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Natural hybridization events provide unique windows into the barriers that keep species apart as well as the consequences of

their breakdown. Here, we characterize hybrid populations formed between the northern swordtail fish Xiphophorus cortezi and

Xiphophorus birchmanni from collection sites on two rivers. We use simulations and new genetic reference panels to develop

sensitive and accurate local ancestry calling in this novel system. Strikingly, we find that hybrid populations on both rivers consist of

two genetically distinct subpopulations: a cluster of pure X. birchmanni individuals and one of phenotypically intermediate hybrids

that derive ∼85–90% of their genome from X. cortezi. Simulations suggest that initial hybridization occurred ∼150 generations

ago at both sites, with little evidence for contemporary gene flow between subpopulations. This population structure is consistent

with strong assortative mating between individuals of similar ancestry. The patterns of population structure uncovered here mirror

those seen in hybridization between X. birchmanni and its sister species, Xiphophorus malinche, indicating an important role for

assortative mating in the evolution of hybrid populations. Future comparisons will provide a window into the shared mechanisms

driving the outcomes of hybridization not only among independent hybridization events between the same species but also across

distinct species pairs.

KEY WORDS: Assortative mating, evolutionary genetics, hybridization, local ancestry inference.

It has long been recognized that hybrids provide unique insights

into the barriers between species and the consequences of their

breakdown (Barton and Hewitt 1985). Although artificial hy-

brids, particularly in Drosophila, formed the foundation of early

research into the genetic barriers that differentiate species (Coyne

and Orr 1997; Dobzhansky 1936; Orr and Coyne 1989), in recent

years there has been a renaissance in the study of natural hybrid

populations (Brandvain et al. 2014; Calfee et al. 2020; El Ayari

et al. 2019; Hopkins et al. 2014; Powell et al. 2020; Stukenbrock

et al. 2012; Turner and Harr 2014). These natural experiments

provide the unique opportunity to study hybridization in its eco-

logical and evolutionary contexts, which are fundamental to fully

characterizing the consequences of hybridization (Barton and He-

witt 1985).

More recently, the increasing accessibility of dense genomic

data has allowed granular studies of genome evolution in hybrid

zones, revealing variation in ancestry among individuals and pop-

ulations as well as selection on ancestry at particular loci (Taylor

et al. 2015; Teeter et al. 2008; Torre et al. 2015). This increased

resolution has allowed researchers to begin to compare distinct

hybridization events, a first step toward tackling the important

question of whether shared evolutionary mechanisms lead to
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COMPARATIVE HYBRIDIZATION IN SWORDTAILS

predictable outcomes of hybridization at both the population and

genomic level.

Although the complexity of natural hybrid zones provides an

opportunity to study the interactions of different genetic, ecologi-

cal, and evolutionary forces, it also creates challenges in disentan-

gling them. For example, it can be difficult to determine whether

patterns observed in individual hybrid zones are driven by in-

trinsic interactions between the genomes of hybridizing species,

are dependent upon behavioral, demographic, or ecological con-

text, or are stochastic (Ross and Harrison 2002). Thus, the study

of multiple hybrid zones provides the best of both worlds, with

natural replication testing for shared mechanisms driving evo-

lution after hybridization, and variation in environment or de-

mographic history between populations creating informal tests

for the relevance of these factors (Harrison and Larson 2016;

Janoušek et al. 2012). Each new case described offers a unique

window into how eco-evolutionary history drives the outcomes of

hybridization.

Due in part to their natural replication in multiple river

systems, hybrid populations formed between swordtail fish

Xiphophorus birchmanni and Xiphophorus malinche have

become an emerging model for the study of hybridization

(Rosenthal et al. 2003). Research in this system has revealed

that hybridization between X. birchmanni and X. malinche began

recently (in the last ∼100 generations) in several populations

(Schumer et al. 2014), likely due to disrupted sensory communi-

cation as a result of human-mediated habitat disturbance (Fisher

et al. 2006). Moreover, our work has indicated that differences in

the strength of assortative mating by ancestry explain differences

in population structure between X. birchmanni × X. malinche

hybrid populations in distinct rivers (Schumer et al. 2017).

Here, we describe a previously unexplored hybridization

event between X. birchmanni and its more distant relative, X.

cortezi (Kallman and Kazianis 2006; X. birchmanni–X. malinche

sequence divergence 0.4% per basepair, X. birchmanni–X. cortezi

0.6% per basepair; Fig. 1A). We characterize the history of

hybridization in two geographically separated tributaries of the

Río Santa Cruz drainage in northern Hidalgo, Mexico (Fig. 1B).

Using sensitive and accurate local ancestry calling, we infer de-

mographic history of each population and evaluate the potential

role of assortative mating in maintaining ancestry structure. Like

X. birchmanni and X. malinche, X. birchmanni and X. cortezi

have overlapping ranges but largely are separated along an ele-

vational gradient. X. malinche and X. cortezi are allopatric across

their entire ranges. X. malinche occurs at the highest elevations of

all three species. In streams where X. birchmanni and X. cortezi

co-occur, X. cortezi is found at lower elevations. Moreover, both

pairs of hybridization events include a sworded (X. malinche; X.

cortezi) and swordless species (X. birchmanni), among other dif-

ferences in sexual signals (Cui et al. 2017; Culumber and Rosen-

thal 2013; Fernandez and Morris 2008; Rosenthal et al. 2003).

These analyses allow us to characterize another case of hybridiza-

tion that is independent from the X. birchmanni × X. malinche

hybridization event, yet broadly parallel in the recent onset and

ongoing nature of hybridization, providing a valuable opportunity

to study the population-level outcomes of hybridization in closely

related species pairs. As such, these new hybrid populations pro-

vide a powerful window into the barriers between species and the

consequences of their breakdown.

Materials and Methods
SAMPLE COLLECTION

Fish were collected from wild populations in the states of Hi-

dalgo and San Luis Potosí, Mexico using baited minnow traps.

Putative Xiphophorus cortezi × X. birchmanni hybrids were sam-

pled from two distinct collection sites (hereafter sites; Fig. 1B),

Huextetitla (21°9′43.82′′N 98°33′27.19′′W, n = 87) and Santa

Cruz (21°9′27.63′′N 98°31′13.79′′W, n = 95). These sites oc-

cur in separate tributaries of the Río Santa Cruz in northern

Hidalgo. Pure X. cortezi were collected in January 2020 from

the Río Huichihuayán, a fully allopatric population with re-

spect to X. birchmanni (Puente de Huichihuayán, 21°26′9.95′′N
98°56′0.00′′W, n = 30). One X. cortezi individual from Las

Conchas (21°23′33.30′′N 98°59′23.33′′W) and seven from El

Nacimiento de Huichihuayán (21°27′34.10′′N 98°58′36.70′′W)

that were previously sequenced to high coverage were included

in genomic analyses (Powell et al. 2020; Schumer et al. 2018).

Likewise, pure X. birchmanni from Coacuilco (21°5′51.16′′N
98°35′20.10′′W, n = 55) were collected previously for studies

of hybridization with X. malinche (Schumer et al. 2018).

