UC Santa Cruz
UC Santa Cruz Electronic Theses and Dissertations

Title
Extreme Environments and Shared Solutions: Convergent Adaptation and Gene Flow in
Sulfide Spring Fishes

Permalink
https://escholarship.org/uc/item/1p65w4zt]

ISBN
9798273396111

Author
Ryan, Kara

Publication Date
2025-12-01

Supplemental Material
@s://escholarship.orq/uc/item/lp65w4zt#sgp_pIementa=|

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-

NonCommercial-ShareAlike License, available at bttgs:égcreativecommons.orgélicensesébx;l
c-sa/4.0]

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1p65w4zt
https://escholarship.org/uc/item/1p65w4zt#supplemental
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
SANTA CRUZ

EXTREME ENVIRONMENTS AND SHARED SOLUTIONS: CONVERGENT
ADAPTATION AND GENE FLOW IN SULFIDE SPRING FISHES

A dissertation submitted in partial satisfaction
of the requirements for the degree of

DOCTOR OF PHILOSOPHY
in
ECOLOGY AND EVOLUTIONARY BIOLOGY
by
Kara Ryan

December 2025

The Dissertation of Kara Ryan is approved:

Professor Joanna L. Kelley, Chair

Professor Eric P. Palkovacs

Professor Michael Tobler

Professor Devon E. Pearse

Peter Biehl
Vice Provost and Dean of Graduate Studies



Copyright © by
Kara Ryan
2025

All rights reserved



TABLE OF CONTENTS

DISSERTATION APPROVAL PAGE ... 1
COPYRIGHT NOTICE ..., i
TABLE OF CONTENTS. ..., il
LIST OF FIGURESAND TABLES ..., v
ABSTRACT ... xi
DEDICATION AND ACKNOWLEDGMENTS ... Xiii
INTRODUCGTION ..., 1

CHAPTER 1: Selection on standing genetic variation mediates convergent
evolution in extremophile fish............... 5

CHAPTER 2: New genome assemblies for Poeciliidae: A foundation for
Adaptation STUAIES. ......oiutit it 42

CHAPTER 3: Pangenome-based analysis reveals ecotype-associated variants
across multiple locally adapted Poeciliid fishes...............c..cooii 68

CHAPTER 4: Gene flow facilitates the movement of adaptive alleles in

extremophile fishes....... ... 108
SYNTHESIS ..o e 151
REFERENCES ... e, 155

il



LIST OF FIGURES

Figure 1.1: Map of Study region and sites. Samples were collected from 10 sites in
the Rio Grijalva basin. The study site location is indicated by a yellow star in the
insert map of Mexico. Shape represents drainage and color represents ecotype. This
figure was adapted from Hotaling et al. (2019). .....cccoeviieiiiniiiiiiieeeeeee e 8

Figure 1.2:Analysis of population structure in background, sulfide processing, and
OxPhos genes. (a) Best K from admixture analyses of each gene set ordered by
drainage, from west to east. (b) Principal component analysis of unlinked single
nucleotide polymorphisms for each gene set. Color represents ecotype (sulfidic in
yellow, nonsulfidic in blue) and shape represents drainage of origin............cecceeueeee. 19

Figure 1.3: Tree discordance between maximum likelihood tree of background,
sulfide processing, and OxPhos genes. Colour represents ecotype (sulfidic in yellow,
nonsulfidic in blue). Bootstrap support for populations splits shown as a percent of
LOO00 DOOLSLTAPS. .vvevreenrieiieetieeiie et eeite et esiteebeestteebeesseeesbeenseessseeseesnseeseesnseenseesnseans 22

Figure 1.4: Differentiation and evidence for a monophyletic origin of regions
putatively under selection in sulfidic populations. (a) Per base pair Fst between all
sulfidic and all nonsulfidic individuals coloured by gene set: H,S detoxification
(gold), OxPhos (red) and background (grey). Outlier cut-offs are indicated by
horizontal lines (solid line 99.5%, dashed line 99.9%). (b) Haplotype network for
outlier genes putatively under selection ethel.a (left) and sqor (right). Yellow shades
represent sulfidic individuals' haplotype and blues represents nonsulfidic individuals'
haplotype. Shade represents population, with the lightest shade representing western
populations and darker shades represents eastern populations (see Figure 1.1). Node
size represents number of haplotypes found in the dataset. Number of mutations
between haplotypes is labelled on the branch as tick marks. Singletons have been
TEIMOVEA. ...ttt ettt sttt b ettt b ettt esb e et e at e ae et et e naeenees 25

Figure 2.1: Genome synteny, completeness, and repeat content. a) Syntenic regions
greater than 0.5 Mb between linkage groups 1 to 23 of P.

reticulata and Poecilia genome assemblies. b) Syntenic regions greater than 0.5 Mb
between linkage groups 1 to 24 of G. affinis and Gambusia genome assemblies. The
neighbor-joining cladograms were generated using pairwise distances. Photos of fish
assembled in this analysis, shown on the cladogram, are not to scale and are credited
to Michael Tobler. ¢) Historical changes in effective population size inferred from the
Pairwise Sequentially Markovian Coalescent (PSMC) model for Poecilia (left) and
GambUSIa (TIZNL). .eoeieeiieiiee e et esaae et e eaaeens 53

Figure 3.1: Large inversion highly differentiated between ecotypes. (A) Average Weir
and Cockerham FST (WC FST) between all sulfidic and nonsulfidic individuals in
10-kb windows. Outliers with Z score > 2.996 and a FST > 0.431 (0.99 empirical
cutoff) are colored red. Structural variants greater than 50 kb are plotted below the
axis. Inversions are plotted in orange and insertions are plotted in green. (B) Gene
Ontology (GO) enrichment analysis of genes in the inversion highlighted in yellow in

v



(A). All significantly enriched (Benjamini Hochberg corrected p-value < 0.05) GO
termMS Ar€ PLOEEA. ...eoneiieiiieiieeie ettt 85

Figure 3.2: Gene ontology (GO) terms that are significantly enriched in variants (A)
1-10 kb or (B) 50—1,000 bp and in regions highly differentiated between ecotypes.
All significant terms (Benjamini Hochberg adjusted p-value < 0.05) were plotted. .. 88

Figure 3.3: Sequence and gene expression variation in two copies of sulfide
processing gene persulfide dioxygenase (ethel). (A) Fst in 10-kb windows of scaffold
16. Genome wide 99% outlier windows are marked in red. Integrative Genomics
Viewer (IGV) screenshot of long reads mapped to the P. mexicana NS reference
genome and cladogram to show the relationship among populations. The top panel of
each row is depth with overlayed colored bars representing SNP locations. In the
bottom panel of each row, small insertions are labeled with purple and black lines
represent deletions. Structure of ethel copies from genome annotation represented
below. Additional 1.2-kb insertion unique to P. sulphuraria at 13,080,525 also
visible. (B) Frequency of 419-bp deletion in sulfidic and nonsulfidic individuals. (C)
Gene expression in the gill of both copies of ethel in field caught individuals from
two population pairs of sulfidic and nonsulfidic populations. Data generated in
(Kelley et al., 2016). (D) Gene expression in the gill of both copies of ethel from
individuals exposed to hydrogen sulfide in common garden conditions from two
population pairs of sulfidic and nonsulfidic populations. Data originally generated in
(Passow, Henpita, et al., 2017) ..ococuieiiiiiieieciieee et 93

Figure 4.1: Population structure and evidence for gene flow among populations of the
Poecilia mexicana species complex. (A) Map of sample sites for focal populations in
this study that span four river drainages and a Neighbor Joining phylogeny with
bootstrap support shown on each node. Shapes represent the drainage of origin (circle
- Pich; diamond - Ixta; triangle - Puya; square - Taco) and color represents ecotype
(gold - sulfidic; blue - nonsulfidic) Figure adapted from (Hotaling et al., 2019) (B)
Principal component analysis of linkage-pruned SNPs from intergenic regions. (C)
Evidence of gene flow from Patterson’s D statistic. Color represents D statistic value
(blue = low, red = high) and opacity represents the p-value, generated from a Z-score.
(D) Six trios with highest D statistic value across all trios tested...........c.cccceevvenneee. 124

Figure 4.2: f~branch (f,)statistics across the Poecilia mexicana species complex
supports multiple gene flow events. Grey represents pairs not tests due to phylogenic
TRIALIONSIIP. ..eoetieiie ettt st e e enee 126

Figure 4.3: (A) Genome wide normalized Cross Population nSL (XP-nSL) between
ecotypes in each drainage. The dotted line represents a |Z-score| > 3.3 outlier
threshold. (B) The degree of overlap of outlier genes among population comparisons.
................................................................................................................................... 131

Figure 4.4:Windowed D statistic around candidate genes sqor and ethel. Trios
labeled above each plot are labeled as P1_P2 P3 with P. reticulata as the outgroup.



Points represent the value in the sliding window, and the solid line represents the
rolling mean. The d dotted line represents a 0.99% outlier threshold. ..................... 134

Supplemental Figure 1.1: Admixture CV error for background, sulfide, and OxPhos
gene sets fOr K Of 1-10......ciiiiiiiiciee e 35

Supplemental Figure 1.2: Principal components three and four of linkage
disequilibrium (LD) pruned single nucleotide polymorphisms (SNPs) that account for
22.1% 22.6% of total variation in background, sulfide and oxphos genes. Yellow
represents the sulfidic ecotype and blue represents the nonsulfidic ecotype. Shape

represents the drainage of origin (m: Tac; A: Puy; : Pich; €: Ixta)........cccccceeeunnnnee. 35

Supplemental Figure 1.3: Fst (Weir and Cockerham) for all pairwise comparisons of
populations for (a) background, (b) OxPhos, and (c) sulfide genes. ...........cccenenee. 36

Supplemental Figure 1.4: Fst (Weir and Cockerham) for all pairwise comparisons of
populations of Oxphos-related genes (left) and sulfide-related genes (right) compared
to background genes. Yellow represents comparisons between sulfidic populations;
blue represents comparisons between nonsulfidic populations and grey represents
comparisons of differing €COtYPES. ......cvvuirriieriiieiieiiieieee e 37

Supplemental Figure 1.5: The distribution of differentiation (Fst and Dxy) and
difference in diversity between ecotypes (Arn ecotype) for reference (blue), oxphos
(red) and sulfide (ZO1d) ZENES. ....cccuieiiiiiieiieeiieie e 38

Supplemental Figure 1.6: Distributions of Mahalanobis distances for each gene
plotted by drainage. Populations of different ecotypes of the same drainage were
compared. Vertical line (red) denotes 95% OUtlier. ..........coevvieeiiiiieniiieieeieeieeee 39

Supplemental Figure 1.7: Haplotype network of two randomly selected reference
genes: gapdh (top) and pdss2 (bottom). Yellow shades represent sulfidic individuals’
haplotype and blues represents nonsulfidic individuals’ haplotype. Shade represents
population, with the lightest shade representing western populations and darker
shades represents eastern populations (see Figure 1). Node size represents number of
haplotypes found in the dataset. Number of mutations between haplotypes is labeled
on the branch. Note: singletons have been removed............ccceecvievieniiieniienieenieeiee 40

Supplemental Figure 1.8: Haplotype network of cox/5. The legend is the same as
FIZULE ST.7. ettt ettt et sttt et e 41

Supplemental Figure 2.1: K-mer spectrum and fitted models for (A) P. sulphuraria
(S), (B) P. mexicana (S), (C) G. eurystoma (S) 2028, (D) G. sexradiata (NS), (E) G.
sexradiata (S), and (F) P. mexicana (NS) Bonita. K-mer plots were generated using
genomescope 2.0 with parameters set to K-mer length = 21, ploidy = 2, maximum K-
mer coverage = -1, and average k-mer coverage for polyploid genome = -1............. 60

vi



Supplemental Figure 2.2: Annotation of telomeres in (1) P. mexicana NS, (2) P.
mexicana S, (3) P. sulphuraria, (4) G. sexradiata NS, (5) G. sexradiata S, and (6) G.
00 4] 1) 0T F OO O OUP SO PURRPSRRRRPON 66

Supplemental Figure 2.3: Repeat content by percent of genome. ...........cccceeevrennennee. 67

Supplemental Figure 3.1: (A) Count of variants found after merging via three
methods of variant discovery for each variant type, including deletions (DEL),
duplications (DUP), insertions (INS), and inversions (INV). (B) The size distribution
of variants found for each variant type. .........ccoeeeerieeiiienieeiieeceee e 101

Supplemental Figure 3.2: Distribution in difference in allele frequency between
sulfidic and nonsulfidic populations, where positive values are higher allele frequency
in the sulfidic individuals and negative values are higher allele frequency in the
nonsulfidic individuals. Dotted lines represent 99.5 and 0.05 percentile outlier

EATESNOLA. ... 102
Supplemental Figure 3.3: Distribution of weighted average Weir and Cockerham Fsr
(WC FST) calculated in 10kb windows across the genome. ...........cccceeevvenienenennen. 103

Supplemental Figure 3.4: Identification of highly differentiated (Fsr) outlier regions
between sulfide adapted and nonsulfidic individuals and overlap with large variants
greater than 50kb. Points indicated in red had a Z score > 2.996 and a Fst > 0.431
(0.99 empirical cutoff). Location of variants between 50kb-5Mb plotted below FST
OULHET WINAOW. ..ottt ettt st et 104

Supplemental Figure 3.5: : Identification of highly differentiated (Fst) outlier regions
between sulfide adapted and nonsulfidic individuals and overlap with variants 10-
50kb in size. Points indicated in red had a Z score > 2.996 and a Fst > 0.431 (0.99

WWITMAOW . oottt ettt ettt e e ee e e e et e e e e eeee e e e eeeeeeeeeeeeeeeeeaeseeenesesenenennennnnnnns 105

Supplemental Figure 3.6: Proportion of variants divisible three for all variants and for
variants found in protein COding EXOMS. .........cccvirriieriieriierieeriienieeiee e eeee e ene 106

Supplemental Figure 3.7: Gene trees for copies of ethel for Poecilia mexicana
individuals included in this study. For each tree, color represent the ecotype (yellow -
sulfidic, blue - nonsulfidic). Shape represents drainage of origin (Pichulcalo - circle,
Ixtapangajoya - diamond, Puyacatengo - triangle, Tacotalpa - square). Additionally,
phylogenetic tree of ethel paralogs is shown in the upper right, including a species
without the duplication (Danio rerio)..........ccccueeueeceerieeciieiieeieeeieeeie e 107

Supplemental Figure 4.0.1: Principal components analysis of all individuals,
including a putative hybrid. Color represents ecotype (blue = nonsulfidic, yellow =

SUITIAIC). 1eiitieiiie ettt e e e et e et e e et e e saaeeesaeeenraeeeareeas 143
Supplemental Figure 4.0.2: Admixture plot of all individuals including putative F1
hybrid identified in the nonsulfidic Pichucalco population. ............ccccceevverirennennne. 144

vii



Supplemental Figure 4.0.3: Maximum likelihood mitochondrial phylogeny and
associated bootstrap support scores. Shape at the tips denotes population and color
represents habitat type. * denotes the putative F1 hybrid identified in the analysis. 145

Supplemental Figure 4.0.4: f4-ratio plot showing evidence of introgression. The color
presents the {4 ratio, where blue represents lower values and red represents higher
values. The opacity represents significance, with more opaque colors representing
more SigNIfiCant 4 TatiOS. .....c.eovviiiiieiieiii e 146

Supplemental Figure 4.0.5: Distribution of Fst in 1,000bp windows between locally
adapted populations within the same drainage in 1kb windows. The vertical red line
represents the mean weighted Fst and the blue dashed line represents the 99% outlier

threshold for each cOmMPAriSON. ..........cceevciiiiiiiiiiiiiee e 147
Supplemental Figure 4.0.6: Overlap of outlier Fst windows among populations. ... 148
Supplemental Figure 4.0.7: Overlap of Fsr outlier genes among populations. ....... 148
Supplemental Figure 4.0.8: Genome-wide cross population extended haplotype
homozygosity (XP-EHH). 99% outlier threshold denoted with dashed line............ 149
Supplemental Figure 4.0.9: Observed heterozygosity counted as the number of
heterozygous sites over the total number of genotypes. ........ccceecvveviierieeniieniieienne, 150
LIST OF TABLES

Table 1.1: The number of genes, exons, and sites captured by targeted sequencing and
number of filtered sites, single nucleotide polymorphisms (SNPs), and linkage-
disequilibrium pruned SNPs used in this analysis. .........cccceeeeeriiiiieniienieeieeieee 18

Table 2.1: Genome assembly and annotation statistics. Contig and scaffold-level
genome assembly completeness, including BUSCO scores (shown in % of total
BUSCOs) of genomes and annotations (cyprinodontiformes _odb10, n = 15,213),
including percent of complete single copy (CS), complete duplicated (CD),
fragmented (F) and misSsing (M) SENES. .....c.eeviieriirriiiiiieniieiieeie et ens 54

Table 4.1:Inferred introgression from DFOIL. Populations P1 through P4 set utilizing
previously generated estimates of divergence times (Brown et al. 2017; Brown et al.
2018). The significant introgression event is labeled as the donor population ->
acceptor population. Introgression that was inferred from a shared ancestor is labeled
with both populations, for example 12 for the shared ancestor of P1 and P2. The
number of chromosomes that show significant support for that introgression event as
INCIUAEA. ...t 127

viii



Supplemental Table 1.1: Populations included in this study. Coordinates are from
Greenway et al., 2020. .....ooiiiiiieeiieie e et etae b ens 31

Supplemental Table 1.2: Excel file Table S2.xlsx. Capture gene list including
location, gene name, Gene ID, Transcript ID & Protein ID. In the gene set columns,
Broughton refers to reference genes from Broughton & Zhang 2013, NuclearRef
refers to nuclear encoded genes involved in other mitochondrial functions, NuOx are
nuclear encoded oxidative phosphorylation genes and Sulfide Detox/Response refers
to genes with a known sulfide related function. See methods for details about these
ZOTIE SCLS. 1.nutieiiiieiiieeeitee ettt e ettt e ettt e ettt e s bt e e sate e e st ee e abee e abeeentbeeenbeeennbeesnbteeenbeeeenbeeenn 32

Supplemental Table 1.3: Gene ontology terms used to generate targeted gene list. .. 32

Supplemental Table 1.4: Observed (Ho) and expected (HE) heterozygosity including
standard error for each gene set: background, oxphos, and sulfide. ............c.cceennen. 32

Supplemental Table 1.5: Estimated nucleotide diversity (n) including standard error
for each gene set: background, oxphos, and sulfide. ...........ccccoeeiiiiiniiiiiiniiiiee 33

Supplemental Table 1.6: Shared outlier genes in three or more comparisons across
€COtyPe Within draiNages.........ccveeiiieiiiiiiieiieeie ettt ettt eaee e ens 33

Supplemental Table 1.7: Excel file Capture_Table S7.xlsx. SNP positions, Weir and
Cockerham Fsr between all sulfidic and nonsulfidic individuals, gene name, and
SNPeff annotation including the type of variant, SNPeff class and amino acid change
0f 99.5% outliers (denoted by line in excel file). SNPeff class is an estimation based
on the putative impact of the variant.............ccccoeeiiiiiieriiniieieceeeee e 34

Supplemental Table 2.1 Study sites, species, ecotype, and sampling coordinates for
INAividuals SEQUENCE. ......ooiiiiiiiiiieiiecie e ens 57

Supplemental Table 2.2: Results of HiFi sequencing, including the number of HiFi
sequences per sample, the total number of Gigabases (Gb) generated for each
individual, median read length, read N50, and GC content............cceeceeevueerreeneennnnnne 57

Supplemental Table 2.3: HiFiasm assembly results prior to scaffolding, including the
number of contigs assembled, the size of the assembly, the number of contigs greater
than 10Mb, the assembly N50 and the L50 count. ..........ccocoeviniiniininiiniiiiiieeee, 58

Supplemental Table 2.4: Scaffolding results against Poecilia reticulata (N=23 linkage
groups) and Gambusia affinis (N=24 linkage groups) as references. Scaffolding
results include the number of contigs placed into linkage groups, placed base pairs
(bp), the number of unplaced contigs, unplaced bp, the number and size of gaps, and
the percent of bases assembled into linkage groups. .........ccceeeveevienciienieniieniesieeen. 58

Supplemental Table 2.5: Final genome assembly results, including the number of
sequences, the total genome length, the shortest unplaced contig, the average contig

length, the N50, the GC%, and the total number of gaps. ........ccceeeeriiieriieniieiieniee 58
Supplemental Table 2.6: Gene annotation using the Braker3 pipeline. Total number of
annotated genes, mean exon length (bp), and mean intron length (bp). .......cceeneeeee. 59

X



Supplemental Table 3.3: Haplotype assemblies generated using HiFiasm including
the species, site ID, habitat type, number of contigs assembled and the N50 for each
haplotype aSSEMDBLY. ...cc.eiiiiiiiiiiieiee e 100

Supplemental Table 3.4: Alle frequencies of structural variants and gene annotation if
it occurs in a gene. Provided as separate Excel file “Pmex SV table S4.xlsx”...... 100

Supplemental Table 3.5: Table of genes present in Fst outlier windows. Provided as
separate Excel file “Pmex SV table S57 ..o 100

Supplemental Table 3.6: Allele frequency difference between all genotyped variants.
Provided as separate Excel file “Pmex SV table S6” ........cccoooiiiiiniiiiiiiniiene, 100

Supplemental Table 3.7 Shared, upregulated and downregulated genes containing
structural variants in intronic Or Promoter TEZIONS. ........eceeerveerurerireereeeeveerreenveeneens 100

Supplemental Table 4.1: Focal populations included in this study including the
species name, site name, site ID used in the manuscript, the drainage of origin, the
habitat type, either sulfidic or nonsulfidic springs, latitude and longitude of the
POPUIALION. ...ttt ettt ettt et e et e e et e eabeeesaeesseeesbeesseassseenseenasaans 142

Supplemental Table 4.2: Sequencing and mapping results for samples included in this
study. Table is included as a “Gene flow Table S2 squencing mapping.xlxs”.... 142

Supplemental Table 4.3: Outlier genes identified by Fst scans including the gene
symbol, the comparisons in which it was an outlier in, the number of comparisons it
was considered an outlier in and a description of the gene. The table is included as
“Gene_flow Table S3 FST outliers.XIXs” .....ccceviiriiieniieiieieeieeie e 142

Supplemental Table 4.4: Outlier genes identified by XP-EHH scans including the
gene symbol, the comparisons in which it was an outlier in, the number of
comparisons it was considered an outlier in and a description of the gene. The table is
included as “Gene flow Table S4 xpehh outliers.XIXs” .......cccccieriiiiiinieninnnnen. 143

Supplemental Table 4.5: Outlier genes identified by XP-nSt. scans including the gene
symbol, the comparisons in which it was an outlier in, the number of comparisons it
was considered an outlier in and a description of the gene. The table is included as
“Gene_flow Table S5 xpnsl outliers.XIXs”.......cccoceeviieriiiiienieeiieieee e 143



ABSTRACT

EXTREME ENVIRONMENTS AND SHARED SOLUTIONS: CONVERGENT
ADAPTATION AND GENE FLOW IN SULFIDE SPRING FISHES

by
KARA RYAN

A central question in evolutionary biology is whether evolution is predictable
— driven by similar selective pressures leading to repeated outcomes — or contingent
on historical and stochastic processes. While convergent traits are widespread across
the tree of life, the underlying genetic mechanisms often vary, raising questions about
how different sources of variation can influence evolutionary trajectories. In this
dissertation, [ use the Poecilia mexicana species complex, which includes multiple
sulfide-adapted and non-sulfide-adapted populations across four river drainages, as a
model for repeated adaptation to extreme environments. In Chapter One, I used
targeted capture sequencing to test for selection in 250 candidate genes, identifying
shared signatures of selection in key sulfidic detoxification genes across independent
sulfidic lineages. In Chapter Two, I generated new genome assemblies for six
Poecilia and Gambusia species, assessed synteny and demographic history, and tested
hypotheses about population size changes and the genomic architecture in sulfidic
lineages. Chapter Three investigated the role of structural variants in adaptation by
integrating long- and short-read DNA sequencing with transcriptomic data. This work
identified many structural variants under selection, including a deletion in ethel
associated with gene expression differences that was fixed in sulfidic individuals and

at low frequency in nonsulfidic individuals. Finally, Chapter Four, using whole-

xi



genome resequencing data from 172 individuals, revealed that gene flow has
facilitated repeated adaptation to sulfide springs by shaping allele frequencies and
patterns of divergence for both SNPs and structural variants. Collectively, this
dissertation shows that while a defined set of genes and pathways involved in sulfide
detoxification recurrently underpin adaptation, this is the result of the interplay of de
novo mutation, gene flow and selection. This work highlights how predictable and
contingent processes jointly shape evolutionary outcomes, proving new insight into

convergent adaptation in extreme environments.
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INTRODUCTION

Evolutionary biologists have long wondered if evolution is predictable or if it
is instead shaped by chance (Darwin, 1859; Jonathan B. Losos, 2011, 2017;
Rosenblum et al., 2014). This debate centers on whether repeated evolution is
inevitable — driven by similar selective pressures leading to predictable, convergent
outcomes — or whether it is contingent on historical and stochastic processes. Both
theoretical work (Gould, 1990; Jonathan B. Losos, 2017), and empirical studies of
convergence ranging from E. coli (Blount et al., 2008; Lenski et al., 1991), to anoles
(J. B. Losos et al., 1998; Mahler et al., 2013), to stickleback (Colosimo et al., 2005;
Jones et al., 2012) and cavefish (Borowsky, 2018), have provided evidence for both
sides of this debate, underscoring that evolutionary outcomes are often both
repeatable and idiosyncratic.

