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Hybridization is increasingly being recognized as a widespread process, even between ecologically and behaviorally divergent

animal species. Determining phylogenetic relationships in the presence of hybridization remains a major challenge for evolution-

ary biologists, but advances in sequencing technology and phylogenetic techniques are beginning to address these challenges.

Here we reconstruct evolutionary relationships among swordtails and platyfishes (Xiphophorus: Poeciliidae), a group of species

characterized by remarkable morphological diversity and behavioral barriers to interspecific mating. Past attempts to reconstruct

phylogenetic relationships within Xiphophorus have produced conflicting results. Because many of the 26 species in the genus

are interfertile, these conflicts are likely due to hybridization. Using genomic data, we resolve a high-confidence species tree

of Xiphophorus that accounts for both incomplete lineage sorting and hybridization. Our results allow us to reexamine a long-

standing controversy about the evolution of the sexually selected sword in Xiphophorus, and demonstrate that hybridization has

been strikingly widespread in the evolutionary history of this genus.
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A growing body of work has begun to recognize the importance

of hybridization in the evolutionary process (Mallet 2007, 2008;

Abbott et al. 2010; Arnold and Martin 2010). There is increasing

awareness that many species diversify in the presence of ongo-

ing gene flow, or experience post-speciation gene flow without

the collapse of reproductive isolation. Some of the most rapidly

diversifying groups, such as African cichlids (e.g., Seehausen

2004; Schwarzer et al. 2012) and Heliconius butterflies (Mallet

2005), have weak postzygotic isolation and frequently hybridize.

In certain species groups, the spread of adaptive alleles through

hybridization is thought to underlie phenotypic diversification

(Rieseberg et al. 2003; Heliconius Genome Consortium 2012). It

has also been suggested that hybridization can lead to speciation

in some cases (Mallet 2007, 2008; Abbott et al. 2010; Arnold and

Martin 2010). Understanding the extent of hybridization, and the

role of hybridization in evolution, is an important focus of current

evolutionary research.

Large, genome-wide datasets can be used both to address

phylogenetic relationships between species and examine patterns

of incomplete lineage sorting and hybridization. Historically,

it has been difficult to determine phylogenetic relationships in

groups with hybridization or high levels of incomplete lineage
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Figure 1. Previous phylogenetic hypotheses for interclade rela-

tionships in Xiphophorus. Abbreviations: NP, northern platyfishes;

SP, southern platyfishes; NS, northern swordtails; SS, southern

swordtails. (A) Platyfishes are paraphyletic and basal to genus

(Rosen, 1979; Rauchenberger et al. 1990; Basolo 1990). (B) Sword-

tails are paraphyletic and northern swordtails are grouped with

platyfishes (Meyer et al., 2006). (C) Swordtails are paraphyletic

and southern swordtails are grouped with platyfishes (Meyer

et al., 1994).

sorting (reviewed in Degnan and Rosenberg 2009), but the avail-

ability of genome-wide data and new computational techniques

(Ané et al. 2007; Kubatko 2009; Pickrell and Pritchard 2012)

allows researchers to explicitly account for incomplete lineage

sorting and hybridization when constructing species trees (Pollard

et al. 2006; Cranston et al. 2009). Previous studies have shown

that next-generation sequencing data have the potential to generate

well-resolved gene trees for testing hypotheses of hybridization

(Hittinger et al. 2010). Despite this, very few phylogenetic studies

to date have examined hybridization, particularly in a large group

of species. Many phylogenetic studies that have examined hy-

bridization have not explicitly accounted for incomplete lineage

sorting (Decker et al. 2009; Schwarzer et al. 2012), used candidate

genes (Heliconius Genome Consortium 2012), small numbers of

genes (Hailer et al. 2012), cyto-nuclear discordance (Meyer et al.

2006; Aboim et al. 2010; Kang et al. 2013), or been unable to

investigate hybridization due to the use of concatenated datasets

(Nabholz et al. 2011; dos Reis et al. 2012).

Swordtails and platyfishes (Poeciliidae, genus Xiphophorus)

are longstanding models of sexual selection (Darwin 1859; Ryan

1990), evolutionary genetics (Schartl 1995; Basolo 2006), and

oncology (reviewed in Meierjohann and Schartl 2006). Numer-

ous phylogenetic studies have failed to reach consensus on many

aspects of their evolutionary relationships (Rosen 1960, 1979;

Rauchenberger et al. 1990; Haas 1992; Marcus and McCune 1999;

Morris et al. 2001; Meyer et al. 2006; Kang et al. 2013). Early stud-

ies placed the swordtails as a monophyletic group derived from

the more basal platyfishes (Fig. 1A). More recent studies have

proposed conflicting topologies for three clades: northern sword-

tails, southern swordtails, and platyfishes (northern and southern;

Fig. 1B, 1C; Meyer et al. 1994).

Although the inconsistency among phylogenetic studies may

be the result of insufficient data or errors in inference, another

likely cause is interspecific hybridization. Xiphophorus species

have weak postzygotic isolation (Morizot et al. 1991; Walter

et al. 2004) and there are contemporary natural hybrid zones

between multiple pairs of species (Rosenthal et al. 2003; Schartl

2008). Premating barriers play a primary role in reproductive iso-

lation between species (Schartl 2008). As a rule, females prefer to

mate with conspecifics over heterospecifics (McLennan and Ryan

1999; Hankison and Morris 2003), but these preferences are sus-

ceptible to ecological disturbances and plasticity in preferences

(Fisher et al. 2006; Verzijden and Rosenthal 2011; Willis et al.

