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ABSTRACT

Organisms inhabiting extreme environments must tolerate a variety of physiochemical stressors. In some cases, host-associated
microbial communities facilitate the survival of their hosts in extreme environments, but extremophile symbioses have not
been identified in vertebrates. We used 16S rRNA amplicon sequencing to investigate commonalities and differences in the
gut bacterial communities of livebearing fishes (Poecilia mexicana species complex, Poeciliidae) that have repeatedly colonised
toxic sulfide streams in southern Mexico. We found shared gut microbial taxa across habitat types and drainages but also differ-
ences in the microbiomes between sulfidic and nonsulfidic populations, both in terms of patterns of diversity and community
composition. Most importantly, we documented convergent changes in microbiome composition across evolutionarily inde-
pendent sulfide spring lineages. These patterns were consistent when we analysed the gut microbiomes as well as primarily
host-associated microbiomes that excluded taxa that are commonly found in the environment. Our analyses also revealed several
microbial taxa associated with sulfide spring coloniation that have previously been implicated in symbioses and may influence
the host's tolerance to the extreme environmental conditions. Our study sheds light on how shared environmental pressures
can give rise to convergent host-microbiome associations in fishes, and it provides a foundation for investigating the role of host-
microbiome interactions in vertebrate adaptation to extreme environments.

1 | Introduction communities in extreme environments provides opportunities

to address questions about mechanisms of adaptation and driv-

Extreme environments—such as hot springs, hypersaline
lakes, and deep-sea hydrothermal vents—impose harsh
physiochemical stressors on the organisms that inhabit them
(Rothschild and Mancinelli 2001; Li et al. 2014; Shu and
Huang 2022; Sierra et al. 2022). Diverse archaea, bacteria,
and eukaryotes have colonised extreme environments, often
tolerating multiple stressors at once (Shu and Huang 2022).
Studying how different sources of selection shape the biological
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ers of diversification (Jorquera et al. 2016; Tobler et al. 2018;
Dick 2019). Most organisms thriving in extreme environ-
mental conditions (i.e., extremophiles) are microorganisms
(Rampelotto 2013; Singh et al. 2019) with unique protective
and metabolic adaptations (Singh et al. 2019). The microbial
communities of extreme environments are often distinct in
their composition and diversity, and they can mediate ecolog-
ical processes as free-living or host-associated communities
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(Shu and Huang 2022). Host-associated microbiomes of ani-
mals are also known to play important roles in the host's func-
tions, and interactions between hosts and their microbes may
allow some species to persist in extreme environments (Hoang
et al. 2021). Microbes facilitating host adaptation to extreme
environments have been identified for invertebrates (Hoang
et al. 2021), but despite the well-established functional impor-
tance of vertebrate microbiomes to host physiology and fitness
(Smith et al. 2017; Suzuki 2017; Fontaine et al. 2022), the role
of microbial symbionts mediating adaptation in vertebrate ex-
tremophiles remains unstudied.

Host-associated microbiomes can mediate host tolerance
and adaptation to environmental stress (Vrijenhoek 2013).
For example, extremophile invertebrates, such as anne-
lids and shrimp in deep-sea hydrothermal vents, depend on
symbiotic sulfur-oxidising bacteria to thrive in the presence
of toxic hydrogen sulfide (H,S) (Powell and Somero 1986;
Petersen et al. 2010; Vrijenhoek 2013). Bacteria in the classes
Gammaproteobacteria and Epsilonproteobacteria are well
known for their symbioses with marine animals living in H,S-
rich environments (Petersen et al. 2010; Zbinden et al. 2015;
Breusing, Mitchell, et al. 2020). By using sulfur compounds
from the environment as an energy source, these bacterial
symbionts can provide nutrients to the host and detoxify
H,S in host tissues (Sun et al. 2021). Analysing microbiomes
within an evolutionary framework provides opportunities to
understand how host-microbe associations arise and what role
they may play in host adaptation.

In the Rio Grijalva basin of southern Mexico, livebearing fishes
in the Poecilia mexicana species complex have colonised natu-
rally occurring H,S-rich springs (Tobler et al. 2018). There are
several sulfide springs located along four tributaries (Pichucalco,
Ixtapangajoya, Puyacatengo, and Tacotalpa) of the Rio Grijalva,
and evolutionarily independent lineages of the P. mexicana spe-
cies complex have colonised several of the sulfide springs in this
region (Tobler et al. 2018). H,,S is highly toxic for aerobic organ-
isms even in small concentrations, as it disrupts oxidative phos-
phorylation by binding to cytochrome c oxidase (complex IV) in
the mitochondrial respiratory chain (Cooper and Brown 2008;
Kelley et al. 2016; Tobler et al. 2018). In aquatic ecosystems,
H,S also causes and exacerbates hypoxia (Millero 1986; Tobler
et al. 2018). Comparisons between P. mexicana populations in
sulfidic and adjacent nonsulfidic habitats have revealed adapta-
tions to the extreme environmental conditions, including modi-
fications in cytochrome c oxidase (the primary toxicity target of
H,S) and enzymes in the sulfide: quinone oxidoreductase path-
way that is involved in detoxifying H,S (Pfenninger et al. 2014;
Tobler et al. 2018; Greenway et al. 2020). Beyond the direct re-
sponses to H,S toxicity, the multifarious sources of selection in
sulfide springs have driven changes in a variety of traits in P.
mexicana (Tobler et al. 2018). For example, P. mexicana from
nonsulfidic habitats primarily feed on detritus and algae, while
the P. mexicana from sulfidic habitats have a diet comprised
mostly of microbial mats and invertebrates (Tobler et al. 2015).
This shift in trophic ecology has been accompanied by a short-
ening of intestines in sulfide spring fish (Tobler et al. 2015).
Additionally, although microbial mats are abundant in sulfide
springs, fish spend the majority of their time at the surface of
the water to maximise their oxygen uptake (Plath et al. 2007;

Lukas et al. 2021), limiting the amount of time they can spend
feeding from the benthos (Tobler et al. 2009) and constraining
energy availability (Tobler et al. 2006; Passow et al. 2017). H,S
toxicity, hypoxia, the shift in trophic resource use, and effective
energy limitation in sulfide springs are all selective pressures
that may shape the microbiomes of fish and drive the evolution
of host-microbe associations upon colonisation of these extreme
environments. Currently, nothing is known about how the
microbiomes of livebearing fishes have changed upon sulfide
spring colonisation and whether they help mediate tolerance in
these populations. Sulfur-oxidising Gammaproteobacteria and
Epsilonproteobacteria found in symbiotic relationships with
deep-sea extremophile invertebrates are present in the environ-
mental microbiome of sulfide springs, suggesting a potential for
host-microbe interactions contributing to adaptation of live-
bearing fishes to the unique environmental conditions (Hotaling
et al. 2019). As in other systems, possible adaptive symbioses
might enhance nutrient uptake, provide a protective barrier
to host tissues, or aid in H,S detoxification (Vrijenhoek 2013;
Colston and Jackson 2016).