Despite decades of work addressing this question, an important gap remains:
much of this debate has treated repeated adaptation as the product of either
inevitability (i.e. selection finding the same solutions) or contingency (unique
histories and accidents) (Blount et al., 2018) while paying less attention to how the
sources of adaptive variation may influence evolutionary outcomes. Convergent
phenotypes are widespread across the tree of life. Importantly, convergence can occur
across multiple levels of the biological hierarchy — from protein function to
physiological pathways to whole organism traits. In many cases, similar phenotypes
arise through distinct molecular mechanisms, suggesting that while natural selection

favors similar trait solutions, the genomic basis of adaptation may often differ across



lineages (Stern, 2013). This variation between repeatable phenotypic convergence
and heterogeneous genotypic underpinnings complicates this debate about the
predictability of evolution.

Convergent phenotypes can be underpinned by variation in the same or
different genes. When the same gene is implicated, the source of this adaptive
variation can be classic independent de novo mutation, but it could also exist as
standing variation, either as ancestral variation that is maintained beyond speciation
events or introduced via gene flow (Stern, 2013). Gene flow provides a pathway to
convergence that blurs the dichotomy of inevitability or contingency (Slatkin, 1987).
Gene flow can make outcomes appear more predictable — because multiple
populations find similar adaptive solutions — while also retaining a strong element of
contingency, since the opportunity for alleles to move depends on the historical and
demographic context of population connectivity.

Extreme environments impose intense, well-defined selective pressures that
few lineages can tolerate (Macek et al., 2016; Rappaport & Oliverio, 2024). These
environments act as long-term natural experiments that test the limits of adaptation
and thus provide powerful opportunities for investigating whether evolutionary
responses are constrained and repeatable or idiosyncratic and contingent. An example
of such a system is the Poecilia mexicana species complex in the Grijalva River
Basin in southern Mexico. This system contains multiple lineages that have
independently adapted to hydrogen sulfide levels orders of magnitude higher than

what is typically toxic to animals. The presence of closely related nonsulfidic



populations within the same river drainages make this system particularly valuable
for investigating convergent evolution (Tobler et al., 2018).

In Chapter One (Ryan et al., 2023), I used a population level targeted capture
approach to test for selection in 250 nuclear-encoded genes previously implicated
with sulfide processes or Oxidative Phosphorylation. While many signals of selection
were population-specific, two key sulfide detoxification genes showed evidence of
selection across in all five populations. This work indicated that this shared variation
under selection had a monophyletic origin, a hypothesis that was tested in Chapter
Four.

In Chapter Two (Ryan et al., 2025), I generated new genome assemblies and
applied comparative genomic approaches to investigate synteny and demographic
history across Poecilia and Gambusia, two genera that have multiple populations that
have independently adapted to sulfide springs. These analyses revealed that not all
sulfidic populations have reduced population sizes compared to their nonsulfidic
counterpart and no large-scale difference in synteny were detected between ecotypes.
Additionally, these new genomic resources were used in Chapter Three (Ryan et al.,
in review) to test the hypothesis of the role of structural variants in adaptation.

Chapter Three (Ryan et al., in review) then took a population level genome-
wide approach, integrating long- and short-read DNA sequencing as well as RNA
sequencing to explore the role of structural variants in repeated adaptation. In
addition to identifying structural variants under selection that sort by ecotype, this

work found associations between structural variants in noncoding regions and



differential gene expression. For example, I identified a deletion within the intron of
one copy of sulfide detoxification gene ethel that is fixed in all sulfidic populations,
occurs at low frequencies in nonsulfidic populations, and is associated with
expression differences between gene copies and ecotypes.

Finally, Chapter Four (Ryan et al., in prep) I explored both genome-wide
signatures of selection and the sources of adaptive variation in these regions in 172
genomes. Across multiple approaches, we found strong evidence that gene flow has
shaped the evolutionary history of this species complex and facilitated the repeated
adaptation to sulfide springs. Gene flow explains patterns of divergence and allele
frequencies for both Single Nucleotide Polymorphism (SNPs) and structural variants
across the genome. Furthermore, these results suggest that although many regions are
under selection, and much of these regions are not shared among sulfide adapted
populations, variation in sulfide detoxification genes is consistently under selection in
all five populations.

Together, this dissertation demonstrates that while the same genes and
pathways — particularly those involved in sulfide detoxification — repeatedly underpin
adaptation supporting the predictability of evolution, these outcomes are contingent

on the stochastic nature of gene flow and geographic isolation.
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Abstract

Hydrogen sulfide is a toxic gas that disrupts numerous biological processes,
including energy production in the mitochondria, yet fish in the Poecilia
mexicana species complex have independently evolved sulfide tolerance several
times. Despite clear evidence for convergence at the phenotypic level in these fishes,
it is unclear if the repeated evolution of hydrogen sulfide tolerance is the result of
similar genomic changes. To address this gap, we used a targeted capture approach to
sequence genes associated with sulfide processes and toxicity from five sulfidic and
five nonsulfidic populations in the species complex. By comparing sequence variation
in candidate genes to a reference set, we identified similar population structure and
differentiation, suggesting that patterns of variation in most genes associated with

sulfide processes and toxicity are due to demographic history and not selection. But

the presence of tree discordance for a subset of genes suggests that several loci are



evolving divergently between ecotypes. We identified two differentiation outlier
genes that are associated with sulfide detoxification in the mitochondria that have
signatures of selection in all five sulfidic populations. Further investigation into these
regions identified long, shared haplotypes among sulfidic populations. Together,
these results reveal that selection on standing genetic variation in putatively adaptive

genes may be driving phenotypic convergence in this species complex.

Introduction

Convergent evolution, the independent evolution of similar traits in multiple
lineages (Jonathan B. Losos, 2011), can occur at various levels of biological
organization, from phenotype to nucleotide position. However, convergence at one
level does not necessitate convergence in the underlying mechanism (Rosenblum et
al., 2014). In some cases, convergent phenotypes are largely driven by the same
amino acid change (e.g. echolocation (Y. Liu et al., 2010; Rossiter et al., 2011), but in
others, there is little convergence at the amino acid or gene level (e.g. haemoglobin,
(Natarajan et al., 2016). Moreover, the degree to which convergent phenotypes are the
result of selection on standing variation or on de novo mutation remains unclear. In
some cases, the source of adaptive variation is largely de novo mutation (e.g.
pigmentation in deer mice (Linnen et al., 2009), but in others, the majority source is
standing variation (Alves et al., 2019; Haenel et al., 2019; Jones et al., 2012; Lai et
al., 2019; N. M. Reid et al., 2016). Determining how often convergent phenotypes are

driven by similar genomic changes will provide a better understanding of the



repeatability of evolution (Gould, 1990; Rosenblum et al., 2014) and the relative
contributions of selection on standing variation and de novo mutation in adaptation.
Extreme environments provide valuable systems to explore how selection may
drive convergence across multiple biological levels. The strong selective regimes
found in extreme environments often promote the evolution of convergent phenotypes
(Riesch et al., 2015; Xu et al., 2020). These systems are particularly valuable when
there are naturally replicated environments that have been independently colonized by
multiple populations, allowing the investigation of how selection has independently
shaped variation in the genome (Tobler et al., 2018). Freshwater springs in the Rio
Grijalva basin in Southern Mexico are an example of such a system. Springs in this
area contain naturally occurring hydrogen sulfide (H2S) at concentrations orders of
magnitude higher than those considered lethal for most animals (Tobler et al., 2018,
2016). Despite the highly toxic conditions, sulfide springs in four river drainages have
been independently colonized by fish populations from the Poecilia mexicana species
complex, including P. mexicana, P. thermalis, and P. sulphuraria (Palacios et al.,
2013; Tobler et al., 2018). Additionally, closely related populations inhabit
nonsulfidic streams within the same drainages (Figure 1.1), providing a unique
comparative framework to explore evolutionary processes that potentially give rise to
convergent adaptations (Tobler et al., 2018). The sulfide spring populations from the
Puyacatengo and Tacotalpa drainages show evidence for recent divergence between
ecotypes, estimated at ~10,000 years ago in Tacotalpa and ~300 years ago in

Puyacatengo (A. P. Brown et al., 2018). In contrast, sulfide spring populations in the
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Pichucalco and Ixtapangajoya drainages are hypothesized to have diverged earlier,
with estimates from the Pichucalco drainage suggesting a timing of divergence of
~19,000 years ago (Greenway et al., 2021). Sulfide spring populations are locally
adapted and exhibit convergent phenotypes related to morphology (Greenway et al.,
2019; Riesch et al., 2016; Tobler & Hastings, 2011), life history traits (Riesch et al.,
2010, 2014) and physiology (Greenway et al., 2020; Pfenninger et al., 2014; Plath et
al., 2013a; Tobler et al., 2011, 2016). These naturally replicated systems, therefore,
provide a unique opportunity to explore the genomic basis of convergent adaptive

phenotypes, from nucleotide position to pathway.

Drainage: Pichucalco (Pich) Ixtapangajoya (Ixta) Puyacatengo (Puya) Tacotalpa (Taco)
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Figure 1.1: Map of Study region and sites. Samples were collected from 10 sites in
the Rio Grijalva basin. The study site location is indicated by a yellow star in the
insert map of Mexico. Shape represents drainage and color represents ecotype. This
figure was adapted from Hotaling et al. (2019).


https://onlinelibrary.wiley.com/doi/10.1111/mec.17081#mec17081-bib-0097

The main mechanism of toxicity imposed by HaS involves the inhibition of
aerobic respiration. In the mitochondria, H>S binds to Complex IV (cytochrome ¢
oxidase, COX), inhibiting oxidative phosphorylation (OxPhos) and halting aerobic
energy production even at micromolar concentrations (Cooper & Brown, 2008; Hill et
al., 1984). In addition to disrupting energy production, elevated H>S concentrations
can produce harmful effects by modulating ion channels (Garcia-Bereguiain et al.,
2008), modifying oxygen transport proteins (Pietri et al., 2011), interacting with
transcription factors (Budde & Roth, 2010) and signaling molecules (Calvert et al.,
2009), and disrupting posttranslational modification of proteins (Mustafa et al., 2009).
Despite the presence of a highly conserved detoxification pathway across eukaryotes,
the sulfide:quinone oxidoreductase (SQR) pathway in the mitochondria (Hildebrandt
& Grieshaber, 2008; Libiad et al., 2014), environmental exposure to H»S is still
potentially lethal for most animals (Lagoutte et al., 2010). Although the biochemical
action of H»S is well understood, the ways in which these proteins may be modified
for adaptation to HoS-rich environments are largely unknown. At a molecular level,
the strong selective pressure imposed by constant exposure to H»S is predicted to
drive adaptive modification of genes associated with OxPhos and H»S detoxification.
These genes are prime targets for natural selection due to their importance in cell
survival, susceptibility to H2S, and their highly conserved nature across taxa, which
provides an opportunity to test for convergence at a molecular level. However,
because of the genomic complexity and redundancy of these processes—more than

200 genes are associated with H,S tolerance, H»S detoxification, or OxPhos—it is



unclear to what extent the convergent evolution of sulfide tolerance is a result of
convergence at the genomic level.

There is evidence for genomic convergence at the gene and nucleotide levels
in subsets of populations of P. mexicana, that seems to arise from a combination of
selection on standing variation and de novo mutation. For example, genes associated
with the sulfide:quinone oxidoreductase pathway in the mitochondria,
including sulfide:quinone oxidoreductase (sqor) and persulfide dioxygenase (ethel)
show evidence for selection on standing variation (A. P. Brown et al., 2018;
Greenway et al., 2020; Pfenninger et al., 2015; Tobler et al., 2018). Additionally,
these sulfur detoxification genes are differentially expressed between ecotypes (A. P.
Brown et al., 2018; Kelley et al., 2016; Passow, Brown, et al., 2017; Passow, Henpita,
et al., 2017; Tobler et al., 2014). Evidence for shared adaptive changes in subunits of
OxPhos has been identified (A. P. Brown et al., 2018; Greenway et al., 2020; Kelley
et al., 2016; Pfenninger et al., 2014), including evidence for selection acting on de
novo mutations in mitochondrially encoded subunits of OxPhos complexes
(Greenway et al., 2020; Pfenninger et al., 2014).

While previous studies support the importance of regions associated with H>S
detoxification and OxPhos, it remains untested whether selection has acted on shared
regions of the genome across all sulfidic populations of this species complex.
Furthermore, it is unclear if convergence is the result of selection on standing
variation or de novo mutation. To address these questions, we used a targeted exon

capture approach to sequence candidate genes associated with H,S toxicity and
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detoxification from five sulfidic and five nonsulfidic populations of P. mexicana.
Using these data, we tested (1) whether the relationship among populations at H>S
candidate genes differs from the relationship at background genes, and (2) whether a
subset of genes associated with HaS detoxification has been targeted by selection in
all drainages. This study highlights the importance of selection on standing genetic

variation in the repeated evolution of complex traits in extreme environments.

Materials & Methods
Samples and sequencing

A total of 200 individuals were sampled from five sulfidic and five
nonsulfidic populations (20 individuals per population) from the Pichucalco (Pich 1
and Pich 2), Ixtapangajoya (Ixta), Puyacatengo (Puya), and Tacotalpa (Taco)
drainages in the Rio Grijalva basin, Mexico (Figure 1.1; Table S1.1). Sampling
included populations of P. sulphuraria (Pich sulfidic), P. thermalis (Ixta sulfidic),
and P. mexicana mexicana (all other populations).

Probes were designed for capture sequencing by Rapid Genomics to target a
total of 415 nuclear-encoded genes, comprised of 250 candidate genes and 165
background genes (Table S1.2). The 166 candidate genes associated with sulfide
detoxification and sulfur processing were identified using Gene Ontology (GO) terms
(Table S1.3). The candidate set also included 84 nuclear-encoded OxPhos genes,
identified using a BLASTn search of the P. mexicana reference genome for genes

encoding subunits of OxPhos from (F. Zhang & Broughton, 2013). The background
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set contained 73 housekeeping genes from Zhang & Broughton (2013) that are highly
expressed in all cell types and involved in critical functions, providing an appropriate
comparator to OxPhos genes (Amsterdam et al., 2004; Warrington et al., 2000), and
92 additional nuclear-encoded genes involved in mitochondrial functions (excluding
OxPhos and sulfide-related genes identified above) selected from the MitoCarta2.0
database (Calvo et al., 2016; Pagliarini et al., 2008) at random.

DNA was extracted from muscle tissue preserved in RNAlater (Ambion, Inc.)
using the Gentra Puregene Tissue Kit following the manufacturer's protocol for
purifying DNA from 5 to 10 mg of tissue with the following modifications: (i) tissues
were homogenized using a micro pestle, (i) centrifugation was carried out for
3.5 mins following the addition of protein precipitations solution, and (iii)
centrifugation was performed for 2 mins following the addition of isopropanol. DNA
was quantified using a Qubit fluorometer and was visualized on a 1% agarose gel.

Library preparation was performed by Rapid Genomics utilizing the Illumina
high-throughput workflow and proprietary chemistry. Briefly, DNA was sheared to a
mean fragment length of 400 base pairs (bp). The resulting fragments were end-
repaired, followed by the incorporation of Illumina unique dual-indexed adapters and
PCR enrichment. Probes from Rapid Genomics set RG_3101 were hybridized to the
libraries and enriched for the targets of interest. Sequencing was performed on an
[llumina HiSeq system with paired-end 150 bp reads. The resulting raw data were

demultiplexed using Illumina's BCLtoFastq.
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Quality control, variant calling, and filtering

Reads were quality checked using FastQC v0.11.9 (Andrews, 2010), and
outputs were summarized using MultiQC v1.11 (Ewels et al., 2016). Reads were
trimmed using the Cutadapt (M. Martin, 2011) wrapper TrimGalore v0.6.6
(https://github.com/FelixKrueger/TrimGalore) with parameters --stringency 5, --
length 40, and default parameters trimming adaptors and reads with a quality score
less than 20. Trimmed reads were aligned to the P. mexicana genome (NCBI
accession: GCA 001443325.1 (Warren et al., 2018) using BWA-MEM v0.7.17 (H.
Li, 2013). The resulting SAM files were converted to BAM files using Samtools v1.8
(H. Li et al., 2009). The BAM files were then sorted, and duplicates were marked
using Picard Tools v2.21.4 (Broadinstitute/Picard, 2014/2022) SortSam and
MarkDuplicates. Variants were called according to the Genome Analysis Tool Kit
(GATK) v4.2.5.0 (Van der Auwera & O’Connor, 2020) best practices for data pre-
processing for variant discovery and germline short variant discovery (single
nucleotide polymorphisms [SNPs] and insertions/deletions [Indels]).
GATK's HaplotypeCaller was used in gvcf mode to generate intermediate per-sample
Genomic Variant Call Format (GVCEF) files, which were then consolidated using
GenomicsDBImport. Samples were then joint genotyped using
GATK GenotypeGVCFs, retaining invariant sites using the -allSites parameter and
combined using CombineVariants.

The resulting VCF files were filtered for sequencing depth and missingness (--

minDP 20, --max_missing 0.9) using VCFtools v0.1.16 (P. Danecek et al., 2011).
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Additionally, VCFtools was used to remove a nonsulfidic individual from the
Pichucalco drainage that was identified as a first-generation hybrid. To generate an
all-sites VCF with proper variant filtering, we separated the files into variant (--mac
1) and invariant (--maf 0) sites using VCFtools. We filtered the variant file for quality
and minor allele frequency (--minQ 30 --maf 0.01) using VCFtools. Additionally, we
removed loci that were significantly out of Hardy Weinberg Equilibrium within each
population (p <.001) using dDocent Perl script filter hwe by pop.pl (Puritz,
Hollenbeck, et al., 2014; Puritz, Matz, et al., 2014). The resulting filtered variant sites
VCF were then concatenated to the invariant sites using BCFtools

v1.10.2 concat (Petr Danecek et al., 2021) and intersected with the original bed file
containing the targeted regions for probe design to remove off-target variants and
split the data to target and background using BEDTools v2.27.1 (Quinlan & Hall,
2010). The resulting filtered all-sites VCF file was converted to phylip format for
phylogenetic analysis using python script vef2phylip.py
(https://github.com/edgardomortiz/vef2phylip). In addition to an all-sites VCF, we
filtered the candidate and background VCF files to retain only biallelic SNPs using
VCFtools and remove SNPs found in high LD (+prune -1 0.8 -w 1000) using
BCFtools. Unless otherwise stated, analyses were performed using the VCF

containing biallelic, LD-pruned SNPs.

Analysis of evolutionary relationships among populations
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To investigate population structure, a principal component analysis (PCA)
was performed using Plink2 (Chang et al., 2015). Igtree2 v2.1.3 (Minh et al., 2020)
Ultra-Fast Bootstrap (Minh et al., 2013) (-B 1000 -bnni) approach was used to
generate a maximum likelihood tree for the background and candidate gene sets using
the unpruned, all-sites phylip file. ADMIXTURE v1.3.0 (Alexander et al., 2009) was
used to investigate individual ancestry. Pong v1.5 (Behr et al., 2016) was used to

visualize ADMIXTURE clustering.

Analysis of population genetic differentiation

Estimates of Fist, heterozygosity, and nucleotide diversity (w) for each gene
set were calculated using Stacks v2.59 populations (Catchen et al., 2013). Fixed
differences between each comparison were identified by first filtering for private
alleles and then filtering for a maximum minor allele frequency of 0 using VCFtools.
Pixy v1.2.5 (Korunes & Samuk, 2021) was used to summarize nucleotide diversity
and estimate genetic differentiation at the gene level between sulfidic and nonsulfidic
populations from the same drainage using the all-sites VCF. First, Nei and Li's
nucleotide diversity () (Nei M & Li W H, 1979) was estimated for all populations,
and the difference in nucleotide diversity between pairs (ATtecotype) Was calculated by
subtracting 7 of sulfidic from nonsulfidic populations (nns — 7ts), such that loci with
decreased nucleotide diversity in sulfidic populations would result in +Aftecotype. Next,
we estimated relative population differentiation between pairs using Weir and

Cockerham's estimate of Fst (Weir & Cockerham, 1984). Because this estimator can
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result in a negative value for populations that contain more variation within, we
replaced all negative Fst values with 0. Estimates of Fst can be influenced by
differences in nucleotide diversity within populations (Cruickshank & Hahn, 2014),
therefore we also calculated d,, (Nei M & Li W H, 1979) as an absolute measure of
population differentiation.

We first identified outlier loci putatively under selection using a multivariate
approach in Minotaur v0.0.1 (Verity et al., 2017). We used the distributions
of Fst, dxy, and ATtecotype per gene to calculate the Mahalanobis distance (Mahalanobis,
1936), and loci with greater-than-expected differentiation based on a 95% confidence
intervals were considered putatively under selection. We then compared these
drainage-specific gene lists to identify shared outlier genes. In addition to the per-
gene approach, we identified outlier SNPs. We used VCFtools to calculate Weir and
Cockerham's Fst between all sulfidic and nonsulfidic populations on a per-site basis
using a VCF containing biallelic SNPs that were not LD pruned. Outlier SNPs were
identified using a 99.5% cut-off. SNPs were annotated using SNPeff v5.0e (Cingolani
et al., 2012), and the potential effects of high F'st nonsynonymous mutations were

assessed using PolyPhen2 (Adzhubei et al., 2013).

Haplotype network
To generate haplotype networks, we split the non-LD pruned VCF containing
biallelic SNPs by population using VCFtools and phased the sites using the Popgen

Pipeline Platform script vef phase.py using the Beagle v5.1 algorithm (B. L.
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Browning et al., 2018; S. R. Browning & Browning, 2007). The resulting VCFs were
split into individual VCFs using BCFtools query and view. For each individual, a
fasta file containing each haplotype was generated using BCFtools consensus (using
the -H 1 and -H 2 parameter for haplotype 1 and haplotype 2, respectively). The
header of the resulting fasta files was fixed to match the appropriate sample and
haplotype before concatenating. Each gene-specific fasta file was then aligned using
mafft v7.429 (Katoh & Standley, 2013) using default parameters. Haplotype networks
were then generated for each gene using R v4.1.2 packages pegas v1.1 (Paradis,
2010) and ape v5.6.2 (Paradis & Schliep, 2019) using a statistical parsimony network
(TCS) approach (Clement et al., 2000; Templeton et al., 1992) with singleton
haplotypes filtered prior to network generation. The resulting network was visualized

using Cytoscape (Shannon et al., 2003) v3.9.1.

Results
Targeted capture sequencing

Targeted capture sequencing resulted in 0.2—1.9 million 150-bp paired-end
reads per sample, with an average of 0.7 million reads and an average Phred score
greater than 35. GC content in reads ranged from 43% to 47%. Of the 839,328 bp
targeted, 784,629 were retained after filtering, of which 9446 (1.2%) were SNPs. LD
filtering resulted in a final set of 7277 SNPs. Genes associated with H>S had more
SNPs in high LD (26.1%) when compared to OxPhos (19.1%) and background

(19.2%) genes (Table 1.1).
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Table 1.1: The number of genes, exons, and sites captured by targeted sequencing and
number of filtered sites, single nucleotide polymorphisms (SNPs), and linkage-
disequilibrium pruned SNPs used in this analysis.

Targeted Filtered Pruned
Set Genes [Exons [sites sites SNPs |SNPs
Target: Sulfide |166 1330 421,765 398,664 5153 3808
Target:
OxPhos 84 432 06,472 88,421 073  [7187
Background 165 1341 321,091 297,544 3320 2682
Total 415 3103 839,328 784,629 0446 (7277

Similar population structure inferred from background and candidate genes

To investigate the relationship among populations within each gene set, we
used admixture to cluster individuals based on ancestry. The background set
supported a best K of 7, while both the OxPhos and sulfide sets supported a best K of
8. Nonetheless, the relationship among populations was similar (Figure S1.1;

Figure 1.2a). Variation in the best K was the result of nonsulfidic individuals from
Pich clustering as a single population in the background set and as two populations in
the OxPhos and sulfide sets (Figure 1.2a). Generally, sulfide spring populations were
recovered as distinct clusters, but Puya sulfidic and nonsulfidic individuals clustered
as a single population in all gene sets (Figure 1.2a).

