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The molecular basis of convergent phenotypes is often unknown. However,

convergence at a genomic level is predicted when there are large population

sizes, gene flow among diverging lineages or strong genetic constraints. We

used whole-genome resequencing to investigate genomic convergence in

fishes (Poecilia spp.) that have repeatedly colonized hydrogen sulfide

(H2S)-rich environments in Mexico. We identified genomic similarities in

both single nucleotide polymorphisms (SNPs) and structural variants

(SVs) among independently derived sulfide spring populations, with

approximately 1.2% of the genome being shared among sulfidic ecotypes.

We compared these convergent genomic regions to candidate genes for

H2S adaptation identified from transcriptomic analyses and found that a sig-

nificant proportion of these candidate genes (8%) were also in regions where

sulfidic individuals had similar SNPs, while only 1.7% were in regions

where sulfidic individuals had similar SVs. Those candidate genes included

genes involved in sulfide detoxification, the electron transport chain (the

main toxicity target of H2S) and other processes putatively important for

adaptation to sulfidic environments. Regional genomic similarity across

independent populations exposed to the same source of selection is consist-

ent with selection on standing variation or introgression of adaptive alleles

across divergent lineages. However, combined with previous analyses, our

data also support that adaptive changes in mitochondrially encoded sub-

units arose independently via selection on de novo mutations. Pressing

questions remain on what conditions ultimately facilitate the independent

rise of adaptive alleles at the same loci in separate populations, and thus,

the degree to which evolution is repeatable or predictable.

This article is part of the theme issue ‘Convergent evolution in the genomics

era: new insights and directions’.
1. Introduction
Convergent evolution—the evolution of similar traits in response to shared

sources of selection—is a common phenomenon of biological diversification

[1,2]. Convergence is evident in molecular traits, like gene expression [3], as

well as complex emergent phenotypes, like development [4], morphology [5]

or behaviour [6,7]. By contrast, convergence at a genomic level is much less

common [8,9], and the molecular basis of convergent phenotypes is often com-

plex and non-convergent [10–12]. One reason for the relative paucity of

genomic convergence is probably the functional redundancy built into gen-

omes, where alternative modifications have equivalent impacts on trait

expression and organismal performance [13–16]. However, convergence at a

genomic level might be expected when selection acts on standing genetic vari-

ation [17,18], when adaptive alleles are introgressed across divergent lineages
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Figure 1. The tree in (a) represents the maximum-likelihood phylogeny of individuals from populations of the P. mexicana species complex; Pichucalo (Pich),
Tacotalpa (Taco), Puyacatengo (Puya), Ixtapangajoya (Ixta), from southern Mexico. Populations in sulfide springs are indicated by yellow tips, populations in
non-sulfidic environments are represented by blue tips. (b) An example of convergent phenotypic evolution in the same populations. Specifically, the figure sum-
marizes variation in body shape summarized as divergence vectors scores [22]. Positive scores observed in sulfide spring populations are associated with large heads
compared to negative scores observed in populations from non-sulfidic habitats.
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[19,20], or when there are strong genetic constraints that limit

the outcome of selection [21]. Here, we examined patterns of

evolution in a unique system with characteristics that are con-

ducive to the emergence of convergence at the genomic level.

In southern Mexico, small livebearing fishes of the Poecilia
mexicana species complex have independently colonized mul-

tiple hydrogen sulfide (H2S)-rich springs that occur in

different rivers of the Rı́o Grijalva basin [22]. H2S is a

strong source of selection. As a naturally occurring toxicant,

it interferes with oxidative phosphorylation in mitochondria

and inhibits cellular respiration [23]; hence, exposure to

micromolar concentrations of H2S is lethal to most metazoans

[24,25]. Poecilia populations in sulfide springs are locally

adapted and can tolerate H2S concentrations that are orders

of magnitudes above this toxicity threshold [26]. They have

diverged phenotypically and genetically from ancestral

populations in adjacent non-sulfidic habitats, even though

spatial distances are small (typically less than 100 m) and

physical barriers to fish movement are lacking [26,27]. Pheno-

types across independently derived sulfide spring

populations in different river drainages exhibit strong pat-

terns of convergent evolution, such as enlarged heads and

increased gill surface area in sulfidic populations, which

probably improve oxygen acquisition in sulfidic environ-

ments (general pattern of convergence is shown in figure 1;

