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Most animals co-exist with diverse host-associated microbial organisms that often
form complex communities varying between individuals, habitats, species and higher
taxonomic levels. Factors driving variation in the diversity of host-associated microbes
are complex and still poorly understood. Here, we describe the bacterial composition
of field-collected Hydra, a freshwater cnidarian that forms stable associations with
microbial species in the laboratory and displays complex interactions with components
of the microbiota. We sampled Hydra polyps from 21 Central European water bodies
and identified bacterial taxa through 16S rRNA sequencing. We asked whether diversity
and taxonomic composition of host-associated bacteria depends on sampling location,
habitat type, host species or host reproductive mode (sexual vs. asexual). Bacterial
diversity was most strongly explained by sampling location, suggesting that the source
environment plays an important role in the assembly of bacterial communities associated
with Hydra polyps. We also found significant differences between host species in their
bacterial composition that partly mirrored variations observed in lab strains. Furthermore,
we detected a minor effect of host reproductive mode on bacterial diversity. Overall,
our results suggest that extrinsic (habitat identity) factors predict the diversity of host-
associated bacterial communities more strongly than intrinsic (species identity) factors,
however, only a combination of both factors determines microbiota composition in
Hydra.

Keywords: determinants of microbial community, holobiont assembly, metaorganism, ecology of microbial
communities, host-microbe balance/interaction

INTRODUCTION

The microbial organisms that animals coexist with [collectively known as the host associated
microbiota (Berg et al., 2020)] have an increasingly recognized effect on their host (McFall-Ngai
et al., 2013). The microbiota often influences host health (Shreiner et al., 2015; Rathje et al., 2020),
behavior (Murillo-Rincon et al., 2017; Vuong et al., 2017), and in some cases it was shown to affect
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fitness-determining traits of the host, such as its growth rate,
reproduction, survival and aging (Shin et al., 2011; Sison-Mangus
et al., 2015; Gould et al., 2018; Popkes and Valenzano, 2020).

One of the most important aspects of the microbiota is its
composition and diversity. Diversity affects the number and type
of interactions that can be present in a microbial community
(Coyte et al., 2015) and influence tripartite interactions between
the host, microbiota and pathogens (Fraune et al., 2015; Harrison
et al., 2019). Furthermore, diversity can affect the stability
of microbial communities and their resilience to perturbation
(Vieira-Silva et al., 2016) and reduction in diversity often
leads to dysbiosis in response to environmental stressors or
host diet changes (Infante-Villamil et al., 2020). Therefore,
understanding the factors that determine microbial diversity in
natural populations is key to explain variation in host physiology.

In natural populations, the diversity and composition of host-
associated microbes is affected by several factors, such as host diet
(Sullam et al., 2015; Lutz et al., 2019; Youngblut et al., 2019), host
genotype and population genetic diversity (Sullam et al., 2015;
Griffiths et al., 2018; Webster et al., 2018), features of the habitat,
such as salinity (Schmidt et al., 2015; Mortzfeld et al., 2016), water
temperature (Vargas et al., 2021), or pH (Sylvain et al., 2016), as
well as geography (Llewellyn et al., 2016; Mortzfeld et al., 2016)
and climate (Kueneman et al., 2019; Woodhams et al., 2020).
However, the importance of these factors is only recently starting
to be revealed and the mechanisms driving variation in microbial
diversity are still poorly understood. Crucially, accumulating
evidence indicates that the relative importance of these factors
might vary among taxa. For instance, host evolutionary history
was found to be a strong driver of microbial diversity in a
range of animal groups from sponges and corals to various
vertebrate groups (Franzenburg et al., 2013; Easson and Thacker,
2014; Pollock et al., 2018; Youngblut et al., 2019). Conversely,
environmental factors appear to be predominant drivers in other
taxa (such as freshwater zooplankton), without any evidence for
phylosymbiosis (Eckert et al., 2021).

The freshwater cnidarian Hydra coexists with a rich diversity
of host-associated microbes. These microbes colonize external
epithelial surfaces (Fraune et al., 2015; Deines and Bosch, 2016),
inhabit intercellular spaces (Rathje et al., 2020), and in some
species can even occur inside cells as endosymbionts (Fraune
and Bosch, 2007). The Hydra microbiota has diverse effects on
the host. Animals with their microbiota experimentally removed
have reduced movement and contractility (Murillo-Rincon et al.,
2017) and impaired ability to reproduce asexually (Rahat and
Dimentman, 1982). Interactions between microbial components
influence pattern formation (Taubenheim et al., 2020), and can
induce tumor development (Rathje et al., 2020), but the presence
of core microbial elements also protects the host against fungal
infections (Fraune et al., 2015).

Hydra polyps actively shape the composition of their
associated bacterial community through the secretion of
antimicrobial peptides (Fraune et al., 2010; Franzenburg et al.,
2013; Augustin et al., 2017). As a result, laboratory maintained
Hydra species differ in the bacterial community (Franzenburg
et al., 2013), and show long-term association with the host,
partly reflecting differences observed in their natural habitats

(Fraune and Bosch, 2007). Furthermore, components of the
microbiota are at least partly transmitted vertically to embryos
through a process controlled by maternal antimicrobial peptides
(Fraune et al., 2010; Minten-Lange and Fraune, 2020), providing
an opportunity for coevolution between host physiology and
microbial diversity. However, factors driving variation in
the microbial composition and diversity of natural Hydra
populations remained so far unexplained.

Here, we aimed to understand the factors that shape bacterial
diversity in natural Hydra populations. To this end, we collected
Hydra polyps belonging to three different co-existing species
(H. oligactis, H. vulgaris and H. circumcincta) from 21 Central
European locations. We asked whether bacterial diversity in
Hydra is affected by (1) sampling population ID, (2) water body
type, (3) nutrient load of sampling population, (4) host species,
and (5) host reproductive state. In line with previous studies
(e.g., Fraune and Bosch, 2007) we predicted that the three Hydra
species will be associated with distinct microbial communities
and were interested in finding out how consistent these
species differences are across a range of distinct populations.
Furthermore, we hypothesized that the type of habitat could
influence the microbial diversity from which host-associated
microbial communities are assembled and therefore recorded,
for each location, whether it was standing or flowing water and
categorized them in terms of nutrient load: meso-eutrophic,
eutrophic or hyper-eutrophic. Finally, we hypothesized that life
history stage of the host (specifically, whether it was reproducing
sexually or asexually) can affect the diversity of microbial taxa
associated with the host because of the altered physiology
associated with sexual reproduction. In at least one of the three
species (H. oligactis), sexual reproduction is associated with
marked reductions in somatic maintenance functions, including
loss of regeneration ability, stem cell depletion and disappearance
of nematocytes (stinging cells) important for food capture
(Sebestyén et al., 2018), and these physiological changes could
also affect the ability to regulate host-associated microbes.

We found that the sampling site (population) has the strongest
effect on α- and β-diversity, followed by the type of the water
body, while the host factors (species and reproduction mode)
had a much weaker, but consistent effect on the bacterial
diversities. The results showed that environmental factors
were most strongly associated with changes in the microbial
community while the bacterial communities still specifically
reflect the host species.

MATERIALS AND METHODS

Field Sampling
Samples were collected from 21 water bodies (20 located in
Hungary, 1 in Romania; Table 1), between 7th November and
27th November 2019. At each location we collected Hydra from
multiple locations that were at least 2 m distance from each other.

Hydra sampling sites were categorized as standing (lakes) or
flowing (rivers, creeks and canals) water bodies. Furthermore, we
also categorized trophic level of water bodies as mesoeutrophic,
eutrophic or hypereutrophic based on personal observations of
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TABLE 1 | Location, sample size, type and trophic state of water bodies from which Hydra polyps were collected[1].