After collection, fish were anesthetized in a buffered solution

of MS-222 and water diluted to 100 mg/mL (Stanford APLAC

protocol #33071). Once anesthetized, fish were photographed

against a grid background with dorsal and caudal fins spread us-

ing a Nikon d90 DSLR digital camera mounted to a copy stand

and equipped with a macro lens. A small fin clip was taken from

each individual and preserved in 95% ethanol for later DNA ex-

traction. Females used for embryo comparisons were euthanized

by MS-222 overdose in the field before being preserved in 95%

ethanol.

PHENOTYPING AND PRINCIPAL COMPONENT

ANALYSIS

Standard length, body depth, peduncle depth, caudal fin length,

dorsal fin width, and dorsal fin height were measured from pho-

tographs of adult fish using ImageJ (Schneider et al. 2012). Ad-

ditionally, length of the sword, a sexually selected male ornament

that is present in X. cortezi and absent in X. birchmanni, was
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D. L. POWELL ET AL.

Figure 1. Phylogenetic relationships between species, location of sampling sites, and demographic history of parental species. (A) Phy-

logenetic relationships between X. birchmanni, X. malinche, and X. cortezi (simplified from Cui et al., 2013). An outgroup, X. hellerii,

is also included, as is X. variatus, a distantly related species to the northern swordtail clade that co-occurs with X. birchmanni and X.

cortezi. Representative individuals from parental species populations are pictured. (B) Map of parental ranges and population collections.

Polygons represent the known ranges of X. cortezi (green) and X. birchmanni (blue). Pure populations of X. cortezi (stars), X. birchmanni

(square), and hybrid populations (circles) are labeled. Sampling sites for X. birchmanni × X. cortezi hybrid populations (Huextetitla n =
76, Santa Cruz n = 95) with the tributaries they occur in are highlighted in the lower inset. Major rivers are labeled in turquoise. (C)

Demographic history of pure X. birchmanni (blue lines) and X. cortezi (green and yellow lines) populations inferred by PSMC, assuming

two generations a year and a per-base pair mutation rate of 3.5 × 10–9.

measured for adult males. Principal component analysis (PCA)

was performed on adult males (X. birchmanni Coacuilco, n = 23;

X. cortezi Puente de Huichihuayán, n = 10; Huextetitla, n = 26;

Santa Cruz, n = 38) and adult females (X. birchmanni Coacuilco,

n = 25; X. cortezi Puente de Huichihuayán, n = 16; Huextetitla,

n = 24; Santa Cruz, n = 38) separately to compare phenotypic

variance in the hybrid populations to phenotypic variance in the

parental species using the princomp function in R version 3.6.3.

Hybrid individuals were assigned to an ancestry group based on

their genome-wide ancestry proportions (see INFERRING LO-

CAL ANCESTRY below).

Discriminant function analysis was performed using the R

package MASS (Venables and Ripley 2002) to assess how well

morphological phenotypes from the samples described above

could predict ancestry in males. A linear discriminant analysis

model was trained using 75% of individuals categorized based on

their genome-wide ancestry and collection site as pure X. birch-

manni from an allopatric population, pure X. cortezi from an al-

lopatric population, X. birchmanni from a hybrid population, or

X. cortezi-like hybrid, and was then used to predict the ances-

try and source population of the remaining 25% of individuals.

Training on different subsets of the data ranging from 30% to

90% did not qualitatively change results.

DNA EXTRACTION AND LIBRARY PREPARATION

DNA was extracted from fin tissue using the Agencourt DNAd-

vance kit (Beckman Coulter, Brea, CA) as specified by the man-

ufacturer but using half the recommended reaction volume. Ex-

tracted DNA was quantified using the TECAN Infinite M1000

microplate reader (Tecan Trading AG, Switzerland) at the High

Throughput Biosciences Center at Stanford University, Stanford,

CA.

Tagmentation-based whole genome libraries for low cover-

age sequencing were prepared from DNA extracted from fin clips

collected from fish caught at the Huextetitla and Santa Cruz pop-

ulations. Briefly, DNA was diluted to approximately 2.5 ng/μL
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COMPARATIVE HYBRIDIZATION IN SWORDTAILS

and enzymatically sheared using the Illumina Tagment DNA

TDE1 Enzyme and Buffer Kits (Illumina, San Diego, CA) at

55°C for 5 min. Sheared DNA samples were amplified in PCR

reactions with dual indexed custom primers for 12 cycles. Am-

plified PCR reactions were pooled and purified using 18% SPRI

magnetic beads.

Genomic libraries for high coverage sequencing of an in-

dividual collected in Huextetitla and one collected from Santa

Cruz were prepared following Quail et al. (2009). Briefly, ap-

proximately 500 ng of DNA was sheared to ∼400 basepairs us-

ing a QSonica sonicator (QSonica Sonicators, Newton, CT). To

repair the sheared ends, DNA was mixed with dNTPs and T4

DNA polymerase, Klenow DNA polymerase, and T4 PNK and

incubated at room temperature for 30 min (NEB, Ipswich, MA)

and then purified with the Qiagen QIAquick PCR purification kit

(Qiagen, Valencia, CA). A-tails were added by mixing the puri-

fied end-repaired DNA with dATPs and Klenow exonuclease and

incubating at 37°C for 30 min (NEB, Ipswich, MA) and then pu-

rified using the Qiagen QIAquick PCR purification kit (Qiagen,

Valencia, CA). Adapter ligation reaction was performed followed

by purification with the Qiagen QIAquick PCR purification kit

(Qiagen, Valencia, CA). Adapter ligated DNA was amplified us-

ing indexed primers in individual Phusion PCR reactions for 12

cycles and then purified using 18% SPRI beads.

Libraries were quantified with a Qubit fluorometer (Thermo

Scientific, Wilmington, DE). Library size distribution and qual-

ity were assessed using Agilent 4200 Tapestation (Agilent, Santa

Clara, CA). Libraries were sequenced on an Illumina HiSeq 4000

at Admera Health Services, South Plainfield, NJ.

10× CHROMIUM LIBRARY

To generate a draft genome assembly for X. cortezi, we made

a 10× Chromium library using the Genomic Services Lab at

the HudsonAlpha Institute for Biotechnology. High-molecular-

weight DNA was extracted from fin tissue using the Genome

Reagent Kit from 10× genomics. DNA was diluted to working

concentrations of 0.4 ng/μL (quantified with a Qubit fluorome-

ter). This is the recommended concentration given the Xiphopho-

rus genome size of ∼700 Mb. These working solutions were used

as input to the library preparation protocol to begin the emulsion

phase. The emulsion phase was broken as directed by the proto-

col, and bead purification was performed in 96-well plates. Final

libraries were quantified using a Qubit fluorometer and library

size was evaluated on a Bioanalyzer.

ADMIXTOOLS ANALYSIS TO EVALUATE EVIDENCE

FOR HYBRIDIZATION BETWEEN X. birchmanni AND

X. cortezi

To evaluate initial evidence for admixture, we sequenced one in-

dividual from Huextetitla and one Santa Cruz individual who ap-

peared phenotypically intermediate between X. birchmanni and

X. cortezi to ∼30× coverage, as described above. We mapped

reads from this individual to the X. birchmanni reference genome

using bwa (Li and Durbin 2009), marked and removed duplicates

with Picard Tools, and realigned insertion-deletion differences

(indels) with GATK version 3.4 (McKenna et al. 2010). We per-

formed variant calling with GATK’s HaplotypeCaller in GVCF

mode (McKenna et al. 2010). Because we lack an appropriate

variant set for variant recalibration, we did not perform this step

and instead implemented hard-calls based on several filters (DP,

QD, MQ, FS, SOR, ReadPosRankSum, and MQRankSum) as de-

scribed elsewhere (Schumer et al. 2018). In addition, we masked

5-bp windows surrounding indels and any site with greater than

2× or less than 0.5× the average genome-wide coverage. Based

on past work quantifying Mendelian errors in swordtail pedigrees

after applying these filters, we believe that this approach has high

accuracy (Schumer et al. 2018).

