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Abstract

Transitions of organisms across habitat boundaries are widespread in nature. Studying such
transitions can provide insight into how biodiversity arises as organisms undergo phenotypic and
ecological changes when they adapt to novel environmental pressures. Furthermore, systems in
which populations independently colonize novel environments with similar selective forces
allow for investigating the predictability of biological processes. For my dissertation, | leveraged
four systems of extremophile fishes to make comparisons across multiple populations that have
overcome similar environmental stressors. (1) | analyzed patterns of differential gene expression
between a freshwater and a hypersaline population of a livebearing fish, Limia perugiae, and
compared these gene expression patterns to other pairs of freshwater and saltwater populations of
other fish species to understand if mechanisms of osmoregulation are shared among teleost
fishes. | found key differentially expressed genes underlying salinity transitions in L. perugiae,
but there was little evidence for convergence in gene expression across lineages, suggesting
that—at least at the level of gene expression—fish use different mechanisms to overcome
salinity barriers. (2) | conducted a study of the natural history and trophic ecology of Astyanax
mexicanus, a tetra that has colonized multiple caves in Mexico. | found that cavefish had
substantial variation among cave populations in body size, sex ratios, and patterns of resource
exploitation. But even though cavefish consume a broad array of resources, they still experience
nutrient limitation during both the rainy and dry seasons, contradicting the previously held
assumption that they experience intermittent starvation. (3) I tested how repeated colonization of
toxic sulfide springs has driven changes in host-microbiome associations of a species of
livebearing fish, Poecilia mexicana. | found convergence in the microbiomes of sulfidic P.

mexicana across four replicate drainages, as well as shared core microbes among the sulfidic



lineages that constitute candidate microbes for future research on their potential role in adaptive
symbioses. (4) | leveraged 23 populations of livebearing fishes that broadly vary in their ecology
to investigate what factors shape host-associated microbiomes and to test in an explicit
phylogenetic context whether repeated adaptation to sulfide springs results in microbiome
convergence. | found that the microbiome dissimilarity between lineages was correlated with the
environmental microbiome dissimilarity and the host’s phylogenetic distance, indicating that the
environment and the host’s evolutionary history contribute to host microbiome assembly. I
further found microbiome convergence among the sulfidic lineages, demonstrating that shared
physiochemical stressors drive convergent associations between hosts and their microbial
communities. Overall, my dissertation provides insight into the commonalities and differences in
how populations respond to novel sources of selection in extreme environments, which has broad
implications for understanding patterns of biodiversity and the predictability of biological

processes.
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Preface

A major objective of evolutionary biology is to understand factors influencing patterns of
biodiversity (Mahler et al. 2017). Consequently, transitions of organisms across habitat
boundaries have been a focus of evolutionary research because they can give rise to phenotypic,
ecological, and genetic diversification (Schluter 2000; Santini et al. 2013). As populations
colonize novel environments, they are exposed to selective pressures that can drive changes in
their phenotypic traits and ecology (Harer et al. 2023). Furthermore, cases in which independent
populations repeatedly colonize similar environments provide an opportunity to investigate
whether shared selective pressures drive similar changes in traits as populations adapt to the
novel environmental conditions (Mahler et al. 2017). Idiosyncrasies in the outcomes of separate
populations that colonized similar environments provide a foundation for investigating how
factors such as variation among populations and random processes can contribute to biodiversity
(Powell 2007). Conversely, patterns in which similar traits arise as a result of independent
colonization of similar environments (i.e., patterns of convergence) provide unique opportunities
to understand the repeatability of biological processes and the nature of biodiversity (Gould
1989; Lachapelle et al. 2015; Mahler et al. 2017).

Novel environments that have well-defined sources of selection make excellent systems
for studying how populations respond to crossing a habitat boundary. Extreme environments are
useful cases of such systems because they have strong physiochemical selective pressures,
making them uninhabitable for most organisms (Tobler et al. 2018; Bang et al. 2018). As a
result, populations that do manage to survive in extreme environments must overcome specific
environmental conditions that are in stark contrast to the benign environments of their ancestral

populations (Tobler et al. 2018). Studying how selection is driving trait divergence between
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extremophile and benign populations is therefore useful for understanding how transitioning
across an environmental gradient affects a population’s phenotypic traits and ecology. Cases
where replicated lineages inhabit similar extreme environments provide an added opportunity to

compare outcomes of selection between different populations (Tobler et al. 2018).

Obijectives
I leveraged systems in which populations of fishes have repeatedly colonized extreme

environments with the aim of understanding how selection can drive shared or different
outcomes in phenotypic traits and ecology. I studied four extremophile systems: livebearing fish
of the species Limia perugiae that have colonized a hypersaline lake in the Dominican Republic,
Mexican tetras (Astyanax mexicanus) that have colonized multiple caves throughout the Sierra de
El Abra region in Mexico, livebearing fish of the Poecilia mexicana species complex that have
adapted to toxic streams rich in hydrogen sulfide (H,S) throughout the Rio Grijalva basin in
Mexico, and an assemblage of livebearing fishes that are diverse in their ecology and habitats
(including lineages inhabiting toxic H,S-rich streams) throughout the Rio de la Sierra basin in
Mexico. All of these populations experience strong selective pressures—such as high salinity,
perpetual darkness, low nutrient availability, hypoxia, and the presence of toxic hydrogen
sulfide—and the availability of evolutionarily replicated lineages allows for identifying shared
and unique changes among populations, thereby shedding light on whether such changes are
predictable. Among these systems, patterns of convergence have been explored at some
biological levels, but there are several unexplored questions about how selection drives shared
and unique changes at other levels. For example, distantly related fish species that have crossed
salinity barriers show evidence for convergence in genes involved in osmoregulation (Velotta et

al. 2022), but it is unknown whether patterns of gene expression are similarly shared. In different
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populations of A. mexicanus cavefish, there is convergence in feeding posture associated with
more effective foraging in the nutrient-limited cave environment (Kowalko et al. 2013), but it not
well known what cavefish eat in nature or if there is variation in diet among cavefish
populations. In populations of livebearing fishes that have adapted to toxic, H,S-rich streams in
southern Mexico, there is convergence in their H,S tolerance at molecular and functional levels
(Greenway et al. 2020), but an unexplored facet of their repeated colonization of sulfide springs
is their host-associated microbial communities, despite well-described host-microbe symbioses
with animals in other H,S-rich environments (Dubilier et al. 1995; Beinart et al. 2019). My
dissertation overall aimed to fill these knowledge gaps through four main objectives:

Chapter 1: Divergent selection regimes between extreme and benign environments often
give rise to differential gene expression (Wang and Guo 2019), and investigating the changes in
gene expression as populations colonize novel environments has provided insight into
mechanisms underlying adaptation and acclimation in several systems (Fisher and Oleksiak
2007; Xu et al. 2013; Wang and Guo 2019). However, it remains unknown in many systems
whether patterns of gene expression are shared or unique across multiple lineages that have
undergone similar habitat transitions. In my first chapter, | investigated differential gene
expression between a freshwater and hypersaline population of Limia perugiae to better
understand how this livebearing fish species has colonized a hypersaline lake in the Dominican
Republic. Transitions across salinity clines are widespread among fishes, but comparisons in
gene expression patterns across distantly related fishes that have crossed salinity barriers are
lacking. | therefore identified shared differentially expressed genes among freshwater and
saltwater population pairs of distantly related fish species to understand if fishes modulate their

gene expression in similar ways when crossing salinity barriers. | found differentially expressed

XXVi



genes underlying the transition of L. perugiae from a freshwater to a hypersaline environment. |
found upregulation of genes in the hypersaline population that are involved in ion transport and
cell signaling, as well as downregulation of genes involved in the cell cycle and protein folding.
These findings provide insight into how L. perugiae, and species of the family Poeciliidae as a
whole, make transitions across salinity barriers. After comparing patterns of gene expression in
the L. perugiae population pair with other pairs of freshwater and saltwater fish populations, I
found little evidence of convergence among the distantly related lineages. This finding suggests
that factors such as variation in other sources of selection associated with salinity transitions and
the underlying genetic divergence of the lineages investigated may lead to differences in gene
expression patterns.

Chapter 2: The physiochemical stressors in extreme environments often change or limit
the nutrient availability for organisms inhabiting them (Bang et al. 2018). The cavefish Astyanax
mexicanus is a model organism in evolutionary biology that has several well-documented
adaptations for surviving in nutrient-poor subterranean environments (Kowalko et al. 2013;
Aspiras et al. 2015; Riddle et al. 2018; Olsen et al. 2023). It has historically been well-
documented that since cavefish can withstand long-term starvation in the laboratory (Salin et al.
2010; Aspiras et al. 2015), cavefish in nature likely experience intermittent periods of starvation
that coincide with seasonal nutrient influx, but there have been few studies investigating what
cavefish eat in nature (Wilkens and Burns 1972; Espinasa et al. 2017). It is also not known how
diet may vary across cavefish populations, despite documented variation in environmental and
geographic characteristics of the caves in the Sierra de El Abra region (Keene et al. 2015). |
therefore analyzed variation in body size, sex ratios, proportions of individuals with empty guts,

and diet composition across the rainy and dry seasons for populations of A. mexicanus that have
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independently colonized three caves (Pachdn, Sabinos, and Tinaja) to shed light on
commonalities and differences in their natural history and trophic ecology across populations. |
found variation in A. mexicanus cavefish populations that may be attributed to variation between
the extreme environments. For example, | found differences in body size between cave
populations that may reflect differences in flooding and nutrient availability in the caves, or they
may reflect different strategies for coping with combined stressors in subterranean environments.
However, | also found that cavefish overall showed commonalities in their variety of diet items,
supporting that they are opportunistic feeders. Throughout the rainy and dry seasons, individuals
also consistently had food in their guts, suggesting that cavefish may experience continual
nutrient limitation.

Chapter 3: In extreme environments, selection may also act on host-microbiome
interactions, which can facilitate host adaptation (Bang et al. 2018; Beinart et al. 2019; Breusing
et al. 2020). Sulfide springs in the Rio Grijalva basin are characterized by high levels of H,S, the
presence of hypoxia, and primary production from bacteria (Tobler et al. 2015, 2018; Greenway
et al. 2020). Livebearing fish in the P. mexicana species complex have evolved a variety of
strategies to cope with the stressors and ecological differences (Tobler et al. 2015, 2018;
Greenway et al. 2020), but nothing is known about their host-associated microbial communities.
Fish gut microbiomes have several beneficial effects on the host (Diwan et al. 2023), and host-
associated bacteria in other sulfidic environments help their hosts survive by detoxifying H,S
and contributing to the host’s nutrition (Cavanaugh et al. 2006), raising the question of whether
adaptive symbioses could arise between fish and bacteria in sulfide springs. | compared the host-
microbiome associations across four population pairs of sulfide-tolerant and sulfide-intolerant P.

mexicana to identify how microbiomes were similar and different between ecotypes and across
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drainages. | identified shared core microbes among the drainages, and | identified the top
microbial taxa from the sulfidic fish, highlighting microbes to investigate further as potentially
adaptive symbionts of extremophile fishes. | found that sulfidic and nonsulfidic fish have
different gut microbiomes from each other, and I found that sulfidic fish share core microbes
among the drainages. Furthermore, the top microbial taxa in the fish guts associated with sulfide
spring colonization include taxa that have implications in hypoxia tolerance, nutrition, and H,S
detoxification in other animal systems.

Chapter 4: Finally, to understand the role of the microbiome in host adaptation, it is
important to first identify factors that contribute to microbiome assembly. There are additional
lineages of livebearing fishes in the same geographic region as P. mexicana, including some in
the genera Gambusia, Pseudoxiphophorus, and Xiphophorus that also inhabit sulfide streams. |
therefore investigated how evolutionary and environmental factors shape host-associated
microbiomes among 23 populations of livebearing fishes in this region, and I explored how
sulfide spring colonization has shaped the gut microbiomes of extremophile lineages. |
specifically tested how gut microbiome dissimilarity was associated with host phylogenetic
distance, environmental microbiome dissimilarity, and environmental distance based on
bioclimatic variables. | then used phylogenetic comparative methods to investigate whether
sulfide-adapted lineages of livebearing fishes showed convergence in their gut microbiomes. |
found that the host-associated microbiomes were correlated with the host phylogeny and
environmental microbiomes, but the gut microbiome dissimilarity was most strongly correlated
with the environmental microbiome dissimilarity. Furthermore, sulfidic fish lineages showed a
high degree of convergence among their gut microbiomes. These findings shed light on the

factors shaping host-microbiome diversification in fishes, and they show how extreme selective
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pressures can drive convergence in the host-associated microbiome composition of independent

host lineages.

Conclusions

My research examined a variety of responses to selection, including changes in gene expression,
trophic ecology, and host-microbiome associations, uncovering multiple ways in which extreme
sources of selection act on populations. Furthermore, findings from my research have revealed
cases of both shared and different responses of populations upon colonizing extreme
environments. The strongest evidence for convergence was found in Chapters 3 and 4, in which |
identified convergence in the host-associated microbiomes of extremophile fishes. Furthermore,
while I did find some commonalities in gene expression and resource use in Chapters 1 and 2,
there were also idiosyncrasies among populations investigated in these chapters. These findings
highlight that whether or not populations respond in predictable ways to natural selection varies
across traits.

There are several reasons why convergence may be more likely in some traits than others
(Rosenblum et al. 2014). Patterns of convergence can be identified at different biological levels
(by focusing on traits at molecular, cellular, physiological, or other levels), and convergence in
traits is expected to be more common at higher levels (Rosenblum et al. 2014). In Chapter 1, for
example, while there was little convergence at the gene expression level, the functional outcome
of salinity tolerance is shared among fish lineages. Non-convergence, especially at molecular
levels, can also be due to the underlying genetic divergence between lineages, which can create
differences in how populations respond to selection (Kaeuffer et al. 2012). | compared distantly
related lineages in Chapter 1, so the higher divergence between lineages likely plays a role in the

little convergence in gene expression | found. Furthermore, while extreme environments provide
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an opportunity to focus on clearly-defined sources of selection, there are other abiotic and biotic
sources of selection that accompany the extreme stressors of interest and may be less clearly
defined. These additional sources of selection contribute to variation between populations and
are often a source of non-convergence (Kaeuffer et al. 2012; Rosenblum et al. 2014). In all of the
extremophile systems | investigated, other sources of selection likely underlie the idiosyncrasies
| found throughout all of my chapters. For example, differences in the microbial communities
that fish encounter when crossing salinity barriers may affect the host’s gene expression (Hughes
et al. 2017), and differences in the way nutrients flow into cave habitats may change the
frequency and quality of food in the diets of cavefish (Keene et al. 2015). Even in the sulfidic
fish gut microbiomes | investigated, there were microbes unique to certain host lineages, and
variation in the geography and chemistry between sulfide springs likely also plays a role in these
idiosyncrasies, among other sources of selection (Hotaling et al. 2019).

While patterns of convergence can provide support for natural selection driving similar
trait changes in populations, it is important to consider the multiple levels at which selection acts
and the role of stochastic effects in observing convergence (Kaeuffer et al. 2012; Rosenblum et
al. 2014). The convergence | found in sulfidic fish microbiomes provides an opportunity to
explore how multiple factors shape host microbiome assembly, especially since selection acts on
both the host and its associated microbes (Bang et al. 2018). For example, host-associated
microbiomes of sulfidic fish may be similar to each other because sulfidic fish have evolved to
recruit adaptive microbes, or this pattern could be because sulfide springs themselves are very
distinct from nonsulfidic streams in their microbial communities, resulting in different microbes
colonizing the host from the external environment. These findings of convergence identify ways

in which natural selection drives similar responses to shared environmental pressures, providing
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a foundation for exploring the evolutionary outcomes of such changes, such as investigating
whether the convergent host-associated microbes in sulfide springs are adaptive for the host.
Overall, my dissertation shows how populations change in a variety of traits in response
to extreme sources of selection, which sheds light on how organisms survive in extreme
environments and how populations cross habitat boundaries. Additionally, by exploring the
commonalities and differences in how populations respond to natural selection across multiple
systems, my dissertation provides insight into the conditions under which natural selection can

act in predictable ways, which has implications for understanding how biodiversity arises.
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Chapter 1 - Gene expression signatures of salinity transitions in

Limia perugiae (Poeciliidae), with comparisons to other teleosts

Elizabeth J. Wilson, Nick Barts, John Coffin, James B. Johnson, Carlos M. Rodriguez Pefia,

Joanna L. Kelley, Michael Tobler, and Ryan Greenway

Abstract

Salinity gradients act as strong environmental barriers that limit the distribution of aquatic
organisms. Changes in gene expression associated with transitions between freshwater and
saltwater environments can provide insight into organismal responses to variation in salinity. We
used RNA-sequencing (RNA-seq) to investigate genome-wide variation in gene expression
between a hypersaline population and a freshwater population of the livebearing fish species
Limia perugiae (Poeciliidae). Our analyses of gill gene expression revealed potential molecular
mechanisms underlying salinity tolerance in this species, including the enrichment of genes
involved in ion transport, maintenance of chemical homeostasis, and cell signaling in the
hypersaline population. We also found differences in gene expression patterns associated with
cell cycle and protein folding processes between the hypersaline and freshwater L. perugiae.
Bidirectional freshwater-saltwater transitions have occurred repeatedly during the diversification
of fishes, allowing for broad-scale examination of repeatable patterns in evolution. We compared
transcriptomic variation in L. perugiae with other teleosts that have made freshwater-saltwater
transitions to test for convergence in gene expression. Among the four distantly related
population pairs from high- and low-salinity environments that we included in our analysis, we
found only ten shared differentially expressed genes, indicating little evidence for convergence.

However, we found that differentially expressed genes shared among three or more lineages



were functionally enriched for ion transport and immune functioning. Overall, our results—in
conjunction with other recent studies—suggest that different genes are involved in salinity

transitions across disparate lineages of teleost fishes.

Introduction
Variation in salinity imposes osmoregulatory challenges on aquatic organisms, and contact zones
between freshwater and saltwater environments act as barriers that limit the ability of animals to
move from one habitat to the other (Davis et al. 2012). Many aquatic taxa have consequently
failed to cross natural salinity gradients (Lee and Bell 1999). Those that achieve such habitat
shifts overcome osmoregulatory challenges through plasticity or adaptation, and both responses
have greatly shaped aquatic species distributions (Corush 2019; Lee et al. 2003; Whitehead et al.
2011). Due to the ecological expansion that accompanies colonization of novel habitats,
invasions from freshwater to saltwater environments, or vice versa, that result in adaptation are
of particular interest for elucidating the genetic mechanisms underlying salinity tolerance and the
diversification of aquatic organisms (Davis et al. 2012; Lee and Bell 1999; Betancur-R 2010).
Among fishes, diversification has coincided with repeated transitions between freshwater
and saltwater habitats (Lee and Bell 1999). Many saltwater-freshwater transitions in fishes have
occurred over long evolutionary timescales, and deep evolutionary divergences have resulted in
many species only tolerating a narrow range of salinities, restricting them to either freshwater or
saltwater environments (Betancur-R 2010; Lee and Bell 1999; Bloom et al. 2013; Bloom and
Lovejoy 2017; Carrete Vega and Wiens 2012). A considerably smaller portion of fish species
can survive in both freshwater and saltwater environments (Betancur-R et al. 2015). Among

species that tolerate a broad range of salinities, movement along salinity clines is characteristic



of diadromous lineages with life histories involving migration between freshwater and saltwater
environments during an individual’s lifetime (Betancur-R et al. 2015; Bloom and Lovejoy 2014).
While some species cannot cross the saltwater-freshwater boundary and some do so in their
lifetimes, there are also lineages between these two extremes that have made transitions between
saltwater and freshwater environments at microevolutionary scales (Betancur-R 2010; Kusakabe
etal. 2017; Xu et al. 2013). Few studies have investigated mechanisms of salinity adaptation in
species where closely related populations experience different salinity regimes, and the
evolutionary repeatability of these mechanisms across lineages remains to be explored.

Transitions between freshwater and saltwater environments are challenging for animals
that actively maintain internal solute homeostasis. The many physiological processes involved in
stable state osmotic and ionic balance necessitate changes in multiple interdependent processes
when crossing a salinity barrier (Kiltz 2015). To maintain homeostasis, fishes in freshwater must
actively absorb salt and excrete water in the form of dilute urine to counteract their passive loss
of salt and absorption of water (Kultz 2015). In contrast, fishes in saltwater environments must
remove salt and retain water (Kltz 2015). As a result, crossing a salinity barrier requires a shift
between absorption and excretion of ions and water in multiple organs, involving both active and
passive processes (Kiltz 2015; Greenwell et al. 2003). Remodeling of gill epithelia and
regulation of ion transporters, aquaporins, and tight junctions in the gill are particularly central to
this process (Foskett et al. 1983; Greenwell et al. 2003; Hwang 1987; Velotta et al. 2017). One
way to quantify such complex physiological responses to variation in salinity is to compare
patterns of gene expression across populations in different habitat types.

Several studies have investigated the physiological and transcriptomic responses to

changes in salinity between populations of the same species or among closely related species of



fish (Gibbons et al. 2017; Hughes et al. 2017; Velotta et al. 2017; Xu et al. 2013). Differential
gene expression associated with osmoregulation and ion transport is commonly found between
populations inhabiting environments of different salinities (Hughes et al. 2017; Velotta et al.
2017; Xu et al. 2013). In addition, differential expression has also been documented in genes
associated with other biological functions, including immune processes (Gibbons et al. 2017,
Hughes et al. 2017), cell communication (Xu et al. 2013), stress tolerance (Xu et al. 2013), and
gill membrane permeability (Gibbons et al. 2017). These studies highlight candidate pathways
that play important roles in divergence between saltwater and freshwater ecotypes within
species, but there have been few comparisons investigating the repeatability of gene expression
responses to variation in salinity across phylogenetically disparate taxa. Investigating evidence of
convergence in gene expression patterns across taxa that have undergone similar salinity
transitions will provide insight into possible shared and unique pathways involved in adaptation
to different salinity regimes.

In this study, we investigated patterns of gene expression in a freshwater and a
hypersaline population of a livebearing fish species, Limia perugiae (Poeciliidae), and compared
transcriptomic variation between these populations to those observed in other species that have
undergone similar salinity transitions. Freshwater fishes in the genus Limia are endemic to the
islands of the West Indies (Rauchenberger 1988; Weaver, Cruz, et al. 2016). Limia perugiae is a
widespread species across the southern portion of Hispaniola, occurring in freshwater artesian
springs and low-order creeks, as well as hypersaline inland lakes and coastal lagoons (Weaver,
Tello, et al. 2016; Erbelding-Denk et al. 1994; Haney and Walsh 2003). Exposure to high
salinities in L. perugiae has been shown to decrease metabolic rate (Haney and Walsh 2003),

increase the production of Na*/K*-ATPase and oxidative phosphorylation proteins in the gills



(Weaver, Tello, et al. 2016), and reduce adult body size (Weaver, Tello, et al. 2016). Though
predominantly associated with freshwater habitats, many fishes in the family Poeciliidae are able
to tolerate a broad range of salinities, a factor potentially responsible for facilitating their
dispersal across a wide geographic range (Myers 1949; Smith and Bermingham 2005; Rosen and
Bailey 1963). While the mechanisms and consequences of salinity tolerance at the biochemical
and physiological levels have been a focus of research in poeciliids (Chervinski 1984; Gonzalez
et al. 2005; Tsai et al. 2018; Weaver, Tello, et al. 2016; Yang et al. 2011), the genetic
underpinnings of salinity tolerance have yet to be investigated in this family. We used a natural
system with conspecific populations occurring in both a freshwater and hypersaline habitat to
characterize the potential molecular mechanisms underlying high salinity tolerance in poeciliid
fishes.

We used RNA-sequencing (RNA-seq) to study genome-wide patterns of gene expression
between freshwater and hypersaline L. perugiae. From this analysis, we aimed to identify genes
and physiological pathways associated with salinity tolerance in this species. We then compared
the L. perugiae population pair to other population pairs of freshwater and saltwater ecotypes in
disparate taxa to understand if mechanisms of osmoregulatory capability are shared across
divergent lineages of teleost fishes. We utilized a comparative transcriptomics approach that
leverages new and pre-existing gene expression datasets to address the following questions: 1)
What genes are differentially expressed between freshwater and saltwater L. perugiae
populations, and with what physiological processes are they associated? 2) Is there evidence for
commonalities in gene expression among phylogenetically disparate teleosts with freshwater and

saltwater populations?