To characterise gut microbial communities in sulfide spring fishes
and identify potential symbionts that could mediate adaptation to
extreme environments, we used 16S rRNA amplicon sequencing
to address the following questions: (1) What are the commonalities
and differences in gut microbiomes of P. mexicana from sulfidic
and nonsulfidic habitats and across river drainages? To address
this question, we compared different biodiversity metrics among
populations and identified the shared and unique microbial taxa
of populations within and across habitat types. (2) How do gut mi-
crobiomes compare to environmental microbiomes, and how do
patterns of diversity vary among microbial communities that are
primarily host-associated? Gut microbiomes are at least in part
shaped by environmental microbiomes, and especially for benthic
detritivores like P. mexicana, many taxa may be of dietary origin.
We therefore characterised environmental microbiomes and used
these data to identify microbial taxa that were primarily found in
host-derived samples. Using the microbial taxa that were primar-
ily host-associated, we reanalysed biodiversity metrics among the
populations and compared the gut microbial taxa between eco-
types and across drainages. (3) Are there candidate microbes that
could constitute symbionts helping their hosts survive under the
extreme environmental conditions? We identified both shared and
unique microbiome changes in evolutionarily independent sulfide
spring populations and isolated putative symbionts as microbial
taxa associated with the colonisation of sulfide springs. Putative
symbionts were defined as taxa common in sulfidic fish guts but
absent or rare in both nonsulfidic fish and the environment (for
host-associated symbionts), or common in sulfidic and absent from
nonsulfidic fish but present in the environment (for environment-
derived symbionts). (4) Do sulfidic and nonsulfidic lineages of P.
mexicana have different microbial communities in a common-
garden environment? If sulfidic fish have evolved in their host-
microbiome interactions, the genetic divergence between sulfidic
and nonsulfidic lineages may be associated with differences in
their gut microbial communities. We therefore predicted that fish
from sulfidic and nonsulfidic habitats would have different mi-
crobiomes when exposed to shared environmental conditions. To
test this, we compared microbiomes of fish that have been raised
in a common-garden environment in the laboratory for multiple
generations.
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TABLE1 | Geographical coordinates of all the sampling sites, as well as the number of samples (gut, water, and sediment) collected at each site.

Coordinates Nindividuals
(Latitude, Hydrogen sampled for gut N water N sediment

Site longitude) sulfide microbiome analyses samples samples
Pichucalco river drainage

Arroyo Rosita 17.485, —93.104 - 6 3 2

La Gloria 17.532, —93.015 + 6 (5) 3 3
Ixtapangajoya river drainage

Tributary to 17.510, —92.980 - 6 3 2(1)

Ixtapangajoya

La Esperanza 17.511, —92.983 + 6(5) 3 2
Puyacatengo river drainage

Puyacatengo 17.564, —92.912 - 6 3 2

downstream

La Lluvia 17.464, —92.896 + 6 3 2
Tacotalpa river drainage

Arroyo Bonita 17.427, —-92.757 - 6(5) 4 2

El Azufre I 17.442, -92.775 + 6 3 2

Note: Numbers in parentheses indicate the final number of samples included in the analyses after rarefying the data.

2 | Materials and Methods
2.1 | Sample Collection

Sampling occurred across four river drainages in the Rio Grijalva
basin in Mexico: Tacotalpa, Ixtapangajoya, Pichucalco, and
Puyacatengo (Figure S1). Each river drainage is inhabited by a pair
of sulfide-adapted and sulfide-intolerant populations of Poecilia
mexicana species complex. Individuals (N=6 per population)
were collected using a seine (2m X 5m; 3mm mesh size) and im-
mediately euthanised by pithing. Poecilia mexicana do not have
a separate stomach and intestine, so the intestine comprises the
full length of the digestive tract (Tobler et al. 2015). The intestines
of nonsulfidic P. mexicana can be up to about 10cm long, while
the sulfidic P. mexicana gut lengths are shorter (Tobler et al. 2015;
Alyala et al. 2022; Nobrega et al. 2024). Each individual’s intes-
tine, including gut contents, was removed using sterilised dissec-
tion tools and stored in 1.5mL of 96% ethanol, which fully covered
each sample. Between each dissection, gloves were changed, and
all dissecting tools and equipment were sterilised. At each site, 3-4
water samples (up to 1-L each, except in cases where the filters be-
came fully clogged and stopped water flow before reaching the full
litre) were collected from different points along the stream at about
30cm below the surface. The water was filtered through sterile 47-
mm diameter filter papers with a pore size of 0.45um (Omicron
Scientific) using a 47-mm magnetic filter funnel (Pall Laboratory)
attached to a filtration flask and a PVac portable vacuum pump
(Argos Technologies). Sediment samples were also collected from
each site (2-3 per site) by scooping the stream sediment into ster-
ile 15-mL falcon tubes with 96% ethanol. The water and sediment
samples were collected in areas occupied by fish. 96% ethanol was
used because of its ability to preserve fish gut and environmen-
tal microbial DNA samples when freezing is not available (Song
et al. 2016; Hildonen et al. 2019). Upon collection, samples were

stored at room temperature for about 2weeks in the field and then
stored at —80°C in the laboratory to ensure long-term preservation
until DNA was extracted. The field location coordinates and num-
ber of samples collected from each site can be found in Table 1.

In the laboratory, samples were collected from P. mexicana that
were reared in shared environmental conditions and fed the
same diet for several generations. Fish from different popula-
tions were housed in separate tanks. All of the environmental
conditions were standardised across tanks, including the water,
diet, feeding schedule, light/dark cycle, and temperature. The
laboratory-reared fish were kept on a diet of Sera Vipan Tropical
Flakes (46.0% minimum crude protein, 6.5% minimum crude
fat, 3.7% maximum crude fibre, 6.5% maximum moisture, 0.9%
minimum phosphorus, 11.8% maximum crude ash, and 4.0%
dried black soldier fly larvae), which is different from P. mexi-
cana's natural diet of mostly detritus in nonsulfidic streams and
bacteria in sulfide springs (Tobler et al. 2015). The fish came
from laboratory stocks that were in captivity for two generations
before being randomly outbred with overlapping generations.
For about 6weeks before being dissected, individuals from the
Tacotalpa populations were housed in separate 20-L tanks.
Whole intestines (N=5 per population) of sulfidic and nonsul-
fidic P. mexicana were dissected in the laboratory, preserved in
ethanol, and stored at —80°C, following the same procedures as
in the field.

