
 10.1101/gr.277434.122Access the most recent version at doi:
 published online May 5, 2023Genome Res. 

  
Yuan Lu, Edward Rice, Kang Du, et al. 
  
epistasis
new insights into microevolution, hybrid incompatibility, and 

 species provideXiphophorusHigh resolution genomes of multiple 

  
P<P

  
Published online May 5, 2023 in advance of the print journal.

  
License

Commons 
Creative

.http://creativecommons.org/licenses/by-nc/4.0/as described at 
under a Creative Commons License (Attribution-NonCommercial 4.0 International), 

). After six months, it is availablehttps://genome.cshlp.org/site/misc/terms.xhtml
first six months after the full-issue publication date (see 
This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

 https://genome.cshlp.org/subscriptions
go to: Genome Research To subscribe to 

© 2023 Lu et al.; Published by Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on June 13, 2026 . Published by genome.cshlp.orgDownloaded from  Cold Spring Harbor Laboratory Press on June 13, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/doi/10.1101/gr.277434.122
https://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.277434.122&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.277434.122.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=57163&adclick=true&url=https%3A%2F%2Fwww.usascientific.com%2Fvortex_mixer%3Futm_source%3DCSHL%26utm_medium%3DeTOC_VMX%26utm_campaign%3DVMX
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com


High resolution genomes of multiple Xiphophorus
species provide new insights into microevolution,
hybrid incompatibility, and epistasis
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Because of diverged adaptative phenotypes, fish species of the genus Xiphophorus have contributed to a wide range of research

for a century. Existing Xiphophorus genome assemblies are not at the chromosomal level and are prone to sequence gaps, thus

hindering advancement of the intra- and inter-species differences for evolutionary, comparative, and translational biomed-

ical studies. Herein, we assembled high-quality chromosome-level genome assemblies for three distantly related Xiphophorus

species, namely, X. maculatus, X. couchianus, and X. hellerii. Our overall goal is to precisely assess microevolutionary processes in

the clade to ascertain molecular events that led to the divergence of the Xiphophorus species and to progress understanding of

genetic incompatibility to disease. In particular, we measured intra- and inter-species divergence and assessed gene expres-

sion dysregulation in reciprocal interspecies hybrids among the three species. We found expanded gene families and pos-

itively selected genes associated with live bearing, a special mode of reproduction. We also found positively selected gene

families are significantly enriched in nonpolymorphic transposable elements, suggesting the dispersal of these nonpolymor-

phic transposable elements has accompanied the evolution of the genes, possibly by incorporating new regulatory elements

in support of the Britten–Davidson hypothesis. We characterized inter-specific polymorphisms, structural variants, and

polymorphic transposable element insertions and assessed their association to interspecies hybridization-induced gene ex-

pression dysregulation related to specific disease states in humans.

[Supplemental material is available for this article.]

Xiphophorus is widely used for studying many questions in ecolo-
gy, physiology, fish biology, and evolution, as well as comparative
and translationalmedicine.Xiphophorus is a teleost fish genus con-
sisting of 26 species. They are found in a wide range of different
geographical regions within Central and South America and
show a plethora of distinctive phenotypes, such as pigmentation
pattern, presence of nuchal hump, early/late maturation, and
body size (Lampert et al. 2010; Shen et al. 2016; Lu et al. 2017b,
2018; Liu et al. 2020). These phenotypes often result from adapta-
tions to mutations or species-specific niches. When such adaptive
phenotypes are similar to human health conditions or diseases,
one can leverage the adaptive process within the natural popula-
tion to gain understanding about disease etiology or inborn
strategies in controlling the pathological process. One of the
best-known examples is an oncogene-driven pigmentation pat-

tern found in Xiphophorus maculatus and Xiphophorus birchmanni
(Wittbrodt et al. 1989; Lu et al. 2017a, 2020b; Powell et al.
2020). In both cases, a pigmentation pattern is observed, which
is driven by a mutant ortholog of the human epidermal growth
factor receptor (EGFR) named Xiphophorus melanoma receptor ki-
nase (xmrk) (Wittbrodt et al. 1989). The xmrk gene harbors twomu-
tations that lead to constitutive proliferation-promoting function
of the receptor. In fact, ectopic expression of xmrk in medaka,
zebrafish, and murine cells led to tumorigenesis, reprogramming,
enhanced proliferation, and up-regulation of several proliferative
signaling pathways (Wellbrock et al. 2002; Schartl et al. 2010;
Mishra et al. 2014; Zheng et al. 2014; Yang et al. 2017; Klotz
et al. 2018). However, in both X. maculatus and X. birchmanni,
the oncogenic action of xmrk becomes apparent only as nevi-like
pigmentation, suggesting there are molecular adaptations
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counteracting the detrimental effect of xmrk (Powell et al. 2020; Lu
et al. 2020b).

A unique and powerful feature of the Xiphophorus model is
the ability to produce viable interspecies hybrids, enabling the
possibility of combining alleles that diverged within different spe-
cies lineages in an inter-species hybrid. Therefore, creating F1 inter-
species hybrids provides a perfect tool for identifying phenotypes
that are under control of incompatible genetic interactions (i.e.,
negative epistasis). Further hybridization experiments using F1 in-
terspecies hybrids generate viable backcross, intercross, or outcross
interspecies hybrids and allow Mendelian segregation and recom-
bination of parental chromosomes to take place within the hybrid
cohort. By studying the cosegregation pattern of phenotypes and
parental allele inheritance, it is possible to identify, via genetic
mapping, loci linked to traits (Wittbrodt et al. 1989; Lu et al.
2017a, 2020b; Powell et al. 2020, 2021; Schartl et al. 2021).
Using interspecies hybridization coupled with gene mapping
strategies, the X. maculatus and X. birchmanni alleles that reduce
the deleterious effect of xmrk (i.e., X. maculatus rab3d and X. birch-
manni adgre5) were identified (Powell et al. 2020; Lu et al. 2020b).
These findings have translational importance to characterize
molecular mechanisms of the oncogene adaptation process for
developingnovel strategies in regulatinghumanEGFR. The knowl-
edge advancement using the unique Xiphophorus system exempli-
fies howevolutionary adaptations can provide insight into human
medicine (i.e., evolutionary mutant models) (see Albertson et al.
2009; Schartl 2014; Beck et al. 2022).

The phenotypes resulting from incompatible genetic interac-
tions are not limited to the well-documented gross morphological
traits but extrapolate tomolecular phenotypes. Previousmolecular
genetic analyses have shown differences in allele-specific regulato-
ry mechanisms between closely related species (e.g., X. maculatus
and Xiphophorus couchianus) and their interspecies hybrids (Lu
et al. 2015). Differences between species appeared mainly owing
to cis-regulatory elements, whereas changes in trans-regulatory el-
ements and/or the interaction of both cis- and trans-effects were
also shown to play important roles (Lu et al. 2018). However, ge-
nome-wide structural and functional understanding of incompat-
ible loci within the Xiphophorus hybrids is understudied, mainly
owing to the unavailability of high-quality reference Xiphophorus
genomes. Chromosome-level genome models that are indepen-
dently assembled and annotated are indispensable resources to
deconvolute the adaptative processes and to determine loci con-
trolling certain phenotypes. The obtained information can then
be used to investigate nearby and distant regulatory sequences of
such loci and to forward orthologous sequences for translational
studies.