Methods

Sample collection

Limia perugiae were collected using a seine from a hypersaline lagoon (Laguna Oviedo: 17.801
°N, 71.363 °W) and a geographically proximate freshwater stream (Los Cocos: 17.905 °N,
71.286 °W) in the Dominican Republic. Following capture, adult females (N=6 per site) were
euthanized, and both sets of gills were extracted using sterilized scissors and forceps. Tissues

were immediately preserved in RNAlater (Ambion Inc., Austin, TX, USA).

RNA-seq library preparation

RNA extraction, library preparation, and sequencing of samples followed procedures previously
employed for related poeciliid species (Kelley et al. 2012, 2016). Briefly, 10-30 mg of tissue
from each individual was frozen in liquid nitrogen, pulverized, and total RNA was extracted
using the NucleoSpin RNA kit (Machery-Nagel, Duren, Germany). mRNA isolation and cDNA
library preparation were completed with the NEBNext Poly(A) mRNA Magnetic Isolation
Module (New England Biolabs, Inc., Ipswich, MA, USA) and NEBNext Ultra Directional RNA
Library Prep Kit for Illumina (New England Biolabs, Inc., Ipswich, MA, USA), with minor
modifications to the manufacturers’ protocol (Kelley et al. 2012, 2016; Passow et al. 2017).
cDNA libraries were individually barcoded, quantified with Qubit and an Agilent 2100
Bioanalyzer High Sensitivity DNA chip, and then pooled with cDNA samples from other
projects in sets of 11-12 samples based on nanomolar concentrations. Samples were split across
pools such that samples from each habitat type were not all sequenced together, and there was no
evidence for lane effects. Libraries were sequenced on an Illumina HiSeq 2500 using paired-end

101-base-pair (bp) reads at the Washington State University Spokane Genomics Core.



Mapping

All raw reads were trimmed twice (quality 0 to remove Illumina adapters, followed by quality
24) using Trimgalore! (v.0.4.0; Krueger 2014). Trimmed reads were mapped to the Poecilia
mexicana reference genome (RefSeq accession number: GCF_001443325.1; Warren et al. 2018)
with an appended mitochondrial genome (GenBank Accession Number: KC992998.1) using
BWA-MEM v.0.7.12 (Li and Durbin 2009). We annotated genes from the P. mexicana reference
genome by extracting the longest transcript for each gene (with the perl script gff2fast.pl:
https://github.com/ISUgenomics/common_scripts/blob/master/gff2fasta.pl) and comparing them
against entries in the human SWISS-PROT database (critical E-value 0.001; access date
04/15/2017) using BLASTx (Camacho et al. 2009). Each gene was annotated with the best

BLAST hit from the human database based on the top high-scoring segment pair.

Differential gene expression

We used STRINGTIE (v.1.3.3b; Pertea et al. 2015, 2016) to quantify the number of reads
mapped to each gene for each individual (measured in counts per million mapped reads) and then
used the prepDE.py script (provided with STRINGTIE) to generate a read count matrix (Pertea
et al. 2016). We removed genes that did not have at least two counts per million in three or more
individuals across both populations, resulting in 18,659 genes that were included in differential
gene expression analysis. We identified differentially expressed genes using generalized linear
models (GLMs) in R, as implemented in the Bioconductor package edgeR (Robinson et al.
2010). We fit a negative binomial GLM to the normalized read counts of each gene based on

tagwise dispersion estimates and a design matrix describing the comparison between the



saltwater and freshwater population using glmFit. We assessed statistical significance using the
GLM likelihood-ratio test with a false discovery rate (FDR) of g-value < 0.05, calculated with
the Benjamini-Hochberg correction (Benjamini and Hochberg 1995). After identifying the set of
differentially expressed genes between the saltwater and freshwater population, we used a Gene
Ontology (GO) enrichment analysis to explore putative biological functions of these genes. We
annotated all differentially expressed genes that had a match in the human SWISS-PROT
database with GO IDs (Harris et al. 2004) and tested for the enrichment of specific GO IDs
separately in up and downregulated genes relative to the full background set of 18,659 genes
using GOrilla (FDR g-value < 0.05, accessed May 26, 2022; Eden et al. 2009). A total of 10,935

genes in the background set were associated with a GO term in the database.

Weighted gene co-expression network analysis
We constructed weighted gene co-expression networks to identify clusters of genes that were co-
expressed across our samples (Zhang and Horvath 2005). To prepare the gene expression data
for this analysis, we applied a variance-stabilizing transformation to the filtered reads using the
varianceStabilizingTransformation function from the DESeq2 package (v.1.36.0; Love et al.
2014) in R, which allowed us to normalize the read counts relative to library size and
appropriately scale the data for clustering (Langfelder and Horvath 2008, 2012). After
transforming and normalizing the read counts, we used the cpm function in the edgeR package
(v.3.38.1; Robinson et al. 2010) to generate a gene matrix of scaled read counts (log,-cpm,
counts per million mapped reads) from the transformed read counts (Coffin et al. 2022).

As outlined in the WGCNA package documentation (Langfelder and Horvath 2008), we

used hierarchical clustering to cluster the samples based on their gene expression profiles. We



used the hclust function from the flashClust package (v.1.1.2; Langfelder and Horvath 2012) to
cluster the samples. We then created a weighted network adjacency matrix using the adjacency
function from the WGCNA package (v.1.71; Langfelder and Horvath 2008, 2012). The
adjacency matrix was constructed by calculating pairwise co-expression similarities (Pearson
correlation coefficients) and raising them to a power of B, a soft thresholding power (Langfelder
and Horvath 2008). We used the pickSoftThreshold function in the WGCNA package
(Langfelder and Horvath 2008) to assist in selecting a value of B that ensured our network fit the
approximate scale free topology criterion while retaining the highest possible mean connectivity
between the network genes. Based on the scale free topology model fit and mean connectivity of
our network, we selected = 7.

From our correlation network, we then generated a topological overlap dissimilarity
matrix to identify modules of co-expressed genes. We calculated dissimilarity between the genes
by converting the adjacencies into topological overlap similarities using the TOMsimilarity
function in the WGCNA package (Langfelder and Horvath 2008) and then subtracting these
topological overlap measures from 1. To identify modules of co-expressed genes, we used the
hclust function from the flashClust package (Langfelder and Horvath 2012) for hierarchical
clustering of the genes and then created a hierarchical clustering dendrogram. We used the
cutreeDynamic function from the dynamicTreeCut package (Langfelder and Horvath 2008;
Langfelder et al. 2008) to extract the modules from the dendrogram. To summarize the gene
expression variation in each module, the first principal component of each module in the
expression matrix (the eigengene) was calculated using the moduleEigengenes function from the
WGCNA package (Langfelder and Horvath 2008). We used the function mergeCloseModules in

the WGCNA package to merge eigengenes that were highly correlated. We included eigengenes



with a correlation greater than 0.9 for merging. Finally, we identified modules that were
significantly associated with the presence or absence of salinity by calculating correlation
coefficients between the eigengenes and the habitat type. P-values of the correlation coefficients
were calculated using the corPvalueStudent function from the WGCNA package, and we
retained modules with P-values less than 0.01 for functional enrichment analyses. Similar to our
differential gene expression analysis, we used GOrilla (Eden et al. 2009) for Gene Ontology
enrichment analysis of genes contained in modules exhibiting significant correlations with

habitat type.

Comparisons of L. perugiae with other species

We mined previously published datasets to identify gene expression patterns commonly
associated with salinity tolerance in disparate taxa, including South American silversides
(Odontesthes bonariensis and Odontesthes argentinensis) from Hughes et al. (2017), three-spine
sticklebacks (Gasterosteus aculeatus) from Gibbons et al. (2017), Amur ide (Leuciscus waleckii)
from Xu et al. (2013), and L. perugiae (this study; Table 1-1). Each of these experiments
generated paired-end RNA-seq raw reads from gill tissue in two ecotypes (one freshwater and
the other saltwater) of the same lineage.

Raw RNA-seq reads from each transcriptomics project were downloaded in FASTQ
format, and reference genomes or transcriptomes for each species were downloaded in FASTA
format from Genbank (see Table 1-1 for accession numbers). Reads were trimmed and mapped
to their respective reference genomes (Cyprinus carpio: GCF_000951615.1, Xu et al. 2014;
Poecilia mexicana: GCF_001443325.1, Warren et al. 2018; Gasterosteus aculeatus: Broad S1 v.

93, Jones et al. 2012) or reference transcriptome (Menidia menidia: GEVY00000000.1,
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Therkildsen and Palumbi 2017) following the same methods described above for L. perugiae.
We then quantified the number of reads mapped to each gene in the annotation file for each
reference genome and created a read counts matrix for each species, which were used for
subsequent expression analyses. Expression analyses were performed in R version 4.1.2. The
10,000 genes with the highest standard deviation between freshwater and saltwater samples were
abstracted from each read counts matrix, and overall expression patterns were visualized with
multi-dimensional scaling (MDS) plots.

To make comparisons across species, we used OrthoFinder v2.2.6 to identify orthologous
genes among the reference genomes (Emms and Kelly 2015, 2019), and 18,419 orthogroups
were identified. To calculate counts per orthogroup, we used the gene counts matrix of each
species to sum up the counts across all loci contained in an orthogroup. Based on this orthogroup
counts matrix, we retained only the orthogroups that were expressed in all individuals (cpm > 0
per individual), resulting in 12,743 retained orthogroups.

To evaluate expression differences for each orthogroup, we made pairwise comparisons
between ecotypes following the same methods described above for the L. perugiae comparisons.
Briefly, we normalized reads, created and compared generalized linear models of the normalized
read counts, generated a design matrix, estimated tagwise dispersion, and conducted GLM
likelihood-ratio tests to test whether differences in expression were statistically different between
the freshwater and saltwater population for each orthgroup. To identify orthogroups exhibiting
convergent expression patterns across lineages, we intersected the significantly upregulated and
downregulated orthogroups from all lineage-specific comparisons, identifying orthogroups that
were differentially expressed in the same direction in pairwise, three-, and four-way comparisons

among the lineages. After identifying the set of orthogroups with differential expression across
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three or more lineages, we used a GO enrichment analysis as described above to explore the

putative biological functions of these candidate gene sets.

Results
Comparative analysis of freshwater and hypersaline L. perugiae
We used RNA-seq to characterize the transcriptomes of L. perugiae from a freshwater (n=6) and
a hypersaline populations (Table 1-1). 73,590,325 total raw reads were obtained across all
individuals: 34,998,157 from freshwater L. perugiae (n=6) and 38,592,168 from saltwater L.
perugiae (n=6) before trimming (Appendix Table A-1). After trimming, 95.5% of reads from the
freshwater individuals mapped to the Poecilia mexicana reference genome, and 95.2% mapped
for the saltwater individuals (Appendix Table A-1).

We identified 4,895 differentially expressed genes between saltwater and freshwater
ecotypes of L. perugiae, 2,437 of which were upregulated and 2,458 of which were
downregulated in the saltwater ecotype (Figure 1-1A). The genes upregulated in the saltwater
population were largely associated with ion transport, maintaining chemical homeostasis, and
cell signaling (FDR < 0.05) (Table 1-2). Processes relevant to chemical homeostasis included
several solute carrier genes, such as SLC9A3, SLC8B1, SLC12A8, and SLC30A9. Na'/K*-ATPase
and other ATPase genes, such as ATP1B1 and ATP6V1A, were also upregulated among the genes
involved in chemical homeostasis and signal transduction. Genes downregulated in the saltwater
population corresponded to GO process terms such as mitotic cell cycle process, protein folding,
chromosome segregation, rRNA processing, and mitochondrial translational elongation (FDR <

0.05; Table 1-2).
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WGCNA revealed five modules of co-expressed genes that were significantly correlated
with salinity (Figure 1-2). The turquoise module was positively correlated with salinity (P-value
< 0.01), and the black, red, royalblue, and blue modules were all negatively correlated with
salinity (Figure 1-2). Out of the 18,659 genes included in our analysis, the positively correlated
module (turquoise module) contained 4,056 genes. The negatively correlated modules contained
2,166 genes (black module), 837 genes (red module), 173 genes (royalblue module), and 3,300
genes (blue module). The correlation coefficients and their associated P-values between each
gene and the environmental condition (salinity), and between each gene and each module, are
included in Appendix Table A-2. Each gene’s module assignment can also be found in Appendix
Table A-2. From the functional enrichment analysis, we found that the turquoise, royalblue, and
blue modules were significantly enriched for biological processes, and these modules of co-
expressed genes largely corroborated the differential expression results. Like the biological
processes that were enriched among the up-regulated genes in the saltwater population, the
module that was positively correlated with salinity (turquoise) was functionally enriched for GO
terms involved in ion transport and cell signaling (Appendix Table A-3). There were, however,
GO terms associated with the turquoise module that were not identified from the differential
expression analysis, including regulation of autophagy and lipid transport (Appendix Table A-3).
The modules that were negatively correlated with salinity also reflected biological processes that
were associated with down-regulated genes in the saltwater L. perugiae, including regulation of
the cell cycle and protein folding (Appendix Table A-4 and Appendix Table A-5). The royalblue
module only had one significantly enriched GO term, chemokine-mediated signaling pathway,
which was a GO term also associated with down-regulation of genes in the saltwater

environment (Appendix Table A-4). In contrast, the blue module contained several significant
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GO terms, including mitotic cell cycle process, protein folding, rRNA metabolic process, and
chromosome organization (Appendix Table A-5). There were many GO terms associated with
the blue module that were not represented in the differential expression analysis, including
sarcomere organization, macromolecule biosynthetic process, regulation of cellular response to
heat, and nucleic acid metabolic process (Appendix Table A-5). Several of the GO terms unique
to the blue module were related to cellular metabolism and biosynthesis pathways (Appendix

Table A-5).

Comparisons of Limia with phylogenetically disparate teleosts

We compared transcriptomic differences between L. perugiae populations to previously
published transcriptome data from teleosts with populations from freshwater and saline habitats
(Table 1-1). Mapping statistics for all four population pairs can be found in Table A-1. As
expected, MDS plots indicated that orthogroup expression variation was primarily driven by
differences among taxonomic groups, with much smaller differences between ecotypes within
species (Figure 1-3A). We then compared orthogroup expression profiles of all the freshwater
and saltwater lineages based on mean expression values and found that the variation in
orthogroup expression largely reflects phylogenetic divergence among lineages (Figure 1-3B).
Closely related lineages exhibited more similar expression profiles, irrespective of environmental
conditions (saltwater vs. freshwater; Figure 1-3B). Across all groups, 122 differentially
expressed orthogroups were shared across at least three lineages, but only 10 shared orthogroups
were differentially expressed across all freshwater and saltwater population pairs (Figure 1-3C).
Of those 10 orthogroups, 9 had annotations in the SWISS-PROT database (Table 1-3; Figure 1-

4), including a Na*/H"-exchanger (SLC9A3) involved in osmoregulation. The directionality of
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differential expression varied among lineages, and none of the 10 shared differentially expressed
orthogroups were up-regulated or down-regulated among all four population pairs (Figure 1-4).
To investigate the biological processes reflected in shared differentially expressed
orthogroups, we analyzed the differentially expressed orthogroups that were shared among three
or more lineages (Figure 1-3C). GO analysis indicated enrichment in biological processes
associated mostly with transmembrane transport (particularly ion transport) and some associated
with immune function, which were all significant based on P-value (P-value < 0.001) but not
after FDR correction (Table 1-4). Some of the GO processes specific to transmembrane transport
included anion transport, inorganic cation import across plasma membrane, potassium ion
import, urea transmembrane transport, and pyruvate transmembrane transport. The shared
differentially expressed immune genes were reflective of negative regulation of T-helper cell
differentiation, negative regulation of leukocyte differentiation, negative regulation of CD4-
positive, alpha-beta T cell differentiation, and regulation of adaptive immune response based on

somatic recombination of immune receptors built from immunoglobulin superfamily.

Discussion
To better understand mechanisms of salinity tolerance in the livebearing fish Limia perugiae, we
compared patterns of gene expression between a freshwater and a hypersaline population. GO
enrichment analysis of differentially expressed genes revealed that the genes upregulated in the
saltwater population are largely related to ion transport and maintaining chemical homeostasis,
while downregulated genes were associated with processes involved in the cell cycle regulation
and protein folding. These results provide insight into how L. perugiae has colonized a novel

environment and maintains homeostasis under extreme salinity stress. Comparisons of our Limia
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results with pre-existing gene expression data collected from freshwater and saltwater ecotypes
of South American silversides (Odontesthes spp.: Hughes et al. 2017), three-spine stickleback
(Gasterosteus aculeatus: Gibbons et al. 2017), and Amur ide (Leuciscus waleckii: Xu et al. 2013)
indicated that there were few shared differentially expressed genes among all four ecotype pairs.
Variation in gene expression was largely shaped by phylogeny rather than environment, and the
shared differentially expressed genes among all four pairs showed strong variation in the
direction and magnitude of differential expression across lineages. Shared differentially
expressed genes were primarily associated with ion transport and immune function. Overall,
these results suggest that disparate lineages utilize different mechanisms for overcoming salinity
challenges—at least at the level of gene expression. We found that various patterns of gene
expression can emerge from crossing saltwater-freshwater boundaries, providing evidence of
diverse responses of teleost lineages to a similar environmental challenge. A major question
remaining is to what degree variation in gene expression in L. perugiae and the other lineages
here shaped by phenotypic plasticity and by genetic differences in gene regulation. A previous
study in stickleback found evidence for heritable gene expression differences between freshwater
and saltwater ecotypes, evidence for shared plastic responses between ecotypes, but only little
evidence for ecotype-specific plasticity (Gibbons et al. 2017). Similar studies that combine field

studies with laboratory experimentation are highly warranted for other study systems.

Responses to variation in salinity in a freshwater and hypersaline population of L. perugiae
Regulation of transmembrane transport and gill epithelial permeability
Overcoming the physiological challenges associated with transitioning between saltwater and

freshwater environments requires modification of ion transport across the gill epithelia (Foskett
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et al. 1983). In our analysis of differentially expressed genes between a freshwater and
hypersaline population of L. perugiae, we found evidence for differential regulation of ion
transport. Among the genes that were upregulated in the hypersaline population, GO enrichment
analysis revealed that several terms were associated with anion transport, sodium ion transport,
metal ion transport, and maintaining chemical homeostasis. Genes corresponding to solute
carrier families (e.g., SLC9A3, SLC8B1, SLC12A8, SLC30A9, SLC7A1) and ATPases (e.g.,
ATP1B1, ATP6V1A, ATP13A3) were among the upregulated genes that are important in
maintaining ion and chemical homeostasis (Li et al. 2020). Increasing the rate of inorganic ion,
amino acid, and nucleotide transport via upregulation of solute carriers allows aquatic organisms
to maintain osmotic balance in saline environments, potentially facilitating acclimation or
adaptation to hypersalinity (Li et al. 2020). Specifically, ATPases—such as Na'/K*-ATPase—
have been well-studied for their role in salinity tolerance during both acclimation and adaptation
(Deane and Woo 2004; Gonzalez et al. 2005; Langdon and Thorpe 1984; Laverty and Skadhauge
2012; Scott et al. 2004; Tipsmark et al. 2002; Weaver, Tello, et al. 2016). Consistent with our
study, previous Western blot analyses of freshwater and hypersaline L. perugiae populations
have revealed an increase in Na*/K*-ATPase expression in hypersaline L. perugiae when
compared to their freshwater conspecifics, which is essential for excreting Na* and CI out of the
body to maintain homeostasis (Weaver, Tello, et al. 2016).

At very high salinity levels, it is especially difficult to pump Na* against the chemical
gradient and out of the gill (Gonzalez 2012). In a hypersaline environment, it therefore may be
beneficial to maintain a lower epithelial salt permeability to avoid a back-flux of salts across the
tight junctions of the gill epithelia (Gonzalez 2012; Lam et al. 2014). We found up-regulation of

genes involved in cell-cell junction organization, including claudins involved in the formation of
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tight junctions (CLDN3, CLDN4, CLDN5, CLDN8, and CLDN10). Expression of gill claudin
genes has been associated with salinity acclimation in fish (Lam et al. 2014; Tipsmark et al.
2002), and up-regulation of claudin-8 (CLDNS8) has been shown to reduce the paracellular barrier
permeability to Na* (Amasheh et al. 2009), suggesting a role for regulation of gill epithelial
permeability via tight junctions during osmoregulatory challenges. Our findings support the
hypothesis that modifications to transmembrane transport and gill epithelial permeability jointly

contribute to the salt exclusion necessary for survival in a hypersaline environment.

Cell cycle regulation

Populations living in hypersaline environments must cope with the adverse effects of high
salinity levels, often resulting in strategies for damage repair and energy reallocation (Laverty
and Skadhauge 2012; Weaver, Tello, et al. 2016). Functional analysis of the downregulated
genes in the hypersaline population of L. perugiae showed signatures of downregulation of cell
cycle and protein folding processes. Downregulation of genes involved in the cell cycle is
expected to occur under high salinity stress to stop the replication of damaged cells and allow
time for DNA repair (Evans and Kultz 2020; Kaufmann and Paules 1996). Similarly, locally
adapted killifish living in freshwater and brackish environments exhibit evidence for divergence
in the expression of genes underlying control of the cell cycle, supporting a central role in cell
cycle regulation in adaptation to salinity stress (Brennan et al. 2015; Evans and Kiiltz 2020).
However, our findings may also suggest a general re-allocation of energy resources (Evans and
Kultz 2020). In hypersaline L. perugiae, the downregulation of genes involved in the cell cycle
and protein folding could be reflective of an energetic trade-off between increased demand for

processes involved in osmoregulation and the energetic cost of growth under stressful conditions
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(Weaver, Tello, et al. 2016). In support of such energetic trade-offs, hypersaline L. perugiae have
morphological differences from their freshwater counterparts, including a significantly smaller
body size and reduced secondary sex features in males (Weaver, Tello, et al. 2016; Haney and

Walsh 2003).

Regulation of cell signaling

To respond to osmoregulatory challenges, fishes must perceive their environmental salinity and
maintain intracellular signals that modulate ion transport and other processes (Evans 2002; Kiiltz
2012). We found differentially expressed genes associated with a variety of cell signaling
processes. Several upregulated genes in the hypersaline population were enriched in GO terms
associated with cell signaling, including signal transduction, regulation of signaling, G-protein-
coupled receptor signaling pathway, and second-messenger-mediated signaling. G-protein-
coupled receptor signaling is among the pathways involved in allowing aquatic organisms to
sense their environmental salinity (Papakostas et al. 2012; Sun et al. 2020). Some of these
signaling pathway components may also play a role in regulating ion transport, such as mitogen-
activated protein kinases (MAPKS) and other serine/threonine protein kinases (Evans 2010;
Herzig and Neumann 2000; Kozak et al. 2014; Kiltz and Avila 2001), which were among the
upregulated genes. MAPK signaling pathways are also implicated in regulation of the cell cycle,
some of which trigger cellular growth arrest and DNA damage repair in response to osmotic
stress (Kiltz and Avila 2001; Kiltz and Burg 1998). The upregulation of signaling pathways,
especially MAPK genes, may consequently play a role in the downregulation of cell-cycle genes

that we found in the hypersaline L. perugiae population.
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Comparisons among disparate lineages

Lineage-specific responses to variation in salinity

Convergence in gene expression among independently evolved populations can occur in
response to shared environmental stressors (Fisher and Oleksiak 2007; Greenway et al. 2020).
Among fishes, cases of convergence in gene expression have been identified in response to
selective pressures such as pollution (Fisher and Oleksiak 2007), hydrogen sulfide (Greenway et
al. 2020), and the absence of light in caves (Stahl and Gross 2017). In contrast, our comparative
transcriptomics analysis indicated there is little evidence for convergence in gene expression
patterns among fish lineages in response to variation in salinity. Even among the shared
differentially expressed genes, there is considerable variation in the magnitude and direction of
expression differences between ecotypes across lineages. This finding mirrors genomic analyses
that looked for convergent signatures associated with adaptation to salinity variation, which
found osmoregulation genes to be common targets of selection but also variation in the exact
genes that were involved across different lineages (Velotta et al. 2022).