[26]). Convergent phenotypes include gene expression and

traits associated with physiological, morphological, behav-

ioural and life-history adaptation (see [28] for a review). By

contrast, a previous study has concluded that the underlying

genetic mechanisms are largely unique to specific sulfide

spring lineages (i.e. non-convergent), with selection acting

on de novo mutations rather than standing genetic variation

[29]. However, the population genetic approach employed by

Pfenninger et al. [29] was not conducive to analysing patterns
of ancestry of alternative alleles that may have uncovered

genomic convergence. Genomic convergence might be

expected in this system for several reasons: (i) P. mexicana is

a widespread and abundant species in non-sulfidic environ-

ments of the Rı́o Grijalva basin and other river basins in

Mexico and Central America [30,31]. The large population

sizes of this species provide a pool of rare, potentially adap-

tive alleles that selection can act upon during colonization of

sulfide springs (i.e. selection on standing genetic variation);

(ii) despite significant genetic differentiation between adja-

cent populations in sulfidic and non-sulfidic habitats, low

rates of gene flow are present and may export adaptive alleles

from the sulfidic to non-sulfidic populations, from which

they can be introgressed into, or facilitate the colonization

of, sulfide springs in other parts of the Rı́o Grijalva basin

(transporter hypothesis; [32]); and (iii) H2S is a strong

source of selection with clear biochemical consequences.

Specifically, it binds to cytochrome c oxidase in the mitochon-

drial respiratory chain and is detoxified through a highly

conserved physiological pathway associated with sulfide :

quinone oxidoreductase (SQR; [25]). Hence, evolution of tol-

erance to H2S may be constrained to specific genes associated

with H2S toxicity or detoxification.

In order to identify potential convergence at a genomic

level, we sequenced 10 new genomes of Poecilia at high cover-

age, including specimens from all known sulfide springs and

adjacent populations in non-sulfidic habitats in the Rı́o
Grijalva basin. We employed two complementary genome-

wide scans to identify genomic regions where sulfide

spring lineages were similar to each other but different

from individuals from non-sulfidic habitats, one based on

single nucleotide polymorphisms (SNPs) and another based

on genomic structural variation. We assessed whether

there were biological process gene ontology (GO) terms
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over-represented in genes showing evidence for convergence

in SNPs or structural variants (SVs). Finally, we tested

whether candidate genes for H2S adaptation identified from

transcriptomic analyses were associated with specific types of

genomic convergence.
publishing.org/journal/rstb
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2. Methods
(a) Sample collection and library preparation for whole-

genome sequencing
Samples were collected from 10 sites in the Rı́o Grijalva basin,

including one individual each from five sulfidic and five non-

sulfidic habitats (electronic supplementary material, figure S1

and table S1). Specimens were sacrificed in a buffered MS222 sol-

ution, and muscle tissue was dissected and preserved in 96%

ethanol. DNA was extracted using the MagAttract High Molecu-

lar Weight DNA extraction kit, quantified using a Qubit

fluorometer and then visualized on a 0.5% agarose gel to confirm

the presence of high molecular weight DNA (greater than 10 kb).

Illumina’s TruSeq DNA PCR-Free LT Library Preparation Kit

was then used to prepare libraries for sequencing. The DNA

was sheared using a Covaris M220 with the 550 bp insert size set-

tings. We followed the protocol in the user guide for the rest of

the library preparation and used compatible indexed adapters

for multiplexing. Quantitative polymerase chain reaction

(qPCR) was used to determine the concentration of DNA suc-

cessfully ligated to the Illumina adapters in each sample. We

used the KAPA Library Quantification kit for Illumina Sequen-

cing Platforms along with the StepOnePlus Real-Time PCR

System. Sample dilutions of 1 : 10 000 and 1 : 20 000 were used.

Each sample dilution, each standard and the non-template con-

trol were run in triplicate. Estimated concentrations from the

qPCR results allowed us to create two equimolar pools of the

libraries. The libraries were paired-end sequenced with a read

length of 100 bp on an Illumina HiSeq 2500 at the Washington

State University Genomics Core.
(b) Single-nucleotide polymorphism calling and
filtering

Reads were trimmed using TRIM GALORE! [33] with the follow-

ing trimming: (i) bases with a quality less than 20, (ii) 30 ends

of reads that had at least six bases matching the Illumina

adapter sequence were trimmed, (iii) the first five bases of

each read owing to inconsistent base sequence composition,

and (iv) any reads that were shorter than 50 bp or that had a

paired read that was shorter than 50 bp were discarded.