We repeated these steps for previously sequenced X. ma-

linche, X. birchmanni, and X. cortezi individuals to generate

variant calls from an appropriate set of species for D-statistic

analysis (Patterson et al. 2012). We used custom scripts avail-

able on our lab github to convert these files to admixtools

format (https://github.com/Schumerlab/Lab_shared_scripts;

https://openwetware.org/wiki/Schumer_lab:_Commonly_used_

workflows#g.vcf_files_to_Admixtools_input). This resulted in

1,001,493 informative sites for analysis with admixtools. We

used the qpDstat function from admixtools and a jack-knife

bootstrap window size of 5 Mb to determine the most likely

four-population tree, and calculate the D-statistic based on that

tree. We also explored evidence of admixture with another

Xiphophorus species that is sympatric with X. birchmanni and

X. cortezi but deeply diverged from both species and found

no evidence for hybridization with this species (Supporting

Information S1 and S2).

GENERATION OF A REFERENCE GUIDED X. cortezi

ASSEMBLY

An initial draft assembly for X. cortezi was generated from the

10× Chromium library described above using the supernova soft-

ware (version 2.0.1; Weisenfeld et al. 2017). The maximum reads

used parameter was set to 280 million and the output style was

specified as pseudohap, otherwise recommended parameters for

the Xiphophorus genome size were used. This resulted in a draft

assembly of 7,610 scaffolds (2,182 longer than 10 kb) with an

N50 of 1.04 Mb and a total of 686 Mb assembled. The expected

genome size of Xiphophorus is approximately 700 Mb.

Chromosome-scale synteny is conserved as 24 chromo-

somes across Xiphophorus species (Amores et al. 2014; Powell

et al. 2020; Schartl et al. 2013). Thus, we decided to leverage

the chromosome structure in other Xiphophorus assemblies to
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D. L. POWELL ET AL.

create chromosome-level scaffolds for X. cortezi. First, we cre-

ated a multi-way whole genome alignment for swordtail species

including X. birchmanni, X. variatus, and X. malinche (Powell

et al. 2020), X. cortezi and X. xiphidium (this study), X. couch-

ianus (RefSeq assembly GCF_001444195.1), and X. maculatus

(RefSeq assembly GCF_002775205.1). Using the phylogenetic

relationships from Cui et al. (2013) as our guide tree, we ran pro-

gressive Cactus (Armstrong et al. 2019) to build the alignment.

Parameters for the alignment are automatically determined by

progressive Cactus based on branch lengths of the guide tree. Us-

ing this alignment and the same guide tree described previously,

we arranged the scaffolds into 24 putative chromosomes using

Ragout (Kolmogorov et al. 2018), keeping the naming scheme

consistent with that of the X. birchmanni genome (Fig. S1). Chro-

mosome aligned scaffolds (n = 28) were combined with unplaced

scaffolds (n = 4777) to create the final assembly. Configura-

tion files and associated scripts, as well as a Docker environ-

ment, are provided on github at https://github.com/Schumerlab/

Xbir_xcor_hybridzone.

PSMC DEMOGRAPHIC INFERENCE

We inferred the demographic history of all X. cortezi individ-

uals sequenced to high coverage. We used data from the 10×
Chromium library generated for the X. cortezi genome assem-

bly, as well as previously sequenced X. cortezi individuals from

El Nacemiento de Huichihuayán and X. birchmanni individuals

from Coacuilco (Powell et al. 2020; Schumer et al. 2018). Briefly,

raw reads were mapped to the X. birchmanni reference assembly

(Powell et al. 2020), after which GATK version 3.4 (McKenna

et al. 2010) was used to call variant sites as described above.

These variants were then quality filtered as described above and

used to create pseudo-reference genomes for each individual,

which were input to PSMC (Li and Durbin 2011). PSMC output

was converted to effective population size assuming a mutation

rate of 3.5 × 10–9 per basepair per generation and a generation

time of 0.5 years, as described elsewhere (Schumer et al. 2018).

We note that although other methods such as MSMC allow for si-

multaneous inference of demographic history in multiple individ-

uals, they also require phasing, which can introduce errors, espe-

cially in cases where haplotype reference panels are not available

(Schiffels and Wang 2020).

INFERRING LOCAL ANCESTRY

We used a series of approaches to develop ancestry informative

sites that distinguished X. birchmanni and X. cortezi. We first

used a panel of 25 high coverage X. birchmanni individuals from

the Coacuilco population, seven X. cortezi individuals from El

Nacimiento de Huichihuayán, and the reference individual from

Las Conchas from other studies (Powell et al. 2020; Schumer

et al. 2018) to identify candidate ancestry informative sites. With

this candidate set and low coverage whole-genome sequence

data that we collected for X. cortezi collected from Puente de

Huichihuyán in this study (n = 30) and data for X. birchmanni

collected from Coacuilco in a previous study (Schumer et al.

2018), we evaluated population-level counts for X. cortezi and

X. birchmanni alleles at these ancestry informative sites (Powell

et al. 2020). Any candidate ancestry informative site where the

major allele in either parental population was at less than 90%

frequency was excluded, yielding a set of 1.1 million ancestry

informative sites genome-wide (∼1.5 per kb). We describe our

approach for identifying ancestry informative sites and deter-

mining parameters for local ancestry inference in more detail in

Supporting Information S3 and S4; we have also explored these

issues in previous work (Powell et al. 2020; Schumer et al. 2020).

With this set of ancestry informative sites, we used a hid-

den Markov model (HMM) approach to infer local ancestry with

our previously developed local ancestry inference tool, ances-

tryinfer (Schumer et al. 2020), and evaluated performance on a

set of parental individuals that were not used in previous steps

(Fig. S2). We also performed simulations to evaluate expected

performance under a range of demographic scenarios. Together

these results suggest that we expect to have high accuracy in call-

ing local ancestry in X. birchmanni × X. cortezi hybrids (Sup-

porting Information S3 and S4; Figs. 2B and S3).

Confident in the accuracy of our local ancestry inference ap-

proach, we next applied these methods to individuals collected

from putative hybrid populations. Based on the results of an

initial analysis with uniform ancestry priors, we identified the

presence of two distinct ancestry clusters at both collection sites

(Supporting Information S3 and S4). We thus re-ran the HMM

for each genetic cluster using cluster-specific ancestry priors

(X. birchmanni cluster: 1% X. cortezi; X. cortezi hybrid cluster:

15% X. birchmanni) and generated a merged dataset for the two

populations.

LEVERAGING LOCAL ANCESTRY AND

HIGH-COVERAGE SEQUENCING OF INDIVIDUAL

HYBRIDS

For the two hybrid individuals that were deep sequenced (de-

scribed above), we were able to perform both local ancestry infer-

ence and population genomic analyses. Specifically, using local

ancestry inference we inferred tracts of the genome that were ho-

mozygous for the X. cortezi parental species in each individual.