Population ID Sample size Coordinates Type of water body Category Trophic state

M26 9 47.58746◦N; 21.14895◦E River Flowing Hypereutrophic

M28 21 47.67119◦N; 20.86334◦E Oxbow lake Standing Eutrophic

M31 7 47.04021◦N; 18.06975◦E Lake Standing Eutrophic

M34 6 46.76484◦N; 17.26994◦E Canal Flowing Eutrophic

M44 17 48.03405◦N; 21.07803◦E Oxbow lake Standing Hypereutrophic

M67 10 46.76848◦N; 18.61604◦E River Flowing Hypereutrophic

M70 8 46.77169◦N; 17.63603◦E Creek Flowing Mesoeutrophic

M71 15 46.75138◦N; 17.56861◦E Creek Flowing Eutrophic

M72 21 46.70316◦N; 17.38126◦E Canal Flowing Hypereutrophic

M78 2 47.69665◦N; 20.68656◦E Creek Flowing Mesoeutrophic

M79 18 47.69032◦N; 20.74361◦E Canal Flowing Hypereutrophic

M83 15 48.17484◦N; 21.61385◦E Oxbow lake Standing Eutrophic

M84 15 47.26047◦N; 20.52008◦E Oxbow lake Standing Hypereutrophic

M85 15 47.17998◦N; 20.31362◦E Oxbow lake Standing Hypereutrophic

M86 3 47.14387◦N; 20.25956◦E Oxbow lake Standing Hypereutrophic

M89 28 46.85608◦N; 19.99031◦E Oxbow lake Standing Hypereutrophic

M90 25 46.82147◦N; 20.00077◦E Oxbow lake Standing Hypereutrophic

M107 10 48.17199◦N; 21.50517◦E Oxbow lake Standing Eutrophic

M108 11 48.12438◦N; 21.44716◦E Oxbow lake Standing Eutrophic

M109 10 47.68255◦N; 20.82135◦E Oxbow lake Standing Hypereutrophic

R12 10 47.88977◦N; 23.31119◦E River Flowing Mesoeutrophic

the presence of algal blooms and macrophyte cover during the
vegetation period, proximity to agricultural areas and hence
exposure to agricultural run-off and involvement of the water
bodies in commercial fishing and angling activities. In the
hypereutrophic category, there is usually a significant nutrient
load (mostly nutrients from agricultural areas and nutrients
from fish farming) which can result in frequent and significant
algal blooms. In water bodies of the eutrophic category, algal
blooms are common, but the nutrient load is not so high (mainly
nutrients from fish farming and fishing). In waters belonging to
the mesotrophic category, algal blooms are occasionally observed
with lower nutrient load.

We located Hydra by placing small pieces of aquatic
macrophytes into sterile plastic containers. Polyps found attached
to these pieces of vegetation were gently removed with an
automatic pipette and a sterile tip on the collection site, placed
individually into sterile Eppendorf tubes and brought to the
laboratory on the day of collection in a cool box.

In the laboratory, each polyp was visually inspected under
a stereo microscope (Euromex Stereoblue), while still in the
Eppendorf tube. We tentatively assigned species identity ofHydra
polyps based on visual inspection of morphological characters
(type and shape of gonads, tentacle length and appearance in
asexual buds). We also categorized polyps into the following
groups: asexual (having at least a bud), sexual male (with mature
testes), sexual female (with mature ovaries), sexual immature
(with a distinct yellow swelling on the body column but without
clearly developed testes or ovaries) or non-reproductive (without
buds or gonads; Sebestyén et al., 2018; Miklós et al., 2021).

DNA was extracted from whole polyps that were first gently
washed with filtered lake water to remove debris attached to

the polyps. Isolating DNA from whole polyps implies that for
each Hydra individual we sampled bacteria located inside the
gut cavity, on the outer surface of the polyps and those located
within the tissue (all of which are known to host components
of the microbiota). Furthermore, this also means that microbes
only transiently associated with the host (e.g., originating from
the food items ingested by Hydra, from the surrounding water
or from the biofilms covering the macrophytes to which polyps
attach) could also be detected.

After washing, polyps were frozen at −80◦C and DNA
extraction followed within 1 week of sample collection, using
a chloroform/isoamyl alcohol extraction method [detailed
description of extraction protocol described in supplementary
of Miklós et al. (2021)]. From the extracts, 5 µl was used for
16S sequencing (see below for details). To further verify Hydra
species identity, we also performed a PCR reaction on each of the
samples with primers specific for Hydra vulgaris HSP70 (Steele
et al., 1996). PCR reactions were performed at two temperatures:
56 and 64◦C. This primer pair gives a clear signal on both
temperatures for H. vulgaris, while no signal is detected in
H. circumcincta. In H. oligactis, a clear PCR product is only
detected at 56◦C. The final species identity assigned to samples
is the consensus of visual inspection and PCR results.

16S rRNA Gene Amplicon Sequencing
The 16S rRNA gene was amplified using uniquely bar-coded
primers flanking the V1 and V2 hypervariable region (27F–
338R) with fused MiSeq adapters and heterogeneity spacers in
a 25-µl PCR (Fadrosh et al., 2014). For the traditional one-step
PCR protocol, we used 4 µl of each forward and reverse primer
(0.28 µM), 0.5 µl dNTPs (200 µM each), 0.25 µl Phusion Hot
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Start II High-Fidelity DNA Polymerase (0.5 Us), 5 µl of HF buffer
(Thermo Fisher Scientific, Inc., Waltham, MA, United States),
and 1 µl of undiluted DNA. PCRs were conducted with the
following cycling conditions [98◦C, 30 s; 30 × (98◦C, 9 s; 55◦C,
60 s; 72◦C, 90 s); 72◦C, 10 min; 10◦C, infinity] and checked
on a 1.5% agarose gel. The concentration of the amplicons
was estimated using a GelDocTMXR + System coupled with
Image LabTMSoftware (BioRad, Hercules, CA, United States)
with 3 µl of O’GeneRulerTM100 bp Plus DNA Ladder (Thermo
Fisher Scientific, Inc., Waltham, MA, United States) as the
internal standard for band intensity measurement. The samples
of individual gels were pooled into approximately equimolar sub-
pools as indicated by band intensity and measured with the Qubit
dsDNA br Assay Kit (Life Technologies GmbH, Darmstadt,
Germany). Sub-pools were mixed in an equimolar fashion and
stored at−20◦C until sequencing.

Library preparation for shotgun sequencing was performed
using the NexteraXT kit (Illumina) for fragmentation and
multiplexing of input DNA following the manufacturer’s
instructions. Amplicon sequencing was performed on the
Illumina MiSeq platform with v3 chemistry (2 × 300 cycle kit),
while shotgun sequencing was performed on an Illumina NextSeq
500 platform via 2 bp × 150 bp Mid Output Kit at the IKMB
Sequencing Center (CAU Kiel, Germany).

Data Analysis
The initial analysis 16S-sequencing reads was performed in
the Qiime2 framework v2020.8.0 (Bolyen et al., 2019). Adapter
trimming was done using Qiime2’s cutadapt (Martin, 2011) with
following adapters: fwd: AGRGTTYGATYMTGGCTCAG, rev:
TGCTGCCTCCCGTAGGAGT. Surviving reads were required
to have a minimum length of 20 bp, all other settings were
left to defaults. For denoising we employed the Qiime2 DADA2
plugin (Callahan et al., 2016) using following settings: “–p-
trunc-len-f 290 –p-trunc-len-r 235 –p-trunc-q 10 –p-trim-left-
f 9 –p-trim-left-r 9.” The resulting representative sequences
were used to annotate bacterial taxonomy by using the feature-
classifier classify-consensus-blast tool of qiime2 (Camacho et al.,
2009) against the SILVA132 database (Yilmaz et al., 2014) using
default settings. Furthermore, phylogenetic relationships between
ESVs were inferred using the mafft and fasttree implementation
(Katoh, 2002; Price et al., 2009) of Qiime2 using default
settings. After trimming, denoising, phylogenetic and taxonomic
annotation we exported the results and used the R statistical
programming language v4.1.0 to analyze and plot the data (R
Core Team, 2021).

Samples were filtered for sequencing depth and samples with
less than 3,368 read counts were removed (14 in total). The
threshold is the result of different filtering steps we have taken.
First we filtered for rare ESVs, by removing all ESVs which
contributed less than 1% overall sequencing reads per sample and
were not found in at least 3 samples in total. We then used a data
driven threshold to remove the samples we considered outlier
by calculating the logarithm of the read-counts per sample and
scaling the data. Checking the distribution of these transformed
and scaled read-counts revealed a rather heavy tail on the left
hand side, so we decided to symmetrize the data by removing

all samples which were smaller than −1 × max(scaled(log(read-
counts))). Afterward we excluded again all ESVs which had
no reads in the remaining samples. After that we checked for
rarefraction curves in the low count samples and detected no
major issues with sampling, but were uneasy with samples which
remained in the data set and had read-counts as low as 888 in
total. We thus decided to remove the lower 5% of the samples,
resulting in a threshold of exactly 3,368 reads. This procedure
resulted in a total of 1,864 ESVs (from 11,290) and a total of
94.86% of the initial sequencing reads remaining in the data set.
16S sequences and annotation can be found in Supplementary
Tables 1, 2.

