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Abstract

Next-generation sequencing (NGS) techniques are now key tools in the detection of
population genomic and gene expression differences in a large array of organisms.
However, so far few studies have utilized such data for phylogenetic estimations. Here,
we use NGS data obtained from genome-wide restriction site-associated DNA (RAD)
(~66000 SNPs) to estimate the phylogenetic relationships among all 26 species of
swordtail and platyfish (genus Xiphophorus) from Central America. Past studies, both
sequence and morphology-based, have differed in their inferences of the evolutionary
relationships within this genus, particularly at the species-level and among monophy-
letic groupings. We show that using a large number of markers throughout the
genome, we are able to infer the phylogenetic relationships with unparalleled resolu-
tion for this genus. The relationships among all three major clades and species within
each of them are highly resolved and consistent under maximum likelihood, Bayesian
inference and maximum parsimony. However, we also highlight the current cautions
with this data type and analyses. This genus exhibits a particularly interesting evolu-
tionary history where at least two species may have arisen through hybridization
events. Here, we are able to infer the paternal lineages of these putative hybrid spe-
cies. Using the RAD-marker-based tree we reconstruct the evolutionary history of the
sexually selected sword trait and show that it may have been present in the common
ancestor of the genus. Together our results highlight the outstanding capacity that
RAD sequencing data has for resolving previously problematic phylogenetic relation-
ships, particularly among relatively closely related species.
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Introduction studied using genome-wide approaches. To date, how-
ever, few studies have applied this technology to phy-

High-throughput next-generation sequencing (NGS) logenetics (but see Emerson et al. 2010; Dasmahapatra

technologies are now key tools in the rapid detection of
genetic variation among both model and nonmodel
organisms. These methods have transformed the ques-
tions that can be addressed and the taxa that can be
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et al. 2012; Rubin et al. 2012; Wagner et al. 2012). As the
costs are reduced further and the use of genome-wide
markers and associated analyses becomes more and
more efficient, there will be greater possibilities for
investigating a wide range of taxa.

Specifically, Baird et al. (2008) developed a new
method for sampling genome-wide SNP variation in
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restriction site-associated DNA (termed RAD) using
short-read NGS technology (e.g. Illumina and SOLiD
NGS platforms). This method targets a reduced repre-
sentation of the genome—orthologous regions flanking
restriction enzyme cutting sites throughout the genome.
To date, RAD sequencing has enabled the production of
genome-wide SNP data for the use in population geno-
mic studies of threespine sticklebacks (Hohenlohe et al.
2010, 2012) and hybridization between rainbow and
westslope cutthroat trout (Hohenlohe ef al. 2011). In
addition, Emerson et al. (2010) used RAD sequencing to
identify the previously difficult to resolve phylogeo-
graphic relationships among populations of the pitcher
plant mosquito (Wyeomyia smithii). Dasmahapatra et al.
(2012) used RAD sequencing to reconstruct a phyloge-
netic tree of species in the melpomene—silvaniform clade
of Heliconius butterflies. Rubin et al. (2012) focussed on
assessing whether RAD sequences (simulated) can be
used across a broad range of species (i.e. yeast, Drosoph-
ila and mammals) without a reference genome and
understanding which parameters yield the most accu-
rate and well-supported trees. This method has also
been applied very recently to resolving the evolutionary
relationships in the Lake Victoria cichlid adaptive radia-
tion (Wagner ef al. 2012). Here, we use RAD sequencing
to investigate the phylogenomic relationships among all
species of swordtail and platyfish (genus Xiphophorus)
from Mexico, South America, and test the capacity of
this type of data for providing high-resolution estimates
of species relationships. We also outline some of the
current potential limits and biases of applying phyloge-
netic analyses to RAD data. Challenges associated with
genome-wide scale phylogenetic analyses are starting to
be uncovered (e.g. Kumar et al. 2012; Simmons 2012a,b);
however, a more extensive use of these methods will
provide better insight into the broader patterns of
phylogenetic inference based on such large data sets.
The freshwater fish genus Xiphophorus (swordtails
and platyfish) belongs to the Family Poeciliidae and
includes 26 species of small fish from Central America
(Kallman & Kazianis 2006). This group of fish has been
widely used as a model for a range of evolutionary
and ecological questions including mating preferences
and asymmetries, fitness differences and conservation
genetics and the evolution of unisexual populations
and provides remarkable opportunities for genomic
studies of behavioural and ecological radiations and
speciation (e.g. Vrijenhoek ef al. 1985; Ryan & Wagner
1987; Quattro & Vrijenhoek 1989; Basolo 1990b, 1998;
Kirkpatrick & Ryan 1991; Quattro ef al. 1996; Stock et al.
2010; Willing et al. 2010; McCoy et al. 2011; Shen et al.
2012). Xiphophorus fish in particular are also models in
cancer (melanoma) research, including the relationship
between oncogenes and speciation (e.g. see Schartl
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2008). In addition, these fish have been the focus of
much research on the molecular mechanisms driving
the evolution of sex determination (e.g. Volff & Schartl
2001; Schartl 2004), and interestingly, gene copy num-
ber has been found to be associated with reproductive
strategy, size and puberty (Lampert et al. 2010). Xipho-
phorus has perhaps attracted the most research attention
for their sexually selected male trait—the elongated
ventral caudal fin or sword (e.g. Meyer et al. 1994,
2006; Basolo 1995a,b; Rosenthal & Evans 1998; Rosen-
thal et al. 2002). Swordtail males exhibit a sword trait
that is preferred by females, and even female platyfish
whose males do not have a sword prefer conspecific
males with artificial swords over swordless ones
(Basolo 1990a). Xiphophorus have been suggested to be
one of few examples of the pre-existing bias hypothe-
sis, where evolutionary older female mating prefer-
ences for sworded males may have driven the
evolution of the more recently evolved sword trait
(Basolo 1995a,b; Meyer 1997).