We extracted these tracts and analyzed nucleotide diversity (π)

within homozygous X. cortezi tracts, as well as pairwise sequence

divergence (Dxy) in tracts that were homozygous X. cortezi in

both samples. We also evaluated pairwise divergence sequence

between X. cortezi ancestry tracts in hybrids and pure X. cortezi

populations.
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COMPARATIVE HYBRIDIZATION IN SWORDTAILS

Figure 2. Ancestry structure of X. birchmanni × X. cortezi populations and example of local ancestry inference. (A) Genome-wide ances-

try in the Huextetitla (top) and Santa Cruz (bottom) populations. Plotted here is the proportion of the genome derived from X. cortezi in

all sampled individuals in both populations. Individuals plotted in green were assigned to the X. cortezi ancestry cluster and in blue were

assigned to the X. birchmanni ancestry cluster. Representative individuals from each ancestry cluster from the Huextetitla population

are shown. (B) Local ancestry on chromosome 1 for one X. birchmanni cluster and one X. cortezi cluster individual for the Huextetitla

population. (C) Local ancestry on chromosome 1 for one X. birchmanni cluster and one X. cortezi cluster individual for the Santa Cruz

population. (D) PCA plots of phenotypic data from Huextetitla population males (top) and Santa Cruz population males (bottom) com-

pared with parental species male phenotypic data. Xbir, X. birchmanni; Xcor, X. cortezi. Each point represents one individual and ellipses

represent the 95% confidence interval. Loadings for each phenotype can be found in Table S1.

Due to skewed admixture proportions, there were too few

homozygous X. birchmanni tracts to perform the reciprocal anal-

ysis. However, we also sequenced one individual from the X.

birchmanni subpopulation from the Huextetitla and Santa Cruz

populations to ∼10× genome-wide coverage (11× for Huex-

tetitla individual and 12× for Santa Cruz individual). We used

these sequences to evaluate divergence between sympatric X.

birchmanni in the hybrid populations and the X. birchmanni ref-

erence population collected from Coacuilco. Because we did

not have sufficient coverage to confidently call heterozygous

sites, for sites where mapped reads supported both the reference

and alternative allele, we used binomial sampling weighted by

the counts for the reference and alternative alleles to randomly

sample one read at each variant site. We calculated Dxy rela-

tive to the X. birchmanni reference genome, which was orig-

inally generated from the Coacuilco population (Powell et al.

2020).

APPROXIMATE BAYESIAN COMPUTATION FOR

INFERRING HYBRID POPULATION HISTORY

We used a variety of approaches to investigate the time since ad-

mixture in the Santa Cruz and Huextetitla hybrid populations, de-

scribed in detail in Supporting Information S5. However, many

approaches assume a single pulse of admixture, which may not

be realistic for the Santa Cruz and Huextetitla hybrid populations

where hybrids and pure X. birchmanni coexist (see Results).

To investigate this, we used an approximate Bayesian com-

putation (ABC) approach to infer admixture scenarios that were

consistent with observed data in the Santa Cruz and Huexteti-

tla populations, focusing on the hybrid X. cortezi ancestry cluster

(Fig. S4). We performed simulations in SLiM (Haller and Messer

2019). Because our empirical data rely on local ancestry infer-

ence, we wanted our simulated data to mimic this structure. As

a result, we used the tree sequence recording functions in SLiM

to track ancestry tracts in each simulated individual (Haller et al.
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D. L. POWELL ET AL.

2018), and used this information to summarize overall ancestry

on the individual and population level. Because our analyses are

based on ancestry information in hybrids rather than other pop-

ulation genetic summaries, we simply initialized two parental

populations at the start of each simulation and did not simu-

late parental population history. All simulations were performed

without selection on hybrids. Although biologically unrealistic,

the possible parameter space in simulations with selection is too

large to explore in the ABC framework implemented here.

We initialized simulations with two parental populations

(generation 1) and formed a hybrid population between them

(generation 2). We drew parameters for each simulation from uni-

form prior distributions. Guided by results of initial simulations

(see Results), we drew from a prior for the time since initial ad-

mixture of 10–200 generations, admixture proportion of 0.7–1

X. cortezi, and hybrid population size ranging from 50 to 3000

diploid individuals (Fig. S4). We also implemented migration

into the hybrid population from sympatric X. birchmanni individ-

uals. Based on the number of early generation hybrids between

ancestry clusters observed in the empirical data (see Results), we

knew migration rates were low. We thus drew a per-generation

migration rate from sympatric X. birchmanni individuals of 0–

2%. All scripts to implement these simulations are available on

github (https://github.com/Schumerlab/Xbir_xcor_hybridzone).

Although we see evidence in our empirical data to support

mating between sympatric X. birchmanni individuals and indi-

viduals in the X. cortezi hybrid cluster (see Results), we did not

sample any pure X. cortezi individuals at Santa Cruz or Huex-

tetitla. Moreover, when we attempted to sample downstream of

Huextetitla and Santa Cruz during our field collections, where we

expected to find more X. cortezi-like individuals, we found that

swordtails had been extirpated from these sites (see Supporting

Information S9). We thus did not simulate migration from pure

X. cortezi source populations.

To identify the subset of simulations most closely matching

patterns in our data, we performed rejection sampling at a 5%

threshold based on summary statistics from our data and from

simulations. As summary statistics, we used average genome-

wide ancestry, population-level variance in genome-wide ances-

try, and the average length of minor parent ancestry tracts. We

performed simulations until 500 parameter sets had been ac-

cepted. After an initial set of 1 million simulations resulted in

only tens of accepted parameter sets when fitting summary statis-

tics for the Huextetitla population, we restricted parameter space

guided by those accepted simulations to evaluate a narrower

range of initial admixture proportions (0.85–1) and migration

rates (0–0.5%), and a broader range of generations since initial

admixture (10–500). Otherwise simulations for Huextetitla were

performed as described above.

EVALUATING EVIDENCE FOR ASSORTATIVE MATING

IN THE SANTA CRUZ HYBRID POPULATION

Evidence of bimodal ancestry structure in both hybrid popula-

tions (see Results) is suggestive of ancestry assortative mating,

strong selection on hybrids, habitat partitioning, or some combi-

nation of these factors. To investigate this, we collected 87 fe-

males from the Santa Cruz hybrid population in March of 2020,

euthanized them, and dissected and developmentally staged their

offspring (Supporting Information S6). Forty-six females had de-

veloping embryos, with an average of 18 and standard deviation

of 10 embryos per female; past work has suggested that a brood

typically contains about three sires (Paczolt et al. 2015; Schumer

et al. 2017). For each brood, we randomly selected two off-

spring for sequencing from each developmental stage present (to

account for possible developmental differences associated with

mating type). This resulted in a total of 159 sequenced embryos

across mothers (mean 4.4, standard deviation 6.8 per mother),

which were used in low-coverage library preparation and se-

quencing as described above.

To evaluate evidence for assortative mating by ancestry, we

took advantage of expectations about maternal-offspring ances-

try differences as a function of different types of mating events.