Reads were mapped to the P. mexicana reference genome

(NCBI accession: GCA_001443325.1; [34]) using the BWA-

MEM algorithm from the Burrows–Wheeler aligner (BWA,

v. 0.7.12-r1039; [35]). Bam files that were from the same indi-

viduals but different lanes were merged using the

MergeSamFiles utility in PICARD.

SNPs were initially called on a per-individual basis using the

EMIT_ALL_SITES option in the UnifiedGenotyper module of the

Genome Analysis Toolkit (GATK v. 3.5; [36–38]). The individual

vcf files were then merged using the vcfmerge Perl module from

VCFTOOLS (v. 0.1.15; [39]). The combined vcf file was subsequently

filtered using VCFTOOLS to only retain biallelic sites (–min-alleles 2
and –max-alleles 2) with no missing data (–max-missing 1.0). Gen-

otypes with a quality score below 30 (–minQ 30) and genotypes

supported by fewer than 10 reads (–minDP 10) were discarded

prior to applying the missing data filter. Scripts for the analyses

can be found at https://github.com/jokelley/Pmex-

GenomicConvergence.
(c) Inferring a phylogeny from whole-genome data
We used the SNPHYLO pipeline [40] to infer a maximum-likeli-

hood phylogeny from our whole-genome data. SNPHYLO first

reduces SNP redundancy by filtering out SNPs in linkage dise-

quilibrium (SNPs with a correlation coefficient greater than or

equal to 0.1 were filtered, a total of 24 275 SNPs were retained),

and then infers a maximum-likelihood tree from the remaining

sites using dnaml from PHYLIP [41]. We used Poecilia reticulata
(NCBI accession: SRP038017; [42]) as an outgroup, and raw

reads were subjected to the same filtering and quality control

steps described above. SNPHYLO was then run with default set-

tings, except that we specified the outgroup (-o), set the

number of bootstrap replicates to 1000 (-B 1000) and set the

number of chromosomes equal to the number of different contigs

in our vcf (-a). The resulting phylogeny was visualized using

DENDROSCOPE [43].
(d) Analysis of local relationship patterns across the
genome

To identify regions of the genome with shared ancestry among

lineages, we used SAGUARO [44]. SAGUARO uses a combination of

a hidden Markov model and a self-organizing map to build

‘cacti’ (matrices of pairwise genetic distance between samples)

that describe local phylogenetic relationships among samples.

Briefly, SAGUARO initially builds one cactus (topology) to fit the

entire genome, then uses regions that do not fit the initial

cactus to hypothesize a new cactus. This process is then iterated

a user-defined number of times, and a new cactus is hypoth-

esized in each iteration. At the end of the last iteration, each

SNP-containing region is assigned to the cactus that best fits

the pattern of variation in that region.

To run SAGUARO, we converted our vcf (without the P. reticulata
outgroup) into hidden Markov model format using the

VCF2HMMFeature command within SAGUARO [44]. After con-

verting the file, we ran SAGUARO (Saguaro command) for 29

iterations (-i 29) resulting in 30 cacti that each best described

the local ancestry for at least 100 kb of the genome. We used

the Neighbor module from PHYLIP [41] to generate unrooted

neighbour-joining trees from the cacti, which were visualized

in DENDROSCOPE [43].
(e) Analysis of structural variation across the genome
We also identified shared SVs among lineages in sulfidic

environments. To identify SVs, we used SVMERGE (v. 1.2r37)

[45]. SVs included insertions, deletions, duplications and

inversions greater than or equal to 100 bp in length relative

to the P. mexicana reference genome. We integrated results

from three separate SV callers: BREAKDANCERMAX (v. 1.3.6)

[46], PINDEL (v. 0.2.4) [47] and SECLUSTER [45], and then vali-

dated the calls via local assembly using VELVET [48]. Default

parameter settings were used for each of these tools. Variants

that passed the validation steps were retained in the final set.

