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Sexual reproduction is ancient and ubiquitous despite its obvious disadvantages'.
Theory predicts that the reassortment of alleles that results from sex is necessary

for natural selection to act effectively on individual loci; therefore, a purely clonal
organism should rapidly accumulate deleterious mutations and go extinct®™*.
Nevertheless, many asexual species have existed for longer than theory predictsis
possible®”7, such as the Amazon molly (Poecilia formosa), a clonally reproducing fish
arising from a single hybridization event more than 100,000 years ago®™°. Here we
show that although the Amazon molly has accumulated mutations faster thaniits
sexual progenitor species, this has not led to functional mutational decay, defying
theoretical expectations. Instead, gene conversion facilitates both adaptive and
purifying selection by generating new clonal lineages in which previous mutations
are either reverted or fixed, and by resolving hybrid incompatibilities between the
ancestral haplotypes. The transition to clonality altered chromatin structure, but
the asexual haplotypes of the Amazon molly nonetheless maintain the divergent
mutational landscapes of their progenitor species. Together, these results provide
new insights into long-standing questions about the trade-offs involved in asexual

reproduction.

Genetic recombination during meiosisis a key force shaping genomes
and driving organismal evolution®*". By decoupling mutations, recom-
bination allows locus-specific selection to spread adaptive mutations
and purge deleterious mutations. Meiotic recombinationis widespread
among eukaryotes andisintimately connected to sexual reproduction.

This understanding has led to the perception that reproduction with-
outrecombination, suchas clonal reproductionin unisexual lineages,
isevolutionarily unstable. Thistheory predicts several consequences
of a switch to asexual reproduction: haplotypes should diverge rap-
idly (Meselson effect)®'*®, deleterious mutations should accumulate
because they cannot be efficiently purged (Muller’s ratchet)**", and
positive selection should occur inefficiently because beneficial muta-
tions from different lineages cannot be combined, slowing adaptation
(Fisher-Muller hypothesis)®. Therefore, asexual lineages should be at
adisadvantage relative to sexually reproducing species™ . Nonethe-
less, clonally reproducing multicellular species, although rare's, are
more numerous than historically thought, with several>”*° existing for
longer than theoretical predictions allow'. Answers to how they defy
these grim prognoses should be found in their genomes.

Without high-quality genomicresources, these effects have been dif-
ficultto measure. Of the estimated several thousand parthenogenetic
animal species, genome assemblies exist for only a few, most of which
are highly fragmented®, limiting their utility. Despite this, preliminary
investigations of these genomes have confirmed different theoretical
predictions about the evolution of asexual genomes in different spe-
cies, suggesting that the consequences of parthenogenetic evolution
may be lineage-specific®.

The Amazon molly (Poecilia formosa) was the first known clonal
vertebrate®, Like most of the approximately 100 other known asexual
vertebrates™ %, the Amazon molly arose as an interspecific hybrid®*?:
all Amazon mollies descend from a single cross between a female
Poecilia mexicana and a male Poecilia latipinna®™° that arose at least
100 thousand years ago (ka) near Tampico, Mexico??. In the ovary
of P.formosa, the germ cells undergo achiasmatic meiosis, diploid
oocytes are generated by apomixis as aresult of the failure in synapsis of
homologous chromosomes, and the chromosomes of primary oocytes
initiate pachytene but do not proceed to bivalent formation and meiotic
crossovers?. Thus, no recombination or chromosome segregation
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occurs during meiosis, leading to clonal, all-female offspring*®2 The
Amazon molly, havingarisen atleast 100 ka, has survived far beyondits
predicted extinction time®, estimated based on modelling and simula-
tion to be fewer than 10,000 years.

Afirstreference genome of the Amazonmolly hasbeenavailable since
2018, but this short-read assembly is a composite of the two parental
haplotypes and thus cannot be used to study the two haplotypesinde-
pendently. Using long-read sequencing and haploid genome assem-
bly techniques, we introduce chromosome-level haplotype-resolved
assemblies and gene annotations of P.formosa and its progenitor spe-
cies P, latipinna and P. mexicana. These genomes present a unique
opportunity to study the parallel evolution of sexual and asexual sister
genomes, and to investigate long-standing theoretical predictions
about the effects of loss of recombination on genome evolution.

Ancestral reconstruction

To better understand the evolution of the Amazon molly genome,
we took advantage of its hybrid genome composition and used the
trio-binning assembly technique®** to create separate assemblies of the
P.latipinna and P. mexicana-derived haplotypes of P. formosa (hereafter
PforHlat and PforHmex, respectively) (Fig. 1a). We also assembled a
single reference genome for P. mexicana and one for P. latipinna, which
werefer to hereafter as Plat and Pmex. Allgenomes were assembled to
the chromosome level (Supplementary Data Table 1) and we observe
no structural rearrangements between the genomes of the parental
species (Extended Data Fig. 1a).

Gene flow between the parental species or introgression from the
parental species into P.formosa could complicate findings, so we looked
for evidence of gene flow using short-read samples from these three
species and an outgroup. We found evidence for limited gene flow
postdating P.formosa speciation from P. mexicanainto two P. latipinna
genomes, along withasmaller amount of possible P. latipinna introgres-
sioninto two P. mexicana genomes (Extended Data Figs.1b-fand 2, Sup-
plementary Note1and Supplementary Data Tables 2-4). We therefore
excluded potentially admixed regions from all downstream analyses
that could be confounded by this admixture.

We next used these four assemblies to perform whole-genome
assembly-based ancestral reconstruction of the ancient P. mexicana
and P. latipinna genomes (AncMex and AncLat, respectively), as well
as the ancestor of P. mexicana, P.formosa and P. latipinna (AncMol;
Fig. 1b). Comparing these ancestral genomes to their present-day
descendants enabled us to explore long-standing hypotheses about
asexual reproduction.

Asexual genomes defy Muller’s ratchet

Muller’s ratchet predicts that deleterious mutations should quickly
accumulate in clonally reproducing genomes®*. Simulation has pre-
dicted that this accumulation of deleterious mutations should have
driven P.formosato extinction within10,000 years despite the persis-
tence of the species for more than100,000 years (refs.10,33).

To quantify accumulation of deleterious mutations, we computed
the ratio of rates of nonsynonymous to synonymous substitution in
coding sequence (dN/dS) between sister asexual and sexual branches
of the tree. Bacteria in endosymbiotic relationships with their hosts
and therefore obligate asexual reproduction show evidence for Mul-
ler’s ratchet via increased dN/dS compared with their free-living
sexually reproducing relatives®. To determine whether the switch
to asexual evolution in P, formosa also had this effect, we annotated
the four genome assemblies as well as the ancestral reconstructions
AncLat and AncMex, and used the coding sequences to compare dN/
dSalongasexual and sexual lineages (Fig. 1b). Contrary to theincrease
in dN/dS expected under Muller’s ratchet, we find negligible differ-
ences in dN/dS between the sexual and asexual branches (Fig. 2a and
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Fig.1|Originand phylogeny of the Amazon molly P.formosa. a, Origin of the
Amazon molly P. formosa from asingle hybridization between P. latipinna and
P.mexicana approximately 100 ka. Since then, P. formosa has beenreproducing
asexually, whereas P. latipinna and P. mexicana have beenreproducing
sexually. b, Genomes assembled from P. latipinna (Plat) and P. mexicana (Pmex)
aswellasboth haplotypes of P.formosa: the one descending from P. latipinna
(PforHlat) and the one descending from P. mexicana (PforHmex). Branches are
coloured by sexual versus asexual evolution. PforHlat and PforHmex, despite
being presentinthesamefish, arelessrelated to each other thantheyare to
their sexually reproducing sister species. Ancestral genomes AncLat, AncMex
and AncMol were reconstructed. P. formosa and P. latipinna silhouettes by
Kamil S. Jaron (CC01.0); P. mexicana silhouette by Michael Tobler (CC01.0).

Supplementary Note 2). Using population-level dataand within-species
polymorphismat different codon positions rather than comparison to
ancestral reconstruction also shows negligible difference in distribu-
tions of total polymorphism between present-day sexual and asexual
populations (Fig. 2b and Supplementary Note 2).