Given the extreme differences in ancestry observed across the two

genetic clusters in the Santa Cruz hybrid population (Fig. 2A),

the difference between a mother and her offspring in ancestry

allows us to infer the ancestry of the father. Specifically, if a fe-

male mates with a male from her own genetic cluster, she and

her offspring will have very similar genome-wide ancestry, with

the difference between them falling close to zero. If a female in-

stead mates with a male from the other subpopulation, she and

her offspring are expected to differ by ∼40% in their genome-

wide ancestry, given a difference of more than 80% in ancestry

between the two clusters (Fig. 2A). This allowed us to quantify

the evidence for assortative mating by ancestry by comparing ob-

served mating events to simulations with varying strengths of as-

sortative mating (Supporting Information S7). We had originally

planned to analyze evidence for differential development as a

function of mating type, but found too few mating events between

ancestry clusters for this analysis to be conducted (Supporting

Information S6).

Another biological mechanism that could cause patterns that

might be confused with assortative mating are strong sperm-egg

incompatibilities that prevent fertilization and the formation

of embryos. To evaluate this, we set up crosses between pure

parental species. Because livebearers store sperm, we set up

crosses between virgin X. birchmanni females and X. cortezi

males, as well as crosses between virgin X. cortezi females and

X. birchmanni males in the lab. We dissected eight females

∼30 days after they were introduced to males and evaluated
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COMPARATIVE HYBRIDIZATION IN SWORDTAILS

development stage of all embryos (Haynes 1995), as well as

whether unfertilized eggs were present in the broods.

ANALYSIS OF VIDEOS FROM THE SANTA CRUZ

HYBRID POPULATION

As a first step toward evaluating whether there is evidence

of habitat partitioning in this structured hybrid population, we

took underwater videos at the Santa Cruz site. Because males

of the two clusters can be reliably distinguished based on

their morphological characteristics, we scored videos to eval-

uate whether males of both clusters were inhabiting the same

space.

Underwater video footage was recorded at the Santa Cruz lo-

cality to determine whether there is spatial and temporal overlap

between X. birchmanni and X. cortezi-cluster males at this site.

Videos were taken consecutively in 50 s to 23 min sections (20

videos, total of 267 min) in July 2020. Cameras were set up in

shallow pools isolated by riffles up- and downstream. The frame

of view spanned ∼1.5 m. Males of the two clusters are visu-

ally distinguishable by the presence or absence of a sword (see

Results), so the number of sworded and unsworded adult males

observed was recorded for each video. Each time an adult male

swordtail entered the ∼1.5 m frame of view was considered an in-

dependent observation. We observed 52 instances of male sword-

tails entering the frame of view. The presence of sworded and

unsworded adult males in the same video was considered evi-

dence for spatial and temporal overlap between the two genetic

clusters. Females of the two genetic clusters are not visually dis-

tinguishable and thus were not evaluated.

Results
DEMOGRAPHIC HISTORY OF X. cortezi AND SPLIT

FROM X. birchmanni

We used the X. cortezi data obtained from 10× sequencing

(Powell et al. 2020), along with pre-existing sequence data for

single individuals of X. birchmanni (Coacuilco locality) and

X. cortezi (El Nacimiento de Huichihuayán locality, San Luis

Potosí; Powell et al. 2020; Schumer et al. 2018), to compare

the demographic histories of X. cortezi and X. birchmanni (see

Supporting Information S8). PSMC analysis of each individual

points to distinct demographic histories of X. birchmanni and

X. cortezi populations (Fig. 1C; assuming two generations per

year and a mutation rate of 3.5 × 10–9). Interestingly, our re-

sults also suggest divergent demographic trends between two

X. cortezi populations allopatric to the hybrid zones (Las Con-

chas and El Nacimiento de Huichihuayán; Fig. 1B). Declines

in effective population size over the last 20,000 years inferred

from the individual sampled from Las Conchas may reflect

the demographic effects of colonization of this small tributary

(Fig. 1C).

Despite differences in the timing of population size fluc-

tuations, the long-term effective population size across species

and sampling sites, estimated based on the harmonic mean (Sup-

porting Information S8), was quite similar between the X. cortezi

population at El Nacimiento de Huichihuayán and X. birchmanni.

Specifically, we estimated that the long-term effective population

size for X. cortezi ranged from 47,000 to 56,000 across popu-

lations compared to 48,000–53,000 in X. birchmanni, consistent

with the observation that levels of genetic diversity (π) are simi-

lar between these X. cortezi and X. birchmanni populations (0.1%

and 0.12% per basepair, respectively). Assuming a long-term ef-

fective population size of 50,000 for both species, we estimate

that X. cortezi and X. birchmanni diverged from each other ap-

proximately 250,000 years ago (Supporting Information S8).

SANTA CRUZ AND HUEXTETITLA POPULATIONS ARE

COMPOSED OF PURE X. birchmanni AND X.

birchmanni × X. cortezi HYBRIDS

Initial analysis of a high-coverage individual sampled from Huex-

tetitla and Santa Cruz indicated that these individuals were hy-

brids between X. birchmanni and X. cortezi (Huextetitla D =
–0.49, Z = –30; Santa Cruz D = –0.55, Z = 28; see also Sup-

porting Information S1; Figs. S5 and S6; Powell et al., 2020),

motivating us to develop the local ancestry inference approaches

as described in the Methods and Supporting Information S2–S4.

After inferring local ancestry based on the 1.1 million ancestry

informative sites developed for X. birchmanni × X. cortezi hy-

brids, we summarized genome-wide ancestry for each individual

sampled at the Huextetitla and Santa Cruz locations. To do so, we

converted posterior probabilities at each ancestry informative site

to hard-calls, requiring that the posterior probability for a given

ancestry state exceed 0.9.

This analysis uncovered two genetically distinct subpopula-

tions present in both the Huextetitla and Santa Cruz locations.

One cluster consisted of pure X. birchmanni individuals (Huex-

tetitla, n = 64; Santa Cruz n = 59), coexisting with the sec-

ond cluster of X. birchmanni × X. cortezi hybrids, with mean

X. cortezi ancestry of 91 ± 1% (n = 12) and 86 ± 6% (n = 36)

at Huextetitla and Santa Cruz, respectively (Fig. 2A; see Fig. 2B,

C for chromosome 1 local ancestry plots from representative in-

dividuals assigned to each ancestry cluster at Huextetitla and

Santa Cruz). These results suggest the presence of strong bar-

riers to gene flow between the two ancestry clusters at both lo-

cations, which we explore in more detail below. Notably, given

the geography of these river systems (Fig. 1B), the two hybrid

populations are likely independent in their recent demographic

histories.
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D. L. POWELL ET AL.

WILD X. birchmanni AND X. birchmanni × X.

cortezi HYBRIDS CAN BE DISTINGUISHED BY THEIR

PHENOTYPIC DIFFERENCES

Due to morphological differences between species (Fig. 1A)

and striking differences in ancestry between the two genetic

clusters at both the Huextetitla and Santa Cruz sampling sites

(Fig. 2A), we predicted that males of the two clusters could be

distinguished phenotypically. As is the case with many sword-

tail species, females of the two species are not visually distin-

guishable (Fig. S7). Using traits that differentiated males in PCA

analysis (Fig. 2D; Table S1), we tested how well male genotypes

could be predicted based on these phenotypes using discrimi-

nant function analysis. We found that a linear discriminant func-

tion analysis model fit to 75% of individuals (allopatric parental

species, sympatric X. birchmanni, and hybrids from both sites)

accurately predicted the ancestry cluster of 90.9% of individuals

not used to fit the model (N = 22). We note that we did not have

sufficient individuals to perform training separately on the two

sampling sites. Training on different subsets of the data ranging

from 30% to 90% did not qualitatively change results (accuracy

range: 89–94%).