2.2 | DNA Extraction, Amplification,
and Sequencing

Genomic DNA was extracted from whole intestines using a
DNeasy PowerSoil kit, following the manufacturer's proto-
col with the following modifications. Whole intestines were

30f 15

85UB017 SUOLILLIOD BAIFER1D) 8|l dde au Aq pauRA0b a8 S3o e WO ‘88N JO S3NJ 0 AX1q 1T 8UIIUO 43| 1M UO (SUORPUOD-PUE-SWUS)W0D A8 | 1M AleIq 1[ou 1 UO//Stiy) SUORIPUOD PUe swie | 8U3 S *[5202/80/9T] Uo ARiqiaulluo A8 |IM ‘AseAlun aTels sesue Aq #£00L 98U/ TTTT OT/I0p/wo0 A3 1M Arelq 1 pul|uo//Sdny WOy papeojumoq ‘0 ‘Xy62S9€T



transferred from the ethanol tubes into the kit's PowerBead tubes
before proceeding with the extraction protocol. A FastPrep-24
bead beater (MP Biomedicals) was used for tissue homogenisa-
tion at a speed of 4m/s for 205, and all centrifugation steps were
performed for 1 min. After adding 50 uL of the elution buffer at
the final step of the protocol, samples were left to incubate at
room temperature for 5min before centrifugation.

We extracted DNA from the sediment and water samples using
a DNeasy PowerSoil Pro kit. For the water samples, the filter
paper was torn into small pieces with sterilised tweezers, and
then the samples were centrifuged at 15,000g for 10min to re-
move the ethanol. The ethanol was pipetted off the pellet, and
then the pellets were washed with sterile PBS and centrifuged
again at 15,000g for 10min. The PBS was removed, and solu-
tion CD1 from the first step of the PowerSoil Pro kit (lysis buf-
fer) was added to the pellet and transferred into the PowerBead
Pro tubes. All the shredded filter paper was then added to the
PowerBead Pro tubes. For the sediment samples, 2mL of the
sediment suspended in ethanol was added to a clean 2mL
tube, washed with PBS, and transferred in solution CD1 to the
PowerSoil Pro bead tubes following the same procedure as for
the water samples. During the rest of the extraction protocol, the
same modifications were made as before with the gut samples,
except the water and sediment samples were incubated at 65°C
for 10 min after the addition of solution CD1, and they were ho-
mogenised in the FastPrep-24 bead beater (MP Biomedicals) for
two 20-s intervals at 4m/s to increase DNA yield. DNA extracts
from all of the samples were stored at —20°C, quantified using
Quant-iT PicoGreen assay kits (Life Technologies, Grand Island,
NY, USA), and standardised to a concentration of 5ng/uL before
starting the PCR amplification protocol. All samples had suffi-
cient DNA quantities to proceed with PCR amplification.

We amplified the V3-V4 16S rRNA gene region from
the microbial DNA extracts using the primers 341F
(CCTACGGGNGGCWGCAG) and 805R (GACTACHV
GGGTATCTAATCC) (Tapia-Paniagua et al. 2019), following the
Illumina MiSeq System 16S Metagenomic Sequencing Library
Preparation protocol (Illumina). Three negative controls con-
taining PCR reagents without the DNA template were included
during amplification and confirmed to not have contamination
using an Agilent 2100 Bioanalyzer. The negative controls were
also sequenced but did not produce sufficient reads to pass the
initial trimming and merging steps of the bioinformatics pipe-
line. The amplicon library was sequenced on an Illumina MiSeq
at the Kansas State University Integrated Genomics Facility.
The gut microbiome samples were additionally re-sequenced to
capture a greater sequencing depth.

2.3 | Processing Reads, Assigning Taxonomy,
and Filtering Taxa

The QIIME 2 pipeline was used to analyse the reads (Caporaso
et al. 2010; Kuczynski et al. 2012). We used the DADA?2 plugin
for QIIME 2 (version 2020.11.1) (Callahan et al. 2016) to merge
the forward and reverse paired-end reads, quality filter the sam-
ples, and call amplicon sequence variants (ASVs). The same
trimming and truncating parameters were used for both gut mi-
crobiome sequencing runs, and the reads from both sequencing

runs were merged together before proceeding to subsequent
analyses. The merging and filtering statistics for all samples can
be found in Table S1, and the number of reads after merging and
filtering can be found in Table S2. To account for variation in
sequencing depth, we rarefied the gut and environment samples
from the field to 10,405 reads, and the gut samples from the lab-
oratory were rarefied to 18,834 reads. Rarefaction curves of the
samples were generated in QIIME 2 to determine a rarefaction
depth that maximized the number of samples retained while
capturing most of the diversity within the samples (Figure S2).
In total, 45 gut samples and 41 water and sediment samples from
the field remained in our analyses after rarefying, and all 10 gut
samples from the laboratory were retained. A naive Bayesian
classifier trained on the V3-V4 16S rRNA gene region based on
the SILVA database (version 138) was used to assign taxonomy.
After taxonomy was assigned, all analyses were conducted in R
(version 4.2.0). The microbiome datasets generated from QIIME
2 were imported into R using the R package phyloseq (version
1.41.0) (McMurdie and Holmes 2013). We filtered the data to re-
move sequences that were classified as Archaea, mitochondria,
and chloroplasts. Any unidentified bacterial sequences were
also removed, and we further filtered out any taxa that could
not be classified to at least the family level. We finally removed
any taxa that had fewer than 3 reads across all samples to filter
out singletons and doubletons from the dataset. Analyses and
graphing in R were conducted using the R packages phyloseq
(version.1.41.0) (McMurdie and Holmes 2013) and ggplot2 (ver-
sion 3.4.4) (Wickham 2011).

2.4 | Analysing Commonalities and Differences in
Gut Microbiomes Between Sulfidic and Nonsulfidic
Ecotypes and Across River Drainages

The first aim of our study was to investigate the commonalities
and differences in the gut microbiomes of P. mexicana from
sulfidic and nonsulfidic habitats and across river drainages.
Since there were four drainages, each with a sulfidic and non-
sulfidic population of P. mexicana, our general approach was
to use different diversity metrics to analyse the microbiome
variation in two ways: (1) between sulfidic and nonsulfidic pop-
ulations overall and (2) between sulfidic and nonsulfidic pop-
ulations separately in each drainage, allowing us to capture
potential drainage-specific differences between the population
pairs. Specifically, we generated initial ASV level beta diversity
comparisons between the gut samples using QIIME 2 (Bray-
Curtis, weighted UniFrac, and unweighted UniFrac metrics)
(Supporting Information). After taxonomic assignment and
read filtering, all analyses were conducted at the genus level.
We used Bray-Curtis dissimilarity distances and visualised
the microbiome similarity at the genus level using non-metric
multidimensional (NMDS) scaling with the ordinate func-
tion of the phyloseq package (version 1.41.0) (McMurdie and
Holmes 2013). We tested for significant variation among gut
microbiomes associated with drainage, H,S, and their inter-
action using PERMANOVA with the adonis function in the R
package vegan (version 2.6.4), and we used permutational mul-
tivariate analysis of dispersion (PERMDISP) with the betadis-
per function in the R package vegan (version 2.6.4) to test for
differences in group dispersions (Oksanen et al. 2020). In cases
where both PERMANOVA and PERMDISP were significant,
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we additionally used analysis of similarities (ANOSIM) (anosim
function in vegan) to validate that differences between groups
were greater than within groups (Oksanen et al. 2020). p-values
were based on 9999 permutations. To compare within-sample
microbial diversity across the drainages and populations, we
calculated Shannon's diversity index, Pielou evenness, Chaol
richness, and relative dominance, and we visualised patterns of
these alpha diversity metrics using boxplots.