PCA of LD-filtered SNPs separated P. sulphuraria (Pich 1 and Pich 2,
sulfidic) and P. thermalis (Ixta, sulfidic) individuals from P. mexicana individuals (all
others) along PC axis 1, which explained 30.3%—-34.9% of variation depending on the
gene set (Figure 1.2b). PC axis 2 separated P. mexicana individuals by ecotype and
explained 11.8%—13.2% of variation. Interestingly, the relationship among

individuals from Puya and sulfidic individuals from Taco varied across gene sets
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(Figure 1.2b). For example, Puya individuals clustered as a distinct group from Taco
sulfidic individuals in both the background and the sulfide set (Figure 1.2b). In
contrast, sulfidic individuals from Taco and Puya clustered as a single group in the
OxPhos set (Figure 1.2b). PC axis 3 and 4 showed similar clustering patterns between
the sulfide and Oxphos sets, but interestingly, the background set clustered sulfidic

individuals from Taco with nonsulfidic individuals from Pich (Figure S1.2).
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Figure 1.2:Analysis of population structure in background, sulfide processing, and
OxPhos genes. (a) Best K from admixture analyses of each gene set ordered by
drainage, from west to east. (b) Principal component analysis of unlinked single
nucleotide polymorphisms for each gene set. Color represents ecotype (sulfidic in
yellow, nonsulfidic in blue) and shape represents drainage of origin.
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In addition to clustering analyses, we estimated relative differentiation using
Weir and Cockerham Fsr for each pairwise comparison. In all gene sets, we found the
highest Fst between the Taco sulfidic population and the sulfidic populations from
Pich and Ixta and the lowest Fst between sulfidic and nonsulfidic populations from
Puya (Figure S1.3). Additionally, Fst tended to be lower between comparisons of
nonsulfidic populations than between sulfidic populations or between populations of
differing ecotypes across all gene sets (Figure S1.4). Observed and expected
heterozygosity (Ho/Hg) was reduced in all sulfidic populations when compared to the
adjacent nonsulfidic population, except for Puya, but this pattern was consistent
across gene sets (Table S1.4). Similarly, nucleotide diversity (n) was lower in sulfidic
populations compared to nonsulfidic populations (Table S1.5). We also compared
distributions of per gene Fst, dxy, and An between ecotypes from the same drainage.
Within a drainage, the distributions of variation in both sulfur processing and OxPhos
genes were similar to the background (Figure S1.5). But between drainages, these
distributions varied greatly (Figure S1.5). Due to the overall similarity with the
background, our results suggest that most of the variation in genes associated with
OxPhos and sulfide processing is a result of demographic processes and not selection

acting on many potentially adaptive loci.

Tree discordance between background and potential target genes

Despite limited evidence of selection acting on many loci across our targeted

genes, phylogenetic analysis revealed tree discordance between background, sulfide
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processing, and OxPhos genes. The topology of the highest supported maximum
likelihood tree of the background set supported previous studies (A. P. Brown et al.,
2019; Greenway et al., 2020; Palacios et al., 2013) that suggest three independent
colonizations of sulfidic springs—a more ancient colonization by the P.

sulphuraria clade as well as two more recent colonizations by P. mexicana in the
Taco and Puya drainages (Figure 1.3). In contrast, the sulfide set clustered all
populations by ecotype, contradicting the expected population tree (Figure 1.3). The
OxPhos set was similar to the background set, except that the Taco sulfidic
individuals cluster with both Puya populations instead of as sister taxa with the

nonsulfidic population from the same drainage (Figure 1.3).
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Figure 1.3: Tree discordance between maximum likelihood tree of background,
sulfide processing, and OxPhos genes. Colour represents ecotype (sulfidic in yellow,
nonsulfidic in blue). Bootstrap support for populations splits shown as a percent of
1000 bootstraps.

Evidence for selection in sulfide processing genes

A small subset of loci associated with sulfide processes were outliers and
therefore putatively under selection in all sulfidic populations. The distribution of
differentiation (Fst and dxy) and Amtecotype Were similar among gene sets but varied
among drainages, suggesting variation in demographic history (Figure S1.5). We

identified six Mahalanobis outlier gene regions putatively under selection that were
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shared among all comparisons (Figure S1.6), of which five were associated with
sulfide processes (Table S1.6). These regions included both copies of ethel,
galactose-specific lectin nattectin-like, ladderlectin-like, and C-type lectin domain
family 10 member A-like. The final outlier locus was a background gene, succinate-
CoA ligase ADP-forming subunit beta (sucla?2). Other notable outlier genes
associated with sulfide processes shared among some, but not all comparisons,
included solute carrier family 26 member 1 (slc26al) in the Pich 1, Ixta, Puya, and
Taco comparisons, mercaptopyruvate sulfurtransferase (mps?) in Pich 2, Ixta, Puya
and Taco, and sqor in the Ixta, Puya and Taco comparisons. Additionally, the
OxPhos-associated gene COX subunit 8A (cox8a) was considered an outlier in the
Pich 1, Pich 2, Puya, and Taco comparisons.

In addition to identifying shared outlier genes between ecotypes within the
same drainage, we identified 45 highly differentiated SNPs between all sulfidic and
nonsulfidic individuals based on a 99.5% empirical cut-off (Figure 1.4; Table S1.7).
Of these 45 outlier SNPs, 35 were associated with sulfide processes, seven in OxPhos
genes, and three in background genes (Table S1.7). Notably, the top 10 most
differentiated SNPs (Fst 0.87-0.95) were located in two sulfide detoxification
genes, sqor and ethel (Figure 1.4a). Four were in the 3' UTR of ethel.a, and two
were nonsynonymous mutations in sqor. The nonsynonymous mutations identified
in sqor included a change from alanine to valine and from arginine to lysine, but both
amino acid changes had a low predicted impact on the structure and function of the

protein according to the Polyphen2 score (0.003—0.036 for Ala to Val, 0 for Arg to
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Lys). Of the remaining top outlier SNPs, three were synonymous mutations

in sqor and one was a synonymous mutation in ethel (Table S1.7). In addition

to sqor and ethel, we found four solute carrier family genes (slc/3al, slc25a35,
slc26al, and slc26a5) that contained highly differentiated sites (Fst 0.73-0.77,

Table S1.7). Of the seven outlier SNPs found in OxPhos genes, six were in COX
assembly homologue COX15. We identified three nonsynonymous positions

in cox15, including an amino acid change from serine to cysteine that was predicted
to be possibly damaging (PolyPhen2 =0.952, Table S1.7). We identified three
background genes that each contained a single outlier SNP, hypoxia inducible domain
family member 1A (higdla), 2-oxoglutarate dehydrogenase (ogdh), and ribosomal

protein S15 (rpsi5) (Table S1.7).
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Figure 1.4: Differentiation and evidence for a monophyletic origin of regions
putatively under selection in sulfidic populations. (a) Per base pair Fst between all
sulfidic and all nonsulfidic individuals coloured by gene set: H>S detoxification
(gold), OxPhos (red) and background (grey). Outlier cut-offs are indicated by
horizontal lines (solid line 99.5%, dashed line 99.9%). (b) Haplotype network for
outlier genes putatively under selection ethel.a (left) and sqor (right). Yellow shades
represent sulfidic individuals' haplotype and blues represents nonsulfidic individuals'
haplotype. Shade represents population, with the lightest shade representing western
populations and darker shades represents eastern populations (see Figure 1.1). Node
size represents number of haplotypes found in the dataset. Number of mutations
between haplotypes is labelled on the branch as tick marks. Singletons have been

removed.

To better understand sequence variation in regions putatively under selection,

we generated haplotype networks for outlier genes of interest.
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Both ethel.a and sqor showed a reduced number of sulfidic haplotypes compared to
nonsulfidic haplotypes, evidence for a monophyletic origin (Figure 1.4b), and the
topology of these networks varied greatly from background genes (Figure S1.7).
There is evidence of haplotype sharing between sulfidic and nonsulfidic individuals
from Puya in sqor (~15,000 bp region) and among Puya sulfidic, Taco sulfidic, and
Puya nonsulfidic individuals in ethel.a (~5000 bp region) (Figure 1.4b). However,
this low level of sharing is not surprising given the results of Admixture, PCA, and
tree discordance, which suggest ongoing gene flow among these populations
(Figures 1.2 and 1.3). Similar to ethel.a and sqor, we see a partitioning of haplotypes
by ecotype in the cox15 haplotype network and a low level of sharing between

ecotypes (Figure S1.8).

Discussion

Although convergent phenotypic evolution is common, it remains unclear
whether convergent phenotypes typically arise through similar genomic changes
(Kitano et al., 2022; A. Martin & Orgogozo, 2013). Furthermore, it is unknown how
often these similar genomic changes are the result of de novo mutation, standing
ancestral variation, or introgressed loci (Rosenblum et al., 2014). Convergent
adaptive traits that result from selective pressures imposed by extreme environments
provide an opportunity to explore how strong selection may shape convergence at
various levels of biological organization. In this study, we utilized a naturally

replicated extreme environment—sulfide-rich springs that harbour populations of
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fishes that have independently adapted to highly toxic conditions—to test hypotheses
about the role of genomic convergence in the independent evolution of sulfide
tolerance. In addition to identifying drainage-specific genes under selection, we
identified two candidate genes associated with H>S detoxification in the
mitochondria, sqor and ethel, that show evidence for selection on shared variation.
This study suggests that the convergent evolution of H»S tolerance in the P.

mexicana species complex is the result of both shared and unique genomic changes.

Many regions putatively under selection are associated with H»S detoxification

H>S is detoxified in the mitochondria via a series of enzymatic reactions
associated with the SQR pathway (Libiad et al., 2014; Olson, 2018). This pathway
begins with SQOR binding H»S followed by a series of reactions involving a group of
enzymes including ETHE]1 that oxidizes HaS to a variety of excretable compounds
that allow elimination of oxidized sulfur molecules from the system (Hildebrandt &
Grieshaber, 2008; Libiad et al., 2014; Olson, 2018). Our findings highlight the
importance of ETHE1 and SQOR in adaptation to H2S-rich environments. Previous
studies have shown that ethel is differentially expressed between ecotypes (A. P.
Brown et al., 2018; Kelley et al., 2016; Passow, Brown, et al., 2017; Passow, Henpita,
et al., 2017) Consistent with this, we found highly differentiated SNPs in the 3' UTR
region of ethel, which may play a role underlying these patterns of differential gene
regulation and expression (Mayr, 2019). Additionally, previous studies have shown

that sulfidic populations have higher SQOR activity and lower endogenous levels of
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H>S than nonsulfidic populations at increasing levels of H>S exposure, suggesting an
increased detoxification ability (Greenway et al., 2020). Our analyses identified
multiple, highly differentiated positions between all sulfidic and nonsulfidic
individuals in coding regions of sgor, with two variants leading to differences in the
encoded amino acids. Our findings raise the question of whether these amino acid
changes are involved in, or potentially directly responsible for, observed increases in
SQOR activity in sulfidic populations. Future work to categorize the activity of this
enzyme as well as understanding the individual and combinatoric effects of these
amino acid changes will be necessary to understand how these changes impact SQOR
function and activity.

In addition to strong patterns of differentiation in two key detoxification
enzymes, we see repeated patterns of increased differentiation in several other
candidate genes, including solute carrier genes. Epistasis could be an important driver
of these patterns. For example, mutations that increase the capacity to detoxify H»S
may only be beneficial if they occur when the genomic background contains alleles
that allow for an increased capacity to remove the byproducts of detoxification out of
the cell. Theoretically, there could be an epistatic relationship between sqor, ethel,
and solute carrier families, such as slc13 (M. J. Bergeron et al., 2013) and slc26
(Alper & Sharma, 2013) that can remove detoxification byproducts out of the cell,
limiting the number of mutational paths as seen in other adaptations (Weinreich et al.,

20006).
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Although we see limited evidence for selection on genes associated with
OxPhos compared to H>S detoxification genes, previous studies that included
mitochondrially encoded subunits of OxPhos have identified parallel amino acid
changes associated with increased cox resistance (Greenway et al., 2020; Pfenninger
et al., 2014). It is likely that both H»S regulation and resistance are crucial in adapting
to this extreme environment, despite our results showing limited evidence for
selection in nuclear-encoded OxPhos genes, beyond cox8a and cox15. This result
could be explained by only needing adaptive modifications to the reactive core of
COX, which is mitochondrially encoded, to gain H>S resistance. Future work to
determine if mitonuclear coevolution is necessary for HzS tolerance or if modification

of only mitochondrial genes is sufficient.

Sources of shared variation among drainages

Adaptive variation underlying convergent phenotypes may arise
independently among populations as the result of selection on de novo mutations (in
the same or different genes), or may be shared via selection on introgressed or
ancestral variation (K. Reid et al., 2021; Rosenblum et al., 2014; Stern, 2013).
Consistent with previous studies, phylogenetic and admixture analyses provide
evidence for the independent evolution of H2S tolerance among sulfide spring
populations (Pfenninger et al., 2014; Tobler et al., 2018). In addition, the sulfidic
populations in Puya and Taco are more recently diverged from their nonsulfidic

ancestor than those in other drainages (Pfenninger et al., 2014; Tobler et al., 2018).

29



However, our analyses support selection on shared variation among sulfidic
populations in a small subset of genes. This result raises questions as to the source of
this putatively adaptive variation. Despite geographical barriers between drainages,
seasonal flooding could provide a mechanism for the movement of fish between
drainages and the potential for the export of adaptive alleles from a source population,
known as the transporter hypothesis (Schluter & Conte, 2009). Recent simulation
work provided quantitative proof-of-concept for the transporter hypothesis, showing
that only a few individuals are needed for the export of adaptive alleles between
populations in similar habitats through gene flow with connected populations in other
habitat types (Galloway et al., 2020). We identified shared putatively adaptive
haplotypes, greater than 15 kb in length, that could be indicative of recent
introgression.

In a recent study, Todesco et al. (2020) identified recently introgressed
adaptive haplotype blocks greater than 1 Mb in sunflowers. Given our study used
exon capture data, which limits our ability to detect long haplotypes, we were unable
to determine if the source of adaptive variation was recent introgression or standing
ancestral variation. Distinguishing between the two potential sources of shared
adaptive variation remains an important unanswered question in this system.

Evolutionary biologists have long been fascinated by examples of repetitive
evolutionary trajectories. But even with the expansion of low-cost sequencing, it
remains unclear how often convergent phenotypes are driven by similar genomic

changes. Our study adds to the growing body of literature that suggests selection on
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shared variation may be an important driver of phenotypic convergence within

closely related populations and species (A. P. Brown et al., 2019; Waters &

McCulloch, 2021). Future work using whole genome data in this species complex is

necessary to elucidate the relative role of selection on introgressed and standing

variants. Furthermore, understanding the source of adaptive alleles across the family

Poeciliidae, which have independently evolved sulfide tolerance almost 20 times

(Tobler et al., 2018), will provide important insight into fundamental questions of the

predictability and repeatability of evolution.

Supplemental Material

Supplemental Table 1.1: Populations included in this study. Coordinates are from
Greenway et al., 2020.

Site | Site Name Drainage HoS | Species Lat Long
Pich | Bafios del Pichucalco + P.sulphuraria | 17.552 | -92.998
1S Azufre

Pich | Vet Station Pichucalco - P.mexicana 17.556 | -93.008
1 NS

Pich | La Gloria Pichucalco + P.sulphuraria | 17.532 | -93.015
28

Pich | Rosita Pichucalco - P.mexicana 17.485 | -93.103
2 NS

Ixta S | La Esperanza | Ixtapangajoya | + P.thermalis 17.511 | -92.980
Ixta | Rio Ixtapangajoya | - P.mexicana 17.495 | -92.998
NS Ixtapangajoya

Puya | La Lluvia, Puyacatengo | + P.mexicana 17.463 | -92.895
S small spring

Puya | Vicente Puyacatengo | - P.mexicana 17.51 |-92914
NS Guerrero

Taco | El Azufre | Tacotalpa + P.mexicana 17.442 | -92.774
S

Taco | Bonita Tacotalpa - P.mexicana 17.426 | -92.752
NS
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Supplemental Table 1.2: Excel file Table S2.xlsx. Capture gene list including
location, gene name, Gene ID, Transcript ID & Protein ID. In the gene set columns,
Broughton refers to reference genes from Broughton & Zhang 2013, NuclearRef
refers to nuclear encoded genes involved in other mitochondrial functions, NuOx are
nuclear encoded oxidative phosphorylation genes and Sulfide Detox/Response refers
to genes with a known sulfide related function. See methods for details about these

gene sets.

Supplemental Table 1.3: Gene ontology terms used to generate targeted gene list.

GO Term

Biological Process

GO:0070221

sulfide oxidation, using sulfide:quinone oxidoreductase

G0O:0006790

sulfur compound metabolic process

GO:0044273

sulfur compound catabolic process

GO:0070813

hydrogen sulfide metabolic process

G0O:0000096

sulfur amino acid metabolic process

G0O:0006090

pyruvate metabolic process

GO:0006749

glutathione metabolic process

GO:1901687

glutathione derivative biosynthetic process

G0O:0000098

sulfur amino acid catabolic process

GO:0008272

sulfate transport

GO:0006534

cysteine metabolic process

GO:0044272

sulfur compound biosynthetic process

Supplemental Table 1.4: Observed (Ho) and expected (HE) heterozygosity including
standard error for each gene set: background, oxphos, and sulfide.

Site Backgroun | Backgroun | Oxphos Oxphos Sulfide Sulfide
d H, d Hg H, He H, Hg

Pichl | 0.098 + 0.092 + 0.09 + 0.082 + 0.101 + 0.094 +
S 0.003 0.003 0.006 0.005 0.003 0.002
Pichl | 0.138+ 0.134 + 0.144 + 0.134 + 0.15+ 0.139 +
NS 0.004 0.003 0.007 0.006 0.003 0.003
Pich2 | 0.078 + 0.076 £ 0.102 + 0.089 + 0.082 + 0.078 £
S 0.003 0.003 0.007 0.006 0.003 0.002
Pich2 | 0.15+ 0.145 + 0.154 + 0.141 + 0.158 + 0.149 +
NS 0.004 0.003 0.007 0.006 0.003 0.003
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IxtaS | 0.078 £ 0.073 £ 0.084 + 0.073 £ 0.068 + 0.064 +
0.003 0.003 0.006 0.005 0.002 0.002
Ixta 0.133 + 0.129 + 0.138 + 0.127 + 0.139 + 0.127 +
NS 0.003 0.003 0.007 0.006 0.003 0.003
Puya | 0.132+ 0.127 + 0.145 + 0.132 + 0.141 + 0.128 +
S 0.004 0.003 0.008 0.006 0.003 0.003
Puya | 0.138+ 0.13 + 0.159 + 0.148 + 0.149 + 0.136 +
NS 0.004 0.003 0.008 0.007 0.003 0.003
Taco | 0.071 + 0.067 £ 0.067 £ 0.053 £ 0.081 + 0.071 £
S 0.003 0.003 0.007 0.005 0.003 0.002
Taco |0.162+ 0.152 + 0.161 + 0.149 + 0.156 + 0.145 +
NS 0.004 0.003 0.007 0.006 0.003 0.003

Supplemental Table 1.5: Estimated nucleotide diversity (n) including standard error
for each gene set: background, oxphos, and sulfide.

Site Background n | Oxphos © Sulfide ©
Pichl 0.095+0.003 | 0.084 +0.005 | 0.097 + 0.003
Pichl NS | 0.138 £ 0.003 | 0.138 + 0.006 | 0.143 + 0.003
Pich2 S | 0.078 £0.003 | 0.091 +0.006 | 0.08 = 0.002
Pich2 NS | 0.149 £ 0.003 | 0.145 +0.006 | 0.153 + 0.003
Ixta S 0.075+0.003 | 0.075 £ 0.005 | 0.066 + 0.002
IxtaNS | 0.133£0.003 | 0.13+0.006 | 0.131 +0.003
Puya S 0.13+0.003 | 0.135+0.007 | 0.131 £ 0.003
Puya NS | 0.133 £0.003 | 0.153 +£0.007 | 0.139 + 0.003
Taco S 0.069 = 0.003 | 0.055+0.005 | 0.073 + 0.002
Taco NS | 0.156 +0.004 | 0.153 +0.006 | 0.149 + 0.003

Supplemental Table 1.6: Shared outlier genes in three or more comparisons across
ecotype within drainages.

Gene Accession | Drainage Gene Set Gene name
comparison
outlier

LOC106905994 | Pich 1/Pich Sulfide galactose-specific lectin
2/Ixta/Puya/Taco nattectin-like

LOC106907337 | Pich 1/Pich Sulfide ladderlectin-like
2/Ixta/Puya/Taco

LOC106917689 | Pich 1/Pich Sulfide persulfide dioxygenase
2/Ixta/Puya/Taco ETHE]1, mitochondrial-like
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LOC106917690 | Pich 1/Pich Sulfide ETHE] persulfide
2/Ixta/Puya/Taco dioxygenase
LOC106925607 | Pich 1/Pich Sulfide C-type lectin domain
2/Ixta/Puya/Taco family 10 member A-like
sucla2 Pich 1/Pich Background succinate-CoA ligase
2/Ixta/Puya/Taco ADP-forming subunit beta
higdla Pich 1/Pich Background HIG1 hypoxia inducible
2/Ixta/Puya domain family, member
1A
LOC106908428 | Pich Sulfide mercaptopyruvate
2/Ixta/Puya/Taco sulfurtransferase
LOC106914136 | Pich Sulfide solute carrier family 26
1/Ixta/Puya/Taco member 1
LOC106926066 | Pich 1/Pich Oxphos cytochrome c oxidase
2/Puya/Taco subunit 8 A, mitochondrial-
like
LOC106907017 | Pich 1/Ixta/Taco | Sulfide solute carrier family 13
member 2-like
LOC106910378 | Pich 1/Pich Sulfide ladderlectin-like
2/Taco
LOC106914353 | Pich 1/Pich Oxphos NADH:ubiquinone
2/Ixta oxidoreductase subunit C2
LOC106919459 | Pich 1/Pich Oxphos cytochrome c oxidase
2/Ixta subunit 6B1-like
LOC106926427 | Pich 1/Ixta/Puya | Background caspase 10, apoptosis-
related cysteine peptidase
mgstl Pich 1/Pich Sulfide microsomal glutathione S-
2/Taco transferase 1
ndufb3 Pich 2/Ixta/Taco | Oxphos NADH:ubiquinone
oxidoreductase subunit B3
ndufv3 Pich 1/Pich Oxphos NADH:ubiquinone
2/Ixta oxidoreductase subunit V3
sqor Ixta/Puya/Taco | Sulfide sulfide quinone

oxidoreductase

Supplemental Table 1.7: Excel file Capture_Table S7.xlsx. SNP positions, Weir and
Cockerham Fsr between all sulfidic and nonsulfidic individuals, gene name, and
SNPeff annotation including the type of variant, SNPeff class and amino acid change
0f 99.5% outliers (denoted by line in excel file). SNPeff class is an estimation based
on the putative impact of the variant.
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Supplemental Figure 1.3: Fst (Weir and Cockerham) for all pairwise comparisons of
populations for (a) background, (b) OxPhos, and (c) sulfide genes.
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Supplemental Figure 1.4: Fst (Weir and Cockerham) for all pairwise comparisons of
populations of Oxphos-related genes (left) and sulfide-related genes (right) compared
to background genes. Yellow represents comparisons between sulfidic populations;
blue represents comparisons between nonsulfidic populations and grey represents
comparisons of differing ecotypes.
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Supplemental Figure 1.5: The distribution of differentiation (Fst and Dxy) and
difference in diversity between ecotypes (Arn ecotype) for reference (blue), oxphos
(red) and sulfide (gold) genes.
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Supplemental Figure 1.6: Distributions of Mahalanobis distances for each gene
plotted by drainage. Populations of different ecotypes of the same drainage were
compared. Vertical line (red) denotes 95% outlier.
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Supplemental Figure 1.7: Haplotype network of two randomly selected reference
genes: gapdh (top) and pdss2 (bottom). Yellow shades represent sulfidic individuals’
haplotype and blues represents nonsulfidic individuals’ haplotype. Shade represents
population, with the lightest shade representing western populations and darker
shades represents eastern populations (see Figure 1). Node size represents number of
haplotypes found in the dataset. Number of mutations between haplotypes is labeled
on the branch. Note: singletons have been removed.



Supplemental Figure 1.8: Haplotype network of cox/5. The legend is the same as
figure S1.7.
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Abstract

Multiple lineages in the family Poeciliidae have independently adapted to
hydrogen-sulfide-rich springs. The independent colonizations of such springs mean
that there are naturally replicated lineages that provide a strong model for studying
adaptation and convergent evolution. However, there are limited genomic resources
for many genera and species across Poeciliidae. Here, we present six high-quality,
chromosome-level, annotated genome assemblies for Poecilia and Gambusia
populations, five of which are the first for the species or ecotype, and the remaining
assembly improved the current reference genome contiguity by more than 100-fold.

Using these new assemblies, we compared repeat content and modeled historical

changes in effective population size.
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Introduction

Vertebrates have adapted to survive and even thrive in extreme environments
(Bell, 2012). Numerous fish species, for example, have evolved a range of adaptive
phenotypes to persist in a variety of stressful conditions, including extreme
temperatures, oxygen concentrations, and toxicant levels, to name a few (Riesch et
al., 2015). Determining the mechanisms resulting in, and the genetic basis underlying,
convergent adaptive phenotypes in extremophile lineages is particularly valuable,
given that it remains unclear if genomic convergence is a common feature of repeated
adaptation (Xu et al., 2020). This knowledge informs understanding of constraints on
potential adaptive solutions to similar stressors and predictability at various levels of
biological organization.