In this study, we aimed to establish
high-continuity chromosomal assem-
blies for three representativeXiphophorus
species (X. maculatus, X. couchianus, and
X. hellerii), perform pairwise compari-
sons between the genomes of these spe-
cies, and reveal genetic architecture
differences that may be associated with
overall trait differentiation. In addition,
to investigate incompatible loci and asso-
ciated transcriptional phenotypeswithin
the interspecies hybrid, we surveyed the
transcriptomes of reciprocal interspecies
hybrids between the three species. Study-
ing closely related genomes can provide

essential information on the understudied processes and forces
of microevolution and allow for investigating how mutation, mi-
gration, genetic drift, and natural selection acted on the evolution
of closely relatedXiphophorus species that comprise awide range of
ecological, physiological, and morphological adaptations (Li et al.
2018).

Results

Genome assembly and annotation

Reference genomes were generated for three Xiphophorus species:
X. maculatus, X. couchianus, and X. hellerii, each from a single
laboratory-reared male or female that descended from line breed-
ing (see Methods) (Fig. 1). Each genome was sequenced and
assembled using SMRT sequencing and the HGAP assembler to
ungapped sizes ranging from 687 to 730Mb, similar to the expect-
ed genome size of species from this genus (Table 1). Primary scaf-
folding of the assembled contigs was accomplished with the aid
of DNA restriction enzyme site-based imaging (BioNano) for X.
maculatus and X. couchianus and proximity ligation maps (Hi-C)
for X. helleri. The final genome assemblies display similar overall
contiguity metrics to other long-read assembled teleost genomes
with a scaffold number and N50 length of 68–102 and 30–32
Mb, respectively (Table 1). All 24 chromosomes were assembled
with a 0.4%–0.8% range of unassigned sequences. We found few
ordering discrepancies and show significant chromosome-wide
synteny between the Xiphophorus species (Fig. 2; Supplemental
Fig. S1).

Protein-coding genes predicted using the NCBI (NCBI
Resource Coordinators 2016) automated pipeline show similar
numbers for each species (Table 1). Improvements to earlier
Xiphophorus gene sets were seen with a range of 1562–1665 new
protein-coding genes. The completeness of the gene annotation
as assessed by BUSCO ranged from 93.6%–94.6% when aligned
to the 15,231 single-copy orthologs in the Cyprinodontiformes
set, with between 0.4–1.0% of these duplicated (Table 1). In total,
ourmeasures of gene representation in theseXiphophorus genomes
show high-quality resources for the study of Xiphophorus biology
and translational studies.

Genome evolution

A phylogenomic reconstruction of the evolutionary relationships
of the three Xiphophorus species to other teleosts using a gene set
of 1425 high-quality orthologs confirmed previous groupings
and revealed a split of the Xiphophorus branch from egg-

Figure 1. Images of X. maculatus, X. couchianus, and X. hellerii.
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laying cyprinodonts around 52 MYA. The radiation of the
genus Xiphophorus is estimated to have occurred around 5 MYA
(Fig. 3).

Gene family analysis revealed 19 gene families expanded or
contracted exclusively in the Xiphophorus lineage. Some show ex-
pansion or contraction only in one or two species (Table 2).

Table 1. Xiphophorus genome assembly statistics

X. maculatus X. couchianus X. hellerii
Outgroup

(Oryzias latipes)

Assembly metrics
Assembled version X maculatus-5.0-male X couchianus 1.0 Xiphophorus helleri-4.1 ASM223467v1
N50 contig (Mb) 9.1 15 7 2.5
N50 scaffold (Mb) 31 30 32 31
Total assembly size (Mb) 701 687 730 733
% Repeat Masked 27.6 27.6 28.2 34.1

Gene annotation metrics
Protein-coding genes 23,238 22,784 23,921
Total ncRNA 4696 7497 7597
mRNAs 43,551 47,063 46,235
miscRNA 700 1038 1175
lncRNA 1769 4714 4628
snoRNA 150 151 153
snRNA 73 72 76
Guide RNA 7 7 7

BUSCO summary of gene representation
Complete 94.6 94.3 93.6
Complete and single copy 94.1 93.9 92.6
Complete and duplicated 0.5 0.4 1
Fragmented 0.9 0.9 1
Missing 4.5 4.8 5.4

Predicted Xiphophorus genome heterozygosity and
haploid length
% Heterozygosity 0.04 0.01 0.13
Haploid length Mb 682 672 690
Assembled length Mb 701 687 730

Figure 2. Whole-genome synteny of Xiphophorus species. X. maculatus (XM; gray), X. couchianus (XC; pink), and X. hellerii (XH; blue) genome syntenic
blocks are plotted as Circos plots. Outer rings represent chromosome lengths, with each tick representing 10 Mbp. Inner ribbons show gene orthology
between XC and XM or between XH and XM. Orthologous genes between species are linked by lines in the Circos plot.

Xiphophorus species chromosomes and epistasis
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Evolution of novel traits and specific fea-
tures of Xiphophorus, in particular vivi-
parity, may have required changes in
protein structures and should be visible
as signatures of positive selection. To un-
cover such genomic traces of natural se-
lection, 8492 one-to-one orthologs from
the three Xiphophorus species and seven
other teleost species were collected and
tested for positive selection in the lineage
leading to Xiphophorus (Supplemental
Tables S1, S2). We uncovered 55 genes
with site class 3 (marked branch and con-
served in rest), and 207 genes with site
class 4 (marked branch and relaxed in
rest) that are under positive selection
(Supplemental Table S3). The positively
selected genes were enriched for proteins
with functions in transmembrane trans-
port and the extracellular compartment,
aswell as proteinswith epidermal growth
factor-like domains (Supplemental Fig.
S2).

Intra-species comparative genomics

To assess intra-species heterozygosity
and genomic variants, we sequenced in-
dividuals from different genetic back-
grounds. These include two inbred X.
maculatus lines, Jp 163A and Jp 163B;
one wild X. maculatus; one inbred X. cou-
chianus; one random-breeding X. cou-
chianus subline; and closed-colony bred
X. hellerii. Per fish type, we investigated
polymorphisms (SNP and short indels) and structural variations
(SVs). Nucleotide diversity (π) estimates showed X. hellerii had
the highest π (0.0078), followed in order by the wild-caught X.
maculatus, the X. maculatus Jp163B inbred strain (6.11×10−6),
the X. maculatus Jp 163A strain (5.97×10−6), and X. couchianus
(1.98×10−6). Inbred population generally had π values 300- to
1000-fold lower compared with outbred populations
(Supplemental Fig. S3; Supplemental Table S4). Polymorphisms
in all assessed populations aremore common in gene regulatory re-
gions, rather than coding regions. There are similar numbers of
codon disruptive high-impact variants and synonymous or sin-
gle-amino-acid-changing low-impact variants within the inbred
populations. In comparison, high-impact variants are far fewer
than low-impact variants in the wild population and closed colo-
ny-bred X. hellerii (Supplemental Table S5).