In addition to comparing patterns of diversity among the gut mi-
crobiome samples, we identified commonalities and differences
among the gut microbiomes by extracting microbial taxa in each
lineage and testing how the microbes overlapped between the
populations. Microbes were considered microbial taxa represen-
tative of a population if they were detected in at least half of a
population’s samples (O'Brien et al. 2021; Custer et al. 2023). The
same microbiome assignment threshold was used to identify the
microbial taxa for just the sulfidic populations and just the non-
sulfidic populations separately, and all of the microbiome inter-
sections were visualised in a combined Venn diagram.

2.5 | Comparing Gut Microbiomes to
Environmental Microbiomes and Analysing
Host-Specific Microbial Communities

The second aim of this study was to understand how P. mexi-
cana gut microbiomes compare to the microbiomes of their ex-
ternal environments, and to identify microbes that are primarily
host-associated to distinguish them from potentially transient
microbes of dietary origin. To compare host and environmen-
tal microbiomes, we tested for significant variation driven by
sample type (gut vs. environmental), H,S, and their interactions
using a PERMANOVA based on Bray-Curtis dissimilarity, fol-
lowed by PERMDISP and ANOSIM, as described above. We vi-
sualised the microbiome variation of all the field samples in an
NMDS plot, using the ordinate function in the R package phy-
loseq (version 1.41.0) (McMurdie and Holmes 2013). We further
generated an NMDS plot of just the water and sediment samples
to investigate variation among the environmental microbiomes,
following the same approach.

Primarily host-associated microbes were isolated by filtering the
gut microbiomes, including only taxa that are absent or rare in
the environmental samples. Specifically, we removed any taxa
from the gut dataset that had more than 3 reads in the match-
ing environmental samples, which we refer to as ‘environmen-
tal correction’ throughout the rest of the study. To investigate
patterns of gut microbiome variation with the environmental
microbes removed, we repeated the diversity analyses and mi-
crobial taxa comparisons detailed above.

2.6 | Identifying Potentially Adaptive
Host-Associated Microbes in Sulfide Springs

The third aim of this study was to identify host-associated mi-
crobes in the sulfidic fish guts that might help their hosts sur-
vive in the extreme environmental conditions. We therefore
identified putative symbionts as the microbial taxa that are con-
sistently associated with adaptation to sulfidic environments.

We conducted these analyses separately for the gut microbiome
and the primarily host-associated microbiome (i.e., excluding
environmental microbes). These analyses provide complemen-
tary insights about the origin of potential symbionts because mi-
crobes contributing to host adaptation may be of dietary origin,
or they may be specialised symbionts that are restricted to (or at
least much more common in) fish intestinal tracts. To identify
microbes of interest, we identified the top microbial taxa driv-
ing the differences between the sulfidic and nonsulfidic popu-
lations using the coefficients associated with the H,S term from
the PERMANOVA described above. Extracting top coefficients
allowed for identifying taxa with the largest contributions to
the different microbiome compositions (Holt et al. 2023; Mohr
et al. 2024; Taguer et al. 2024). The top coefficients were iden-
tified by converting the coefficients to z-scores and including
those that were at least one standard deviation from the mean.
The top taxa associated with sulfide spring colonisation were
identified for the combined gut microbiome dataset (all sulfidic
vs. all nonsulfidic populations) and separately for each popula-
tion pair of evolutionarily independent lineages.

2.7 | Testing for Differences in Sulfidic
and Nonsulfidic Fish Gut Microbiomes in a
Common-Garden Environment

The fourth aim of this study was to investigate whether sulfidic
and nonsulfidic fish have different microbial communities in
a shared environment. If host-microbiome adaptation has oc-
curred, we would expect that genetic divergence between host
populations is accompanied by divergence in host-microbiome
assembly. We therefore compared the gut microbiomes between
a pair of sulfidic and nonsulfidic lineages (from the Tacotalpa
drainage) that were raised in a common-garden environment
over several generations. To test whether sulfidic and nonsul-
fidic P. mexicana have different microbiomes from each other
in the laboratory, we used PERMANOVA and PERMDISP
based on Bray-Curtis dissimilarity with the adonis and beta-
disper functions in the R package vegan (version 2.6.4) to test
for between-sample microbial diversity driven by ecotype at the
genus level as well as homogeneity of variance between the eco-
types (Oksanen et al. 2020). We visualised the gut microbiome
variation of the laboratory-reared P. mexicana using an NMDS
plot. As with the field samples, we additionally tested for micro-
biome variation associated with ecotype at the ASV level based
on Bray-Curtis dissimilarity and weighted and unweighted
UniFrac distances (Supporting Information).

3 | Results

3.1 | What Are the Commonalities and Differences
in the Gut Microbiomes of P. mexicana Populations?

After filtering, there were 764 taxa (genus level) in the fish
gut microbiome samples. NMDS indicated clear separation be-
tween fish microbiomes from sulfidic and nonsulfidic habitats
along axis 1, and microbiomes of sulfide spring fish appeared
to be more variable than those from nonsulfidic habitats
(Figure 1A). The microbiome differences between P. mexicana
from sulfidic and nonsulfidic populations were also reflected
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FIGURE1 | NMDS plot based on Bray—Curtis dissimilarity of sulfidic and nonsulfidic P. mexicana gut microbial communities (A) before environ-
mental correction (stress =0.11) and (B) after environmental correction (stress=0.15).

in a significant H,S term in the PERMANOVA (p <0.0001)
(PERMDISP: p=0.0007). Furthermore, we found significant
differences in microbiome composition among drainages
(PERMANOVA: p<0.0001; PERMDISP: p=0.7791), and
there was a significant interaction between drainages and
H,S (PERMANOVA: p <0.0001; PERMDISP: p=0.0763), in-
dicating that there was variation across the drainages in how
sulfidic and nonsulfidic gut microbiomes differed from each
other. Testing for significant differences associated with H,S
using ANOSIM further supported strong between-group dif-
ferences (R statistic=0.7111, p=0.0001). We found similar
results from the ASV level analyses (Supporting Information;
Figure S3). Based on several alpha diversity metrics, P. mexi-
cana gut microbiomes from sulfidic habitats had lower diver-
sity (Shannon's diversity index), lower richness (Chaol index),
lower evenness (Pielou's evenness index), and higher relative
dominance than P. mexicana gut microbiomes from nonsul-
fidic habitats. These differences were consistent across all four
drainages (Figure S4).