There are several non-mutually exclusive hypotheses for why we might not expect
convergence in gene expression in response to variation in salinity (Kaeuffer et al. 2012). First,
changes in both protein-coding DNA sequences and gene expression may occur during
adaptation to a novel environment, or they may occur independently (Brown et al. 2019; Jones et
al. 2012; Rosenblum et al. 2004). Under certain conditions, selection may favor changes in
protein structure and function via modifications at the sequence level, regardless of whether or
not gene expression is affected (Brown et al. 2019). Alternatively, changes in gene expression
may be favored without selection acting at the sequence level (Brown et al. 2019). Variation in

how selection acts on gene expression could contribute to the lack of convergence among the
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lineages in our study, and there also may be stronger signals of convergence at levels other than
gene expression.

Secondly, differences in genetic architecture among lineages may cause different
responses to selection, leading to diverse evolutionary outcomes (Kaeuffer et al. 2012).
Convergence is therefore less likely to occur with increasing genetic divergence between
lineages (Conte et al. 2012), so it is not necessarily surprising that we did not find convergence
among distantly related fishes. Even if the genetic architectures are similar among lineages,
idiosyncratic responses to selection can also arise as a consequence of functional redundancy
(Laruson et al. 2020). Specifically, modification of different genes and pathways may have
equivalent functional and fitness consequences (Kozak et al. 2014; Velotta et al. 2022).
Functional redundancy is particularly common in complex traits like salinity tolerance that
involve many genes and physiological pathways (Laruson et al. 2020). While salinity tolerance is
a shared outcome among the lineages in our analysis, the molecular mechanisms underlying
osmoregulation may be unique to each lineage.

Third, the directionality of habitat transition may impact gene expression responses,
especially if there are genetic adaptations to the habitat of origin. For example, a high-activity
version of an ion transporter may be downregulated during transitions to freshwater, while a low-
activity version of the same enzyme may be upregulated in the opposite direction. Among the
four lineages we included in our study, two of them transitioned from saltwater to freshwater
environments (Gasterosteus and Odontesthes), and two transitioned from freshwater to saltwater
environments (Limia and Leuciscus). If the direction of transition elicits similar responses, then
we would expect populations that transitioned in the same direction to share more differentially

expressed genes than those that did not transition in the same direction. However, we did not find
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this to be the case, as the pairs transitioning in the same direction share fewer differentially
expressed genes than those that made opposite transitions (Figure 1-3C).

Finally, covariation with other sources of selection—both abiotic and biotic—may cause
idiosyncratic gene expression patterns across lineages. Beyond the challenges directly imposed
by variation in salinity, such habitat transitions are often accompanied by other environmental
challenges, such as variation in temperature, exposure to novel parasites, and restructuring of
host-associated microbial communities (Hughes et al. 2017; Lee and Bell 1999; Lokesh and
Kiron 2016; Schmidt et al. 2015). For example, hypersaline Amur ide must cope with high
alkalinity stress in addition to salinity, and hypersaline L. perugiae have a warmer environment
than freshwater L. perugiae (Weaver, Tello, et al. 2016; Xu et al. 2013). Additionally, there are
differences in the gill microbial communities of saline and freshwater populations of South
American silversides (Hughes et al. 2017). Such correlated environmental factors can contribute

variation in gene expression responses to salinity transitions we observed.

Shared responses involving ion transport and immune function

Although there is little evidence for convergence among all four lineage pairs included in our
analysis, there was some functional overlap in the differentially expressed genes shared among
three or more lineages. Most of the shared differentially expressed genes were associated with
ion transport, as well as some immune system processes. As previously discussed, regulation of
ion transport is expected to be crucial when crossing a saltwater-freshwater boundary (Foskett et
al. 1983) and osmoregulation genes also exhibit evidence of convergent evolution during salinity
transitions (Velotta et al. 2022). Variation in expression of immune genes, particularly those

related to inflammation and adaptive immunity, has also been documented in fish during salinity
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acclimation (El-Leithy et al. 2019; Jeffries et al. 2019). Under a variety of selection pressures,
locally adapted populations also frequently show divergence in immune genes due to other
factors such as life history differences, different parasite exposure, and shifts in the microbiome
(Eizaguirre et al. 2012; Hughes et al. 2017; Jeffries et al. 2019; Zhang et al. 2015; Miller et al.
2001). Immune loci are consequently evolutionary hotspots in diversification (Holmes 2004;
Hughes 2002; Sommer 2005). It needs to be tested whether changes in the expression of
immune-related genes are directly linked to variation in salinity or whether these genes generally
respond to changes in correlated biotic sources of selection.

Overall, our analysis of gene expression patterns between locally adapted freshwater and
hypersaline populations of L. perugiae revealed upregulation of genes involved in ion regulation,
maintaining chemical homeostasis, and cell signaling in the hypersaline population, as well as
downregulation of genes involved in the cell cycle and protein folding. These results provide
insight into how this livebearing fish maintains homeostasis in a hypersaline environment.
Several other lineages of teleosts have similarly made transitions between freshwater and saline
environments, providing an opportunity to test the predictability of responses to variation in
salinity. We therefore investigated whether disparate lineages show evidence of convergence in
gene expression in response to saltwater-freshwater transitions. Our comparisons between four
population pairs of freshwater and saline ecotypes in disparate teleost lineages showed little
evidence for convergence, as there were only ten differentially expressed genes that were shared
among them all. Despite this, we found that the differentially expressed genes shared in three or
more of the lineages reflected biological processes related to ion transport and immune

functioning.
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Tables

Table 1-1. Species included in the analysis, including environment (freshwater [FW] or saltwater

[SW]), collection location, sample size (N), NCBI Sequence Read Archive (SRA) accession
numbers, and study reference.

Species Environment | Collection SRA Accessions | Study Reference
Location
Limia perugiae FW Los Cocos Pending This study
(17.905°N,
71.286°W),
Dominican
Republic
Limia perugiae SW Laguna Oviedo Pending This study
(17.801°N,
71.363°W),
Dominican
Republic
Gasterosteus FW Trout Lake SRX2544970, (Gibbons et al. 2017)
aculeatus (49°30029"N, SRX2544969,
123°52029"W), SRX2544968,
British Columbia, SRX2544967,
Canada SRX2544966
Gasterosteus SW Oyster Lagoon SRX2544985, (Gibbons et al. 2017)
aculeatus (49°36043.53"N, SRX2544984,
124°01052.12"W), SRX2544983,
British Columbia, SRX2544982,
Canada SRX2544981
Odontesthes FW Lake Chascomus SRX1681471, (Hughes et al. 2017)
bonariensis (35°34'S, SRX1681473,
58°01'W), SRX1681474
Argentina
Odontesthes SW Mar del Plata SRX1671790, (Hughes et al. 2017)
argentinensis (38°02'S, SRX1681012,
57°31'W), SRX1681017
Argentina
Leuciscus waleckii FW Ganggeng Nor SRX333071 (Xu et al. 2013)
Lake (43°17'48"N,
116°53'27"E),
Mongolia
Leuciscus waleckii SW Dali Nor Lake SRX1410650 (Xu et al. 2013)
(43°22'43"N,
116°39'24"E),
Mongolia
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Table 1-2. GO process terms with significant enrichment in genes upregulated and

downregulated in the hypersaline ecotype of Limia perugiae (FDR < 0.05). The table includes
the GO term ID, description, the degree of enrichment, the number of differentially expressed
genes associated with the GO term (N), as well as P and FDR-corrected g-values.

GO term | Description | Enrichment| N | P-value | FDR g-value
Upregulated
G0:0006820 anion transport 1.8 | 100 | 5.67E-10 8.04E-06
G0:0006811 ion transport 149 | 181 | 3.41E-09 2.42E-05
G0:0007165 signal transduction 122 | 540 | 4.67E-09 2.21E-05
G0:0051049 regulation of transport 136 | 242 | 4.50E-08 1.59E-04
G0:0034220 ion transmembrane transport 151 | 129 | 3.41E-07 9.67E-04
G0:0043269 regulation of ion transport 1.61 98 | 3.89E-07 9.19E-04
G0:0010959 regulation of metal ion transport 1.85 62 | 4.53E-07 9.18E-04
G0:0098656 anion transmembrane transport 1.89 57 | 5.26E-07 9.33E-04
G0:0032879 regulation of localization 124 | 360 | 1.19E-06 1.87E-03
G0:0015711 organic anion transport 1.71 73| 1.21E-06 1.71E-03
G0:0002028 regulation of sodium ion transport 2.72 23 | 1.62E-06 2.09E-03
G0:0023051 regulation of signaling 119 | 451 | 3.07E-06 3.62E-03
G0:0048878 chemical homeostasis 14| 153 | 3.61E-06 3.94E-03
G0:0010646 regulation of cell communication 119 | 444 | 7.08E-06 7.17E-03
G0:0003254 regulation of membrane depolarization 3.24 15| 7.84E-06 7.41E-03
G0:0051050 positive regulation of transport 141 | 132 | 1.38E-05 1.23E-02
G0:1902305 regulation of sodium ion transmembrane 2.85 17| 1.76E-05 1.46E-02
transport
G0:0050794 regulation of cellular process 1.07 | 1144 | 2.50E-05 1.97E-02
G0:0031344 regulation of cell projection organization 143 | 111 | 3.54E-05 2.64E-02
G0:0043270 positive regulation of ion transport 1.78 46 | 3.61E-05 2.56E-02
G0:0007186 G protein-coupled receptor signaling 1.47 97 | 3.72E-05 2.51E-02
pathway
G0:0010975 regulation of neuron projection 151 84 | 3.89E-05 2.51E-02
development
GO0:0045664 regulation of neuron differentiation 144 | 105 | 4.04E-05 2.49E-02
G0:0042908 xenobiotic transport 3.3 12 | 5.15E-05 3.04E-02
G0:0019932 second-messenger-mediated signaling 1.69 53 | 5.17E-05 2.93E-02
G0:0042592 homeostatic process 129 | 197 | 5.18E-05 2.83E-02
G0:0120035 regulation of plasma membrane bounded 142 | 109 | 5.79E-05 3.04E-02
cell projection organization
G0:0006814 sodium ion transport 2.04 29 | 7.33E-05 3.71E-02
G0:0032501 multicellular organismal process 119 | 360 | 7.62E-05 3.72E-02
G0:0045216 cell-cell junction organization 1.94 33 | 7.65E-05 3.62E-02
G0:0050767 regulation of neurogenesis 138 | 122 | 7.78E-05 3.56E-02
G0:0055085 transmembrane transport 1.3 | 165| 9.84E-05 4.36E-02
G0:0030001 metal ion transport 1.47 85| 1.05E-04 4.52E-02
G0:0031345 negative regulation of cell projection 1.83 37| 1.07E-04 4.46E-02
organization
G0:0065008 regulation of biological quality 1.15| 453 | 1.21E-04 4.91E-02
G0:0015849 organic acid transport 1.69 47 | 1.25E-04 4.91E-02
G0:0046942 carboxylic acid transport 1.69 47 | 1.25E-04 4.77E-02
G0:0065007 biological regulation 1.06 | 1274 | 1.27E-04 4.75E-02
Downregulated
G0:1903047 mitotic cell cycle process 166 | 149 | 252E-11 3.58E-07
G0:0006457 protein folding 2.14 64 | 3.03E-10 2.15E-06
G0:0022402 cell cycle process 146 | 191 | 6.63E-09 3.13E-05
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G0:0051301 cell division 1.71 98 | 1.40E-08 4.98E-05
G0:0006364 rRNA processing 191 65| 4.51E-08 1.28E-04
G0:0009987 cellular process 1.05 | 1687 | 6.13E-08 1.45E-04
G0:0016072 rRNA metabolic process 1.82 69 | 1.35E-07 2.73E-04
G0:0030198 extracellular matrix organization 1.75 76 | 2.13E-07 3.77E-04
G0:0007059 chromosome segregation 2.38 33 | 3.54E-07 5.57E-04
G0:0043062 extracellular structure organization 1.7 80 | 3.85E-07 5.46E-04
G0:0000070 mitotic sister chromatid segregation 3.61 15| 7.56E-07 9.74E-04
G0:0000819 sister chromatid segregation 341 16 | 1.01E-06 1.19E-03
G0:0007051 spindle organization 2.04 42 | 1.40E-06 1.53E-03
G0:0043933 protein-containing complex subunit 128 | 269 | 2.07E-06 2.10E-03
organization
G0:0098813 nuclear chromosome segregation 3.14 17 | 2.34E-06 2.21E-03
G0:0006415 translational termination 2.16 35| 2.50E-06 2.22E-03
G0:0043624 cellular protein complex disassembly 1.99 42 | 3.07E-06 2.56E-03
G0:0070125 mitochondrial translational elongation 2.18 33 | 3.71E-06 2.92E-03
G0:0070098 chemokine-mediated signaling pathway 3.17 16 | 4.01E-06 2.99E-03
G0:0018208 peptidyl-proline modification 2.65 21 | 6.13E-06 4.34E-03
G0:0007010 cytoskeleton organization 138 | 153 | 8.67E-06 5.85E-03
G0:0007088 regulation of mitotic nuclear division 1.89 42 | 1.29E-05 8.34E-03
G0:0044772 mitotic cell cycle phase transition 1.66 62 | 1.72E-05 1.06E-02
G0:0006336 DNA replication-independent 3.1 14 | 2.24E-05 1.32E-02
nucleosome assembly
G0:0034622 cellular protein-containing complex 136 | 150 | 2.47E-05 1.40E-02
assembly
G0:0051783 regulation of nuclear division 1.82 44 | 2.48E-05 1.35E-02
G0:0051383 kinetochore organization 4.16 9| 2.59E-05 1.36E-02
G0:0044770 cell cycle phase transition 1.63 63 | 2.67E-05 1.35E-02
G0:0000278 mitotic cell cycle 1.94 36 | 2.98E-05 1.46E-02
G0:0000413 protein peptidyl-prolyl isomerization 2.77 16 | 3.82E-05 1.80E-02
G0:0034724 DNA replication-independent 2.98 14 | 4.05E-05 1.85E-02
nucleosome organization
G0:0070126 mitochondrial translational termination 2.02 31| 4.10E-05 1.82E-02
G0:0051276 chromosome organization 1.53 75| 5.71E-05 2.45E-02
G0:0071840 cellular component organization or 1.11| 739 | 6.92E-05 2.88E-02
biogenesis
G0:0006414 translational elongation 1.85 37| 7.46E-05 3.02E-02
G0:0022610 biological adhesion 1.35| 134 | 8.31E-05 3.27E-02
G0:0007155 cell adhesion 1.35| 133 | 8.91E-05 3.41E-02
G0:0042493 response to drug 137 | 119 | 9.53E-05 3.56E-02
G0:0016074 snoRNA metabolic process 3.46 10 | 9.90E-05 3.60E-02
G0:0000281 mitotic cytokinesis 2.43 18| 1.11E-04 3.95E-02
G0:0000086 G2/M transition of mitotic cell cycle 1.83 36 | 1.15E-04 3.97E-02
G0:1902850 microtubule cytoskeleton organization 1.89 33| 1.15E-04 3.88E-02
involved in mitosis
G0:0045943 positive regulation of transcription by 3.21 11| 1.16E-04 3.84E-02
RNA polymerase |
G0:0006334 nucleosome assembly 2.24 21| 1.33E-04 4.30E-02
G0:0044839 cell cycle G2/M phase transition 1.81 36 | 1.42E-04 4.46E-02
G0:0072321 chaperone-mediated protein transport 4.31 7| 1.58E-04 4.86E-02
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Table 1-3. Shared differentially expressed genes among all four population pairs and their
associated proteins. Based on the SWISS-PROT database, nine of the ten genes have
experimental evidence for the existence of the protein associated with each gene. The tenth gene
did not have a name match in the database, so it is not included.

Protein name Gene name
Sodium/hydrogen exchanger 3 SLC9A3
Sulfide:quinone oxidoreductase, mitochondrial SQRDL
Cytochrome b reductase 1 CYBRD1
Zinc finger protein 800 ZNF800
Pulmonary surfactant-associated protein D SFTPD
Glucose-fructose oxidoreductase domain-containing protein 1 GFOD1
Carcinoembryonic antigen-related cell adhesion molecule 1 CEACAM1
1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta- | PLCD1

1

Cirhin CIRH1A
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Table 1-4. GO process terms with significant enrichment in orthogenes with significant
differential expression in at least three lineages (FDR < 0.05). The table include the GO term ID,
description, the degree of enrichment, the number of differentially expressed genes associated

with the GO term (N), as well as P and FDR-corrected g-values.

GO term Description Enrichment N P-value FDR g-value
G0:0006820 | anion transport 3.63 14 2.81E-05 3.71E-01
G0:0098656 | anion transmembrane transport 4.99 10 2.90E-05 1.91E-01
G0:0099587 | inorganic ion import across plasma 10.07 5 1.17E-04 5.16E-01
membrane
G0:0098659 | inorganic cation import across plasma 10.07 5 1.17E-04 3.87E-01
membrane
GO0:0010107 | potassium ion import 14.21 4 1.44E-04 3.80E-01
G0:1990573 | potassium ion import across plasma 14.21 4 1.44E-04 3.17E-01
membrane
GO0:0055067 | monovalent inorganic cation homeostasis 6.04 7 1.46E-04 2.74E-01
GO0:0015711 | organic anion transport 3.73 11 1.66E-04 2.73E-01
GO0:0055075 | potassium ion homeostasis 22.65 3 2.33E-04 3.42E-01
GO0:0071918 | urea transmembrane transport 60.4 2 2.72E-04 3.58E-01
G0:0006848 | pyruvate transport 60.4 2 2.72E-04 3.26E-01
GO0:0015840 | urea transport 60.4 2 2.72E-04 2.99E-01
GO0:1901475 | pyruvate transmembrane transport 60.4 2 2.72E-04 2.76E-01
G0:0045623 | negative regulation of T-helper cell 20.13 3 3.46E-04 3.26E-01
differentiation
G0:0035728 | response to hepatocyte growth factor 20.13 3 3.46E-04 3.04E-01
G0:0015718 | monocarboxylic acid transport 6.25 6 3.66E-04 3.01E-01
G0:1902106 | negative regulation of leukocyte 7.74 4.21E-04 3.26E-01
differentiation
G0:0034220 | ion transmembrane transport 2.67 15 4.51E-04 3.30E-01
GO0:0072521 | purine-containing compound metabolic 3.53 10 5.14E-04 3.56E-01
process
GO0:0043371 | negative regulation of CD4-positive, 16.47 3 6.63E-04 4.37E-01
alpha-beta T cell differentiation
GO0:0031167 | rRNA methylation 16.47 3 6.63E-04 4.16E-01
G0:0009150 | purine ribonucleotide metabolic process 3.67 9 7.42E-04 4.45E-01
GO0:0000466 | maturation of 5.8S rRNA from 40.27 2 8.07E-04 4.62E-01
tricistronic rRNA transcript (SSU-rRNA,
5.8S rRNA, LSU-rRNA)
G0:0016338 | calcium-independent cell-cell adhesion 15.1 3 8.74E-04 4.80E-01
via plasma membrane cell-adhesion
molecules
G0:0002822 | regulation of adaptive immune response 5.25 6 9.34E-04 4.92E-01
based on somatic recombination of
immune receptors built from
immunoglobulin superfamily domains
G0:0098742 | cell-cell adhesion via plasma-membrane 4.45 7 9.53E-04 4.83E-01

adhesion molecules
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Figure 1-1. A. Volcano plot depicting differentially expressed genes between hypersaline and
freshwater Limia perugiae. Genes that were significantly differentially expressed between
hypersaline and freshwater populations (FDR < 0.05) are indicated by the blue and red points—
blue points represent genes downregulated in the hypersaline populations, while red points
represent upregulated genes. B. Multi-dimensional scaling (MDS) plot of hypersaline and

freshwater L. perugiae gene expression profiles. MDS axis 1 separated samples by freshwater vs.
hypersaline environments.
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Figure 1-2. Weighted gene co-expression network analysis. A. Average linkage clustering tree
based on topological overlap distances in gene expression patterns of L. perugiae from
freshwater and saltwater habitats. Branches of the dendrogram correspond to modules, as shown
in the color bars below. B. Correlation between module eigenvalues and habitat type (freshwater
vs. saltwater). Each row corresponds to a module of coexpressed genes, and values are Pearson
correlation coefficients (left column) and P-values (right column in parentheses). Color
coloration scales with the correlation coefficient according to the scale bar to the right.
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Figure 1-3. A. Multi-dimensional scaling plot (MDS) of the general expression patterns of all
the populations included in our analysis. B. Similarity of gene expression profiles of saltwater
(SW) and freshwater (FW) populations across different lineages. The majority of variation in
gene expression reflects phylogenetic divergence among lineages. C. Shared differentially
expressed genes across lineages. The large, central number in each section represents the total
number of shared differentially expressed genes among the lineages in that intersection. The top
number in each section represents the number of shared up-regulated genes, and the bottom
number is the number of shared down-regulated genes in that intersection. Only 10 genes were
consistently differentially expressed between all of the SW and FW populations.
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Chapter 2 - Natural history and trophic ecology of three populations

of the Mexican cavefish, Astyanax mexicanus

Elizabeth J. Wilson, Michael Tobler, Ridiger Riesch, Lizeth Martinez-Garcia, Francisco Javier

Garcia-De Leén

Abstract

The Mexican cavefish, Astyanax mexicanus (Characidae), has become an important model in
evolutionary physiology and developmental biology, providing insights into the evolution of
sensory systems, pigmentation, and metabolism. In contrast, comparatively little is known about
the natural history and trophic ecology of this elusive cave inhabitant. We investigated cavefish
from three independently colonized cave systems (Pachén, Tinaja, and Sabinos), which are
located in the Sierra de EI Abra of Northeastern Mexico. Samples were collected multiple times
throughout the year to investigate variation in body size, sex ratios, proportions of individuals
with empty guts, and diet composition. We found consistent differences in body size among
caves, and sex ratios were generally female biased, although to varying degrees. Gut content
analyses indicated that cavefish consume food throughout the year, and diets are dominated by
detritus, plant materials, and aquatic invertebrates. Especially in the Pachon cave, where we had
the densest sampling, there was evidence for seasonal changes in diet composition that coincided
with the rainy and dry seasons. Our findings potentially suggest that the cave environments in
this system are characterized by continual nutrient limitation, rather than intermittent periods of

starvation.
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Introduction

The Mexican cavefish, Astyanax mexicanus, is a well-established model organism for addressing
evolutionary questions that span a variety of biological fields, including genomics,
developmental biology, metabolic physiology, and behavior (Jeffery 2009; Frgland Steindal et al.
2018; Kowalko 2020). Several populations of A. mexicanus independently colonized caves from
adjacent surface streams, adapting to the unique challenges that cave environments impose on
life (Gross 2012; Pérez-Rodriguez et al. 2021). Caves are often characterized by complete
darkness, low food availability, and low temperature variability, driving the convergent evolution
of several traits among subterranean fauna (Porter and Crandall 2003; Kowalko et al. 2013;
Rétaux and Casane 2013). Comparisons between cave and surface populations of A. mexicanus,
as well as experiments involving surface-cave hybrids, have provided insight into the molecular
mechanisms underlying the evolution of cave-specific traits such as loss of pigmentation, eye
regression, and modification of other sensory systems (Gross 2012; Aspiras et al. 2015; Kowalko
2020). The evolution of many traits in A. mexicanus, particularly sensory system modifications
and metabolic adaptations, are driven by the extreme nutrient limitations brought about by

darkness and food scarcity (Moran et al. 2014; Riddle et al. 2018).
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To meet nutritional demands while living in darkness, cavefish have evolved ways to
discover and capture food non-visually and exhibit extraordinary starvation resistance. Feeding
experiments have shown that cave A. mexicanus outcompete surface fish for food in darkness
(Hippop 1987; Yoshizawa et al. 2010; Espinasa et al. 2014). Their success in locating prey in
darkness is attributed to vibration attraction behavior (VAB), which allows cavefish to move
toward a disturbance in the water (Yoshizawa et al. 2010). VAB is largely dependent on the
lateral line system, which can detect vibration frequencies at which copepods and other
invertebrates move (Yoshizawa et al. 2010). In addition to the sensory enhancements associated
with VAB, cavefish have more taste buds than surface fish, particularly on the ventral side of the
head, which aid in feeding along the bottom of the cave (Franz-Odendaal and Hall 2006). There
is evidence that cavefish have heightened olfaction as well, further contributing to their foraging
success in darkness (Kasumyan and Marusov 2015; Hinaux et al. 2016). Multiple cavefish
populations have independently evolved a lower feeding angle relative to their surface
conspecifics, and while it is yet unclear how this posture affects bottom feeding, convergence in
this trait suggests that it could be adaptive (Kowalko et al. 2013).