We next looked for reduced efficacy of purifying selection in the
asexual relative to the sexual genomes by counting heterozygous and
homozygous mutations per individual, broken down by predicted
variant effect and excluding fixed differences between the parental
species (Fig. 2c). Because of the hybrid origin and clonal reproduc-
tion of P.formosa, allindividuals have few non-reference homozygous
mutations, regardless of variant effect. The hybrid origin of P formosa
results in more heterozygous mutations than its progenitor species,
as measured previously', but this heterozygosity is reduced by 47%
for high-impact (probably deleterious) mutations relative to neutral
mutations, demonstrating the action of purifying selection.

Together, these results show little evidence for Muller’s ratchet,
consistent with previous work in the Amazon molly™.

Faster divergence of asexual haplotypes

Another proposed effect of the faster mutational accumulation
expected under obligate asexual reproductionis the Meselson effect,
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Fig.2| Asexual P. formosa genomes show at most limited mutational decay
compared withsexual progenitor species. a, Cumulative distributions of per-
generatios of rates of nonsynonymous to synonymous substitution (dN/dS)
alongsexual and asexual lineages of P. latipinna (top) and P. mexicana (bottom,
curvesoverlapping). Curve centres represent true dN/dS distributions and 95%
confidenceintervalsshownaround curves are based on bootstrapping these
distributions with1,000 resamples. b, Cumulative distributions of per-gene
ratios of nonsynonymous to synonymous polymorphism (pN/pS) at the
populationlevel within each species. The pN/pS distribution of P. formosais
negligibly different from those of the sexual progenitor species, indicating

in which genomes diverge more rapidly along asexual lineages than
along sexual lineages™". We looked for evidence of this change in diver-
gence in P, formosa relative to P. latipinna and P. mexicana to deter-
mine whether the lack of Muller’s ratchet results from the absence
of increased divergence or amechanism for eliminating deleterious
mutations post hoc.

As predicted by the Meselson effect, we find that PforHlat has accu-
mulated more single-nucleotide variants (SNVs) than Plat in the time
since their most recent common ancestor (MRCA; Fig. 3a). Similarly,
in the time since PforHmex and Pmex diverged, PforHmex has accu-
mulated more SNVs than Pmex (Fig. 3a). Aneighbour-joining tree built
using whole-genome pairwise mash distances confirms this finding
(Extended Data Fig. 3). This observation of the Meselson effect sug-
gests that the mutational accumulation thatis expected to drive both
Muller’s ratchet and the Meselson effect is indeed occurring, raising
the question of how the species has avoided Muller’s ratchet despite
faster mutational accumulation.

Haplotype-specific divergence

Notably, both sexual and asexual P. mexicana genomes (Pmex and
PforHmex) are much more diverged from their MRCA AncMex than the
sexual and asexual P. latipinna genomes (Plat and PforHlat) are from
their MRCA AncLat (Fig. 3a). The larger divergence of the P. mexicana
genomes thanthe P. latipinna genomes from their respective MRCAs
could be an artefact of differing coalescent times of the assembled
P. latipinna and P. mexicana individuals to the assembled P. formosa
individual. However, this difference in branch lengths could also be
aresult of faster evolution of both P. mexicana genomes compared
with both P. latipinna genomes, an especially intriguing possibility
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for the asexual P. mexicana and P. latipinna genomes, which exist as
permanently linked haplotypes within each P. formosa individual. To
test this possibility, we used genotypes from short-read samples of the
three species to reconstruct both haplotypes of the MRCA of the 19
P.formosa short-read samples (Extended Data Fig. 4), and then com-
puted divergence between both haplotypes of eachmodern P.formosa
and the corresponding haplotype of the MRCA. We found that every
oneofthe P.formosaindividuals has a higher divergence to the MRCA
inits P. mexicana-ancestry haplotype thaninits P. latipinna-ancestry
haplotype (Fig. 3b and Supplementary Note 3), suggesting faster
divergence of the P. mexicana-ancestry haplotypes compared with
theP. latipinna-ancestry haplotypes. Determining whether the sexual
P. mexicana genome has also diverged faster from the ancestral state
than the sexual P. latipinna genome, as the tree suggests, will require
further data.

Ingeneral, the level of divergence of the sequence of agenome from
an ancestral state is influenced by many factors, including time, drift
(afunction of population size), selection and background mutation
rate. Because the two haplotypes of P, formosa have reproduced clonally
and existed in the same fish since the MRCA of the sequenced individu-
als, thetime to MRCA must be the same for both haplotypes, and their
population sizes must have remained equal to each other inthis time, so
there shouldbe no differencesintime or drift between the haplotypes.
We find no global signal of allele-biased expression (Supplementary
Note 4 and Supplementary Data Table 5), making it unlikely that the
haplotypes are under different selective pressure genome-wide. There-
fore, the two haplotypes are most likely to have different background
mutation rates (Supplementary Note 5).

To better understand the cause of the haplotype-specific mutation
rates, we considered several possibilities (Supplementary Note 6).
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Fig.3| Asexual genomeshave diverged more than their sexual counterparts,
buthaplotypes of P. formosahave diverged at different rates. a, Atree of
the four assemblies plus Poecilia reticulata (Pret) as an outgroup. Numbers
represent SNVs per kb betweenancestraland moderngenomes. b, Nucleotide
divergence (d,,) between each P. formosasample and the MRCA of all P. formosa

GCand microsatellite content are both known to affect mutation rate”,
but we found no major differences in either of these between the two
haplotypes of P.formosa. Chromatin structure also influences mutation
rate®, but the boundaries of topologically associated domains (TADs)
are highly conserved between P. mexicana and P. latipinna, and between
the two haplotypes of P._formosa, although the TADs of P. formosa are
smaller than those of its progenitor species (Extended Data Fig. 5). By
contrast, local divergence rates are better conserved between sexual
and asexual sister genomes than between the P.formosa haplotypes
(Extended DataFig. 6 and Supplementary Data Table 6). Moreover, at
the base composition level, we find evidence of a P. latipinna-derived
shiftinmutational spectrumresulting inthe mutational spectrum of the
P. mexicana-origin haplotype of P formosa most closely resembling that
of free-living P. mexicana, but the P. latipinna-origin haplotype appear-
ing intermediate between the P. mexicana haplotype and free-living
P.latipinna (Extended DataFig. 7 and Supplementary Note 6). Together,
these results suggest that haplotype-specific mutation rates are likely
to be a function of cis-acting differences in sequence context, which
underlie 12% of the difference in mutational spectra between the
parental species (Supplementary Note 6).

Rare crossing-over recombination

Returning to the question of why P. formosa shows signs of at most
limited mutational decay despite faster divergence from the ancestral
state than its sexual progenitor species, we next looked for evidence
of crossing-over recombination in the Amazon molly. Trio-binning
assembly is unsuited to detect crossover events between haplotypes,
sowe created ancestry-blind phased assemblies of P. formosa without
referencing genomes from the parental species. We refer to these hap-
loid assemblies as PforH1and PforH2.

We found one location in each haplotype where a P_formosa contig
switches from higher sequence identity with P. latipinna to higher
sequence identity with P. mexicana or vice versa (Extended Data
Fig. 8a,b). Long reads from the assembled P. formosa aligned to the
assemblies span both breakpoints, confirming these locations as
recombination breakpoints, robust against possible misassemblies or
assembly phasingerrors.Indeed, whole-genome alignment reveals that
these two breakpoints arein homologous locations of their respective
assemblies, so together, they represent a single crossing-over recom-
bination between the two haplotypes of P. formosa. Of note, both of
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these breakpoints occur at the boundary of a top-level TAD (PforH1:
723 bp away; PforH2: 789 bp away), closer than expected by random
chance (P=0.0108, mean permutation distance to closest TAD bound-
ary:59,369 bp). A population-level analysis of the 19 P. formosa samples
confirmstherarity of crossing-over (Supplementary Note 7), and shows
that linkage disequilibrium remains elevated even between loci1 Mb
apart (Extended Data Fig. 8c).