Because of the available coverage and the lower sensitivity
and accuracy of calling SVs using short reads, our analysis focused
on deletions in the range of 500 bp to 100 kbp found by both
of two SV callers: LUMPY (Layer et al. 2014) and Manta
(Supplemental Figs. S4, S5; Chen et al. 2016). In X. hellerii, we
found 9638 high-confidence deletions present in at least one hap-
lotype of one individual (Supplemental Table S6). This is equiva-
lent to a total of 5 Mbp long, or 0.7% of the genome. The
deletions were further classified as affecting the coding sequence
(623 deletions), intronic sequence (4990), or flanking sequence
(1585). The numbers of deletions of each category and ploidy
were similar across all samples, with more homozygous deletions
than heterozygous in each category. This is consistent with the

high homogeneity of the sampled laboratory population. In X.
maculatus, 6003 high-confidence deletions were present in at least
one haplotype of one individual (Supplemental Tables S6, S7).
There were significantly more deletions, both homozygous and
heterozygous, in the wild fish than in the laboratory strains
(one-tailed t-tests; P=1.92×10−16 for homozygous deletions and
P=8.78×10−14 for heterozygous deletions).

Inter-species comparative genomics

To evaluate structural differences between the three Xiphophorus
species, we used cross-species alignments to find fixed deletions
in the genomes of X. couchianus and X. maculatus compared
with X. hellerii. A fixed deletion herein is defined as a deletion
called by both SV callers and present in all the individuals of a spe-
cies. We found 79 fixed deletions of coding sequence in X. macu-
latus overlapping with 143 genes (Supplemental Table S8). In X.
couchianus, we found 143 deletions of coding sequence interacting
with 235 genes (Supplemental Table S8); 113 of these genes con-
tain deletions of coding sequence in both X. maculatus andX. cou-
chianus compared with X. hellerii.

In addition, we identified genes that are influenced by high-
impact (i.e., disruptive in-frame deletion/insertion, frameshift,
start codon lost, stop codon gain/loss, splice acceptor/donor vari-
ant) homozygous polymorphisms on gene sequences (i.e., be-
tween X. hellerii and X. maculatus: 3147; between X. maculatus
and X. couchianus: 3400; between X. hellerii and X. couchianus:
5186) (Supplemental Table S9). Comparing the high-impact

Figure 3. Phylogenetic tree displaying species divergence time and number of gene families expandedor
contracted on each branch. Branch IDs are shown in angle brackets; numbers of expandedgene families are
shown in square brackets next to plusmark; numbers of contracted gene families are shown in square brack-
ets next to minus mark, for example, <branch ID>[no. of expanded family/no. of contracted family].
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homozygous polymorphisms bearing genes to expanded gene
families, we found 50% of genes within the expanded families
show these variants (Supplemental Table S3). In addition, Gene
Ontology (GO) enrichment analyses showed these genes are over-
represented in a cadre of functional categories (Supplemental
Table S10).

Transposable element analyses

The transposable element (TE)–thrust hypothesis, based on the
work by McClintock and others, hypothesized that TEs are power-
ful facilitators of evolution (McClintock 1956; Brosius 1991;
Fedoroff 1999; Kidwell and Lisch 2001; Bowen and Jordan 2002;
Deininger et al. 2003; Kazazian 2004; Biémont and Vieira 2006;
Volff 2006; Feschotte and Pritham 2007; Muotri et al. 2007;
Böhne et al. 2008; Oliver and Greene 2011). In addition, the
Britten–Davidson hypothesis states that TEs can introduce tran-
scription factor binding sites and accelerate evolution (Britten
and Davidson 1969). To test these hypotheses, we investigated
TEs in the three Xiphophorus genomes. TE annotations of X. macu-
latus, X. couchianus, and X. hellerii showed similar TE coverage in
the three species (i.e., X. maculatus: 23.2%; X. couchianus: 22.5%;
X. hellerii: 27.4%) (Fig. 4A). The TEs are equally distributed be-
tween class I (retrotransposons) and class II elements (DNA trans-
posons) (Fig. 4A). To get an overview of the ancient and present
waves of TE expansion, we compared TE insertions between each
other in each identified TE family. The obtained “landscapes”
(Fig. 4B) reveal three main bursts of transposition in the history
of the genomes, with a peak of highly similar insertions (on the
right of the graph) indicating recent transposition events (Fig. 4B).

To evaluate the impact of TEs on genome divergence, we
searched for polymorphic insertions between pairs of species to
identify elements (i.e., TEs that were inserted specifically in one
of the two species). Using a TE insertion length >300 nt as a
threshold, we identified 6773 between X. maculatus and X. cou-
chianus and 11,242 between X. hellerii and X. couchianus polymor-
phic TEs (Supplemental Table S11). These polymorphic TEs
represented between 4.7% and 10% of all insertions >300 nt in a
given genome. Between X. maculatus and X. couchianus, these
TEs account for 9.2 Mbp of genomic DNA, or 1.3% of the genome;
betweenX. hellerii andX. couchianus, they account for 17.6Mbp of
genomic DNA, or 2.5% of the genome. A mapping of X. maculatus
compared with X. hellerii polymorphic elements revealed a
global dispersion of TEs along chromosomes, some with accumu-
lations at chromosome extremities, notably for X. maculatus
(Supplemental Fig. S6).

To assess impacts of the polymorphic TEs on genes, we iden-
tified those that localize close to or overlap (i.e., polymorphic TEs
that locate <1000 bp to the transcription start site [TSS]) with TSSs
in X. maculatus and X. couchianus. There were 407 in X. maculatus
and 760 in X. couchianus (Supplemental Tables S12, S13; an exam-
ple, brca2, is presented in Supplemental Fig. S7). Among the genes
whose promoter regions were identified to contain polymorphic
TEs, a large proportion encoded lncRNAs (i.e., 12% inX. maculatus
and 24% in X. couchianus). TSSs for 87 genes in X. maculatus and
116 genes in X. couchianus were overlapped with polymorphic
TEs, suggesting that these TEs can create species-specific alterna-
tive transcripts by providing new transcription starts. LncRNAs
were even more represented in this subset of data, with 34% and
66% of corresponding genes being lncRNAs in X. maculatus and
X. couchianus, respectively (Supplemental Table S12).

A B

Figure 4. TE analyses in Xiphophorus. (Xmac) X. maculatus; (Xcou) X. couchianus; (Xhel) X. hellerii; (Olat) Oryzias latipes. (A) TE coverages are similar be-
tween the surveyed species, and TEs are equally distributed between class II (DNA transposons) and class I (retrotransposons). (DHX) Helitron; (DMX)
Maverick; (DYX) Crypton; (DTX) TIR transposon; (DXX) unclassified DNA element; (chim) chimeric element; (RLC) Copia; (RLG) Gypsy; (RLX) LTR retro-
transposon; (RPX) Penelope; (RYX) DIRS; (RXX) unclassified retrotransposon; (RIX) LINE; (RSX) SINE. (B) TE landscapes in Xiphophorus species and medaka
species. TE insertions were compared between each other for each identified TE family; the distribution of similarity scores was computed and converted
into genomic coverage according to the coverage of the TE family. The right extremity of the graph corresponds to recent (highly similar) TE insertions.
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To test the hypothesis that the insertion of TEs is a prerequi-
site for transcription factor binding site divergence and to create
evolutionary innovations, we assessed if TEs could participate in
the rapid evolution of genes. We searched for polymorphic TEs
in the vicinity of genes foundpositively selected in one of the three
species or in all three species together. A total of eight polymorphic
TEs were found <1 kb of genes under positive selection in the X.
maculatus (associated to slc6a6, slc13a1, nos1ap, rcn3, and suclg2),
X. couchianus (associated to LOC114149751), and X. hellerii (asso-
ciated to wrap73 and nat10) genomes, respectively (Supplemental
Table S14). Two hundred nine polymorphic TEs were found <1 kb
of genes positively selected in all three genomes. Among these, 50
were under purifying selection in outgroup species, and 159 were
under relaxed constraints in outgroup species (Supplemental
Table S14).