While it is important to maximize feeding efficiency in caves, cavefish also must tolerate
periods of starvation. This is due to the lack of photosynthetic primary producers in caves, as
well as inconsistent input of food items from external sources (Xiong et al. 2018).
Inconsistencies in food availability are likely a result of seasonality; caves in subtemperate areas
have relatively stable temperatures year-round, but the amount of rainfall varies between rainy
and dry season (Simon et al. 2017; Xiong et al. 2018). During the rainy season, flash flooding
can wash in organic matter from the surface, interrupting periods of limited food in the dry

season (Simon et al. 2017). Cavefish have been shown to have lower metabolic rates, a loss of
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circadian rhythm in metabolism, elevated appetites, and increased fat storage, allowing them to
withstand food shortage for extended periods of time (Hlppop 1987; Moran et al. 2014; Aspiras
et al. 2015). The greater body mass of A. mexicanus cavefish compared to their surface ancestors
has been linked to a mutation that causes insulin resistance, which hinders the body’s ability to
regulate glucose (Riddle et al. 2018). In humans, the same phenomenon causes health issues that
are associated with diabetes (Riddle et al. 2018). Cavefish, however, do not suffer from the same
pathological manifestations of disrupted glucose regulation (Riddle et al. 2018). Due to their
adaptive outcomes regarding insulin resistance and elevated body fat, cave-adapted A. mexicanus
have been studied for their relevance to human metabolic diseases as well (Riddle et al. 2018).

While A. mexicanus has been an exceptional model for studies in evolutionary
developmental biology and metabolic physiology, there is limited research regarding their
natural history, including trophic ecology. Espinasa et al. (2017) found that juvenile fish from the
Pachdn cave in Mexico are well-fed, and their diets are comprised mostly of invertebrates that
were consumed as live prey. In contrast, their analysis of five individuals indicated that adult
cavefish primarily feed on detritus during both the rainy and dry seasons (Espinasa et al. 2017).
An additional study investigating the diet of A. mexicanus from another cave, Micos, similarly
found that a mixture of a brown substance (guano or detritus), fish parts, and insect exoskeleton
parts comprises the majority of the adult cavefish diet (Wilkens and Burns 1972). Consequently,
A. mexicanus have generally been described generalists with opportunistic feeding habits at
maturity (Wilkens and Burns 1972; Trajano 2001; Espinasa et al. 2017). To our knowledge, there
has been no other research on temporal change in diet or comparison of gut item composition in
A. mexicanus between the rainy (June to November) and dry (December to May) seasons

(Espino del Castillo et al. 2009).
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The objective of this study was to broaden our knowledge of the natural history of cave-
adapted A. mexicanus, with a particular emphasis on diet composition and diet variation across
time and populations. Diet, as well as starvation, influences the well-studied metabolic
physiology of cavefish, yet there is limited research on what cavefish actually eat in nature. We
assessed body size and sex ratio variation across populations from three caves (Pachon, Sabinos,
and Tinaja), and examined the gut contents of populations from the Pachén and Sabinos caves at
several time points. Based on previous research, we expected fish from Pachdn to be smaller
than those from Tinaja (Simon et al. 2017), but we did not have any prior data to inform
predictions about how Sabinos cavefish sizes would compare to these populations. Subterranean
species have been shown to have female-biased sex ratios, presumably due to limited dispersal
and inbreeding causing reductions in genetic variation (Culver and Holsinger 1969; Frank 1990;
Premate et al. 2021), and A. mexicanus cavefish populations do have less genetic variation than
their surface conspecifics (Bradic et al. 2012). We therefore expected to find female-biased sex
ratios in all populations. Consistent with an opportunistic feeding style, we also predicted that the
cavefish would have a variety of food items in their diet, including detritus. Furthermore, we
predicted that all three populations would have a greater proportion of individuals with food in
their guts during the rainy season when flooding can wash in organic debris from the surface.
Understanding what cave A. mexicanus eat in the wild and how their diets change over time will
help inform research addressing many aspects of physiology that are heavily impacted by

nutrition.

Methods

Study area
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The Sierra de EI Abra is a limestone ridge in Northeastern Mexico that contains at least 30 caves
inhabited by A. mexicanus (Figure 2-1) (Mitchell et al. 1977; Espinasa et al. 2018). Throughout
the region, surface populations of A. mexicanus are also widespread (Miller et al. 2005). The
Pachdn cave is the northernmost of the three sampled caves, while the Sabinos cave is about 60
km south of Pachon and in close proximity to the Tinaja cave (Figure 2-1) (Avise and Selander
1972; Espinasa and Borowsky 2001). Pachon is also located at the highest elevation in the valley
(Avise and Selander 1972). All three caves are comprised of highly branching subterranean
tunnels as well as pools that open up into cave chambers (Avise and Selander 1972). The rainy
season in this region occurs from June to November, while the dry season is approximately

during December to May (Espino del Castillo et al. 2009).

Biometrics
To compare body size variation and sex ratios (quantified as the proportion of males in the
population) among the caves, we sampled A. mexicanus from the Pachon (N = 611), Sabinos (N
=197), Tinaja (N = 73) caves at several time points between February 2001 and March 2002
(Table 2-1). We sampled the first pools that were accessible upon entering the caves, and we
returned to the same pools for each subsequent sampling time. Fish were caught using a seine (2
meters long by 1.5 meters tall) and dip nets. Standard length was measured with calipers to the
nearest millimeter, and sex was determined based on the presence of denticles on the anterior
rays of the anal fin in males (Borowsky 2008). The fish were then released at the collection
location.

All statistical analyses were conducted in R version 4.0.3 (R Core Team 2020). To

analyze variation in standard length, we ran generalized linear mixed models (GLMM) with a
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Gaussian distribution using R’s Ime4 package (Bates et al. 2014). We excluded 89 juveniles from
Pachon, 15 from Sabinos, and 1 from Tinaja from analyses because their sex could not be
determined with confidence. We explored multiple GLMMs to better understand the effects of
different predictor variables: (1) a null model, including only the date of collection as a random
factor; (2) a model adding sex as a fixed factor; (3) a model adding cave of origin as a fixed
factor; (4) an additive model adding sex and cave of origin as fixed factors; and (5) an interaction
model adding sex and cave of origin as fixed factors. The small sample unbiased Akaike
information criterion (AlCc) approach was used for model selection (Johnson and Omland
2004), and models with AAIC¢ < 2 were considered to be equally well-supported (Burnham and
Anderson 2001). Similarly, binomial GLMMs were used to test for differences in sex ratios
across caves. The null model included the date of collection as a random factor, and it was

compared to a model adding cave of origin using AlCc.

Gut content analysis

Fish were sampled from the Pachon (N = 146), Sabinos (N = 58), and Tinaja (N = 13) caves for
gut content analysis (Table 2-1). These individuals were also collected across time points
between February 2001 and March 2002 (6 sampling times for Pachon, 3 for Sabinos, and 3 for
Tinaja; Table 2-1) using the same capturing methods as previously described. The fish that were
collected for gut content analysis were haphazardly selected. We aimed to collect at least 25 fish
per sampling time for gut content analysis, unless the population size was small, in which case
we aimed for at least 10 fish. During some sampling times, fewer than 10 individuals were
collected to avoid depleting the populations. The fish were immediately euthanized in the field,

preserved in ethanol, and transported back to the laboratory for dissection and measurements.
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The digestive tracts were dissected, and the contents were examined under a dissecting
microscope. The presence or absence of the following diet categories was recorded for each
individual: fish parts, invertebrates or invertebrate parts, algae, seeds, other plant material,
detritus, and inorganic materials. Note that the detritus category included all unidentifiable
organic matter, and the inorganic materials category included rock granules and sandy sediment.

Due to the small sample size of Tinaja cavefish for gut content analyses, individuals from
that cave were excluded from quantitative analyses. We first compared the frequency of empty
guts between caves using binomial generalized linear models (GLMs) as implemented in the
Ime4 package in R (Bates et al. 2014). We ran five alternative models that were contrasted using
AICc: (1) a null model, including only the intercept; (2) a model adding collection date as a fixed
factor; (3) a model adding cave of origin as a fixed factor; (4) an additive model adding
collection date and cave of origin as fixed factors; and (5) an interaction model adding collection
date and cave of origin as fixed factors. Additionally, we compared variation in diet composition
over time and across caves. We first removed individuals with empty guts from the dataset and
analyzed the remaining data using permutational multivariate analysis of variance
(PERMANOVA) with Jaccard distances and 999 permutations using the adonis2 function in the
R package vegan (McArdle and Anderson 2001; Oksanen et al. 2020). Sampling date, cave of
origin, and their interaction term were included as predictor variables. For data visualization, we
used non-metric multidimensional scaling via the metaMDS function in R’s vegan package

(Oksanen et al. 2020).

Results

Biometrics
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After excluding juveniles that could not be sexed, the standard lengths of fish used in the
analyses ranged from 1.9-6.2 cm in Pachdn (N = 522 adults), 1.9-6.4 cm in Sabinos (N = 182),
and 2.1-6.4 cm in Tinaja (N = 72). Analyzing variation in standard length using mixed-effects
models yielded two models that were equally supported (AAIC, < 2), including both the additive
and interactive models with all variables (Table 2-2A). Hence, variation in standard length was
affected by both sex and cave of origin. Visualizing the marginal effects of the interaction model
indicated that Tinaja cavefish were larger than both Pachdon and Sabinos cavefish (Figure 2-2).
This trend was consistent for both males and females. In addition, males were larger than
females in the Pachdn and Sabinos caves, while there was no difference in body size between the
sexes in the Tinaja cave (Figure 2-2).

There were significant differences in sex ratios between the caves and across sampling
times, as indicated by the mixed model analysis of the frequency of males and females (Table 2-
2B). For all the cave populations and across all sampling times between February 2001 and
March 2002, females outnumbered males (Table 2-1). The sex ratio in Pachén ranged from 0.01
(11/4/2001) to 0.38 (2/3/2001) (Table 2-1). In the Sabinos population, it ranged from 0.21
(11/2/2001) to 0.42 (6/23/2001) (Table 2-1). Lastly, the sex ratio in the Tinaja population ranged
from 0.27 (4/17/2001) to 0.58 (6/23/2001) (Table 2-1). The average sex ratios (with all sampling
times included) were 0.17 for Pachdn, 0.29 for Sabinos, and 0.39 for Tinaja, indicating that all

three populations have a female-biased sex ratio.

Gut content analysis

At any given sampling time, the percentage of individuals with empty guts ranged from 44.4% to

66.7% in the Pachon population and from 0.0% to 66.7% in the Sabinos population (Figure 2-
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3A). Although they were not included in the gut content analysis due to small sample sizes, the
percentage of Tinaja individuals with empty guts ranged from 25.0% to 66.7% (Table 2-1).
There was no evidence that the frequency of individuals with empty guts significantly varied
between caves or sampling periods (Table 2-2C). Among the guts that contained food items,
there were a variety of diet categories present overall. The Pachdn population had all diet item
categories (fish, invertebrates, algae, plant material, seeds, detritus, and inorganic materials)
represented, and the Sabinos population had all categories represented except for seeds. The
median number of diet categories present in fish from both caves was 2, with a range of 1-6 in
Pachon and 1-4 in Sabinos (Figure 2-3B). Tinaja cavefish had a median of 1 diet item category,
ranging from 1-4 categories (Appendix Table B-1).

Examining diet composition among caves and sampling periods using a PERMANOVA,
we found significant effects for cave (PERMANOVA: R?= 4.6%, P = 0.002) and time of
sampling (PERMANOVA: R?= 3.7%, P = 0.002), as well as for the interaction of the two factors
(PERMANOVA: R?= 2.1%, P = 0.046; Table 2-3). The ordination plot based on NMDS (Figure
2-4A\) indicated that the Pachdn population exhibited greater variation in diet item composition
across sampling times than the Sabinos population. While not all diet item compositions changed
significantly over shorter time scales (such as 1-3 months), there were significant gut content
changes between sampling times that were 4 or more months apart. There is some evidence that
sampling times toward the end of the dry season cluster together, as the points for February 2001
(P1), April 2001 (P2), and March 2002 (P6) group near each other. This grouping is driven
largely by the presence of seeds and organic detritus. The greatest sequential shifts in gut content
composition occurred across three time points, from 4/19/2001 (P2) to 6/24/2001 (P3) to

11/3/2001 (P4). These dates represent a period from the end of the dry season (April 2001) to the

42



early part of the rainy season (June 2001) and then finally to the end of the rainy season
(November 2001) (Figure 2-4B). Time point P3, the June 2001 sampling date, particularly stands
out in the middle of this shift, as it does not cluster with any other sampling time and is uniquely
characterized by the presence of plant material. Following the end of the rainy season in
November 2001 (P4), the next sampling point in February 2002 (P5, during the dry season)
groups closely with the November 2001 time point (Figure 2-4). The diets at these two sampling
times cluster together due to the presence of inorganic materials. As previously mentioned, the
final sampling time for Pachon (March 2002, point P6) is more similar to the 2001 sampling
times for February and April, so there is a considerable difference in gut content composition
over the course of a month between February 2002 (P5) and March 2002 (P6).

In the Sabinos population, there were no significant changes in diet from the rainy to dry
season. All 3 sampling times cluster together, and the separation of this grouping from the
Pachdn samples is largely driven by the abundance of invertebrates in the diet. All the time
points for Sabinos most closely reflect points P4 and P5 from Pachon, which are the gut content
samples collected in November 2001 and February 2002. November 2001 marks the transition
from the rainy season to the dry season, while February 2002 is within the dry season (Figure 2-
4B). Invertebrates and inorganic materials drive the clustering of these two Pachdn time points
with the Sabinos time points.

In the Tinaja population, gut contents were described for individuals collected at three
time points—2/4/2001 (n=6), 6/23/2001 (n=3), and 11/2/2001 (n=4) (Table 2-1). While the
majority of individuals had empty guts, the gut contents from cavefish sampled in February 2001
included inorganic materials and fish parts (Appendix Table B-1). In June and November of that

same year (during the rainy season), plant material was more frequently found in cavefish guts

43



(Appendix Table B-1). Invertebrates were only identified in cavefish guts during the November
sampling time, and one individual from November had seeds and detritus in addition to

invertebrates and plant material (Appendix Table B-1).

Discussion

The cavefish Astyanax mexicanus has been well-studied for its adaptations to a subterranean
lifestyle, but the natural history and diet of cavefish in the wild are less well known. Our
analyses found variation in standard length, sex ratios, and diet between cave populations of A.
mexicanus, as well as variation in sex ratios and diet through time. Across three cave
populations, Tinaja cavefish were larger than Pachon and Sabinos cavefish. Males were larger
than females in Pachon and Sabinos, while there was no difference in size between the sexes in
Tinaja. Additionally, all three cave populations had a female-biased sex ratio. Most importantly,
our gut content analyses indicated that the majority of cavefish consumed food in similar
proportion throughout the year. Pachén and Sabinos populations differed in their diet, which was
primarily driven by the frequency of detritus, invertebrates, seeds, other plant material, and
inorganic materials. Furthermore, in Pachon, for which we had the most rigorous sampling, there

was also evidence for dietary shifts occurring across the rainy and dry seasons.

Sex ratios, body size, and energetics in subterranean environments

Animals living in subterranean environments experience space limitations and isolation from the
surface, often driving changes in population structure (Premate et al. 2021). Reductions in
heterozygosity and female-biased sex ratios have been described for many subterranean species

and are attributed to inbreeding due to constraints in physical space (Konec et al. 2015;
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Behrmann-Godel et al. 2017; Premate et al. 2021). Astyanax mexicanus cavefish populations also
have reduced genetic variation when compared to their surface ancestors (Bradic et al. 2012),
and we found female-biased sex ratios in all three cave populations sampled. As has been
suggested for other subterranean species, increased mate competition in a confined space and
more frequent mating between siblings, further reinforced by kin selection, can result in female-
biased sex ratios because competition between brothers favors a decline in investment in males
(Frank 1990; Premate et al. 2021). It is possible that these interacting forces are similarly
contributing to the female-biased sex ratios in the Pachdn, Sabinos, and Tinaja caves.
Differential sex determination between males and females can also drive variation in sex ratios.
Interestingly, Pachdn cavefish carry B chromosomes that are predominantly found in males and
contain two copies of a sex determination gene that is only expressed in male gonads (Imarazene
et al. 2021). When this gene was knocked out in a study by Imarazene and colleagues (2021),
males were sex-reversed, indicating a role for the gene in driving sex determination in Pachon
cavefish. Populations that are biased toward one sex have been shown to carry B chromosomes
that are predominant in the more abundant sex, supporting a role for B chromosomes in sex
determination (Beladjal et al. 2002; Yoshida et al. 2011; Clark and Kocher 2019). Accordingly,
although we might expect male-biased sex ratios from these patterns, skewed sex ratios can
emerge from a variety of environmental, genetic, and demographic factors, and variation in sex
determination is one of many potential contributors to sex ratio bias (Beladjal et al. 2002;
Yoshida et al. 2011; Cornelio et al. 2017; Clark and Kocher 2019). Furthermore, in a study of
200 Pachon cavefish that were born in captivity from laboratory stocks, the sex ratio was found
to be 1:1, suggesting that mechanisms of sex determination alone are not the only factors

responsible for sex ratio bias, but there are likely environmental effects influencing sex ratios in
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wild population (Imarazene et al. 2020). Finally, if female-biased sex ratios are a result of
selection against males for any number of reasons, then the presence of a male sex determination
gene may be selectively maintained in the population (Natri et al. 2019). Regardless of the
selective pressures associated with cave environments, female-biased sex ratios are common in
other fish species due to greater survival or longevity of females (Reichard et al. 2014; Fryxell et
al. 2015). Further investigations into the genetic, demographic, and environmental interactions in
wild cavefish populations, as well as comparisons between cavefish and surface fish life histories
and their sex-specific differences, will provide insight into the mechanisms underlying female-
biased sex ratios in A. mexicanus cavefish.

In addition to limitations on population size and genetic diversity, subterranean
environments with their lack of sunlight and nutrients impose significant energetic constraints on
the organisms that inhabit them. Cave-adapted animals cope with these challenges by conserving
energy in various ways, such as optimizing body stores and lowering metabolic rate relative to
ancestral surface populations (Huppop 1986; Hervant and Renault 2002; Hervant 2012; Xiong et
al. 2018). Additionally, body size reduction in cave animals can help lower energetic demands
and may occur independently or in conjunction with a decrease in metabolic rate, potentially
changing the allometric relationship between body size and metabolic rate (Passow et al. 2015).
Like many subterranean fauna, cavefish species are generally smaller than their surface relatives,
but differences in nutrient availability between cave populations may drive variation in strategies
for conserving energy, including body size modifications (Huppop 1985; Trajano 2001; Simon et
al. 2017). We did find differences in standard length between the Pachon, Sabinos, and Tinaja
cave populations, and Tinaja cavefish were larger than Pachdn and Sabinos individuals. In

support of this finding, there is evidence for a genetic limitation on size for some cave
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populations, as Pachon cavefish have been shown to reach smaller sizes than Tinaja cavefish and
another population, Subterraneo, in the wild and when reared under identical treatments in the
laboratory (Simon et al. 2017). If cave-specific body size variability is dependent on food
limitation, it is possible that the Pachon and Sabinos caves are more nutrient-poor than Tinaja
and that this drives a more substantial body size reduction in these cave populations. This
matches the observation that Tinaja’s mud is richer in carbon content than Pachon’s (Simon et al.
2017). Alternatively, Tinaja cavefish might indeed face similar nutritional challenges as Pachédn
and Sabinos cavefish but utilize other strategies for conserving energy or optimizing nutrient
uptake and consequently do not rely as much on body size reduction. For example, Pachén
cavefish accumulate fat stores earlier in development than Tinaja cavefish, providing them
starvation resistance sooner in life, but Tinaja cavefish exhibit hyperphagia when food is
available, unlike those from Pachon (Aspiras et al. 2015; Xiong et al. 2018). Accordingly, any
combination of physiological or behavioral traits could provide a means of resisting starvation
and maintaining energy homeostasis. To understand how body size reduction interacts with other
energy conservation strategies in response to nutrient variation across cave environments, it is

crucial to better understand the trophic ecology of cavefish in their natural habitats.

Nutrient limitation and starvation

Because consistent or periodic starvation forces cave-dwelling animals to reduce their energy
expenditure, understanding to what extent individual populations experience starvation can
provide insight into the drivers of behavioral, morphological, and physiological traits of
subterranean fauna. Caves are expected to limit food access and cause periods of starvation in

cave-adapted A. mexicanus. We predicted that during the rainy season, more cavefish would
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have food in their guts due to flooding washing in debris. However, we found that Pachén and
Sabinos cavefish seem to eat throughout the year, without significant seasonal variation in the
frquency of empty guts. There were consistently large portions of the population that had empty
guts (44%-67% of the population for both Pachon and Sabinos at all sampling times, with the
exception of one collection of 3 Sabinos cavefish that all had full guts) (Figure 2-3A). This
indicates that the caves might not experience substantial changes in food availability between the
rainy and dry seasons or that shifts in food accessibility are short-lived. For example, the way
that water from the surface moves into the caves could play a role in how effectively nutrients
reach the cave pools. There is evidence that water influx from flash flooding in Pachon comes
more from sump inflow than stream inflow because the Pachdn cave is at a higher elevation than
the nearby Rio Mante, potentially reducing the quantity and frequency of debris entering the
cave (Keene et al. 2015; Espinasa et al. 2017; Simon et al. 2017). This would diminish seasonal
impacts on the percentage of individuals with empty guts, which was corroborated by our
findings in both caves. Flooding in Sabinos, however, may be more likely to push debris in, as it
does not have that elevational effect and fragments of organic material have been documented in
the cave (Keene et al. 2015). Although we found no evidence that there is enough influx of
organic debris to impact the gut contents of cavefish during the rainy season, seasonal trends for
Sabinos could potentially emerge with more extensive temporal sampling. In all the populations,
sampling at additional time points in the rainy season (particularly in August-October) could
reveal greater influxes of food, even if a significant proportion of the populations do have food in
their guts during the drier parts of the year.

Alternatively, there could be bursts of nutrient availability after heavy rains in the caves,

but the effects of these flash floods might be brief, and thus not detected at our sampling times. If
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cavefish do experience consistent low food availability, then that may explain why cave-adapted
A. mexicanus are smaller than surface A. mexicanus. Intermittent starvation is predicted to select
for larger individuals because of the greater energy stores associated with larger size, and the
periods of food abundance would provide opportunities for larger individuals to gain the energy
required to maintain homeostasis (Culver et al. 1995). If food availability is instead consistently
low throughout the year, the benefit of using less energy to power a smaller body may outweigh
the cost of having reduced energy stores, particularly if buffered by other adaptations for energy
storage (such as increased fat accumulation in cave-adapted A. mexicanus).

Finally, it is also important to consider that reduced rates of energy acquisition may not
only be driven by low resource availability, but by the cost-to-benefit ratio of foraging. In cave
populations of Poecilia mexicana, 35% of guts are consistently empty, even though these fish
occur in a chemoautotrophic cave with high resource availability (Tobler 2008; Roach et al.
2011). In these populations, the high frequency of empty guts arises from intrinsic limitations
associated with a trade-off between benthic foraging and surface breathing in hypoxic water
(Tobler et al. 2009). Other intrinsic limitations may be associated with the cost of food finding
and processing, digestion, and nutrient assimilation (Whelan and Brown 2005; Secor 2009).
Hence, intermittent starvation in nutrient poor environments could also be an adaptive strategy to

balance costs associated with energy acquisition.