Gene conversion slowed Muller’s ratchet

Gene conversionrepresents another form of recombination that could
counteract Muller’s ratchet by eliminating deleterious mutations and
increasing haplotype diversity. Gene conversion has previously been
detected in Amazon molly', and has been hypothesized to slow Mul-
ler’sratchetin other asexual species®>***, but no direct evidence for
this hypothesis has been found so far in any species.

Todetermine the prevalence and diversity of gene conversion tracts
inwild P_formosa populations, we used genotypes of the 19 P.formosa,
12 P. latipinna and 10 P. mexicana short-read individuals, looking for
series of consecutive variant sites where there is a fixed difference
between P. latipinna and P. mexicana but one or more P, formosa indi-
vidualsishomozygous. We found that gene conversiontracts are wide-
spread, representing on average 46.1 + 7.14 Mb (mean + s.d.; 6.26%) of
the genome of each individual, and occur in the same locations more
often than expected by random chance (permutation P < 0.001 of
greater overlap; Fig. 4a and Extended Data Fig. 9a). In total, 20.4% of
thegenomeis part of agene conversiontractinatleast oneindividual.

There is no bias towards gene conversion on one haplotype over
the other (Fig. 4b). Hinting at a mechanism, we found that gene con-
version breakpoints are enriched for proximity to polyA/T repeats
(Extended Data Fig. 9b), which can cause replication fork collapse dur-
ing the S phase of the cell cycle*?, potentially inducing double-strand
breaks that resultin gene conversion via homologous recombination*.
These and other types of homopolymer repeats have been found near
double-strand break-mediated gene conversion tracts involved in
human disease**. This mode of gene conversion appears specific to
P.formosa based on three observations about the breakpoints: first,
they are enriched for fixed sequence differences between P. formosa
and the parental species; second, they are associated with significant
reductions, rather thanincreases, in population-scaled recombination
ratesinthe parental species; and third, they show no signs of increased
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Fig.4|Gene conversionslows Muller’s ratchet, facilitating both positive
and negative selection. a, Gene conversion tractsin19 P. formosaindividuals
onasegment of contigh2tg000018I, coloured by the direction of conversion.
b, Cumulative tract lengths perindividual of gene conversion tracts, separated
by direction of conversion and notincluding fixed tracts. ¢, Gene conversionis
more likely to purge young variants that affect coding sequence. Results from
abinomialregression model used to predict the effect of variantimpact

and whether alleles are private to P. formosa (versus shared with P. latipinna,

P. mexicana, or both) on the probability of the allele being spread or eliminated
by gene conversion.n =19 biologically independent P. formosa individuals,

gene conversionratesin P. latipinna and P. mexicana (Supplementary
Note 8).

Gene conversiontracts are enriched in genic sequence (permutation
test P<0.001; observed overlap =117 Mb; mean randomly sampled
overlap = 89.9 Mb), suggesting that gene conversion may have anadap-
tive role in the genome, making it subject to selection. To investigate
this hypothesis, we next looked for loci where gene conversion has
acted on the site of a previous mutation that occurred more recently
thanthe MRCA of the 19 sampled P, formosa individuals (Extended Data
Fig. 9c). Out 0f 195,406 such gene conversion events, we find 10.6x
moreevents (95% confidence interval : [10.5,10.8]x) where gene conver-
sion hasreverted aderived allele to the ancestral allele (178,605) than
where gene conversion has changed an ancestral allele to a derived
allele (16,801), suggesting that the two directions of gene conversion
have beensubject to different selective pressures. Of these sites, 99.7%
have no reads supporting the other genotype, consistent with these
gene conversion events being heritable germline mutations rather
than mosaic somatic mutations.

We next tested whether gene conversion enables purifying selec-
tion by considering, for coding sequence variants, the relationship
between the predicted functionalimpact of each variant andits likeli-
hood of being affected by gene conversion (Fig. 4c). Using a binomial
regression model, we found that high-impact (frameshift and pre-
mature stop) mutations are the most likely to be eliminated by gene
conversion (change inlog odds ratio: 0.804; 95% confidence interval:

Change in log odds of gene conversion

10 P. mexicanaindividualsand 12 P. latipinnaindividuals. Error bars show 95%
confidenceintervals for the maximum likelihood estimate as estimated by
theregression model and represented by centre bar height.d, Results froma
binomial regressionmodel used to predict the effect of three site frequency
spectrum-based selection statistics calculated within the parental species on
the probability of noncoding sequence being converted to one or the other
haplotypein P.formosa.Negative Tajima’s D, positive Fay and Wu’s H,and Zeng’s
Eallsuggest positive selection®. Error bars show 95% confidence intervals for
the maximum likelihood estimate as estimated by the regression model and
represented by centre bar height.

[0.777,0.831]) and unlikely to overwrite another allele (log odds ratio:
-0.0553;95% confidenceinterval:[-0.138,-0.0269]). Moderate-impact
(missense and in-frame deletion) mutations are also more likely to be
eliminated (log odds ratio: 0.350; 95% confidence interval: [0.343,
0.358]) thanspread (log odds ratio: -0.00870; 95% confidence interval:
[-0.0239,0.00637]) by gene conversion. We also found that gene con-
version preferentially fixes standing variation: alleles that are private to
P.formosa and therefore probably arose after speciation are less likely
to be spread (log odds ratio: —1.24; 95% confidence interval: [-1.25,
-1.23]) and more likely to be eliminated (log odds ratio: 0.990; 95%
confidenceinterval:[0.988,0.993]) by gene conversion than mutations
arising before speciation.

Turning to noncoding sequence, we also found evidence that gene
conversion enables positive selection. For all non-exonic segments
within gene conversion tracts, we computed three statistics that can
detect selection by contrasting different parts of the site frequency
spectrum (Tajima’s D, Fay and Wu's Hand Zeng’s E)* in both P. latipinna
and P. mexicana. These statistics quantify evidence that a sequence
was subjected to positive selectionin its species of origin, suggesting
adaptiveimportance. We used each of these six statistics as explanatory
variables in a binomial regression model and found that higher rates
of gene conversion in P, formosa were associated with values indica-
tive of positive selection (negative D, positive H and positive £) in the
parental species whose haplotype was favoured by gene conversion
(Fig. 4d).
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Despite the enrichment of gene conversion tracts near genes, gene
conversion does not facilitate adaptation predominantly through
coding substitutions: gene conversion tracts are depleted for fixed
codingdifferences between P. latipinna and P. mexicana (permutation
P <0.001) and for genes showing signs of positive selection between
those two species (McDonald-Kreitman neutrality index <1, permuta-
tion P<0.001). Nonetheless, coding substitutions within gene conver-
siontractsareenrichedingenesinvolved inimmune system processes,
including formation of T cell receptor and immunoglobulin complexes
(Supplementary Data Table 7). Components of these complexes
undergo somatic recombination, inwhich high allelic diversity in coding
sequenceincreases the repertoire of potential receptor molecules and
thus thelikelihood of successful response to pathogens*; diverse haplo-
types ofimmune systemgenes in P.formosa were reported previously™.
Thisillustrates the power of gene conversion to generate recombinant
peptide sequences where they are most biologically useful.

In contrast to the depletion of coding substitutions in gene conver-
siontracts, we found evidence that gene conversion often modulates
noncodinglocithatregulateinterconnected networks of genesinvolved
in cell adhesion cell-cell signalling. We first identified all noncoding
loci within gene conversion tracts, and then ranked the closest gene
to eachlocusboth by the number of P.formosa genomes with the gene
conversion tract and by evidence that positive selection has affected
the locus (Fay and Wu’s H within the parental species of origin). Gene
ontology (GO) enrichment analysis revealed similar enrichments for
bothsets, highlighting cell adhesion, cell-cell signalling and cell migra-
tion, among other processes (Supplementary Data Tables 8 and 9).