For general data handling and plotting we used the data.table
v1.14.0, ggplot2 v3.3.5 and cowplot packages, respectively
(Wickham, 2016; Wilke, 2020; Dowle and Srinivasan, 2021). For
β-diversity calculations we normalized and variance stabilization
transformed the raw read count data using the vst() function of
the DESeq2 package v.1.32.0 (Love et al., 2014), while α-diversity
was calculated directly on the raw read count matrix. To avoid
infinity values by log-transformation during data normalization
we added a single read count to every field in the read
count matrix. Since variance stabilizing transformation results in
negative entries of the read count matrix, we shifted the whole
matrix to only positive values by addition of −1 ×min(v) where
v is the vector of the flattened matrix. α- and β-diversity measures
were calculated using the functionality of the phyloseq and vegan
packages (McMurdie and Holmes, 2013; Oksanen et al., 2020).
After testing for several measures for α- and β-diversity (data
not shown) we obtained best results with the Shannon index for
α-diversity and Bray–Curtis dissimilarity for β-diversity and used
these measures throughout the study. UMAP ordination were
calculated on the β-diversity measures using the umap() function
of the umap v0.2.7.0 package (Konopka, 2020), employing the
dist-option, while PCA calculation where performed on the
same data using the base package prcomp() function, employing
scaling and centering. Since we did not rarefy the read counts
prior to analysis of alpha diversity, we tested the difference of
rarefraction analysis compared to raw species count (Chao1)
and Shannon index calculation (Supplementary Figure 1) by
calculating rarefied samples using the functionality of the vegan
package. Basic statistical analyses were performed with the
R base package (linear models, Kruskal–Wallis tests) while
PERMANOVA on the β-diversity was performed using the
adonis2() function implemented in the vegan package. For the
PERMANOVA tests, we regarded population (PopID) as random
factor within the permutation block design and the method for
testing was the “Terms”-option—equivalent to type I ANOVA
tests on main effects. Since type I tests for ANOVA analysis are
sensitive to order of appearance in the design formula, we tested
several models switching each factor to the last position of the
formula to check its significant association to the data.

Linear mixed models and statistical testing was performed
using the lme4 v1.1.27.1, lmerTest 3.1.3, car v3.0.11 and lsmeans
v2.30.0 packages (Bates et al., 2015; Lenth, 2016; Kuznetsova
et al., 2017; Fox and Weisberg, 2019). All models were checked
for normal distribution of error terms and random factor
coefficients as well as for improved data explanation compared
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to the null-model. Furthermore, all models use all tested
factors as explanatory variables and the population (PopID)
as random effect.

Differentially abundant species were calculated using the
DESeq2 package v.1.32.0 with default settings and following the
design formula: “∼reproduction mode + species + nutrient
load + water body type.” Bacteria were regarded as differential
abundant when the adjusted p-value was smaller 0.05 and the
fold change of read counts was at least twofold (absolute log2
fold change > 1). DESeq2 was chosen for calculation of indicator
species for twofold reasons: On the one hand recent comparative
studies suggests that DESeq2 is suitable for handling different
sample sizes much better than rarifying or fraction based analysis
(McMurdie and Holmes, 2014) while being more sensitive with
good error control rate if compared to other common methods
(Nearing et al., 2021). On the other hand, we tested several
methods (LefSe, Ancom2, Simmer) with our data set and found
DESeq2 to be the only one sensitive and performant enough to
report reasonable results.

For all analyses, p-value adjustments were performed by
the method of false discovery rate correction (Benjamini and
Hochberg, 1995).

Relative abundance per condition is the fraction of sample
weighted read counts summed by members of each bacterial
order. This results in contributions from 0–1 where each sample
contributes equally to the fraction calculated.

RESULTS

Microbial Diversity in Three Different
Hydra Species in the Field
In 2019, we sampled 265 (251 after quality filtering) Hydra polyps
from 21 different locations in Hungary and Romania (Figure 1
and Table 1). Within this sampling effort, we took samples from
12 oxbow lakes, 1 lake, 3 rivers, 3 creeks and 3 canals (Table 1)
within a geographic range of about 460 km (Figure 1). Overall, we
identified polyps from three different coexisting species: Hydra
oligactis, Hydra vulgaris and Hydra circumcincta. While Hydra
oligactis could be detected in 20 water bodies, Hydra vulgaris
was found in nine and Hydra circumcincta in four locations.
Independent of the trophic state of the water body in almost all
sampled habitats, Hydra oligactis was the dominant species. Only
in two lakes (M89 and M90) we detected an even presence of
all three species.

To evaluate the factors contributing to the diversity of bacterial
colonization in Hydra, we extracted DNA from all sampled Hydra
polyps and compared their associated microbiota by 16S rRNA
sequencing. PC and UMAP clustering analyses revealed that the
microbial diversity of Hydra polyps sampled is mainly influenced
by population identity (Figures 2A,B and Table 2). This was
also reflected in Bray–Curtis dissimilarities where polyps from
different water bodies show significantly larger dissimilarities as
polyps from the same water body (Figure 2C).

In addition to the differences in beta-diversity, alpha-diversity
of the bacterial communities associated with Hydra polyps was
also significantly affected by the population identity (Figure 2D

and Supplementary Table 3). Interestingly, samples from the
water bodies showing the most distinct UMAP clustering (M26,
M72, M85) harbored the highest bacterial diversity estimated by
chao 1 and Shannon index (Figure 2D).

Environmental Effects on Bacterial
Diversity in Three Different Hydra
Species
Given that population identity was the most important factor
explaining differences in bacterial diversity, we analyzed the
contribution of the two environmental factors “water body type”
and “trophic state” of the different water bodies to explain
bacterial diversity associated with Hydra polyps (Table 1).

The 21 different water bodies were clustered into two different
categories—flowing (rivers, creeks and canals) and standing
(lakes and oxbow lakes; Table 1). Testing the contribution of
this factor to bacterial diversity associated with Hydra revealed
a significant association (Figure 3 and Table 2) explaining
around 4% of bacterial variation. Interestingly, Bray–Curtis
dissimilarities were smallest between flowing water bodies, while
dissimilarities between standing only and flowing and standing
water bodies were higher (Figure 3C). This indicates that Hydra’s
microbiota was more constrained in diversity in flowing water
bodies as those in standing water bodies. In support of this
result, polyps living in running water, like river and creek, harbor
a significantly lower bacterial α-diversity, than polyps living
in standing water (Figure 3D). Bacterial taxa that were more
frequently present on Hydra polyps in flowing water belong to
Sphingobacteriaceae, Myxobacteria and Pseudomonadales, while
Betaproteobacteria were more dominant on Hydra polyps living
in standing water (Supplementary Figure 2).

In addition to habitat type, we categorized the different
sampling sites according to their trophic state into
mesoeutrophic, eutrophic and hypereutrophic waters (Table 1
and Figure 4). Comparing bacterial diversity of Hydra polyps
collected from environments with different trophic levels
revealed a significant clustering, if the factor was tested
individually (Table 2 and Figures 4A,B). In particular, Hydra
associated bacterial communities from mesoeutrophic water
bodies were significantly less diverse than bacterial communities
associated with Hydra polyps living in eu- or hypereutrophic
water bodies (Figure 4D and Supplementary Figures 3A,B).
This difference was also evidenced by the fact that bacterial
communities from Hydra polyps living in mesotrophic habitat
were more similar to each other than to bacterial communities
from polyps living in eu- or hypertrophic habitats (Figure 4C
and Supplementary Figure 3). The indicator analysis revealed
that bacteria belonging to Campylobacterales and Cytophagales
were specifically enriched on polyps living in mesoeutrophic
habitats (Supplementary Figure 3C). However, the statistical
difference was lost if testing the trophic level in context of
the multivariate models (Tables 2, 3), which indicates that
the nutritional effect had only minor contribution to bacterial
diversity. The explanatory power for bacterial diversity is
probably encoded within the water body type (flowing or
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FIGURE 1 | Map showing sampling locations and proportion of Hydra species. The inset shows the geographic location of the sampling area in the Europe map.
The pie charts represent the proportion of species detected in each water body.

standing) where we detected highest correlations between factors
(Supplementary Figure 6).

Host Effects on Bacterial Colonization in
Hydra
In addition to environmental factors, host species identity also
explained 4% bacterial diversity variation associated with the
different Hydra polyps (Table 2). While bacterial communities
associated with Hydra oligactis revealed only weak clustering,
the bacterial diversity associated with H. circumcincta was highly
distinct (Figures 5A,B and Supplementary Figures 4A,B).
This was also demonstrated by the fact that within Bray–
Curtis distances of bacterial communities associated with
H. circumcincta were smallest, followed by H. vulgaris
(Figure 5C). The within distances in bacterial communities
associated with H. oligactis showed the highest distances,
indicating a less constrained diversity of bacterial associations.
A similar trend was evident from the higher alpha-diversity
in H. oligactis compared to the microbiota of H. circumcincta
and H. vulgaris (Figure 5D) which was also statistically
supported if we correct the analysis for environmental cofactors
(Table 3). Similar effects could be observed by analyzing
samples from a single population separately to test the
effect in environmentally similar settings. We performed
PERMANOVA analysis for species effect in population
M89 and M90 and found strong association of β-diversity
with it, explaining up to 23% variability (Supplementary
Figures 7, 8 and Supplementary Table 3). Additionally, we
observed a similar trend with H. oligactis being associated

with higher Shannon-indices (Supplementary Figures 7, 8),
but found statistical significance only in population M90
(Supplementary Table 4). Bacterial taxa that colonized
H. oligactis with higher frequency belonged to the Bacteroidia,
while H. circumcincta was associated more frequently with
Rickettsiales (Supplementary Figure 3). Interestingly, most
bacteria that were specifically associated with one of the three
species (indicator species) belonged to the Betaproteobacteria
(Supplementary Figure 3).