ABC SIMULATIONS INDICATE THAT HYBRID

POPULATIONS FORMED RECENTLY

Because the X. birchmanni and hybrid X. cortezi ancestry clusters

are sympatric, we realized that typical approaches to estimate the

time of admixture between the two species would likely under-

estimate the time of initial admixture. We also see genomic evi-

dence for low levels of ongoing gene flow (see EVIDENCE FOR

ONGOING ADMIXTURE AND ASSORTATIVE MATING be-

low). As a result, we used an ABC approach with simulation

implemented in SLiM, allowing for ongoing migration to infer

population histories consistent with our data. We focused these

simulations on the hybrid cortezi ancestry cluster, as the X. birch-

manni cluster shows little evidence of admixture.

From both the Santa Cruz and Huextetitla populations, we

inferred well-resolved posterior distributions for the time since

initial admixture and migration rates from the X. birchmanni clus-

ter into the hybrid X. cortezi cluster (Fig. 3A). For both Santa

Cruz and Huextetitla, we did not recover a well-resolved pos-

terior distribution for population size, but posterior distributions

are skewed away from very small population sizes for both sets

of simulations (<500 individuals; Fig. S8). Although our simula-

tions allow us to infer initial admixture proportions in the Huex-

tetitla population (Fig. 3C), we were surprised that we were un-

able to recover a well-resolved posterior distribution for initial

admixture proportion for the Santa Cruz hybrid population. How-

ever, this appears to be driven by a strong correlation in the pos-

terior distributions between admixture proportion, time of initial

admixture, and migration rate parameters inferred for Santa Cruz.

Joint posteriors for these parameters for the Santa Cruz popula-

tion are shown in Figs. 3D and S9.

Posterior distributions for admixture time suggest that the

hybrid X. cortezi populations at Santa Cruz and Huextetitla

formed recently, within the last ∼140 and ∼167 generations, re-

spectively (95% confidence intervals—Santa Cruz: 101–183 gen-

erations; Huextetitla: 92–384 generations). These estimates are

older than estimates from LD decay methods (Supporting Infor-

mation S5), which put the time of initial admixture ∼40 genera-

tions ago. This discrepancy is not entirely surprising because LD

decay methods tend to underestimate the time since initial admix-

ture in cases where there is ongoing hybridization, and ABC sim-

ulations suggest moderate levels of ongoing gene flow from sym-

patric X. birchmanni individuals into the cortezi hybrid ancestry

cluster at Santa Cruz (maximum a posteriori or MAP estimate

of m = 0.1%, 95% confidence intervals: 0.02–0.15%). Ongoing

migration appears to be much more limited at the Huextetitla col-

lection site (MAP estimate of m = 0.001%, 95% confidence in-

tervals: 0.0002–0.01%; Fig. 3B).

Notably, the low inferred migration rates despite the popu-

lations existing in sympatry suggest some substantial barrier to

gene flow—whether it be due to genetic incompatibilities, eco-

logical factors, or assortative mating. We explore these possible

barriers in more detail below.

POPULATION GENETIC SIGNALS SUGGEST

INDEPENDENT RECENT DEMOGRAPHIC HISTORY OF

HUEXTETITLA AND SANTA CRUZ POPULATIONS

Despite similarities in overall population structure and recent

demographic history, given river distance between the Huexteti-

tla and Santa Cruz populations, data on elevation changes, and

available flooding records, we consider it unlikely that frequent

migration occurs between the two hybrid populations (Fig. 1B;

Supporting Information S9). As a second line of evidence, we

evaluated evidence for differences in source populations and

the recent demographic history of these two populations using

population genomic summaries of high coverage individuals.

We found little evidence of nucleotide divergence between the

homozygous X. cortezi ancestry tracts present in both Huex-

tetitla and Santa Cruz (Dxy Santa Cruz-Huextetitla = 0.05%, Dxy

Santa Cruz-Santa Cruz = 0.07% per basepair), indicating that the X.

cortezi source populations for the two hybrid sites are closely

related. However, we do detect substantial differences in π across

the Huextetitla and Santa Cruz populations (πSanta Cruz = 0.06 ±
0.003, πHuextetitla = 0.02 ± 0.002; Fig. S10). This suggests either

substantial differences in the genetic diversity of the X. cortezi

source populations or differences in the parental diversity con-

tributed to the hybridization events in Huextetitla and Santa Cruz.

Both possibilities indicate that these two hybrid populations are

largely independent, at least in their recent demographic history.
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COMPARATIVE HYBRIDIZATION IN SWORDTAILS

Figure 3. Posterior distributions from Approximate Bayesian Computation simulations inferring demographic history of the X. cortezi

ancestry cluster in Huextetitla (blue) and Santa Cruz (pink). (A) Posterior distributions for admixture time indicate that both populations

formed relatively recently, in the last ∼150 generations. (B) Posterior distributions of per-generation migration rate reflect substantial

differences between populations that can also be observed in variation in admixture proportions (Fig. 2A). (C) For the Huextetitla pop-

ulation, where cross-cluster migration rates are much lower, we recovered a well-resolved posterior distribution of initial admixture

proportion. (D) For the Santa Cruz population, accepted initial admixture proportions span a wide range of parameters and co-vary with

both the time since initial admixture (shown here) as well as the cross-cluster migration rate (Fig. S9). For panels C and D, an admixture

proportion of 1 indicates pure X. cortezi ancestry genome-wide.

However, high concordance in local ancestry between the X.

cortezi cluster in Huextetitla and Santa Cruz could indicate past

connections between these populations (Supporting Information

S9; Fig. S11).

In developing our local ancestry inference approaches, we

used parental reference populations that were geographically iso-

lated from the hybrid populations to ensure that reference panels

did not contain X. birchmanni × X. cortezi hybrids. However,

this raises the possibility that reference panels may be substan-

tially diverged from the parental individuals that generated the

focal hybrid populations. We evaluated this by calculating Dxy

between homozygous X. cortezi ancestry tracts in hybrids and the

X. cortezi source populations (using the data described above)

and between pure X. birchmanni individual collected from the

hybrid populations versus the reference X. birchmanni popu-

lation at Coacuilco. This analysis indicated moderate genetic

drift between the reference and admixing populations: Dxy of

Huextetitla hybrid tracts versus X. cortezi = 0.0016, Huextetitla

X. birchmanni versus Coacuilco X. birchmanni = 0.0014, Santa

Cruz hybrid tracts versus X. cortezi = 0.0018, and Santa Cruz

X. birchmanni versus Coacuilco X. birchmanni = 0.0016. In all

cases, divergence is higher than within population expectations

for the pure parental populations (Dxy of 0.0008–0.0012), but

about fourfold lower than Dxy between X. birchmanni and X.

cortezi. Nonetheless, we incorporated genetic drift into simu-

lations evaluating the accuracy of local ancestry inference and

are able to conclude that it will likely have a minor effect on

accuracy given the degree of overall divergence between X.

birchmanni and X. cortezi (Supporting Information S3 and S4).