Notably, these enriched categories are also associated with genes
thatundergo random cell-by-cell monoallelic expression in humans*’
(hypergeometric P=4.86 x 10, 95% confidence interval log odds
ratio (LOR) 1.47-2.09 for genes ranked by gene conversion frequency;
P=1.82x10"Y,LOR confidence interval 1.56-2.36 for genes ranked by
by evidence for selection) and differ from categories of genes for which
bothalleles are stably expressed in humans (hypergeometric P=0.999,
LOR confidence interval: [-5.60, —0.0408] by frequency; P= 0.985,
LOR confidence interval: [-4.94, 0.618], by selection). Genes subject
to random monoallelic expression are thought to be fast-evolving, as
bothalleles caninfluence cellular phenotype, and thus be exposed to
selection, without buffering one another?. Hypothesizing that the
mutations that we found may represent a general solution favoured by
natural selection to problems posed by hybrid ancestry, we also tested
our enriched GO categories for overlap with those found in human
genome regions devoid of admixture and incomplete lineage sorting
witharchaic hominins*®and again found enrichment (hypergeometric
P=3.01x10™"*, LOR confidence interval: [3.89, 4.52], by frequency;
P=1.67 x10™°,LOR confidenceinterval:[5.50,7.05], by selection). The
set of genes near noncoding loci within high-frequency gene conver-
siontracts (in18 out of 19 P. formosa genomes) is also enriched for pro-
tein—-proteininteractions (P=8.97 x 10°), suggesting that regulatory
changestothese genesinthe parental species may manifest as hybrid
incompatibilities as a result of epistasis, in line with theory*. Indeed, a
recent Drosophila study found that changes in expression level of cell
adhesion genes contributed to hybrid male sterility*™. Together, these
findings suggest that gene conversion is capable of modulating regula-
tory sequence to reconcile incompatible mutations at fast-evolving
loci, allowing natural selection to overcome genetic challenges posed
by hybridization.

Discussion

Ofthe estimated several thousand clonally reproducing animals, only
asmall number have been studied to examine the impact of asexual
reproduction on their genomes?. The Amazon molly, with its diploid
genome and well-established parental species, presents an ideal sys-
tem for comparing the side-by-side evolution of sexual and asexual
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genomes. As predicted by Meselson, we found that both haploid asex-
ual genomes of the Amazon molly have diverged from the ancestral
state more rapidly than their sexual sister genomes. Prior published
examples of the Meselson effect are rare and have relied on inferring
this effect based on heterozygosity, rather than directly comparing
asexual haplotypes to sexually reproducing outgroups as we have done
here20,40,4l.

Notably, contrary to theoretical predictions, the faster divergence
along asexual lineagesis not reflected inan excess of nonsynonymous
mutations or alack of purifying selection. Instead, we show that gene
conversion, which has frequently been hypothesized to have arolein
preventing mutational decay in clonally reproducing organisms!®34°,
isapowerful mechanism counteracting the expected negative effects
of asexual reproduction by facilitating both positive and negative
selection as well as the resolution of hybrid incompatibilities in the
ancestral haplotypes. It remains to be seen whether other long-extant
asexual species escape Muller’s ratchet through a similar mechanism,
and whether haplotype-specific mutation rates are commonin hybrid
asexual genomes. Future functional genomicstudies, especially at the
single-celllevel, will be instrumental for better characterizing the spe-
cificregulatory impacts of gene conversion and their contribution to
organismal phenotype. Thisinturn could help illuminate adaptive traits
that underlie the remarkable success and persistence of P. formosa.
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Methods

Animals

The P formosaindividuals used in this study were raised at the fish facili-
ties of the Biocenter of the University of Wiirzburg following approved
experimental protocols through an authorization (568/300-1870/13)
of the Veterinary Office of the District Government of Lower Franco-
nia, Germany, in accordance with the German Animal Protection Law
(TierSchG). The P._formosa DNA for whole-genome sequencing was
derived from a single adult female from a clonal subline (WLC 7122,
P.formosa + M) established from fish collected in 1953 by C. P. Haskins
near Brownsville, TX, USA. Asibling of this fish was used for Hi-C library
preparation.

The P. mexicana (Rio Purification bei Nueva Padilla, Tamaulipas,
Mexico) and P. latipinna (Laguna de Champayan, Tamaulipas, Mexico)
individuals used in this study were supplied by the International Stock
Center for Livebearing Fishes, University of Oklahoma, for sequencing.

Sample processing

To prepare samples of P. formosa, P. latipinna and P. mexicana for
long-read sequencing, we first flash-froze themin liquid nitrogen and
stored at -80 °C until ready for isolation, using muscle for P_formosa,
soft organs (brain, eyes, gills, liver, kidney and spleen) and carcass for
P.mexicana, and soft organs (brain, eyes, gills, liver, kidney and spleen)
for P. latipinna. High molecular weight (HMW) DNA extraction for
all three fish was performed using the 10x Genomics Demonstrated
Protocol: DNA Extraction from Single Insects (10x Genomics) and then
purified and concentrated through standard ethanol precipitation. The
final DNA quantity was determined using the high-sensitivity Invitrogen
Qubit Fluorometer kit (Invitrogen). Final DNA quality was evaluated on
a0.7% agarose gel and visualized using the Uvitec Cambridge Uvidoc
HD6 UV Fluorescence and Colorimetry instrument. All isolated DNA
was shipped to HudsonAlpha for library construction and long-read
sequencing on a PacBio Sequel Ilin CCS/HiFi mode.

We prepared Hi-Clibraries using the Phase Genomics Proximo Hi-C
Animal Kit v.2 (Phase Genomics). For P. mexicana and P. latipinna, we
minced and pooled brain and muscle tissues using approximately
50 mg for P. mexicana and 120 mg of P. latipinna. For P. formosa, we
used 217 mg of muscle tissue. We then purified the resulting DNA and
generated libraries, targeting an insert size of 500-600 bp. We per-
formed fragmentation using the Applied Biosystems Veriti 96-Well
Thermal Cycler (Thermo Fisher Scientific) and assessed DNA quality
using a fragment analyser. We measured DNA concentration using
the high-sensitivity Invitrogen Qubit Fluorometer Kit (Invitrogen).
We sequenced the Hi-C libraries on an lllumina NovaSeq 6000 with a
target of >150 million reads for each sample.

Assembly
We assembled theinitial contigs for P. latipinna (Plat) and P. mexicana
(Pmex) using hifiasm® v.0.16.1-r375 with default settings.

Forthe trio-binning assembly of P_formosa (haplotypes PforHlat and
PforHmex), we first separated the P. formosa HiFi reads into parental
binsbased on P. latipinna and P. mexicana short reads from a previous
study as previously described for F; hybrids® using a custom pro-
gram®?, which internally uses kmc*v.3.2.1for computing sets of k-mers
and comparing these sets. We used k = 21. We then assembled the reads
in each binseparately using hifiasm®v.0.16.1-r375 with the parameter
-10 to prevent the assembler from treating the assembly as a diploid.

For the ancestry-blind assembly of P. formosa (haplotypes PforH1
and PforH2), we assembled all HiFi reads using hifiasm in Hi-C-assisted
phasing mode and Hi-C reads from P. formosa, with the parameter
-hg-size 750 m to help the assembler find the correct coverage peaks
due to the genome’s high heterozygosity. For downstream analyses
in which we binned these contigs by ancestry, we first aligned all
hapl1 contigs to all hap2 contigs and vice versa using minimap2>* in

asm10 mode. We then created a bipartite graph with all H1 contigs on
oneside, and allH2 contigs onthe other side, and for each contig, drew
anedge to the contiginthe opposite haplotype with the most aligned
bases. Finally, we partitioned the graph into connected components,
summed the number of bases in contigs from each haplotype aligned to
the P. latipinna or P. mexicana assembly, and assigned all H1 contigsin
the connected componentto either the P. latipinna-derived haplotype
or the P. mexicana-derived haplotype, and all H2 contigs to the other
haplotype, based on which configuration had a higher concordance
using total aligned bases.

We scaffolded the contigs of each assembly using a custom nextflow>
pipeline®. In brief, the pipeline uses chromap* v.0.2.3-r407 with the
hic preset to align the Hi-C reads to the contigs and YAHS*® v.1.2a.1with
default options to assemble the contigs into scaffolds based on these
alignments. We used Juicebox Assembly Tools* to manually curate the
assemblies and assigned chromosome names based on synteny with
Xiphophorus maculatus®®.

Repeat analysis

We annotated repeats in all assemblies using the TETools® docker
image v.1.7, running BuildDatabase, RepeatModeler and then Repeat-
Masker with default options on each assembled genome.