2011, 2012). It is therefore likely that episodes of hybridization

have played an important role in Xiphophorus evolution and may

account for conflicting phylogenies.

Uncertainties about the Xiphophorus phylogeny have also

contributed to controversies about trait evolution in the genus.

Xiphophorus has been intensively studied in the context of the

preexisting bias hypothesis of sexual selection (Basolo 1990;

Rosenthal and Evans 1998). The sexually dimorphic “sword”

extension of the caudal fin in males of some Xiphophorus species

was proposed to have evolved in response to a latent bias in

females, but this hypothesis hinged on the basal placement of

platyfishes and monophyly of the swordtails (Basolo 1990). This

view was challenged by subsequent phylogenies that did not sup-

port the monophyly of northern and southern swordtails (Meyer

et al. 1994); but see (Basolo 1995b). Without a robust phyloge-

netic framework, it is difficult to draw inferences about whether

or not preexisting preferences drove the evolution of the sword

ornament in Xiphophorus.

Hybridization could also account for the discontinuous distri-

bution of traits in the genus. For example, the geographically sep-

arated Xiphophorus andersi and Xiphophorus xiphidium are the

only two platyfishes naturally expressing swords (albeit short and

unpigmented). Also, the sympatric swordtail Xiphophorus birch-

manni and platyfish Xiphophorus variatus (Fisher et al. 2009)

share several male sexually dimorphic traits, despite no evidence

of current hybridization (Rauchenberger et al. 1990; G. G. Rosen-

thal, pers. obs.). Although these shared male sexually dimorphic

traits could be the result of convergent evolution, interfertility

between species raises the possibility that gene flow may be re-

sponsible for some shared traits.

To evaluate the role of hybridization in shaping the interrela-

tionships among Xiphophorus species, we use an RNAseq-based

approach to collect transcriptome sequence data for 24 of the

26 described Xiphophorus species and two outgroups. Despite

their increasing use in population genetics and gene mapping

studies, next-generation sequencing techniques have had lim-

ited applications in phylogenetics thus far. Although a variety

of next-generation sequencing methods can be used to generate
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phylogenetic datasets, for recently diverged species such as

Xiphophorus (∼4–6 mya; Mateos et al. 2002; Kallman and Kazia-

nis 2006), techniques such as RNAseq that generate long align-

ments are promising (e.g., Kocot et al. 2011; Smith et al. 2011).

Although RNAseq datasets have been concatenated to produce

highly supported phylogenies (Hittinger et al. 2010; Nabholz et al.

2011), concatenated datasets cannot be used to investigate gene

flow. We use RNAseq data to resolve the Xiphophorus species

tree with high confidence and apply phylogenetic approaches to

identify cases of interspecific hybridization. We find evidence for

widespread hybridization in Xiphophorus and discuss our findings

in the context of sexual selection and trait evolution.

Materials and Methods
RNA EXTRACTION AND LIBRARY PREPARATION

We obtained a single live male of each of 24 Xiphophorus species

and two outgroups from a variety of sources (Table S1). Fresh

specimens were photographed and killed with an overdose of tri-

caine methanesulfate (MS-222) in compliance with Texas A&M

University IACUC protocol #2012-164. Whole brains were dis-

sected immediately and preserved in RNAlater (Ambion, Austin,

TX) at −20◦C until use.

RNA was extracted using a standard TRI Reagent protocol

(Ambion) following manufacturer’s instructions and quantified

with a Nanodrop 1000 (Thermo Scientific, Wilmington, DE). One

to four micrograms of total RNA were used to prepare libraries

following Illumina’s TruSeq mRNA Sample Prep Kit with minor

modifications. Briefly, mRNA was purified using a bead-based

protocol and chemically fragmented; first- and second-strand

cDNA was synthesized from these fragments and end repaired.

Following end repair, 3’ ends were adenylated and a custom

adapter was ligated. This allowed for one of 23 unique indices (Ta-

ble S2) to be added to each library during PCR amplification (16–

18 cycles). Following agarose gel purification of the desired size

distribution (350–500 bp) and quality verification on the Bioana-

lyzer 2100 (Agilent, Santa Clara, CA), this 23-plex library was se-

quenced on one paired-end Illumina HiSeq 2000 lane at the Lewis-

Sigler Institute Microarray Facility (Princeton, NJ). Samples from

three additional species that could not be uniquely indexed were

sequenced on partial lanes (X. birchmanni, X. malinche, and X.

nigrensis). Raw 101 base pair (bp) reads were trimmed to remove

low-quality bases (Phred quality score < 20) and reads with fewer

than 30 bp of contiguous high-quality bases were removed using

the script TQSfastq.py (http://code.google.com/p/ngopt/source/

browse/trunk/SSPACE/tools/TQSfastq.py).

All raw data have been deposited in NCBI’s Sequence Read

Archive (accession number: SRA061485).