In addition, we tested the reproduction status of the polyps
and if it is influencing the microbial diversity. Reproducing
animals were categorized depending on the presence of gonads
(sexual), presence of reproductive buds (asexual) or absence
of both (non-reproductive). In general we can say that there
were only minor effects of the reproduction state which were
reflected in the microbial community. Neither UMAP nor
PCA clustering by reproductive mode were clearly visible
(Figures 6A,B) and Bray–Curtis distances tended to be slightly
smaller within non-reproductive animals as compared to all
other pairs (Figure 6C). This small effect could be detected
in the univariate PERMANOVA model (p = 0.0012, Table 2)
while it was not recovered in the multivariate PERMANOVA
(p = 0.2848, Table 2) indicating that correlations with other
factors were important to explain the small differences in
distances (e.g., species assignment, Supplementary Figure 6).
Similarly, we observed only small effects of reproduction mode
on α-diversity (Figure 6D)—where we found no support in
the univariate linear model on the Shannon index (p = 0.842,
Table 3). Interestingly, there was a detectable difference in
the α-diversity which was assigned to reproduction in the

Frontiers in Microbiology | www.frontiersin.org 6 March 2022 | Volume 13 | Article 799333

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-799333 February 25, 2022 Time: 15:46 # 7

Taubenheim et al. Microbiome Diversity in Hydra

FIGURE 2 | Influence of population identity on bacterial colonization in Hydra. UMAP dimensionality reduction (A) and PC-analysis (B) of β-diversity (Bray–Curtis)
shows separation of the samples by population, thus environmental conditions. The separation of microbial communities by population is supported by Adonis test
(R2
= 0.41, p ≤ 0.001 with 999 permutations, Table 2). Bray–Curtis (C) dissimilarities within one population are generally smaller than those between populations.

Furthermore, population ID is a major determinant for alpha diversity (D) (linear model on Shannon index, p ≤ 0.001, Table 3).

multivariate linear mixed model (p = 0.007, Table 3), which
was driven by a difference between sexual and asexual animals
(Supplementary Table 3). Testing for differences in α- and
β-diversity in single populations (M89 and M90) showed no
significant association between reproduction and diversity
measures (Supplementary Figures 7, 8 and Supplementary
Tables 3, 4), except in univariate PERMANOVA in population
M89. This difference was mainly driven by species differences
which showed perfect co-linearity between H. circumcincta
and sexual reproduction in this case (Supplementary Figure 9
and Supplementary Table 3). The bacterial composition
between reproduction modes were very similar, with noticeable

differences in the expansion Betaproteobacteria in non-
reproductive animals, while Rickettsiales were associated in
slightly higher abundance in sexual polyps, compared to the
other conditions (Supplementary Figures 5A,B). Accordingly,
we identified only a few indicator species, most of them belonging
to the Betaproteobacteria (Supplementary Figure 5C).

Abundance of Curvibacter in Field
Sampled Hydra Polyps
Curvibacter bacteria are one of the most prevalent
bacterial groups colonizing Hydra polyps in the laboratory
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TABLE 2 | Statistical analysis of host and environmental factors influencing
bacterial diversity of Hydra.

Univariate
PERMANOVA

Multivariate
PERMANOVA

Condition R2 F p value R2 F p value

Pop ID 0.41 7.99 <0.001 N/A N/A N/A

Water body type 0.04 10.64 <0.001 0.03 9.04 0.0001

Trophic state 0.05 7.05 <0.001 0.04 6.16 0.2570

Species 0.04 5.46 <0.001 0.04 5.84 0.0001

Reproduction 0.01 1.78 0.0012 0.01 1.72 0.2848

TABLE 3 | Statistical analysis of biotic and abiotic factors determining diversity of
the associated bacteria of Hydra.

Univariate linear
model

Multivariate linear
mixed model

Condition R2 F p value X2 p value

Pop ID 0.343 6.013 5.4E-12 N/A N/A

Water body 0.085 23.205 6.3E-6 7.148 0.008

Trophic state 0.070 9.355 0.2E-4 4.385 0.112

Species 0.021 2.673 0.089 19.014 7.4E-5

Reproduction 0.001 0.172 0.842 9.892 0.007

(Franzenburg et al., 2013). While Curvibacter could be detected
in most Hydra populations sampled, (Figure 7A) the abundance
of this group of bacteria was much lower than in laboratory
maintained polyps. Interestingly, the presence of Curvibacter
species varies strongly within the different Hydra populations
(Figure 7A), but not for the tested environmental factors:
water body type and nutrient load (Figures 7B,C). The
overall Curvibacter distribution to different Hydra species
was consistent with results from laboratory experiments
(Franzenburg et al., 2013), where H. vulgaris showed a higher
prevalence of Curvibacter colonization (Figure 7D). The
mode of reproduction seemed to have a small effect on the
amount of Curvibacter colonization, with sexually reproducing
polyps having lower amounts of Curvibacter in their microbial
community (Figure 7E).

DISCUSSION

Here, we investigated factors associated with changes in
taxonomic diversity of host-associated microbes in three
species of freshwater Hydra (Hydra oligactis, H. vulgaris and
H. circumcincta) coexisting in Central European water bodies.
We found that: Firstly, Hydra populations differed markedly in
bacterial composition with population identity being the most
important predictor of microbial α- and β-diversity. Secondly,
the type of habitat explained differences in bacterial diversity.
Thirdly, we detected significant differences in bacterial diversity
among host species (least diverse in H. circumcincta). Fourthly,
we did not find a strong effect of reproductive mode (sexual vs.
asexual) associated with bacterial composition. We discuss these
findings in turn below.

Source population appeared the most important factor
explaining diversity of the community of microbes associated
with Hydra hosts. This observation is somewhat surprising
given that the geographical scope of the sampling was not
very large (∼460 km between the most distant populations)
and sampling locations were mostly similar habitat types
(lowland freshwater bodies). Furthermore, Hydra is known to
host distinct and highly specific microbe species (Fraune and
Bosch, 2007; Franzenburg et al., 2013; this study) that are
partly vertically transmitted from parent to offspring (Fraune
et al., 2010), which might suggest that microbial composition
is inherited across generations rather than being assembled
from the environment. Nonetheless, microbial communities,
characteristic for the different habitats seem to transiently
colonize Hydra which eventually result in long-term associations
with bacteria that are either added to (or replace) host-specific
microbes. For instance, if functionally similar but taxonomically
different microbes are present in distinct habitats, then Hydra
individuals might end up with taxonomically different, but
functionally very similar microbial communities. Population-
specific variation in microbial composition similar to our results
has been described in aquatic vertebrates and explained as the
result of variation in interrelated environmental conditions such
as temperature, geography, water quality and chemistry affecting
the composition of local microbial communities and ultimately,
host-associated microbes (reviewed in: Sehnal et al., 2021).

Additionally, population effects on microbial diversity might
be further enhanced through genetic differentiation of the
host (e.g., due to limited gene flow between populations). If
host populations are isolated, then their ancestral microbial
composition might also become differentiated due to stochastic
losses and gains in microbial taxa or adaptive differences in
host genetics and immunity (Chaston et al., 2016; Glasl et al.,
2019; Frankel-Bricker et al., 2020). In this case, population
differences in microbial composition and diversity would reflect
the evolutionary history and population structure of the host.
Although we cannot, at present, fully exclude this possibility,
a previous study of the population genetics of H. oligactis
detected very limited spatial genetic structuring among some of
the populations that were also sampled in this study (Miklós
et al., 2021). Therefore, we consider it unlikely that population
structure or differences in host genotype could explain the site-
dependence of microbial diversity.

We also have to note that some of the diversity of host-
associated microbes detected in this study might stem from
taxa that are only transiently associated with the host, e.g., if
locally present bacterial taxa (found either in the water, the
substrates to which polyps attach or the food they consume)
settle on the surface or basal disk of polyps, or accumulate
in their gastric cavity. This possibility could be investigated
in the future through laboratory studies, e.g., by maintaining
polyps sampled from different locations under similar conditions
(same culture medium and food) and testing whether the
differences in their microbial community persist under identical
environmental conditions. However, such transiently associated
taxa cannot explain the species differences observed in this study,
since polyps belonging to distinct species were often collected
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FIGURE 3 | Influence of water body type on bacterial colonization in Hydra. UMAP dimensionality reduction (A) and more clearly PC-analysis (B) of β-diversity
(Bray–Curtis) show separation of the samples by water body type. This separation of microbial communities is supported by PERMANOVA test (R2

= 0.04,
p ≤ 0.001 and R2

= 0.03, p ≤ 0.001 with 999 permutations each for univariate and multivariate PERMANOVA). Bray–Curtis (C) dissimilarities are smallest between
flowing water bodies, while dissimilarities between standing only and flowing and standing water bodies are higher. In support of this result, α-diversity is significantly
smaller in flowing water than in standing water bodies for α-diversity measures chao 1 and Shannon (D) (univariate linear model: p ≤ 0.001, multivariate linear mixed
model on Shannon index with population ID as random effect p ≤ 0.001).

from the same population (also see below). Furthermore,
while transiently associated microbial taxa are often discounted
as unimportant and most studies focus on the so-called
“core” microbial community, recent research shows that such
transiently associated microbial species can strongly affect the
resident community (Amor et al., 2020). Therefore, we think
that the population differences in microbial diversity observed by
us could have important functional consequences for the host,
although this idea needs to be tested experimentally in the future.