EVIDENCE FOR ONGOING ADMIXTURE AND

ASSORTATIVE MATING

Out of 49 pregnant females collected from the Santa Cruz hy-

brid population, we successfully sequenced the mother and at

least one offspring for 46 mother-offspring pairs. Thirty of these

mothers belonged to the hybrid X. cortezi genotype cluster and

16 were pure X. birchmanni. Based on observed ancestry in em-

bryos, none of the offspring collected were the product of a first
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D. L. POWELL ET AL.

Figure 4. Results of assortative mating simulations in the Santa Cruz population. (A) Photos of a pregnant X. cortezi-cluster female

and a representative embryo. (B) Results of simulations ranging from 0% to 100% assortative mating in increments of 1% comparing

the simulated versus observed difference in maternal and offspring ancestry index. Simulations of 98% assortative mating minimized

the difference between the observed and simulated datasets. (C) Top: In the observed data (circles; see Fig. S13) and simulated data of

98% assortative mating (triangles), few offspring have dramatically different ancestry from their mothers. Bottom: In contrast, many

such individuals are observed in simulations of random mating. Points close to the zero line represent females that mated with males

from their own ancestry cluster. Individuals are colored based on their maternal ancestry cluster and are placed on the y-axis based on

increasing X. cortezi ancestry.

generation cross-cluster mating event; however, we infer that two

females from the X. cortezi genotype cluster had mated with

males of intermediate ancestry (males with approximately 25%

and 55% X. birchmanni ancestry, respectively). The proportion

of sampled individuals with intermediate ancestry did not dif-

fer between the embryonic and adult populations at Santa Cruz

(4.3 ± 3% of sampled embryos and 3.2 ± 2% of sampled adults

with ancestry between 5% and 75% X. cortezi; Figs. 2A and S11).

Notably, all these individuals are inferred to have a X. cortezi

mother, which could hint at weaker assortative mating by ances-

try among females of the cortezi cluster (Supporting Information

S10; Fig. S12). We found no evidence of differences in number

of embryos, variation in embryo stage, or developmental abnor-

malities between females of the two clusters (all P-values > 0.7;

Supporting Information S6).

Analysis of the maternal-offspring ancestry patterns indi-

cates clear deviations from expectations under random mating

(Fig. 4; Supporting Information S7). We used simulations to

quantify the strength of ancestry-assortative mating consistent

with our data (Fig. 4B, Supporting Information S7). These simu-

lations indicated that our data are consistent with a strength of an-

cestry assortative mating of approximately 98% (Fig. 4C). Strong

assortative mating by ancestry is thus one likely factor maintain-

ing the two distinct subpopulations at Santa Cruz.

Because strong sperm-egg incompatibilities or near com-

plete mortality of hybrid offspring in the earliest stages of embry-

onic development could also explain the patterns we observe, we

took advantage of crosses in the lab to determine that embryos

could be formed in both cross directions. We dissected four fe-

males of each cross direction and found developing embryos in

four out of four X. cortezi females (three broods developmental

stage 4; one brood developmental stage 9; n = 12–26) and three

out of four X. birchmanni females (three broods developmental

stage 4, one female not pregnant; n = 14–18) using staging fol-

lowing Haynes (1995). There was no evidence for unfertilized

eggs within broods (Supporting Information S6). This suggests

that neither sperm-egg incompatibilities nor developmental in-

compatibilities are sufficient to explain the patterns of ancestry

observed in wild-caught mothers and embryos. It should be noted

these crosses do not rule out hybrid incompatibilities affecting

later embryonic developmental stages, and indeed selection on

cross-cluster hybrids (via incompatibilities or other mechanisms)

2534 EVOLUTION OCTOBER 2021

 15585646, 2021, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/evo.14337 by Stanford U

niversity, W
iley O

nline L
ibrary on [24/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



COMPARATIVE HYBRIDIZATION IN SWORDTAILS

could be an important factor driving the observed patterns of as-

sortative mating.

We also note that our current results do not allow us to distin-

guish between assortative mating mediated via mate preferences

and post-mating mechanisms such as near-perfect sperm prece-

dence for males of similar ancestry. Although this seems unlikely

given what is known about the strength of sperm precedence

in related species (Evans and Magurran 2001; Gasparini et al.

2010; Paczolt et al. 2015), we cannot completely rule out this

possibility.

EVIDENCE OF SYMPATRY OF THE X. birchmanni

AND CORTEZI POPULATIONS

Ancestry assortative mating could be driven by processes such

as mate discrimination or by spatial isolation that prevents indi-

viduals from different genotype clusters from encountering each

other. We suspected that the latter scenario was not the case at

these collection sites as we repeatedly collected both male and

gravid female X. birchmanni and X. cortezi cluster hybrid indi-

viduals from the same minnow traps (over three collections at

Santa Cruz and one collection at Huextetitla). This suggests that

these individuals are sympatric in the wild and have the opportu-

nity to mate with each other.

As a first step toward investigating this further, we took un-

derwater videos during the summer of 2020 at Santa Cruz and

scored the videos for interactions between males of the two an-

cestry clusters, which can be distinguished with high accuracy

based on their sword phenotypes (see above). We found both

sworded and unsworded males in four of the 12 videos in which

male swordtails were observed (12–15 min each, total of 158

min), showing that individuals of both hybrid clusters inhabit the

same areas at the same time. There were eight videos (50 s to

23 min each, total of 109 min) in which no male swordtails were

observed. Raw video footage and scored data are available on

Dryad (https://doi.org/10.5061/dryad.pzgmsbcmn).

ANCESTRY ON CHROMOSOME 13: A MAJOR QTL

FOR THE DEVELOPMENT OF THE SWORD

Several sexually dimorphic traits distinguish the pure forms of

the two species, including the sword ornament (Fig. 1A) and the

large dorsal fin (found in X. birchmanni; Rosenthal et al. 2003).

In addition, both species show preferences for species-specific

olfactory signals, as in other swordtail species studied to date

(Crapon de Caprona and Ryan 1990; Fisher et al. 2009; Fisher

et al. 2006; McLennan and Ryan 1997, 1999). For most of these

sexually selected traits, the genetic basis is unknown. However,

regions of the genome associated with the sword in F2 crosses be-

tween X. birchmanni and X. malinche have recently been mapped

(Powell et al. 2021), identifying a major effect QTL on chromo-

some 13 that explains ∼10% of the heritable variation in sword

length. This QTL also contributes to variation in sword length in

other species in the genus (Schartl et al. 2021). We examined

local ancestry in hybrids from the Santa Cruz and Huextetitla

populations within this region, focusing on the most promising

candidate gene identified—the regulator of fin and limb develop-

ment sp8. Intriguingly, X. birchmanni ancestry is relatively high

surrounding sp8 in both populations (Santa Cruz: upper 90% of

genome-wide distribution; Huextetitla: upper 95% of genome-

wide distribution; Fig. S14). The coincidence of high X. birch-

manni ancestry in this region in both populations is unexpected

by chance (P < 0.005 by permutation). This result hints that the

sword ornament is not a strong barrier to gene flow between the

X. birchmanni and X. cortezi clusters, and alleles associated with

reduced sword length may be introgressing more than expected

by chance. Indeed, males from the X. cortezi hybrid cluster in

both populations have shorter swords than pure X. cortezi on av-

erage (X. cortezi normalized sword length: 0.33 ± 0.08; Santa

Cruz X. cortezi cluster: 0.17 ± 0.1; Huextetitla X. cortezi cluster:

0.20 ± 0.1).