Fishes within the family Poeciliidae lend themselves to investigations of
convergent evolution because multiple independent lineages have adapted to springs
rich in hydrogen sulfide (H>S) (Greenway et al., 2014; Tobler et al., 2018). Across
taxa, endogenously produced H»S is an important signaling molecule in proper
physiological function (L. Li et al., 2011). However, environmental H>S is toxic as it
halts aerobic ATP production via inhibition of oxidative phosphorylation (Cooper &
Brown, 2008). H»S also creates hypoxic conditions in aquatic environments (Tobler
et al., 2016). Despite these highly toxic conditions, 19 evolutionary independent
lineages of the family Poeciliidae have adapted to H»S-rich springs (Tobler et al.,

2018).
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The presence of multiple populations of Poeciliid fishes that have
independently adapted to H»S-rich springs and closely related populations in adjacent,
nonsulfidic habitats provide a strong comparative framework for exploring
convergent evolution. Sulfide-adapted populations have convergently evolved a range
of phenotypic shifts, including having enlarged heads, mouths, and gills (Camarillo et
al., 2020) and changes to life history traits (Riesch et al., 2014), metabolism (Passow,
Arias-Rodriguez, et al., 2017), (mitochondrial function (Greenway et al., 2020), and
even behavior (Bierbach et al., 2018; Riesch et al., 2009). At the genomic level, there
is evidence of convergence in gene regulation, both in terms of wild-type gene
expression and expression changes upon exposure to HS in the laboratory (A. P.
Brown et al., 2018; Greenway et al., 2020; Kelley et al., 2016; Passow, Brown, et al.,
2017; Passow, Henpita, et al., 2017; Perry et al., 2024). However, there is varied
support for genomic convergence of amino acids, gene sequence, and gene pathways
involved in H,S adaptation across sulfidic populations of P. mexicana (A. P. Brown
et al., 2018; De-Kayne et al., 2024; Greenway et al., 2020, 2024; Pfenninger et al.,
2014; Ryan et al., 2023). Despite some evidence for convergence at the amino acid
level from independent de novo mutation (Greenway et al., 2020, Pfeninger et al.,
2014), most convergence at the nucleotide level is the result of shared variation rather
than independent de novo mutation in the mitochondrial genome (Greenway et al.,
2020, Ryan et al., 2023, Brown et al., 2019). While chromosome-level assemblies are
available for Poeciliidae species, these taxa have diverged from sulfide-adapted

lineages of interest approximately 15-20MYA (TimeTree), limiting our ability to
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accurately map short-read sequencing data to evolutionary distance. Furthermore,
existing reference genomes typically represent a non-extremophile ecotype that differ
greatly in life history, morphology, physiology and other important biological traits.
The lack of high-quality genomic resources for extremophile lineages has limited the
ability to use comparative genomic and population genetic approaches to understand
sulfide adaptation at the genomic level.

To address this resource gap, we generated six new genome assemblies,
including four extremophile populations and two closely related, non-extremophile
populations across two genera, Poecilia and Gambusia, using PacBio HiFi
sequencing. Three of these assemblies are the first assemblies of the species
(Gambusia sexradiata nonsulfidic ecotype, Gambusia eurystoma, and Poecilia
sulphuraria). Of the remaining assemblies, one (Poecilia mexicana nonsulfidic
ecotype) improves the current reference genome contiguity, measured as N50, from
275 kilobases (kb) to 33 Megabases (Mb), and the remaining two (Poecilia mexicana
sulfidic ecotype and Gambusia sexradiata sulfidic ecotype) are the first genome
assemblies for the sulfidic ecotypes of this species. We used these new assemblies to
estimate repetitive content and explore historical changes in effective population size.
We found that H>S-adapted fishes tend to have higher repetitive content than
nonsulfidic populations within a genus. Furthermore, we found that most, but not all,
H»S-adapted populations have reduced effective population sizes compared to closely

related, nonsulfidic populations. These six new chromosome-scale reference genomes
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provide new resources for population genetic and comparative studies across

Poecliidae.

Methods
Sampling

Organisms sequenced in this study include species in the genera Poecilia
(sulfidic: P. mexicana and P. sulphuraria; nonsulfidic: P. mexicana) and Gambusia
(sulfidic: G. eurystoma and G. sexradiata; nonsulfidic: G. sexradiata). Samples were
collected with a seine (2 x 4 meters) from hydrogen-sulfide-rich springs in the Rio
Grijalva basin in Southern Mexico, and from adjacent nonsulfidic streams and
lagunas in the same region (Table S2.1). For all individuals except P. sulphuraria,
within 12 hours of capture, fish were sacrificed, dissected using previously sterilized
scissors and forceps, and preserved in 2 ml of RNAlater (Ambion, Inc.), stored at
room temperature for one week then at —80°C until DNA extraction. For the P.
sulphuraria individual, the lab-reared sample was dissected, flash-frozen using liquid
nitrogen, and stored at —80°C until DNA extraction. Both P. mexicana individuals
and all Gambusia individuals were males. The P. sulphuraria individual was female

due to sample availability.

Library preparation and sequencing

Due to sample availability and individual size, tissue choice varied among

samples but was chosen to optimize the high molecular weight DNA quantity. DNA
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was extracted from the heart for P. sulphuraria and P. mexicana nonsulfidic ecotype,
a fin clip for P. mexicana sulfidic ecotype, a whole fish except for the skin, gills, and
gut for G. eurystoma, and from skeletal muscle for both G. sexradiata ecotypes. DNA
was extracted using the Circulomics Nanobind High Molecular Weight DNA
extraction kit. Tissues were homogenized using an Omni Bead Ruptor 96 using a 2.8-
mm ceramic bead per sample or by cryofracture using liquid nitrogen and a Covarias
tube. A 2-hour proteinase K digestion was added to increase yield due to small
amounts of initial tissue input. DNA concentration was assessed using the Qubit™
High Sensitivity DNA kit in triplicate, Quantus™ Fluorometer, and Nanodrop. DNA
quality and fragment size were evaluated using an Agilent™ Femto Pulse system and
TapeStation. SMRTbell library preparation and sequencing was done at the UC Davis
Genome Center using two SMRT cells on a PacBio Revio sequencer. Only HiFi
reads, generated using the PacBio CCS algorithm with the SMRT Link software,

were used for the remainder of the analysis.

Quality control and k-mer complexity analysis

Read quality was assessed using FastQC v0.11.9 (Andrews, 2010), and read
summary statistics were generated using SeqKit v2.6.1. We used Jellyfish v2.2.10
(Margais & Kingsford, 2011) count and histo to perform a k-mer-based complexity
analysis of each individual (k-mer size=21). GenomeScope2.0 (Ranallo-Benavidez et
al., 2020) was then used to estimate genome size, heterozygosity, and the percentage

of duplicates.
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Genome Assembly

Reads were assembled using Hifiasm v0.16.1-r375 (Cheng et al., 2021, 2022).
Contaminants were identified using Kraken2 using a custom database that included
archaea, bacteria, protozoa, humans, fungi, plants, and P. mexicana RefSeq
genomes/proteins. The remaining contigs were scaffolded into pseudochromosomes
using ragtag v2.1.0 (Alonge et al., 2022) scaffold with a 23-chromosome Poecilia
reticulata reference (GCF_000633615.1) for Poecilia and a 24-chromosome
Gambusia affinis reference (GCF_019740435.1) for Gambusia using default
parameters, where gaps are set to 100bp. Due to the presence of an obvious
misassembly, which joined three unique chromosomes into one >90 Mb sequence, we
subset the P. reticulata reference to include only the three highly-syntenic
chromosomes using seqtk subseq (https://github.com/lh3/seqtk) and used ragtag
correct with the —inter parameter. We then re-scaffolded the assembly against P.
reticulata. Finally, we identified and plotted synteny for Poecilia and Gambusia
using ntSynt v.1.0.2 (Coombe et al., 2024) and ntSynt-Viz v.1.0.0 (Coombe et al.,
2025), visualizing synteny blocks greater than 0.5 Mb. A neighbor-joining cladogram
was generated using the pairwise distance between synteny blocks using ntSynt-Viz
v.1.0.0 and Quicktree v2.5 (https://github.com/khowe/quicktree). Read coverage was
assessed with MosDepth v0.3.4 (Pedersen & Quinlan, 2018). Assemblathon_stats.pl
(Bradnam et al., 2013) was used to calculate N50, L50, and percent GC content for

the contig and chromosome level assemblies. Completeness was assessed using
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BUSCO v5.4.3 (Manni et al., 2021) with the cyprinodontiformes odb10 lineage
dataset.

To annotate the mitochondria, we used MitoHiFi v3.2.2 (Uliano-Silva et al.,
2023) to identify contigs that correspond to the mitochondria. To do so, we used
the P. mexicana mitochondrial reference genome (NC_035306.1)
for Poecilia individuals and G. affinis (NC_004388.1) for Gambusia individuals as
references to search the assembled contigs. For assemblies where multiple
mitochondria were present, contigs with lower read support were removed from the

assembly.

Genome structural annotation

To support the pseudo-chromosome status of the assemblies, we used A
Telomere Identification toolkit (tidk) v.0.2.65 (M. R. Brown et al., 2025) to find
known repeats for Poeciliidae. First, we build the existing database of repeats using
tidk build. Then, we modified the table to add Poeciliidae-specific repeats from
Telobase (Lycka et al., 2024). Then, we used tidk find and tidk plot to find and plot
telomeric repeats for the Cypriniformes clade. Extension De-novo TE Annotator
v2.2.2 (Ou et al., 2019) was used to generate a transposable element (TE) library
using coding sequences from previous genome assemblies of P. mexicana (NCBI:
GCF_001443325.1) for Poecilia and G. affinis (NCBI: GCF_019740435.1)
for Gambusia species. The resulting TE library was used to finalize the repeat

annotation with RepeatMasker v4.1.5 (Smit, Hubley & Green RepeatMasker
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at http://repeatmasker.org). Structural gene annotation was performed using the
BRAKER pipeline v3.0.3 (Lars Gabriel et al., 2023) using the vertebrate OrthoDB
v11 (Kuznetsov et al., 2023) protein database modified to include G. affinis and P.
mexicana proteins as our protein reference. We used previously collected RNA
sequencing (RNAseq) data (McGowan et al., 2019; Passow, Brown, et al., 2017;
Passow, Henpita, et al., 2017), which included brain, eye, gill, and liver from four
populations of P. mexicana, including two sulfidic and nonsulfidic populations and
gill tissue with and without exposure to hydrogen sulfide in common-garden-reared
fish as RNA evidence for Poecilia. For Gambusia species, we used G. affinis, G.
sexradiata, and G. eurystoma RNAseq data which included liver, gill, and brain tissue
(Coffin et al., 2022; Greenway et al., 2020). RNAseq reads were trimmed using
TrimGalore v0.6.6 (github.com/FelixKrueger/TrimGalore) with default parameters,
then mapped to each genome using Hisat2 v2.2.1 (D. Kim et al., 2019). The resulting
SAM files were converted to Binary Alignment Map (BAM) files and sorted using
Samtools v1.11 (H. Li et al., 2009). Alignment statistics were generated using Picard
v2.21.4 (broadinstitute.github.io/picard/).

To assess the completeness of the BRAKER annotations, we first filtered the
GTF file to retain the largest isoform per gene using AGAT v0.7.0 (Dainat, n.d.)
script agat sp keep longest isoform.pl. We then used Gff Utilities GffRead (Pertea
& Pertea, 2020) to get the protein sequence from the GFF. We ran BUSCO v5.4.3 in
protein mode with the cyprinodontiformes odb10 lineage dataset to assess

completeness.
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Estimation of demographic history

To investigate the demographic history of these species, we modeled changes in
effective population size (N.) over time using PSMC (H. Li & Durbin, 2011). We first
aligned long reads from each species to the corresponding nonsulfidic genome within
that genus using minimap2 v2.26 (H. Li, 2018) and used Samtools v1.11 to sort and
convert the SAM files to BAM files. Then, we used BCFtools v.1.10.2 (Petr Danecek
et al., 2021) mpileup and call to call and filter variants (-Q 30 -q 30 -d 5 -D 50).
Consensus sequences were generated using BCFtools vcfutils.pl. The PSMC
companion scripts fq2psmcfa and splitfa were used to convert the consensus sequence
into a psmc format file and split long chromosomes into shorter segments. We then
ran psmc v0.6.5-v67 with 100 bootstraps (-N25 -t15-r5-b-p“1 + 1+ 1+ 1+25%2 +
4 + 6” following suggestions in (Hilgers et al., 2024). For visualization, the results
were imported into R using the psmer package (github.com/emmanuelparadis/psmcr)
and plotted using ggplot2 using a mutation rate of 2.9¢-8 (Y. Lin et al., 2023) and a

generation time of 6 months (Jourdan et al., 2014).

Results
Genome sequencing and Assembly

PacBio HiFi sequencing resulted in 1,316,776 to 2,484,081 HiFi reads per
sample with a read N50 of 6,888 to 14,370 bp, a median read length of 5,499 to

11,499, an average Phred quality score of 39, and a guanine-cytosine (GC) content of
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38.89% to 39.50% (Table S2.1). The k-mer complexity analysis estimated that P.
mexicana from the sulfidic habitat had the lowest heterozygosity (0.103%) and P.
mexicana from the nonsulfidic habitat had the highest heterozygosity (0.461%)
(Figure S2.1).

Assembled genome sizes ranged from 722.0 Mb to 728.1 Mb
for Poecilia, which is shorter than the fragmented P. mexicana reference genome
(GCF_001443325.1, 801 Mb) but is similar to the chromosome-level assembly
of Poecilia reticulata (GCF_000633615.1, 731 Mb) (Fraser et al., 2020) and the P.
mexicana haplotype of Poecilia Formosa (GCA_013036085.2, 745 Mb). For
the Gambusia species, assembled genome sizes ranged from 686.8 Mb to 670.0 Mb,
which is similar to the G. affinis assembly (GCF_019740435.1 680 Mb) (Table S2.3).
For all assemblies, over 99% of bases were scaffolded into chromosomes (N = 23
for Poecilia and N = 24 for Gambusia) (Table S2.4) with a genome N50 of 29.6 to
32.3 Mb. The average GC% was slightly lower in Gambusia (39.03 £ 0.01) than

in Poecilia (39.50 = 0.017) (Table S2.5).

Genome Synteny and Completeness

Assembled chromosomes showed a high level of synteny with previously
identified linkage groups for P. reticulata and G. affinis, with some notable
exceptions, including several translocations and inversions (Figure 2.1 A&B). This
includes two translocations into LG6 from LG16 and LG19 that were assembled in

all Poecilia assemblies but not present in P. reticulata (Figure 2.1A). However, the
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lack of Hi-C data for these samples limits further investigation into these large-scale
chromosomal rearrangements. Similar to previous work on Gambusia (Jourdan et al.,
2016), the phylogeny generated from genome-wide synteny blocks placed G.
eurystoma within G. sexradiata (Figure 2.1B). Benchmarking Universal Single-Copy
Ortholog (BUSCO) analyses revealed that all genome assemblies included 94.6% to
95.5% of expected complete genes, based on 15,213 genes (Table 2.1) consistent with
other assemblies in Poeciliidae (Fraser et al., 2020; van Kruistum et al., 2020; Y.

Zhang et al., 2023).
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Figure 2.1: Genome synteny, completeness, and repeat content. a) Syntenic regions
greater than 0.5 Mb between linkage groups 1 to 23 of P.

reticulata and Poecilia genome assemblies. b) Syntenic regions greater than 0.5 Mb
between linkage groups 1 to 24 of G. affinis and Gambusia genome assemblies. The
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neighbor-joining cladograms were generated using pairwise distances. Photos of fish
assembled in this analysis, shown on the cladogram, are not to scale and are credited
to Michael Tobler. ¢) Historical changes in effective population size inferred from the
Pairwise Sequentially Markovian Coalescent (PSMC) model for Poecilia (left) and
Gambusia (right).

Table 2.1: Genome assembly and annotation statistics. Contig and scaffold-level
genome assembly completeness, including BUSCO scores (shown in % of total
BUSCOs) of genomes and annotations (cyprinodontiformes _odb10, n = 15,213),
including percent of complete single copy (CS), complete duplicated (CD),
fragmented (F) and missing (M) genes.

Contig
Species and #of  assembly # of scaffold NV gaps
ecotype contigs size Contig N50 scaffolds N50 (bp)
P. sulphuraria (S) 110 723,450,955 28,388,437 64 32,287,255 4,600
P. mexicana (S) 109 721,996,367 27,957,565 80 31,502,199 15,700
P. mexicana (NS) 186 728,088,823 20,367,937 75 33,770,996 11,000
G. eurystoma (S) 714 686,808,650 2,735,428 159 30,179,505 54,600
G. sexradiata (NS) 225 669,107,982 16,588,268 75 30,375,227 14,800
G. sexradiata (S) 265 669,986,110 14,260,791 61 29,623,307 20,300

Genome BUSCO Annotation BUSCO
Species CS CD F M CS CD F M
P. sulphuraria (S) 949 06 03 42 945 08 0.3 44
P. mexicana (S) 948 06 04 42 946 0.7 04 43
P. mexicana (NS) 940 13 04 43 919 1.3 04 64
G. eurystoma (S) 91.2 34 04 50 907 25 04 64
G. sexradiata (NS) 933 13 03 51 0951 1.4 03 3.2
G. sexradiata (S) 932 1.8 04 4.6 946 1.7 02 3.5

Genome annotation

The proportion of the genome spanned by repetitive elements was similar
among species of the same genus. Nonsulfidic P. mexicana had the lowest proportion
of repeat content (20.56% of the genome) and G. eurystoma had the highest (24.01%

of the genome) (Figure S2.3). Gambusia species had significantly more repetitive
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content than Poecilia species (mean Gambusia 23.82 + 0.16% compared

to Poecilia 20.86 = 0.31%, t = 14.7, df = 3, p-value < 0.001), with the largest
differences due to DNA transposons (Figure S2.3). A range of 23,217 to 25,604 genes
were annotated (Table S2.6) with other Poecilia and Gambusia annotations of
roughly 25,000 to 28,000 genes, of which ~22,000 to 25,000 are protein-coding

(GCF_001443325.1, GCF_019740435.1).

Demographic history

Previous genomic studies have suggested that H>S-adapted populations have a
smaller effective population size (V.) than closely related nonsulfidic populations (A.
P. Brown et al., 2018; Greenway et al., 2024). To explore this, we used Pairwise
Sequential Markovian Coalescent (PSMC) to estimate the historical change
in N, (Figure 2.1C). In Poecilia, we found that all populations had a
similar N, (~12.5k individuals) until approximately 30 kya, when both H,S-adapted
populations showed a reduction in N, relative to the nonsulfidic population (Figure
2.1C). At approximately 12 kya (N. ~10.5k), the demographic histories of H»S-
adapted Poecilia split, where the P. mexciana sulfidic ecotype (P. mexicana S)
experienced a larger reduction in population size followed by expansion (N. = 2k
individuals at 3 kya to 5k individuals at 1kya) compared to P. sulphuraria, which
experience a slowly stabilizing decline to ~5k individuals at lkya. This pattern was
surprising given that previous work has supported that H>S-adapted and nonadapted

populations of P. mexicana have only diverged approximately 10 kya (Brown et al.,
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2018) and that P. mexicana has diverged from P. sulphuraria approximately 20 kya
(Greenway et al., 2024). However, the germline mutation rate is highly variable in
some Poeciliid species (Y. Lin et al., 2023); therefore, this could result from poor
estimates of the mutation rate for these populations or the result of complex
evolutionary histories, such as ongoing gene flow.

Interestingly, the Gambusia species did not follow the same trend (Figure 1C).
Generally, Gambusia had a higher N, than Poecilia. Similar to H>S-adapted
populations in Poecilia, G. eurystoma consistently had a lower N, than the
nonsulfidic population and showed a large population decline (N, of 40k reduced to
4k) from ~70 kya to 10.5 kya, followed by a population expansion until ~2.5 kya
(Ne = 15k). However, HxS-adapted G. sexradiata maintained a similar N. as the
nonadapted populations, although the timing and/or magnitude of population declines
and expansions differ until 2 kya, where bootstrap support weakens. The challenges
associated with estimating effective population size in populations with complex
evolutionary histories make these results well-suited for further investigation with

other complementary methods, such as site frequency spectrum-based approaches.

Discussion

Lineages that have independently adapted to extreme environments provide an
opportunity to explore how often phenotypic convergence is underpinned by
convergence at the genome level. The generation of high-quality genome assemblies

and annotations provides an opportunity to utilize population genetic and comparative
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genomic approaches to explore the genetic basis of convergent traits from single
nucleotide variation through large-scale genomic rearrangements. These six new
reference genomes, including genomes for lineages displaying a variety of interesting
phenotypes, will add to the expanding number of genomic resources for

understanding the biology of Poeciliidae.

Supplementary material

Supplemental Table 2.1 Study sites, species, ecotype, and sampling coordinates for
individuals sequenced.

Site Species Ecotype Sampling coordinate
La Gloria P. sulphuraria | Sulfidic 17.532,-93.015
El Azufre I P. mexicana Sulfidic 17.442,-92.774
Arroyo Bonita P. mexicana | Nonsulfidic | 17.426, -92.752
Bafios el Azufre G. eurystoma | Sulfidic 17.552,-92.998
Mogote de Puyacatengo | G. sexradiata | Sulfidic 17.582,-92.899
Caparroso G. sexradiata | Nonsulfidic | 18.341, -92.792

Supplemental Table 2.2: Results of HiFi sequencing, including the number of HiFi
sequences per sample, the total number of Gigabases (Gb) generated for each
individual, median read length, read N50, and GC content.

Species HiFiseqs Totalbp Median Read Read N50 GC %
(Gb) Length (bp)
P. sulphuraria (S) | 2,156,321  23.37 10,999 14,370 39.50
P. mexicana (S) 2,273,495  25.00 10,499 13,640 39.49
P. mexicana (NS) | 1,487,498 | 16.75 11,499 13,377 39.36
G. eurystoma (S) 1,316,776 11.53 8,499 10,498 39.03
G. sexradiata (NS) | 2,484,081  15.98 5,499 6,888 38.99
G. sexradiata (S) | 1,529,192  13.80 8,499 10,752 38.89
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Supplemental Table 2.3: HiFiasm assembly results prior to scaffolding, including the
number of contigs assembled, the size of the assembly, the number of contigs greater
than 10Mb, the assembly N50 and the L50 count.

Species # of Assembly Contigs N50 L50
contigs | size >10M
P. sulphuraria (S) | 110 723,450,955 | 23 28,388,437 11
P. mexicana (S) 109 721,996,367 | 23 27,957,565 | 10
P. mexicana (NS) 186 728,088,823 | 28 20,367,937 14
G. eurystoma (S) 714 686,808,650 2 2,735,428 71
G. sexradiata (NS) | 225 669,107,982 24 16,588,268 | 14
G. sexradiata (S) 265 669,986,110 | 23 14,260,791 | 17

Supplemental Table 2.4: Scaffolding results against Poecilia reticulata (N=23 linkage
groups) and Gambusia affinis (N=24 linkage groups) as references. Scaffolding
results include the number of contigs placed into linkage groups, placed base pairs
(bp), the number of unplaced contigs, unplaced bp, the number and size of gaps, and
the percent of bases assembled into linkage groups.

Species and Placed Placed bp Unplaced Unplaced Gap Gap % in
ecotype contigs contigs bp bp seqs linkage
groups
P. sulphuraria (S) 70 721,960,724 40 1,490,231 10,000 100 99.79
P. mexicana (S) 124 720,140,949 56 1,861,118 5,500 55 99.79
P. mexicana (NS) 134 725,596,201 52 2,492,622 11,000 110 99.66
G. eurystoma (S) 571 680,079,900 143 6,728,750 54,600 546 99.02
G. sexradiata
(NS) 173 665,561,320 52 3,5466,62 14,800 148 99.47
G. sexradiata (S) 228 667,602,937 37 2,383,173 20,300 203 99.64

Supplemental Table 2.5: Final genome assembly results, including the number of
sequences, the total genome length, the shortest unplaced contig, the average contig
length, the N50, the GC%, and the total number of gaps.

Species and Min GC N
ecotype # seqs Length len Mean len NS0 % gaps
P. sulphuraria (S) 64 723,455,555 9,156 11,303,993 32,287,255 39.51 46
P. mexicana (S) 80 722,012,067 77 9,025,150 31,502,199 39.51 157
P. mexicana (NS) 76 728,099,823 14,743 9,580,260 33,770,996 39.48 110
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G. eurystoma (S) 168
G. sexradiata (NS) |77
G. sexradiata (S) 62

686,863,250 5,110 4,088,471 30,179,505 39.04 546
669,122,782 5,104 8,689,906 30,375,227 39.03 148
670,006,410 4,927 10,806,555 29,623,307 39.02 203

Supplemental Table 2.6: Gene annotation using the Braker3 pipeline. Total number of
annotated genes, mean exon length (bp), and mean intron length (bp).

Species # of
genes

P. sulphuraria (S) (25,604
P. mexicana (S) 25,499
P. mexicana (NS) 23,700
G. eurystoma (S) 23,622
G. sexradiata (S) 23,579
G. sexradiata (NS) 23,217

Mean exon Mean intron
length (bp) length (bp)

201 723
207 729
173 762
173 659
178 677
174 628
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Supplemental Figure 2.1: K-mer spectrum and fitted models for (A) P. sulphuraria
(S), (B) P. mexicana (S), (C) G. eurystoma (S) 2028, (D) G. sexradiata (NS), (E) G.
sexradiata (S), and (F) P. mexicana (NS) Bonita. K-mer plots were generated using
genomescope 2.0 with parameters set to K-mer length = 21, ploidy = 2, maximum K-
mer coverage = -1, and average k-mer coverage for polyploid genome = -1.
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Supplemental Figure 2.2: Annotation of telomeres in (1) P. mexicana NS, (2) P.
mexicana S, (3) P. sulphuraria, (4) G. sexradiata NS, (5) G. sexradiata S, and (6) G.
eurystoma.
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Abstract

Extreme environments provide powerful natural laboratories for studying
evolutionary convergence across taxa. While convergent phenotypes frequently
evolve in response to similar selective pressures, consistent molecular signatures at
the nucleotide level are often elusive, potentially due to overlooked genetic variants
such as structural variants. Here, we leverage recent advances in long-read
sequencing and pangenome approaches to investigate the role of structural variants in
repeated adaptation to toxic springs rich in hydrogen sulfide (H>S) across multiple
independently evolved populations within the Poecilia mexicana species complex.
We identified more than 99,000 structural variants over 50 base pairs in length,
including insertions, deletions, duplications and inversions, using complementary

graph- and read-based methods. We then integrated these with population genomic

data and RNA-sequencing data to detect variants in highly differentiated regions
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between ecotypes and assess their functional impacts. Structural variants in both
coding and regulatory regions were enriched in genes involved in sulfide metabolism
and ion transport, including ethel, slc13al, and sqor. Notably, we found ecotype-
specific structural variants in promoter and intronic regions of key detoxification
genes that exhibited elevated expression in H>S-adapted populations. Our results
highlight the critical and underappreciated role of structural variation in shaping
adaptive phenotypes and emphasize the need to incorporate structural variants into

models of genomic convergence.