TRANSCRIPTOME ASSEMBLY

For phylogenetic analysis, we analyzed alignments to the

Xiphophorus maculatus genome and two transcriptomes to

demonstrate that our results are robust to the effects of ref-

erence species and reference sequence type (transcriptome or

genome). The two transcriptomes were generated using paired-

end data for the two species with the highest coverage, X. birch-

manni and X. mayae. A total of 29,535,466 (X. birchmanni) and

31,993,860 (X. mayae) paired-end reads were assembled using

velvet (Zerbino and Birney 2008) with a range of kmers (21,

31, and 41). We initially used the merge assemblies option with

Oases (Schulz et al. 2012), but found that this increased the inci-

dence of highly divergent alignments in our later analysis, likely

as a result of the formation of chimeric transcripts. We there-

fore used Oases to construct transcript isoforms without merging

and used a custom perl script to select the longest isoform for

our transcriptome reference. We compared the quality of differ-

ent assemblies based on the assembly N50 and total number of

bases assembled. In both cases, using a kmer of 31 produced

the highest quality transcriptome: X. birchmanni—N50 of 2441

bp, total size 108 Mbp; X. mayae-–N50 of 3545 bp, total size

147 Mbp.

Using this preliminary transcriptome assembly for each

species, we then identified regions that were not unique in

the X. maculatus genome by BLASTing all transcripts to the

X. maculatus genome using the blastn algorithm (Camacho

et al. 2009). To be conservative, we masked regions of transcripts

that had multiple hits to the genome at an e-value < 1e − 5,

by converting the bases in that region to Ns. Many transcripts

had short regions that BLASTed with high confidence to multi-

ple sites in the genome. To avoid excluding regions that would

not result in incorrect mapping we performed simulations to de-

termine whether reads originating from another transcript would

incorrectly map to small homologous regions (<100 bp) in our

transcriptome. We found that regions with multiple BLAST hits

shorter than 70 bp could be included in our analysis (Supporting

Information section i). We completed all subsequent steps in the

analysis using the X. birchmanni transcriptome, but repeated the

analyses using both the X. mayae transcriptome assembly and

X. maculatus genome to examine the effect of choice of refer-

ence sequence, and effects of using the transcriptome versus the

genome assembly (Supporting Information section ii, Fig. S1).

We chose the X. birchmanni transcriptome assembly for our main

analysis because it resulted in more alignments that passed our

criteria than the X. mayae assembly, and is less likely to com-

bine heterogeneous sequences in gene tree analysis than align-

ments to the X. maculatus genome (see Supporting Information

section ii).
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ALIGNMENT GENERATION AND TOTAL EVIDENCE

PHYLOGENY

Trimmed reads were aligned to the X. birchmanni transcrip-

tome sequence and the X. maculatus mitochondrial genome

(GenBank Accession No.: AP005982.1) using STAMPY v1.0.17

(Lunter and Goodson 2011). The number of reads per species and

alignment statistics are summarized in Table S2. Mapped reads

were analyzed for variant sites and sequence depth in each species

using the samtools / bcftools pipeline (Li et al. 2009) with a map-

ping quality cutoff of 20. Because the mapping process generates

aligned sequences to the reference, traditional gene by gene global

alignment is unnecessary.

A custom PHP script was used to generate sequence align-

ments for all 26 species based on the bcf file that is the output of

the samtools / bcftools pipelines. Before analyzing phylogenetic

relationships based on these sequence alignments, we performed

a number of quality control steps to exclude low-quality and low-

information sites from our dataset. For each species, transcripts

with average per-site coverage <5× were excluded. Individual

sites within a transcript were masked as N if coverage at that site

was <5× or the variant quality score was <20. Sites contain-

ing polymorphism or indels were also masked. After this initial

masking, we compared the remaining sites between species. If a

site had been masked in 90% or more of the Xiphophorus species,

or the transcript had been excluded in both outgroup species,

we excluded that site from out analysis. We also excluded re-

gions of high divergence (more than 7 character differences from

the X. birchmanni sequence in 21 bp) using a sliding window.

All remaining sites were included in the analysis. This resulted

in 10,999 alignments ≥500 bp with a total alignment length of

16.85 Mbp (22.91% missing data).

To produce a total evidence phylogeny as a first approxima-

tion of the likely species tree, all alignments were concatenated

for analysis. Because of the large a priori partition numbers we

did not allow free model parameters for each partition. Instead,

we analyzed the dataset as a single partition with 100 rapid boot-

straps (Stamatakis et al. 2008) followed by maximum likelihood

tree estimation using the General Reversible Time substitution

model (GTR + T) in RAxML 7.2.8 (Stamatakis 2006). Similar

methods were used to produce total evidence phylogenies based

on alignments to the X. mayae transcriptome and X. maculatus

genome (Supporting Information section ii).

GENE TREE ANALYSIS WITH BUCKy

Gene trees can sometimes produce topologies that are different

from the species tree because of incomplete lineage sorting or hy-

bridization (Degnan and Rosenberg 2009). To explicitly account

for these factors, we performed gene tree analysis using BUCKy

(Ané et al. 2007). We initially attempted gene tree analysis using

both the programs BEST (Liu 2008) and BUCKy (Ané et al. 2007)

but were unable to use BEST due to computational limitations.

The BUCKy program uses Bayesian concordance analysis to esti-

mate the likely species tree topology, and what proportion of loci

support the dominant topology. It has the advantage of making

no assumptions about the source of the discordance. Therefore,

in addition to incomplete lineage sorting, BUCKy accommodates

hybridization (Larget et al. 2010). We treat instances of major dis-

cordance identified by BUCKy as potential cases of hybridization

for further investigation.

Because of limitations in computational speed we used a

smaller dataset for BUCKy analysis (transcripts > 1.5 kb in

length, 7.6 Mb) and excluded both outgroups from analysis due

to extensive missing data in Priapella (Table S3). As a result of

computational constraints, we divided this 2366 transcript dataset

into two 1183 transcript datasets for analysis with MrBayes 3.2.1

to obtain a posterior distribution of gene trees for each partition.

Stationary stage was determined by inspecting parameter traces

using Tracer. The following chain length (and burn-ins) were used:

run 1, 31.2 million (10 million); run 2, 28.6 million (10 million).