Trophic ecology and seasonal variation in diet
In most subterranean environments, energy sources that are carried in from surface habitats can
be in the form of suspended organic particles, invertebrates, plant pieces, microorganisms, bat

guano, and carcasses (Hervant 2012). Consequently, hypogean animals are expected to be
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generalist feeders (Trajano 2001). Several cavefish species show similar feeding preferences to
their epigean relatives (as omnivores or generalist carnivores), suggesting that generalist feeding
could be a preadaptation for cave colonization (Trajano 2001). Despite dietary overlap between
related populations of surface fish and cavefish, behavioral and sensory adaptations for finding
food often arise with cave colonization (Soares and Niemiller 2013). We found a variety of food
items present in the diet of cave-adapted A. mexicanus from the Pachon and Sabinos caves,
including plant material and invertebrates, which comprise a large part of the diet of surface A.
mexicanus as well (Riddle et al. 2019). Unlike surface A. mexicanus, however, the enhanced
sensory systems for food detection and lower feeding angle of cavefish suggest that they feed at
the bottom as well as consume prey moving in the water column. We commonly found detritus
and inorganic materials in the cavefish guts, supporting the hypothesis that adult cavefish feed
along the cave floor. Detritus is comprised of a mixture of organic materials and can be an
energy-rich food source for hypogean fauna (Fenolio et al. 2006; Tobler et al. 2015). Guano has
been identified as a major component of detritus in other caves, and stable isotope analyses of
cave-adapted salamander gut contents have revealed that guano could have a similar nutritional
value to invertebrate prey (Fenolio et al. 2006). Detritus is a heterogeneous mixture (Moore et al.
2004), and guano itself contains protein-rich exoskeleton fragments (Wilkens and Burns 1972;
Fenolio et al. 2006), so further isotope analyses and nutrient assimilation studies will be
necessary for understanding whether cavefish selectively uptake certain components of detritus
based on their nutritional value (Lin et al. 2007; Enyidi et al. 2013). Our finding of inorganic
materials, invertebrates, seeds, and other plant material in addition to detritus is in line with
Espinasa et al.’s (2017) finding of a mixture of organic materials and arthropods in adult Pachon

cavefish and supports that A. mexicanus cavefish are opportunistic feeders.
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While it is true that cave A. mexicanus seem to eat whatever they have available, we
detected trends in what food items are present in their guts based on cave of origin and
seasonality. Diet varied between the rainy (June to November) and dry (December to May)
seasons for the Pachon population, but this seasonal variation was not as prevalent for Sabinos.
In Pachén, there is a very clear pattern in diet change over the course of the year, which is
completed with the last sampling time in March 2002 falling into place with collection time
points from almost exactly a year prior. Dry season diets were dominated by the presence of
seeds, detritus, and inorganic materials at different sampling times. The time point immediately
following the April 2001 collection date, in June 2001, represents the wettest part of the year out
of all the sampling times, and the diet composition at this time point is categorized by the
presence of plant material. This suggests that during the rainy season, macroscopic organic
material from the surface can make its way into Pachon, indicating that surface debris can enter
the cave and is consumed by cavefish. As the rainy season transitioned into the dry season, the
following November 2001 and February 2002 sampling times (points P4 and P5 in Figure 2-4)
clustered together based on the presence of inorganic materials. Periods of time during the dry
season could make the caves very nutrient poor without rainfall, possibly causing the cavefish to
pick up more inorganic materials than anything of nutritional value. The November 2001 and
February 2002 sampling times for Pachdn are also the most similar to all three Sabinos time
points, but the Sabinos collection times are shaped by the presence of invertebrates. It should be
noted as well that six sampling times were included for Pachon (n=146), and three were included
for Sabinos (n=64), so this difference in resolution could play a role in the lack of seasonal
change detected for Sabinos in comparison to Pachdn. Future research including multiple

sampling points throughout the year, particularly with additional times during the rainy season,
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and further gut content analysis to include food item measurements by mass will be necessary for

understanding how and what cave A. mexicanus eat in nature.

Conclusions

Our findings show that while cave-adapted A. mexicanus are known to be smaller than closely-
related surface populations, there is variation in body size of adult cavefish between caves. Cave-
specific differences in body size could be driven by variation in food availability between cave
environments, and body size modifications are likely accompanied by other behavioral and
metabolic adaptations for reducing energetic costs. Strategies for maximizing energy use
efficiency such as metabolic rate suppression, accumulation of fat stores, and hyperphagia may
accompany body size reduction and co-occur to varying degrees. Additionally, A. mexicanus
cavefish were found to eat during both the rainy and dry seasons, suggesting that the cave
environments in this system are potentially characterized by continual nutrient limitation, rather
than intermittent periods of starvation. These conditions are expected to select for smaller body
size and an opportunistic feeding style, and our diet analyses revealed a variety of food items that
provide support for opportunistic feeding. Detritus, inorganic materials, invertebrates, seeds, and
other plant material drove differences in diet over time and between two cave populations. Open
questions regarding the diet of cave-adapted A. mexicanus are centered on understanding how the
quantity, quality, and relative proportions of food items in their guts seasonally vary and

identifying what nutrients most contribute to their metabolic physiology.
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Tables

Table 2-1. Individuals collected for biometrics and gut content analysis at time points between

February 2001 and March 2002. Npiometrics represents all the individuals included in the

biometrics analyses, and the sex ratios are reported as the proportion of the population that is
male. Ngy is the subset of individuals that were then investigated for their gut contents. Finally,
Nempty IS the number of individuals with empty guts, which is also represented as a percentage
(100* Nempty/Ngut)-

Cave Date Nhiometrics Sex ratio Ngut Nempty Percent empty
Pachén | 2/3/2001 50 0.38 34 18 52.9%
2/21/2001 67 0.21
4/19/2001 | 39 0.13 34 18 52.9 %
6/24/2001 100 0.16 27 12 44.4 %
11/3/2001 70 0.11 29 15 51.7 %
11/4/2001 31 0.01
2/21/2002 12 8 66.7 %
2/22/2002 21 0.24
2/23/2002 | 19 0.21
3/22/2002 | 65 0.03 10 5 50.0 %
3/23/2002 | 38 0.08
3/24/2002 | 22 0.23
Sabinos | 4/18/2001 35 0.23 25 11 44.0 %
6/23/2001 | 76 0.42 30 20 66.7 %
11/2/2001 71 0.21 3 0 0.0 %
Tinaja 2/4/2001 26 0.35 6 4 66.7 %
4/17/2001 11 0.27
6/23/2001 24 0.58 3 1 33.3 %
11/2/2001 11 0.36 4 1 25.0 %
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Table 2-2. Results of GLMM analyses that examined variation in (A) body size (measured as
standard length) and (B) the frequency of males and females (sex ratios) and (C) results of GLM
analysis that examined variation in the frequency of individuals with empty guts. Note that
collection date is designated as a random effect (1|Date) in analyses of standard length and sex
ratios.

AIC, AAIC, df AIC. Weight
(A) Standard length
(1|Date) (null model) 1950.4 61.9 3 <0.001
Sex + (1| Date) 1931.8 43.3 4 <0.001
Cave + (1 |Date) 1902.6 14.1 5 <0.001
Sex * Cave + (1| Date) 1888.8 0.3 8 0.46
Sex + Cave + (1|Date) 1888.5 0.0 6 0.54
(B) Sex ratios
(1|Date) (null model) 778.7 4.4 2 0.1
Cave + (1 |Date) 774.3 0.0 4 0.9
(1| Date) (null model) 778.7 4.4 2 0.1
(€) Empty guts
(C) Empty gutsIntercept (null model) 284.3 0.0 1 0.679
Intercept + Cave 286.3 2.0 2 0.249
Intercept + Date 290.3 6.0 6 0.034
Intercept + Cave + Date 292.5 8.1 7 0.012
Intercept + Cave * Date 291.9 7.5 9 0.016
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Table 2-3. PERMANOVA results of gut content composition relative to cave of origin (Pachon
and Sabinos), sampling time (February 2001-March 2002), and their interactions.

df  Sum of squares R’ F r
Cave 1 1.3251 0.04576  4.7501  0.002
Time 1 1.0701 0.03695  3.8360  0.002
Cave:Time 1 0.6179 0.02134 22149  0.046
Residual 93 25.9443 0.89595
Total 96 289575 1.00000
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Figure 2-1. A. The location of the study region in northeastern Mexico is indicated by the gray
square. B. Caves studied here are indicated by green circles. Black circles indicate the location of
other caves inhabited by A. mexicanus. Maps were created in R using data associated with the

rnaturalearth (South 2017) and elevatr packages (Hollister 2021)
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Figure 2-2. Large circles with bars represent marginal means and standard errors of standard
length across the Pachdn, Sabinos, and Tinaja caves, as inferred by the interaction model:
standard length ~ sex * cave + (1|Date). Small circles represent the raw data used in the model.
Males are indicated in orange, females in blue
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Figure 2-3. A. Frequency of individuals with empty guts in the Pachén and Sabinos populations
across multiple sampling times. B. The average number (and standard error) of diet categories
per individual for the Pachon and Sabinos populations across multiple sampling times
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Figure 2-4. A. NMDS plot showing the gut composition (means and standard deviations) of
caves and sampling times for the Pachon and Sabinos populations. Ordination ranking was
conducted using Jaccard distance, and the stress with 3 dimensions is 0.079. The plot points for
Pachon and Sabinos are numbered in order corresponding to their sampling times as follows: for
Pachon, P1 = 2/3/2001, P2 = 4/19/2001, P3 = 6/24/2001, P4 = 11/3/2001, P5 = 2/21/2002, P6 =
3/22/2002; for Sabinos, S1 = 4/18/2001, S2 = 6/23/2001, S3 = 11/2/2001. B. Precipitation (in
mm) during a typical year near the Sierra de EI Abra region (monthly average rainfall data from
Tampico, Mexico; World Weather Online 2021). Points P1-P6 and S1-S3 correspond to the
sampling times in Figure 2-4A.
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Chapter 3 - Host-microbiome associations in livebearing fishes

adapted to toxic environments rich in hydrogen sulfide

Elizabeth J. Wilson, Sonny T.M. Lee, Lydia H. Zeglin, Lenin Arias-Rodriguez, and Michael

Tobler

Abstract

Organisms inhabiting extreme environments must tolerate a variety of physiochemical stressors.
In some cases, host-associated microbial communities facilitate 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 microbial
communities of livebearing fish (Poecilia mexicana species complex, Poeciliidae) that have
repeatedly colonized toxic sulfide streams in southern Mexico. We found shared core gut
microbiomes across habitat types and drainages but also differences 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 independent sulfide spring lineages. These patterns were consistent when we analyzed
whole gut microbiomes and 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 colonization that have been implicated in symbioses before and

may influence the host’s tolerance to the extreme environmental conditions.
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Introduction
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 colonized extreme environments, often tolerating multiple
stressors at once (Shu and Huang 2022). Studying how different sources of selection shape the
biological communities in extreme environments provides opportunities to address questions
about mechanisms of adaptation and drivers of diversification (Jorquera et al. 2016; Tobler et al.
2018; Dick 2019). Most organisms thriving in extreme environmental 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
ecological processes as free-living or host-associated communities (Shu and Huang 2022). Host-
associated microbiomes of animals are also known to play important roles in the host’s
functions, and interactions between hosts and their microbes may allow some species to persist
in extreme environments (Hoang et al. 2021). Microbiomes facilitating host adaptation to
extreme environments have been identified for invertebrates (Hoang et al. 2021), but despite the
well-established functional importance of vertebrate microbiomes to host physiology and fitness
(Smith et al. 2017; Suzuki 2017; Fontaine et al. 2022), the putative role of microbial symbionts
mediating adaptation in vertebrate extremophiles remains unstudied.

Host-associated microbiomes can mediate host tolerance and adaptation to environmental
stress (Vrijenhoek 2013). For example, extremophile invertebrates, such as annelids and shrimp

in deep-sea hydrothermal vents, depend on symbiotic sulfur-oxidizing bacteria to thrive in
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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 et al. 2020b). 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). Analyzing 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 colonized naturally-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 species complex have colonized several of the sulfide springs in this region (Tobler
et al. 2018). H,S is highly toxic for aerobic organisms even in small concentrations, as it disrupts
oxidative phosphorylation by binding to cytochrome c oxidase (Complex V) 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 adaptations to the extreme environmental conditions, including
modifications in cytochrome c oxidase (the primary toxicity target of H,S) and the
sulfide:quinone oxidoreductase pathway that is involved in detoxifying H,S (Pfenninger et al.
2014; Tobler et al. 2018; Greenway et al. 2020). Beyond the direct responses to H,S toxicity, the

multifarious sources of selection in sulfide springs have driven changes in a variety of traits in P.
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mexicana (Tobler et al. 2018). For example, nonsulfidic P. mexicana primarily feed on detritus
and algae, while the sulfidic P. mexicana have a diet comprised mostly of bacteria and
invertebrates (Tobler et al. 2015). This shift in trophic ecology has been accompanied by a
shortening of intestines in sulfidic fish relative to nonsulfidic fish (Tobler et al. 2015).
Additionally, although microbial mats are abundant in sulfide springs, sulfidic fish spend the
majority of their time at the surface of the water to maximize 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, shift in trophic resource use, and effective energy limitation in sulfide
springs are all selective pressures that may shape the microbiomes of sulfidic fish and drive the
evolution of host-microbe associations. Currently nothing is known about how the microbiomes
of livebearing fishes have changed upon sulfide spring colonization and whether they help
mediate tolerance in adapted populations. Sulfur-oxidizing Gammaproteobacteria and
Epsilonproteobacteria found in symbiotic relationships with deep-sea extremophile invertebrates
are present in the environmental microbiome of sulfide springs, suggesting a potential for host-
microbe interactions contributing to adaptation of livebearing fishes to sulfide spring ecosystems
(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 characterize gut microbiomes 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?
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To address this question, we compared different biodiversity metrics among populations and
identified the core microbiomes of populations within and across habitat types. (2) How do gut
microbiomes 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 characterized environmental
microbiomes and used these data to identify microbial taxa that were primarily found in host-
derived samples. Using the microbial taxa that were primarily host-associated, we reanalyzed
biodiversity metrics among the populations and compared the core gut microbiomes between
ecotypes and across drainages. (3) Are there any microbes that could constitute symbionts that
help their hosts survive under the extreme environmental conditions? We identified both shared
and unigue microbiome changes in evolutionarily-independent sulfide spring populations and
isolated putative symbionts as microbial taxa associated with the colonization of sulfide springs.
We first identified putative symbionts as taxa that were common in the guts of sulfide spring
fishes but absent or rare in the guts of fish from nonsulfidic habitats and environmental samples.
Since the gut microbiomes may also include transient or diet-derived microbes from the
environment, potential symbionts were separately identified from taxa that were present in the
environment but absent in fish from nonsulfidic environments. (4) Is there any evidence that
hosts can control the composition of their gut microbiomes? If gut microbes play a role in fish
adaptation to extreme environmental conditions, hosts should be able to bias the composition of
their gut microbiomes. We therefore predicted that fish from sulfidic and nonsulfidic habitats

would have different microbiomes when exposed to shared environmental conditions. To test
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this, we compared microbiomes of fish that have been raised in a common-garden environment

in the laboratory for multiple generations.

Methods

Sample collection

Sampling occurred across four river drainages in the Rio Grijalva basin in Mexico: Tacotalpa,
Ixtapangajoya, Pichucalco, and Puyacatengo (Appendix Figure C-1). 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 (2 m x5 m; 3
mm mesh size) and immediately euthanized by pithing. Each individual’s intestine was removed
using sterilized dissection tools and stored in 96% ethanol. 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). Between each dissection, gloves were changed, and all dissecting tools and
equipment were sterilized. At each site, 3—4 water samples (up to 1-L each, except in cases
where the filters became fully clogged and stopped water flow before reaching the full liter) were
collected from different points along the stream at about 30 cm below the surface. The water was
filtered through sterile 47-mm diameter filter papers with a pore size of 0.45 um (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 sterile 15-mL falcon tubes
with 96% ethanol. Environmental samples were collected in areas occupied by fish. Upon

collection, samples were stored at room temperature for about two weeks and at —80 °C upon
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returning to the laboratory until DNA was extracted. The field location coordinates and number
of samples collected from each site can be found in Table 3-1.

In the laboratory, samples were collected from P. mexicana that were reared in shared
environmental conditions and fed the same diet for several generations. Whole intestines (N=5
per population) of sulfidic and nonsulfidic P. mexicana from the Tacotalpa lineage were
dissected in the laboratory, preserved in ethanol, and stored at —80 °C, following the same

procedures as in the field.

DNA extraction, amplification, and sequencing
Genomic DNA was extracted from whole intestines from the field and laboratory using a
DNeasy PowerSoil kit, following the manufacturer’s protocol with the following modifications:
Whole intestines were 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 homogenization at a speed of 4 m/s for 20 s, and all centrifugation steps were
performed for 1 min. After adding 50 pL of the elution buffer at the final step of the protocol,
samples were left to incubate at room temperature for 5 min before centrifugation.

We then extracted DNA from the sediment and water samples using a DNeasy PowerSoil
Pro kit. For the water samples, the filter paper was smashed and torn into small pieces with
sterilized tweezers, and then the samples were centrifuged at 15,000 g for 10 min to remove the
ethanol. The ethanol was pipetted off the pellet, and then the pellets were washed with sterile
PBS and centrifuged again at 15,000 g for 10 min. The PBS was removed, and solution CD1
from the first step of the PowerSoil Pro kit (lysis buffer) was added to the pellet and transferred

into the PowerBead Pro tubes. All of the shredded filter paper was then added to the PowerBead
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Pro tubes. For the sediment samples, 2 mL of the sediment suspended in ethanol was added to a
clean 2 mL 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 homogenized in the FastPrep-24 bead beater (MP Biomedicals) for two 20-s intervals
at 4 m/s to increase DNA yields. 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 standardized to a concentration of 5 ng/pL before starting the PCR amplification protocol.
We amplified the VV3-V4 16S rRNA gene region from the microbial DNA extracts using
the primers 341F (CCTACGGGNGGCWGCAG) and 805R
(GACTACHVGGGTATCTAATCC) (Tapia-Paniagua et al. 2019), following the Illumina
MiSeq System 16S Metagenomic Sequencing Library Preparation protocol (Illumina). The
amplicon library was sequenced on an Illumina MiSeq at the Kansas State University Integrated

Genomics Facility.

Processing reads, assigning taxonomy, and filtering taxa

The QIIMEZ2 pipeline was used to analyze the reads (Caporaso et al. 2010; Kuczynski et al.
2012). We used the DADAZ2 plugin for QIIME2 (Callahan et al. 2016) to merge the forward and
reverse paired-end reads, quality filter the samples, and call amplicon sequence variants (ASVS).
The same trimming and truncating parameters were used for both 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 Appendix Table C-1, and the
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number of reads after merging and filtering can be found in Appendix Table C-2. 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 laboratory were rarefied to 18,834 reads. Rarefaction
curves of the samples were generated in QIIME2 to determine a rarefaction depth that
maximized the number of samples retained while capturing most of the diversity within the
samples (Appendix Figure C-2). 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 QIIME2 were imported into R using the R package phyloseq (McMurdie
and Holmes 2013). We filtered the data to remove 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 (McMurdie and Holmes 2013) and ggplot2 (Wickham 2011).

Analyzing 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 nonsulfidic population of P. mexicana,
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our general approach was to use different metrics of diversity to analyze the microbiome
variation in two ways: 1) between sulfidic and nonsulfidic populations overall and 2) between
sulfidic and nonsulfidic populations separately in each drainage, allowing us to capture potential
drainage-specific differences between the population pairs. Specifically, we compared the
microbial community compositions between samples using Bray-Curtis dissimilarity distances
and visualized the microbiome similarity using non-metric multi-dimensional (NMDS) scaling
with the ordinate function of the phyloseq package (McMurdie and Holmes 2013). We tested for
significant variation among gut microbiomes associated with drainage, H,S (present or absent),
and their interaction using permutational multivariate analysis of variance (PERMANOVA) with
the adonis function in the R package vegan, and P-values were based on 9999 permutations
(Oksanen et al. 2020). 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 visualized patterns of these alpha diversity metrics using boxplots.

In addition to comparing patterns of diversity among the gut microbiome samples, we
identified commonalities and differences among the gut microbiomes by extracting core
microbial taxa in each lineage and testing how the core microbes overlapped between the
populations. Microbes were considered core microbial taxa 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 core
microbiome assignment threshold was used to identify the overlap in core microbial taxa for just
the sulfidic populations and just the nonsulfidic populations separately, and all of the core

microbiome intersections were visualized in a combined Venn diagram.
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Comparing gut microbiomes to environmental microbiomes and analyzing host-specific
microbial communities

The second aim of this study was to understand how P. mexicana gut microbiomes compare to
the microbiomes of their external environments, and to identify microbes that are primarily host-
associated to distinguish them from potentially transient microbes that may be of dietary origin.
To compare host and environmental 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, as described above. We visualized the microbiome variation of all the
field samples in an NMDS plot, using the ordinate function in the R package phyloseq
(McMurdie and Holmes 2013).

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 fewer than 4 reads in the matching environmental
samples. To investigate patterns of gut microbiome variation with the environmental microbes

removed, we repeated the diversity and core microbiome analyses detailed above.

Identifying potentially adaptive host-associated microbes in sulfide springs

The third aim of this study was to identify host-associated microbes in the sulfidic fish guts that
might help their hosts survive in the extreme environmental conditions. We therefore identified
putative symbionts as the microbial taxa that are associated with adaptation to sulfidic
environments. We conducted these analyses separately for the whole gut microbiome and the
primarily host-associated microbiome (i.e., excluding environmental microbes). These analyses

provide complementary insights about the origin of potential symbionts, because microbes
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contributing to host adaptation may be of dietary origin or they may be specialized 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 driving the differences between the
sulfidic and nonsulfidic populations using the top 30 coefficients associated with H,S from the
PERMANOVA of microbiome variation described above. The top taxa associated with sulfide
spring colonization were identified for the combined gut microbiome dataset (all sulfidic vs. all
nonsulfidic populations) and separately for each population pair of evolutionarily independent

lineages.

Testing for evidence of host regulation of the microbiome

The fourth aim of this study was to investigate whether hosts can control the composition of their
gut microbial communities. If host-microbiome adaptation has occurred, 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 nonsulfidic P. mexicana have different
microbiomes from each other in the laboratory, we used permutational multivariate analysis of
variance (PERMANOVA) based on Bray-Curtis dissimilarity with the adonis function in the R
package vegan to test for between-sample microbiome diversity driven by ecotype (Oksanen et
al. 2020). We visualized the gut microbiome variation of the laboratory-reared P. mexicana using

an NMDS pilot.
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Results

What are the commonalities and differences in the gut microbiomes of P. mexicana populations?
After filtering, there were 764 taxa in the fish gut microbiome samples. NMDS indicated clear
separation between fish microbiomes from sulfidic and nonsulfidic habitats along axis 1, and
microbiomes from sulfidic fish appeared to be much more variable than those from nonsulfidic
fish (Figure 3-1A). The microbiome differences between sulfidic and nonsulfidic P. mexicana
was also reflected in a significant H,S term in the PERMANOVA (P-value < 0.0001).
Furthermore, we found significant differences in microbiome composition among drainages
(PERMANOVA: P-value < 0.0001) and in the interaction between drainages and H,S
(PERMANOVA: P-value < 0.0001), indicating that there was variation across the drainages in
how sulfidic and nonsulfidic gut microbiomes differed from each other. Based on several alpha
diversity metrics, sulfidic P. mexicana gut microbiomes had lower diversity (Shannon’s diversity
index), lower richness (Chaol index), lower evenness (Pielou’s evenness index), and higher
relative dominance than nonsulfidic P. mexicana gut microbiomes across all four drainages
(Appendix Figure C-3).