Introduction

Extreme environments provide striking examples of convergent evolution
across taxa, suggesting there are a limited number of solutions for evolution. These
environments serve as natural experiments, offering powerful frameworks to
investigate convergent evolution across biological scales (Rappaport & Oliverio,
2024). Strong selective pressures frequently drive the independent evolution of
similar phenotypes—from molecular function to behavior—across lineages. For
example, in subterranean habitats, the combination of darkness and nutrient scarcity
results in a suite of convergent traits, such as loss of pigment and eyes, across
distantly related taxa (Balart-Garcia et al., 2023; Christiansen, 1961; Culver & Pipan,
2009; Derkarabetian et al., 2010). While some cases of phenotypic convergence are
underpinned by repeated de novo mutations in the same genes or amino acid positions

(e.g. prestin in echolocating bats and dolphins (Z. Liu et al., 2014)), growing
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evidence suggests that many convergent traits lack consistent sequence-level signals
(Corbett-Detig et al., 2020). Instead, convergence often occurs at higher levels, such
as within gene regulatory networks or biological pathways or functions (Morales et
al., 2024), even in extreme environments (F. Li et al., 2021; Xu et al., 2020).

Most genomic studies of convergent evolution have focused on single
nucleotide polymorphisms (SNPs), potentially overlooking other forms of genetic
variation. Structural variants—including insertions, deletions, duplications, and
inversions—represent additional forms of genomic variation that are abundant
genome-wide but have been historically difficult to confidently identify and
genotype, despite their ability to affect gene regulation and protein function. For
example, structural variants have been identified as a major driver of gene expression
differences among human populations (Scott et al., 2021) and can shape functional
differences in proteins, often through disordered conformations (Jilani et al., 2022; M.
Lin et al., 2017). The absence of consistent sequence-level signals across taxa could
reflect either the existence of multiple genomic solutions to similar selective
pressures or a bias in investigating SNPs over structural variants. Therefore,
incorporating structural variants into studies of genomic convergence is critical for a
comprehensive understanding of the genomic architecture underpinning adaptive
traits.

Structural variants have been recognized as important in evolutionary
processes for over a century (McClintock, 1931; Sturtevant, 1913) and can directly

influence adaptation and speciation (Berdan et al., 2024; Mérot, Oomen, et al., 2020;
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L. Zhang et al., 2021). They underpin a broad range of phenotypes, including
variation in coloration and color patterning (Joron et al., 2011; K.-W. Kim et al.,
2022), morphology (Mérot, Llaurens, et al., 2020), and behavior (Kiipper et al., 2016;
Yan et al., 2020). In fishes, for example, copy number variation in the fads2 gene is
associated with dietary differences in stickleback (Ishikawa et al., 2021), and
chromosomal inversions help maintain migratory and resident ecotypes in Atlantic
cod (Kirubakaran et al., 2016). However, structural variants have historically been
underrepresented in evolutionary genomic studies due to technical limitations in
detecting them with short-read sequencing and alignment-based methods, especially
in repetitive or structurally complex regions. The increasing accessibility of long-read
sequencing has renewed interest in structural variants across a wider range of taxa
(Bertolotti et al., 2020; Mérot, Oomen, et al., 2020; Mérot et al., 2023). Notably,
genomic patterns of diversity inferred by structural variants can differ from those
estimated from SNPs (Stuart et al., 2023), and structural variants’ roles in
evolutionary processes, such as adaptation and speciation, should be studied directly
(Berdan et al., 2024; Feulner & De-Kayne, 2017). Despite increasing recognition of
their evolutionary significance, few studies have comprehensively examined the role
of structural variants in repeated In the livebearing fish family Poeciliidae, multiple
lineages have independently adapted to toxic springs rich in hydrogen sulfide
evolving convergent phenotypes in life history, morphology, physiology, and gene
expression (Greenway et al., 2020; Kelley et al., 2016; Plath et al., 2013a; Riesch et

al., 2014; Tobler et al., 2018, 2016). Despite convergence across levels of
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organization, evidence for convergence at the gene and nucleotide level is limited
(Greenway et al., 2020, 2024; Pfenninger et al., 2014). Furthermore, where signals of
selection on similar regions have been detected, they appear to be primarily driven by
selection on shared, standing variation and not independent de novo mutations (Ryan
et al., 2023). Importantly, these previous studies have focused mainly on SNP
variation, leaving the contribution of structural variants largely unexplored, although
one study identified a few shared structural variants among sulfide-adapted
populations of Poecilia mexicana (Brown et al. 2019). These were identified despite
using short reads (100 base pair, bp), a highly fragmented reference genome, and a
small sample size (N=1 per population), which limited the ability to detect variants
and downstream analyses. Recent advances, including high-quality reference
assemblies (Ryan et al., 2025) and improved long- and short-read sequencing
technologies (Begum et al., 2021; Mahmoud et al., 2019), enable a more
comprehensive analysis of structural variants, their potential role in repeated
adaptation to sulfide springs in P. mexicana, and the extent to which adaptive
structural variation represents a common feature of repeated adaptation in closely
related lineages.

In this study, we investigate the role of structural variants in repeated adaptation to
sulfide springs in Poecilia mexicana. Using Pacific Biosciences (PacBio) HiFi long
read data from three individuals, two from sulfidic environments and one from
nonsulfidic, we assembled pseudo-haplotype-resolved, contig-level genomes and

constructed a P. mexicana pangenome graph. We then applied both graph- and long-
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read based structural variant detection approaches to comprehensively identify
variants 50 bp or longer. We then generated population-level, whole-genome
resequencing data from five sulfidic and five closely related, nonsulfidic populations
to assess variation in the frequency of structural variants among populations and
identify highly differentiated SNPs.=. Finally, we integrated previously published
RNA-sequencing (RNA-seq) data from (Kelley et al., 2016) and (Passow, Henpita, et
al., 2017) to assess overlap between differentially expressed genes and structural
variants in noncoding regions. By integrating SNPs, structural variants, and gene
expression data from multiple sulfidic and nonsulfidic populations of P. mexicana,
this work offers new insights into the genomic architecture of convergence in extreme
environments and addresses broader questions about the predictability of evolution at

the molecular level.

Materials & Methods
Focal populations

We analyzed ten populations of the Poecilia mexicana species complex
distributed across four river drainages in the Rio Grijalva basin of Chiapas and
Tabasco, Mexico: Pichulcalo (Pich), Ixtapangajoya (Ixta), Puyacatengo (Puya), and
Tacotalpa (Taco). These included five sulfide-spring (S) populations and five
nonsulfidic (NS) populations. Sulfidic populations consisted of two P. mexicana
populations (Taco S, Puya S), two Poecilia sulphuraria populations (Pichl S, Pich2

S), and one Poecilia thermalis population (Ixta S). The closely related NS populations
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included five P. mexicana populations (Taco NS, Puya NS, Ixta NS, Pichl NS, Pich2

NS) (Table S3.1).

Identification of structural variants using long reads

We identified structural variants using previously generated PacBio HiFi
reads (Ryan et al., 2025) from three focal populations: Taco S, Pich2 S, and Taco NS
(Bioproject PRINA984711). Briefly, DNA was extracted using the Circulomics
Nanobind High Molecular Weight DNA extraction kit. Quantaty was assessed using
the Qubit™ High Sensitivity DNA kit in triplicate, Quantus™ Fluorometer, and
Nanodrop and quality was assessed using an Agilent™ Femto Pulse system and
TapeStation. SMRTbell library preparation and sequencing was performed at UC
Davis Genome Center on a single SMRT cell on a PacBio Revio sequencing
platform.

Reads were mapped to the P. mexicana genome assembly
(GCA _051168715.1 (Ryan et al., 2025)) using pbmm?2
(https://github.com/PacificBiosciences/pbmm?2), a wrapper for minimap2 (H. Li,
2018). Variants were called per sample using Sawfish v2.0.1 (Saunders et al., 2025)
discovery followed by joint genotyping with joint-call. Variants were filtered to
remove low-quality calls (QUAL < 10), excessive depth (12 time the gc-corrected
haploid-depth estimate), redundant breakpoints already represented in the VCF, or
conflicting multi-breakpoint genotypes flagged by sawfish. Additionally, we used

Sniffles2 v2.6.1 (Smolka et al., 2024) to generate an intermediate sniffles (SNF) file
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for each individual and performed multi-sample variant calling to generate a Variant
Call Format (VCF) file. Variants were filtered using BCFtools v1.21 (Petr Danecek et
al., 2021) to retain high quality variants (QUAL > 30) and to exclude imprecise

variants, homozygous reference calls, and break-end variants.

Pangenome generation, variant calling

To generate a pangenome graph representative of assembled haplotypes, we
used HiFiasm 0.25.0-r726 (Cheng et al., 2021) to generate contig-level, pseudo-
haplotype-resolved assemblies for each individual. FASTA headers were renamed to
conform to the PanSN-spec: Pangenome Sequence Naming standard

(https://github.com/pangenome/PanSN-spec). A reference-guided pangenome was

constructed using the Minigraph-Cactus pipeline (Hickey et al., 2024). First, a
structural variant graph (rGFA) was generated using Minigraph v0.20-r599 (H. Li et
al., 2020), with the chromosome level P. mexicana NS assembly as the backbone.
Haplotype assemblies were mapped back to graph using Minigraph, and a base-pair-
level multiple genome alignment was generated using Cactus. The final pangenome
graph was then prepared for downstream analysis using the VG toolkit (Garrison et
al., 2018) view and index functions. Variants were extracted using VG deconstruct
and the resulting VCF was filtered using VCFbub (vcfbub: use variant nesting
information to flter overlapping sites from vg deconstruct output, n.d.) to remove
nested sites unless nested under variants greater than 10 kilobases (kb). We then

annotated variant types using Truvari v5.3.0 (English et al., 2022) anno svinfo.
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Variant merging across calling methods

Each structural variant callset (Sniffles2, Sawfish and graph-derived) was
normalized using BCFtools norm to left-align indels, correct reference alleles, and
decompose multiallelic records. Redundant variants within each VCF were then
collapsed using Truvari v5.3.0 collapse with parameters -r 500 -p 0.95 -P 0.95 -S
100000 -s 50 -k maxqual —passonly. To generate a nonredundant merged set of
variants from long-read methods, we used Jasmine v1.1.5 (Kirsche et al., 2023).
Duplications were temporarily converted to insertions (--preprocess_only —
dups_to_ins) to reduce merging errors. Variants were merged and redundant variants
were removed (max_dist=500 —nonlinear-distance). After merging, duplicates were
restored to their original variant type and variants with unknown variant type were
filtered out. To merge across read and graph-based approaches, we first normalized
and removed redundance calls from the graph-based method using BCFtools and
Truvari as described above. Then, variants were merged between graph and read

based methods using SURVIVOR (Jeffares et al., 2017) v1.0.7.

Short-read library preparation and sequencing

Whole-genome sequencing Illumina libraries were prepared from 80
individuals (8 per population) previously sampled for capture sequencing (Ryan et al.,
2023). Genomic DNA, stored at —80 °C for approximately six years, was thawed and

quantified using Qubit the high-sensitivity DNA kit. Samples, chosen to optimize
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DNA quality and quantity, were shipped overnight on ice to the Genomics and Cell
Characterization Core Facility (GC3F) at the University of Oregon. At GC3F, 10 ng
of DNA per sample was dried in a SpeedVac in a 384-well plate and 6 ul of a diluted
Bead-Linked Transposase (Illumina) (1:60 in buffer: 10 mM Tris-HCL, 5 mM
MgCl,, 8% PEG) was added. The samples were vortexed to resuspend the DNA and
incubated at 53 °C for 30 minutes. After the plate was spun down and placed on a
magnet to gather beads, 5 ul of supernatant was removed. Then, 1 pl of barcoded
[llumina Nextera adapter primers (IDT), 5 ul 2x Equinox Master-mix (Watchmaker
Genomics), and 3 pl Nuclease Free Water (NEB) were added to each well. PCR was
conducted as follows: 68 °C for 3 min, 98 °C for 3 min, 10 cycles of 98 °C for 45 s,
62 °C for 30 s, 68 °C for 2 min, followed by final extension at 68 °C for 1 min. After
amplification, 20 pl of nuclease free water was added to each well and mixed. A 2 ul
aliquot per sample was pooled and purified twice with 0.8x volume cleaning with
Total Pure NGS beads (Omega Biosciences). The pooled library was run on Illumina
MiSeq Nano PE150. Based on read count normalization, a rebalanced pool was

sequences on two lanes of an Illumina NovaSeq S4 (PE150).

Identification of highly differentiated regions

Read quality was assessed using FastQC v0.12.1 (Andrews, 2010) and
trimmed using fastp v0.32.2 (Chen et al., 2018). Trimmed reads were mapped to the
P. mexicana reference genome (GCA_051168715.1) using bwa-mem2 (Vasimuddin

et al., 2019). The resulting SAM files were converted to BAM and sorted and indexed
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using Sambamba (Tarasov et al., 2015) v0.8.2. Single nucleotide polymorphisms
(SNPs) were called using BCFtools mpileup (--skip-indels). BCFtools view was used
to filter bialleleic SNPS (-m2 -M2 -v snps). The resulting SNPs were further filtered
using VCFtools (P. Danecek et al., 2011) for quality (--minQ 30), missingness (--
max-missing 0.9), depth (--min-meanDP 3 --max-meanDP 250) and minor allele
count (--mac 8). Retained SNPs were then thinned to retain 1 SNP per 1 kb to reduce
the effects of linkage disequilibrium. We then used pixy (Korunes & Samuk, 2021) to
calculate the average Weir and Cockerham Fst (Weir & Cockerham, 1984) for 10-kb
windows across the genome. We converted windowed Fst values to Z-score and
defined outlier regions based on a 0.99 Fsrempirical threshold (Fsr> 0.431) and Z-

score (> 2.996).

Population level genotyping of structural variants

To estimate allele frequencies of structural variants, we used GraphTyper2
v2.7.7 (Eggertsson et al., 2019) with the genotype sv module to genotype the
previously identified variants using the short-read BAM files generated above. To do
so, we modified the merged VCF file to anchor the reference sequence to the first
position of the insertion sequence for graph generation. For genotyping, the default
minimum coverage filter (10X) was disabled to account for lower genome-wide
sequencing depth across individuals. Aggregate genotype call per individual were
determined by the highest genotype quality across different genotyping models,

including both coverage and breakpoint-based models. The subsequent genotyped
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VCFs were merged using BCFtools. Allele counts and frequencies were than
calculated with BCFtools separately for sulfidic and nonsulfidic groups. We retained
variants that were genotyped in at least 20 individuals per ecotype. Finally, allele
frequency difference between sulfidic and nonsulfidic populations were calculated in
R by subtracting the allele frequency in the non-sulfidic population from the

frequency in the sulfidic population.

Analysis of structural variants and gene expression

We imported structural variants into R using VariantAnnotation v1.54.1 and
GenomicRanges v.1.60.0. The GFF annotation file was imported, and features were
extracted using rtracklayer v.1.68.0. Promoters were defined at the 1-kb window
upstream of the transcription start site (strand-aware) and introns were defined as
gene regions excluding exons using setdiff and reduce. Then, overlaps between highly
differentiated regions (Fst outlier windows), genomic features, and structural variants
were identified using findoverlaps().

Integrative Genomics Viewer (IGV) was used to visualize variants of interest
in long and short read alignments. Gene Ontology (GO) enrichment was performed
with ClusterProfiler v4.16.0, with GO terms considered significantly enriched if
Benjamini-Hochberg adjusted p-value was less than 0.05.

We reanalyzed RNA-seq count data from gill tissue focusing on both field-
collected samples (Kelley et al., 2016) as well as samples from a nonsulfidic

common-garden H>S exposure experiment, that included both laboratory-control and
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H>S exposure groups from two population pairs of sulfidic and nonsulfidic
populations (Tacotalpa and Puyacatengo, n = 4—6 per group) (Passow, Henpita, et al.,
2017). Using EdgeR v4.4.2, we filtered low-count genes, calculated normalization
factors and estimated tagwise dispersion. We modeled differential expression using
glmFit and tested contrasts between ecotypes using glmLRT. Differentially expressed
genes (Benjamini-Hochberg adjusted p-value < 0.05) were then intersected with small

variants (50—1,00 bp) present in promoters and intron regions.

Generation of gene trees

In order to explore variation among populations, we generated genes trees for
both copies of ethel. First, we downloaded the refseq proteins of both copies of ethel
from NCBI for Gambusia affinis, Xiphophorus helleri, Poecilia reticulata, Poecilia
mexicana, Fundulus heteroclitus, and for single copy ethel for Danio rerio. We then
used mafft v.7.526 to align nucleotide gene sequences. From there, we used Iqtree2
v.2.2.6 to generate a maximum likelihood tree with 1,000 ultrafast bootstrap
replicates. We then generated consensus sequences for both ethel gene regions from
the VCF file generated above for each P. mexicana individual. The headers in the
resulting consensus sequences were renamed to include the sample name and then
concatenated. These resulting fasta files were then aligned using mafft and a
maximum likelihood tree with 1,000 ultrafast bootstrap replicates were generated for
the P. mexicana individuals. Trees were visualized in R using ggtree v3.16.3, treeio

v1.32.0, and ape v.5.8.1.
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Results
Structural variant discovery with long reads

To characterize structural variation, we analyzed long-read sequencing data
from three individuals representing two sulfidic populations (P. sulphuraria and P.
mexicana S Taco) and one nonsulfidic population (P. mexicana NS Taco), with an
estimated coverage of 22-32X and a median read length of 10,263 - 11,005 base pairs
(bp) (Table S3.1; Ryan et al., 2025). These long-read datasets were used for
complementary reference-based structural variant discovery (Sawfish and Sniftles2)
and for pangenome-based variant detection. Then, these structural variants were
merged and filtered to result in a set of variants for downstream population-level
genotyping.

After filtering and collapsing redundant variants within each method, Sawfish
detected 114,017 variants (53,417 deletions, 60,213 insertions, 185 inversions, and
202 duplications), while Sniffles2 identified 86,212 variants (40,524 deletions, 45,371
insertions, 260 inversions, 57 duplications) across three individuals with long read
sequencing data (Ryan et al., 2025). Merging these variants and reducing redundancy
in calls resulted in 93,759 unique variants (43,586 deletions, 49,599 insertions, 340
inversions and 234 duplications). Pangenome generation and structural variant calling
was performed using haplotype-resolved assemblies (113—405 haplotypes per
individual; Table S3.3) identified 69,409 variants (33,198 deletions, 35,911

insertions, and 300 variants of unknown type, likely inversions and break-end
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variants). Merging graph-based variants calls with the long-read based call set
resulted in 99,016 variants (45,581 deletions, 52,893 insertions, 308 inversions, and
234 duplications) (Figure S3.1A). Variant length ranged from 50 bp to over 10
megabases (Mb), with distinct distributions of sizes observed across SV types (Figure
S3.1B). Median length was 244 bp for deletions, 383 bp for insertions, 2,699 bp for

inversions, and 18,788 bp for duplications.

Genotyping of structural variants and variation in allele frequencies between
ecotypes

To quantify allele frequency variation between habitats, we generated short
read sequencing data from eight individuals per population from 10 populations of the
Poecilia mexicana species complex (five sulfidic and five nonsulfidic). Whole-
genome short-read sequencing of 80 individuals across ten populations produced an
average of 26.8 million reads per individual across two sequencing lanes (range:
16.9-56.6 million reads) and a mean estimated coverage of 11.71X (9.44 — 21.19X;
Table S3.2). Using these data, we genotyped the structural variants discovered in
three individuals with long reads to explore the difference in allele frequencies
between ecotypes. After filtering, we were able to successfully genotype and analyze
39,496 structural variants, ranging from 50 bp to greater than 5 Mb in size,
comprising of 35,068 deletions, 2423 insertions, 2995 duplications, and ten
inversions. We explored the most differentiated structural variants between ecotypes

(top 1% difference in allele frequency) (Figure S3.2, Table S3.4). These consisted of
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34 deletions, two duplications, and three insertions, consistent with our reduced
ability to genotype insertions (Mahmoud et al., 2019; Sedlazeck et al., 2018). The
mean variant size of these highly differentiated variants was 781 bp, and the median
was 264 bp. Thirty-one of these variants overlapped with gene regions (Table S3.4).
The highest difference in allele frequencies between ecotypes was a 419-bp deletion

in an intron of ethel (AFs=1.0, AFxs = 0.15).

Single nucleotide polymorphism detection and identification of highly differentiated
regions

To identify highly differentiated regions between ecotypes independent of
structural variants, we identified genome-wide single nucleotide polymorphisms
(SNPs). After filtering, we retained 578,183 SNPs. Genome-wide average Fsrt
between sulfide and nonsulfidic populations was 0.136. We identified highly
differentiated genomic windows (10 kb, Fst > 0.431, Z-score > 2.996) as outliers that
are putatively under selection (Figure S3.3). Outlier windows overlapped with 823

genes (668 unique genes, Table S3.5).

Analysis of large and mid-sized structural variants

To identify candidate structural variants potentially underlying adaptation to sulfide
springs, we first examined large variants (>50 kb) due to their ability to influence
large genomic regions and potentially many genes at once. To avoid potentially

spurious SV calls, we excluded variants exceeding 5 Mb. Large variants consisted of
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54 deletions, 70 insertions, 32 inversions, and 8 duplications (Figure S3.4). Two
noteworthy large variants overlapped highly differentiated region: a deletion on
scaffold 12 and an inversion on scaffold 6 that span extensive regions of high
genomic differentiation.

The 3.6-Mb deletion on scaffold 12 affected 140 unique genes, including N-
acetylglucosamine-6-sulfatase (gns) and 2-oxoglutarate dehydrogenase (ogdh), but
did not have significant enrichment of any biological processes or functions. This
variant was at low frequency in both sulfidic (0.0375) and nonsulfidic (0.0625)
populations, suggesting that this is likely a rare variant and not involved in
adaptation, despite being in a highly differentiated region (Table S3.6). The inversion
on scaffold 6 encompassed 33 unique genes, 27 of which had functional annotation
information (Figure 3.1A). These genes included two copies of sic/3al, a Na*-sulfate
cotransporter gene involved in sulfate homeostasis, and Ayal4 (hyaluronidase-4),
which modifies the structure of chondroitin sulphate. Gene Ontology (GO) analysis of
the genes in the inversion on scaffold 6 identified significant enrichment for
biological processes and molecular functions related to hyaluronan catabolism
(GO:0030214, GO:0030212) and glycosaminoglycan metabolism and catabolism
(GO:0006027, GO:0030203, GO:0006026, GO:0006022) (Figure 3.1B). However,
we were unable to genotype this variant across individuals to assess its distribution

among ecotypes, given variation in depth across short reads.
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Figure 3.1: Large inversion highly differentiated between ecotypes. (A) Average Weir
and Cockerham FST (WC FST) between all sulfidic and nonsulfidic individuals in
10-kb windows. Outliers with Z score > 2.996 and a FST > 0.431 (0.99 empirical
cutoff) are colored red. Structural variants greater than 50 kb are plotted below the
axis. Inversions are plotted in orange and insertions are plotted in green. (B) Gene
Ontology (GO) enrichment analysis of genes in the inversion highlighted in yellow in
(A). All significantly enriched (Benjamini Hochberg corrected p-value < 0.05) GO
terms are plotted.

We identified 1,117 unique, medium sized variants (10-50kb) consisting of
492 deletions, 560 insertions, 60 duplications, and 5 inversions. Scaffold 18 was a

hotspot for variants of this size (118 variants), whereas all other scaffolds contained
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fewer than 76 variants each (Figure S3.5). Of these medium sized variants, 25
overlapped with highly differentiated region regions, harboring 17 annotated genes.
Notably, genes involved in oxidative phosphorylation (OxPhos) complex assembly
were detected: NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly
factor 5 (ndufaf5) (involved in Complex I assembly) and protein PET117 cytochrome
c oxidasecChaperone (petl17). However, GO enrichment analysis of these genes did

not yield significant functional enrichment.

Two variants were at high frequency in sulfidic populations (AF > 0.94) and
low to mid frequency in nonsulfidic populations (AF < 0.34): a 13.8-kb deletion of
LOC106932973 (CUB and zona pellucida-like domain-containing protein 1) and a
13.1-kb deletion that did not affect a gene (Table S3.4). Additionally, there were three
variants at low frequency in sulfidic populations (< 0.15) and mid to high frequency
in nonsulfidic populations (> 0.56): a 11.7-kb deletion that affects slc22al3, a 19.6-
kb deletion that affects dihydropyrimidinase-related protein 2, rac GTPase-activating
protein 1, and protein phosphatase 1 regulatory subunit 3C-B, and a 13.9-kb deletion

that did not influence any genes.