We subsequently tested the hypothesis that genes under pos-
itive selection are associated with polymorphic TEs compared with
nonpositively selected genes. In X. maculatus, we found a mean of
0.0089 and 0.0132 polymorphic TEs per kilobase of positively se-
lected and nonpositively selected gene, respectively (t-test P-val-
ue = 0.0012). Therefore, there is no enrichment of polymorphic
elements near positively selected genes. We also tested if genes
found positively selected in all three species are significantly asso-
ciated with specific TE families of only nonpolymorphic elements
(i.e., elements that were inserted before the divergence of the spe-
cies). Applying 1000 resamples of nonpolymorphic TEs, 20 fami-
lies were significantly enriched in nonpolymorphic elements in
the vicinity of class 3 genes, and 19 and one families were signifi-
cantly enriched and depleted, respectively, in nonpolymorphic el-
ements in the vicinity of class 4 genes (distance <1000 bp, P-value
<0.01), with only one family in common for the two sets of genes
(Supplemental Table S15). Therefore, positively selected gene fam-
ilies are significantly enriched in nonpolymorphic TEs. Among
the families enriched in the vicinity of class 3 genes, six were
DNA transposons, whereas no particular class appeared near class
4 genes.

In addition, polymorphic TEs were compared with genes be-
longing to expanded gene families (increased copy number). There
are 26 genes involved in both (107 genes in expanded gene fami-
lies, 6332 genes close to polymorphic TEs), but a hypergeometric
test showed the overlap was not significant (P-value=0.299), sug-
gesting TE and expanded gene families are under different pattern
of selection.

Inter-species transcriptional incompatibility

Whole-fish transcriptome profiling of reciprocal interspecies hy-
brid between X. maculatus, X. couchianus, or X. hellerii uncovered
2570 (X. hellerii–X. maculatus hybrid), 436 (X. couchianus–X. hel-
lerii hybrid), and 245 (X. couchianus–X. maculatus hybrid) genes
with a dysregulated expression pattern comparedwith both paren-
tal species (i.e., transcriptional incompatibility) (Fig. 5). We com-
pared the dysregulated genes to inter-specific genetic variants of
coding sequences, upstream regulatory sequences, SVs, and poly-
morphic TEs.

Inter-specific polymorphismswithin the upstream regulatory
sequences, SVs, and TEs are associated to gene expression dysregu-
lation within the hybrids. On average, they contributed to 7.4%,
9.5%, and 7.6% of gene dysregulation, respectively (Fig. 5). The
disease types associated with human orthologs of the dysregulated
Xiphophorus genes were identified. On average, 6% of hybridiza-
tion-induced dysregulated genes are related to human diseases.
The diseases associated with these dysregulated genes are organ
diverse (Fig. 6).

Discussion

In this study, we provided the first nearly complete genome repre-
sentations ofmultiple species of theXiphophorus genus. Compared
with earlier assemblies based on short sequencing reads, all ge-
nome quality parameters are much improved (Table 1; Schartl
et al. 2013; Shen et al. 2016). Xiphophorus genome models have

Figure 5. Chromosomal distribution of dysregulated genes in reciprocal Xiphophorus hybrids. Chromosomal distribution of hybrid dysregulated genes
and their association to structural variants, transposable elements, and upstream regulatory sequences in the parental genomes. (M) X. maculatus; (C) X.
couchianus; (H) X. hellerii. Reciprocal F1 interspecies hybrids are produced between X. maculatus, X. couchianus, and X. hellerii. Dysregulation of the genes is
identified by comparing hybrid gene expression to parental species and determined if their expression pattern is different from the parentals (i.e., trans-
gressively expressed in hybrid). A clustered bar graph is used to show the genomic locations of dysregulated genes. Bar height represents chromosome
length. Because each species is involved in two types of hybrids, each chromosome per species is split in the middle, with the left and right halves repre-
senting chromosome in the two types of hybrids, as illustrated in the figure. Pink bars represent the chromosomal location of dysregulated genes, with red,
green, and blue bars highlighting dysregulated genes adjacent to inter-specific structural variant(s) polymorphisms or showing polymorphisms in up-
stream regulatory sequences or transposable elements in their−1000 to zero of transcription start site. If the human ortholog of a Xiphophorus dysregulated
gene is known to be related to disease, the Xiphophorus gene is labeled with an asterisk.
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been used as standard assemblies in comparing assembly statistics
of other species. Using these highly contiguous references allowed
us to refine our knowledge ofXiphophorus genome evolution, espe-
cially in identifying structural adaptations owing to natural or ar-
tificial selection, as well as deconvoluting molecular mechanisms
of negative epistasis. The earlier version of the X. maculatus ge-
nome is infested with sequence gaps owing to long repeats. For ex-
ample, the sequence gaps located in the xmrk regulatory region
overlap with the promoter regions of a few other genes. In con-
trast, the new assembly presented in this study has most of the se-
quence gaps closed, allowing unbiased functional assignment to
regions that wewere not able to resolve previously. The availability
of the latest high-quality Xiphophorus genome assemblies led to
several discoveries that exemplify the usability of the resources.

Xiphophorus gene family evolution

The phylogenetic tree using the new Xiphophorus assemblies re-
confirms the evolutionary divergency between the swordtail X.
hellerii and two platyfish, X. maculatus and X. couchianus (Cui
et al. 2013; Kang et al. 2013). Results show that radiation of

the genusXiphophorus occurred in the late Neogen, approximately
5 MYA concurrent with the formation of the Central America
ridge connecting the South American plate with North America
(Rosen and Bailey 1963). This is consistent with the hypothesis
that the genus Xiphophorus evolved in the Atlantic drainages
around the Trans Mexican Volcanic Belt (Kallman and Kazianis
2006). The more basal position of the southernmost of the three
species,X. hellerii, may reflect that the Poeciliids have a neotropical
origin that colonized Mexico from the south (Rosen and Bailey
1963).

Compared with the egg layers,Xiphophorus gene families that
are predicted to be involved in processes connected to the vivipar-
ity and courting behavior were found to be expanded and/or pos-
itively selected (Table 2). The internal fertilization of livebearers
has led to the evolution of sperm packets (spermatozeugmata) as
an additional morphogenetic step of male gametogenesis. Two ex-
panded gene families, gametogenetins and peroxisomal N(1)-ace-
tyl-spermine/spermidine oxidase paox, may play a role in this
process. The expansion of the melanocortin receptor 4–like gene
represents the known copy number and allelic variation of this
gene underlying the polymorphism of puberty and male size in

Figure 6. Disease annotation of hybridization-induced dysregulated genes. The expression patterns of disease-related hybridization-dysregulated genes
in X. maculatus (X.mac), X. couchianus (X. cou), X. hellerii (X. hel), and interspecies hybrids (Hyb) are presented using a heatmap (left). Colors represent gene
expression levels, with gray meaning “not appliable.” Names of each gene are color-coded (red indicates X. mac–X. hel hybrids; dark gray, X. mac–X. cou
hybrids; blue, X. cou–X. hel hybrids). The dysregulated genes’ associations to diseases are plotted on the right. A yellow blockmeans a gene is not associated
to a disease type, and a blue block means a gene is associated to a disease type. Asterisks highlight examples of human disease–relevant genes that are
dysregulated in Xiphophorus hybrids.
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the genusXiphophorus (Volff et al. 2013; Liu et al. 2020). One of the
positively selected genes is LDL receptor related protein 13, which in
fish is a vitellogenin receptor, a mediator of yolk formation
(Reading et al. 2014). Because of the 3- to 4-wk-long intrauterine
development of the Xiphophorus embryo, the provision with yolk
is much increased compared with egg-laying fish, evident from
the large eggs of all Poeciliid species. Also, angiopoietin 1, an im-
portant regulator of angiogenesis, is positively selected and its pos-
sible role in the expansion of gene families involved in
vascularization should be discussed in the context of the intricate
livebearer yolk sac system.