Identifying the core gut microbiomes from each population pair revealed 76-111 taxa
that were consistently detected within drainages (Figure 3-2A). Comparing the core microbiomes
among populations, we found that 41.4% of the core microbes were shared among drainages (46
shared microbes) (Figure 3-2A). These core 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; Appendix Table C-3). Proteobacteria was the largest

phylum represented by the core microbial taxa (comprising 21 taxa total), like in other fish gut

72



microbiomes (Sullam et al. 2012; Liu et al. 2016; Eichmiller et al. 2016). We also identified the
shared core microbiomes among just the sulfidic populations and just the nonsulfidic populations
independently, and we similarly found overlap in the core microbiomes of P. mexicana among
all the drainages (Figure 3-2A; Appendix Table C-3). There were 123-160 core microbial taxa
for each nonsulfidic population, and 89 taxa were shared (55.6% overlap). In each sulfidic
population, there were 29—78 core microbial taxa and 20 shared microbes among all of them
(25.6% overlap). The core sulfidic gut microbes 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), microbes 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 sulfur-rich
environments, such as Sulfurovum and Spirochaeta 2 (Blazejak et al. 2005; Breusing et al.
2020a). Two microbial taxa—Aeromonas and Sulfurovum—uwere present in all of the sulfidic
fish gut samples. Overall, core microbiome analyses suggest that a relatively small subset of taxa
consistently appear in guts of P. mexicana, but that subset of taxa is relatively consistent across

habitat types and drainages.

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 1,089 microbial taxa among the gut and environmental samples. To
understand how P. mexicana gut microbiomes compared to the environmental microbiomes, we
visualized the microbiome variation of all the field samples in an NMDS plot based on Bray-

Curtis dissimilarity and tested for microbiome variation using PERMANOVA. We found that the
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sulfidic and nonsulfidic fish not only had different gut microbiomes from each other, but they
also had distinct gut microbiomes from their respective environments (PERMANOVA: P-value
< 0.0001; Appendix Figure C-4).

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
environmental correction. Sulfidic and nonsulfidic fish still had distinct gut microbiomes from
each other, segregating along the first NMDS axis (Figure 3-1B), and the overall patterns of
variation were remarkably consistent with variation in the whole microbiomes reported above.
The primarily host-associated gut microbiomes had significant variation associated with drainage
(PERMANOVA: P-value < 0.0001), H,S (PERMANOVA: P-value < 0.0001), and their
interaction (PERMANOVA: P-value < 0.0001). We also analyzed patterns of within-sample
diversity across the lineages and found a similar pattern as in whole gut microbiomes; sulfidic P.
mexicana gut microbiomes had lower diversity (Shannon’s diversity index), lower richness
(Chaol index), lower evenness (Pielou’s evenness index), and higher relative dominance than
nonsulfidic P. mexicana (Appendix Figure C-5).

Comparing core microbiomes revealed 34-48 taxa per population, and we again found
shared core microbes among drainages, both when fish from different habitat types were
analyzed together and separately (Figure 3-2B; Appendix Table C-3). There were 22 microbes
shared when analyzing the nonsulfidic and sulfidic core microbiomes together (45.8% overlap
among the drainages). Additionally, the nonsulfidic populations had 54—78 core microbes each,
and they shared 40 core microbes (51.2% overlap). There were 12—40 core taxa per sulfidic
population, and the sulfidic populations shared 8 microbes in total (20.0% shared). The 8 shared

microbial taxa were also among those previously identified as shared core microbes in whole gut
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microbiomes of the sulfidic lineages (Appendix Table C-3). As previously mentioned, several of
these primarily host-associated sulfidic core microbes 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 core microbiome composition were highly consistent when we analyzed whole gut

microbiomes and only taxa that were primarily host-associated.

What are potentially adaptive host-associated microbes of sulfide spring fishes?

To identify host-associated microbes that are potential candidates for adaptive symbioses in
sulfide spring environments, we extracted the top 30 coefficients of taxa driving differences
between sulfidic and nonsulfidic groups from the PERMANOVA. If possible, these microbial
taxa were identified down to genus level. Among all of the P. mexicana lineages, 14 taxa were
positively associated with H,S, while 16 were negatively associated with H,S (Figure 3-3A). The
microbes positively associated with H,S represented 13 different families (Figure 3-3A), and all
of them were also previously identified in the core microbiome of sulfidic fish with the exception
of four microbial taxa (Vibrionaceae, Planktothrix NIVA.CYA 15, Spirulina CCC Snake P.Y.85,
and Mycoplasma). Repeating this analysis for each drainage separately 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 (Appendix Figure C-6). Taxa that were positively associated with H,S in
at least three drainages included an uncultured species of Halothiobacillaceae, Desulfobulbus,
Sulfurovum, and Desulfocapsa, with the latter two emerging among the top taxa in all four
drainages (Appendix Figure C-6). Several of the top H,S-associated microbes across all

drainages (Figure 3-3A) have previously been identified in host microbiome analyses. For
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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 3-3A)
are also commonly identified members of healthy fish gut microbiomes (Shi et al. 2022; Duval et
al. 2022; Diwan et al. 2023). Other microbial taxa, such as Spirochaeta, Desulfobulbus,
Sulfurovum, and Halothiobacillaceae have been found in a variety of sulfur-rich environments
(Hugler et al. 2010; Barton et al. 2014; Aranda et al. 2015; Hotaling et al. 2019). More
importantly, these taxa have also 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 et al. 2020a), 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 microbiomes after environmental
correction (Figure 3-3B). In this case, there were 12 microbial taxa positively associated with
H,S and 18 microbial taxa negatively associated with H,S (Figure 3-3B). The microbes
associated with sulfide spring colonization after environmental correction belong to 11 families
(Figure 3-3B), and these microbial taxa also included all 8 of the shared core microbes that were
previously identified from the sulfidic lineages after excluding environmental microbes (Figure
3-2B; Appendix Table C-3). Furthermore, 8 taxa overlapped with the analysis of whole gut

microbiomes (Figure 3-3A). This finding suggests that divergence in microbiomes between

76



sulfidic and nonsulfidic habitats is not merely caused by dietary uptake of environmental
microbes characteristic of sulfide springs, but at least some of the divergence is associated with
primarily host-associated microbes. In addition to taxa already found in the whole microbiome
set, environmental correction revealed additional taxa that are differentiated between sulfidic and
nonsulfidic populations: uncharacterized taxa of the families Erysipelotrichaceae (ZOR0006)
Desulfosaricinaceae (Sva0081 sediment group), Prolixibacteraceae, and Geobacteraceae.
Microbial taxa 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 dietary 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 (Appendix Figure C-7). Taxa that were positively
associated with H,S in at least three drainages included Enterovibrio and another,
uncharacterized member of the Vibrionaceae, Spirochaeta 2, Desulfocapsa, and an uncultured
species of Halothiobacillaceae. Desulfocapsa and the uncultured species of Halothiobacillaceae

were top taxa in all four drainages (Appendix Figure C-7).

Is there any evidence that hosts can control the composition of their gut microbiomes?

If evolution in host-microbiome interactions has occurred to facilitate host adaptation in sulfide
springs, then there should be some level of host regulation of the microbiome. We tested whether
hosts can bias their microbial communities by comparing sulfidic and nonsulfidic P. mexicana
gut microbiomes in stocks that have been kept under standardized environmental conditions in
the laboratory for multiple generations. Variation in gut microbiomes of sulfidic and nonsulfidic

P. mexicana raised in a common-garden environment was visualized using an NMDS based on
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Bray-Curtis dissimilarity (Figure 3-4), and the gut microbiomes appear to segregate by ecotype
along the first axis of the NMDS. However, this difference between the sulfidic and nonsulfidic

groups was not statistically significant (PERMANOVA: P-value > 0.05).

Discussion

We characterized the gut microbiomes of fish adapted to sulfidic environments and identified
potentially adaptive microbial taxa associated with sulfide spring colonization in sulfide-adapted
and sulfide-intolerant population pairs of P. mexicana. Core microbiomes of these fish contained
only 76-111 taxa, but these core taxa were largely shared among populations across river
drainages and habitat types. Most importantly, we found that sulfidic and nonsulfidic fish have
distinct microbiomes from each other, both before and after removing environmental microbes
from the gut microbiome data set. Our findings further 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, sulfide adaptation, and hypoxia
tolerance of sulfide spring fishes. Future research in this system that tests how the host genetic
background shapes microbiomes 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.

Convergent shifts in microbiome composition in sulfide springs
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Our finding that sulfidic fish from four independently evolved lineages share derived core
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 microbiomes. Comparisons of diversity metrics
revealed that sulfidic fish and nonsulfidic fish had distinct gut microbiomes from each other, as
well as from their environments, supporting that the host digestive tract is a selective
environment. Even after filtering environmental microbes from the gut microbiome dataset,
sulfidic and nonsulfidic fish consistently were distinct from each other and had shared core
microbes across drainages, suggesting there is an exclusively host-associated microbiome. Of
course, microbes that are exclusively host-associated and follow host evolutionary patterns (in
this case, reflecting host divergence along parallel ecological gradients) could also affiliate with
the host because of host exposure to shared environmental conditions, rather than because 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 the host microbial communities and host immune system, as has been
identified in other animal 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 nonsulfidic
environments themselves have distinct microbiomes from each other. 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 disentangling them remains

important for addressing questions about host-microbiome adaptation. In studies on fishes that
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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;
Riddle et al. 2023; Small et al. 2023). One approach to disentangling evolutionary and
environmental factors is to control for environmental effects; hence, we investigated whether
sulfidic and nonsulfidic P. mexicana had different microbiomes in captivity after several
generations. From the NMDS visualizing P. mexicana gut microbiome variation in the
laboratory, sulfidic and nonsulfidic lineages of P. mexicana appear to segregate along the first
axis (Figure 3-4), but we did not find statistical significance for ecotype driving gut microbiome
variation in the laboratory. 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 recruitment of their microbiomes. At the host level, there is
evidence for immune gene divergence between sulfidic and nonsulfidic populations (Greenway
et al. 2023). The immune system 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.

Potentially adaptive host-associated microbes of sulfidic fish
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Our results highlighted several microbial taxa of interest for future investigation as potentially
adaptive symbionts of sulfide spring fishes. Some of these microbes have been found in other
fish gut microbiomes and may play a role as nutritional symbionts in sulfidic P. mexicana.
Cetobacterium and bacteria from the families Vibrionaceae (including Enterovibrio) and
Erysipelotrichaceae (ZOR0006) were among the top microbial taxa associated with sulfide
spring colonization and known to co-occur as beneficial members of gut microbiomes in other
fishes (Zarrinpar et al. 2018; 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 enhance digestion or nutrient
assimilation by stabilizing the intestinal environment, functions that have previously been
attributed to ZOR0006 (Zarrinpar et al. 2018; Wang et al. 2023). Gut microbes may also provide
nutrients to the host or help metabolize components of the host’s diet (Diwan et al. 2023), and
Cetobacterium produces vitamin B-12 (Sugita et al. 1991; Tsuchiya et al. 2008; Qi et al. 2023)
and helps with the degradation of proteins (Hao et al. 2017). Indeed, sulfide spring colonization
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 metabolize dietary
compounds, potentially contributing to host function in the novel environment.

Other host-associated microbial taxa that were associated with sulfide spring colonization
are closely related to microbes that have been implicated in H,S adaptation and hypoxia
tolerance in other animals. 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 different species of nematodes, oligochaetes,
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crustaceans, bivalves, and others (Dubilier et al. 1995; Blazejak et al. 2005; Bellec et al. 2020;
Jiang et al. 2020; Osman and Weinnig 2022). Most of these host-microbe 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
H,S because they rapidly oxidize H,S to nontoxic sulfur compounds (Osman and Weinnig 2022).
For example, Spirochaeta bacteria provide H,S-adapted gutless oligochaetes with nutrients in
deep-sea hydrothermal vents (Blazejak et al. 2005). In sulfidic fish investigated here,
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 prevalent in the sulfidic fish guts after
environmental correction, and members of this sulfur-oxidizing family that are associated with
sponges were found to have a reduced genome size compared to free-living Halothiobacillaceae,
suggesting that likely play a role as an obligate symbiont (Lavy et al. 2018).

We also found microbes implicated in host-microbiome adaptation to sulfidic
environments that were dominant members of the sulfidic fish microbiomes but were also
detected in the environment, such as Desulfobulbus and Sulfurovum. Host-associated
Desulfobulbus strains with reduced genomes have been identified in H,S-adapted hydrothermal
vent shrimp, with unique metabolic features differentiating them from the most closely related
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
communities of the deep-sea tubeworm Riftia pachyptila (Lopez-Garcia et al. 2002) as well as

snails, polychaetes, shrimp, and other crustaceans (Giovannelli et al. 2016; Lee et al. 2021). In
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deep-sea hydrothermal vent snails, Sulfurovum is a gut symbiont that can be genetically and
morphologically distinguished from free-living Sulfurovum (Breusing et al. 2020a). 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 (via maintenance of the biofilm under stressful
environmental conditions) and facilitating transfer of nutrients to the host (Li et al. 2020;
Breusing et al. 2020a). In other animals from deep-sea hydrothermal vents, Sulfurovum bacteria
are associated with the gut (shrimp) (Qi et al. 2022), body wall (polychaetes) (Giovannelli et al.
2016), and surface of the gills (shrimp and other 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 nutrients and energy to the host, Sulfurovum in these
systems have been suggested to protect the host from H,S toxicity by oxidizing sulfur at the
tissues (Tokuda et al. 2008; Lee et al. 2021), but future studies are necessary for determining
how these sulfur-oxidizing bacteria 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
dominant member of the sulfidic fish gut microbiomes, and it is abundant 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 a variety of physiological
changes in aquatic animals, such as increased 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

therefore be especially important for the utilization of dietary protein and overall health of
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sulfidic fish living in chronic hypoxia. In zebrafish, Cetobacterium has been shown to inhibit
pathogen infection by stabilizing the gut microbiome through its vitamin B-12 production (Qi et
al. 2023). Poecilia mexicana encounter pathogens in sulfide springs (Tobler et al. 2014; Riesch
et al. 2020), and it is possible that microbiome-stabilizing members of the host microbial
communities, such as Cetobacterium, could protect the host from infections in the intestine,
especially since sulfidic fish may have increased susceptibility to pathogen infections due to their
exposure to hypoxia and their lower gut microbiome diversity than nonsulfidic fish (Xiong et al.
2019). Approaches that can 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

sulfide spring fishes can be adaptive for the host.

Conclusions

Lineages of P. mexicana have adapted in several ways to tolerate the extreme conditions of
sulfide springs, including in their physiology, behavior, and morphology (Tobler et al. 2009,
2015; Greenway et al. 2020). These adaptations are driven by physiochemical and ecological
stressors, yet a previously unexplored component of the ecology of P. mexicana is their
associated microbiomes and their exposure to novel microbial communities upon colonizing
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 environmental pressures, potentially facilitating host tolerance of stressors in novel

environments (Bang et al. 2018). Our findings that P. mexicana have different microbiomes
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between sulfidic and nonsulfidic populations and share commonalities in their microbes

associated with sulfide spring colonization provide a foundation for addressing whether these

microbiome changes are linked to the host’s evolution in an extreme environment.

Tables

Table 3-1. Coordinate locations of all the sampling sites, as well as the number of samples (gut,
water, and sediment) collected at each site. Numbers in parentheses indicate the final number of
samples included in the analyses after rarefying the data.

Site Coordinates Hydrogen Nindividuals N water N
(Latitude, sulfide sampled for samples sediment
longitude) gut samples

microbiome
analyses

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 21

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 %

Tacotalpa river drainage

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

El Azufre I 17.442,-92.775 + 6 3 2
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Figure 3-1. NMDS plot based on Bray-Curtis dissimilarity of sulfidic and nonsulfidic P.
mexicana gut microbial communities A) before environmental correction and B) after
environmental correction.
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Figure 3-2. Venn diagram showing the shared and unique core microbes among all four
drainages when comparing A) the whole microbiome (before environmental correction) and B)
the primarily host-associated microbiome (after environmental correction). The numbers of core
microbial taxa from the nonsulfidic and sulfidic microbiomes combined are the top numbers in
the Venn diagram, while the numbers of core microbial taxa from just the nonsulfidic
populations are the middle numbers, and the numbers of core microbial taxa from just the
sulfidic populations are the bottom numbers.
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A Uncultured Steroidobacteraceae B Uncultured Steroidobacteraceae
Peptostreptococcaceae Dechloromonas (Rhodocyclaceae)
Dechloromonas (Rhodocyclaceae) Luteolibacter (Rubritaleaceae)
Uncultured Suterellaceae Dinghuibacter (Chitinophagaceae)
Luteolibacter (Rubritaleaceae) B1.7BS (B1.7BS)
Comamonadaceae OMB0.NORS clade (Halieaceae)
Uncultured Roseiflexaceae Aurantisolimonas (Chitinophagaceae)
Bacillus (Bacillaceae) Halomonas (Halomonadaceae)
Pirellula (Pirellulaceae) Crenobacter (Chromobacteriaceae)
Dinghuibacter (Chitinophagaceae) Chitinophagaceae
B1.7BS (B1.7BS) Hydrogenophaga (Comamonadaceae)
Porphyrobacter (Sphingomonadaceae) Ellin6067 (Nitrosomonadaceae)
Rhodobacteraceae Limnobacter (Burkholderiaceae)
Roseomonas (Acetobacteraceae) Sutterellaceae
OMG60.NORS5 clade (Halieaceae) Haloferula (Rubritaleaceae)
Aurantisclimonas (Chitinophagaceae) Silanimonas (Xanthomonadaceae)
Enterovibrio (Vibrionaceae) Leptothrix (Comamonadaceae)
Vibrionaceae Woeseia (Woeseiaceae)
Planktothrix NIVA.CYA 15 (Phormidiaceae) ZORO0O006 (Erysipelotrichaceae)
Desulfobulbus (Desulfobulbaceae) Sva0081 sediment group (Desulfosarcinaceae)
Spirulina CCC Snake P.Y 85 (Paraspirulinaceae) Uncultured Prolixibacteraceae
Spirochaeta 2 (Spirochaetaceae) Geobacteraceae
Desulfocapsa (Desulfocapsaceae) Enterovibrio (Vibrionaceae)
Lawsonia (Desulfovibrionaceae) Vibrionaceae
Aeromonas (Aeromonadaceae) Spirochaeta 2 (Spirochaetaceae)
Mycoplasma (Mycoplasmataceae) Desulfocapsa (Desulfocapsaceae)
Brevinema (Brevinemataceae) Lawsonia (Desulfovibrionaceae)
Uncultured Halothiobacillaceae Mycoplasma (Mycoplasmataceae)
Cetobacterium (Fusobacteriaceae) Brevinema (Brevinemataceae)
Sulfurovum (Sulfurovaceae) Uncultured Halothiobacillaceae
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Figure 3-3. 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 labeled to the genus level or the lowest
identifiable taxonomic level, and family names are listed in parentheses next to each genus.
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Figure 3-4. NMDS plot showing gut microbiome variation of sulfidic and nonsulfidic ecotypes
of P. mexicana raised in a common-garden environment.
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Chapter 4 - Comparative phylogenetic analysis of Poeciliid

microbiomes: effects of evolutionary history and the environment

Elizabeth J. Wilson, Sonny T.M. Lee, Lydia H. Zeglin, Lenin Arias-Rodriguez, Michael Tobler

Abstract

Investigating how host-associated microbiomes are shaped by host evolutionary and
environmental factors is important for understanding how hosts recruit their microbial
communities and for understanding mechanisms of host-microbiome evolution. We investigated
host-microbiome diversification among 23 populations (16 species) of livebearing fishes
(Poeciliidae) throughout southern Mexico by characterizing gut and environmental microbiomes
using 16S rRNA sequencing and then testing for correlations between the gut microbiome
dissimilarity, host phylogenetic relationships, environmental microbiome dissimilarity, and
environmental distance based on bioclimatic variables. We found that host-associated
microbiomes were most strongly correlated with their environmental microbial communities, but
there was not a significant correlation with environmental distance. We also found a significant
correlation with the host phylogeny, indicating that the gut microbiome variation in poeciliids
reflects the host evolutionary relationships. Furthermore, some of the poeciliid lineages in this
region have colonized toxic environments rich in hydrogen sulfide, providing an opportunity to
explore whether shared physiochemical and ecological selective forces drive parallel shifts in gut
microbiome composition. Using phylogenetic comparative methods, we found evidence for
strong convergence in the microbiomes of sulfidic fishes, and we also identified microbial taxa

that exhibited convergent abundance shifts.
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Introduction

Animal microbiomes influence the physiology, behavior, ecology, and life history of the host
(McFall-Ngai et al. 2013). Due to their impact on host function, host-associated microbes can
also assist the host in adapting to novel environmental conditions (Vrijenhoek 2013; Petersen et
al. 2023). It has historically been challenging to investigate the role of the microbiome in host
adaptation because selection in a novel environment acts on both the host and its microbiome,
and the host and the microbiome mutually influence each other (Alberdi et al. 2016). Hence,
disentangling how changes in the host genotype, its microbes, and their interactions impact host
fitness and ultimately its evolution under different environmental conditions remains a challenge
for the field (Alberdi et al. 2016; Petersen et al. 2023). Assembly of animal microbiomes is
shaped by many factors, including the host’s genetic background (which is a result of the host’s
evolutionary history) and the microbes present in the environment, both of which have been
particularly studied for their role in the formation of the gut microbiome (Youngblut et al. 2019).
There is evidence for long-term co-diversification of hosts and their microbiota or symbionts,
especially in systems with strong vertical transmission, supporting the role of host evolutionary
history in shaping the microbiome (Moran 2001; Gupta and Nair 2020; Li et al. 2022). In
contrast, there is also evidence for strong environmental influences on the host-associated
microbiomes, and host microbiomes can be reflective of the environmental pool of microbes
(Cuellar-Gempeler and Leibold 2019; Zeng et al. 2020). Both host evolutionary and
environmental factors likely play roles in shaping host-associated microbiomes, and for many
systems it remains to be tested to what degree host microbiome assembly can be predicted from
the host phylogenetic relationships, and to what degree host microbiome assembly can be

predicted based on the pool of microbes available in the host’s environment? Among fishes, gut
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microbiomes were primarily thought to be influenced by environmental factors, such as diet and
water microbial communities (Tarnecki et al. 2017; Kim et al. 2021), but more recent analyses
suggest that the host’s genetic background and evolutionary history can also contribute to gut
microbiome composition (Smith et al. 2015; Riddle et al. 2023; Sadeghi et al. 2023). To what
degree fish microbiome composition can be attributed to different ecological and evolutionary
factors remains an important question, especially because comparative analyses among taxa
remain scarce. Ultimately, insight into the eco-evolutionary dynamics shaping host-associated
microbiomes is crucial for understanding the mechanisms involved in host-microbiome evolution
and the role of the microbiome in host adaptation.