Estimating the phylogenetic relationships among this
group of fish has been much addressed but has pro-
vided conflicting results in the literature with different
data sets illustrating different evolutionary scenarios
and monophyletic groupings (Rosen 1960, 1979; Rosen
& Kallman 1969; Rauchenberger et al. 1990; Basolo 1991;
Meyer et al. 1994, 2006). Until the mid-1990s, phyloge-
netic relationships among Xiphophorus fish were esti-
mated using morphological traits such as the sword,
pigmentation and the elaborate fin-structure of the
gonopodium, which is the intromittent organ that
develops from the anal fin of males in these live bearing
fishes (Rosen 1960, 1979; Rosen & Kallman 1969;
Rauchenberger et al. 1990; Basolo 1991). Since then,
molecular markers, both mtDNA and nuclear, have
been used to estimate the relationships among these
fish (e.g. Meyer et al. 1994, 2006; Kang et al. 2013). Most
phylogenies support four clades within this genus—
southern swordtails (not always resolved as monophy-
letic), northern swordtails, southern platyfish and
northern platyfish. However, more derived nodes
within these clades remain not well supported.

Of particular interest are the putative signatures of
hybridization in this group, revealed through incongru-
ence between mitochondrial and nuclear genetic mark-
ers (Meyer ef al. 1994, 2006; Kang et al. 2013). However,
we note that such signatures may arise for a number of
different reasons, including differences in the evolution-
ary processes of the nuclear vs. mitochondrial genome
(Ballard & Whitlock 2004). At least two species of
Xiphophorus show discordance in their phylogenetic
placement and have been suggested to have arisen
through hybridization events (Meyer et al. 1994, 2006;
Jones et al. 2012; Kang et al. 2013).
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Here, we use SNP data from thousands of RAD loci
to provide high-resolution estimates of the evolutionary
relationships among all 26 Xiphophorus fish species. We
also estimate the divergence times of the broader
groupings of this genus and the origin of the putative
hybrid species. Additionally, we address the question
of which regions of the genome are shared between fish
likely to have been affected by introgression. Together,
our results show that RAD sequencing can provide
exceptional insights into the evolutionary relationships
among an entire genus.