Identifying the taxa making up the gut microbial community
of each population pair (sulfidic and nonsulfidic fish analysed
together) revealed 76-111 taxa (genus level) that were consis-
tently detected within each drainage (Figure 2A). Comparing
the microbiomes among populations, we found that 46 microbes
were shared among drainages (representing 41.4%-60.5% of
taxa depending on the drainage) (Figure 2A). These shared
microbes included several taxa that have been identified as
members of other fish gut microbiomes, such as Aeromonas,
Pseudomonas, Plesiomonas, Rhodobacter, and Halomonas (Ray
et al. 2012; Sullam et al. 2012; Liu et al. 2016; Belkova et al. 2017;
Ruiz et al. 2024; Table S3). Proteobacteria was the largest phy-
lum represented by the shared microbial taxa (comprising 21
taxa total), as in other fish gut microbiomes (Sullam et al. 2012;
Liu et al. 2016; Eichmiller et al. 2016). We also identified the

shared microbial taxa among just the sulfidic populations and
just the nonsulfidic populations independently, and we similarly
found overlap in the microbiomes among all of the drainages
(Figure 2A; Table S3). There were 123-160 microbial taxa for
each nonsulfidic population, and 89 taxa were shared (55.6%-
72.4% overlap depending on the drainage). In each sulfidic
population, there were 29-78 microbial taxa and 20 shared
microbes among all of them (25.6%-69.0% overlap depending
on the drainage). The shared gut microbes in sulfide spring
populations included taxa involved in environmental sulfur
cycling, such as Thiothrix, Sulfurospirillum, and Desulfocapsa
(Finster et al. 2013; Kruse et al. 2018; Ravin et al. 2022), mi-
crobes associated with fish digestive tracts, including Lawsonia,
Cetobacterium, Bacteroides, and Paludibacter (Liu et al. 2016;
Zhou et al. 2022; Qi et al. 2023; do Vale Pereira et al. 2024),
and taxa implicated in symbioses with animals in other H,S-
rich environments, such as Sulfurovum and Spirochaeta 2
(Blazejak et al. 2005; Breusing, Johnson, et al. 2020) (Table S3).
Some of these taxa were not exclusive to sulfidic fish, including
Cetobacterium, Aeromonas, and Lawsonia, which were shared
taxa among the nonsulfidic populations as well (Table S3). Two
microbial taxa—Aeromonas and Sulfurovum—were present in
all of the sulfidic fish gut samples. Overall, analysing the mi-
crobiome overlap suggests that a relatively small subset of taxa
consistently appear in the guts of P. mexicana, but that subset of
taxa is relatively consistent across habitat types and drainages.

3.2 | How Do Gut Microbiomes Compare to
Environmental Microbiomes, and How Do Patterns
of Diversity Vary Among Microbial Communities
That Are Primarily Host-Associated?

After filtering, there were 1089 microbial taxa (genus level)
among the gut and environmental samples. We found that fish
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FIGURE 2 | Venn diagram showing the shared and unique microbial taxa among all four drainages when comparing (A) the gut microbiomes

(before environmental correction) and (B) the primarily host-associated gut microbiomes (after environmental correction). The numbers of microbial

taxa from the nonsulfidic and sulfidic microbiomes combined are the top numbers in the Venn diagram (labelled ‘Combined’ in the figure), while the

numbers of microbial taxa from just the nonsulfidic populations are the middle numbers (labelled ‘NS’ in the figure) and the numbers of microbial

taxa from just the sulfidic populations are the bottom numbers (labelled ‘S’ in the figure).

from sulfidic and nonsulfidic habitats not only had different gut
microbiomes from each other, but they also had distinct gut mi-
crobiomes from their respective environments (PERMANOVA:
p<0.0001; PERMDISP: p=0.1628; Figure S5). Within the envi-
ronments, water and sediment samples were also different from
each other (Figure S6). It is important to note that differences
among sample types (i.e., fish tissues vs. environmental sam-
ples) could be influenced by sample processing differences to
some degree (see methods).

After removing the environmental microbes from the gut data-
set, 393 microbial taxa were retained, representing ~51% of the
764 taxa that were in the gut microbiomes before environmen-
tal correction. Fish from sulfidic and nonsulfidic habitats still
had distinct gut microbiomes from each other, segregating along
the first NMDS axis (Figure 1B), and the overall patterns of
variation were remarkably consistent with variation in the gut
microbiomes before environmental correction reported above.
The primarily host-associated gut microbiomes had significant
variation associated with drainage (PERMANOVA: p<0.0001;
PERMDISP: p=0.7160), H,S (PERMANOVA: p<0.0001;
PERMDISP: p=0.0001), and their interaction (PERMANOVA:
p<0.0001; PERMDISP: p=0.0053). ANOSIM results supported
significant between-group differences associated with H,S
(R statistic=0.5984, p=0.0001). We also analysed patterns of
within-sample diversity across the lineages and found a simi-
lar pattern as in the gut microbiomes before environmental
correction; P. mexicana gut microbiomes from sulfide springs
had lower diversity (Shannon's diversity index), lower richness
(Chaol index), lower evenness (Pielou's evenness index), and
higher relative dominance than P. mexicana from nonsulfidic
habitats (Figure S7).

Comparing microbial taxa revealed 34-48 taxa per population
when analysing nonsulfidic and sulfidic populations together,
and we again found shared microbes among drainages, both
when fish from different habitat types were analysed together
and separately (Figure 2B; Table S3). There were 22 microbes

shared when analysing the nonsulfidic and sulfidic microbi-
omes together (45.8%-64.7% overlap depending on the drain-
age). Additionally, the populations from nonsulfidic habitats had
54-78 microbes each, and they shared 40 microbes (51.2%-74.1%
overlap depending on the drainage). There were 12-40 taxa per
sulfidic population, and the sulfidic populations shared 8 mi-
crobes in total (20.0%-66.7% shared). The 8 shared microbial
taxa were among those previously identified as shared microbes
in the sulfidic lineages before environmental correction. As pre-
viously mentioned, these primarily host-associated sulfidic mi-
crobes have been associated with hosts in other systems, such
as Enterovibrio, Halothiobacillaceae, Lawsonia, and Spirochaeta
2 (Blazejak et al. 2005; Lavy et al. 2018; Zhou et al. 2022; Wu
et al. 2022). Overall, patterns of microbiome diversity and mi-
crobiome overlap were highly consistent when we analysed the
entire gut microbiome dataset or only taxa that were primarily
host-associated.

3.3 | What Are Potentially Adaptive
Host-Associated Microbes of Sulfide Spring Fishes?