Variants that were present in at least nine out of 10 individuals

were filtered, as these were probably SVs present in all

individuals.
( f ) Identifying convergence at a genomic level
We considered regions where either all five sulfidic individuals,

all five sulfidic individuals and one non-sulfidic individual, or

four sulfidic individuals either clustered together or shared SVs

as showing a pattern of convergence. We used this classification

based on a prior study that indicated that two of the sulfidic

populations (Puyacatengo and Tacotalpa) exhibited few shared

SNPs, suggesting unique pathways to adaptation [29]. Moreover,

https://github.com/jokelley/Pmex-GenomicConvergence
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Table 1. Local ancestry across the genome, as described by 30 topologies
(cacti) hypothesized by SAGUARO [44]. (Highlighted rows are cacti with
clustering by ecotype (sulfidic versus non-sulfidic) (see also the electronic
supplementary material, table S2).)

cactus length (bp)
% of
length

no.
regions

% of
regions

1 599 102 149 80.66 8507 56.03

2 67 822 137 9.13 2776 18.28

3 21 852 583 2.94 369 2.43

4 10 258 179 1.38 504 3.32

5 6 505 330 0.88 314 2.07

6 5 253 321 0.71 305 2.01

7 4 584 980 0.62 299 1.97

8 4 534 583 0.61 160 1.05

9 3 840 449 0.52 246 1.62

10 3 801 264 0.51 225 1.48

11 3 051 456 0.41 230 1.51

12 1 640 440 0.22 134 0.88

13 1 538 517 0.21 139 0.92

14 1 122 496 0.15 137 0.9

15 1 079 620 0.15 31 0.2

16 967 373 0.13 132 0.87

17 814 436 0.11 74 0.49

18 639 869 0.09 59 0.39

19 613 559 0.08 84 0.55

20 529 482 0.07 66 0.43

21 481 642 0.06 79 0.52
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other studies of convergent evolution have classified convergent

regions in a similar manner [18].

To annotate regions of the genome with strong signals of clus-

tering by ecotype in the SAGUARO analysis, we identified genes

within each region using bedtools intersect (v. 2.25.0; [49]). To

identify SVs that were shared by sulfidic individuals, we used

MULTOVL (v. 1.3) [50]. We then identified genes that overlapped

with the shared SVs, and SVs that overlapped with regions that

clustered by ecotype in the SAGUARO analysis using bedtools [49].

(g) Annotation of convergent genomic regions
We used GORILLA [51] to identify enriched biological process GO

terms in the genes that were assigned to each cactus showing

strong ecotype clustering and separately identified enriched

terms in genes contained in convergent SVs. We used all P. mex-
icana genes (NCBI accession: GCA_001443325.1; [34]) as the

reference set. Annotations for the reference set were previously

generated via a BLASTX search against the human SwissProt

database [52]. GO terms were considered over-represented at a

p-value of lesser than or equal to 0.001.

(h) Comparing candidate genes to genes that clustered
by ecotype

To generate a list of candidate genes that may be important for

adaptation to hydrogen sulfide-rich environments, we reana-

lysed RNA-sequencing data from a previous study [53]. We

identified genes with convergent changes in gene expression

between sulfidic and non-sulfidic populations in three of the

drainages (Pichucalco, Tacotalpa, Puyacatengo) as candidate

genes mediating responses to H2S (see the electronic supplemen-

tary material). We compared these genes to the regions of the

genome that exhibited evidence for convergence in either the

SAGUARO or SV analysis. We conducted a Fisher’s exact test to

determine whether there were significantly more candidate

genes in convergent regions than expected by chance.
22 475 128 0.06 23 0.15

23 474 919 0.06 68 0.45

24 470 041 0.06 54 0.36

25 351 943 0.05 32 0.21

26 251 569 0.03 32 0.21

27 225 882 0.03 27 0.18

28 164 949 0.02 37 0.24

29 137 840 0.02 22 0.14

30 131 260 0.02 19 0.13
3. Results
(a) Genome-wide and local relationship patterns
We sequenced 10 genomes from five sulfidic and five non-

sulfidic populations of the P. mexicana species complex to

high coverage (see the electronic supplementary material,

table S1). After filtering, we identified 8 538 973 SNPs across

the genome. Maximum-likelihood analyses of genome-wide

SNP data using SNPHYLO resulted in a highly supported

tree (figure 1), which is consistent with the previously

inferred independent colonization of sulfide springs and dis-

tinct evolutionary trajectories for the different sulfide spring

lineages [22,54,55].