BUCKy was run with a range of α priors, which describes the

expected number of unique gene trees given the number of taxa

and the total number of genes in the genome. We did not find

differences in the topology or concordance factor (CF) values be-

tween α values of 1, 2, and 5, and report results obtained with

α = 1. The CF describes the estimated proportion of the genome

significantly supporting a topology and BUCKy systematically

underestimates the CF for the major topology, especially with

short branch lengths and in the presence of ILS or hybridization

(Chung and Ané 2011). Alternative bipartitions with CFs higher

than 10% were further investigated for evidence of hybridization.

This large CF cutoff was used to identify species with strong evi-

dence for gene tree-species tree discordance. We also repeated the

BUCKy analysis using alignments to the X. maculatus genome

(Supporting Information sections iii and iv).

MITOCHONDRIAL PHYLOGENY

Using the same methods outlined earlier, but with a 20× coverage

cutoff, we obtained concatenated mitochondrial alignments of all

coding regions for 26 species (15,787 bp, 42.63% missing). We

repeated the analysis excluding both outgroups to prevent long-

branch attraction. Both datasets were analyzed with RAxML 7.8.2

using GTR + �. Nodal support was determined with 100 rapid

bootstraps in RAxML.

INVESTIGATING POTENTIAL HYBRIDIZATION

Strong discordance between gene trees and the species tree can

be caused by incomplete lineage sorting or hybridization. To in-

vestigate whether incomplete lineage sorting can be rejected as

the cause of discordance, we used the approximately unbiased

(AU) test (Shimodaira 2002; Schumer et al. 2012) and Patterson’s
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D-statistic (Green et al. 2010) to further investigate all groups in

which we found strong evidence of discordance using BUCKy

(CF ≥ 10%). Both tests were used to measure whether there was

significant asymmetry in support for the two minor topologies in

a four species tree; significant asymmetry in support for one of

the two minor topologies can be a sign of hybridization (Meng

and Kubatko 2009; Durand et al. 2011). We only investigated

potential hybridization that occurred between extant species and

we did not investigate potential hybridization between X. andersi

and Xiphophorus milleri because it was not detected in BUCKy

analysis of alignments to the X. maculatus genome (Supporting

Information section iv). Two potential hybridization events could

not be examined using our approach because of species interrela-

tionships; these were the potential hybridization events between

Xiphophorus hellerii and X. mayae, and Xiphophorus couchianus

and Xiphophorus meyeri, because higher discordance occurred

between X. hellerii and X. alvarezi and X. couchianus and X.

meyeri, respectively (see Results).

We exported four (D-statistic) or five (AU test) taxon align-

ments for the eight pairs of species for which we found strong

evidence of gene tree discordance from BUCKy (excluding X.

hellerii–X. mayae and X. couchianus–Xiphophorus gordoni), a

closely related species, and two outgroups (detailed in Table S2).

To investigate a case of mito-nuclear discordance, we also tested

for gene flow between X. birchmanni and X. pygmaeus despite

the fact that we failed to detect nuclear discordance between these

two species (see Results). Quality criteria for alignments were as

described earlier, except missing data at a site in any species

resulted in that site being excluded from the analysis.

For the AU test, we enforced monophyly of the two outgroups

and tested support for the three possible topologies of an unrooted

4-taxa tree. Site likelihoods were calculated using RAxML 7.8.2

with the General Time Reversible model and a gamma distri-

bution of substitution rates (GTR + GAMMA). These likeli-

hoods were used as input for AU tests implemented in Consel 0.2

(Shimodaira and Hasegawa 2001). The AU P-value is the prob-

ability that a tree is as likely as the maximum likelihood tree. If

a particular topology had an AU P-value greater than 0.95 for

an alignment, we concluded that the alignment supported that

topology. We excluded partitions that had an observed likelihood

difference of 0 because these are likely caused by low numbers of

informative characters in the alignment (Schmidt 2009). We de-

termined whether there was significant asymmetry in support for

the two minor topologies by calculating 95% confidence intervals

using 1000 replicates of nonparametric bootstrapping.

As a secondary method, we calculated Patterson’s D-statistic

(Green et al. 2010) for the same alignments using only one out-

group (Table S2). Sites with ABBA (shared sites between species

2 and 3) and BABA (shared sites between species 1 and 3) pat-

terns were counted in the four species alignments. With the null

hypothesis of incomplete lineage sorting, the number of ABBA

and BABA sites is expected to be equal. Significant deviation of

D from 0 suggests that incomplete lineage sorting can be rejected

as a null hypothesis. Significance of D was determined using a

two sample z-test. Standard error was determined by jack-knife

bootstrapping of D for each transcript using the bootstrap package

in R (R Development Core Team 2010), we then compared the D-

statistic results with the AU results (Table 1); in cases in which all

three methods (BUCKy, AU test, and Patterson’s D-statistic) sup-

port hybridization, we conclude that hybridization likely occurred

between the taxa in question.

CHARACTER MAPPING AND INDEPENDENT

CONTRASTS

To examine patterns of sword evolution and sword preference

evolution in the context of our species tree topology, we com-

piled a dataset of sword index (sword length / standard length;

Basolo 1995a), machinery for sword production (MSP, the abil-

ity to generate a sword after androgen treatment: Gordon et al.

1943; Dzwillo 1963, 1964; Zander and Dzwillo 1969), and sword

preference in Xiphophorus females based on previously published

studies (Supporting Information section v, Tables S4 and S5). Al-

though previous researchers have distinguished between the long

and pigmented sword found in southern and some northern sword-

tails, and the short unpigmented sword found in two platyfishes,

we do not make that distinction here. However, we recognize

that the sword is a complex trait and has many morphological

differences between clades.