Next, we analyzed variants 1-10 kb in size. These variants consisted of 8,344
deletions, 9,912 insertions, and 102 duplications. Although most variants occurred in
intergenic regions, 124 genes overlapped with variants of this size, of which 94 genes
had functional annotations. Some of these genes occurred in highly differentiated
regions, including candidate genes directly involved in sulfide metabolism. These

genes included persulfide dioxygenase (ethela and ethelb) and sulfide: quinone
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oxidoreductase (sqor). These genes were significantly enriched in a biological
process (sulfur compound metabolic process; GO:0006790) and molecular functions
secondary active transmembrane transporter activity (GO:0015291), sodium ion
transmembrane transporter activity (GO:0015081), solute: monoatomic cation
symporter activity (GO:0015294), hexosaminidase activity (GO:0015929) and solute:
sodium symporter activity (GO:0015370) (Figure 3.2A).

The 2.3-kb deletion in sgor shows significant difference in AF between
sulfidic (AF=0.025) and nonsulfidic populations (AF=0.590). An additional 21
variants had significantly higher AF in sulfidic populations than nonsulfidic
populations, of which 7 variants affected 8 genes. Finally, 40 variants had
significantly lower AF in sulfidic populations, which interacted with 17 genes (Table

S3.4).
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Figure 3.2: Gene ontology (GO) terms that are significantly enriched in variants (A)
1-10 kb or (B) 50—1,000 bp and in regions highly differentiated between ecotypes.
All significant terms (Benjamini Hochberg adjusted p-value < 0.05) were plotted.

Analysis of variants shorter than 1kb

Most structural variants were 50 bp to 1 kb in size, with 33,995 deletions,

33,437 insertions and 99 inversions called in this size range. Of these ~68,000 small

variants, 29,284 overlapped with annotated gene regions. These variants overlapped
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with 181 genes that were highly differentiated between ecotypes. These included
multiple genes that localize to the mitochondria, including 2-oxoglutarate
dehydrogenase (oghd), persulfide dioxygenase (ethel), sulfide:quinone
oxidoreductase (sqor), pyruvate carboxylase (pc) and alpha-aminoadipic
semialdehyde synthase (aass). These variants were significantly enriched in genes
involved in a broad range of transmembrane transport activities, including sodium ion
transport (GO:0015081, GO:0035725, GO:0006814), metal ion transport
(GO:0046873), and bicarbonate or inorganic anion exchange (GO:0015106,
G0:0005452) (Figure 3.2B). These transporters spanned diverse molecular functions
such as symporters, antiporters, and secondary active transporters (e.g., GO:0015291,
GO0:0015294, GO:0015103), and were enriched in localization to specialized regions
of the plasma membrane (GO:0016323, GO:0009925, GO:0016324).

Given the potential specific functional and regulatory impacts of these
variants, we investigated variants in this size class in more detail. Specifically, we
focused on those in coding, putative promoter, and intronic regions. Among variants
that overlapped with genes, 2,558 variants overlapped with exons, with 1,924 variants
affecting protein-coding sequences. These coding-region variants included 996
deletions, 927 insertions, and one inversion. The mean variant length was 224 bp and
the median was 129 bp. Interestingly, these exon-overlapping variants were more
frequently in-frame (44.4% of variants) than expected based on the genome-wide

distribution for this size class (35.9%) (Figure S3.6).
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Associations of noncoding structural variants and differentially expressed genes

Regulatory changes have been shown to underlie adaptive divergence between
sulfidic and nonsulfidic populations (Brown et al., 2018; Greenway et al., 2020;
Kelley et al., 2016; Passow, Brown, et al., 2017; Passow, Henpita, et al., 2017). To
investigate how structural variants in non-coding regions, specifically introns and
promoters, relate to differential expression, we reanalyzed RNA-seq data generated
by Kelley (2016) and Passow (2017).

Most small structural variants overlapping genes were in introns (27,191
variants across 10,196 genes), suggesting intronic variants are common. Among
these, 361 genes also fell within highly differentiated regions. Additionally, we
identified 4,650 structural variants in putative promoter regions. Of variants in
putative promoters, 63 overlapped with highly differentiated regions. In the
Puyacatengo drainage, 275 genes were significantly upregulated and 491
downregulated (logFC > 1 or <—1, BH-adjusted p-value < 0.05), while the Tacotalpa
drainage showed 774 upregulated and 519 downregulated genes. Of these, 115
upregulated and 152 downregulated genes were shared between drainages. Forty-
eight of the shared upregulated and 70 of the shared downregulated genes contain at
least one intronic structural variant, with many containing multiple variants and 7

shared up- and 19 downregulated genes contain promoter variants (Table S3.6).

Structural Variation and Expression of Candidate Genes Encoding sulfide

detoxification enzyme ETHE
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We specifically explored differential expression in both gene copies of ethel
due to their candidate role in sulfide detoxification, their observed structural variants
in promoter and intronic regions, and the highly differentiated variation between
ecotypes (Figure 3.3A). Gene ethela harbored two promoter variants (5,624-bp
insertion and 64-bp deletion) and an intronic deletion (419 bp) between exons 6 and 7
that are shared between Taco S and P. sulphuraria and not P. mexicana NS, and a
1.2-kb insertion between exons 1 and 2 unique to P. sulphuraria (Figure 3.3A). Of
these, the 419-bp deletion is fixed in sulfidic individuals and at low frequency in
nonsulfidic individuals (Figure 3.3B), with genotypes highly concordant between
both breakpoint and coverage based genotyping models. In contrast, structural
variation in ethelb does not sort by ecotype across the genes, as the 1.2-kb insertion
is unique to P. sulphuraria. Expression data from wild-caught gill tissues indicated
substantial upregulation of both copies of ethe!l in sulfide-adapted populations
relative to nonsulfidic populations. Specifically, in Tacotalpa, expression was 16-fold
higher for ethela and 14-fold higher for ethelb; similarly, in Puyacatengo, ethela
expression was 13-fold and ethelb was 16-fold higher (Figure 3.3C). Moreover,
differential expression between the gene copies is apparent: ethela exhibited
consistently higher expression than ethe/b in sulfide-adapted populations (3.1-fold
higher in Tacotalpa and 3.6-fold higher in Puyacatengo; Figure 3.3C). These
expression differences between ecotypes and gene copies, although at a different
magnitude, persisted under both under common garden nonsulfidic conditions and

after experimental H>S exposure (Figure 3.3D).
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To characterize how variation in these genes is distributed among populations,
we generated gene trees using data from the 80 individuals analyzed above along with
publicly available sequences from Poeciliid fishes (Gambusia affinis, Xiphophorus
helleri, and Poecilia reticulata), an outgroup that also shares the ancestral ethe!
duplication (Fundulus heteroclitus), and Danio rerio, which contains a single copy
ethel (Supplemental Figure S3.7). Notably, both gene trees deviate from the
established species phylogeny (Ryan et al 2023, Greenway et al 2020, Brown et al
2019). In both copies of ethel sequences from sulfide adapted P. mexicana
individuals cluster more closely with P. sulphuraria and P. thermalis (Pich and Ixta)
than with conspecific or sister taxa (Supplemental Figure S3.7). But this clustering
differs between paralogs: ethela clusters all sulfidic populations together, with very
little variation among individuals, whereas in ethelb only the sulfidic Puya
population clusters with P. sulphuraria and P. thermalis (Pich and Ixta), while the

Taco sulfidic population does not.
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Figure 3.3: Sequence and gene expression variation in two copies of sulfide processing
gene persulfide dioxygenase (ethel). (A) Fst in 10-kb windows of scaffold 16. Genome
wide 99% outlier windows are marked in red. Integrative Genomics Viewer (IGV)
screenshot of long reads mapped to the P. mexicana NS reference genome and
cladogram to show the relationship among populations. The top panel of each row is
depth with overlayed colored bars representing SNP locations. In the bottom panel of
each row, small insertions are labeled with purple and black lines represent deletions.
Structure of ethel copies from genome annotation represented below. Additional 1.2-
kb insertion unique to P. sulphuraria at 13,080,525 also visible. (B) Frequency of 419-
bp deletion in sulfidic and nonsulfidic individuals. (C) Gene expression in the gill of
both copies of ethel in field caught individuals from two population pairs of sulfidic
and nonsulfidic populations. Data generated in (Kelley et al.,, 2016). (D) Gene
expression in the gill of both copies of ethel from individuals exposed to hydrogen
sulfide in common garden conditions from two population pairs of sulfidic and
nonsulfidic populations. Data originally generated in (Passow, Henpita, et al., 2017)

Discussion
We explored the role of structural variants in repeated adaptation to hydrogen-
sulfide-rich springs in independent lineages of Poecilia mexicana. Through an

integrative approach combining long-read sequencing, pangenome assembly, and

analysis of differentiation with short-reads, we identified 99,016 structural variants
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across multiple individuals in the P. mexicana species complex. Numerous variants
were present in regions that were highly differentiated between sulfidic and
nonsulfidic ecotypes with some sorting by ecotype and not taxonomic relationship.
These variants, distributed across coding, intronic, promoter and intergenic regions,
highlight how structural variants could contribute to adaptation, extending beyond the
traditionally emphasized single nucleotide polymorphisms (SNPs). But, given these
discoveries were made using three genomes across the species complex, they likely
underrepresent the full structural variant diversity in the species. For example, recent
work on House Finches (Haemorhous mexicanus) that utilized a pangenome approach
to identify structural variants found over 800,000 structural variants across 16
individuals and an outgroup, spanning ~13 million years of evolution across large
geographic space (Fang and Edwards 2024). Future work to expand this pangenome
to include more individuals as long-read data become available could lead to new

insights into independent and shared variation underpinning sulfide tolerance.

Noncoding structural variants associated with regulatory differences

Structural variants can substantially influence phenotypic evolution without
influencing protein function by altering regulatory elements and thereby affecting
gene expression (Chaisson et al., 2015; Harewood et al., 2012; Scott et al., 2021;
Shaul, 2017). These regulatory differences may facilitate adaptive divergence under
strong environmental selective pressures, such as those found in H>S-rich springs.

Notably, we discovered multiple promoters and intronic variants in previously
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identified differentially expressed genes that have been implicated in adaptation
(Kelley et al., 2016; Passow, Brown, et al., 2017; Passow, Henpita, et al., 2017). We
discovered ecotype-specific variants in regulatory regions of genes central to
H>Sdetoxification. Specifically, a 64-bp deletion in the promoter and a 419-bp
deletion in an intron of ethela correlated with significantly elevated and ecotype-
specific gene expression patterns in gill tissues of sulfidic populations compared to
nonsulfidic counterparts (Figure 3.3A). In addition to coding neofunctionalization,
regulatory neofunctionalization has been proposed as a major source of evolutionary
innovation (Ohno 1970; Moore and Purugganan 2005) due to the potential for protein
expression in a novel context (Hughes et al. 2014). Such consistent differenced across
independently adapted population pairs suggests regulatory neofunctionalization,
potentially facilitated by the observed structural variants. In particular, the 419-bp
deletion in ethela near the intron-exon boundary may influence mRNA processing or
stability, contributing to its consistently elevated expression. The presence of
identical structural variants in both P. sulphuraria and H2S -adapted P.

mexicana (Taco S), but not in closely related nonsulfidic P. mexicana populations
(Figure 3.3A), further suggests a shared origin—likely via gene flow or incomplete
lineage sorting—rather than independent parallel mutations in each lineage. Future
investigation into exon usage between ecotypes, potentially using long-read RNA-
seq, could shed light into the evolution of these paralogs, and how these variants
influence both expression and splicing of these two copies of this H>S-detoxification

gene.
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Structural variants affecting transporter and sulfide metabolism genes

We identified variants in transporter and sulfur-processing genes (Figure 3.1
& 3.2), including a highly differentiated large genomic inversion involving the
sodium-sulfate cotransporter gene slc/3al. Given growing evidence that inversions
can maintain adaptive variation and drive ecological divergence (Thorstensen et al.,
2022; Zong et al., 2020), this inversion could assist in maintaining linked adaptive
variation in the face of low levels of gene flow occurring between ecotypes in at least
some populations (Brown et al., 2018; Greenway et al., 2024). Additional variants
exist in these and related transport genes, including a 195-bp insertion within exon 1
of sulfate transporter slc26a2, a 60-bp deletion in exon 7 of slc/3al, and a 143-bp
insertion in carbohydrate sulfotransferase 6 (chst). Future studies using rapidly
advancing protein prediction models (Jumper et al., 2021) could shed light on the
functional impacts of these, and other, coding variants in highly differentiated
regions. Moreover, GO enrichment analysis revealed significant overrepresentation of
many transport-related biological processes among genes harboring structural variants
within highly differentiated genomic regions (Figure 3.2B). These results collectively
underscore a complex genomic response encompassing both regulatory and protein-
coding modifications to environmental H>S exposure.

The presence of variants in both sulfur processing genes and transporter genes
leads to new hypotheses about the mechanisms underlying repeated adaptation to

sulfide springs. H>S is produced endogenously in the body at low levels and is
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important in a variety of biological processes, ranging from cell signaling to proper
neurological and cardiac function (Cao et al., 2019; Garcia-Bereguiain et al., 2008;
Kabil et al., 2014; L. Li et al., 2011; Peers et al., 2012). There are a variety of
conserved mechanisms for processing surplus H>S and related compounds to maintain
tight regulation, given its inhibition of cytochrome c oxidase and mitochondrial
respiration even at low concentrations (Cooper & Brown, 2008; Jiang et al., 2016;
Szabo, 2018). These H»S regulatory mechanisms, via sulfide-quinone oxidoreductase
(sqor) (Landry et al., 2017) or superoxide dismutase [Cu-Zn] (sodl) (Switzer et al.,
2023) in the mitochondria, produce a variety of downstream byproducts, such as
sulfate and thiosulfate. Given evidence for differential SQR activity between ecotypes
(Greenway et al., 2020) as well as differential expression of multiple sulfur
processing genes between ecotypes (A. P. Brown et al., 2018; Greenway et al., 2020;
Kelley et al., 2016; Passow, Brown, et al., 2017; Passow, Henpita, et al., 2017), it is
likely that in addition to oxidizing H»S to prevent the disruption of the
electrochemical gradient, cells need to excrete the byproducts of this process to
maintain homeostasis. Given that these byproducts need transporters to move across
membranes, the enrichment in variants associated with sulfate transport indicates that
modification of excretory pathways complements H>S oxidization in mediating
elevated tolerance to environmental H>S. The presence of ecotype-specific structural
variants occurring in transport genes parallels previous findings, where slc26a5 was
duplicated and upregulated in sulfidic ecotypes (A. P. Brown et al., 2019).

Interestingly, Brown (2019) also found a duplication in slc/3al, but they did not find
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the smaller deletion within the gene identified in this study. Future physiological
work assessing not only the function of detoxification related proteins, but also of
transport of byproducts across the membrane could shed light into the complexity of

adaptation to sulfide springs.

Broader evolutionary significance of structural variation

Identifying genetic variants underpinning adaptive phenotypes remains
challenging due to complex genotype-to-phenotype relationships. Nonetheless, our
findings clearly illustrate that structural variants are present, and often common, in
genomic regions putatively under selection (Ryan et al., 2023). These variants could
play an integral role in repeated adaptation to H>S-rich springs. Our results
complement prior studies highlighting adaptive divergence in gene expression and
physiological HS tolerance between ecotypes (Brown et al., 2018; Greenway et al.,
2020; Kelley et al., 2016; Passow, Brown, et al., 2017; Perry et al., 2024; Tobler et
al., 2016), suggesting structural genomic variants could act alongside SNP-driven
mechanisms by modulating gene expression, splicing, and/or protein function.

Importantly, the repeated identification of identical structural variants across
independently evolved sulfidic populations raises intriguing questions regarding their
evolutionary origin. Given the improbability of identical mutations independently
arising multiple times, our results favor the persistence of ancestral standing genetic
variation or adaptive introgression mediated through gene flow among closely related

lineages, suggested but not rigorously tested across populations in previous studies (

98



Brown et al., 2018; Greenway et al., 2020; Ryan et al., 2023). Future population
genomic studies will be essential for distinguishing these scenarios, further
elucidating evolutionary processes underlying adaptive genomic variation. This study
provides evidence that structural variants could contribute to the repeated ecological
adaptation, emphasizing the importance of integrating structural variants into future
studies of local adaptation. These new insights pave the way to novel investigations
into how structural variants influence both protein structure and gene regulation and

drive adaptive divergence across natural populations.

Supplemental material

Supplemental Table 3.1: Focal populations included in this study including the
species name, site name, site ID used in the manuscript, the drainage of origin, the
habitat type, either sulfidic (S) or nonsulfidic springs (NS), latitude and longitude of
the population, the estimated HiFi coverage and median read length for species with
long reads, and the sample size of [llumina sequencing per population used in this
study.

Species Site name|Site |Drainage Ha |Lat & ([Est. [Median (Illumina
ID bit |Lon |HiFi HiFiread sample
at cov |length size
P. Baiios del [Pich 1 |Pichucalco S |17.55, 8
sulphuraria |Azufre  |S -92.99
P. Vet Pich 1 |Pichucalco NS |17.55, 8
mexicana  |Station  |NS -93.00
P. La Gloria [Pich 2[Pichucalco S |17.53, (32X {10,433 8
sulphuraria S -93.01
P. Rosita Pich 2|Pichucalco  |NS |17.48 8
mexicana NS -93.10
P. thermalis|La Ixta |Ixtapangajoya |S [17.51, 8
Esperanza |S -92.98
P. Rio Ixta |Ixtapangajoya NS |17.49, 8
mexicana  |Ixtapangaj|NS -92.99
oya
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P. La Lluvia, [Puya |Puyacatengo |S |17.46, 8
mexicana  |small S -92.89
spring
P. Vicente |Puya [Puyacatengo |NS |17.51, 8
mexicana |Guerrero |NS -92.91
P. El Azufre |Taco |Tacotalpa S |17.44, (34X ({10,263 8
mexicana |1 S -92.77
P. Bonita Taco |Tacotalpa NS [17.42, 122X {11,005 8
mexicana NS -92.75

Supplemental Table 3.2: Sample IDs from BioProject PRINA1128810 used in this
study, including estimated sequence coverage. Provided as separate Excel file
“Pmex_SV table S2.xlsx”

Supplemental Table 3.1: Haplotype assemblies generated using HiFiasm including
the species, site ID, habitat type, number of contigs assembled and the N50 for each
haplotype assembly.

Species Site ID |[Habitat Hap 1 Hap 1 NS0 |[Hap 2 Hap 2
contigs contigs N50

\P. mexicana NS [Taco NS [Nonsulfidic 405 5,429,777 315 7,850,947

\P. mexicana S [Taco S |Sulfidic 164 27,106,189 |169 26,192,946

P. sulphuraria [Pich2 S Sulfidic 161 23,574,294 [113 25,996,582

Supplemental Table 3.2: Alle frequencies of structural variants and gene annotation if
it occurs in a gene. Provided as separate Excel file “Pmex_ SV table S4.xlsx”.

Supplemental Table 3.3: Table of genes present in Fst outlier windows. Provided as
separate Excel file “Pmex SV table S5”

Supplemental Table 3.4: Allele frequency difference between all genotyped variants.
Provided as separate Excel file “Pmex SV table S6”

Supplemental Table 3.5 Shared, upregulated and downregulated genes containing
structural variants in intronic or promoter regions.

Gene ID Gene name Differential
expression
ethela Persulfide dioxygenase Upregulated
ppargclb peroxisome proliferator-activated receptor | Upregulated
gamma coactivator 1-beta
gsr glutathione reductase Upregulated
pxdn peroxidasin homolog Upregulated
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cdipl cell death-inducing p53-target protein 1 | Upregulated
homolog
apol6 apolipoprotein L6-like Upregulated
LOC106913869 | long noncoding RNA Upregulated
slc4a4 Electrogenic sodium bicarbonate | Downregulated
cotransporter 1
atplj ATP synthase-coupling factor 6 Downregulated
abo histo-blood group ABO system transferase | Downregulated
map3k5 Mitogen-activated protein kinase 5 Downregulated
cish Cytokine-inducible SH2-containing protein | Downregulated
krtl6 Keratin, type I cytoskeletal 16 Downregulated
cyp3as Cytochrome P450 3A5 Downregulated
scamc?2 Calcium-binding  mitochondrial  carrier | Downregulated
protein
slc9a7 sodium/hydrogen exchanger 7 Downregulated
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Supplemental Figure 3.1: (A) Count of variants found after merging via three
methods of variant discovery for each variant type, including deletions (DEL),
duplications (DUP), insertions (INS), and inversions (INV). (B) The size distribution
of variants found for each variant type.
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Supplemental Figure 3.2: Distribution in difference in allele frequency between
sulfidic and nonsulfidic populations, where positive values are higher allele frequency
in the sulfidic individuals and negative values are higher allele frequency in the
nonsulfidic individuals. Dotted lines represent 99.5 and 0.05 percentile outlier
threshold.
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Supplemental Figure 3.3: Distribution of weighted average Weir and Cockerham Fsr
(WC FST) calculated in 10kb windows across the genome.
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Supplemental Figure 3.4: Identification of highly differentiated (Fst) outlier regions
between sulfide adapted and nonsulfidic individuals and overlap with large variants
greater than 50kb. Points indicated in red had a Z score > 2.996 and a Fst > 0.431

(0.99 empirical cutoff). Location of variants between 50kb-5Mb plotted below FST

outlier window.
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Supplemental Figure 3.5: : Identification of highly differentiated (Fsr) outlier regions
between sulfide adapted and nonsulfidic individuals and overlap with variants 10-
50kb in size. Points indicated in red had a Z score > 2.996 and a Fst > 0.431 (0.99
empirical cutoff). Heatmap below indicates the quantity of variants within a 500kb
window.
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Supplemental Figure 3.6: Proportion of variants divisible three for all variants and for
variants found in protein coding exons.
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Supplemental Figure 3.7: Gene trees for copies of ethel for Poecilia mexicana
individuals included in this study. For each tree, color represent the ecotype (yellow -
sulfidic, blue - nonsulfidic). Shape represents drainage of origin (Pichulcalo - circle,
Ixtapangajoya - diamond, Puyacatengo - triangle, Tacotalpa - square). Additionally,
phylogenetic tree of ethel paralogs is shown in the upper right, including a species
without the duplication (Danio rerio).
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Abstract

Understanding whether adaptation arises from new mutations, standing
ancestral variation, or introgression is central to understanding the predictability of
evolutionary outcomes. The Poecilia mexicana species complex provides a powerful
system for testing these alternative sources of beneficial variation, as multiple
lineages have independently adapted to toxic springs rich in hydrogen sulfide (H2S).
Using whole-genome resequencing of 160 individuals from ten sulfidic and
nonsulfidic populations of P. mexicana, we combined analyses of population
structure and gene flow with genome-wide selection scans and local ancestry analyses
to test whether introgression facilitates the movement of adaptive alleles. We found
evidence for gene flow across the phylogeny, especially between two major clades.

Selection scans revealed hundreds of candidate genes, most of which were population
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specific, but a subset of shared outlier windows containing key sulfide-related genes,
including sqor and ethel. Tests for excess allele sharing and analysis of haplotype
structure suggest these loci exhibit signals consistent with a selective sweep after
introgression. Our results suggest that gene flow has repeatedly contributed to

convergent adaptation in sulfide spring fishes.

Introduction

Understanding how species adapt to novel environments is a central goal of
evolutionary biology because it allows us to better understand the mechanisms that
generate and maintain biodiversity. Adaptive evolution can proceed either through
selection on de novo mutations or on standing genetic variation (Barrett & Schluter,
2008). De novo mutations accumulate slowly, are more often neutral or deleterious
than beneficial (Kimura, 1968; Shen et al., 2022), and can be highly dependent on
factors such as germline mutation rate (L. A. Bergeron et al., 2023). In contrast,
standing variation can facilitate rapid adaptation (Bitter et al., 2019; Chaturvedi et al.,
2021), because alleles with potentially beneficial effects are already available for
selection to act upon (Barrett & Schluter, 2008; Hermisson & Pennings, 2005; Lande
& Shannon, 1996; Orr & Betancourt, 2001). Despite large strides, the extent to which
adaptation arises from de novo mutation versus standing genetic variation in natural
populations and under which particular conditions each might play a role remains an
open question (Agashe et al., 2023; Beatty, 2022; Bomblies & Peichel, 2022). There

are striking examples of de novo mutation facilitating adaptation, such as the
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recurrent deletion in the enhancer of the Pitx/ gene driving pelvis reduction in
stickleback (Chan et al., 2010), but growing evidence suggests adaptation is often a
result of selection on standing variation (Bitter et al., 2019; Chaturvedi et al., 2021;
Haenel et al., 2019; Lai et al., 2019; Ryan et al., 2023).