Given that sampling site identity had such an important effect
on microbial diversity, what could be the driving force behind
these differences? Comparing microbial diversity of Hydra polyps

collected from distinct habitat types we found that trophic level
and water body type (i.e., standing vs. flowing) significantly
affected microbial diversity in single-predictor models, such
that Hydra originating from flowing water and/or with reduced
nutrient load had reduced microbial diversity. This suggests that
the physical properties of the habitat or the higher nutrient
content of eutrophic/hypertrophic water bodies could alter the
diversity of host-associated microbes, e.g., through influencing
the number of bacterial taxa and the diversity of their metabolic
function that are present in these habitats and can colonize
animals living therein (Dickerson and Williams, 2014; Kiersztyn
et al., 2019). Similar observations have been previously made
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FIGURE 4 | Influence of trophic state of water body on bacterial colonization in Hydra. UMAP plots (A) and PC ordination (B) of β-diversity (Bray–Curtis) show
separation of the samples by trophic state of the water body. Separation of microbial communities by trophic state is supported by univariate PERMANOVA
(R2
= 0.05, p ≤ 0.001 with 999 permutations, Table 2) but not in multivariate PERMANOVA (R2

= 0.04, p = 0.2570, with 999 permutations, PopID as random
effect, all other factors as cofactor). Bray–Curtis dissimilarities (C) are smallest between mesoeutrophic water bodies, while dissimilarities between all other pairs of
trophic states are higher. This indicates that Hydra’s microbiota is more constrained in diversity in mesoeutrophic water bodies as those in standing water bodies. In
support of this result, α-diversity is significantly smaller in mesoeutrophic water bodies than in eutrophic and hypereutrophic water bodies (D) in univariate linear
models (R2

= 0.070, p ≤ 0.2E-4, on Shannon index). However, multivariate models do not support the influence of trophic state on bacterial diversity (linear mixed
model on Shannon index with population as random effect, all other factors as cofactor, X2

= 4.385, p = 0.112).

under experimentally altered nutrient loads e.g., in corals (Jessen
et al., 2013; Shaver et al., 2017). However, we have to mention that
clearly discerning the role of distinct habitat features in driving
microbial diversity is difficult based on our data, because the
two categorizations (trophic level on one hand and standing vs.
flowing on the other) correlated with each other, with complete
separation of factor levels in some cases (e.g., all mesoeutrophic
habitats were in the flowing category). Therefore, future studies
will require a more balanced sampling of distinct habitat types
to clearly ascertain which feature of the habitat affects microbial

diversity. On another note, it is noteworthy that the explained
variability in β-diversity for water body type and trophic state
is low (4% and 3%, respectively) compared to the variability
which can be assigned to the population (41%), which indicates
that other environmental factors contribute to the assemblage
of the microbiota in Hydra than those we have assessed. Given
the fact that trophic levels of the water body has a large impact
on free living bacterial diversity (Dickerson and Williams, 2014;
Kiersztyn et al., 2019), it seems to be less important for the
Hydra associated microbiota. There could be habitat specific
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FIGURE 5 | The influence of host species on microbial diversity in Hydra. UMAP (A) and PCA (B) ordination plots for the Bray–Curtis dissimilarity show moderate
clustering of samples by species. The clustering is supported by testing for differences in Bray–Curtis dissimilarity by PERMANOVA (R2

= 0.04, p ≤ 0.001 with 999
permutations, univariate and multivariate models, Table 2). The boxplot for Bray–Curtis dissimilarity (C) shows reduced values for β-diversity within H. circumcincta
samples compared to the rest, while H. oligactis seems to have largest dissimilarity values within one species, indicating that H. oligactis is able to host a more
diverse microbial community than the other species. The dissimilarity between H. circumcincta and H. vulgaris is generally smaller than between the other species
pairs indicating more similar microbial communities between these two species. α-diversity (D) is similarly affected by the host species (p = 0.089 and p ≤ 0.001 for
univariate linear model and multivariate linear mixed model, respectively Table 3). H. circumcincta showed the lowest α-diversity, which was also significantly
different compared to the other species (Supplementary Table 3).

Bdellovibrio and like organisms (BALOs) which explain part of
the changes in diversity. BALOs have been described as predatory
bacteria feeding on other gram-negative bacteria (Sockett, 2009)
and they have been associated with an increase in bacterial
diversity if present in the microbial community of different
metazoans (Johnke et al., 2020). Differences in the abundance
and species prevalence of BALOs in the tested habitats might thus
contribute to the diversity differences observed.

We also found that microbial diversity was significantly
influenced by host species, even after controlling for host

population, implying that interspecific differences are persistent.
Polyps belonging to the three distinct species included in our
study often co-occurred, sometimes physically very close to each
other, on the same pieces of substrate. Therefore, their distinct
microbiota is most likely the result of species-specific host-
microbe associations. Similar consistent patterns of association
between specific microbial taxa and hosts have been described in
a number of animal groups from sponges to mammals (Yildirim
et al., 2010; Lee et al., 2011; Carlos et al., 2013; Brooks et al.,
2016; Youngblut et al., 2019), and are often evident in coexisting

Frontiers in Microbiology | www.frontiersin.org 11 March 2022 | Volume 13 | Article 799333

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-799333 February 25, 2022 Time: 15:46 # 12

Taubenheim et al. Microbiome Diversity in Hydra

FIGURE 6 | The influence of reproduction mode on microbial diversity in Hydra. UMAP (A) and PCA (B) ordination plots for the Bray–Curtis dissimilarity show no
clustering of samples by reproduction mode. However, univariate PERMANOVA retrieved a significant effect of reproduction mode on β-diversity (R2

= 0.01,
p = 0.0012, 999 permutations, Table 2). However, multivariate PERMANOVA results do not support a statistical effect in differences due to the mode of
reproduction in Bray–Curtis dissimilarity (R2

= 0.01, p = 0.2848, 999 permutations, Table 2). Similarly, the boxplot for Bray–Curtis dissimilarity (C) shows no major
difference between the different pairs of reproduction modes. However, α-diversity (D) is affected by the reproduction mode in a multivariate linear mixed model
(p = 0.007, Table 3), an effect which is not supported by univariate linear models (p = 0.842, Table 3).

species of aquatic animals (Sehnal et al., 2021). Species-specific
microbial composition has also been described previously for
Hydra (Fraune and Bosch, 2007; Franzenburg et al., 2013). Our
observations strengthen those of Fraune and Bosch (2007) on
a larger sample size and wider geographical scope, involving
multiple Hydra populations.

Although significant differences between host species were
detected, interspecific variation was relatively low (lower than
interpopulation variation). Of the three species, the smallest
microbial diversity was observed in H. circumcincta and the
largest in H. oligactis. Moreover, we found that H. circumcincta

had a more consistent microbial composition compared to the
two other species. This species is phylogenetically the most
distinct of the three (Schwentner and Bosch, 2015), and is also
biologically different from the rest (e.g., it is a simultaneous
hermaphrodite; Reisa, 1973), offering potential explanations
for their distinct microbiota. The observation of relatively
low interspecific variation echoes a recent study which found
limited differentiation among the microbiota of taxonomically
diverse co-existing freshwater zooplankton (Eckert et al., 2021).
Interestingly, while we found clearly differentiated microbiota
of the three Hydra species in some populations, no such

Frontiers in Microbiology | www.frontiersin.org 12 March 2022 | Volume 13 | Article 799333

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-799333 February 25, 2022 Time: 15:46 # 13

Taubenheim et al. Microbiome Diversity in Hydra

FIGURE 7 | Curvibacter, the main colonizer in laboratory strains of Hydra is consistently found in wild Hydra samples. The presence of Curvibacter species is
dependent on the environmental conditions of different sampling sites (A) (Kruskal–Wallis, p < 0.001). However, nutrient load of the water (B) and type of water body
(C) have no significant effect on the amount of colonizing Curvibacter (Kruskal–Wallis, p > 0.05, respectively). H. vulgaris polyps show a higher prevalence of
Curvibacter colonization (D) (Kruskal–Wallis, p < 0.001). The mode of reproduction seems to have a small effect on the amount of Curvibacter colonization (E)
(Kruskal–Wallis, p < 0.002). CIR, H. circumcincta; OLI, H. oligactis; VUL, H. vulgaris; ASEX, asexual reproduction; NR, non-reproductive; SEX, sexual reproduction.

differentiation was apparent in others, suggesting that the
interaction between host species and sampling site might explain
microbial diversity in Hydra. Since H. oligactis was found
to be the most widespread species in this study, its higher
microbial diversity could be the result of exposure to more
diverse environments. Alternatively, the opposite might be also
true, such that a more diverse microbiota confers the host
greater adaptability and colonization of more diverse habitats
(Voolstra and Ziegler, 2020). Again we should note that the effect
of species on α- and β-diversity is small compared to the effect of
populations. This lets us conclude that species specific differences
are very robust, but are implemented in an environmental
dependent context—which after all is the main predictor of
microbial diversity in Hydra associated bacteria. However, even if
the species differences were small, they might still be functionally

important. For instance, in laboratory experiments with Hydra,
single bacterial taxa can provide important fitness benefits to the
host (Fraune et al., 2015; Taubenheim et al., 2020).