Classifying patterns of genetic similarity into the 30 most

common patterns (cacti/topologies) using SAGUARO [44]

allowed us to investigate the prevalence of convergence

across the genome (table 1; electronic supplementary

material, figure S2). The topology of the most frequently

assigned cactus (cactus 1) was consistent with the maxi-

mum-likelihood tree (figure 1) and best characterized

approximately 81% of the genome. Six of the 30 cacti

(cactus 6, 13, 16, 18, 24 and 25; table 1) exhibited a strong

signal of clustering by ecotype (sulfidic versus non-sulfidic;

figure 2), indicating convergent aspects of genome evolution.

The most commonly assigned cactus in this set was no. 6 (cor-

responding to approx. 0.7% of the genome), which clustered

the sulfide spring individuals of the Pichucalco, Ixtapangajoya
and Puyacatengo drainages opposite to all non-sulfidic indi-

viduals plus the sulfide spring individual of the Tacotalpa

drainage. Around 0.1% of the genome was assigned to

cactus 18 that juxtaposed all individuals from sulfide springs

together against all individuals from non-sulfidic habitats.

There were 967 genes that were assigned to cacti that clustered

by ecotype (electronic supplementary material, table S2).

(b) Structural variation in the genome
To characterize possible convergent changes in genome struc-

ture, we identified SVs (insertions, deletions, duplications

and inversions greater than or equal to 100 bp) (electronic

supplementary material, table S3). The SVs covered on aver-

age 31 555 221+2 312 757 bp (mean+ s.d.), or 3.9+0.29% of

the genome (electronic supplementary material, table S3).
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The majority (55.7%) of all SVs were unique to an individual

(electronic supplementary material, figure S3). A total of 125

SVs were shared by at least four sulfidic individuals with at

most one non-sulfidic individual (electronic supplementary

material, table S4). These SVs that were shared by sulfidic

individuals covered a total of 433 303 bp (0.05% of the

genome). The 125 convergent SVs overlapped with a total

of 80 unique genes (electronic supplementary material,

table S5).

(c) Gene ontology analysis of convergent genomic
regions

We identified enriched biological process GO terms in the set

of genes that were located in convergent genomic regions

(cactus 6, 13, 16, 18, 24 and 25) using GORILLA (electronic sup-

plementary material, table S6). When considering all genes

assigned to any of the cacti with clustering by ecotype,

there were 26 enriched terms, including hydrogen sulfide meta-
bolic process (GO: 0070813), oxalate transport (GO: 0019532),

carboxylic acid transport (GO: 0046942) and 15 terms related

to transport of ions or other materials (electronic supplemen-

tary material, table S6). We also identified enriched Biological

Process GO terms in the genes that contained convergent

SVs. These 80 genes were enriched for two Biological Process

GO terms: hepatocyte growth factor receptor signalling pathway
(GO: 0048012) and negative regulation of NIK/NF-kB signalling.

(GO: 1901223).

(d) Comparison of differentially expressed candidate
genes and convergent regions of the genome

We assessed whether any candidate genes for H2S adaptation

identified from transcriptomic analyses (electronic sup-

plementary material, table S7) were located in regions that

best fit one of the six cacti that clustered individuals by eco-

type. Out of the 299 candidate genes, 25 displayed
clustering by ecotype in the SAGUARO analysis. This was sig-

nificantly more than expected by chance (random

expectation ¼ 10.8, Fisher’s exact test p ¼ 0.0001). These 25

genes included two major genes involved in sulfide detoxifi-

cation, SQRDL and ETHE1 [56,57]. The region around and

including SQRDL was assigned to the cactus splitting all sul-

fidic individuals from all non-sulfidic individuals (cactus 18,

figure 3). Whereas, a region around ETHE1 was best rep-

resented by the cactus separating the sulfidic individuals

from the Pichucalco, Ixtapangajoya and Puyacatengo drai-

nages from all the other individuals (cactus 6). Other

differentially expressed genes that were assigned to some of

these cacti included one component of COX (COX15;

[23,58]), a positive regulator of COX (HIG1; [59]), a gene

involved in sulfur processing (MPST; [60]), and one chloride

channel gene (CLCN2; hydrogen sulfide is a known modu-

lator of ion channels; [61]) (electronic supplementary

material, table S2).

We also assessed whether any candidate genes over-

lapped SVs that were shared among sulfidic individuals. Of

the 80 genes in convergent SVs, five were in the candidate

gene set (electronic supplementary material, table S7),

which was significantly more than expected by chance

(random expectation ¼ 0.9, Fisher’s exact test p ¼ 0.002).