TEs in Xiphophorus evolution

The TE expansion analyses showed there are three main bursts of
transposition during the histories of the three genomes, with a
peak of highly similar insertions that indicates recent transposi-
tion events (Fig. 4B). In comparison, similar analyses drawn on
the previous X. maculatus genome assembly showed a recent burst
of small amplitude compared with more ancient ones (Chalopin
et al. 2015). This difference might reflect the refinement of the as-
sembly with the use of long reads that now allows inclusion of
more recent insertions. It is also apparent that the three
Xiphophorus species show some degree of different dynamics in
transposition, with X. hellerii being distinguished from both the
X. maculatus and X. couchianus (e.g., DTX: TIR transposon).
Importantly, polymorphic TE insertions accounted for up to 2%
of genome total coverage, underlining their major role in genome
evolution. Positively selected gene families are significantly en-
riched in nonpolymorphic TEs, suggesting the spread of these
nonpolymorphic TEs accompanied the evolution of the genes,
possibly by introducingnew regulatory elements. This observation
supports the Britten–Davidson hypothesis, which states TEs can
bring transcription factor binding sites and accelerate evolution
(Britten and Davidson 1969).

Genome heterozygosity reflects laboratory Xiphophorus strain life

history

The observed intraspecies heterozygosity for the three species re-
flects their managed breeding and significant depression in some
(i.e., inbred X. maculatus is 300-fold lower than its wild counter-
parts, as well as has an order of magnitude of fewer large deletions
in at least one haplotype). The inbred X. maculatus line showed a π
value of 5.97×10−6, which is much lower than that of inbred
Oryzias latipes lines, with a heterozygosity accounting for 6.3%
of all SNP genotypes (π=1.34×10−3) (Fitzgerald et al. 2022), pre-
sumably owing to higher inbreeding generations (i.e., 114 genera-
tion of inbreeding for X. maculatus vs. nine generations of
inbreeding for O. latipes).

Identification of genome-wide epistasis in Xiphophorus interspecies

hybrids

Reproductive barriers within Xiphophorus species are often formed
by efficient prezygotic isolation (Jones et al. 2016; Schumer et al.
2017). However, interspecies hybrids can be produced by enforced
mating or artificial insemination, allowing for the assessment of
postzygotic isolation. In addition, the F1 generation hybrid can be
further crossed to produce advanced hybrid generations (e.g., inter-
cross, backcross) with mixed parental/ancestral allele genotype,
chromosome recombination patterns, and segregating phenotypes.
The capability of producing hybrids provides the opportunity to dis-

sect identity, quantity, and mode of loci action affecting complex
traits with higher resolution. Therefore, the hybrid system can be
used as a forward genetic tool to screen phenotypic changes that re-
sult from incompatible genetic interactions. The whole-fish tran-
scriptome comparisons between hybrids and respective parental
species identified dysregulated genes associated with diseases of
multiple organs, suggesting transcriptional dysregulation inhybrids
can be systemic (Fig. 6). It was observed that loci showing dysregu-
lation are not randomly dispersed on chromosomes but rather clus-
ter together (Fig. 5; Supplemental Fig. S8). Considering that previous
expression quantitative trait loci studies showed that gene expres-
sion is both cis- and trans-regulated (Lu et al. 2018, 2020a) whereas
most known gene regulators from eQTL analyses are cis-regulators
(Lu et al. 2018), the clustered dysregulation pattern suggests that
when the regulatorymachinery is interfered by a genome of a differ-
ent species, thewhole cluster of genes is influenced. As proof of con-
cept using the interspecies hybrid tomodel humandisease–relevant
epistasis, geneswith a known function involved inpathological pro-
cesses in humans were identified. For examples, CLDN4 is overex-
pressed in human ovarian cancer, and its Xiphophorus ortholog is
dysregulated in the X. maculatus–X. hellerii hybrid (Litkouhi et al.
2007); CASR overexpression is relevant to inflammation, vascular
calcification, atherosclerosis, myocardial infarction, hypertension,
and obesity, and its Xiphophorus ortholog is overexpressed in the
X. maculatus–X. hellerii hybrid (Sundararaman and van der Vorst
2021); and GCK inactivation causes maturity-onset diabetes of the
young, and its Xiphophorus ortholog is transcriptionally silenced
in the X. couchianus–X. hellerii hybrid (Gloyn 2003). Comparing
gene sequences between respective parental species showed these
genes show missense mutations in the coding sequences but are
not affected by SVs, nor do they show polymorphic TEs or genetic
variants within the promotor region. This suggests that the gene ex-
pressiondysregulation is owing to trans-regulators. Nevertheless, the
consistency of the molecular phenotypes between human diseases
and Xiphophorus hybridization-induced gene dysregulation indi-
cates that Xiphophorus is a novel model system for exploratory stud-
ies to identify gene regulationnetworks forpotential disease control.

In conclusion, the newly assembled high-quality reference
genomes for threeXiphophorus species provide important informa-
tion concerning the microevolution of genomes at the species lev-
el. The availability of these new resources will promote the
utilization of the Xiphophorus model system for a wide range of
studies. The comparative genomics between the Xiphophorus spe-
cies and dysregulated gene scan performed in reciprocal interspe-
cies hybrids showed that the Xiphophorus model system is a
unique system for studying disease etiology and for seeking alter-
native strategies to identify novel therapeutic methods. The
knowledgewe learned from this study highlights newmechanistic
inroads to understand trait variability and stability and leads to
new animal models for biomedical research.

Methods

DNA sequencing

High-molecular-weight DNA was isolated from single Xiphophorus
fishes of each species located at the Xiphophorus Genetic Stock
Center (XGSC) using the MagAttract kit (Qiagen) according to
the manufacturer’s protocol. The DNA sample used for X. macula-
tus (southern platyfish) was a male from a laboratory-reared line
(strain JP 163A) taken at 114 generations of inbreeding. TheX. cou-
chianus (northern platyfish) DNA is derived from a female of
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Pedigree Xc77(B) in its 77th generation of inbreeding, originally
collected from the La Huasteca Canyon, Nuevo Leon, Mexico in
1961, and the X. hellerii (orange swordtail) DNA was from a male
of the XGSC that originated from the Rio Sarabia and was main-
tained by brother–sister mating (Fig. 1). All fish were maintained
in accordance with an approved institutional animal care and
use committee protocol (IACUC 7381). Texas State University
has an animal welfare assurance on file with the Office of
Laboratory Animal Welfare, National Institute of Health (A4147).
Single-molecule real-time (SMRT) sequencing was completed on
a Pacific Biosciences (PacBio) RSII instrument, yielding an average
read length of ∼12 kb. SMRT sequence coverage of more than 50-
fold on average was generated using an estimated genome size of
750 Mb. All raw sequences are available under NCBI BioProject
(https://www.ncbi.nlm.nih.gov/bioproject/) under accession
numbers PRJNA72525 (X. maculatus), PRJNA290781 (X. couchia-
nus), and PRJNA290782 (X. hellerii).