Compared to sampling site and host species identity, the
reproductive status of Hydra polyps appeared to be less
important in determining microbial diversity. We expected
a significant difference between sexual and asexual polyps
because sexual individuals have markedly different physiology
compared to asexual ones. We detected this difference in
α-diversity in a multivariate model considering all other
covariables, but the signal was very weak, indicating that
mode of reproduction has only a marginal effect on the
microbial community. In H. oligactis, sexual reproduction
is associated with reduced regeneration ability, depletion of
somatic stem cells, nematocytes involved in food capture and
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nerve cells and increased mortality risk (Yoshida et al., 2006;
Sebestyén et al., 2018; Tomczyk et al., 2019, 2020; Ngo et al.,
2021). Nerve cells in Hydra are prominently involved in
the production of antimicrobial peptides that shape microbial
composition (Augustin et al., 2017), therefore their loss could
be expected to impact microbial composition. Furthermore,
sexually reproducing Hydra with developing eggs show markedly
increased expression of the antimicrobial peptide periculin,
which shapes microbial composition in the developing embryo
while it is still attached to the parent animal (Fraune et al.,
2010). Finally, a previous study detected consistent differences
between sexual and asexual individuals of the snail Potamopyrgus
antipodarum (Takacs-Vesbach et al., 2016). Yet, we found only
little difference in the microbial diversity of sexual and asexual
Hydra polyps, indicating that the physiological changes described
above have only limited effects on overall microbial diversity. On
the other hand, it is also possible that sexual individuals collected
by us were in early stages of sexual development (since we
sampled in the first part of the sexual period) and physiological
differences were not advanced enough to generate a difference in
microbial composition.

To summarize, we found, using a large dataset of field-
collected Hydra polyps, that variation in the diversity of
host-associated microbes is mainly associated with the
local environment, with eutrophication potentially playing
a role in increasing microbial diversity. Additionally, the
microbial composition changed significantly with host species
in Hydra, with H. circumcincta displaying the least diverse and
most consistent microbial communities. In comparison, host
reproductive mode did not explain changes in microbial diversity.
The mechanisms through which the local environment interacts
with host species/genotype in assembling the microbiota remains
an interesting topic for further investigations in this system.
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Supplementary Figure 1 | Rarefraction analysis shows independence of species
richness of sequencing depth. (A) Rarefraction plots for each sample and
population shows that most bacterial diversity is sampled with fewer reads per
sample, indicating that sampling depth is deep enough to guarantee
independence of bacterial diversity and sequencing depth. To test whether the
chosen measures for α-diversity are indeed independent of sampling depth, we
calculated species richness on rarefractions (subsampling of reads in each sample
to the number of reads of the smallest sample). (B) shows the distribution of
rarefaction values across the different sampling populations (compare to
Figure 2D). Furthermore we correlated these to the Shannon (C) and chao1 (D)
indices calculated on the uncorrected samples—both correlations are high
(R2
= 0.8 and 0.97, respectively) and highly significant (p < 0.001 for both).

Supplementary Figure 2 | Most indicator species for flowing and standing water
bodies belong to the Bacteroidetes or Proteobacteria. Comparing overall relative
abundance (mean relative abundance of all samples) of bacteria in flowing and
standing water bodies shows drastic changes in microbial composition of Hydra
(A). In flowing waters we observed an increase in Pseudomonadales,
Myxococcales and Sphingobacteriales, while standing water samples were
enriched in uncultured Gracilibacteria, Holosporales, and Betaproteobacteria, as
indicated by boxplots of relative abundance per sample (B). Most of the indicator
species on the species level (ESV) for both flowing and standing water bodies
belong to the phylum of Proteobacteria and Bacteroidetes (C). Certain
Leptospiraceae species are indicative for running waters only in our study, while
some Xanthomonadales, Rickettsiales, Chitinophagaceae and Cytophagaceae
species are specific for standing waters.

Supplementary Figure 3 | There are only minor differences in the bacterial
abundances between different trophic states of the water bodies. The changes of
the overall relative bacterial abundance between the different trophic states are
only minor, while the mesoeutrophic water bodies are more different than the other
two states (A). The largest difference can be observed in the reduction of
Chitinophagaceae, Gracilibacteria and Holosporales in mesoeutrophic waters,
while Cytophagaceae are relatively increased (B). Accordingly, mesoeutrophic
waters can be associated with more indicator species (ESV level) than the other
two trophic states (C).

Supplementary Figure 4 | Different Hydra species are colonized by distinct
microbial communities. The microbiota of all Hydra species are dominated by
Betaproteobacteria which comprise >50% of the bacteria (A). At the same time
microbial communities of H. circumcincta are more distinct from the other two
species. The largest difference can be observed in the expansion of Rickettsiales
in H. circumcincta (B). Accordingly, H. circumcincta can be associated with more
indicator species (ESV level) than the other two trophic states (C).
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Supplementary Figure 5 | Non-reproductive polyps are distinct in microbial
composition. The overall bacterial composition between different reproductive
states is very similar, but largest changes can be observed for non-reproductive
polyps (A). This change is driven by the expansion of Betaproteobacteria in
non-reproductive polyps, to the expense of all other phyla (B). Due to the overall
similarity of the microbial communities there are only very few indicator species
which could be identified for the reproductive state (C).

Supplementary Figure 6 | Correlation matrix for the tested environmental and
biotic factors in multivariate statistics. To estimate the co-dependencies of the
tested variables we calculated the Kendall correlation coefficient for each integer
encoded (A) and hot-one encoded (B) level of all factors of interest. Absolute
correlations coefficients never exceeded 0.5 outside one factor, indicating
relatively uncorrelated data at hand. The data is derived from single polyp meta
data associations, which would include pseudoreplication for the environmental
factors, removing pseudoreplication results in following correlation coefficients:
flowing—Eutr.: −0.2, flowing—Hypereutr.: −0.14, flowing—Mesoeutr.: 0.47
(opposite sign against standing water body).

Supplementary Figure 7 | Analysis of individual population M89 recapitulates
global patterns for species associated changes in the microbiota and no influence
of reproduction on microbial changes. The different species form distinct clusters
in UMAP representations (A) and PCA representation (B) of β-diversity, which
finds statistical support in PERMANOVA analysis (p < 0.001 in multivariate and
univariate PERMANOVA respectively, Supplementary Table 3). Lower
Bray–Curtis distances can be observed within H. circumcincta, H. vulgaris, and
H. circumcincta—H. vulgaris pairs, while all other pairs display higher diversity
changes (C)—notably also within H. oligactis pairs higher dissimilarity indices are

present. There are smaller Bray–Curtis distances in sexual reproducing animals
(D), which find support in univariate PERMANOVA (p = 0.004,
Supplementary Table 3) but not in multivariate PERMANOVA (p = 0.59,
Supplementary Table 3)—this divergence is caused by perfect collinearity of
sexual reproduction and H. circumcincta thus the difference is caused by the
species effect on β-diversity. α-diversity changes with different species (E) and
mode of reproduction (F), but finds no statistical support in linear models
(p = 0.084, p = 0.093 for the univariate and multivariate linear model and species
factor, p = 0.083 and p = 0.904 for univariate and multivariate model in
reproduction, Supplementary Table 4).