The livebearing fishes of the family Poeciliidae are an ecologically diverse group
distributed throughout the Neotropics, and well-resolved phylogenies make this group an
excellent model for comparative analyses (Culumber and Tobler 2017; Furness et al. 2019).
Several species of this group inhabit springs, streams, and rivers of the Rio de la Sierra region in
southern Mexico (Tobler et al. 2018, 2021; Pease et al. 2023), and they vary along multiple axes
of ecological function, including macro- and microhabitat use, foraging behavior and diet, as
well as aspects of their life history (Miller et al. 2005). Most importantly, this assemblage
includes distantly related species that occupy the same biotope and closely related species and
even populations of the same species that occupy starkly different habitat types. The latter case is
best exemplified in some springs with hypoxia and high levels of naturally occurring hydrogen
sulfide (H,S), a respiratory toxicant that causes high levels of mortality even at low
concentrations (Tobler et al. 2016, 2018; Kelley et al. 2016). Poeciliid lineages in the genera
Gambusia, Poecilia, Pseudoxiphophorus, and Xiphophorus have independently colonized and

adapted to these extreme environments, frequently exhibiting convergent evolution of traits that
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mediate survival in the presence of H,S and hypoxia (Greenway et al. 2014, 2023). Sulfide
spring occupants have profoundly different ecologies compared to conspecifics in adjacent
nonsulfidic habitats—for example, in terms of their diet, microhabitat use, and exposure to
natural enemies (Tobler et al. 2014, 2015; Lukas et al. 2021). In addition, sulfide springs have
distinct environmental microbiomes, and at least part of their primary production comes from
chemoautotrophic bacteria that are abundant in the water and sediment (Hotaling et al. 2019).
The close geographic distribution of different habitat types and multiple host species in
this system is useful not only for studying patterns of host-microbiome diversification in an
explicit ecological and evolutionary context, but the repeated invasions of host lineages into
extreme environments allows for testing whether exposure to shared ecological stressors result in
convergent microbiome shifts. The explicit selective forces—H,S toxicity, hypoxia, and the
dietary shift—found in sulfide springs could all mediate changes of host-associated microbes in
sulfide spring fish, and beneficial symbioses in other systems point to the potential for an
adaptive role of the microbiome in sulfide spring colonization. For example, fishes have
microbial communities that benefit hosts through nutrient assimilation and support of immune
function (Legrand et al. 2020E; Sehnal et al. 2021). Benefits provided by the gut microbiota may
also improve host responses to hypoxia, as supported by other vertebrate microbiome studies,
such as by mitigating the effects of microbiome disruption and pathogen susceptibility caused by
hypoxia (Sundarraman et al. 2020; Qi et al. 2023; Morshed and Lee 2023) or by producing
amino acids and vitamins involved in host hypoxia resistance pathways (Zhao et al. 2023). In
other H,S-rich environments, diverse host-microbe symbioses have been described, including
chemoautotrophic bacteria that can provide nutrition or H,S detoxification to their invertebrate

hosts (Powell and Somero 1986; Vrijenhoek 2013). Understanding whether patterns of
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microbiome convergence emerge from repeated colonization of extreme environments therefore
also provides an opportunity to identify candidate microbes for future investigation as symbionts.
In this study, we analyzed host-associated microbiomes within explicit ecological and
phylogenetic frameworks to understand factors underlying microbiome assembly. We sampled
23 populations of livebearing fishes (in 16 species) across 13 sites throughout the Rio de la
Sierra region, and we characterized their intestinal microbiomes using 16S rRNA amplicon
sequencing. Along with the host-associated microbiomes, we sampled water and sediment
microbiomes from each site to address the following questions: 1) How are host-associated
microbiomes shaped by the host’s evolutionary history, by environmental factors, and by the
environmental microbiomes? We investigated microbiome variation among the host and
environmental samples, and we tested whether host microbiome dissimilarity between lineages
was correlated with host phylogenetic distance, environmental distance (based on bioclimatic
variables), and environmental microbiome dissimilarity. 2) Is there evidence for microbiome
convergence among extremophile lineages of livebearing fishes? We used phylogenetic
comparative methods to test for evidence of convergence among the microbiomes of all the
sulfidic lineages, and we identified microbes showing convergent abundance shifts among the

sulfidic populations relative to the nonsulfidic populations.

Methods

Sample collection

We sampled the intestinal microbiomes of 23 populations of livebearing fishes, including 16
species in 10 genera, throughout the Rio de la Sierra region and the Rio Grijalva floodplains in

the states of Chiapas and Tabasco, Mexico (Figure 4-1) (Pease et al. 2023). Of the 23
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populations sampled, 8 represented lineages inhabiting sulfide springs. The fish were caught by
seining (2 m x 5 m seine size; 3 mm mesh size), and depending on availability, we collected up
to 7 individuals from each population, with most populations having 6 individuals (N=132
individuals total) (Table 4-1). Each fish was euthanized by pithing and then dissected to remove
the whole intestine, which was preserved in 96% ethanol. The dissecting tools were sterilized,
and gloves were changed between individuals. At each site, we also collected sediment and water
samples to characterize the environmental microbial communities. At each site, 2—3 sediment
samples were scooped into sterile 15-mL conical tubes filled with 96% ethanol (N=27 sediment
samples total), and 3—4 water samples were collected by filtering 1 L of water through sterile
filter papers (Omicron Scientific; 47-mm diameter; 0.45 pum pore size) and stored in 96% ethanol
(N=40 water samples total). The water filtration system consisted of a PVac portable vacuum
pump (Argos Technologies), a 1-L filtration flask, and a 47 mm magnetic filter funnel (Pall
Laboratory). The water samples were collected from each stream at about 30 cm below the
surface of the water. In cases when the filter papers clogged before passing the full 1-L sample
through the filtration system, the pump was stopped, and the filter paper was collected. During
sampling in the field, the samples were kept at room temperature for about two weeks and then

were stored at —80 °C in the laboratory.

DNA extraction and 16S rRNA amplicon sequencing

We extracted genomic DNA from the intestine samples using a DNeasy PowerSoil kit, with a
few modifications to the protocol that was provided by the manufacturer. Specifically, we began
the extractions by moving the whole intestines from ethanol to the PowerBead tubes provided in

the Kkit. At the tissue homogenization step, we used a FastPrep-24 bead beater (MP Biomedicals)
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at 4 m/s for 20 s. Throughout the protocol, all centrifugation intervals were run for 1 min. At the
final elution step, 50 pL of the elution buffer was added to each spin column and allowed to
incubate for 5 min at room temperature before centrifuging the samples and collecting the DNA.

We similarly made modifications to the DNA extraction protocol for water and sediment
samples to increase DNA yields. DNA was extracted from the water and sediment samples using
a DNeasy PowerSoil Pro kit. We used sterilized tweezers to finely tear and smash the filter
paper, and the filter paper was centrifuged at 15,000 x g for 10 minutes to form a pellet. The
ethanol was removed, and the filter paper was washed once with sterile PBS and centrifuged
again with the same centrifugation parameters to remove the PBS. Lysis buffer (solution CD1
from the extraction kit) was added to the filter paper as indicated in the manufacturer’s protocol,
and the entire sample with lysis buffer was moved to the PowerBead Pro tube before continuing
with the rest of the extraction. 2 mL of the sediment preserved in ethanol was also washed with
sterile PBS as before with the water samples, and solution CD1 was added to the sediment in a
PowerBead Pro tube for each sample. We further implemented the same modifications to the
water and sediment extraction protocol as we used for the intestine DNA extractions, with the
addition of an incubation step (65 °C for 10 min) to the samples suspended in solution CD1, and
we also homogenized the samples twice for 20 s each at 4 m/s in a FastPrep-24 bead beater (MP
Biomedicals) after the incubation step. The final DNA extracts were stored at —20 °C. To
quantify DNA vyields, a Quant-iT PicoGreen assay kit (Life Technologies, Grand Island, NY,
USA) was used, and all samples were diluted to a concentration of 5 ng/pL.

To amplify the bacterial DNA, we used the primers 341F CCTACGGGNGGCWGCAG
and 805R GACTACHVGGGTATCTAATCC (Tapia-Paniagua et al. 2019), which target the V3-

V4 region of the 16S rRNA gene. We followed the Illumina MiSeq System 16S Metagenomic
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Sequencing Library Preparation protocol (Illumina) for the PCR amplification, and we
sequenced the sample library on an Illumina MiSeq at the Kansas State University Integrated
Genomics Facility. There were three sequencing runs in total—two runs for the gut microbiome

samples, and one run for the environmental microbiome samples.

Processing the sequencing reads

We used QIIME 2 to process the sequencing reads obtained from Illumina sequencing (Caporaso
et al. 2010; Kuczynski et al. 2012; Bolyen et al. 2019). Amplicon sequence variants were
generated by trimming and merging the forward and reverse reads and quality filtering the
samples using the DADAZ2 pipeline (Callahan et al. 2016), and all of the sequencing runs were
pooled together. The merging and filtering statistics are in Appendix Table D-1, and the read
counts after trimming and merging are in Appendix Table D-2. We rarefied all of the sequences
to 4,500 reads, based on rarefaction curves generated in QIIME2 (Appendix Figure D-1). Four
samples had fewer than 4,500 reads and were not included, leaving 195 total samples in the
analysis (Table 4-1). We assigned taxonomy using a naive Bayesian classifier trained on the V3-
V4 16S rRNA gene region with the SILVA database (version 138). After generating ASV and
taxonomy tables in QIIMEZ2, all of the proceeding analyses were conducted in R (version 4.2.0).
We used the R package phyloseq to import the data and conduct microbiome analyses
(McMurdie and Holmes 2013). Archaeal, mitochondrial, chloroplast, and unidentified sequences
were removed from the dataset. We finally filtered the dataset to only include microbial taxa that

had at least three reads in at least 5% of the samples.

Analyzing variation in microbiomes
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To better understand factors that shape host microbiome assembly in poeciliid guts, we first
explored how microbiome variation is influenced by sample type (gut vs. environment) and
habitat type (nonsulfidic vs. sulfidic). Microbiome variation of all the samples was visualized
using an NMDS plot based on Bray-Curtis dissimilarity, and we used permutational multivariate
analysis of variance (PERMANOVA) with the adonis function in the R package vegan (Oksanen
et al. 2020) to test how sample type, habitat type, and their interaction impacted microbiome
composition.

We also analyzed variation in gut microbiome composition in an explicit host
phylogenetic context by first calculating the mean abundance of microbial taxa (mean number of
rarified reads) for each of the 23 lineages in our dataset. Gut microbiome variation was
visualized with an NMDS plot based on Bray-Curtis dissimilarity, and we superimposed the host
phylogeny connecting points in the NMDS in a matter that reflects host evolutionary

relationships using the R package ggphylomorpho.

Testing for effects of evolutionary history and environment

To disentangle how the host evolutionary history, variation in bioclimatic environmental factors,
and the composition of environmental microbiomes shaped host-associated microbiomes, we
used a distance-based approach that identified correlations in the similarity among these metrics
across all lineage pairs in our data set. To generate a matrix of dependent variables, we
calculated pairwise Bray-Curtis dissimilarity of gut microbiome composition between all
lineages using the vegdist function in the R package vegan (Dixon 2003). In addition, we
calculated matrices for three independent variables: (1) Pairwise phylogenetic distances between

host lineages was calculated using previously-established maximum likelihood tree of lineages in
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the family Poeciliidae, which was based on the consensus sequences of 167 genes (Barts et al.
2018). The evolutionary relationships predicted by the maximum likelihood tree aligned with
previously-established phylogenies of the family Poeciliidae (Hrbek et al. 2007; Pollux et al.
2014; Palacios et al. 2016). Phylogenetic distances between all possible pairs of lineages were
calculated using the maximum likelihood tree with the cophenetic function in the R base package
stats. (2) Pairwise dissimilarity in bioclimatic environmental factors was calculated based on
climate data associated with the coordinate locations of the sampling sites (Dixon 2003). To do
so, we extracted multiple bioclimatic variables, encompassing seasonal and long-term
temperature and precipitation measurements from the WorldClim database using the getData
function in the R package raster at a resolution of 0.5 minutes of a degree (Fick and Hijmans
2017; Hijmans et al. 2023). The vegidst function was then used to calculate Euclidean
environmental distances between all lineage pairs. (3) Pairwise dissimilarity in environmental
microbiomes was calculated in the same manner as for the corresponding gut microbiomes.
Applying these distance-based approaches resulted in four matrices, and we used partial
Mantel tests (with the mantel function of the ecodist R package; Goslee and Urban 2007) to test
for correlations between the host microbiome dissimilarity and the three predictor variables (host
phylogenetic distance, dissimilarity in bioclimatic environmental factors, and dissimilarity in
environmental microbiomes). Data were visualized with scatterplots using ggplot2 (Wickham

2011).

Whole-microbiomes vs. primarily host-associated microbiomes

Fish gut microbiomes contain both transient and resident microbes, so a portion of the gut

microbiome is expected to come from the external environment. Especially generalist
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detritivores, like many species included in this study, may contain large amounts of microbes
that are ingested as part of their diet. To ascertain that patterns of variation in gut microbiome
composition were not primarily driven by microbes that are common in the environment and
frequently ingested by the fish, we contrasted patterns of variation in whole gut microbiomes
with patterns of variation in primarily host-associated microbiomes. These primarily host-
associated microbiomes were approximated by removing any taxa that were detected in the
environment from the gut microbiome data set. Specifically, only taxa in the gut microbiomes
that had fewer than 2 reads in the environmental microbiomes were retained. Filtered primarily
host-associated microbiome data was then used to repeat analyzes described above (NMDS and

partial Mantel tests).

Testing for convergence in host-associated microbiomes using phylogenetic comparative
methods

Multiple lineages of the livebearing fishes that we sampled have colonized toxic springs rich in
H,S, raising questions about whether repeated invasions into extreme environments drive
convergent changes in host-microbiome associations. We therefore used a phylogenetic
comparative approach to quantifying multiple metrics of convergence in multivariate traits
(Stayton 2015), as implemented in the R package convevol (Stayton 2015; Brightly and Stayton
2023). NMDS scores along two axes were used for the calculation of all convergence metrics.
We first quantified convergence by counting the number of times that lineages have invaded a
region of multivariate space that is defined by lineages hypothesized to be convergent. To do so,
we used the convnum function and designated lineages collected in sulfide springs as

hypothesized convergent tips. We assessed the significance of convergence using 10,000
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simulations of the convnum metric. In addition, we calculated convergence metrics C;-C,4 using
the calcConv function. C; is a relative estimate of the degree of convergence, ranging from 0 (no
convergence) to 1 (complete convergence where lineages are indistinguishable). C, is an
absolute estimate of the degree of convergence, with larger values representing higher degrees of
convergence. Cs is the proportion of evolution in convergent lineages that is attributable to
convergence, and C, is the proportion of convergence within clades that contain the convergent
taxa (Stayton 2015). Significance was calculated using 10,000 simulations with the convSig
function.

To identify microbial taxa that show convergent abundance shifts upon host colonization
of sulfide springs, we used individual-level microbial abundance data as dependent variables in
Expression Variance and Evolution (EVE) models (Rohlfs et al. 2014; Rohlfs and Nielsen 2015).
Although originally developed for the analysis of gene expression data, EVE can be used to
analyze the abundance of other metrics (including microbial taxa) for which replicated data
within lineages is available. EVE models implement an extended Ornstein-Uhlenbeck process
that incorporates within-species abundance variance to test for branch-specific shifts in
abundance by comparing likelihoods that an abundance parameter (0;) for a given taxon is shared
between two groups of lineages versus 0; for that taxon being significantly different between the
groups (Rohlfs and Nielsen 2015). We designated branches associated with lineages from
sulfidic habitats as one group and those associated with nonsulfidic lineages as another group
and then contrasted 60; for each taxon between these two groups. For each microbial taxon, we

sulfidic _ e_nonsulfidic) t
— Ui

employed a likelihood ratio test (LRTy) contrasting the null hypothesis (6; 0

sulfidic + e_nonsulfidic
i

the alternative hypothesis (0; ) using a X2 distribution to assess statistical

significance (Rohlfs and Nielsen 2015). To account for multiple testing, we calculated FDR
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adjusted P-values using the Benjamini-Hochberg procedure (Benjamini and Hochberg 1995).
For both convergence tests (convevol and EVE analyses), we again repeated these analyses with

the filtered primarily host-associated microbiome data.

Results

Variation in environmental and host-associated microbiomes

Prior to filtering, there were 1,857 microbial taxa in the gut and environmental microbiomes.
After filtering, we retained 389 taxa in the gut microbiome samples and 414 taxa in the
environmental microbiome samples. Poeciliid gut microbiomes were clearly distinct from the
environmental microbiomes of their habitats, segregating along the first NMDS axis (Figure 4-
2). In addition, both environmental and host-associated microbiomes differed between
nonsulfidic and sulfidic habitats, segregating along the second NMDS axis (Figure 4-2).
PERMANOVA confirmed these patterns, with habitat type (presence or absence of H,S; P <
0.0001), sample type (environment vs. gut; P < 0.0001), and their interaction (P < 0.0001) all
explaining significant variation in microbiome composition.

To analyze variation in gut microbiome composition among species in a phylogenetic
context, we averaged relative abundances of different microbe taxa for each host species.
Superimposing the host evolutionary relationships onto the pattern of gut microbiome variation
revealed several interesting patterns: (1) While there is some signal of more closely related
species clustering in the NMDS plot, branches of the phylogeny frequently crisscross throughout
microbiome space, indicating that gut microbiome similarity among host species is not only
shaped by phylogenetic relatedness, but also homoplasy driven by either convergence or

reversals. (2) Microbiome variation along NMDS axis 1 appeared to be correlated with variation
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in host diet, ranging from species with protein-rich diets (more negative axis scores) to species
with more protein-poor diets (more positive axis scores). For example, Belonesox belizanus is
the only piscivorous species in the family Poeciliidae (Ferry-Graham et al. 2010), and species of
the genera Gambusia, Heterphallus, Priapella, and Pseudoxiphophorus include substantial
amounts of invertebrate prey into their diet (Gibb et al. 2008; Riesch et al. 2011, 2012). In
contrast, species of the genera Poecilia and Xiphophorus primarily feed on algae and detritus
(Winemiller 1993; Kramer and Bryant 1995; Gibb et al. 2008; Tobler et al. 2015). (3) Species
collected from sulfide spring habitats clustered separately (high scores along axes 1 and 2) from
species in nonsulfidic habitats. While the lack of detailed dietary data for all populations
restricted formal analyses about the role of trophic ecology shaping gut microbiomes, we used
phylogenetic comparative analyses to test for the effects of evolutionary relatedness and
environmental factors in gut microbiome composition, and we tested whether clustering of

populations from sulfidic habitats represents a case of convergent evolution.

Effects of evolutionary history and environment

To quantitatively analyze the roles of evolutionary history and ecological factors on host
microbiome composition, we calculated pair-wise dissimilarity of microbiomes among all host
populations and asked whether it can be predicted based on host phylogenetic distance,
environmental dissimilarity, or the dissimilarity of environmental microbiomes. Partial Mantel
tests revealed that the strongest predictor of host microbiome dissimilarity was the dissimilarity
of the corresponding environmental microbiomes (Mantel correlation: 0.271; P = 0.0008; Figure
4-4A). Hence, species that were exposed to similar microbes in their environments also tended to

have more similar microbial communities in their guts. In addition, gut microbiome dissimilarity
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was positively correlated with the host phylogenetic distance (Mantel correlation: 0.238; P =
0.0017; Figure 4-4B), indicating that more closely related populations also had more similar
microbiomes. This correlation may arise because more closely related lineages share a more
similar genetic background, or because they are more ecologically similar. However, we did not
find a significant correlation between host microbiome dissimilarity and environmental distance

based on bioclimatic variables (Mantel correlation: 0.033; P = 0.5959; Appendix Figure D-2).

Honing in on primarily host-associated microbes

The correlation between dissimilarities in gut and environmental microbiomes might suggest gut
microbiomes are a simple reflection of the environmental pool from which microbes can be
recruited. Consequently, we isolated primarily host-associated microbes by removing taxa that
were detected in the environment from the gut microbiome data and reanalyzed patterns of
community composition and similarities across species. After filtering out the environmental
microbial taxa, there were 216 microbial taxa in the primarily host-associated microbiomes,
which is ~56% of the 389 microbial taxa in the guts before environmental filtering. If similarities
across species are a simple function of update of microbes that are common in the environment,
we predicted that the correlation between similarities in gut and environmental microbiomes
should disappear. However, we found that results were largely congruent with those from whole-
microbiome analyses. Host species not only segregated in similar ways along the first two
NMDS axes when primarily host-associated microbes were analyzed (Appendix Figure D-3), but
the correlations between pairwise host microbiome dissimilarity with environmental microbiome
dissimilarity and host phylogenetic distance persisted: the Mantel correlation with the

environmental microbiome dissimilarity was 0.358 (P < 0.0001), and the Mantel correlation with
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the host phylogenetic distance was 0.204 (P = 0.0065; Appendix Figure D-4). As before, there
was not a significant correlation between the filtered gut microbiome dissimilarity and the
environmental distance based on bioclimatic variables (Mantel correlation: —0.028; P = 0.7201).
Consequently, the similarity between host and environmental microbiomes is not merely caused

by fish ingesting microbes that are common in the environment.

Microbiome convergence among lineages of extremophile livebearing fishes

PERMANOVA revealed significant differences between sulfidic and nonsulfidic gut
microbiomes, but is there evidence for convergence in microbiome composition among lineages
that have independently colonized sulfide springs? Using a phylogenetic comparative approach
to quantify convergence (Stayton 2015), we found strong evidence for convergence in the
microbiomes of the sulfidic lineages. Six lineages have independently crossed into the region of
space occupied by the convergent taxa, significantly more than expected by chance (P = 0.0032).
On average, 43.8% of microbiome variation in sulfide spring lineages was attributable to
convergence (Cq; P =0.0003), and absolute measures of convergence were also significantly
different than expected by change (C,; P < 0.0001). However, only 18.2% of evolution within
the sulfidic lineages was attributable to convergence (Cs; P = 0.0036), and there was not as much
within-clade convergence (C,), as only about 0.25% of the within-clade evolution was
attributable to convergence (P = 0.0405). Overall, these analyses indicate that there is significant
and strong signal of convergence in sulfide spring fish microbiomes, even though nonconvergent
changes are also evident in sulfidic and nonsulfidic lineages. These nonconvergent changes
could be attributable to other aspects of the ecology of host species (e.g., diet) or the

environmental microbe pool that different lineages are exposed to. We found similar C;-C,4
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values when repeating the analysis on the primarily host-associated gut microbiome data set
(Appendix Table D-3).

Upon finding evidence for convergence among the sulfidic lineages, we asked whether
there were specific microbial taxa that exhibited convergent abundance shifts upon sulfide spring
colonization, using expression variance and evolution (EVE) models that account for
phylogenetic relationships among host lineages and variation in taxon abundance within lineages
(Table 4-2). There were eight microbial taxa with convergent abundance shifts in whole-
microbiomes (FDR < 0.05), representing 5 different classes (Table 4-2). Three taxa of
Gammaproteobacterial bacteria—Propionivibrio, Chromatiaceae, and Klebsiella—are generally
found in aquatic ecosystems (Podschun et al. 2001; Hotaling et al. 2019; Xie et al. 2023), and
members of Klebsiella have been identified in fish gut microbiomes and can be pathogenic
(Tyagi et al. 2019). There were two microbes in the family Geobacteraceae (identified as
Geobacteraceae and Trichlorobacter), and these bacteria have been studied for their
contributions to nutrient cycling in anaerobic environments (Sorokin et al. 2023). Like
Geobacteraceae, Methylacidiphilaceae contribute to several nutrient cycles, but they are
acidophilic methane-oxidizers with diverse metabolic capabilities found in extreme
environments such as hot springs (Kruse et al. 2019; Dedysh et al. 2021). Prolixibacteraceae, like
other Bacteroidia, likely degrade polysaccharides and proteins (Fernandez-Gomez et al. 2013;
Hamann et al. 2017), and members of this family have been found in the environment (Huang et
al. 2014; Zhou et al. 2019) and in host-associated microbiomes of animals (Hinsu et al. 2021;
Wang et al. 2022; Marangon et al. 2023). Finally, we identified one convergent microbial taxon,
Babeliales, in the phylum Dependentiae. Dependentiae is not well described, but the only known

members of Dependentiae are obligate intracellular symbionts and are found in a variety of
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aquatic environments, including extreme environments, likely because of their association with
protist hosts (Weisse et al. 2023).

Rerunning EVE models on primarily host-associated microbiomes (i.e., excluding taxa
that are common in the environment) resulted in a smaller set of microbes with evidence for
convergent abundance shifts. Five additional microbial taxa—Terrimicrobium, LKC2.127.25,
Paludibacter, Annamia HOs24, and uncultured Phormidiaceae—emerged as convergent among
the sulfidic lineages (Table 4-2). Several of these have also been identified in sediments and
microbial mats of other environments, and some have been found in host-associated
microbiomes as well. LKC2.127.25 is a microbe that has only been identified in a sulfidic cave
(Engel et al. 2004). Annamia HOs24 and Phormidiaceae are cyanobacteria that have been found
in other extreme environments such as high altitude saline lakes (Corona Ramirez et al. 2022)
and sulfide-rich mangroves (Guidi-Rontani et al. 2014). While also found in environmental
samples (Qiu et al. 2014), Terrimicrobium has additionally been identified in host associated
microbiomes of animals, including in fish gut microbiomes (Xia et al. 2022; Deng et al. 2022;
Huang et al. 2023). Paludibacter has also been found in the gut microbiomes of fish (Li et al.
2014; do Vale Pereira et al. 2024), and it is known to break down bacterial biomass (Mahmoud

and Magdy 2021).