Among all of the P. mexicana lineages, 15 taxa were positively
associated with H,S, while 17 were negatively associated with
H,S (Figure 3A). The microbes positively associated with H,S
represented 14 different families (Figure 3A), and all of them
were also identified in the shared microbial taxa of sulfide spring
fish, with the exception of four microbial taxa (Vibrionaceae,
Planktothrix NIVA.CYA 15, Spirulina CCC Snake P.Y.85, and
Mpycoplasma). Repeating this analysis for each drainage sepa-
rately revealed that most of the top microbes associated with H,S
were the same across the drainages, except for a few drainage-
specific microbial taxa (Figure S8). Taxa that were positively
associated with H,S in at least three drainages included an
uncultured species of Halothiobacillaceae, Sulfurovum, and
Desulfocapsa, with Sulfurovum emerging among the top taxa in
all four drainages (Figure S8). Several of the top H,S-associated
microbes across all drainages (Figure 3A) have previously been
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FIGURE 3 | The top microbial taxa driving differences between sulfidic and nonsulfidic P. mexicana gut microbial community composition (A)

before environmental correction and (B) after environmental correction. Taxa in nonsulfidic lineages are indicated by blue bars, and taxa in sulfidic

lineages are indicated by yellow bars. Taxa are labelled to the genus level or the lowest identifiable taxonomic level, and family names are listed in

parentheses next to each genus.

identified in host-microbiome analyses. For example, bacteria
in the family Vibrionaceae are known commensals of fish guts
(Gallo et al. 2020), including members of the genus Enterovibrio
that occur in the digestive tracts of a variety of healthy fish
(Thompson et al. 2002; Fidopiastis et al. 2006; Wu et al. 2022;
Kim et al. 2023). Cetobacterium and Aeromonas that were
among the H,S-associated gut microbes (Figure 3A) are also
commonly identified members of healthy fish gut microbiomes
(Shi et al. 2022; Duval et al. 2022; Diwan et al. 2023). Other mi-
crobial taxa, such as Spirochaeta, Desulfobulbus, Sulfurovum,
and Halothiobacillaceae have been found in a variety of H,S-
rich environments (Hiigler et al. 2010; Barton et al. 2014; Aranda
et al. 2015; Hotaling et al. 2019). More importantly, these taxa
have been found in symbioses with animals that inhabit sulfidic
environments, and at least some of them have genetic hallmarks
that indicate their role as symbionts in hosts such as gutless
oligochaetes (Spirochaeta) (Blazejak et al. 2005), hydrothermal
vent shrimp (Desulfobulbus) (Jiang et al. 2020), hydrothermal
vent snails (Sulfurovum) (Breusing, Johnson, et al. 2020), and
sponges (Halothiobacillaceae) (Lavy et al. 2018).

Since transient microbes from the environment may obscure
host-associated microbes that could influence host functions,
we further identified microbial taxa that were the top drivers
of variation between sulfidic and nonsulfidic fish gut microbi-
omes after environmental correction (Figure 3B). In this case,
there were 10 microbial taxa positively associated with H,S and
9 microbial taxa negatively associated with H,S (Figure 3B). The
microbes associated with sulfide spring colonisation after envi-
ronmental correction belong to 9 families (Figure 3B). The 10
H,S-associated microbial taxa also included all 8 of the shared
microbes that were previously identified from the sulfidic lin-
eages after excluding environmental microbes (Figure 2B;
Table S3). Furthermore, 9 taxa overlapped with the analysis of
gut microbiomes prior to environmental correction (Figure 3A).

In addition to taxa already found in the full gut microbiome
set, environmental correction revealed an additional taxon
in the family Prolixibacteraceae that is associated with H,S.
Microbial taxa positively associated with H,S that were lost after
environmental correction included Planktothrix NIVA.CYA
15, Desulfobulbus, Spirulina CCC Snake P.Y.85, Aeromonas,
Cetobacterium, and Sulfurovum, indicating that these taxa may
be of environmental origin. Repeating this analysis for each
drainage independently indicated that the top microbial taxa
associated with H,S were mostly shared among all the sulfide
spring populations (Figure S9). Taxa that were positively associ-
ated with H,S in at least three drainages included Desulfocapsa
and an uncultured species of Halothiobacillaceae. Desulfocapsa
was a top taxon in all four drainages (Figure S9).

3.4 | Do Sulfidic and Nonsulfidic Lineages
Have Different Microbial Communities in a
Common-Garden Environment?

Variation in gut microbiomes of sulfidic and nonsulfidic P. mex-
icana raised in a common-garden environment was visualised
using NMDS based on Bray-Curtis dissimilarity at the genus
level (Figure 4), and the gut microbiomes appear to segregate
by ecotype along the first axis of the NMDS plot. However, this
difference between the sulfidic and nonsulfidic groups was not
statistically significant (PERMANOVA: p>0.05; PERMDISP:
p=0.0001). We similarly found nonsignificant results at the
ASV level (Supporting Information; Figure S10).

4 | Discussion

We characterised the gut microbiomes of fish adapted to
sulfidic environments and identified potentially adaptive
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FIGURE4 | NMDS plot showing gut microbiome variation of sulfidic and nonsulfidic ecotypes of P. mexicana raised in a common-garden envi-

ronment (stress=0.11).

microbial taxa associated with sulfide spring colonisation in
P. mexicana. Depending on the drainage, sulfidic and nonsul-
fidic fish microbiomes together contained 76-111 taxa (genus
level), and these taxa were largely shared among populations
across river drainages and habitat types. Most importantly,
we found that sulfidic and nonsulfidic fish have distinct mi-
crobiomes—both before and after removing environmental
microbes from the gut microbiome dataset—and that sepa-
rate sulfide-adapted lineages share similar microbial taxa.
Our findings suggest that independently evolved lineages of
P. mexicana underwent convergent microbiome shifts upon
adaptation to sulfide streams, including microbial taxa with
documented symbiotic functions in other fishes and animal
hosts that live in H,S-rich environments. Hence, our results
point toward microbes of interest for further investigation
that may play a role in nutrition, H,S adaptation, and hypoxia
tolerance of sulfide spring fishes. Future research in this sys-
tem that tests how the host genetic background shapes mi-
crobiomes and how host-associated microbial communities
influence host functions, such as H,S or hypoxia tolerance, is
warranted for understanding if the microbiome plays a role in
host adaptation.

4.1 | Convergent Shifts in Microbiome
Composition in Sulfide Springs

Our finding that sulfidic fish from four independently evolved
lineages share derived microbes raises the question of whether
patterns of microbiome convergence across the lineages are
due to convergent evolution in host-microbiome interactions
or due to similar environmental microbial communities of
sulfide springs shaping the gut microbiomes. If evolution has
occurred in host-microbiome interactions, we would expect
divergence between sulfidic and nonsulfidic populations to
correspond to differences in their microbial communities.

