
environment (Miller et al., 2018). For example, Escalas et al.
(2017) suggests that fish may be a source for environmental
bacteria. This may be true for our study as well. Source
Tracker assumes that the local community is the sink only

R2Xy value from PLS test shows the relationship between the response and
predictor factors. R2Xy values are above 0.8 is bold labeled indicating a more
pronounced relationship between environmental and dispersal factors. Q¢ and R?
values from PLS also showed. t1 to t5 is each of the PLS components.

(Knights et al., 2011), and in our analysis, the gut microbial
community is only receiving microbes from the environment
and not contributing. Some studies highlighted that macro-
organisms can disperse their microbial communities into
the environment indicating that they are also a source of
environmental microbes (e.g., De Filippo et al., 2010; Zhang
et al, 2016), which suggesting a bi-directional influence
of microbes from environment to hosts and from hosts
to environment. Such bi-directional dispersal can probably
influence persistence of bacteria in the metacommunities.
However, the occurrence of bidirectional dispersal needs to be
investigated in controlled experiments.

Gut microbiota composition has been shown to
affect host energy uptake (Backhed, 2011; Li et al,
2013; Shapira, 2016). For example, studies on mice

and humans have revealed strong links between the gut
microbiome composition and both energy harvest and energy
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storage in the host (Backhed, 2011; Li et al., 2013; Shapira, 2016).
Previous findings, e.g., Bolnick et al. (2014) have shown that
microbial diversity can be associated with fish fitness, though
their results have not been consistent.

Similarly, our results revealed links between gut microbiome
composition and fish body condition. Though, we went further
by exploring the relationship between microbiome composition
and fish body condition by differentiating the gut microbiome
based on its sources. We show that while microbes from
macroinvertebrates are less efficient at establishing in the
intestinal environment, they still have a stronger association
with fish body condition compared to zooplankton associated
microbes. However, an increase in macroinvertebrate-associated
microbiota could not be linked to the increased condition in
perch and roach. Invertebrate diet compared to zooplankton diet,
when given in the same amount, has been shown to lead to
better growth in a previous study on perch (Borcherding et al.,
2007). Furthermore, it has been shown that macroinvertebrates
have access to better quality food during late summer and
autumn in Lake Erken (our study lake) (Ahlgren et al., 1997),
which potentially can lead to macroinvertebrates being of higher
quality food for perch and roach. Thus, the association between
macroinvertebrate and fish body condition can come from
correlations between both invertebrate as diet and its associated
microbiota. We found opposite associations of microbes attached
to macroinvertebrates and zooplankton with fish body condition.
This difference may be a result of the different metabolites
produced by zooplankton and invertebrate associated microbes.
If so, then this can be speculated to have consequences for
the host, for example if poorer nutrients are produced by
zooplankton associated microbes (Nicholson et al., 2012), which
will lead to decreased fitness of their host.

In conclusion, by applying a metacommunity approach to
investigate the assembly of intestinal microbiota communities,
we show that both environmental selection and ecological drift
have influences on community assembly of gut microbiota.
Ecological drift was predicted to be more important in perch than
roach leading to a smaller role for environmental interactions,
including species-interactions in perch. Confirming previous
studies, we infer using statistical means that environmental
factors, such as fish diet and habitat choice can affect intestinal
microbial communities. Both environment and dispersal factors
contributed to the intestinal community composition but the
relative contribution of these differed between perch and
roach. This difference in assembly mechanisms may come from
differences in the structure of the gut between perch and
roach but also from genetic difference. Furthermore, we predict
from our statistical analyses that fish body condition depends
on bacterial dispersal sources, potentially affecting other traits
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