Annotation

We annotated the assemblies using a pipeline adapted from a previ-
ous study®. This pipeline aligns known protein sequences and RNA
sequencing (RNA-seq) reads to the assembly to collect homology and
transcriptome gene evidence. It also runs AUGUSTUS® for ab initio
gene prediction. In the end all results are compared and synthesized
into afinal gene set.

For homology alignment, we collected 505,310 protein sequences
from the vertebrate database of Swiss-Prot®*, RefSeq database (pro-
teins with ID starting with ‘NP’ from ‘vertebrate_other’) and the
NCBI genome annotation of human (GCF_000001405.39_GRCh38),
zebrafish (GCF_000002035.6), platyfish (GCF_002775205.1), medaka
(GCF_002234675.1), mummichog (GCF_011125445.2), turquoise killifish
(GCF_001465895.1), guppy (GCF_000633615.1) and Shortfin molly
(GCF_001443325.1). These sequences were aligned to the genome
assemblies using GeneWise® v.2-4-1 and Exonerate® v.2.2.0. Gen-
blastA®” v.1.0.1 was used to locate rough alignment regions for Gene-
Wise. In each result, when multiple gene models overlapped in one
genome region, the one with the highest score was kept.

To collect transcriptome gene evidence, RNA-seq reads were col-
lected from gonad, brain, gill, liver or mixed-organs (SRR13349691,
SRR13349691, SRR13349692, SRR13349692, SRR3171725, SRR3171768,
SRR3171771, SRR5513066, SRR5513066, SRR5224069, SRR5224069,
SRR5224074, SRR5224074, SRR5224079, SRR5224079, SRR7638274
and SRR7638274). We aligned the reads to the assemblies using HISAT®®
v.2.2.1. Gene locations and structures were then phased using String-
Tie*v.2.2.1.In parallel, transcripts were assembled using Trinity”°v.2.9.1
and aligned to the assembly using splign”v.2.1.0 for gene locations
and structure phasing.

AUGUSTUS v.3.5.0 was used for ab initio gene prediction after two
rounds of training. The first round was trained by BUSCO”*v.5.3.2 with
the parameter -long. The second was done by using high-quality gene
models that were commonly agreed upon by Exonerate, Genewise,
StraingTie and splign. AUGUSTUS was then run using all the homology
and transcriptome gene evidence as hints.

To synthesize all the gene evidence collected above, we screened
through each genelocus to compare the homology and ab initio gene
evidence. When multiple gene models competed for one gene locus,
the onebest supported by transcriptome evidence was kept. If the kept
gene model possessed poorly supported exons (with low homology
identity or no transcriptome support), we screened the eliminated
gene models for better supported counterparts and replaced them.



Finally, genes with no transcriptome supportand low/no homologous
identity were removed.

Genotyping
We genotyped short-read samples twice: once using AncMol as arefer-
ence, and once using PforH2 as areference. We used AncMol-based calls
for downstream analyses subject to reference bias, and PforH2-based
calls for downstream analyses that required an annotated reference.
We first aligned short-read samples from previous studies®”>7%,
including19 P, formosa, 12 P.latipinna and 10 P. mexicana, using mini-
map2**v.2.28-r1209 with the sr preset. We then genotyped each sample
separately using elprep’v.5.1.3,a multithreaded rewrite of GATK that
produces the exact same output given the same input, with subcom-
mand sfm and parameters -mark-duplicates -mark-optical-duplicates
-sorting-order coordinate -haplotypecaller. We next combined the
gVCFs with GATK"” v.4.5.0.0 subcommand CombineGVCFs and per-
formed joint genotyping with GATK subcommand GenotypeGVCFs,
both with default options. Finally, we filtered variant calls down to
biallelic sites with genotype quality of at least 10. Code for the cus-
tom pipeline we used for this is available with the other code for this
project.

Phasing

Wefirst performed read-backed phasing on eachindividual P, formosa
using WhatsHapv.2.3 with the phase command and default options.
Then, for each phasing set output by WhatsHap, we used the following
heuristic to determine which haplotype was derived from P. latipinna
and which from P, formosa: a phasing set must have at least two vari-
ants supporting one phasing polarity and none supporting the oppo-
site phasing polarity, where a variant is considered to support agiven
phasing polarity if all P. mexicana calls are homozygous for one allele,
all P. latipinna calls are homozygous for the other allele, and there are
at least two haplotypes from each species with confident calls. For
example, for a phased P. formosa variant call O[1, this variant would
support the first haplotype being derived from P. latipinna and the
second haplotype being derived from P. mexicana if and only if all
P. latipinna calls are 0/0 and all P. mexicana calls are 1/1. We removed
phasinginformation fromall variantsinany phasing set with fewer than
two variants supporting either polarity, or with one or more variants
supporting both polarities. The program written for this purpose is
available with other project code.

Assembly-based ancestral reconstruction

To reconstruct genomes at internal nodes of the tree of assembled
genomes, we performed ancestral reconstruction using progressive
cactus” v.2.4.2 with default options and the tree (((Pmex:0.1, PforH-
mex:0.1) AncMex:2.6, (Plat:0.1, PforHlat:0.1) AncLat:2.6) AncMol:3.3,
Pret:6.0);. All of the leaves of this tree are assemblies generated for this
study except for Pret, which is a previously published genome of the
guppy P. reticulata®® used as an outgroup.

Muller’s ratchet

To make genes comparable across annotations, and to map genes from
annotations produced for this study to those with curated functional
annotations, we downloaded the guppy (Poecilia reticulata) tran-
scriptome® and aligned all transcript sequences to guppy transcript
sequences using the blastn program from NCBI BLAST®*v.2.3.0. We
determined a transcript pair to be homologous if each was the recip-
rocal highest-scoring hit for the other. We then obtained gene and
protein names as well as GO annotations®® for the guppy transcripts
from BioMart®*.

For each pair of transcriptomes compared, we loaded all coding
sequences along with their translated protein sequences and adjusted
the reading frame of the coding sequence to match the protein
sequence where necessary. We then aligned all pairs of homologous

amino acid sequences from the annotations being compared using the
Biopythonv.1.85 pairwise2 module and a BLOSUM62 matrix, deleting
codonsthataligned to gapsin the other sequence and removing stop
codons from the ends of sequences. We then used PAML*v.4.10.9 to
calculate dN/dS using the Yang and Nielsen 2000 (yn00) algorithm®®,

Weused our polymorphismdatato calculate other selection-relevant
statistics. Using the program ann_codon_pos from the hts_popgen
package (https://github.com/nkschaefer/hts_popgen), we inserted
codon positioninformationinto our variant call set as a VCF tag. Using
third codon positions to approximate synonymous sites and using first
and second codon positions to approximate nonsynonymous sites, we
then compiled McDonald-Kreitman test relevant statistics® for each
gene and for each species, using the program mk from the hts_popgen
package. We used the within-population values computed for pN and
pS, and we normalized pN by the number of nonsynonymous sites
per gene (two-thirds the number of codons) and normalized pS by
the number of synonymous sites per gene (one-third the number of
codons).

We computed bootstrapped 95% confidence intervals for differences
between median dN/dS and pN/pS for each comparison by resampling
genes with replacement 10,000 times.

For the variantimpact analysis, we annotated the functionalimpact
of eachvariant using the variants called against the formosa_hap2_bro-
ken.fa genome and corresponding genome annotation using SnpEff
version 5.2e®®, We discarded genes that SnpEffrejected, including those
with premature stop codons in the reference annotation, resulting in
14,467 genes for which mutationalimpact could be predicted. For each
P.latipinna, P. mexicana and P formosaindividual, we then counted the
number of heterozygous and homozygous-alternate genotypes for
variants with functional annotations, counting mutations with each
predicted functional impact severity, choosing the highest severity
wherever a variant was predicted to affect multiple genes in different
ways.

Tree-building
Tobuild the tree of genome assemblies based on ancestral reconstruc-
tion, we started with the tree topology input to cactus and calculated
branch lengths by running the halBranchMutations command of the
hal toolkit® v.2.2 on the hal file output by cactus, dividing the total
number of SNVs output by the total length of the alignment between
eachnode and its parent to obtain anumber of SNVs per kilobase and
excluding inferred admixed regions. Total alignment length between
each parent-child pair was calculated using halAlignmentDepth.
Tobuild the tree based on pairwise mash distances, we first calculated
adistance matrix of mash distances between every pair of leavesin the
tree using the triangle command from the mash® v.2.3 package with
default options and computed aneighbour-joining tree based on this
distance matrix using BioPython’s Phylo package® v.1.85.