Comparisons of diversity metrics revealed that fish from sul-
fidic and nonsulfidic habitats had distinct gut microbiomes
from each other and from their environments, supporting
that the host digestive tract is a selective environment. Even
after filtering environmental microbes from the gut microbi-
ome dataset, sulfidic and nonsulfidic fish were consistently
distinct from each other, suggesting there is an exclusively
host-associated microbiome. Of course, microbes that are ex-
clusively host-associated and follow host evolutionary patterns
(in this case, reflecting host divergence along parallel ecologi-
cal gradients) could also affiliate with the host because of host
exposure to shared environmental conditions, rather than be-
cause of host regulation of the microbiome. Identifying host
regulation of the microbiome as a reason for this pattern of
host-microbiome co-diversification would require uncovering
mechanisms of communication between host-associated mi-
crobial communities and the host immune system, as has been
identified in other metazoan extremophiles (Bang et al. 2018;
Li et al. 2019; Ip et al. 2021). Our findings also support a role
for the environment in these patterns, as the sulfidic and non-
sulfidic environments themselves have distinct microbiomes.
As in other systems (Sullam et al. 2012; Small et al. 2023), it is
likely that both evolutionary and environmental factors play a
role in shaping the host-associated microbiomes, so disentan-
gling them remains important for addressing questions about
host-microbiome adaptation. In studies on fishes that have
aimed to disentangle evolutionary and environmental factors,
the environment plays a major role in shaping host-associated
microbiomes (Sullam et al. 2015; Sylvain et al. 2020; Sadeghi
et al. 2023). Furthermore, fish gut microbiomes have been
found to recapitulate the host's phylogeny in natural systems
(Sylvain et al. 2020; Sadeghi et al. 2023), but there is limited
research on host regulation of the microbiome in controlled
environmental settings, although microbiome variation can
be associated with the host genetic background (Sevellec
et al. 2019; Small et al. 2023; Riddle et al. 2024).

90of15

85UB017 SUOLILLIOD BAIFER1D) 8|l dde au Aq pauRA0b a8 S3o e WO ‘88N JO S3NJ 0 AX1q 1T 8UIIUO 43| 1M UO (SUORPUOD-PUE-SWUS)W0D A8 | 1M AleIq 1[ou 1 UO//Stiy) SUORIPUOD PUe swie | 8U3 S *[5202/80/9T] Uo ARiqiaulluo A8 |IM ‘AseAlun aTels sesue Aq #£00L 98U/ TTTT OT/I0p/wo0 A3 1M Arelq 1 pul|uo//Sdny WOy papeojumoq ‘0 ‘Xy62S9€T



One approach to disentangling evolutionary and environmental
factors is to control for environmental effects; hence, we investi-
gated whether sulfidic and nonsulfidic P. mexicana had different
microbiome compositions after several generations in captivity.
From the NMDS visualising P. mexicana gut microbiome vari-
ation in the laboratory, sulfidic and nonsulfidic lineages of P.
mexicana appear to segregate along the first axis (Figure 4), but
we did not find statistical significance for ecotype driving gut
microbiome variation in the laboratory. While it is possible that
there are differences between sulfidic and nonsulfidic fish mi-
crobiomes in captivity that could not be detected because of the
small sample size, our finding supports the well-described role of
the environment in shaping fish microbiomes, since the shared
environment likely contributed to the similarity of the sulfidic
and nonsulfidic microbiomes. It remains an open question to
what extent hosts regulate their microbiomes, and additional
microbiome comparisons between host lineages in a common-
garden environment would help determine if sulfide-adapted
and sulfide-intolerant lineages of P. mexicana have diverged in
their assembly of their microbiomes. At the host level, there is
evidence for immune gene divergence between sulfidic and non-
sulfidic populations (Greenway et al. 2024). The immune sys-
tem is known to play a major role in the regulation of metazoan
microbiomes (Clavel et al. 2017; Salinas and Magadan 2017),
so it is possible that divergence in immune genes also results
in differences in microbiomes between sulfidic and nonsulfidic
populations.

Finally, interpreting our findings requires additional consider-
ations. Like in other microbiome studies, there is the possibil-
ity that low abundance taxa were not detected due to sampling
error or filtering low abundance reads. Hence, certain microbial
taxa may have been identified as primarily host-associated gut
microbes but instead occurred at low abundance in the environ-
ment. The water and sediment microbes may also not be fully
representative of the microbes in fish diets, so diet-derived taxa
might have been detected in fish guts but not in our environ-
mental samples. This is an important consideration because diet,
like other environmental variables, is likely a contributor to the
microbiome differences between sulfidic and nonsulfidic fish
considering the dietary shift from detritus in nonsulfidic fish
to bacteria and invertebrates in sulfidic fish (Tobler et al. 2015).
Our common-garden experiment eliminates these confounding
factors, and while it is possible that there is a host genetic effect
on the microbiome, the lack of significant differences between
sulfidic and nonsulfidic fish suggests a role for the environment
in shaping host-associated microbial communities. This result
raises questions about how specific environmental factors, like
diet, contribute to fish microbiome variation.

4.2 | Potentially Adaptive Host-Associated
Microbes of Sulfidic Fish

Our results highlighted several microbial taxa for future investi-
gation as potentially adaptive symbionts of sulfide spring fishes.
Some of these microbes have been found in other fish gut mi-
crobiomes and may play a role as nutritional symbionts in sul-
fidic P. mexicana. Cetobacterium and bacteria from the families
Vibrionaceae (including Enterovibrio) were among the top mi-
crobial taxa associated with sulfide spring fish and are known

as beneficial members of gut microbiomes in other fishes (Gallo
et al. 2020; Shi et al. 2022; Duval et al. 2022; Wu et al. 2022; Kim
et al. 2023). Beneficial microbes in host digestive tracts may en-
hance digestion or nutrient assimilation by stabilising the intes-
tinal environment (Zarrinpar et al. 2018; Wang et al. 2023). Gut
microbes may also provide nutrients to the host or help metab-
olise components of the host's diet (Diwan et al. 2023). For ex-
ample, Cetobacterium produces vitamin B-12 (Sugita et al. 1991;
Tsuchiya et al. 2008; Qi et al. 2023) and helps with the degra-
dation of proteins (Hao et al. 2017). Indeed, sulfide spring col-
onisation of P. mexicana is associated with a trophic shift from
protein-poor to protein-rich diets, with concomitant changes
in gastrointestinal tract morphology (Tobler et al. 2015). Host-
associated microbes in sulfidic fish may therefore improve the
intestinal barrier and metabolise dietary compounds, poten-
tially contributing to host function in the novel environment.