Two of the genes, SLC25A5, an anion transporter, and

GCLC, a rate-limiting enzyme in the synthesis of glutathione

[62], contained duplications in sulfidic individuals and were

upregulated in sulfidic populations. Only one gene that was

differentially expressed contained an SV shared by sulfidic

individuals and clustered by ecotype in the SAGUARO analysis

(SLC25A5, an anion transporter).
4. Discussion
Extremophile populations from the P. mexicana species com-

plex have adapted to H2S-rich environments in southern
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Mexico and exhibit evolutionary convergence in traits associ-

ated with morphology [28], physiology [63], behaviour [64],

life history [65] and transcription [53,66]. Here, we documen-

ted evidence for convergence at the genomic level. Using

whole-genome sequencing data from individuals from five

populations inhabiting sulfide springs and five populations

in adjacent non-sulfidic habitats, we identified regions of

the genome (approx. 1.2% in total) where individuals from

sulfide springs in different river drainages were genetically

similar. The extent of convergence documented here includes

a greater proportion of the genome than that documented in

prior studies with the same methodological approach, for

example, derived freshwater sticklebacks (0.46%; [18]) and

snowshoe hare species with similar winter coat colours

(0.08%; [67]). Genomic regions with evidence for convergence

included candidate genes involved in H2S adaptation, includ-

ing genes related to H2S toxicity and detoxification.

Additionally, we identified regions of the genome (approx.

0.05%) where sulfidic individuals shared convergent SVs,

though relatively few of these contained previously identified

candidate genes, implying that these SVs probably play a

comparatively minor role in adaptation to H2S-rich environ-

ments. Our data indicate a role for gene flow and or

selection on standing genetic variation in shaping genomic

convergence between independently derived sulfidic

populations.

(a) Convergence occurs in regions with H2S responsive
candidate genes

Previous analyses of the molecular underpinnings of adap-

tation to sulfide springs have uncovered signatures of

selection on, or differential expression of, genes associated

with H2S detoxification (e.g. SQRDL and ETHE1), the toxicity

target in the mitochondrial respiratory chain (COX), other

OXPHOS components, assembly proteins, and regulators

(e.g. COA4, HIG1), as well as alternative physiological path-

ways that compensate for the inhibition of direct toxicity

targets (anaerobic metabolism and oxidative stress responses;

[29,53,66]). To quantify the proportion of candidate genes

that showed evidence of genomic convergence, we compared

genes that were consistently differentially expressed between
sulfidic and non-sulfidic populations to regions of the

genome with evidence for convergence (either by topology

or shared SVs). Most prominently, SQRDL—the enzyme

mediating the first step of H2S detoxification [56]—is in a

region of the genome where all sulfide spring individuals

form a single cluster (figure 3), suggesting a shared origin

of the derived alleles in all extremophile populations. Simi-

larly, other genes related to H2S processing, OXPHOS,

anaerobic metabolism and responses to xenobiotics are pre-

sent in regions where sulfide spring individuals cluster

together.

Of the 25 differentially expressed candidate genes that

were assigned to cacti that clustered by ecotype, 13 were in

regions assigned to cactus no. 6 (figure 2), which represented

the most frequent cactus with clustering of sulfide spring

individuals. This cactus grouped the sulfide spring individ-

ual from the Tacotalpa drainage (El Azufre I) together with

individuals from non-sulfidic habitats. This sulfide spring

population has previously been hypothesized to achieve

H2S adaptation via different mechanisms. For example, the

sulfide spring population in the Tacotalpa drainage has a

COX that is susceptible to inhibition by H2S similar to fish

in non-sulfidic populations, whereas sulfidic individuals

from the Puyacatengo and Pichucalco drainages evolved an

H2S-resistant COX that maintains function even in high H2S

conditions [54]. Together these data support that the Taco-

talpa sulfidic population took a unique pathway to

adaptation, even though Puyacatengo sulfidic population is

more closely related to the Tacotalpa sulfidic population

than the other sulfidic populations (figure 1; [22]).

Additional evidence for convergence in regions of the

genome associated with H2S adaptation comes from func-

tional annotation that did not hinge on a priori predictions.

The combined set of genes in all convergent SAGUARO topolo-

gies was enriched for hydrogen sulfide metabolic processes.