To assess structural variance and polymorphisms within dif-
ferent Xiphophorus species or cohorts, four laboratory-maintained
inbred X. maculatus Jp163A and four X. maculatus Jp163B; four
wild-caught X. maculatus that were collected in 2018 at Rio
Jamapa, where the founding fish for both Jp163A and Jp163B lines
were captured in 1939; four laboratory-maintained inbred X. cou-
chianus (XGSC strain); one laboratoryX. couchianus that wasmain-
tained by closed colony breeding (Wuerzburg strain, WLC 1271);
and four laboratory X. hellerii that were maintained by crossing
males and females of different pedigree were sequenced using
the whole-genome shotgun (WGS) method (150-bp pair-ended;
Illumina HiSeq X instrument).

Assembly and error correction

For de novo assembly, all SMRT sequences were error-corrected
and then assembled with a new revision of FALCON, HGAP4
(SMRT Link v5.0.1.9585) (Chin et al. 2013), followed by contig
error correction with Arrow (https://anaconda.org/bioconda/
genomicconsensus). Starting with the reference DNA source for
each species, additional primary contig polishing of mostly indel
errors was performed by aligning ∼50× of paired Illumina reads
(150 bp length) generated on the Illumina HiSeq X instrument us-
ing two successive iterations of Pilon (Walker et al. 2014). Genome
size and heterozygosity were estimated using 21-mer default pa-
rameter settings within GenomeScope version 1.0 (Vurture et al.
2017).

Assembly scaffolding

To scaffold de novo assembled contigs, we generated BioNano Irys
restrictionmaps forX.maculatus andX. couchianus that allowed se-
quence contigs to be ordered and oriented and potential misas-
semblies to be identified and corrected. We prepared HMW-DNA
in agar plugs using a previously established protocol for soft tissues
(Lam et al. 2012). Briefly, we followed a series of enzymatic reac-
tions that (1) lysed cells, (2) degraded protein and RNA, and (3)
added fluorescent labels to nicked sites using the IrysPrep reagent
kit. The nicked DNA fragments were labeled with Alexa Fluor 546
dye, and the DNA molecules were counter-stained with YOYO-1
dye. The labeled DNA fragments were electrophoretically elongat-
ed and sized on a single IrysChip, and subsequent imaging and
data processing determined the size of each DNA fragment.
Finally, a BioNano proprietary algorithm performed a de novo as-
sembly of all labeled fragments >150 kbp into awhole-genome op-
tical map with defined overlap patterns. The individual map was
clustered and scored for pairwise similarity, and Euclidian distance
matrices were built. Manual refinements were then performed as

previously described (Lam et al. 2012). For X. helleri, we were un-
able to recover a high-quality BioNano map; instead, we used a
chromosome proximity map. A muscle sample from the SMRT se-
quenced reference individual was used to lyse the resulting cells.
Chromatin was then cross-linked and purified to generate Hi-C li-
braries as per the protocol instructions in the Phase Genomics kit.
Libraries were sequenced from both sides on an Illumina X10 and
reads were aligned to the error corrected contigs using BWA
V0.7.16 (Li 2014) with strict parameters (-n 0) to prevent mis-
matches and nonspecific alignments. Only read pairs that aligned
to different contigs were used for scaffolding. The Proximo Hi-C
pipeline performed chromosome clustering and contig orienta-
tion as described previously (Bickhart et al. 2017). A key feature
of this multimodule software is the use of SALSA, a process that
combinesHi-C and linkage information,which better resolves am-
biguous contig orientations (Ghurye et al. 2019). A final manual
curation of scaffold order was accomplished with Juicebox
(Robinson et al. 2018).

Chromosome builds

Upon chimeric contig correction and completion of the primary
scaffolded assembly, we first used Chromonomer (Catchen et al.
2020) to align the X. maculatus scaffolds to the genetic linkage
map (Amores et al. 2014) and then assigned chromosome coordi-
nates. Using default parameter settings, Chromonomer attempts
to find the best set of nonconflicting markers that maximizes
the number of scaffolds in themapwhileminimizing ordering dis-
crepancies. The output is a FASTA file describing the location of
scaffolds by chromosome. The X_maculatus-5.0-male chromo-
some was then used to guide generation of the X. couchianus and
X. hellerii chromosomes. Each assembly was independently
aligned to X_maculatus-5.0-male by using NUCmer of the
MUMmer4 software (Marçais et al. 2018) and then separately
breaking the assembly into 1000-bp nonoverlapping segments to
be aligned by BLAT (Kent 2002). Possible breakpoints, defined as
where at least 50 kb of sequence aligned to a chromosome other
than the primary chromosome for the remainder of the scaffold
or where at least 50 kb of sequence aligned to a discontinuous lo-
cation (>100 kb apart from the neighboring segment), were man-
ually reviewed. Order and orientation were defined initially
using the alignments to only the X_maculatus-5.0-male reference.
After creation of the chromosomes, chromosomal sequences were
again aligned against each other, and careful comparisons were
made with any discrepancies subjected to manual review.
Importantly, intrachromosomal rearrangements were not altered
to only reflect the reference source of alignment; that is,X. couchia-
nus chromosomal sequences were not arranged to be amirror ofX.
maculatus. After these chromosome assignments, any scaffolds
that remained were considered unplaced.

Gene annotation

Each assemblywas annotated using the previously describedNCBI
RefSeq workflow (Pruitt et al. 2014), including masking of repeats
before ab initio gene predictions and RNA sequencing (RNA-seq)
evidence-supported gene model building. Gene annotation relied
on an extensive variety of public RNA-seq data from various tissues
to improve gene model accuracy. The RefSeq gene annotation re-
ports for each species provide a full accounting of all methodology
deployed and their output metrics. The NCBI annotation pipeline
of both assemblies includedWindowMasker (Morgulis et al. 2006)
and RepeatMasker (Smit et al. 2012) steps to delineate and exclude
repetitive regions from gene model annotation. The positional co-
ordinates for repeats identified by RepeatMasker are provided in
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the BED format at NCBI for each genome. WindowMasker’s
“nmer” files (counts) were used to regenerate repetitive region
BED coordinates (Morgulis et al. 2006).