Supplementary Figure 8 | Analysis of individual population M90 recapitulates
global patterns for species associated changes in the microbiota and no influence
of reproduction on microbial changes. The different species form distinct clusters
in UMAP representations (A) of β-diversity, while the effect is less clear in the PCA
representation (B) which finds support in statistical analysis (p < 0.001 in
multivariate and univariate PERMANOVA respectively, Supplementary Table 3).
Lower Bray–Curtis distances can be observed within H. circumcincta and H.
vulgaris, while all other pairs display higher diversity changes (C)—notably also
within H. oligactis pairs higher dissimilarity indices are present. There are no
obvious differences in the Bray–Curtis distances for the different reproduction
categories (D), which is also reflected in the statistical test for influence of
reproduction mode on microbial diversity (p = 0.323 and p = 0.306 in univariate
and multivariate PERMANOVA, Supplementary Table 3). α-diversity changes
significantly with different species [(E) p = 0.002 for the univariate and multivariate
linear model, respectively, Supplementary Table 4] but do not display significant
differences with changes in reproductive mode [(F) p = 1 and p = 0.181 for
univariate and multivariate linear model, Supplementary Table 4].
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Kiersztyn, B., Chróst, R., Kaliński, T., Siuda, W., Bukowska, A., Kowalczyk, G., et al.
(2019). Structural and functional microbial diversity along a eutrophication
gradient of interconnected lakes undergoing anthropopressure. Sci. Rep.
9:11144. doi: 10.1038/s41598-019-47577-8

Konopka, T. (2020). umap: Uniform Manifold Approximation and Projection.
arXiv 1802:03426

Kueneman, J. G., Bletz, M. C., McKenzie, V. J., Becker, C. G., Joseph, M. B.,
Abarca, J. G., et al. (2019). Community richness of amphibian skin bacteria
correlates with bioclimate at the global scale. Nat. Ecol. Evol. 3, 381–389. doi:
10.1038/s41559-019-0798-1

Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. B. (2017).
lmerTest Package: tests in Linear Mixed Effects Models. J. Stat. Softw.
82, 1–26.

Lee, O. O., Wang, Y., Yang, J., Lafi, F. F., Al-Suwailem, A., and Qian, P.-Y.
(2011). Pyrosequencing reveals highly diverse and species-specific microbial
communities in sponges from the Red Sea. ISME J. 5, 650–664. doi: 10.1038/
ismej.2010.165

Lenth, R. V. (2016). Least-squares means: the R Package lsmeans. J. Stat. Softw. 69,
1–33.

Llewellyn, M. S., McGinnity, P., Dionne, M., Letourneau, J., Thonier, F., Carvalho,
G. R., et al. (2016). The biogeography of the atlantic salmon (Salmo salar) gut
microbiome. ISME J. 10, 1280–1284. doi: 10.1038/ismej.2015.189

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.
doi: 10.1186/s13059-014-0550-8

Lutz, H. L., Jackson, E. W., Webala, P. W., Babyesiza, W. S., Peterhans, J. C. K.,
Demos, T. C., et al. (2019). Ecology and host identity outweigh evolutionary
history in shaping the bat microbiome. mSystems 2019:4. doi: 10.1128/
mSystems.00511-19

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.J. 17:10. doi: 10.1089/cmb.2017.0096

McFall-Ngai, M., Hadfield, M. G., Bosch, T. C. G., Carey, H. V., Domazet-Loso,
T., Douglas, A. E., et al. (2013). Animals in a bacterial world, a new imperative
for the life sciences. Proc. Natl. Acad. Sci. 110, 3229–3236. doi: 10.1073/pnas.
1218525110

McMurdie, P. J., and Holmes, S. (2013). phyloseq: An R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:e61217. doi: 10.1371/journal.pone.0061217

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

Miklós, M., Laczko, L., Sramko, G., Sebestyén, F., Barta, Z., and Tökölyi, J. (2021).
Phenotypic plasticity rather than genotype drives reproductive choices in Hydra
populations. Mole. Ecol. 30:15810. doi: 10.1111/mec.15810

Minten-Lange, T., and Fraune, S. (2020). Hydra and Curvibacter: An intimate
crosstalk at the epithelial interface. Page Cellular Dialogues in the Holobiont.
Boca Raton: CRC Press.

Mortzfeld, B. M., Urbanski, S., Reitzel, A. M., Künzel, S., Technau, U., and
Fraune, S. (2016). Response of bacterial colonization in Nematostella vectensis
to development, environment and biogeography. Env. Microb. 18, 1764–1781.
doi: 10.1111/1462-2920.12926

Murillo-Rincon, A. P., Klimovich, A., Pemöller, E., Taubenheim, J., Mortzfeld, B.,
Augustin, R., et al. (2017). Spontaneous body contractions are modulated by the
microbiome of Hydra. Sci. Rep. 7:15937. doi: 10.1038/s41598-017-16191-x

Nearing, J. T., Douglas, G. M., Hayes, M., MacDonald, J., Desai, D., Allward, N.,
et al. (2021). Microbiome differential abundance methods produce disturbingly
different results across 38 datasets. bioRxiv 10:443486 doi: 10.1038/s41467-022-
28034-z

Ngo, K. S., R-Almasi, B., Barta, Z., and Tokolyi, J. (2021). Experimental
manipulation of body size alters life history in hydra. Ecol. Lett. 24, 728–738.
doi: 10.1111/ele.13698

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al.
(2020). vegan: Community Ecology Package. Available online at: https://cran.r-
project.org, https://github.com/vegandevs/vegan (accessed date 28 November
2020).

Pollock, F. J., McMinds, R., Smith, S., Bourne, D. G., Willis, B. L., Medina,
M., et al. (2018). Coral-associated bacteria demonstrate phylosymbiosis and
cophylogeny. Nat. Comm. 9:4921. doi: 10.1038/s41467-018-07275-x

Popkes, M., and Valenzano, D. R. (2020). Microbiota–host interactions shape
ageing dynamics. Philosoph. Transact. R. Soc. B: Biol. Sci. 375:20190596. doi:
10.1098/rstb.2019.0596

Price, M. N., Dehal, P. S., and Arkin, A. P. (2009). FastTree: computing large
minimum evolution trees with profiles instead of a distance matrix. Mole. Biol.
Evol. 26, 1641–1650. doi: 10.1093/molbev/msp077

R Core Team (2021). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Rahat, M., and Dimentman, C. (1982). Cultivation of bacteria-free Hydra viridis:
missing budding factor in nonsymbiotic hydra. Science 216, 67–68. doi: 10.1126/
science.7063873

Rathje, K., Mortzfeld, B., Hoeppner, M. P., Taubenheim, J., Bosch, T. C. G.,
and Klimovich, A. (2020). Dynamic interactions within the host-associated
microbiota cause tumor formation in the basal metazoan Hydra. PLoS Pathog.
16:e1008375. doi: 10.1371/journal.ppat.1008375

Reisa, J. J. (1973). Ecology of hydra. Pages 59–105 Biology of hydra. New York, NY:
Academic Press.

Schmidt, V. T., Smith, K. F., Melvin, D. W., and Amaral Zettler, L. A.
(2015). Community assembly of a euryhaline fish microbiome during salinity
acclimation. Mole. Ecol. 24, 2537–2550. doi: 10.1111/mec.13177

Schwentner, M., and Bosch, T. C. G. (2015). Revisiting the age, evolutionary history
and species level diversity of the genus Hydra (Cnidaria: Hydrozoa). Mole.
Phylog. Evol. 91, 41–55. doi: 10.1016/j.ympev.2015.05.013

Sebestyén, F., Barta, Z., and Tökölyi, J. (2018). Reproductive mode, stem cells and
regeneration in a freshwater cnidarian with postreproductive senescence. Funct.
Ecol. 32, 2497–2508. doi: 10.1111/1365-2435.13189

Sehnal, L., Brammer-Robbins, E., Wormington, A. M., Blaha, L., Bisesi, J. I, Larkin,
C. J., et al. (2021). Microbiome composition and function in aquatic vertebrates:
small organisms making big impacts on aquatic animal health. Front. Microb.
2021:12. doi: 10.3389/fmicb.2021.567408

Shaver, E. C., Shantz, A. A., McMinds, R., Burkepile, D. E., Thurber, R. L. V.,
and Silliman, B. R. (2017). Effects of predation and nutrient enrichment on
the success and microbiome of a foundational coral. Ecology 98, 830–839.
doi: 10.1002/ecy.1709

Shin, S. C., Kim, S.-H., You, H., Kim, B., Kim, A. C., Lee, K.-A., et al.
(2011). Drosophila microbiome modulates host developmental and metabolic
homeostasis via insulin signaling. Science 334, 670–674. doi: 10.1126/science.
1212782