Chromatinstructure
We aligned Hi-C reads to final assemblies using chromap®’ v.0.2.3-r407
with the hic preset. For P. formosa, we concatenated the Hl and H2
ancestry-blind assemblies and aligned reads to the concatenated ref-
erence. We then converted the pairs output of chromap to.hic format
using the pre command of hic_tools®?v.3.30 with default options. TADs
were identified using DeDoc2%® on KR-normalized matrices of 10 kb
resolution (sliding window =10 Mb). Insulation scores were calculated
with FAN-C**v.0.9.28, also on 10 kb resolution matrices, using different
window sizes. Insulation score heatmaps (window size =100 kb) were
plotted using custom R scripts compiled inthe sorolla package (https://
gitlab.com/rdacemel/sorolla). For this task, sorolla wraps functions
from EnrichedHeatmap® v.1.34.0 package.

To convert TAD boundaries between coordinate systems, we wrote a
custom python script (available in project code repository) asawrapper
for halLiftover® as distributed with the cactus v.2.4.2 Docker image.
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Recombination

Wefirst aligned HiFireads from P_formosa, P. mexicana and P. latipinna
to PforH1and PforH2 using minimap2>*v.2.27-r1193 with the map-hifi
preset. We then ran samtools® v.1.20 subcommand mpileup with
options -Q20 -q20 -B. We performed a simple genotype estimation
of the output by classifying each position as either hom-ref (>80% of
aligned reads matching reference), hom-alt (>80% of aligned reads
matching same alternate allele), het (not hom-ref or hom-alt, and the
most frequent two bases supported by >90% of reads together), or
uncallable (fewer than 10 aligned bases or not matching any of the other
three categories). We then calculated a mismatch rate, defined as (co
unt(home-alt) + 0.5 x count(het))/(called bases), for each window with
atleast 70% of its positions called. We plotted these window mismatch
rates to find places where the P. mexicana and P. latipinna rates cross
each other, and then examined the long-read alignments of all three
species to these potential breakpoints using IGV” v.2.17.4. We consider
alocusto confidently represent arecombination breakpointifthere are
multiple P formosalong reads spanning the breakpoint that are more
similar to P. latipinna on one side of the breakpoint but more similar to
P. mexicana onthe other side of the breakpoint, with at least two reads
showing evidence for the switch in each of the two directions (that
is, at least two reads similar to P. latipinna before the breakpoint and
P. mexicana after, and at least two reads similar to P. mexicana before
the breakpoint and P. latipinna after).

To examine patterns of linkage disequilibrium at different distances,
werandomly sampled from the set of all pairs of biallelic SNVsin geno-
type calls of P formosaindividuals on chromosome AncMolrefChrO. For
each sampled pair of SNVs with aminor allele frequency of at least 5%
andatleast 5individuals with confident calls at bothsites, we calculated
r?using the Rogers—Huff estimator®. We binned these r? estimates into
distance bins, and then calculated the mean for each bin, as well as a
95% confidence interval by bootstrapping with 1,000 samplings. We
performed this analysis at two different resolutions: 1 kb bins for bial-
lelic pairs from 0-100 kb apart with 5% of all pairs sampled, and 10 kb
bins from 0-1 Mb apart with 1% of all pairs sampled. The code used to
perform this analysis is in the project code repository.

Gene conversion detection

For each P. formosa individual, we searched the unphased genotype
calls for biallelic SNV sites with genotypes characteristic of gene con-
version, where at least one individual from every species has a confi-
dent genotype call, all P. latipinna are homozygous for one allele, all
P. mexicana are homozygous for a different allele, and one or more
P. formosa are homozygous for either the P. mexicana allele or the
P. latipinna allele. We then defined gene conversion tracts as any run
of three or more consecutive gene conversion-characteristic variant
sitesatleast100 bpinlength, with all sites supporting gene conversion
inthe same direction.

To determine the presence of repetitive sequence at gene conver-
sion breakpoints, we created a BED file on formosa_hap2_broken
coordinates representing the 50 bp interval around each true gene
conversion breakpoint, and thenrandomly sampled matched intervals
using bedtools v.2.30.0 shuffle®”. We then extracted the sequence cor-
respondingto eachinterval using bedtools getfastaand wrote aPython
programto count occurrences of each type of mono- or dinucleotide
repeatinbothtrueand randomly sampled sequences. We treated each
sequence the same as its reverse complement, and we also collapsed
similar dinucleotide repeats (for example, AC and CA repeats were
treated as equivalent).

Tofind sitesthat have been affected both by mutationand gene con-
versionsince the MRCA of the 19 P formosa samples, we first built atree
of short-read samples to compare local topologies to the genome-wide
topology. To this end, we made a distance matrix of the AncMol-based
genotypes using plink'®v.1.90 with parameters -distance square -maf

0.05 -geno 0.15 -indep-pairwise 50 10 0.1 and then used BioPython’s
Phylo package® to generate a neighbour-joining tree rooted at the
midpoint of the longest branch. Owing to the clonal reproduction
of P. formosa, the tree topology should be consistent across sites
in the absence of gene conversion, so any sites deviating from the
genome-wide topology represented by the gene conversion tree may
be indicative of gene conversion.

Next, at every site in the genome containing an SNV that is biallelic
within P._formosa and confidently genotyped in at least five individu-
als, we used Fitch’s algorithm'® to find the most parsimonious set of
character changes within the tree consistent with the leaf genotypes.
Any path in the resulting annotated tree from the MRCA to a leaf on
which achange fromthe ancestral allele to aderived allele is followed
by a change from heterozygosity to homozygosity indicates a site
where mutation was followed by gene conversion. For example, in the
hypothetical tree (A,(B,(C,D))), the minimum number of state changes
consistent with the leaf genotypes A:0/0, B:0/1, C:0/1, D:0/0 is two:
(1) achange from 0/0to O/1between the root and the ancestor of B, C,
and D, and (2) achange from 0/1to 0/0 between the ancestor of C and
D and the leaf node D. Thus, the full path from the root to D requires
achange from 0/0 to 0/1 followed by a change from 0/1to 0/0, which
can be best explained by mutation followed by gene conversion; the
only other explanation is back mutation.

We counted sites where gene conversion reverts a mutation to the
ancestral allele (for example, 0/0 > 0/1 > 0/0) and sites where gene con-
version overwrites the ancestral allele witha derived allele (for example,
0/0 ~> 0/1~1/1). We calculated a 95% confidence interval for the ratio
of these two kinds of sites using bootstrapping with 1,000 samples.

Animplementation of this algorithmin rustislocatedin the project
coderepository.

Gene conversion recurrence

We tested how likely gene conversion tracts were to recur at similar
loci using resampling. We first used the bedtools v.2.30.0 multiinter
command® to find genomic regions where all P formosa genomes were
convertedtotheP. latipinna haplotype, or where allwere converted to
the P. mexicanahaplotype; these fixed tracts were stored in a BED file
toexclude from analyses, as they could also include possible admixed
lociinthe progenitors of P formosa. Next, we merged all gene conver-
sion tracts (using bedtools merge) and subtracted fixed tracts (using
bedtools subtract), and summed the total number of bases. Then, for
1,000 random trials, we re-sampled gene conversiontracts (using bed-
tools shuffle, excluding sites of fixed tracts) and similarly counted the
number of bases in each.

We used a similar technique to assess overlap of gene conversion
tracts with genic sequences: we computed the number of bases over-
lapping between gene conversion tracts, merged across allindividuals
with fixed tractlocisubtracted, and thenre-sampled 1,000 times using
bedtools shuffle and excludingsites of fixed gene conversion tracts. We
reportaPvalue describing the number of trials inwhich the overlapin
any trial exceeded observed overlap, divided by the number of trials.