Understanding the origins of standing genetic variation is central to explaining
how populations repeatedly adapt to new environments. Adaptive variation is often
categorized as de novo mutation that arises after encountering a selective pressure or
as pre-existing standing variation (Agashe et al., 2023; Barrett & Schluter, 2008), but
pre-existing variation can exist in a population either as standing ancestral alleles
maintained through speciation events or be introduced via gene flow (Agashe et al.,
2023; Blanquart et al., 2012). Both theoretical and empirical studies have implicated
both introgression and standing ancestral variation as the source of adaptive variation
for various natural and experimental populations. For example, the role of recurrent
hybridization in maintaining freshwater alleles in marine populations and thereby
facilitating repeated freshwater adaptation in stickleback (Schluter & Conte, 2009)
has been supported by both simulations (Galloway et al., 2020) and empirical data
(Kingman et al., 2021). Additional evidence for hybridization and adaptive
introgression as drivers of evolution is accumulating across diverse taxa. In Picea
spruce trees, a suite of candidate genes associated with stress resilience and flowering
time show signals of adaptive introgression between allopatric species pairs (Feng et
al., 2025). In Heliconius butterflies, a gene with experimental evidence for

determining mate preference for red patterns was introgressed from another species
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(Rossi et al., 2024), highlighting a direct link between a gene and behavior and the
resulting contribution to adaptation and speciation. In Malawi cichlids, hybridization
and gene flow fuel the diversity driving ecological speciation and adaptive radiation
(Blumer et al., 2025; Malinsky et al., 2018; Meier et al., 2017; Svardal et al., 2020).
But in other systems, standing ancestral variation is implicated as the source of
adaptive variation. For example, the haplotype associated with beak size variation
across different species of finches is estimated to be over 1 million years old
(Lamichhaney et al., 2016). In stickleback, neutral variants present in ancestral
marine populations drove adaptation to acidic and basic environments (Haenel et al.,
2019). Furthermore, standing variation has been shown to facilitate adaptation in a
variety of experimental studies ranging from replicated field studies of Drosophila
(Bitter et al., 2024; Rudman et al., 2022) to experiments of adaptation to ocean
acidification in mussels (Bitter et al., 2019).

These studies emphasize that both standing ancestral variation and gene flow
can provide beneficial alleles for adaptation and further underscore the need to
understand their relative importance across taxa and contexts. But distinguishing
these sources of beneficial alleles can be challenging. Incomplete lineage sorting and
introgression can generate similar signals of allele sharing, such as discordant gene
trees (Joly et al., 2009), making it difficult to disentangle these processes with limited
genomic data or few individuals. Recent advances in whole-genome sequencing and

statistical modeling enable the detection of candidate adaptive alleles and inference of
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their evolutionary origins. These advances are especially useful for testing hypotheses
about the source of adaptive alleles that underpin convergent phenotypes.

Extreme environments provide a strong model for testing hypotheses about
mechanisms that facilitate adaptation, as strong selective pressures often result in
convergent phenotypes. One such system is springs rich in toxic hydrogen sulfide
(H2S) in the Grijalva River basin in southern Mexico. While small amounts of H»S
are produced endogenously and are required for normal physiological function (L. Li
et al., 2011; Peers et al., 2012; Stipanuk & Ueki, 2011; Wallace & Wang, 2015),
slightly elevated levels inhibit mitochondrial Complex IV, halting oxidative
phosphorylation and leading to cellular dysfunction and death (Bagarinao, 1992).
Because H»S reacts with oxygen, sulfide springs are also frequently hypoxic (Millero,
1986). Nevertheless, multiple lineages of live bearing fishes (Poeciliidae) have
independently colonized springs with H>S concentrations orders of magnitude higher
than what is considered toxic to most metazoans (Tobler & Hastings, 2011; Tobler et
al., 2018, 2016).

Adaptation to sulfide springs has been studied across multiple levels of
biological organization in the family Poeciliidae, including behavior (Riesch et al.,
2009; Sommer-Trembo et al., 2016), life history (Riesch et al., 2014), morphology
(Schulz-Mirbach et al., 2016; Tobler & Hastings, 2011; Tobler et al., 2015),
physiology (Greenway et al., 2020; Passow, Arias-Rodriguez, et al., 2017; Tobler et
al., 2011), and genetics (Barts et al., 2018; A. P. Brown et al., 2018, 2017; De-Kayne

et al., 2024; Greenway et al., 2020; Kelley et al., 2016; Passow, Brown, et al., 2017,
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Passow, Henpita, et al., 2017; Pfenninger et al., 2014, 2015; Plath et al., 2013a; Ryan
et al., 2023). Within the P. mexicana species complex, which includes a P.
sulphuraria and P. thermalis clade, convergent transcriptional responses have been
observed in genes involved in H2S detoxification (A. P. Brown et al., 2018; Kelley et
al., 2016; Passow, Brown, et al., 2017; Passow, Henpita, et al., 2017), with some of
these transcriptional differences associated with variation in nascent transcription
(Perry et al., 2024), DNA methylation (Kelley, Tobler, et al., 2021), microRNA
expression (Kelley, Desvignes, et al., 2021), and structural variants (Ryan et al., in
prep). Furthermore, studies have identified convergent de novo amino acid changes in
subunits of mitochondrial Complex IV (Greenway et al., 2020; Pfenninger et al.,
2014) as well as evidence for selection on standing variation in H>S detoxification
genes (Greenway et al., 2020). However, these previous studies were limited in their
ability to distinguish whether these convergent patterns arose from incomplete lineage
sorting or from introgression due to either sample size or sequencing approach.
Notably, the clustering of HoS adapted individuals in small regions of the genome
(Brown et al. 2019, Greenway et al 2020) and long, shared haplotypes identified by
Ryan et al. (2023) suggest a monophyletic origin of adaptive alleles in sulfide
detoxification genes, raising the possibility that introgression has played a key role in
their persistence and spread across sulfide springs.

Here, we test the hypothesis that gene flow facilitated repeated adaptation to
extreme environments by providing a source of beneficial alleles that arose in

previously adapted populations. Using genome-wide data from the Poecilia mexicana
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species complex, we first reconstructed the demographic history to establish that gene
flow occurred across the phylogeny. We then combined scans for genomic divergence
and haplotype structure with tests for local introgression to identify candidate regions
under selection and test for evidence of introgression. Our results suggest that
adaptive variation in genes associated with H>S detoxification has a monophyletic
origin and was subsequently exported via gene flow from the P. sulphuraria and P.
thermalis clade. These findings provide evidence that introgression provided a source
of adaptive alleles for sulfide springs, facilitating repeated adaptation to extreme

environments.

Methods
Focal populations

We analyzed ten populations of the Poecilia mexicana species complex
distributed across four river drainages in the Rio Grijalva Basin of Chiapas and
Tabasco, Mexico: Pichucalco (Pich), Ixtapangajoya (Ixta), Puyacatengo (Puya), and
Tacotalpa (Taco). These included five sulfide-spring (S) populations and five
nonsulfidic (NS) populations. Sulfidic populations consisted of two P. mexicana
populations (Taco S, Puya S), two Poecilia sulphuraria populations (Pichl S, Pich2
S), and one Poecilia thermalis population (Ixta S). The closely related NS populations
included five P. mexicana populations (Taco NS, Puya NS, Ixta NS, Pichl NS, Pich2
NS) (Figure 4.1A, Table S4.1). For each population, we sequenced 16 individuals per

population.
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DNA extraction, library preparation, and sequencing

This study utilized previously extracted DNA, of which about half of the
samples were previously used for capture sequencing in Ryan et al., 2023. To
summarize, DNA was extracted using the Gentra Puregene Tissue Kit from 5 to 10
mg of muscle tissue. Due to the potential for reduced DNA quality due to freeze-thaw
cycles, DNA quality was assessed using an Agilent TapeStation and quantified DNA
using the Qubit high-sensitivity DNA kit. A total of 16 individuals per population
were chosen for library preparation and shipped to the Genomics and Cell
Characterization Core Facility (GC3F) at University of Oregon overnight on ice. At
GC3F, 10 nanograms of DNA per sample was transferred to a 384-well plate and
dried in a speed-vac. A Bead-Linked Transposase (Illumina) was diluted to 1:60 in a
custom buffer (10 mM Tris-HCI, 5 mM MgCl2, 8%PEG), and 6l of diluted beads
were added to DNA and vortexed to resuspend DNA. Samples were incubated at
53°C for 30 minutes. After incubation, the plate was spun down and placed on a
magnet to gather beads. While on the magnet, Sul of supernatant was removed and
discarded. Then, 1ul of barcoded Illumina Nextera adapter primers (IDT), 5ul 2x
Equinox Master-mix (Watchmaker Genomics), and 3ul Nuclease Free Water (NEB)
were added to each well. Samples were heated to 68 °C for 3 min, 98 °C for 3 min,
then amplified for 10 cycles (98 °C for 45 s, 62 °C for 30 s, 68 °C for 2 min; 68 °C for
1 min) and held at 10 °C. After amplification, 20ul of Nuclease Free water was added

to each well and mixed. 2l of each sample was pooled and cleaned twice with 0.8x
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volume Total Pure NGS beads (Omega Biosciences). The resulting library was run on
[llumina MiSeq Nano PE150. Read counts from the MiSeq run were used to calculate
a new pool with equal representation. The new pool was cleaned as above and
sequenced on two lanes of [llumina NovaSeq S4 PE150.

In addition to generating whole-genome, short-read sequencing for the 160
individuals of P. mexicana generated in this study, we also downloaded similar data
for 12 Poecilia reticulata individuals generated in (Fraser et al., 2015). To do so, we
used the NCBI SRA Toolkit v3.0.0 to download Illumina short reads for IDs
SAMEAS8418972 - SAMEAS8418983 that were sequenced to a similar depth as data
generated in this study. These individuals served as an outgroup for downstream

analyses.

Quality control, read mapping, and variant calling

We first assessed raw sequencing quality using FastQC v0.12.1 (Andrews,
2010) and summarized the output using MultiQC v1.27 (Ewels et al., 2016). Then, we
used fastp v0.23.2 (Chen, 2023) with default parameters to trim the reads. We
indexed and mapped reads to the Poecilia reticulata reference genome
(GCF_000633615.1 (Kiinstner et al., 2016)) using BWA-MEM2 v2.2.1 (Vasimuddin
et al., 2019). The resulting SAM files were converted to BAM files using Sambamba
v0.8.2 (Tarasov et al., 2015). We used Picard v2.27.1 (Broad Institute, 2019) to fix
mate-pair information, Sambamba to sort BAM files, and Picard again to mark

duplicated reads. The resulting BAM files were indexed using Sambamba. Mapping
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statistics were generated with Sambamba, and average genome-wide coverage was
calculated with Mosdepth v0.3.4 (Pedersen & Quinlan, 2018). Variants were called
per scaffold using BCFtools v1.21 (Petr Danecek et al., 2021) mpileup and call and
reheader were used to adjust the header of the resulting VCF. We used VCFtools to
generate variant and individual-level statistics from the resulting raw SNP calls,
including depth, quality, allele frequency, missingness, and heterozygosity. Then, we
retained biallelic SNPs with a minimum mean depth of 2, a maximum mean depth of
120, a minor allele count of less than 12, minimum genotype quality of 8 and retained
sites that were genotyped in 80% or 100% of individuals for downstream analyses.
Additionally, we generated a VCF of invariant sites (--mac=0) with similar filtering
parameters without a minor allele frequency filter for downstream analysis with

VCFtools (P. Danecek et al., 2011).

Analysis of population structure and gene flow

To explore the demographic history and current population structure of this
species complex, we first generated a bootstrapped phylogeny using genome-wide
SNPs. To do so, we first generated an individual pairwise distance matrix using Plink
v1.90b6.16 (Chang et al., 2015). We then used Ape v5.0 (Paradis & Schliep, 2019) to
generate a best supported Neighbor Joining tree rooted with P. reficulata. We then
randomly subsampled the VCF file to retain 1% of the original input SNPs,
recalculated the individual distance matrix for each subset with Plink and generated a

Neighbor joining tree with Ape. Finally, bootstrap support was calculated in R and
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visualized with ggtree. In addition to a nuclear phylogeny, we also explored the
mitochondrial relationship among individuals. To do so, we assembled mitochondrial
genomes per individual using NOVOplasty v4.3.5 using the Gambusia affinis
cytochrome c oxidase subunit 1 sequence (NC 004388.1:5462 - 7018) as a seed
sequence. Then, we modified the headers to reflect the individual ID and
concatenated the fasta sequences together. From there, we used Mafft v.7.525 (Katoh
& Standley, 2013) to align sequences and used IQTree v2.2.2.6 (Minh et al., 2020) to
generate a phylogeny with 1000 ultrafast bootstrap (Hoang et al., 2018) replicates.
The result tree and regional multiple sequence alignment was visualized in R using
ggtree and plotmsa.

We used a Principal Components Analysis (PCA) to explore individual
clustering. To do so, we utilized Plink v1.90b6.16 (Chang et al., 2015) --indep-
pairwise to generate a linkage-pruned input (max r?> = 0.2, 50 kilobase (kb) windows,
step-size 10 basepairs (bp)) and then using Plink —pca and —make-bed to calculate
eigenvalue and eigenvectors. We also used Plink to generate a file for downstream
Admixture analysis. The resulting Principal Components were plotted using ggplot2.
We explored individual and population ancestries using Admixture (Alexander et al.,
2009), testing k clusters, 2 through 10, with a 10-fold cross-validation (CV) error.

To test for evidence of historical introgression, we calculated Patterson’s D
statistic (Patterson et al., 2012)) to detect excess allele sharing. We also used the f-
ratio (Patterson et al., 2012)) to estimate the proportion of introgressed ancestry

between populations using DSuite v0.5 r58 (Malinsky et al., 2021) using the
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phylogeny generated above. We also calculated f~branch statistics ((Malinsky et al.,
2018)), which extend D and fi-ratio by assigning introgression signals to specific
branches of the phylogeny. Because the direction of introgression can be challenging
to detect in a trio-based structure, we calculated Dror statistics (Pease & Hahn, 2015)
for symmetrical five taxon phylogenies that places the P. sulphuraria clade
populations as sister taxa, the P. mexicana clade populations as sister taxa and P.

reticulata as the outgroup.

Patterns of genetic differentiation and haplotype-based selection analyses

To detect highly differentiated regions between sulfidic and nonsulfidic
populations, we analyzed genome-wide differentiation between population pairs. To
do so, we merged the invariant and variant sites VCF files using VCFtools (P.
Danecek et al., 2011). Then, we used pixy (Korunes & Samuk, 2021) to calculate
pairwise Fst in 1 kb windows. These measures were then Z-transformed and plotted
in R. Given that haplotype-based statistics can outperform Fsr scans under certain
evolutionary histories (Szpiech et al., 2021) and have been valuable in identifying
recent and ongoing hard and soft sweeps (Salmon et al., 2021), we used selscan v2.1
(Szpiech, 2024) to calculate the cross population nSt, (XP-nSy) statistic, a comparison
of the number of segregating sites per haplotype length between populations (Ferrer-
Admetlla et al., 2014) and the cross population extended haplotype homozygosity
(XP-EHRH) statistic (Sabeti et al., 2007). To do so, we first split the VCF by

population using VCFtools then phased variants using Beagle (B. L. Browning et al.,
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2021). We then calculated XP-nS; and XP-EHH for each population pair using
selscan. We normalized these scores genome-wide using selscan and considered
SNPs with an absolute Z-score > 3.3 as outliers. Additionally, we used rehh 3.2.2
(Gautier et al., 2017; Gautier & Vitalis, 2012) to calculate and visualize Extended
Haplotype Homozygosity and haplotype length around regions of interest. To
annotate regions with signatures of selection, we used R packages GenomicRanges,
IRanges, and rtracklayer to annotate outlier regions with the P. reticulata GFF
annotation. We used R package ComplexUpset to plot the overlap across drainages

and used ggplot2 to plot genome-wide measures of differentiation and selection.

Analysis of localized signals of adaptive introgression

For trios that showed significant evidence for gene flow between P. thermalis
(Ixta S) or P. sulphuraria (Pichl S or Pich2 S) and P. mexicana (Puya S or Taco S) in
the proper phylogenetic context, we calculated D and dr (Pfeifer and Kapan 2019) in
10 SNP sliding windows with 1 SNP step size using Dsuite v0.5 r58. Outlier
windows were identified using a 99% empirical cutoff. These regions were annotated
and compared to regions under selection in R using GenomicRanges, IRanges, and

rtracklayer

Results

DNA sequencing and variant calling
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We generated an average of 28,861,309 + 5,738,279 reads per sample per lane
for 160 individuals (Table S4.2). The reads mapped to the P. reticulata genome with
an average of 97.03 + 0.34% and an average coverage of 5.20 = 1.08X per sample per
lane. After merging both lanes, average coverage was 10.39 £+ 2.11X per sample
(Table S4.2). For the previously generated P. reticulata sequencing data from (Fraser
et al., 2015), there was an average of 51,082,276 + 14,939,508 reads per sample
(Table S4.2). The reads mapped to the P. reticulata genome with an average of 97.96
+ 0.11% and average coverage of 6.45 + 2.43X per sample. Variant calling of single
nucleotide polymorphisms (SNPs) identified over 16 million unfiltered SNPs across
172 individuals. After filtering for multiallelic sites, high missingness, low-quality
genotypes, mean depth, and rare alleles, we retained 3,131,448 SNPs for downstream

analyses.

Identification of an F1 hybrid

We identified one putative hybrid in our dataset that was phenotyped as
nonsulfidic and collected from a nonsulfidic site in the Pichucalco drainage, but it
landed directly between the sulfidic and nonsulfidic Pichucalco population clusters on
Principal component 1 and 2 (Figure S4.1). Evidence for shared ancestry with sulfidic
and nonsulfidic individuals was further supported by an Admixture analysis (Figure
S4.2). The mitochondrial genome from this individual clusters with the P.
sulphuraria individuals, suggesting the mother was a sulfidic female (Figure S4.3).

Due to the potential for this putative F1 hybrid to influence the inference of
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population evolutionary history, it was removed prior to the remainder of the

analyses.

Population structure and discordance between autosomal and mitochondrial
phylogeny

We first inferred the relationship among populations using genome-wide
phylogenetic analyses. The best-supported phylogeny divided the complex into two
major clades: one containing P. sulphuraria and P. thermalis populations (hereafter
the P. sulphuraria clade) and another containing all P. mexicana populations (the P.
mexicana clade; Figure 4.1A). This topology is broadly consistent with previous
phylogenies generated from a single individual per population (Greenway et al.,
2020) and from population-level target capture data (Ryan et al., 2023), with some
notable differences. For example, all phylogenies support the Puya populations as
sister taxa, and Greenway (2020) recovered a monophyletic grouping of Puya S, Puya
NS, and Taco S. But these phylogenies vary in the relationship among nonsulfidic
populations. For example, Greenway (2020) suggested that Pichl NS and Pich2 NS
were sister taxa that shared a more recent common ancestor not shared by other P.
mexicana populations, which was not supported by this phylogeny. Instead, our data
supports a stepwise branching of nonsulfidic populations (Figure 4.1A). All nodes in
our genome-wide tree are highly supported (Figure 4.1A).

This genome-wide phylogeny varies from previous mitochondrial phylogeny

generated in Brown (2017), which suggested that P. sulphuraria populations were not
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sister taxa and did not support the Puya populations as sister taxa. Given this
discordance, we assembled the mitochondrial genome for each individual, aligned
these assemblies, and generated a mitochondrial phylogeny. Interestingly, the
mitochondrial phylogeny is highly discordant from the autosomal phylogeny. The
mitochondrial phylogeny suggests that P. thermalis clusters within the P. sulphuraria
group (Figure S4.3). Furthermore, it does not support the monophyletic grouping of
Puya S, Puya NS and Taco S (Figure S4.3). Additionally, there is stronger
population-specific clustering for sulfidic individuals than nonsulfidic individuals
(Figure S4.3).

Next, we assessed population structure using ~2.5 million LD-pruned SNPs in
intergenic regions, excluding the putative F1 hybrid using a Principal Components
Analysis (PCA). PCA revealed strong population-specific clustering across all
populations (Figure 4.1B). The majority of genetic variation explained by PC1
(accounting for 23% total variance) splits the two clades (Figure 4.1B), while PC2

separates populations within the clades (accounting for ~9% of total variance).

Gene flow occurs across the species complex

Gene flow between non-sister taxa was pervasive across the species complex.
There was significant evidence for gene flow between non-sister taxa in many trios,
including across clades (Figure 4.1C & D). There were particularly strong signals
involving P. thermalis (Ixta S) and nearly all P. mexicana populations, including Ixta

NS, Taco NS, Taco S, Puya S and Puya NS (D =0.211 - 0.0148; p-values = 2.3 x 10

123



16t0 1.4 x 10 “'2; Figure 4.1C, D). In contrast, evidence for gene flow from the P.
sulphuraria clade into Puya S and Taco S was weaker when tests were conditioned on
within-drainage nonsulfidic populations as the sister taxon. For example Puya S
(Puya NS as sister taxa), evidence for gene flow was low but significantly (Puya: D =
0.0061 - 0.0056, p-values = 4.1E-7 - 4.8E-6) whereas for Taco S (Taco NS as sister

taxa) there was no significant evidence (D = 0.0064 - 0.0051, p-values = 0.0029 -
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Figure 4.1: Population structure and evidence for gene flow among populations of the
Poecilia mexicana species complex. (A) Map of sample sites for focal populations in
this study that span four river drainages and a Neighbor Joining phylogeny with
bootstrap support shown on each node. Shapes represent the drainage of origin (circle
- Pich; diamond - Ixta; triangle - Puya; square - Taco) and color represents ecotype

124



(gold - sulfidic; blue - nonsulfidic) Figure adapted from (Hotaling et al., 2019) (B)
Principal component analysis of linkage-pruned SNPs from intergenic regions. (C)
Evidence of gene flow from Patterson’s D statistic. Color represents D statistic value
(blue = low, red = high) and opacity represents the p-value, generated from a Z-score.
(D) Six trios with highest D statistic value across all trios tested.

Given that a single gene flow event can generate multiple significant D values
among non-independent trios, we calculated f'and the f~branch (f;) metric to quantify
excess allele sharing between both tips and internal branches of the phylogeny
(Figure S4.4, Figure 4.2). This analysis showed a strong signal of allele sharing
between Taco NS and Taco S (f, = ~0.26). Taco NS also shows excessive allele
sharing with Puya NS but not Puya S (Figure 4.2). We also identified a broad signal
of excess allele sharing along the Ixta S branch, involving all P. mexicana
populations except for Pich2 NS (Figure 4.2). On this branch, the highest f; occurs
between Ixta populations and decreases along the branch, suggesting a correlated,
single event versus ongoing recent gene flow events. Finally, contrasting patterns
emerged between the Puya ecotypes. Puya NS showed increased allele sharing with
nonsulfidic P. mexicana populations whereas Puya S shared more with the sulfidic P.

mexicana populations (Figure 4.2).
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Figure 4.2: f~branch (f,)statistics across the Poecilia mexicana species complex

supports multiple gene flow events. Grey represents pairs not tests due to phylogenic
relationship.

To test for both evidence and directionality of introgression, we calculated
Drom statistics for combinations of phylogenetically relevant five-taxa groups. Of the
63 combinations, 24 showed significant evidence for introgression on at least one
chromosome (Table 4.1). The strongest signal of gene flow, supported by 13-15
chromosomes across all quartets was from Pichl S (donor) into all P. mexicana
populations when Pich1 NS is sister taxa to the acceptor but no evidence for Pichl S
into Pichl NS in any quartets. This analysis almost always assigns Pichl S as the

donor into both ecotypes in P. mexicana. But there is also strong support for
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introgression events from Ixta NS into Pichl S and Taco NS into Pichl S. Finally,

there are four inferred introgression events from the ancestor of Pichl S and Pich2 S

into different P. mexicana populations (Table 4.1).

Table 4.1:Inferred introgression from DFOIL. Populations P1 through P4 set utilizing
previously generated estimates of divergence times (Brown et al. 2017; Brown et al.
2018). The significant introgression event is labeled as the donor population ->
acceptor population. Introgression that was inferred from a shared ancestor is labeled
with both populations, for example 12 for the shared ancestor of P1 and P2. The
number of chromosomes that show significant support for that introgression event as

included.

Number of chromosomes that
P1 P2 P3 P4 Introgression|support introgression
Pichl S |Pich2 S |Pichl NS [Pich2 NS [1->4 15
Pichl S |Pich2 S |Pichl NS [Ixta NS [1->4 14
Pichl S |Pich2 S |Pichl NS [Puya NS ([1->4 13
Pichl S |Pich2 S |Pichl NS [PuyaS [1->4 13
Pichl S |Pich2 S |Pichl NS [Taco NS ([1->4 13
Pichl S |Pich2 S |Pichl NS [Taco S 1->4 13
Pichl S |Pich2 S |Puya NS |[Ixta NS [4->1 7
Pichl S |Pich2 S |Pich2 NS [Taco NS [4->1 6
Pichl S |Pich2 S |Pich2 NS [Ixta NS [1->4 4
Pichl S |Pich2 S |Pich2 NS [Puya NS ([1->4 4
Pichl S |Pich2 S |Pich2 NS [Puya S 1->4 4
Pichl S |Pich2 S |Puya S Taco NS |I->3 4
Pichl S |Pich2 S [Taco S Ixta NS |1->4 4
Pich2 S |IxtaS |Pich2 NS [Taco NS [3->1 4
Pichl S |Pich2 S |Pich2 NS [Taco S 12->3 3
Pichl S |Pich2 S |Puya NS |Taco NS |1->3 3
Pichl S |Pich2 S |PuyaN S |TacoS |1->3 3
Pichl S |Pich2 S [Puya S TacoS |1->3 3
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Pichl S |Pich2 S |Taco NS [Ixta NS [1->4 3
Pichl S |Pich2 S [Taco S Taco NS ([12->4 3
Pichl S |IxtaS |Pich2 NS [Taco NS [4->1 1
Pichl S |Pich2 S |Pich2 NS |Taco NS |[12->4 1
Pichl S |Pich2 S |Pich2 NS |Taco NS |12->3 1
Pich2 S |IxtaS |Pich2 NS [Taco NS [4->1 1

Evidence for selection across the genome

We identified regions under selection in sulfidic populations using
complementary approaches that capture both allele frequency differentiation and
haplotype structure, given the spectrum of divergence time between locally adapted
populations. First, we calculated Fst between ecotypes within a drainage in 1kb
windows. Relative divergence (mean weighted genome-wide Weir & Cockerham Fsr)
was lowest in Puya (0.079), followed by Taco (0.225), Pichl (0.275), Ixta (0.302) and
highest in Pich2 (0.322). Outlier thresholds (99th percentile) ranged from (0.498 -
0.856) across comparisons (Figure S4.5). As expected, most outlier windows were
unique to individual comparisons, consistent with largely independent adaptation
within each drainage both to hydrogen sulfide and other drainage specific factors
(Figure S4.6 & S4.7).