Structural variant analysis

Weused a process described in our previous study and the genome
resequencing data to find high-confidence deletions present in the
populations of the three species of Xiphophorus (Warren et al.
2021). First, we aligned WGS reads to the reference using BWA-
MEM v0.7.17 with default options (Li and Durbin 2009). The
alignments were postprocessed using the SAMtools v1.14modules
fixmatewith flag “-m,” sort, andmarkdupwith flag “-r,” in that or-
der (Li et al. 2009). The postprocessed alignments were used as in-
put to two structural variant callers: LUMPY (Layer et al. 2014) and
Manta (Chen et al. 2016) v1.6.0. To run LUMPY, we used the
smoove pipeline (https://github.com/brentp/smoove) v0.2.3 as
recommended by LUMPY’s documentation. That is, we ran
smoove call on each individual sample, then smoove merge to
combine all sets of calls from each individual into a merged call
set followed by smoove genotype to perform joint genotyping of
each sample over the merged call set, and, finally, smoove paste
to concatenate the results into a single VCF using the default op-
tions for each of these commands. To run Manta, we used the
script “configManta.py” with default options and the full list of
BAM files from the alignment step to set up the run and then
“runWorkflow.py” to run the full Manta workflow with default
options. To focus on only the highest-confidence structural vari-
ant calls, we limited our subsequent analyses and reported results
to only deletions passing all filters in the length range of 500 bp to
100 kbp detected by both LUMPY and Manta. We considered a
deletion to be detected by both LUMPY and Manta only if there
was a reciprocal overlap of at least 50%of the length of the deletion
between the calls made by LUMPY andManta.We then annotated
the merged deletion set based on whether the deletion affected
one or more genes’ coding sequence, introns, or flanking se-
quence. We performed this full process of finding deletions on
all X. hellerii sequenced individuals compared with the X. hellerii
reference and on allX. maculatus sequenced individuals compared
with the X. maculatus reference. The X. couchianus reference was
too fragmented to use in this analysis. To find fixed differences be-
tween species, we aligned individuals from all three species to the
X. hellerii reference and performed the same process, defining fixed
deletions as homozygous deletions present in every individual of a
given species.

Orthology between Xiphophorus genomes

Annotated genes were downloaded from RefSeq (X. maculatus:
GCF_002775205.1_X_maculatus-5.0-male; X. couchianus: GCF_0
01444195.1_X_couchianus-1.0; X. hellerii: GCF_003331165.1_
X_hellerii-4.1). All-versus-all BLASTN (Altschul et al. 1990) was
performed between X. couchianus, X. hellerii, and X. maculatus
genes (e-value: 1 × 10−10; best_hit_score_edge: 0.1; best_hit_over
hang: 0.1). Gene models of each species are plotted as a Circos
plot (Krzywinski et al. 2009) using chromosomal coordinates listed
in the gene annotation files (GFF) for each species.

Heterozygosity in Xiphophorus genomes

To assess genome heterozygosity of three inbred Xiphophorus labo-
ratory lines (i.e., X. maculatus Jp163A, X. maculatus Jp163B, and
X. couchianus), laboratory fish that were maintained by inter-strain
cross (X. hellerii), and a wild population (i.e., wild caughtX. macula-
tus), four fish per cohort were resequenced. Short sequencing reads
were mapped to corresponding genome assemblies using Bowtie 2

(Langmead and Salzberg 2012) in head-to-head mode (v2.2.4).
Single-nucleotide variants (SNVs) and short insertions and dele-
tions (indels)were determinedusing SAMtools (Li et al. 2009) pileup
function, followed by BCFtools (Li et al. 2009; Li 2011) call function
or followed by VarScan (Koboldt et al. 2009, 2013). Heterozygous
loci were determined by both BCFtools and VarScan genotyping
statististics (i.e., BCFtools: GT=0/1, with Phred scores of alternative
genotypes <30; VarScan: P<0.01). Heterozygosity density was
calculated per species cohort by binning the quantity of SNVs per
500-kbp sliding window across the whole genome.

Nucleotide diversity

Genotype of polymorphic sites are determined by both BCFtools
(Li et al. 2009; Li 2011) and VarScan (Koboldt et al. 2009, 2013).
Only loci with determined genotype were included for analyses.
Nucleotide diversity (π) is calculated as the total number of hetero-
zygous loci/genome size.

Run of homozygosity analyses

SNVs and indelswere determinedusing SAMtools pileup in variant
call format (VCF). The VCF file of each cohort (i.e., X. maculatus
Jp163A, X. maculatus Jp163B, wild X. maculatus, X. couchianus,
and X. hellerii) were subsequently used for run of homozygosity
(RoH) analyses using BCFtools (v1.12) (Li et al. 2009; Li 2011)
with the default setup. Custom R scripts were used for data visual-
ization of autozygous loci within each population.

Annotation of genetic variants

Custom genome databases are established manually using X. mac-
ulatus genome GCF_002775205.1_X_maculatus-5.0-male and X.
hellerii genome GCF_003331165.1_X_hellerii-4.1, with corre-
sponding genome annotation files following SnpEff (Cingolani
et al. 2012) instructions. Polymorphisms identified between any
species pair among X. maculatus, X. couchianus, and X. hellerii
were annotated using SnpEff.

TE annotation

TE databases were reconstructed separately in the three genomes
using the TEdenovo tool from the REPET pipeline (Quesneville
et al. 2005; Flutre et al. 2011; Hoede et al. 2014). As recommended
by REPET investigators, we built these banks by using an ∼400-Mb
subset of each genome. The banks were then filtered using
TEannot, another tool of the REPET pipeline, with this step select-
ing consensi presenting at least one full length copy in the ge-
nome. TEannot was then used with the filtered banks to identify
TE loci and annotate them in the corresponding genome.

TE landscapes

For each TE family identified by the REPET pipeline, all genomic
insertions were retrieved and aligned together using MAFFT
(Katoh et al. 2002). The global DNA sequence identity was then
computed for each possible pair of sequences, excluding gaps.
Landscape graphs were drawn by reporting the total number of
pairwise comparisons for a given family to the total genomic den-
sity of this family.

Search for polymorphic TEs

Polymorphic elements were searched between pairs of two ge-
nomes, with one serving as a reference and another as a target con-
secutively. For each reference genome, TEs >300 ntwere retrieved as
well as their 100-bp upstream and downstream flanking sequences.
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BLAT (Kent 2002) searcheswere thenmanaged against the target ge-
nome, taking as a query each of the flanking sequences or the ele-
ment together with its flanking sequences, with the following
parameters: tileSize =12 and minScore=150. BLAT results were
then interpreted in various ways. If the flanking regions were pre-
sent in only one significant hit each and were found adjacent on
the same chromosome or scaffold of the target genome while the
whole region (TE plus flanking sequences) did not match entirely
anywhere, the TE of the reference genomewas considered polymor-
phic. If thewhole segment “element plus flanking regions” present-
ed a significant and complete hit in the target genome, the TE of the
reference genomewas considered not polymorphic. In all the other
cases, and to be the most stringent as possible, we stated the refer-
ence element status as “NA,” in particular when flanking sequences
presented only one significant hit each but on different scaffolds or
when flanking sequences corresponded to a repeated TE and pre-
sented multiple hits throughout the genome. Even if we could
not find a complete match of the segment “TE plus flanking se-
quences,” we considered this output as possibly artifactual and
did not consider the TE as polymorphic annotated it as “NA.”

Gene family evolution

Gene annotations of Astyanax mexicanus, Clupea harengus, Danio
rerio, Fundulus heteroclitus,O. latipes, Perca flavescens, Takifugu rubri-
pes, X. couchianus, X. hellerii, and X. maculatus were downloaded
from NCBI (https://www.ncbi.nlm.nih.gov/) for gene family clus-
tering analysis. For each gene, the longest protein sequence was
kept to represent the gene and was pooled together to run an all-
versus-all BLAST (Camacho et al. 2009) to calculate pairwise se-
quence similarity as an H-score (Cho et al. 2013). Based on the
H-score, all proteins were clustered into groups (gene families) us-
ing Hcluster_sg (Ruan et al. 2008). In our gene family analysis, all
the included protein sequences were from NCBI annotations. The
annotation does not include protein sequences for pseudogenes,
and therefore, there is no pseudogene involved in the analysis.