Gene conversion selection

We used ageneralized linear model approach to study the connection
between variantimpact and probability of gene conversion. Consider-
ing only non-fixed gene conversion tracts spanning at least two SNPs,
we produced afile identifying all sites at which each P, formosa indi-
vidual has undergone gene conversion. We then visited all functional
impact-annotated variants on the collapsed P. formosa genome (for-
mosa_hap2_broken.fa) that were polymorphic within P, formosa. For
each such variant, we noted the functional impact, the total number
of called P. formosa genotypes, the number of P. formosa individuals
with gene conversion at the SNP and homozygous for the reference
allele (for which the annotated allele was lost through gene conver-
sion), the number of P.formosa individuals with gene conversion at the



SNP and homozygous for the alternate allele (for which the annotated
allele was gained through gene conversion), and whether or not the
alternate allele was private to P. formosa (as opposed to also present
inP. latipinna and/or P. mexicana genomes).

We then created indicator variables for the three highest levels of
variant impact (low, moderate, and high), using the MODIFIER cat-
egory as the reference level. We also created an indicator variable for
P.formosa-private alleles, using alleles shared with P. latipinna and/
or P. mexicana as the reference level. We fit a binomial model to the
probability of gain and the probability of loss using the glm func-
tion in R using glm(cbind(gain, not_gain) - low + medium + high +
private, family = binomial(link = ‘logit’)) and glm(cbind(loss, not_
loss) ~ low + medium + high + private, family =binomial(link =‘logit’))
and computed the effect of each predictor variable on the log odds
ratio of gene conversion-mediated gain or loss and the 95% confidence
interval from the results.

We then extended this approach to study the relationship between
evidencethat noncoding sequences were subject to positive selection
in their species of origin and the probability of gene conversion. We
obtained aset of noncoding sequences subject to high-confidence gene
conversion by subtracting exonic sequences from our set of non-fixed
gene conversion tracts spanning at least two SNPs, using bedtools®®
v.2.30.0 commands subtract, sort, and merge. For each region, we
then computed Tajima’s D, Fay and Wu’s H, and Zeng's E (ref. 45) using
the sfs program in hts_popgen (https://github.com/nkschaefer/
hts_popgen), using the two P. reticulata genomes as an outgroup. We
then merged the resulting BED file with our consensus P. latipinna
and P. mexicana gene conversion intervals (produced using bedtools
multiinter) to obtain the direction of gene conversion and the num-
ber of P, formosa individuals with the gene conversion tract, for each
interval.

To obtain a comparably-sized set of noncoding regions not subject
to gene conversion, we sampled a set of regions of the same size and
number from non-exonic sequence using bedtools shuffle (with -excl
settoallexons and -f0.001) and ran the sfs program from hts_popgen
on these as well. We kept the original direction of gene conversion
(toward the P. latipinna or P. mexicana haplotype) for each of these
intervals but set the number of P. formosa individuals undergoing gene
conversionto O for each.

Treating segments converted to the P. latipinna and P. mexicana
haplotypes separately, we then fit a binomial generalized linear
modelto our datainRusing the command: gim(cbind(freq, failures) ~
lat.D + mex.D +lat.H + mex.H + lat.E + mex.E, family = binomial(link
=‘logit’)), where freq was the number of P. formosa individuals with
gene conversion of the given type at alocus, lat.D, lat.H, and lat.E are
Tajima’s D, Fay and Wu’s H and Zeng’s E in P. latipinna individuals at
the locus, and mex.D, mex.H, and mex.E are Tajima’s D, Fay and Wu'’s
Hand Zeng’s Ein P. mexicana individuals at the locus. We extracted
coefficients and standard errors using the summary() command.

Gene ontology enrichment testing

We used the R package GOfuncR v.1.22.0, which wraps FUNC'®, for
GO enrichment testing. We obtained P. reticulata gene-GO term map-
pings from Biomart and used the default GO hierarchy included with
GOfuncR, building anew OrgDb object for the P. reticulata annotation.
To obtain a set of genes in gene conversion tracts impacted by cod-
ing substitutions, we created a BED file listing positions of variants in
P.formosathatfall within first or second codon positions (as annotated
usingthe ann_codon_pos programin the hts_popgen package), noted
the affected genes, intersected with gene conversion tracts (using
bedtools v.2.30.0 intersect), and converted gene IDs to guppy gene
IDs (as determined through reciprocal blastn; see ‘Muller’s ratchet’).
We then tested for GO enrichment using the go_enrichcommand with
test="hyper’. To test for GO enrichment near noncoding sequences sub-
jecttopositive selectionin their species of origin, we took all noncoding

sequences annotated with site frequency spectrum-based measures
of selection (see ‘Gene conversion selection’ section), identified the
closest gene to eachtract using bedtools closest, mapped each gene to
the highest Fay & Wu’s Hvalue reported in any nearby tract, converted
gene IDs to guppy gene IDs, and used the go_enrich command with
test="wilcoxon’). We also repeated this test, but ranked genes by the fre-
quency of enclosed gene conversion tract (determined by running bed-
tools multiinter onall P. latipinna-converted and P. mexicana-converted
tracts separately, taking the fourth column as frequency) and choos-
ing the maximum frequency per gene. In all GO enrichment tests, we
applied acut-off of 0.05 for the family wise error rate of overrepresen-
tation. Protein-proteininteraction (PPI) enrichment testing was done
using the web-based Ul for the STRING database'®.

To compare enriched GO terms with those reported to correspond to
genes undergoing random monoallelic expression, we obtained lists of
enriched GO terms for genes that undergo random monoallelic expres-
sion in humans, and genes that undergo stable biallelic expressionin
humans, froma prior study*. We then obtained a set of genomic regions
inwhich apanel of modern human genomes was free fromalleles intro-
gressed through admixture from, or on lineages incompletely sorted
with, archaic hominins, from another prior study*s. Reasoning that
generegulation probably diverged considerably between humans and
Poecilia, but that patterns at the gene network level were more likely
to hold, we chose to compare lists of enriched GO terms for overlap
rather than examine individual genes.

We compared GO term lists using the hypergeometric CDF
(phyperinR), using as background 8,024 GO terms that were mapped to
P.reticulatagenes with aclear1:1homologuein the P.formosa annota-
tion we used, and which also were presentin the human GO annotation
(September 2022 release). We limited all GO lists to only terms present
in all annotations.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allsequence data generated for this project, as well as the assembled
genomes, are deposited in the relevant NCBI databases under the fol-
lowing BioProject IDs: PRJNA1398340 (P. latipinna), PRINA1398337
(P. mexicana), and PRJNA1398335 and PRJNA1398336 (P. formosa).
Hi-Creads for P. latipinna and P. mexicana are available under Bio-
Project ID PRJNA614959. Previously published accessions from the
NCBISequence Read Archive are listed in Supplementary Table 2.

Code availability

Code used to perform the analyses described in this manuscript is
open-sourcelicensed under the GNU General Public License and publicly
available on GitHub (https://github.com/esrice/amazon-molly-paper)
and at https://doi.org/10.5281/zenodo.17976427 (ref. 104).
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Extended DataFig.1|Geneflow amongP. latipinna, P. mexicana and
P.formosa.a, Gene-order based synteny mapping shows high structural
conservation between P. latipinnaand P. mexicana. The best path throughboth
annotations was found using a Needleman-Wunsch-like algorithm, which
identifies inversions (none found) and translocations (highlighted red).
Eachdotisagenepresentinboth annotations. b, ADMIXTURE analysis shows
signs of at most limited gene flow among the species. ¢, D-statistics of the form
D(latipinna, mexicana, X, reticulata), with each formosa genome standing in
for Xandallindividuals from the other speciesincludedin each calculation.
Negative Dindicates greater sharing of derived alleles between the shown
formosagenome and latipinnaindividuals than with mexicanaindividuals,
whereas positive Dindicates greater sharing between formosa and mexicana
than formosa and latipinna. Error bars show maximum and minimum values of

eachgenome-wide D calculationincluding individual X; points are median values.