Methods

Samples

We sequenced an average of five individuals of each of
the 26 described species of Xiphophorus, plus three out-
groups (Priapella intermedia, Gambusia holbrooki, Heteran-
dria formosa) (sample numbers per species ranged from
2 to 7), making a total of 143 individuals (Table 1). All
samples, apart from X. malinche that were wild-caught,
were from laboratory-housed stocks. All stocks are

derived from wild-caught fish (~5-20 founders) and
have been maintained under closed colony breeding in
large population tanks for a range of 5-50 generations.
For each species stock, at least two independent aquaria
are kept, and random mixing of individuals is
performed every 2-3 generations.

Molecular methods

DNA was extracted from body tissue using a DNeasy
Blood and Tissue kit (Qiagen, Valencia, CA, USA) with
RNase A (100 mg/mL). DNA was quantified using a
TBS-380 Mini-Fluorometer (Turner Biosystems, Sunny-
vale, CA, USA), and the quality was assessed by visual-
ization on an agarose gel.

Restriction site-associated DNA libraries were pre-
pared following the study by Peterson et al. (2012) with
modifications as in the study by Recknagel et al. (2013)
and described here. Briefly, 500 ng of DNA from each
individual was digested using two enzymes, one rare
cutting enzyme (PstI-HF) and one frequent cutting
enzyme (Mspl), for 3 h at 37 °C. The fragmented DNA
was purified using the Qiagen MinElute PCR Purifica-

Table 1 Specimens by origin and species. Individuals sampled here are from laboratory strains bred from wild-caught individuals

from the localities specified

Species

Origin

GPS location N per species

Xiphophorus andersi
Xiphophorus alvarezi
Xiphophorus birchmanni
Xiphophorus clemenciae
Xiphophorus continens
Xiphophorus cortezi
Xiphophorus couchianus
Xiphophorus evelynae
Xiphophorus gordoni
Xiphophorus hellerii
Xiphophorus kallmani
Xiphophorus malinche
Xiphophorus maculatus
Xiphophorus mayae
Xiphophorus meyeri
Xiphophorus milleri
Xiphophorus mixei
Xiphophorus montezumae
Xiphophorus monticolus
Xiphophorus multilineatus
Xiphophorus nezahualcoyotl
Xiphophorus nigrensis
Xiphophorus pygmaeus
Xiphophorus signum
Xiphophorus variatus
Xiphophorus xiphidium
Gambusia holbrooki
Heterandria formosa
Priapella intermedia

Rio Atoyac

Rio Dolores

Rio Axtlapexco
Puente Chino Luiz
Ojo Frio

Rio Axtla

Apodaca

Tecolutla

Cuatro Cienagas

Rio Lancetilla
Laguna Catemaco
Arroyo Xontla, near Chicayotla
Rio Grijalva

Rio Dulce

Melchor Musquiz
Laguna Catemaco
Rio del Sol
Cascadas de Tamasopo
El Tejon

Rio Coy

Rio El Salto
Nacimiento de Choy
Rio Axtla

Rio Chajmaic
Cuidad Mante

Rio Purificacién
Everglades, Florida
Everglades, Florida
Rio La Lana

N 21°02'13,5" W 98°22'22,5"

N 22°11.432" W 99°19.326'

N 18°22.256" W 95°00.057"
N 20°55' 26" W 98°34’ 35"

N 21°56.411" W 99°23.703'

N 21°45.096" W 98°57.445'

N 21°59.264" W 98°53.106'

N 22°48'43.8" W99°00'45.2"
N 24°02.848" W 98°22.264'