Additional enriched GO terms in the combined set were

related to ion transport, a relevant finding considering that

H2S is a known modulator of ion channels [61] and the

ionic composition in sulfide springs differ vastly from that

in nearby non-sulfidic habitats. Other analyses on differential

expression [53] and sites under selection [66] in this system

did not find enrichment of genes related to ion channels,
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showing that our local ancestry-based analysis has the poten-

tial to illuminate new genomic regions that might be involved

in adaptation to sulfidic environments. Finally, genes with

shared SVs were enriched for GO terms associated with the

negative regulation of NIK/NF-kB signalling, an interesting

result considering that H2S mediates the anti-apoptotic

actions of the NF-kB transcription factor [68]. Overall, our

analyses have indicated that genomic convergence includes

a number of processes that have previously been implicated

in mediating adaptation directly to H2S or other environ-

mental factors (e.g. hypoxia, elevated salinity) that are

consistently correlated with the presence of H2S in Mexico’s

sulfide springs (see [53] for an in-depth discussion).

(b) Distinguishing between different hypotheses for the
origin of genomic convergence

Convergence at a genomic level can be the result of selection

on standing genetic variation, adaptive introgression and

genetic constraints that limit the outcomes of selection

[18,21,69,70]. Considering our ancestry-based approach, con-

vergent genomic regions identified here are probably not a

consequence of genetic constraints, where selection on inde-

pendently derived alleles with de novo mutations favours

the evolution of shared genomic features in different lineages

(simply because this mechanism does not predict monophyly

of putatively adaptive alleles). Consequently, our results at

first glance contradict the results of a previous study conclud-

ing that adaptation to sulfide springs (in the Puyacatengo and

Tacotalpa drainages) was primarily driven by selection

owing to de novo mutations, because there were few shared

SNPs between sulfide spring populations, and putatively

adaptive alleles were absent in the adjacent non-sulfidic

populations [29]. However, previous conclusions may have

been premature because (i) the ancestry relationships

among alternative alleles were not previously considered

(i.e. alternative major and fixed alleles in different sulfide

spring lineages may still be of monophyletic origin, even

though they may exhibit unique SNPs), (ii) available

sample sizes were potentially too low to detect rare alleles

in non-sulfidic populations, and (iii) the population level

sampling was low, including only sulfide springs in the

Puyacatengo and the Tacotalpa drainages, with the latter

indeed exhibiting some unique mechanisms to H2S adap-

tation (see above) that could be driven by selection on de

novo mutation [29].

Based on our current data, we cannot distinguish whether

convergent genomic regions were the product of selection on

standing genetic variation or introgression. Both scenarios

seem plausible considering the biology of our study system.

Poecilia mexicana—the ancestral species of all sulfide spring

populations—is one of the most common freshwater fish

species in Mexico and Central America [30,31], providing a

large reservoir of rare alleles that could be selected on upon

colonization of extreme environments. In addition, the

species can sometimes be found in marginal habitats like

ditches and isolated ponds [71], where environmental con-

ditions characteristic of sulfide springs (e.g. hypoxia and

surges of H2S) can occur intermittently, especially during

periods of drought (e.g. see [72]). This scenario may actually

maintain the frequency of alleles that are adaptive in sulfide

springs at a reasonably high frequency even in populations

residing in non-sulfidic habitats, potentially representing an
exaptation for the initial colonization of permanently extreme

habitats. Alternatively, adaptive alleles may have come to

high frequency in a sulfide spring based on selection on de

novo mutations and were then introgressed into other sulfide

spring populations by gene flow. While there is strong selec-

tion against migrants into sulfide springs [27], there is

evidence for low levels of migration between sulfidic and

non-sulfidic populations [52,66,73], opening the possibility

that gene flow from an original sulfide spring population to

non-sulfidic populations generated standing genetic variation

that ultimately allowed for the colonization of new sulfide

springs (transporter hypothesis; [32]). This scenario is plaus-

ible because different river drainages with sulfide springs are

interconnected, especially during the wet season, when flood-

ing is pervasive [74]. In addition, sulfide springs in some

drainages (e.g. Pichucalco) have been colonized much earlier

than springs in others (e.g. Tacotalpa and Puyacatengo;

[54,66]), perhaps suggesting that adaptive alleles originated

in western drainages and subsequently moved eastwards.

While a method to attempt to distinguish between these

hypotheses has been developed [75], it requires population-

scale data that are not currently available for our system,

highlighting one limitation of our approach of using in-

depth whole-genome data from single individuals per

population.