In groups that have one gene for each species, those genes
were identified as one-to-one orthologous genes and were used
to reconstruct a species phylogeny tree and to estimate the diver-
gence time between species. One-to-one orthologous genes were
first aligned as protein sequences using MAFFT (Nakamura et al.
2018) and then converted into coding sequence alignments using
PAL2NAL (Suyama et al. 2006). Protein alignments were trimmed
using trimAl (Capella-Gutiérrez et al. 2009) and concatenated and
transferred into RAxML v.8.2.9 (Stamatakis 2014) for phylogenetic
tree reconstruction. The topology of the treewas further confirmed
by MrBayes (Ronquist et al. 2012). Coding sequence alignments
were transferred intoMCMCTree (Inoue et al. 2010), where species
divergence timewas estimated. Three fossil calibrations were used:
O. latipes–Tetraodon nigroviridis (∼96.9–150.9 Mya) (Lin et al.
2016), O. latipes–D. rerio (∼314–332 Mya) (Yamanoue et al.
2006), and Clupeiformes–Cypriniformes (∼185–225 Mya) (Near
et al. 2012; Hughes et al. 2018).

The gene cluster information and the species tree were then
transferred into CAFE5 (https://github.com/hahnlab/CAFE5), in
which a gene birth/death rate was set globally in the tree; hence,
gene families that are expanded or contracted significantly were
identified and evaluated accordingly.

Gene selection

To estimate genes under positive selection in Xiphophorus species,
the protein and cDNA FASTA files for several phylogenetically cho-
sen species of fish were downloaded from NCBI (Supplemental
Table S1). Orthologous proteins of all fish were identified using

inparanoid (O’Brien et al. 2005) with default settings. For each
gene with a protein ortholog across all species, the corresponding
protein and cDNA sequenceswere aligned and converted into a co-
don alignment using PAL2NAL (version v14) (Suyama et al. 2006).
The resulting sequences were aligned by MUSCLE (option: -fasta-
out) (Edgar 2004), and nonconserved blocks were removed using
Gblocks (version 0.91b; options: -b4 10 -b5 n –b3 5 –t = c)
(Castresana 2000). The Gblocks output was converted to paml for-
mat using an in-house script. The same species tree as established
for the gene family dynamics was used. For the phylogenetic anal-
yses by maximum likelihood, the “Environment for Tree
Exploration” (ETE3) toolkit (Huerta-Cepas et al. 2016) was used.
For the detection of positive selection in Xiphophorus species, we
calculated two branch-site specific models, which involved model
bsA1 (neutral) versus model bsA (positive selection) to identify
sites under positive selection on a specific branch. To find genes
commonly positively selected in all Xiphophorus species, the com-
mon branch for X. maculatus, X. hellerii, and X. couchianus was
marked. To find genes positively selected exclusively in one spe-
cies, the subbranches for theXiphophorus species were marked sep-
arately. Both models were compared using a likelihood ratio test
(FDR≤0.05). FDRwas calculated using “p.adjust” from the R pack-
age “stats.” To detect sites under positive selection, naive empirical
Bayes (NEB) probabilities for all four classes were calculated for
each site. Genes with a probability > 0.95 for either site class 2a
(positive selection in marked branch and conserved in rest) or
site class 2b (positive selection in marked branch and relaxed in
rest) were considered.

Interspecies genome alignment

To predict genomic differences between the three Xiphoporus ge-
nomes, we aligned the repeatmasked genomes using NUCmer
from the MUMmer package (‐‐maxmatch -c 200 -b 700 -l 75)
(Delcher et al. 2002). The alignments were filtered using delta-fil-
ter, and the Synteny and Rearrangement Identifier (SyRI) (Goel
et al. 2019) was used to identify genomic rearrangements from
the resulting whole-genome alignments.

Production of interspecies hybrids

TheX. maculatus, X. hellerii, X. couchianus, and their reciprocal hy-
brids (X. maculatus–X. hellerii F1 hybrids, X. maculatus–X. couchia-
nus F1 hybrids, and X. couchianus–X. hellerii F1 hybrids) used in
this study were supplied by the Xiphophorus Genetic Stock
Center. X. maculatus–X. couchianus F1 hybrids were produced by
natural breeding between a X. maculatus female and X. couchianus
male, and X. maculatus–X. hellerii and X. couchianus–X. hellerii F1
hybrids were produced by artificial insemination.

RNA isolation and RNA sequencing

Total RNA from two whole fishes of each species and hybrids were
isolated using Tri Reagent (Sigma-Aldrich). Samples were homoge-
nized in Tri Reagent followed by the addition of 200 µL chloro-
form, and the samples were vigorously shaken and subjected to
centrifugation at 12,000g for 15 min at 4°C. Total RNAwas further
purified using RNeasy mini-RNA isolation kit (Qiagen). Residue
DNA was eliminated by performing column DNase digestion for
30 min at 37°C. Total RNA concentration was determined using
a spectrophotometer (NanoDrop Technologies). RNA quality was
verified on an Agilent Bioanalyzer (Agilent Technologies) to con-
firm that RIN scores were above 8.0 before sequencing.

RNA sequencing was performed upon libraries constructed
using the Illumina TruSeq library preparation system. RNA librar-
ies were sequenced as 125-bp pair-end fragments using the
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Illumina HiSeq system (Illumina). Sequencing adaptor sequences
were removed from raw sequencing reads. The processed reads
were subsequently trimmed and filtered based on quality scores
by using a custom filtration algorithm that removes low-scoring
sections of each read and preserved the longest remaining
fragment.

Identification of dysregulated gene expression in interspecies hybrids

RNA-seq reads were filtered by removing adaptor sequence con-
tamination and removing high error rate base calls. Sequencing
reads of parental species were mapped to corresponding reference
genomes, and reads of hybrids were mapped to both parental spe-
cies reference genomes, respectively, using TopHat2 (Kim et al.
2013). Transcriptome profiling was subsequently performed using
the Subread package featureCounts (Liao et al. 2014). For gene ex-
pression comparison between samples of different genetic back-
grounds, orthologs were first identified among the three parental
species using reciprocal best hits, followed by converting gene
IDs of gene expression count tables to X. maculatus orthologs.
Hybrid gene expression was quantified by averaging the reads
counts mapped to both parental reference genomes. For each
type of hybrid, the hybrid gene expression profile was compared
to each of the parental profile using the R/Bioconductor package
(R Core Team) edgeR (Robinson et al. 2010). Hybridization-in-
duced dysregulated genes were determined if the hybrid gene ex-
pression was higher (log2 fold change>2; false-discovery rate <
0.05) or lower expressed (log2 fold change <−2; false-discovery
rate < 0.05) than both parental species.

Human disease–associated gene analyses

Human orthologs of dysregulated genes identified from
Xiphophorus interspecies hybrids were identified using reciprocal
best hit. Disease types that are associated with the dysregulated
genes were subsequently determined by querying through
DisGeNET database (Pinero et al. 2015).

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI BioProject database (https://www
.ncbi.nlm.nih.gov/bioproject/) under accession number
PRJNA700566. All scripts used in this study can be found in
Supplemental Code.
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