U1 U1 1 U1 U1 = U1 U1 U1 U1 N\ O N Q1 G U1 G O G U1 G 1 g1 g1 g1 g1 g1 a1 Gl

N 19°02.536" W 96°10.471
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tion Kit protocol, eluted in 10 pL EB (x2) and again
quantified. Next, unique P1 adapters
(i.e. see https://www.wiki.ed.ac.uk/display/RADSeque
ncing/Home) that bind to PstI-HF created restriction
sites were ligated to DNA fragments from each individ-
ual, and P2 adapters were ligated to sites created by
Mspl (Fwd: CGAGATCGGAAGAGCGGTTCAGCAGG
AATGCCGAGACCGATCAGAACAA, Rev: CAAGCAG
AAGACGGCATACGAGATCGGTCTCGGCATTCCTGC
TGAACCGCTCTTCCGATCT). Each reaction consisted
of a combination of ~400 ng of DNA, 1 pL of P1 adap-
ter (10 um), 1 pL of P2 adapter (10 um), 1 pL T4 ligase
(1,000 U/pL), 4 pL of 10x T4 ligation buffer and ddH,O
to a total volume of 40 pL. The ligation step was com-
pleted on a PCR machine using the following condi-
tions: 25 °C for 30 min, 65 °C for 10 min and then the
temperature was decreased to 20 °C at 1.3 °C per min-
ute. After ligation, samples were again purified using
the Qiagen MinElute PCR Purification Kit, then multi-
plexed and manually size-selected using gel electropho-
resis (300400 bp). Appropriately sized bands were cut
from the gel with sterilized razor blades and cleaned
using the Qiagen MinElute Gel Purification kit, and
eluted in 10 pL EB (x2).

The DNA concentration of each multiplexed sample
was measured and then amplified in eight single PCRs
per library. Each PCR contained 10-20 ng of library
DNA template, 4 pL. dNTPs (100 mm), 4.0 pL 5x Phu-
sion HF buffer (NEB), 0.2 uL. Phusion Tag polymerase
(NEB) and 1.0 pL of each RAD primer (10 um), made
up to 20 pL with ddH,O. The PCR conditions for
library amplification were 98 °C (30 s), [98 °C (10 s),
65 °C (30s), 72°C (B0s)] x 10, 72 °C (300 s). PCR
products for each library were combined and cleaned
using gel electrophoresis. Gel bands (300-400 bp) were
cut, again cleaned using the Qiagen MinElute Gel
Extraction Kit and eluted in 10 pL buffer EB. Two of
the three libraries were sequenced in an Illumina Gen-
ome Analyzer IIx, two lanes per library, single-end
sequencing, yielding a maximum read length of 150 bp.
The third library was sequenced in an Illumina HiSeq
2000, one lane, single-end sequencing, yielding maxi-
mum read lengths of 100 bp (see Table S1, Supporting
information, for how samples were multiplexed).

Raw read quality filtering and processing

Raw sequence reads were processed using the Stacks
pipeline (v0.997, process_radtags) (Catchen et al. 2011).
The parameters (-t 100 -r -q -c -E -b barcode) were
specified in order to truncate all the raw reads to
100 bp in length, rescue the ambiguous sites in the
barcode sites (because the barcodes used in this study
differ by at least two base pairs between samples, reads
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with ambiguous sites in the barcode region could be
first corrected and then assigned to the corresponding
sample), discard low-quality reads and reads with
uncalled sites and separate the reads based on their
individual barcode information.

The genome project of one species of Xiphophorus,
X. maculatus, has recently been completed (http://
www.ncbi.nlm.nih.gov/genome/10764) (Schartl et al. in
revision); however, here we used a de novo assembly
approach implementing a two-step method to identify
interspecies SNPs. First, within-species RAD tag loci
were built using ustacks (Hohenlohe et al. 2010) in the
Stacks pipeline where the minimum stack size was
specified as 3 (-m 3), that is, minimum depth of cover-
age required to create a stack. Stacks were merged into
individual loci by allowing a maximum of one
mismatch between stacks (-m 1). Potentially incorrectly
merged loci and highly repetitive stacks (lumberjack
stacks) were excluded in the downstream analyses
using the parameters -d and -r. We masked within-
individual polymorphisms using the fixed SNP calling
mode (-T fixed). In the second step, we used hstacks,
from the Stacks pipeline, to identify interspecies SNPs
through clustering and comparing potentially homolo-
gous loci from each individual data set. Mismatches
among the RAD loci in each individual data set were
identified using a maximum mismatch number of either
five or eight.