Sword index and female preference index were coded as con-

tinuous variables whereas MSP was coded as a binary character.

We traced the characters on the total evidence tree produced by

alignment to the X. birchmanni transcriptome by maximum parsi-

mony in Mesquite 2.75 (Maddison and Maddison 2011), because

maximum likelihood methods cannot be implemented for con-

tinuous variables in this program. We used the PDAP-PDTREE

package (Midford et al. 2011) in Mesquite to perform indepen-

dent contrast analysis (Felsenstein 1985) between sword index

and preference for swords and linear regressions between sword

and preference characteristics and node height.

Results
A HIGH CONFIDENCE SPECIES TREE BASED

ON NUCLEAR DATA

We used multiple methods to construct a high confidence species

tree for Xiphophorus. As an initial approach to determine the

likely species tree, we constructed a total evidence phylogeny

using RAxML based on alignments to the X. birchmanni tran-

scriptome; this concatenated nuclear dataset produced a fully
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Table 1. Proportion of the gene trees supporting alternative topologies estimated by approximately unbiased tests (AU tests) and

D-statistic calculated for all species with discordance > 10% identified by BUCKy. Confidence intervals are calculated by 1000 replications

of nonparametric bootstraps for AU tests and jack-knife bootstrapping for the D-statistic. Positive values support gene flow between the

two species in question. Divergence refers to the average sequence divergence between the two sister species in the genomic regions

significantly (AU P > 0.95) supporting the indicated sister relationships.

D-statistic Percent of AU test support for the
Species pair CF (jack-knife SE, P-value) two minor topologies (95% confident intervals) Divergence

X. nezahualcoyotl
–X. montezumae

0.25 0.38
(0.07, P<3.1e−14)

([X. nezahualcoyotl, X. montezumae], X. cortezi):
32% (30–33%)

0.36%

([X. montezumae, X. cortezi], X. nezahualcoyotl):
3% (2–3%)

0.36%

X. signum–X.
mayae

0.21 0.56
(0.03, P<4.4e−65)

([X. signum, X. mayae], X. hellerii): 51%
(49–53%)

0.40%

([X. signum, X. hellerii], X. mayae): 7.6%
(7–8.5%)

0.40%

X. hellerii–X.
alvarezi

0.21 −0.41
(0.01, P<6.4e−100)

([X. hellerii, X. alvarezi], X. mayae): 16%
(15–17%)

0.32%

([X. hellerii, X. mayae], X. alvarezi): 13%
(12–14%)

0.36%

X. variatus–X.
xiphidium

0.11 0.31
(0.014, P<1.5e−86)

([X. xiphidium, X. variatus], X. evelynae): 30%
(29–32%)

0.37%

((X. xiphidium, X. variatus), X. evelynae): 10%
(9–11%)

0.44%

X. milleri– X.
evelynae

0.11 0.09
(0.013, P<0.00043)

((X. evelynae, X. milleri), X. couchianus): 16%
(15–18%)

0.43%

([X. milleri, X. couchianus], X. evelynae): 14%
(13–15%)

0.43%

X. couchianus–X.
meyeri

0.29 0.11
(0.04, P<0.0030)

([X. meyeri, X. couchianus], X. gordoni): 26%
(24–29%)

0.06%

([X. couchianus, X. gordoni], X. meyeri): 17%
(15–19%)

0.08%

X. xiphidium–X.
andersi

0.13 0.03
(0.014, P<0.041)

([X. andersi, X. xiphidium], X. meyeri): 19%
(18–21%)

0.54%

([X. meyeri, X. andersi], X. xiphidium): 11%
(9–12%)

0.55%

X. evelynae–X.
variatus

0.14 0.18
(0.013, P<5.3e−28)

([X. variatus, X. evelynae], X. couchianus): 19%
(18–20%)

0.34%

([X. evelynae, X. couchianus], X. variatus): 10%
(10–11%)

0.36%

X. birchmanni– X.
pygmaeus

<0.10 −0.03
(0.017, P=0.19)

([X. pygmaeus, X. malinche], X. birchmanni): 3%
(3–4%)

0.57%

([X. birchmanni, X. pygmaeus)), X. malinche): 3%
(3–3%)

0.61%

resolved phylogeny with 100% bootstrap support for all nodes

(Fig. 2A).

To confirm that our total evidence topology was not de-

pendent on the reference sequence used for assembly, we re-

peated the same analysis using the X. maculatus genome and the

X. mayae transcriptome as reference sequences (Supporting in-

formation section ii). The total evidence topology produced from

alignment to the X. maculatus genome was nearly identical to

the topology produced from alignment to the X. birchmanni tran-

scriptome; this topology placed X. nezahualcoyotl as sister to X.

cortezi rather than X. montezumae (Supporting Information sec-

tion ii, Fig. S1A). The total evidence topology produced from

alignment to the X. mayae transcriptome also resulted in a highly

similar topology, albeit with lower bootstrap support; for details,

see online Supporting Information section ii, Figure S1B.