Discussion
As hybridization is documented across ever-growing swaths of

the tree of life, research can now address the extent to which

the evolutionary outcomes of hybridization are predictable across

pairs of species, from the genetic to the population level. Here, we

develop sensitive local ancestry calling and infer the history of

hybridization and ancestry structure in two newly characterized

hybrid populations between non-sister Xiphophorus species, X.

birchmanni and X. cortezi (Fig. 2). This species pair is more dis-

tantly related than the well-studied sister species X. birchmanni

and X. malinche (Fig. 1A), and opens a new array of questions

within an emerging model system for studying the consequences

of hybridization.

Given that the X. birchmanni and X. cortezi hybrid popula-

tions at Santa Cruz and Huextetitla are geographically separated,

the similarities in overall ancestry structure and inferred demo-

graphic parameters between the populations are striking. Local

ancestry patterns are also markedly concordant across the two

hybrid populations (Fig. S11). This could indicate past connec-

tions between Santa Cruz and Huextetitla, but the two popula-

tions appear to have had different genetic contributions from the

X. cortezi source population (Fig. S10), suggesting that they are

largely independent in their recent demographic history. Disen-

tangling these factors to determine the degree to which ancestry

concordance across populations is driven by shared sources of

selection versus shared demographic history will be an exciting

direction for future work.

Notably, like the X. birchmanni × X. malinche system, our

demographic inference in Huextetitla and Santa Cruz suggests
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that both of these hybrid populations formed recently (in the last

∼150 generations; Fig. 3A), providing a window into evolution

in the first tens of generations after hybridization. Similar timing

of initial admixture in the two populations could reflect shared

histories of disturbance due to their geographical proximity to

growing human populations. Indeed, disturbance appears to be a

key factor in the recent formation of X. birchmanni × X. malinche

hybrid zones (Fisher et al. 2006).

The existence of distinct ancestry clusters in both X. birch-

manni × X. cortezi populations suggests substantial reproductive

barriers. Although the simplest explanation for this pattern would

be some form of spatial isolation by ancestry, several observa-

tions argue against this hypothesis. Namely, we collected repro-

ductively active males and females of both ancestry clusters in

the same minnow traps over multiple collections, and we identify

males of both clusters in underwater videos capturing small ge-

ographic areas. Likewise, successful embryonic development in

lab crosses rules out the possibility of sperm-egg incompatibili-

ties or hybrid incompatibilities that arrest early stage embryonic

development. Instead, the sequencing of wild-caught mothers and

their offspring from the Santa Cruz hybrid populations provides

clear evidence for nearly complete assortative mating by ancestry

cluster. We thus conclude that assortative mating is an important

force contributing to the observed ancestry structure in the Santa

Cruz hybrid population. It is interesting to note, then, that there

is substantial introgression of X. birchmanni ancestry into the X.

cortezi ancestry cluster at a QTL underlying the sword ornament,

suggesting that this trait is not a strong barrier to gene flow in

these populations (Powell et al. 2021). Although this may seem

surprising at first, several traits are important for mate preferences

in swordtails and existing data indicate that olfactory preferences

may play an especially large role in assortative mating (Crapon

de Caprona and Ryan 1990; Fisher et al. 2009; Fisher et al. 2006;

McLennan and Ryan 1997, 1999).

Although we find evidence of strong ancestry assortative

mating in both the X. birchmanni and hybrid X. cortezi ancestry

clusters, the results of ABC simulations are consistent with low

levels of ongoing gene flow between clusters (Fig. 3B). Intrigu-

ingly, our data show that all individuals originating from cross-

cluster mating events had mothers from the cortezi ancestry clus-

ter. This hints that mating barriers may be weaker between X.

cortezi females and X. birchmanni males than in the alternative

direction, consistent with higher levels of X. birchmanni ancestry

in the cortezi ancestry cluster (Fig. 2A).

Perhaps the most striking finding of this study is the similar-

ity of ancestry structure across diverse hybrid zones. The bimodal

population structure we observe is repeated not only between the

Santa Cruz and Huextetitla populations of pure X. birchmanni

and X. birchmanni × X. cortezi hybrids but also echoes our pre-

vious findings in a X. birchmanni × X. malinche hybrid pop-

ulation on the Río Calnali (“Aguazarca”). This population also

exhibits bimodal structure, with a cluster of birchmanni-skewed

hybrids deriving ∼75% of their genome from X. birchmanni

and introgressed X. malinche individuals deriving ∼5% of their

genome from X. birchmanni (Culumber et al. 2014; Schumer

et al. 2017). Consistent with our findings here, ancestry assorta-

tive mating helps maintain isolation between ancestry clusters in

this X. birchmanni × X. malinche hybrid population (Culumber

et al. 2014; Schumer et al. 2017).

Together, these results support an important role of premat-

ing mechanisms of assortative mating in maintaining population

structure after hybridization. Although many hybridizing popu-

lations show evidence of bimodal population structure (Jiggins

and Mallet 2000), similar to the structure we describe in X. birch-

manni × X. cortezi populations, it is rare to be able to distin-

guish between the many possible causes of such structure. Our

findings highlight the need to better understand mate preferences

in hybrids, which is often made difficult by the context depen-

dence of mate choice (Callander et al. 2012; Cui et al. 2017;

Filice and Long 2017; Jennions and Petrie 1997; Willis et al.

2012) and the fact that hybrids can have distinct preferences from

parental species (Mavarez et al. 2006; Melo et al. 2009), or suf-

fer from conflicting sensory signals that make them less choosy

(Rosenthal 2013). Another important challenge is understanding

how mechanisms of assortative mating in hybrid populations in-

teract with or are driven by selection on hybrids (Irwin 2020),

which is likely to be an important factor in X. birchmanni × X.

cortezi hybrids. We predict that hybrid incompatibilities likely

exist between X. cortezi × X. birchmanni given findings in re-

lated species (Schumer et al. 2014; Powell et al. 2020; Schumer

et al. 2018), and strong selection against hybrids could be a major

factor driving assortative mating.

Overall similarities in hybrid population structure between

X. birchmanni × X. cortezi hybrid populations at Huextetitla and

Santa Cruz and X. birchmanni × X. malinche hybrid populations

at Aguazarca may belie important biological differences. For ex-

ample, in the Huextetitla and Santa Cruz hybrid populations, the

X. birchmanni subpopulation experiences less gene flow, whereas

the opposite is true in the Aguazarca population. Among many

possible explanations for such a pattern, differences in responses

to pairs of sensory cues between species could play an impor-

tant role (Crapon de Caprona and Ryan 1990; Cui et al. 2017;

McLennan and Ryan 1999), suggesting another rich area for fu-

ture study.

The web of hybridization between X. cortezi, X. birchmanni,

and X. malinche provides a novel opportunity to investigate

the consequences of hybridization across scales. Greater sam-

ple sizes across both X. birchmanni × X. cortezi populations will

allow us to test shared drivers of local ancestry across systems

(Schumer et al. 2018), identify hybrid incompatibilities, and ask
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whether observed patterns are a function of phylogenetic history

or other biological variables. Such comparative approaches, made

possible by the work described here, will ultimately allow us to

evaluate the degree to which outcomes of hybridization are pre-

dictable across independent hybridization events.
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