Despite this largely independent signal, 60 shared outlier windows overlapped
with genes, including sulfide detoxification gene sulfide quinone oxidoreductase
(sqor) and other genes involved in sulfur related pathways, such as
adenosylhomocysteinase 2 and heparan sulfate glucosamine 3-O-sulfotransferase 5

(Figure S4.7). Interestingly, many of these remaining genes are involved in signaling,
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transcription, and other biological processes not directly linked with H2S
detoxification or Oxidative Phosphorylation (Table S4.3). Beyond these, 162 genes
were found as under selection in four of the five populations, excluding Taco, and 92
in four of the five populations, excluding Puya (Figure S4.7, Table S4.3). These
included multiple genes involved in sulfur or thiol-related pathways (thiopurine S-
methyltransferase (Taco), methionine sulfoxide reductase B3 (Puya), kynurenine-
oxoglutarate transaminase 3 (Puya) and nucleoredoxin (Taco)) and sulfate transport
(solute carrier family 13 member 1 (Puya) and family 26 member 1 (Puya).
Additionally, these included multiple genes associated with OxPhos, including
cytochrome C oxidase assembly factor 3b (Puya) and ubiquinol-cytochrome C
reductase core protein 2b (Puya). Interestingly, 27 unique genes that code for
subunits, assembly factors of cytochrome ¢ oxidase, cytochrome b or the cytochrome
b-c1 complex, are under selection, of which 14 are unique to a drainage (Table S4.3).

We also applied haplotype-based statistics (XP-EHH and XP-nSt) to detect
long, high-frequency haplotypes consistent with selective sweeps (Figure 4.3 & S4.8).
The two approaches largely converged, with most XP-EHH outliers also detected by
XP-nSt. (Table S4.4 & S4.5). Similar to the Fsr scans, most genes under selection
were unique to a population, suggesting a large degree of independent adaptation and
highly polygenic nature of adaptation to sulfide springs (153 - 1,293 genes) (Figure
4.3). Puya S shares more genes under selection with Pichl S, Pich2 S and Ixt S (79 -
62 genes) than with the other P. mexicana sulfidic population (Taco, 12 genes)

(Figure 4.3). Of note, the sulfidic Taco S has reduced heterozygosity compared to all
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other populations in this study, and this reduced number of sharing in Tacotalpa
compared to Puyacatengo could be the result of limitations in detection due to
demographic history (Figure S4.9).

XP-EHH identified two genes under selection in all five populations (ecto-
ADP- ribosyltransferase 5-like and leucine-zipper-like transcriptional regulator 1)
neither of which were identified by Fsr scans (Table S4.4 & S4.5). Both XP-EHH and
XP-nSy. also recovered HoS detoxification and metabolism genes including persulfide
dioxygenase (ethel) (under selection in Pichl, Pich2, Ixta and Puya) and 3-
mercaptopyruvate sulfurtransferase-like (under selection in Pichl, Pich2, Puya and
Taco) (Table S4.4 & S4.5). These results highlight that while many adaptive
responses are lineage-specific, repeated selection on H2S detoxification genes recurs

across populations.
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Figure 4.3: (A) Genome wide normalized Cross Population nSL (XP-nSL) between
ecotypes in each drainage. The dotted line represents a |Z-score| > 3.3 outlier
threshold. (B) The degree of overlap of outlier genes among population comparisons.

Adaptive introgression of candidate genes
We next tested whether regions under selection also exhibited signals of
introgression from other sulfidic populations. For topologies supporting introgression,

we identified 99th-percentile outlier windows for D and dr statistics (Figure S4.12 and

131



S4.13). Two key H»S detoxification genes, sqor and ethel, consistently showed
strong evidence for gene flow from the P. sulphuraria clade into Taco S and Puya S
(Figure 4.4). In Taco S, the 300kb regions around sqgor (27,077,021 — 27,317,942)
shows evidence for introgression from Pichl S, Pich2 S, and Ixta S, with the highest
level of introgression from Ixta S (D =0.61 - 0.71, df = 0.24 - 0.38; Figure 4.4).
Interestingly, for the ~150kb region around ethel (14,581,430 - 14,744,100), there is
again evidence for Pichl S and Pich2 S into Taco S but not Ixta S into Taco S (Figure
4.4). For Puyacatengo, a smaller region around sqor (27,150,254 - 27,304,838) also
shows evidence for introgression from Pichl S, Pich2 S and Ixta S (D = 0.25 - 0.28,
dr=0.13 - 0.22) A similar pattern was seen for ethel, with the strongest signal from
Pichl S (D =0.29 - 0.41), although there is more variation among trios in this signal
than around sqor.

Beyond these two genes showing evidence for adaptive introgression, we
identified a strong signal shared by all six trios with introgression from the P.
sulphuraria clade into Puya S and Taco S on chromosome 18 around the gene
encoding protein translocase subunit SecA (LOC103480309) (XP-nSt, outlier in 4 of
5 populations). Additionally, there was evidence for adaptive introgression into Puya
S around WD repeat domain 7 (wdr7) and mitochondrial matrix import factor 23
(mix23), but notably, these genes do not show evidence for adaptive introgression into
Taco. Of the 26 genes showing evidence for selection in four of five populations via
XP-EHH scans, only three additional genes show evidence for introgression. In Taco

S, transmembrane protease serine 6 (LOC103477882) is under selection and shows
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evidence for introgression (although distance to ethel could be driving this signal,
~10kb distance) and cyclin G2 (ccng?) and shroom family member 3 (shroom3) in
Puya S with Ixta S as the donor.

We explored extended haplotype homozygosity around these regions with
signals of adaptive introgression. Consistently, there were longer haplotypes with
lower heterozygosity in sulfidic populations compared to nonsulfidic populations
around sqor and ethel. Interestingly, the two copies of the ethel gene had variable
signals of selection. The 200kb region around these copies is considered an outlier in
all populations. But the focal SNP with the highest haplotype-based outlier scores
varies among populations. For Ixta S and Puya, the highest outlier SNP is present in
exon 7, for Pichl it is present in exon 1, for Pich2, intron 4 and Taco in exon 4.
Interestingly, a limited number of outlier SNPs were present in the other copy of

ethel (LOC103477883) despite its proximity to its copy (<l1kb between copies).
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Figure 4.4:Windowed D statistic around candidate genes sqor and ethel. Trios
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Points represent the value in the sliding window, and the solid line represents the
rolling mean. The d dotted line represents a 0.99% outlier threshold.

Discussion

An open question in evolutionary biology is how often adaptation via

selection on de novo mutation, segregating standing ancestral variation, or on

variation introduced via gene flow. Here, we analyzed whole-genomes of 160

Poecilia mexicana individuals across five sulfidic and nonsulfidic population pairs,

together with the genomes of 12 outgroup individuals, to explore the role of gene
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flow in facilitating adaptation to springs rich in hydrogen sulfide. We found that,
while most regions under selection were unique to a drainage, suggesting a large
degree of independent adaptation, a small number of genes — including the sulfide
detoxification genes sqor and ethel — showed both strong signatures of selection and
evidence of introgression. These findings suggest that adaptive alleles originating in
the P. sulphuraria clade were subsequently transferred among populations via gene

flow, thereby facilitating repeated colonization of hydrogen sulfide rich springs.

Discordance between autosomal and mitochondrial tree

This study is the first to generate whole-genome sequencing data from
multiple individuals per population across ten populations for the P. mexicana species
complex, complementing earlier phylogenetic analyses that relied on a small number
of loci or mitochondrial genes (A. P. Brown et al., 2017; Pfenninger et al., 2014;
Ryan et al., 2023) or a single individual per population (A. P. Brown et al., 2019;
Greenway et al., 2020). While all studies support a split between the P. sulphuraria
and P. mexicana clade, the finer-scale relationship within the clade differs depending
on the marker set. Given the high level of bootstrap support across a vast number of
markers, our phylogeny, which supports a stepwise branching pattern among P.
mexicana populations as well as a monophyletic group that consists of Puya S, Puya
NS, and Taco S provides the highest resolution to date of the relationship among

these populations (Figure 4.1A).
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The mitochondrial phylogenies recovered here and in previous work (A. P.
Brown et al., 2017) underscore the substantial discordance with autosomal histories,
highlighting the complexity of evolutionary relationships in this species complex. In
our analyses, P. sulphuraria (Pichl S) cluster with P. thermalis individuals (Ixta S)
instead of P. sulphuraria (Pich2 S) individuals (Figure S4.3). Interestingly, there are
three nonsulfidic individuals that are basal to the remaining P. mexicana individuals
(two Puya NS and one Pichl S). Across the phylogeny, sulfidic individuals from the
same population formed a cluster while nonsulfidic individuals were more dispersed
across the tree. Moreover, Puya S and Puya NS did not form a monophyletic group,
despite estimated divergence time as little as 200 years (A. P. Brown et al., 2018).
Together, these patterns are consistent with a complex history of incomplete lineage
sorting or introgression, though the limited number of variable sites in the
mitochondrial genome necessitate further analyses specific to mitochondrial
evolution.

These results provide an opportunity to link mitochondrial evolution to
functional divergence. Convergent amino acid substitutions previously identified in
cytochrome c oxidase genes (Greenway et al., 2020; Pfenninger et al., 2014) may
have been shaped by the complex phylogenetic history observed here. Notably, the
variants shared in cox/ between all sulfidic populations except for Taco (Figure
S4.13) could explain previous physiological work that showed Taco S has lower
relative COX activity compared to other sulfidic populations and it more closely

resembles a nonsulfidic population at increasing levels of H2S exposure (Greenway et
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al., 2020). Future work to model the implication of this variant in subunit 1 of
cytochrome c oxidase on protein shape, function, and complex assembly could be
crucial in exploring convergent amino acid changes across time scales, given that this
variant is present in other sulfide adapted species across the family Poeciliidae

(Greenway et al., 2020).

Evidence for gene flow in the species complex

Previous clustering analyses using Saguaro with single representatives per
population suggested that only a small fraction of the genome (~1.2%) support
topologies clustering at least four sulfidic populations together (A. P. Brown et al.,
2018). Of these topologies, the most common pattern (0.71% of the genome) groups
Puya S — though notability not Taco S or Puya NS — with P. thermalis and P.
sulphuraria, despite very recent divergence times between Puya S and Puya NS
(~265 years; (A. P. Brown et al., 2018)). Other topologies placed different subsets of
sulfidic populations together, but represented a decreasing proportion of the genome
(A. P. Brown et al., 2018). Our results expand upon these results and reveal that gene
flow between lineages is more pervasive than previously recognized. D-statistics
confirmed widespread introgression both within and across drainages (Figure 4.1).
The f~branch statistic further supported excess allele sharing between P. thermalis and
the ancestor of Puya S, Puya NS and Taco S as well as P. thermalis and P.
sulphuraria into Puya S (Figure 4.2). But, given that horizontal lines across the plot

can be the result of shared ancestry with the population where gene flow occurred
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(Malinsky et al., 2021), we used the Droi. method to explore directionality of
introgression, including assigning donor and acceptor populations. Interestingly,
Drom showed strong support for introgression from P. sulphuraria (Pichl S) into all
P. mexicana populations except for Pichl NS (Table 4.1), suggesting that an
introgression event could have occurred in the ancestor of these P. mexicana
populations. Using previous estimates of divergence times — approximately 18,900
years ago between P. mexicana and P. sulphuraria (Greenway et al., 2024), 10,500
years ago between Taco NS and Taco S (A. P. Brown et al., 2018), 7,500 years ago
between P. themalis and P. sulphuraria (Brown et al. 2017) and 265 years ago
between Puya S and Puya NS (Brown et al. 2018) —the inferred timing suggests a
complex history of introgression. If these estimates are accurate, then this suggests
that introgression from a shared common ancestor may have facilitated the initial
Tacotalpa adaptation, followed by a more recent introgression event from P.
thermalis or P. sulphuraria that contributed to adaptation in Puyacatengo. But there is
significant evidence for other gene flow scenarios, such as in the opposite direction
from nonsulfidic P. mexicana populations into P. sulphuraria (Pichl S), suggesting
gene flow may be ongoing at low levels between ecotypes in both directions.

The presence of gene flow between ecotypes and across drainages is striking
given the ecological and physical barriers that limit movement between drainages
(Figure 4.1A) and the strong divergent natural and sexual selection documented
between sulfidic and nonsulfidic habitats (Bierbach et al., 2012; Plath et al., 2013a;

Tobler et al., 2016). Reciprocal transplant experiments have shown that all
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nonsulfidic individuals exhibit extremely reduced fitness in sulfidic waters and
sulfidic individuals experience reduced fitness in nonsulfidic waters, with the strength
of selection varying among drainages (Plath et al., 2013a). Our results therefore raise
an important question about the evolution of reproductive isolation under strong
divergent selection, particularly the limited evidence for the development of mito-
nuclear incompatibilities between ecotypes, gene extensive gene flow between clades.
Furthermore, the identification of a putative F1 hybrid between P. sulphuraria and P.
mexicana further underscores the limited reproductive barriers, given their divergence
time is estimated to be ~18,900 years ago (Greenway et al., 2024). The potential for
hybridization between these two species provides an opportunity to test how maternal

inheritance influences the evolutionary trajectory of repeated adaptation.

Shared and unique regions under selection in sulfidic populations

Genome-wide scans for selection revealed that adaptation to sulfide springs is
highly polygenic, with most outlier regions unique to individual drainages. The
pattern is consistent with largely independent responses to hydrogen sulfide, as
expected given its widespread direct and indirect effects on cellular pathways and
physiological processes (L. Li et al., 2011; Peers et al., 2012). Nonetheless, a subset
of genes shows repeated evidence for selection across most or all sulfide adapted
populations. These include both sqor and ethel, both of which play central roles in
sulfide detoxification (Landry et al., 2021; Ono et al., 2014), as well as genes

associated with oxidative phosphorylation and sulfur metabolism (Table S4.3-S4.5)
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consistently emerged as candidates. The recurrence of these genes across independent
comparisons suggests that, despite the genome-wide architecture of adaptation,
certain core pathways are repeatedly targeted by selection.

Interestingly, many outlier regions fell outside of annotated gene regions.
While this could reflect linkage to causal variants or incomplete gene annotations, it
may also point to the presence of regulatory mechanisms. This possibility is
particularly compelling in light of extensive evidence for convergent shifts in gene
expression changes among sulfide adapted fishes (A. P. Brown et al., 2018;
Greenway et al., 2020; Kelley et al., 2016; Passow, Brown, et al., 2017; Passow,
Henpita, et al., 2017). Selection acting on noncoding regions could therefore underlie
changes in transcriptional regulation. Future work integrating assays of chromatin
accessibility (e.g., ATA-seq) and histone modifications (e.g., ChIP-seq) will be
essential to identify regulatory elements that contribute to adaptation and will
complement recent work that utilized capped-small RNA sequencing to explore
promoter and enhancer activity (Perry et al., 2024). Such approaches are especially
relevant for understanding the functional difference between copies of duplicated
genes, like ethel, where one paralog consistently exhibits stronger evidence for
selection than the other.

The use of whole-genome data underscores the limitations of targeted
sequencing approaches. Many of the genes we identified as under selection in this
study were not included in Ryan (2023), primarily because they lack obvious ties to

sulfide processes or oxidative phosphorylation. Genes under selection identified in
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this study were involved in diverse processes such as signaling, transport, and
transcription. Collectively, these results suggest that adaptation extends beyond
sulfide metabolism and mitochondrial pathways, encompassing a much broader set of

biological functions than previously appreciated.

The role of introgression in adaptation

This work adds to the growing body of evidence that gene flow can be an
important source of adaptive variation. Studies across diverse taxonomic groups,
including humans (Sankararaman et al., 2014), butterflies (Edelman et al., 2019;
Rossi et al., 2024), nematodes (Lewis et al., 2023), spruce trees (Feng et al., 2025)
and cichlids (Malinsky et al., 2018; Selz & Seehausen, 2019; Svardal et al., 2020),
have demonstrated that hybridization and subsequent introgression can introduce
alleles that enhance fitness in novel environments. Consistent with these patterns, we
find evidence that introgression among lineages in the P. mexicana species complex
facilitated the spread of adaptive alleles. These findings highlight that introgression
can be both a homogenizing and diversifying force in evolution, potentially
enhancing the capacity of natural populations to respond to strong, environmental

challenges like those present in extreme environments.
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Supplementary Material

Supplemental Table 4.1: Focal populations included in this study including the
species name, site name, site ID used in the manuscript, the drainage of origin, the
habitat type, either sulfidic or nonsulfidic springs, latitude and longitude of the

population.

Species Site name Site ID Drainage Habitat Lat &

Lon

P. sulphuraria | Bafios del Pich 1 S | Pichucalco Sulfidic 17.552,
Azufre -92.998

P. mexicana Vet Station Pich 1 Pichucalco Nonsulfidic | 17.556,
NS -93.008

P. sulphuraria | La Gloria Pich2 S | Pichucalco Sulfidic 17.532,
-93.015

P. mexicana | Rosita Pich 2 Pichucalco Nonsulfidic | 17.485
NS -93.103

P. thermalis La Esperanza | Ixta S Ixtapangajoya | Sulfidic 17.511,
-92.980

P. mexicana | Rio Ixta NS | Ixtapangajoya | Nonsulfidic | 17.495,
Ixtapangajoya -92.998

P. mexicana | La Lluvia, PuyaS | Puyacatengo | Sulfidic 17.463,
small spring -92.895

P. mexicana | Vicente Puya NS | Puyacatengo | Nonsulfidic | 17.510,
Guerrero -92.914

P. mexicana | El Azufre I Taco S Tacotalpa Sulfidic 17.442,
-92.774

P. mexicana | Bonita Taco NS | Tacotalpa Nonsulfidic | 17.426,
-92.752

Supplemental Table 4.2: Sequencing and mapping results for samples included in this
study. Table is included as a “Gene flow Table S2 squencing mapping.xIxs”

Supplemental Table 4.3: Outlier genes identified by Fsscans including the gene
symbol, the comparisons in which it was an outlier in, the number of comparisons it
was considered an outlier in and a description of the gene. The table is included as
“Gene_flow Table S3 FST outliers.xIxs”
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Supplemental Table 4.4: Outlier genes identified by XP-EHH scans including the
gene symbol, the comparisons in which it was an outlier in, the number of
comparisons it was considered an outlier in and a description of the gene. The table is
included as “Gene flow Table S4 xpehh outliers.xIxs”

Supplemental Table 4.5: Outlier genes identified by XP-nS.scans including the gene
symbol, the comparisons in which it was an outlier in, the number of comparisons it
was considered an outlier in and a description of the gene. The table is included as
“Gene_flow Table S5 xpnsl outliers.xIxs”
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Supplemental Figure 4.0.1: Principal components analysis of all individuals,
including a putative hybrid. Color represents ecotype (blue = nonsulfidic, yellow =
sulfidic).
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Supplemental Figure 4.0.2: Admixture plot of all individuals including putative F1
hybrid identified in the nonsulfidic Pichucalco population.
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Supplemental Figure 4.0.3: Maximum likelihood mitochondrial phylogeny and
associated bootstrap support scores. Shape at the tips denotes population and color
represents habitat type. * denotes the putative F1 hybrid identified in the analysis.
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Supplemental Figure 4.0.4: f4-ratio plot showing evidence of introgression. The color
presents the {4 ratio, where blue represents lower values and red represents higher
values. The opacity represents significance, with more opaque colors representing
more significant {4 ratios.
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Supplemental Figure 4.0.5: Distribution of Fst in 1,000bp windows between locally
adapted populations within the same drainage in 1kb windows. The vertical red line
represents the mean weighted Fst and the blue dashed line represents the 99% outlier
threshold for each comparison.
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Supplemental Figure 4.0.8: Genome-wide cross population extended haplotype
homozygosity (XP-EHH). 99% outlier threshold denoted with dashed line.
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heterozygous sites over the total number of genotypes.
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SYNTHESIS

Evolutionary biologists have long debated if evolution is predictable or
idiosyncratic (Darwin, 1859; Jonathan B. Losos, 2011, 2017; Rosenblum et al., 2014).
This question centers on whether repeated evolution is inevitable — driven by similar
selective pressures leading to predictable, convergent outcomes — or whether it is
contingent on historical and stochastic processes. My dissertation addresses this
question by investigating the genetic underpinnings of convergent evolution in the
Poecilia mexicana species complex, which has repeatedly adapted to toxic streams
rich in hydrogen sulfide. Collectively, these studies add to this larger debate about the
predictability of evolution, exploring how often convergent phenotypes are
underpinned by similar genomic changes and the evolutionary processes that result in
convergent phenotypes.

In Chapter One, I identified strong signals of predictability, including parallel
allele frequency changes in single nucleotide polymorphisms (SNPs) in sulfide
detoxification genes across all five sulfide adapted populations (Ryan et al., 2023).
Chapter Two then provided a broader comparative framework, revealing conserved
patterns of synteny across genera and highlighting how demographic histories differ
among sulfide-adapted populations, shaping the genomic landscape on which
selection acts. In Chapter Three, I also detected a predictable signal of allele
frequency shifts in structural variants (Ryan et al., in review). Yet, phylogenetic
analyses revealed that much of this adaptive variation underlying these predictable

patterns had a monophyletic origin, suggesting that shared ancestry or historical
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introgression — not independent mutation — contributed to these repeated outcomes.
Chapter Four then showed that gene flow among populations facilitates the spread of
adaptive alleles, adding a layer of contingency to seemingly predictable outcomes
(Ryan et al., in prep).

The role of gene flow in shaping repeated adaptation is especially interesting
given previous working using microsatellites showed strongly reduced gene flow
between adjacent sulfidic and nonsulfidic populations, attributed to both natural and
sexual selection (Plath et al., 2013b). However, more recent analyses have shown
there is low, asymmetric gene flow between some sulfidic and nonsulfidic
populations (A. P. Brown et al., 2018; Greenway et al., 2024). Expanding sampling
near potential hybrid zones will be crucial to test whether adaptive alleles are already
present in nonsulfidic populations. These data could distinguish whether sulfide
springs are colonized by multiple nonsulfidic individuals, each carrying a subset of
adaptive alleles (i.e. the transporter hypothesis (Schluter & Conte, 2009)) or by rare
‘jackpot carriers’ harboring large haploblocks of adaptive alleles, as proposed and
debated to explain repeated freshwater adaptation in stickleback (Bassham et al.,
2018; Galloway et al., 2020; Kingman et al., 2021; Kwakye et al., 2025).

While my findings provide insight into population-level predictability, they do
not explain the broader macroevolutionary pattern of repeated adaptation to sulfide
springs across the family Poeciliidae. In this family, at least 24 lineages have
independently colonized sulfide springs in North American, the Neotropics and the

Middle East, spanning 40 million years of evolution (Tobler et al., 2018). Some

152



lineages contain both sulfidic and nonsulfidic populations, while others are endemics
restricted to a single sulfide spring (Greenway et al., 2014). Nearly all lineages share
viviparity, a potential contingency for colonizing sulfide springs (Tobler et al., 2018).
But it remains unclear whether predictable outcomes are shaped primarily by shared
ancestry, gene flow, or parallel selection on the same detoxification genes. Indeed,
sulfide detoxification genes consistently show predictable shifts in gene expression
across independent lineages (Greenway et al., 2020), but the complex environmental
and regulatory architecture underlying these shifts highlights the need for future
studies. Such work will be essential to determine whether gene flow explains
predictability within species, whereas independent molecular solutions dominate
across deeper evolutionary scales.

Finally, this work brings to light questions regarding the evolution of
reproductive barriers. Theory predicts that strong divergent selection can generate
behavioral and genetic differences that reduce hybrid fitness and promote speciation
(Dobzhansky, 1937; Muller, 1942; Nosil, 2012; Tobler et al., 2016). Although
reduced gene flow between ecotypes is documented (Plath et al., 2013b), genomic
data reveal that gene flow persists (A. P. Brown et al., 2018; Greenway et al., 2024)
despite theoretical reproductive isolation. This suggests that hybrids, while having
reduced fitness, may occasionally backcross and transmit adaptive alleles into
nonsulfidic populations. Although detecting these incompatibilities are extremely
difficult, the genetic basis of incompatibilities have been identified in other Poeciliid

fishes (B. M. Moran et al., 2024; Robles et al., 2025), and recent work has suggested
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that rapid sex chromosome turnover may mitigate incompatibility effects (R. L.
Moran et al., 2025). Given the striking diversity in sex chromosome systems across
the family Poeciliidae (Darolti et al., 2019; Fong et al., 2023; Kottler et al., 2020;
Volff & Schartl, 2001), these dynamics may strongly influence both the predictability
of reproductive isolation and the maintenance of gene flow.

Together, these results suggest that predictable evolutionary outcomes can
emerge from contingent processes. The interplay of shared ancestry, gene flow,
selection, and mutation shapes the paths available to adaptation, suggesting that
predictability in evolution is not absolute, but conditional on the historical and
genomic context. Ultimately, this dissertation demonstrates that while the genomic
basis of adaptation can be strikingly predictable, the routes evolution takes to reach
those outcomes are profoundly contingent — tracing not just where lineages end up,

but who they got there.
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