Other host-associated microbial taxa associated with sulfide
spring colonisation are closely related to microbes that have been
implicated in H,S adaptation and hypoxia tolerance in other an-
imals. The sulfidic fish have gut microbes that are known to be
involved in sulfur cycling, including taxa associated with hosts
living in marine environments rich in H,S. Chemoautotrophic
microbes are associated with a diversity of H,S-adapted animals,
either growing within host tissues or externally in nematodes,
oligochaetes, crustaceans, bivalves, and other invertebrates
(Dubilier et al. 1995; Blazejak et al. 2005; Bellec et al. 2020; Jiang
et al. 2020; Osman and Weinnig 2022). Most of these host-mi-
crobe interactions have been described as nutritional symbioses
in which the symbiont uses sulfur compounds as energy sources
to fix inorganic carbon that the host can use for nutrition (Osman
and Weinnig 2022). However, chemoautotrophic symbionts may
also provide protection to the host from toxic effects of H,S be-
cause they rapidly oxidise H,S to nontoxic sulfur compounds
(Osman and Weinnig 2022). For example, Spirochaeta bacte-
ria provide H,S-adapted gutless oligochaetes with nutrients in
deep-sea hydrothermal vents (Blazejak et al. 2005). In sulfidic
fish, Spirochaeta was a top microbial taxon after environmental
correction, and it may provide a nutritional benefit to the host as
well. Furthermore, an uncultured bacterial genus in the family
Halothiobacillaceae (class Gammaproteobacteria) is also preva-
lent in the sulfidic fish guts after environmental correction, and
members of this sulfur-oxidising family that are associated with
sponges were found to have a reduced genome size compared to
free-living Halothiobacillaceae, suggesting that they are likely
obligate symbionts (Lavy et al. 2018).

We also found microbes implicated in host-microbiome adapta-
tion to sulfidic environments that were dominant members of the
sulfidic fish microbiomes but were also detected in the environ-
ment, such as Desulfobulbus and Sulfurovum. Host-associated
Desulfobulbus strains with reduced genomes have been iden-
tified in H,S-adapted hydrothermal vent shrimp, with unique
metabolic features differentiating them from the most closely re-
lated free-living Desulfobulbus and supporting their dependence
on a host (Jiang et al. 2020). In addition, Desulfobulbus bacteria
have been identified as part of the diverse microbial communi-
ties of the deep-sea tubeworm Riftia pachyptila (Lépez-Garcia
et al. 2002) as well as snails, polychaetes, shrimp, and other crus-
taceans (Giovannelli et al. 2016; Lee et al. 2021). In deep-sea hy-
drothermal vent snails, Sulfurovum is a gut symbiont that can be

10 of 15

Molecular Ecology, 2025

85UB017 SUOLILLIOD BAIFER1D) 8|l dde au Aq pauRA0b a8 S3o e WO ‘88N JO S3NJ 0 AX1q 1T 8UIIUO 43| 1M UO (SUORPUOD-PUE-SWUS)W0D A8 | 1M AleIq 1[ou 1 UO//Stiy) SUORIPUOD PUe swie | 8U3 S *[5202/80/9T] Uo ARiqiaulluo A8 |IM ‘AseAlun aTels sesue Aq #£00L 98U/ TTTT OT/I0p/wo0 A3 1M Arelq 1 pul|uo//Sdny WOy papeojumoq ‘0 ‘Xy62S9€T



genetically and morphologically distinguished from free-living
Sulfurovum (Breusing, Johnson, et al. 2020). The Sulfurovum
symbiont genome has genes involved in biofilm formation and
the transport of carbohydrates and amino acids, indicating
its potential involvement in maintaining stability of the host-
microbe symbiotic relationship and facilitating transfer of nutri-
ents to the host (Li et al. 2020; Breusing, Johnson, et al. 2020). In
other animals from deep-sea hydrothermal vents, Sulfurovum
are associated with the gut (shrimp) (Qi et al. 2022), body wall
(polychaetes) (Giovannelli et al. 2016), and surface of the gills
(crustaceans) (Tokuda et al. 2008; Chiu et al. 2022), and they are
typically thought to be acquired from the environment (Wang
et al. 2022). In addition to their potential ability to provide nu-
trients and energy to the host, Sulfurovum have been suggested
to protect the host from H,S toxicity by oxidising sulfur at the
tissues (Tokuda et al. 2008; Lee et al. 2021), but future studies
are necessary for determining how these sulfur-oxidising bacte-
ria are providing protective or detoxification benefits to the host.

In addition to H,S toxicity, hypoxia in sulfide streams is a major
selective pressure that P. mexicana experience. As previously
mentioned for its role in fish nutrition, Cetobacterium is a domi-
nant member of the sulfidic fish gut microbiomes and it is abun-
dant in the microbiomes of other fish that cope with hypoxic
conditions, including arapaima (Ramirez et al. 2018) and desert
pupfish (Bhute et al. 2020). Exposure to chronic hypoxia causes
avariety of physiological changes in aquatic animals, such as in-
creased susceptibility to infections (Abdel-Tawwab et al. 2019),
decreased protein digestibility (Zambonino-Infante et al. 2017),
and disruption of the gut microbiome (Sun et al. 2020; Ma
et al. 2021). Maintaining gut microbiome stability may there-
fore be especially important for the utilisation of dietary protein
and overall health of sulfidic fish living in chronic hypoxia. In
zebrafish, Cetobacterium has been shown to inhibit pathogen
infection by stabilising the gut microbiome through its vita-
min B-12 production (Qi et al. 2023). While both nonsulfidic
and sulfidic Poecilia mexicana encounter pathogens (Tobler
et al. 2014; Riesch et al. 2020), it is possible that sulfidic fish
may have increased susceptibility to pathogen infections due to
their exposure to hypoxia and their lower gut microbiome di-
versity than nonsulfidic fish (Xiong et al. 2019). Microbiome-
stabilising members of the gut microbial communities, such as
Cetobacterium, might therefore protect sulfidic fish from infec-
tions in the intestine.

5 | Conclusions

Lineages of P. mexicana have adapted in several ways to toler-
ate the extreme conditions of sulfide springs, including in their
physiology, behaviour, and morphology (Tobler et al. 2009, 2015;
Greenway et al. 2020). These adaptations are driven by phys-
iochemical and ecological stressors, yet a previously unexplored
component of the ecology of P. mexicana is their associated mi-
crobiomes and their exposure to novel microbial communities
upon colonising sulfide streams. In fishes and other vertebrates,
host-associated microbiomes may play a role in the evolution of
host traits because they can influence host functions (Diwan
et al. 2023), and microbial communities respond more quickly
(structurally, genetically, and functionally) than the host to en-
vironmental pressures, potentially facilitating host tolerance of

stressors in novel environments (Bang et al. 2018). Our findings
that P. mexicana have different microbiomes between sulfidic
and nonsulfidic populations and share commonalities in their
microbes associated with sulfide spring colonisation provide a
foundation for addressing whether these microbiome changes
are linked to the host's evolution in an extreme environment.
Approaches that can provide deeper sequencing and investigate
the functional potential of host-associated microbes in sulfidic
fish, such as shotgun metagenomics, and experiments testing
the role of the microbiome in host functions will shed further
light on whether host-associated microbial communities of sul-
fide spring fishes can be adaptive for the host.
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