f-hat admixture proportion

@)= P latipinna =@ P. mexicana

d, D-statistics of the form D(X, Y, formosa, reticulata), where Xand Y are either
every permutation of two latipinna genomes (orange) or two mexicana
genomes (purple). Positive D indicates greater derived allele sharing between
theYindividual and formosathan between the X individual and formosa, which
couldresult either from gene flow or the Y individual sharing more ancestral
drift with the conspecificancestor of P.formosa. e, Sub-clades defined for
admixture analysis. f, f statistics for P. latipinna and P. mexicanaindividuals
showing the highest rates of allele sharing with the opposite species.
D-statistics were computed using all conspecificindividuals not belonging
tothe same clade, and withevery individual from the opposite population;
denominators were computed using every possible combination of two
individuals from the opposite population, but with the same Plindividual as
the numerator. Points are medians across all possible computations; error bars
show minimum and maximum values.
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Extended DataFig.3|Neighbor-joining tree of genome assemblies.
Aneighbor-joining tree using mash distances between each pairamong the

five assemblies shows the same two patterns as the tree based onancestral
reconstruction: both asexual genomes have diverged more quickly than their
sexual counterparts, and the mexicana-ancestry genomes are more diverged
from their common ancestor thanthe latipinna-ancestry genomes with
comparablereproductionstrategies. Leafbranches are labeled with mash
distances, multiplied by 10* for readability. P. formosa and P. latipinna
silhouettes by Kamil S. Jaron (CCO 1.0); P. mexicana silhouette by Michael Tobler
(CCO1.0); P. reticulatasilhouette by Fidji Berio (CC0O1.0).
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Extended DataFig.4|Thesingle originand clonal reproduction of P. formosa
allow confidentinference of the ancestral state of both haplotypes of 19
P.formosasamples. a, If latipinna-derived haplotypes of all P. formosa samples
arefixedforallele “A” at agivensite, the MRCA of these haplotypes must also be
“A” regardless of the genotypes of present P. latipinnaindividuals. b, Because of
thesingle origin and clonal reproduction of P. formosa, all variation within the
speciesisaresult of either differences between the two progenitors or mutations
occurring subsequent to speciation; no intraspecies variation fromthe parental
specieswasinherited by P. formosa. Therefore, if asite is variable among the
P.formosasamples for alleles “A” and “B” but fixed in P. latipinna for “A”, the MRCA
ofthe P.formosasamples must be “A” exceptin cases of shared variation between
P.mexicanaandP. latipinna, which arerare based on high fixation and low gene

alleles A, B

same time

fixed for allele A fixed for

allele A

biallelic for
alleles A, B

flow between these two species (see Supplementary Note 1). Acounter-example
isillustratedin the next panel. ¢, This method is robust toundersampled
variationinthe sexual outgroup species: evenifboth “A”and “B” alleles were
presentintheancestor of P. latipinna and P. formosabut only the “A” allele was
sampledin P. latipinna due to either undersampling or post-speciation fixation
ofthe “A” allelein P. latipinna, P.formosa, having descended from asingle
individual, could only have inherited one of these alleles except in cases of
shared variation between the parental species. Fst and D-statistic analyses
confirmthe extremely low level of shared variationamongP. latipinna,
P.mexicana,and P.formosa.d, The MRCA of the 19 P. formosa latipinna-derived
haplotypesand the 19 P.formosa mexicana-derived haplotypes necessarily
existed at the same time because they were presentinthe samefish.
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Extended DataFig. 5| Chromatin conformation shows thatalthough TAD
boundaries are conserved, switch to asexual reproductionincreased
insulation genome-wide. a-d, KR-normalized Hi-C matrices at 10 kb resolution
around syntenic regions of (a) P. mexicana, (b) P. latipinna, and the mexicana (c)
and latipinna (d) haplotypes of P. formosa. Dedoc2 predictions of TADs (see
methods) are overlaid as blue discontinuous lines. Syntenic TADs are marked
with matching colored rectangles. Split TADs in P. formosa (c) and (d) can be
distinguished with different tones of the matching colors. Syntenic genes that
characterize the syntenic TADs are also colored accordingly. Insulation score
heatmaps at different window sizes from 20 to 270 kb are shown below the Hi-C
heatmaps. e, Boxplots showing the distribution of TAD sizes in the different
Poeciliaspecies. Results of the TAD analysis after downsampling the total
number of contacts to the levels of P. formosain P. mexicana and P. latipinna are

alsoshown. The results of Bonferroni corrected pairwise Mann-Whitney U-tests
aresummarized using compact letter display (CLD). Boxplots display the
median (center line), the interquartile range (IQR; 25th-75th percentiles), and
whiskers extending to the datapoints within1.5xIQR. P-values are calculated
with two-sided wilcoxon tests. Reported p-values were adjusted for multiple
testing using Bonferroni. f-g, Insulation score heatmaps (100 kb window size)
around syntenic boundary positions between either P. mexicana (f) and
P.latipinna and the corresponding subgenomes of P. formosa. Boundaries were
classified asshared if they were called as boundariesin both species or species-
specificifthey were only called as boundaries in either of them. A quantification
oftheshared, specificand not-lifted boundariesineach of the comparisons is
shownontheright.h, Asinf-gbut comparing directly theboundaries of the
parental P. latipinna and P. mexicana.
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Extended DataFig.7| The mutationspectrumshows apossiblederivedshift hierarchically clustering the KL distances. KL divergenceis not symmetrical;
inP.latipinnalineagesrelative to others. On each branch (A-F) showninthe the heatmap values correspond to Dy, (Branchl||Branch?).b, Each bar represents
tree, we compared reference genome sequences and counted mutations by the normalized count of aspecific mutation type on aspecific branch. Boxes
consideringtheir trimer context (e.g. AAAto ACA or CGG to CTG), thendivided correspondtolabeled branchesinthe tree, and mutations are colored by their
these counts by the total mutations on the branch, togenerateabranch-specific ~ context (the baseimmediately upstream and the base immediately downstream
mutationspectrum. a, Kullback-Leibler (KL) divergence between each pair of of the mutation).

mutationspectraare showninthe heatmap. The dendrogramis the result of



Article

a mexicana ancestry latipinna ancestry
D
2 g xR
o O
ST
1 S
2
2o . . : . : =
S 4 5 6 7 8
£
§ latipinna ancestry mexicana ancestry =
2] R
=3
1 =) 5o
> =
o
04 . : v . .
21 20 19 18 17
aligned reads position (Mb)
— P. latipinna ° A
— P. mexicana ¥ o
N N
b assembly PforH1 : .
(h1tg0000181.0) T GC
P. formosa reads { C i) 23K
T GC 22x
P. latipinna reads T TT 55x
P. mexicana reads C GC 58x
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Research sample We assembled genomes for one individual each of the three species involved in this study. These individuals were each lab-reared
samples from established lines. For short-read samples, we used previously-published wild samples.

Sampling strategy We used a single individual from each of the three species for creating reference genomes. For short-read data, we used all
previously-published short-read data sets of sufficient depth.

Data collection DNA extraction was performed by RAC.

Timing and spatial scale  We used previously published genomic data from across the spatial ranges of the three species.

Data exclusions No data were excluded from this study.

Reproducibility We resampled calculations with bootstrapping where relevant to produce 95% confidence intervals.
Randomization We did not allocate samples into groups or perform any other randomization.

Blinding We did not perform any blinding.

Did the study involve field work? []ves X No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
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Plants

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals The P. formosa used in this study was a 7-month-old adult female from a clonal subline (WLC 7122, P formosa +M) established from
fish collected in 1953 by C. P. Haskins near Brownsville, TX, USA. The P. mexicana used was a 9-month-old adult from a lab-reared
population established from fish collected from Rio Purification bei Nueva Padilla, Tamaulipas, Mexico. The P. latipinna was a 9-
month-old adult from a lab-reared population established from fish collected from Laguna de Champayan, Tamaulipas, Mexico.
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Wild animals No data from wild animals were collected for this study.




Reporting on sex P. formosa is a female-only species.
Field-collected samples  No data from field-collected samples were generated for this study.

Ethics oversight Animal work was performed through authorization 568/300-1870/13 of the Veterinary Office of the District Government of Lower
Franconia, Germany, in accordance with the German Animal Protection Law (TierSchG)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks No plants were involved in this study.

Novel plant genotypes  No plants were involved in this study.
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Authentication No plants were involved in this study.
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