We also investigated the likely species tree with gene tree

analysis using BUCKy. With this method we infer a nearly identi-

cal species tree topology to the topology produced by the analysis
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Figure 2. (A) Total evidence nuclear phylogeny produced by concatenating 10,999 transcripts totaling 16,855,549 (22.91% missing)

sites using RAxML 7.2.8 with GTR + � model. Nodal support generated by 100 rapid bootstraps with GTR + CAT. Log-likelihood =
−33380190.53. (B) Unrooted mitochondrial tree (coding regions only, 15,787 bp, 42.63% missing) of 24 Xiphophorus species excluding

two outgroup species. Log-likelihood = −40371.19.

of the concatenated X. birchmanni aligned dataset with RAxML

(Fig. 3; see Table S6 for CFs). As with the topology produced by

aligning to the X. maculatus genome, the only difference between

the species tree inferred by BUCKy and the concatenated topol-

ogy was the placement of X. nezahualcoyotl sister to X. cortezi

rather than X. montezumae. Given that the species trees produced

by the different analyses are nearly identical, we focus subsequent

discussion on the species tree determined by BUCKy.

Our results resolve many of the uncertainties of the

Xiphophorus phylogeny (Figs. 2, 3). The monophyly of the three

major Xiphophorus clades (northern swordtails, platyfish, and

southern swordtails) is strongly supported. Our results also

strongly support the placement of platyfish and northern sword-

tails as sister clades, with southern swordtails at the base of the

genus (corresponding to Fig. 1B). In within clade relationships,

we also find a number of major differences from previous studies.

X. xiphidium, which is a northern sworded platyfish, is resolved at

a more basal position that is more closely related to the southern

platyfish X. andersi than in previous studies (Meyer et al. 2006).

Excluding X. xiphidium, southern platyfishes are paraphyletic

whereas northern platyfishes are monophyletic. Out of three hy-

pothesized clades within the northern swordtails (Rauchenberger

et al. 1990), two (the cortezi and pygmaeus clades) were found to

be paraphyletic, whereas the montezumae clade is polyphyletic.

X. montezumae was resolved as the sister to the cortezi clade,

which here included X. nezahualcoyotl, whereas X. continens was

supported as sister of X. pygmaeus (but see Table S1).

EXTENSIVE CYTONUCLEAR CONFLICT

Previous phylogenetic studies in many taxa have historically

relied heavily on mitochondrial DNA (mtDNA) as a marker.

We constructed mtDNA relationships based on concatenated ex-

pressed mitochondrial sequences using RAxML. We find low

concordance between mitochondrial and nuclear relationships in

Xiphophorus (Fig. 2). The placement of X. maculatus was not

well resolved in the mtDNA tree. When outgroups are included,
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Figure 3. A primary concordance tree produced by BUCKy (α = 1) from 2366 gene trees inferred by MrBayes 3.2.1. Nodal values are

Bayesian concordance factors (CFs). Discordance which is detected using both the X. birchmanni transcriptome and the X. maculatus

genomic reference (Fig. S3) with CFs > 10% is indicated with solid lines using a color gradient. See Table S6 for CFs and confidence

intervals.

X. maculatus resides at the base of a clade including all south-

ern swordtails and other platyfishes, with low bootstrap support

(Fig. S2). Excluding both outgroups places X. maculatus sister to

other platyfishes, but again with low bootstrap support (Fig. 2B).

In the rooted trees, mtDNA sequences support monophyly of

southern swordtails and platyfishes, in direct conflict with results

from nuclear data. As reported previously (Meyer et al. 2006;

Kang et al. 2013), X. clemenciae and X. monticolus are nested

within the platyfishes, also in contradiction to the species tree

inferred from nuclear genome sequences.

HYBRIDIZATION INFERRED BY BUCKy, AU TESTS,

AND THE D-STATISTIC

Gene tree discordance can result from incomplete lineage sorting

(Pollard et al. 2006), reconstruction errors, or from hybridiza-

tion (Degnan and Rosenberg 2009). We used BUCKy to identify

instances of major discordance between individual nuclear gene

trees and the consensus species tree (Figs. 3, 4). A large number

of Xiphophorus species had high levels of nuclear gene tree dis-

cordance based on the results of our BUCKy analysis. We found

greater than 10% discordance in all three major groups: north-

ern swordtails (X. nezahualcoyotl, Xiphophorus montuzumae),

platyfishes (X. xiphidium, X. andersi, Xiphophorus evelynae, X.

variatus, X. couchianus, X. milleri, X. meyeri, X. gordoni), and

southern swordtails (X. hellerii, X. signum, X. alvarezi, and X.

mayae). We find nearly identical patterns of discordance in both

the alignments to the X. birchmanni transcriptome assembly and

the alignments to the X. maculatus genome (Supporting Informa-

tion sections iii and iv; Fig. S3).

For all species that showed high levels of discordance (i.e.,

≥10%; Fig. 3), we performed two additional analyses to differ-

entiate between incomplete lineage sorting and hybridization. To

evaluate the evidence for hybridization, we applied the AU test

(Shimodaira 2002) and Patterson’s D-statistic (Green et al. 2010)

to these species (Table S2). Both tests allow us to determine

whether incomplete lineage sorting can be rejected as the cause

of discordance by testing for asymmetry of the two less frequent

topologies. Given agreement between all three analyses (BUCKy,

the AU test, and Patterson’s D-statistic), we conclude that hy-

bridization is a likely contributor to gene tree discordance among
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Figure 4. Localities and photographs of the specimens used in this study mapped on a DensiTree produced by overlaying 160 gene

trees inferred by MrBayes 3.2.1. Black vertical lines indicate the location of a major geographical barrier, the Trans-Mexican Volcanic

Belt (TMVB). Blue lines, southern platyfishes; green lines, northern platyfishes; yellow lines, northern swordtails; pink lines, southern

swordtails.

the species in question. Specifically, we find that 7 of 8 tested

cases of discordance are likely the result of hybridization (Table

1). Some species had levels of hybridization consistent with ex-

tensive admixture or hybrid speciation. For example, the majority

of the X. xiphidium alignments (70%) cluster with X. meyeri in

AU tests, but a significant proportion (19%) are grouped with the

southern platyfish X. andersi. In X. nezahualcoyotl, 66% of align-

ments were most closely related to X. cortezi but 32% are more

closely related to X. montezumae. This hybridization is unlikely to

be recent however, because divergence between species was still

high in regions supporting minor topologies (Table 1, compared

to Table S7).