Discussion

A major question in microbial ecology is to what degree we are able to predict host-associated
microbiome composition based on host phylogenetic background and the ecological conditions
and environmental microbe pool that hosts are regularly exposed to. Our study of livebearing

fishes inhabiting a variety of freshwater habitats indicated host-associated microbiomes were
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distinct from the water and sediment microbiomes of their surrounding environments. However,
different host species had more similar microbiomes if the microbial communities of their
habitats were more alike, supporting past studies that found strong environmental effects on the
composition of fish gut microbiomes (Kim et al. 2021; Sadeghi et al. 2023). In addition, we also
found significant effects of host phylogenetic relationships, with more closely related species
exhibiting more similar microbiomes. This effect may be a consequence of more closely related
hosts sharing a more similar genetic background (if hosts exert any control over microbiome
assembly) or more similar ecologies that expose them to the same environmental sources of
microbes. Since correlation between host and environmental microbiomes was stronger than the
correlation between the host microbiomes and host phylogenetic distance, the environmental
microbial pool of host habitat seems to play a larger role than host phylogenetic relatedness in
explaining microbiome variation in this system. In contrast, we found no evidence that variation
in bioclimatic conditions impacts host microbiome composition, but colonization of extreme
environments in the form of toxic springs rich in H,S led to significant signatures of convergence
among extremophile lineages. Microbial taxa that showed convergent abundance shifts among
the extremophile populations included microbes that have been identified in host-associated
microbiomes of other animals and may be of interest for future research testing the role of the
microbiome in host adaptation. Overall, our findings shed light on the ecological and
evolutionary drivers of host-microbiome diversification, and they show how selection can drive

convergent shifts in host-associated microbial communities.

How are host-associated microbiomes shaped by the host’s evolutionary history and

environment?
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In alignment with other research supporting a strong role for host habitat shaping fish
microbiomes (Kim et al. 2021; Sadeghi et al. 2023), we observed that the fish gut microbiomes
were most highly correlated with the environmental microbiomes, but the host-associated
microbiomes were also reflective of the host’s evolutionary history. In fishes, microbes from the
host’s environment that colonize the gut are especially derived from the surrounding water and
the host’s diet (Wong and Rawls 2012; Giatsis et al. 2015; Kashinskaya et al. 2018; Kim et al.
2021). Interestingly, even when we filtered microbes from the surrounding environment out of
the gut microbiome data set, we still found significant correlations with the environmental
microbiomes, suggesting that other environmental factors may contribute to the correlation
between the environmental microbial communities and the gut microbial communities. We did
not find a significant correlation with environmental distance based on local bioclimatic
variables, but other environmental factors, such as physiochemical characteristics, have been
shown to influence fish gut microbiome assembly and likely also play a role in shaping both the
environmental and host-associated microbiomes in this system (Wong and Rawls 2012; Sylvain
et al. 2016, 2019; Ramoneda et al. 2023). From our findings visualized in the NMDS with the
overlaid host phylogeny (Figure 4-3), the pattern of host-associated microbiome variation may
also be reflective of diet, although we could not formally test for microbiome correlations with
host diet due to a lack of available diet data for several populations. Along NMDS axis 1, the
microbiomes tended to align with what is known about the protein content of the host diets: host
species with high amounts of protein in their diets had more negative axis scores, while host
species with low amounts of protein in their diets had more positive axis scores. Protein-rich
diets include those of Belonesox belizanus, which is a piscivorous species (Ferry-Graham et al.

2010), as well as species of the genera Gambusia, Heterophallus, Priapella, and
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Pseudoxiphophorus, which consume invertebrates (Gibb et al. 2008; Riesch et al. 2011, 2012).
Species with protein-poor diets include those of the genera Poecilia and Xiphophorus, which
consume detritus and algae (Winemiller 1993; Kramer and Bryant 1995; Gibb et al. 2008; Tobler
et al. 2015). In fishes, diet is one of the major factors that influence the gut microbiome
composition, and fish trophic ecology itself is shaped by host evolution and the environment,
making it challenging to assess its relative importance in gut microbiome assembly (Kim et al.
2021). Dietary shifts likely also contributed to microbiome variation in sulfide spring lineages,
which transitioned from feeding on detritus and algae to feeding on microbial mats and
invertebrates upon colonizing sulfide streams (Tobler et al. 2015). Even after excluding
environmental microbes from the gut microbiome dataset, microbial taxa such as Chromatiaceae
and Phormidiaceae were still present in the sulfidic fish guts. Bacteria in these families have
been identified in microbial mats of other environments, suggesting that there may be some diet-
derived microbes influencing variation that were also unaccounted for by water and sediment
sampling (Zaar et al. 2003; Guidi-Rontani et al. 2014).

A major question about host-microbiome diversification is if microbiomes recapitulate
the host evolutionary patterns. We found that the host-associated microbial communities were
correlated with the host phylogeny. Alignment between host phylogenetic relatedness and host-
associated microbiomes—a pattern referred to as “phylosymbiosis”—would be expected if co-
evolution between hosts and their microbiota has occurred, but co-diversification of hosts and
microbes can arise for reasons other than co-evolution (Mazel et al. 2018). For example, more
closely related lineages often share similarities in ecology and physiology, which can lead to
patterns of microbial recruitment that mirror the host phylogeny (Mazel et al. 2018; Mallott and

Amato 2021). Detecting patterns of phylosymbiosis establishes the possibility that host
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divergence has been accompanied by divergence in host regulation of the microbiome, but future
research investigating how the host’s genetic background shapes the host-associated
microbiomes in a controlled environment and experiments testing for host regulation of the
microbiome will be necessary for understanding how this pattern of host-microbiome co-
diversification arose. For example, comparing the gut microbiomes between genetically distinct
populations housed in the same environmental conditions for multiple generations has revealed
microbiome differences in other fishes, supporting divergence in host recruitment of microbes
while excluding the possibility of variation in environmental microbial pools influencing these
microbiome differences (Riddle et al. 2023; Small et al. 2023). To further understand if
microbiome variation associated with host genetic variation are due to selective recruitment of
microbes and not a result of correlated host traits, future studies linking host immune evolution

to microbial uptake will be important (Van den Abbeele et al. 2011).

Is there evidence of convergence in the microbiomes of hosts adapted to extreme environments?
Identifying patterns of host-microbiome diversification also requires understanding how
selection on both the host and microbiome drives changes in host-associated microbial
communities. Our finding that multiple lineages of fishes showed convergence in their gut
microbiomes upon colonization of sulfide springs suggests that similar environmental conditions
can select for convergent shifts in host-associated microbial communities. In other fishes,
microbiome convergence has not always been found, but it has overall not been well-studied. For
example, Trinidadian guppies (also in the family Poeciliidae) did not show microbiome
convergence among low-predation ecotypes relative to high-predation ecotypes, which are

ecotypes with divergence in traits such as host physiology, trophic ecology, and gut length
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(Sullam et al. 2015). Dwarf whitefish pairs similarly did not show convergence in their
microbiomes relative to normal whitefish, despite their convergence in other traits, including
their trophic ecology (Laporte et al. 2015; Dalziel et al. 2017; Sevellec et al. 2018). In contrast,
African cichlids showed convergence in their microbiomes based on their trophic level
(convergence among herbivores) (Baldo et al. 2017), and two species of Amazon fishes
exhibited structural microbiome convergence associated with water chemistry (Sylvain et al.
2019). There are different potential explanations for the microbiome convergence we found
among extremophile poeciliids. In our system, it is well-established that sulfidic fish have
adaptations that allow them to tolerate high levels of H,S and hypoxia (Barts et al. 2018;
Greenway et al. 2020), and they also have convergent changes in gut morphology (a shortened
gut length) due to the shift toward a more protein-rich diet through feeding on bacteria and
invertebrates in sulfide springs (Tobler et al. 2015). The microbiome convergence we found may
occur because sulfidic fish have shared changes in phenotypic traits and environmental microbial
communities, but not necessarily because they have evolved to recruit adaptive microbes. For
example, changes in host physiology and morphology in sulfide streams may affect which
microbes colonize the host (Sullam et al. 2015). Certain bacteria in the external environment may
be better equipped to colonize the gut environment, without any selective uptake of microbes
from the host. Convergence is also likely driven in part by hosts selecting from a similar pool of
microbes, as evidenced by our finding that the environmental microbiomes of sulfide springs are
similar to each other. Alternatively, selection on host-microbe interactions in sulfidic
environments may drive the evolution of adaptive symbioses in which the host’s microbiota
provide benefits to the host, such as H,S detoxification, protein digestion, or hypoxia tolerance.

In other H,S-rich environments, sulfur-oxidizing bacteria form symbioses with invertebrates,
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providing nutritional or detoxification benefits to their hosts (Dubilier et al. 1995; Beinart et al.
2019). While most of the microbes exhibiting convergent abundance shifts among the sulfidic
lineages have not been well-described, some of the microbial taxa may include bacteria with
sulfur-oxidizing capabilities, such as bacteria in the genus Klebsiella (Mawad et al. 2021), and
potential sulfur-oxidizers in sulfidic fish gut microbiomes could be important to investigate
further for possible nutritional or detoxification benefits to the host. Bacteria in the genus
Klebsiella are also found in fish gut microbiomes, along with Paludibacter and Terrimicrobium
(Lietal. 2014; Tyagi et al. 2019; Deng et al. 2022; do Vale Pereira et al. 2024). In fish digestive
tracts, Paludibacter has been associated with the degradation of protein derived from bacterial
biomass (do Vale Pereira et al. 2024). Products that may be beneficial to the host are produced at
various steps of bacterial biomass degradation by Paludibacter, including short-chain fatty acids
such as propionate, butyrate, and acetate (Mahmoud and Magdy 2021; do Vale Pereira et al.
2024). Bacteria in the family Prolixibacteraceae, which also was a convergent taxon among the
sulfidic lineages, have similarly been identified in host-associated microbiomes of animals and
are thought to break down protein and polysaccharides (Hinsu et al. 2021). Consequently,
microbes like Paludibacter and Prolixibacteraceae that may help degrade protein from the
bacteria-rich diet of sulfidic fish could provide nutritional benefits to the host. Protein
degradation is expected to be important for sulfidic fish, but sulfide-adapted lineages also must
cope with chronic hypoxia, which has negative effects on protein digestibility and can disrupt gut
microbiome stability in aquatic organisms, increasing susceptibility to pathogens (Zambonino-
Infante et al. 2017; Xiong et al. 2019; Abdel-Tawwab et al. 2019). An important role of the
resident gut microbiota in fish is to protect the host against infection by maintaining stability of

the gut microbial community (Gallo et al. 2020; Pérez-Pascual et al. 2021), and microbes from
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our analyses that also are consistently found in other fish species may be stable members of
healthy fish gut microbiomes. Host-associated microbes that maintain gut microbiome stability
and facilitate protein digestion may especially be important for sulfidic fish to rely on a protein-

rich diet while tolerating hypoxia.

Conclusion

Identifying the factors shaping patterns of diversification of hosts and their associated microbial
communities is important for understanding host-microbiome evolution. Our findings that host-
associated microbial communities of livebearing fishes are shaped by the external environmental
microbial communities and by the host’s evolutionary history provide insight into fish
microbiome assembly, and they establish a basis for investigating the mechanisms underlying
patterns of host-microbiome diversification. We also found convergence in the gut microbiomes
of lineages of fishes that have independently colonized toxic sulfide springs. In sulfide springs,
extreme environmental pressures give rise to predictable host-microbiome associations, which
provides a foundation for studying the outcomes of these repeated shifts in host-microbiome
assembly. For example, does natural selection drive changes in microbiome function, and can
selection on host-microbiome interactions give rise to adaptive symbioses? Future research
investigating the role of the microbiome in host functions will be important for addressing these
questions, such as microbiome reciprocal transplant experiments to understand the interaction
between the microbiome and host physiology, coupled with shotgun metagenomics approaches

to investigate the functional potential of host-associated extremophile microbes in nature.
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Tables

Table 4-1. Coordinates of the sampling sites and the number of water, sediment, and intestine
samples collected from all 13 sites. In total, there were 199 samples collected, but 195 samples
remained in the analysis after removing 4 samples with fewer than 4,500 reads. In cases where
not all of the collected samples were included in the analysis, the number of samples included in
the analysis is listed in parentheses. There were 128 total intestine samples and 66 environmental
samples (40 water samples and 26 sediment samples) included in the analysis.

Site Coordinates H,S  Nwater N sediment Species N
Arroyo Rosita 17.485, -93.104 - 3 2 Belonesox belizanus 6 (5)
Gambusia yucatana 2
Poecilia mexicana 6
La Gloria 17.532, -93.015 + 3 3 Poecilia sulphuraria 6
Pseudoxiphophorus 7
bimaculatus
Xiphophorus hellerii 6
Arroyo Caracol 17.558, -93.043 - 3 2 (1) Heterandria bimaculata 6
Xiphophorus hellerii 6
Bafios del Azufre 17.552, -92.999 + 3 2 Gambusia eurystoma 7
Tributary to 17.510, -92.980 - 3 2 Poecilia mexicana 6
Ixtapangajoya
La Esperanza 17.511, -92.983 + 3 2 Poecilia thermalis 6
Puyacatengo 17.564, -92.912 - 3 2 Poecilia mexicana 6
downstream
La Lluvia 17.464, -92.896 + 3 2 Poecilia mexicana 6
Arroyo Bonita 17.427, -92.757 - 4 2 Heterophallus milleri 6
Priapella chamulae 6
Poecilia mexicana 6 (5)
El Azufre | 17.442,-92.775 + 3 2 Poecilia mexicana 6
Laguna near Teapa 17.590,-92.981 - 2 Carlhubbsia kidderi 6
Laguna near Simon 18.341, -92.792 - 4 2 Gambusia sexradiata 6
Sarlat Phallichthys fairweatheri 6
Poecilia kykesis 1
Xiphophorus maculatus 6
Cueva del Azufre 17.442,-92.775 + 2 2 Poecilia mexicana 6 (5)
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Table 4-2. Microbial taxa showing convergent shifts among the sulfidic lineages. The
convergent microbes were identified both before and after filtering the gut microbiome dataset to

exclude microbes that were detected in the environment. Each microbe in the table was listed

down to its lowest known taxonomic level. After environmental correction, five additional taxa
showed convergent abundance shifts: Terrimicrobium, LKC2.127.25, Paludibacter, Annamia
HOs24, and uncultured Phormidiaceae.

Convergent microbial taxa before environmental correction

Phylum
Proteobacteria
Proteobacteria
Proteobacteria
Verrucomicrobiota
Bacteroidota
Dependentiae
Desulfobacterota

Desulfobacterota

Class

Gammaproteobacteria
Gammaproteobacteria

Gammaproteobacteria

Verrucomicrobiae
Bacteroidia

Babeliae

Desulfuromonadia

Desulfuromonadia

Order
Burkholderiales
Chromatiales
Enterobacterales
Methylacidiphilales
Bacteroidales
Babeliales
Geobacterales

Geobacterales

Convergent microbial taxa after environmental correction

Proteobacteria
Verrucomicrobiota
Bacteroidota
Bacteroidota

Cyanobacteria

Cyanobacteria

Gammaproteobacteria Chromatiales

Verrucomicrobiae
Bacteroidia
Bacteroidia

Cyanobacteriia

Cyanobacteriia

Chthoniobacterales
Bacteroidales
Bacteroidales

Cyanobacteriales

Cyanobacteriales

Family
Rhodocyclaceae
Chromatiaceae
Enterobacteriaceae
Methylacidiphilaceae
Prolixibacteraceae

Geobacteraceae

Geobacteraceae

Chromatiaceae
Terrimicrobiaceae
LKC2.127.25
Paludibacteraceae

Cyanobacteriaceae
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Figure 4-1. A) Geographic region of all the sampling sites. Orange points represent nonsulfidic
sites, and yellow points represent sulfidic sites. The sulfidic cave site is represented by a gray
point. B) Phylogenetic tree showing the evolutionary relatedness between host lineages. Sulfidic
lineages are highlighted in yellow, and the sulfidic and cave lineage is highlighted in gray.
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Figure 4-2. NMDS based on Bray-Curtis dissimilarity showing gut and environmental
microbiome variation. Samples from sulfidic environments are marked as yellow points, and
samples from nonsulfidic environments are marked as blue points. Gut samples are represented
by circles, and environmental samples are represented by triangles.
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Figure 4-3. NMDS based on Bray-Curtis dissimilarity showing the gut microbiome variation of
all the lineages. The points are NMDS coordinate averages of each lineage’s microbiome
composition, and the lines connecting the points reflect the host phylogenetic relationships.
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Appendix A - Gene expression signatures of salinity transitions in

Limia perugiae (Poeciliidae), with comparisons to other teleosts

Appendix A Tables

Appendix Table A-1. Mapping statistics for all four population pairs included in the analysis.
Reads for Limia perugiae were mapped against the Poecilia mexicana genome, for Leuciscus
waleckii against the Cyprinus carpio genome, for Odontesthes argentinensis and Odontesthes
bonariensis against the Menidia menidia transcriptome, and for Gasterosteus aculeatus against
the Gasterosteus aculeatus genome. Due to large size, this table is included in a Microsoft Excel
file called “ElizabethWilson2024 Appendix.xlsx.”

Appendix Table A-2. Results of weighted gene co-expression network analysis for all 18,659
genes identified in our RNA-seq analysis of Limia perugiae. Each gene's corresponding module
is included in the moduleColor column. The correlation coefficient between each gene's
expression and salinity is also included (GS.enviro), as well as the P-value for each correlation
coefficient (p.GS.enviro). The remaining columns contain the correlation coefficients between
each gene and each module, as well as the P-values for each of those correlations. Due to large
size, this table is included in a Microsoft Excel file called

“ElizabethWilson2024 Appendix.xlsx.”

Appendix Table A-3. GO terms for the turquoise module from the WGCNA results. The GO
processes highlighted in yellow are unique to the WGCNA results and were not associated with
up-regulated genes in the hypersaline ecotype. Due to large size, this table is included in a
Microsoft Excel file called “ElizabethWilson2024 Appendix.xIsx.”

Appendix Table A-4. GO terms for the royalblue module from the WGCNA results. The GO
processes highlighted in yellow are unique to the WGCNA results and were not associated with
down-regulated genes in the hypersaline ecotype. For comparison with other WGCNA module
results, this table is included in a Microsoft Excel file called

“ElizabethWilson2024 Appendix.xlsx.”

Appendix Table A-5. GO terms for the blue module from the WGCNA results. The GO
processes highlighted in yellow are unique to the WGCNA results and were not associated with
down-regulated genes in the hypersaline ecotype. Due to large size, this table is included in a
Microsoft Excel file called “ElizabethWilson2024 Appendix.xIsx.”
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Appendix B - Natural history and trophic ecology of three

populations of the Mexican cavefish, Astyanax mexicanus

Appendix B Tables

Appendix Table B-1. Gut contents per fish at sampling times between February 2001 and
March 2002 for the Pachon, Sabinos, and Tinaja caves. Absence of diet item categories are
indicated by 0’s, and presence of diet item categories are indicated by 1°s. For the “Full”
category, 1=full and O=empty. Due to large size, this table is included in a Microsoft Excel file
called “ElizabethWilson2024 Appendix.xlsx.”
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Appendix C - Host-microbiome associations in livebearing fishes

adapted to toxic environments rich in hydrogen sulfide

Appendix C Tables

Appendix Table C-1. Merging and filtering statistics for all samples. Due to large size, this table
is included in a Microsoft Excel file called “ElizabethWilson2024 Appendix.xIsx.”

Appendix Table C-2. Read counts after trimming and merging for all of the field and laboratory
samples.

Sample Number of Total Minimum reads Maximum reads
type samples reads per sample per sample

Intestine 48 1,798,794 4,110 83,911
Environment 42 1,086,399 9,400 53,553
Laboratory 10 714,394 52,127 119,815

Appendix Table C-3. Core microbes shared among all four drainages before and after
environmental filtering. Due to large size, this table is included in a Microsoft Excel file called
“ElizabethWilson2024 Appendix.xlsx.”
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Appendix C Figures

Pichucalco Ixtapangajoya Puyacatengo Tacotalpa

Pichucalco

Tapijulapa (

Appendix Figure C-1. Map of the sampling sites. Sampling occurred along the Pichucalco,
Ixtapangajoya, Puyacatengo, and Tacotalpa river drainages in the Rio Grijalva basin. Water,
sediment, and fish gut microbiome samples were taken from a pair of sulfidic and nonsulfidic
streams in each river drainage. Sulfidic sampling sites are indicated by yellow triangles, and
nonsulfidic sampling sites are indicated by blue triangles.
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Appendix Figure C-2. Rarefaction curves generated in QIIME2 of the (A) gut microbiome
samples from the field, (B) environmental samples from the field, and (C) gut samples from the
laboratory showing the number of observed features (sequence variants) relative to sequencing
depth.
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Appendix Figure C-3. Alpha diversity metrics of the gut microbiomes of all P. mexicana
population pairs, as measured by: A) Shannon diversity index, B) Pielou evenness, C) Chaol

richness, and D)

relative dominance.
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Appendix Figure C-4. NMDS plot based on Bray-Curtis dissimilarity of all gut and
environmental samples
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Appendix Figure C-5. Alpha diversity metrics of the gut microbiomes of all P. mexicana
population pairs after environmental correction, as measured by: A) Shannon diversity index, B)
Pielou evenness, C) Chaol richness, and D) relative dominance.
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Appendix Figure C-6. The top microbial taxa driving differences between sulfidic and
nonsulfidic P. mexicana gut microbial community composition in A) the Ixtapangajoya drainage,
B) the Pichucalco drainage, C) the Puyacatengo drainage, and D) the Tacotalpa drainage. Taxa in
nonsulfidic lineages are indicated by blue bars, and taxa in sulfidic lineages are indicated by

yellow bars.
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Appendix Figure C-7. The top microbial taxa driving differences between sulfidic and
nonsulfidic P. mexicana gut microbial community composition after environmental correction in
A) the Ixtapangajoya drainage, B) the Pichucalco drainage, C) the Puyacatengo drainage, and D)
the Tacotalpa drainage. Taxa in nonsulfidic lineages are indicated by blue bars, and taxa in
sulfidic lineages are indicated by yellow bars.
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Appendix D - Comparative phylogenetic analysis of Poeciliid

microbiomes: effects of evolutionary history and the environment

Appendix D Tables

Appendix Table D-1. Merging and filtering statistics for all samples. Due to large size, this table
is included in a Microsoft Excel file called “ElizabethWilson2024 Appendix.xlsx.”

Appendix Table D-2. Read counts after trimming and merging for all of the intestine and
environmental samples.

Sample type Number of Total Minimum Maximum reads
samples reads reads per per sample
sample
Intestine 132 6,157,994 2,817 122,251
Environment 67 1,601,043 133 53,553

Appendix Table D-3. Convergence metrics of the primarily host-associated microbiomes,
indicating the degree of convergence in sulfidic fish gut microbiomes relative to nonsulfidic
lineages.

C score P-

value

C1 0.459689 0.0001
C2 0.444779  0.0000
C3 0.188608 0.0020
C4 0.002732  0.0307
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Appendix D Figures
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Appendix Figure D-1. QIIME2 rarefaction curves for A) the gut microbiome data and B) the
environmental microbiome data showing the number of observed features (sequence variants)
relative to sequencing depth.
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Appendix Figure D-2. Scatterplot showing gut microbiome dissimilarity vs. environmental
distance (based on bioclimatic variables), for which there was no significant correlation (Mantel
correlation: 0.033; P = 0.5959).
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Appendix Figure D-3. NMDS based on Bray-Curtis dissimilarity showing the primarily host-
associated gut microbiome variation of all the lineages (after filtering out environmental
microbes). The points are NMDS coordinate averages of each lineage’s microbiome
composition, and the lines connecting the points reflect the host phylogenetic relationships.
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Appendix Figure D-4. Correlations between gut microbiome dissimilarity of the primarily host-
associated microbiomes and A) environmental microbiome dissimilarity (Mantel correlation:
0.358; P < 0.0001) and B) host phylogenetic distance (Mantel correlation: 0.204; P = 0.0065). C)
There was no significant correlation between gut microbiome dissimilarity and environmental
distance (Mantel correlation: —0.028; P = 0.7201).
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