Frontiers in Microbiology | www.frontiersin.org 16 March 2022 | Volume 13 | Article 799333

https://doi.org/10.1073/pnas.0703375104
https://doi.org/10.7717/peerj.6377
https://doi.org/10.1073/pnas.1809349115
https://doi.org/10.1038/s41396-018-0167-0
https://doi.org/10.1038/s41396-018-0167-0
https://doi.org/10.3389/fmicb.2019.02883
https://doi.org/10.1371/journal.pone.0062091
https://doi.org/10.1007/s00248-019-01395-7
https://doi.org/10.1007/s00248-019-01395-7
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1038/s41598-019-47577-8
https://doi.org/10.1038/s41559-019-0798-1
https://doi.org/10.1038/s41559-019-0798-1
https://doi.org/10.1038/ismej.2010.165
https://doi.org/10.1038/ismej.2010.165
https://doi.org/10.1038/ismej.2015.189
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1128/mSystems.00511-19
https://doi.org/10.1128/mSystems.00511-19
https://doi.org/10.1089/cmb.2017.0096
https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1111/mec.15810
https://doi.org/10.1111/1462-2920.12926
https://doi.org/10.1038/s41598-017-16191-x
https://doi.org/10.1038/s41467-022-28034-z
https://doi.org/10.1038/s41467-022-28034-z
https://doi.org/10.1111/ele.13698
https://cran.r-project.org
https://cran.r-project.org
https://github.com/vegandevs/vegan
https://doi.org/10.1038/s41467-018-07275-x
https://doi.org/10.1098/rstb.2019.0596
https://doi.org/10.1098/rstb.2019.0596
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.1126/science.7063873
https://doi.org/10.1126/science.7063873
https://doi.org/10.1371/journal.ppat.1008375
https://doi.org/10.1111/mec.13177
https://doi.org/10.1016/j.ympev.2015.05.013
https://doi.org/10.1111/1365-2435.13189
https://doi.org/10.3389/fmicb.2021.567408
https://doi.org/10.1002/ecy.1709
https://doi.org/10.1126/science.1212782
https://doi.org/10.1126/science.1212782
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-799333 February 25, 2022 Time: 15:46 # 17

Taubenheim et al. Microbiome Diversity in Hydra

Shreiner, A. B., Kao, J. Y., and Young, V. B. (2015). The gut microbiome in
health and in disease. Curr. Opin. Gastroent. 31, 69–75. doi: 10.1097/MOG.
0000000000000139

Sison-Mangus, M. P., Mushegian, A. A., and Ebert, D. (2015). Water fleas require
microbiota for survival, growth and reproduction. ISME J. 9, 59–67. doi: 10.
1038/ismej.2014.116

Sockett, R. E. (2009). Predatory Lifestyle of Bdellovibrio bacteriovorus. Ann. Rev.
Microb. 63, 523–539. doi: 10.1146/annurev.micro.091208.073346

Steele, R. E., Lieu, P., Mai, N. H., Shenk, M. A., and Sarras, M. P. Jr. (1996).
Response to insulin and the expression pattern of a gene encoding an insulin
receptor homologue suggest a role for an insulin-like molecule in regulating
growth and patterning in Hydra. Dev. Genes Evol. 206, 247–259. doi: 10.1007/
s004270050050

Sullam, K. E., Rubin, B. E., Dalton, C. M., Kilham, S. S., Flecker, A. S., and Russell,
J. A. (2015). Divergence across diet, time and populations rules out parallel
evolution in the gut microbiomes of Trinidadian guppies. ISME J. 9, 1508–1522.
doi: 10.1038/ismej.2014.231

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

Takacs-Vesbach, C., King, K., Horn, D. V., Larkin, K., and Neiman, M.
(2016). Distinct Bacterial Microbiomes in Sexual and Asexual Potamopyrgus
antipodarum, a New Zealand Freshwater Snail. PLoS One 11:e0161050. doi:
10.1371/journal.pone.0161050

Taubenheim, J., Willoweit-Ohl, D., Knop, M., Franzenburg, S., He, J., Bosch,
T. C. G., et al. (2020). Bacteria- and temperature-regulated peptides modulate
β-catenin signaling in Hydra. Proc. Natl. Acad. Sci. 117, 21459–21468. doi:
10.1073/pnas.2010945117

Tomczyk, S., Buzgariu, W., Perruchoud, C., Fisher, K., Austad, S., and Galliot, B.
(2019). Loss of Neurogenesis in Aging Hydra. Dev. Neurobiol. 79, 479–496.
doi: 10.1002/dneu.22676

Tomczyk, S., Suknovic, N., Schenkelaars, Q., Wenger, Y., Ekundayo, K., Buzgariu,
W., et al. (2020). Deficient autophagy in epithelial stem cells drives aging in
the freshwater cnidarian Hydra. Development 147:dev177840. doi: 10.1242/dev.
177840

Vargas, S., Leiva, L., and Wörheide, G. (2021). Short-Term exposure to high-
temperature water causes a shift in the microbiome of the common aquarium
sponge lendenfeldia chondrodes. Microb. Ecol. 81, 213–222. doi: 10.1007/
s00248-020-01556-z

Vieira-Silva, S., Falony, G., Darzi, Y., Lima-Mendez, G., Garcia Yunta, R., Okuda,
S., et al. (2016). Species–function relationships shape ecological properties of
the human gut microbiome. Nat. Microb. 1, 1–8. doi: 10.1038/nmicrobiol.
2016.88

Voolstra, C. R., and Ziegler, M. (2020). Adapting with microbial help: microbiome
flexibility facilitates rapid responses to environmental change. BioEssays
42:2000004. doi: 10.1002/bies.202000004

Vuong, H. E., Yano, J. M., Fung, T. C., and Hsiao, E. Y. (2017). The Microbiome and
Host Behavior. Annu. Rev. Neurosci. 40, 21–49. doi: 10.1146/annurev-neuro-
072116-031347

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. Env. Microbiol. 84:e00691-18. doi:
10.1128/AEM.00691-18

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York, NY:
Springer.

Wilke, C. O. (2020). cowplot: Streamlined Plot Theme and Plot Annotations for
“ggplot2. Available online at: https://github.com/wilkelab/cowplot (accessed
date 14 June 2015).

Woodhams, D. C., Bletz, M. C., Becker, C. G., Bender, H. A., Buitrago-Rosas,
D., Diebboll, H., et al. (2020). Host-associated microbiomes are predicted by
immune system complexity and climate. Gen. Biol. 21:23.

Yildirim, S., Yeoman, C. J., Sipos, M., Torralba, M., Wilson, B. A., Goldberg, T. L.,
et al. (2010). Characterization of the fecal microbiome from non-human wild
primates reveals species specific microbial communities. PLoS One 5:e13963.
doi: 10.1371/journal.pone.0013963

Yilmaz, P., Parfrey, L. W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., et al. (2014).
The SILVA and “All-species Living Tree Project (LTP)” taxonomic frameworks.
Nucleic Acids Res. 42, D643–D648. doi: 10.1093/nar/gkt1209

Yoshida, K., Fujisawa, T., Hwang, J. S., Ikeo, K., and Gojobori, T. (2006).
Degeneration after sexual differentiation in hydra and its relevance to the
evolution of aging. Gene 385, 64–70. doi: 10.1016/j.gene.2006.06.031

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. Comm. 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 Taubenheim, Miklós, Tökölyi and Fraune. 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.

Frontiers in Microbiology | www.frontiersin.org 17 March 2022 | Volume 13 | Article 799333

https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.1038/ismej.2014.116
https://doi.org/10.1038/ismej.2014.116
https://doi.org/10.1146/annurev.micro.091208.073346
https://doi.org/10.1007/s004270050050
https://doi.org/10.1007/s004270050050
https://doi.org/10.1038/ismej.2014.231
https://doi.org/10.1038/srep32032
https://doi.org/10.1371/journal.pone.0161050
https://doi.org/10.1371/journal.pone.0161050
https://doi.org/10.1073/pnas.2010945117
https://doi.org/10.1073/pnas.2010945117
https://doi.org/10.1002/dneu.22676
https://doi.org/10.1242/dev.177840
https://doi.org/10.1242/dev.177840
https://doi.org/10.1007/s00248-020-01556-z
https://doi.org/10.1007/s00248-020-01556-z
https://doi.org/10.1038/nmicrobiol.2016.88
https://doi.org/10.1038/nmicrobiol.2016.88
https://doi.org/10.1002/bies.202000004
https://doi.org/10.1146/annurev-neuro-072116-031347
https://doi.org/10.1146/annurev-neuro-072116-031347
https://doi.org/10.1128/AEM.00691-18
https://doi.org/10.1128/AEM.00691-18
https://github.com/wilkelab/cowplot
https://doi.org/10.1371/journal.pone.0013963
https://doi.org/10.1093/nar/gkt1209
https://doi.org/10.1016/j.gene.2006.06.031
https://doi.org/10.1038/s41467-019-10191-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Population Differences and Host Species Predict Variation in the Diversity of Host-Associated Microbes in Hydra
	Introduction
	Materials and Methods
	Field Sampling
	16S rRNA Gene Amplicon Sequencing
	Data Analysis

	Results
	Microbial Diversity in Three Different Hydra Species in the Field
	Environmental Effects on Bacterial Diversity in Three Different Hydra Species
	Host Effects on Bacterial Colonization in Hydra
	Abundance of Curvibacter in Field Sampled Hydra Polyps

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