CHARACTER MAPPING AND INDEPENDENT

CONTRASTS

We used the total evidence tree to investigate evolutionary trends

for sword length, sword preference, and whether female prefer-

ence for the sword is correlated with sword length (Supporting

Information section v). Independent contrasts reveal a marginally

nonsignificant positive correlation between male sword length

and female preference (r = 0.55, degree of freedom [df] = 9,

P = 0.083). Female preference significantly decreased with node

height (r = −0.71, df = 8, P = 0.022), suggesting an evolution-

ary trend for decreased sword preference. Sword length, however,

was not correlated with node height in the species tree (r = −0.27,

df = 23, P = 0.185).

Discussion
Using sequence information generated from one paired-end Illu-

mina lane, we resolve phylogenetic relationships in a group of

species with a highly contested evolutionary history. We show

that there are high levels of hybridization between many species,

potentially due to weak postzygotic isolation in Xiphophorus

(Schartl 2008; Rosenthal and Ryan 2011). Extensive admix-

ture has occurred in lineages within the platyfish, northern, and

southern swordtail clades, whereas cases of introgression have

occurred within all major clades. A high-confidence molecu-

lar phylogeny of Xiphophorus allows us to address questions

about the role of sexual selection and hybridization in trait

evolution.
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PHYLOGENETIC RELATIONSHIPS IN XIPHOPHORUS

We find strong support for monophyly of the three previously

identified Xiphophorus clades: the southern swordtails, the north-

ern swordtails, and the platyfishes. The rooting of our phylogeny

(most closely corresponding to Fig. 1B) confirms results from

previous nuclear datasets that northern swordtails and southern

swordtails are not monophyletic (e.g., Meyer et al. 2006). This

rooting conflicts with early studies using morphology (Rosen

1979) and mitochondrial DNA (Meyer et al. 1994). We also find

major differences in intraclade relationships compared with pre-

vious studies, particularly in the northern swordtails (Rauchen-

berger et al. 1990; Morris et al. 2001; Kang et al. 2013).

RETICULATE EVOLUTION IN XIPHOPHORUS

Based on our analysis of nuclear sequences, we find evidence

of gene flow between multiple species within platyfishes, north-

ern swordtails, and southern swordtails (Table 1; Figs. 3, 4). Only

eight of the species surveyed show no evidence for discordance of

nuclear gene trees. Our results demonstrate that hybridization has

been extensive within clades, even between nonsister species, but

there is little evidence of hybridization between the major clades.

The extent of historical hybridization in Xiphophorus is especially

interesting given that contemporary natural hybrids are relatively

rare. Premating isolation via sexual selection is the major barrier

to hybridization in this genus (Schartl 2008; Rosenthal and Ryan

2011) but reproductive isolation via mating preferences may be

particularly vulnerable to perturbation due to demographic fluc-

tuations (Willis et al. 2011) or environmental disruption of sexual

communication (Fisher et al. 2006). The vulnerability of female

preference as the major barrier to reproductive isolation is ap-

parent in our results, which indicate rampant genetic exchange

throughout the Xiphophorus phylogeny. Hybridization is likely to

be even more widespread than we report, because our method will

only detect gene flow when it is extensive enough to cause discor-

dance > 10%. For example, historical hybridization between the

widely sympatric X. maculatus and X. hellerii has been recently

reported (Schumer et al. 2012) but the level of shared ancestry

(∼6%) is lower than the detection threshold used here.

Mitochondrial DNA relationships have historically been used

for phylogenetic studies and as a method of detecting past hy-

bridization, but accumulating evidence casts doubt on the util-

ity of mitochondrial genes in studying evolutionary relationships

(Ballard and Rand 2005). Our mtDNA results differ strikingly

from relationships suggested by nuclear sequences. In the mtDNA

phylogeny, the southern swordtails are grouped as sister to the

platyfishes, whereas nuclear sequences group platyfishes and

northern swordtails (Fig. 2). Past research in Xiphophorus has

inferred potential cases of hybridization based on mitonuclear in-

congruence (Meyer et al. 1994, 2006; Kang et al. 2013). However,

the mtDNA topology does not support the same hybridization pat-

terns detected in our nuclear gene tree analysis. Instead, we find

mtDNA incongruence can occur even when the nuclear genome

shows no evidence of hybridization. For example, we did not

find evidence of gene flow between platyfish and X. monticolus

as recently suggested (Kang et al. 2013). Similarly, our previous

study (Schumer et al. 2012) using whole genome sequencing of X.

clemenciae did not support extensive gene flow with X. maculatus.

In northern swordtails, even though the sister relationship between

the X. pygmaeus clade and X. birchmanni is highly supported by

mtDNA, there is no evidence for gene flow between these species

based on nuclear gene trees. Other factors such as incomplete

lineage sorting or selection could be an alternate explanation of

the observed mtDNA patterns (e.g., Schumer et al. 2012).