It is important to highlight that our methodological bias

to detect shared genomic regions that have arisen through

selection on standing genetic variation or gene flow does

not preclude a possible role for selection on independent de

novo mutations playing a role in adaptation to sulfide springs

and generating patterns of convergence at the genomic level.

There is ample evidence for potentially adaptive genetic vari-

ation that is unique to specific sulfide spring lineages [29,66],

and past research actually identified candidates of genomic

convergence caused by genetic constraints [54]. H2S directly

inhibits COX [23], but sulfide spring populations in the Puya-

catengo and Pichucalco drainages have evolved COX to

maintain function in the presence of H2S [54]. The evolution

of an H2S-resistant COX was hypothesized to be linked to a

handful of amino acid substitutions in two mitochondrially

encoded subunits of COX, which have clearly arisen indepen-

dently in the Puyacatengo and Pichucalco drainages

(electronic supplementary material, figure S4; [54]). In our

analyses, this is reflected in mitochondrial genes occurring

in a cactus that separates the highly divergent sulfide

spring endemics of the Pichucalco and Ixtapangajoya drai-

nages (i.e. Poecilia sulphuraria and Poecilia thermalis) from all

the other populations that are nominally P. mexicana. While

introgression of mitochondrial genomes across divergent

lineages has been documented in a variety of systems

[76–78], the absence of mitochondrial introgression in this

instance provides evidence for constraints shaping genomic

convergence in genes encoding the primary toxicity target

of H2S. Other instances of constraint causing convergence

of a genomic level may be present in our study system, but

currently available data are not suitable to identify such

instances.

Convergence through gene flow and selection on stand-

ing genetic variation is comparatively easy to detect

through comparative genomic analyses, and the approach

employed in this study was not designed to detect selection

on de novo mutations. Conversely, previous analyses that

compared SNPs across multiple population pairs in the
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absence of ancestry information were biased towards the

detection of selection on de novo mutations. The difficulty

of estimating the relative roles of gene flow, selection on

standing genetic variation and selection on de novo

mutations is not restricted to our study system, but it rep-

resents a general problem for evolutionary biology, both

when we consider the importance of these mechanisms in

the evolution of adaptive quantitative traits within study sys-

tems as well as adaptive evolution across study systems.

Future studies will consequently require integrative analyti-

cal approaches that allow us to better understand how

potential detection biases influence our interpretation of

data. Thorough documentation of selection on de novo

mutations—especially if they contribute to quantitative

traits—is arguably difficult, because functional information

is required to conclusively establish that independent de

novo mutations actually have similar effects on organisms’

phenotype and fitness. Consequently, we may generally

underestimate the role of selection on de novo mutations in

convergent genomic evolution.
74:20180240
5. Conclusion
We have documented genomic convergence in regions con-

taining candidate genes associated with H2S adaptation in

the P. mexicana system. This represents a paradigm shift in

our understanding of convergent evolution in independent

lineages of sulfide spring fishes, in which adaptation has pre-

viously been assumed to be mediated primarily through

selection on de novo mutations. Our findings also raise ques-

tions about whether introgression of adaptive alleles may be

possible across broader taxonomic scales (rather than just

within the P. mexicana species complex), because other

species of the family Poeciliidae have also evolved high toler-

ance to H2S and coexist with P. mexicana in some springs.

Overall, our findings illustrate natural selection’s ability to

bring similar alleles to high frequency in disjunct populations

with distinct genetic backgrounds. Evidence for the roles of

introgression and recruitment of closely related alleles from

standing genetic variation during adaptation is mounting

[18,69,79], involving examples for gene flow across larger

geographical distances [80] and among more divergent

lineages [81] than investigated by our study. Moreover, it

was recently shown that particular DNA motifs can change
DNA structure and increase local mutation probabilities

which could lead to repeated de novo mutations [82].

Future research will have to eluciate the relative roles

different mechanisms play in shaping convergence at a geno-

mic level. Adaptive introgression and selection on standing

genetic variation may be more common than previously

appreciated, but convergent evolution in these cases is lim-

ited to the repeated assembly of related alleles into different

genomic backgrounds. The epitome of convergent evolution

arguably is the indepenent origin of adaptive mutations at

the same locus (perhaps even the same codon), ultimately

leading to consistent functional outcomes [21,83]. Identifying

the circumstances under which adaptive alleles at the same

loci originate independently and rise to high frequency in

different populations is perhaps among the most pressing

tasks in our endeavour to determine to what degree genomic

evolution is repeatable and predictable.
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