EVIDENCE FOR EXTENSIVE ADMIXTURE

IN ALL MAJOR GROUPS

We find evidence based on genome-wide data that X. nezahualcoy-

otl, X. xiphidium, and multiple species in the X. hellerii clade have

significant proportions of their genomes derived from hybridiza-

tion. These species have levels of discordance ranging from 19%

to 42% based on AU tests (Table 1), suggestive of extensive his-

torical admixture or even hybrid speciation. Given current species

distributions, hybridization between X. xiphidium–X. andersi and

X. nezahualcoyotl–X. montezumae has not been previously sus-

pected, suggesting that historical species distributions or migra-

tion allowed hybridization between these species.

Although all three of these groups show high levels of hy-

bridization, extensive admixture in X. nezahualcoyotl is also con-

sistent with morphological data and previous research. Based on

such high levels of nuclear gene tree discordance (∼30%), it is

possible that X. nezahualcoyotl is the product of admixture be-

tween its sister species X. cortezi and X. montezumae. The sword

of X. nezahualcoyotl is of intermediate length of X. montezu-

mae and X. cortezi (sword index: 0.48, X. montezumae 1.0, X.

cortezi 0.37; see Table S4 and Supporting Information section v),

and X. nezahualcoyotl shares morphological characteristics with

both species (pigment patterns shared with X. cortezi and lateral

stripes shared with X. montezumae). Previous phylogenetic anal-

yses could not resolve relationships between X. nezahualcoyotl,

X. montezumae, and X. cortezi (Rauchenberger et al. 1990; Morris

et al. 2001). We suggest that these difficulties stem from the ex-

tensive hybridization in the evolutionary history of these species.

A more complete survey throughout the range of X. nezahualcoy-

otl, and whole genome sequencing of both species and X. cortezi

is required to further evaluate this prediction.

IMPLICATIONS FOR THE EVOLUTION OF SEXUALLY

SELECTED TRAITS

Early research proposed that platyfishes were basal to the genus

and the evolution of the sword was driven by latent female
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Figure 5. Sword traits (presence of a sword and ability to pro-

duce a sword following androgen induction) mapped onto the

total evidence phylogeny with southern and northern swordtails

collapsed. This topology shows a single loss of the ability to pro-

duce a sword in the northern platyfishes and multiple losses of

the natural expression of sword.

preferences (Basolo, 1995a,b). Based on the rooting of the genus

in our phylogeny, we find that the ability to produce a sword was

likely present in the common ancestor of Xiphophorus and secon-

darily lost in some platyfishes (as observed in Meyer et al. 1994;

Fig. 5; Meyer et al. 2006). However, preferences for swords in out-

group taxa suggest that the sword could have evolved in response

to a preexisting bias prior to the diversification of Xiphophorus

(as suggested by Basolo 1995b).

Our phylogeny changes the placement of X. xiphidium, a

sworded platyfish, in comparison to previous studies. Because X.

maculatus and X. milleri both have the capacity to produce a short

sword if induced by androgens (Gordon et al. 1943; Dzwillo 1963,

1964; Zander and Dzwillo 1969; Offen 2008), and X. andersi and

X. xiphidium are both sworded, our phylogeny demonstrates that

the ability to produce a short sword was present in the common

ancestor of platyfishes, and thus a synapomorphy of the genus.

Based on our results, the genetic pathway for sword production

was not completely lost in platyfishes until after the diversification

of X. milleri (Fig. 5). This finding has important implications for

research into the genetic basis of the sword; because this trait

arose only once it is likely that the production of the sword is

regulated by the same mechanisms in all Xiphophorus species.

Despite the likely presence of the sword in the common ancestor

of Xiphophorus, sword preference is negatively correlated with

node height, suggesting an evolutionary trend for a reduction in

sword preference in Xiphophorus.

GENE FLOW AND SEXUALLY SELECTED TRAITS

Only two platyfish species have a short sword, X. xiphidium and

X. andersi. The platyfish sword is significantly reduced compared

to sword ornaments in northern and southern swordtails, and lacks

pigmentation. An alternate explanation for the presence of short

swords in X. andersi and X. xiphidium is a single loss of the

trait in platyfishes followed by introgression. We consider this

unlikely because we do not find evidence of swordtail ancestry in

X. xiphidium or X. andersi, although we caution that lower lev-

els of hybridization (less than our 10% detection threshold) could

have occurred between swordtails and these two platyfishes. How-

ever, we find evidence of hybridization between X. andersi and

X. xiphidium, raising the possibility that loci underlying the short

sword could be shared in these two species. Identifying the genetic

basis of the sword is a crucial next step in determining whether

hybridization has played a role in the phylogenetic distribution of

this trait (e.g., Heliconius Genome Consortium 2012).

Conclusions
Previous investigations of the relationships among Xiphopho-

rus species have been fraught with inconsistencies, likely as a

result of gene flow among taxa. Our approach highlights the

utility of genome-scale data in resolving patterns of gene flow

in addition to determining species trees with high confidence.

Our results demonstrate that evolution of the sword predated the

diversification of Xiphophorus and that the ability to produce

the sword was not completely lost until after the diversification

of northern platyfishes. In addition, we find that hybridization

in Xiphophorus has been historically common, and we docu-

ment evidence of extensive admixture, potentially indicative of

hybrid speciation, in the northern swordtail X. nezahualcoyotl,

southern swordtails in the X. hellerii clade, and the platyfish X.

xiphidium. Our results suggest that species boundaries primarily

maintained by behavioral premating isolation may be particularly

porous and that gene flow can be widespread without resulting in

species collapse. Hybridization is likely to play a major role in the

evolutionary history of many species without strong postmating

isolation.
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