SNP matrix preparation

We developed in-house Perl scripts (S. Fan) to parse the
results of hstacks for both the species-level and individ-
ual-based matrices. The scripts first discarded all clus-
ters containing sequences from the same individual as
these sequences may represent duplicated regions in
the genome. For the species-based analysis, intraspecies
SNPs were merged using the standard degenerate code.
The latter step was implemented as here we were par-
ticularly interested in identifying polymorphisms
among species. The script also discarded those SNPs
that were represented in fewer taxa than our specified
minimum number of taxa. For the SNP matrix construc-
tion, we specified the minimum number of taxa as 15,
20 and 25 (corresponding to 52-86% of the samples).
These minimum numbers of taxa were considered
appropriate tests given the stochastic factors in genome
shearing, PCR amplification and Illumina sequencing.
These minimum numbers of taxa represent different
potentially informative thresholds in the number of spe-
cies included in the constructed stacks. A decrease in
the minimum number of taxa is expected to increase
the amount of missing data in the SNP matrix. We eval-
uated the impact of increasing the amount of missing
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data on our phylogenetic analyses in further analyses.
Specifically we evaluated the impact of missing data by
comparing supporting values and tree topologies that
were based on matrices with different missing data
thresholds.

For conducting an individual-based phylogenetic
analysis, we constructed a SNP matrix with 149 362
SNP sites based on the hstacks result with maximum
eight mismatches among potentially homologous
regions in different individuals. The individual-based
SNP script extracts the nucleotides at the reported SNP
site from the hstacks output and does not merge poly-
morphisms as done in the species-level analysis. Two
individuals (X. gordoni 1 and X. pygmaeus 5) were
excluded for further analyses as these samples consisted
of only missing data. A total of 139 individuals were
used for further analyses. To minimize any effects of
missing data in our phylogenetic analyses, we specified
the minimum number of taxa as 100 in our individual-
based analyses (corresponding to 71% of samples).

Phylogenetic analysis

To reconstruct the phylogenetic relationships among
our study species, analyses were performed on all inter-
species SNP matrices as outlined above (i.e. with the
different parameter combinations) and also on the indi-
vidual-based SNP matrix. Phylogenetic analyses were
conducted using maximum likelihood (ML) and Bayes-
ian inference and maximum parsimony on all interspe-
cies SNP matrices. The individual SNP matrix-based
analysis was conducted using ML. All ML analyses
were conducted using the online version of RaxML
(Stamatakis et al. 2008) with the general time-reversible
(GTR) and gamma (I') (Yang & Kumar 1996) model of
sequence evolution. The topology was evaluated with
100 ‘rapid-bootstrap’ replicates (Stamatakis 2006). We
conducted Bayesian analyses using BEasT v1.7.1 (Drum-
mond & Rambaut 2007). For this analysis, we also
implemented the GTR+gamma model of sequence evo-
lution. To construct the phylogeny, the lognormal
relaxed-clock model was used to allow rate variation
among branches without a prior assumption (Drum-
mond et al. 2006). For comparison, we also repeated the
analysis with an estimated global molecular clock for
all branches. In both analyses, a Yule speciation process
(pure birth process) was implemented as the tree prior
and 1 x 10° steps were used in the Markov chain
Monte Carlo (MCMCQ) iterations with sampling every
1000 iterations. Convergence of the chain was
confirmed by checking the effective sample size of the
results using the program Tracer v1.5 (http://beast.bio.
ed.ac.uk/Tracer). We tested whether the relaxed molec-
ular clock improved the fit of models to the data com-

pared with the global molecular clock by comparing the
Bayes factors (Kass & Raftery 1995) of the likelihood of
the results in Tracer. A single ‘maximum clade credibil-
ity” tree, which is analogous to the majority-rule consen-
sus tree estimation in ML analysis in Paur, was
generated using TreeAnnotator v1.7.1 (http://beast.bio.
ed.ac.uk/TreeAnnotator) software using the sampling
trees generated in BEAsT. Maximum parsimony (MP)
analyses were performed using paurx 4.0b10 (Swofford
2003) using heuristic searches with 10 random-addition-
sequence replicates using the tree bisection-reconnection
(TBR) branch swapping option. Bootstrap support val-
ues were calculated with 2000 replicates.

Divergence times were estimated using BeasT with a
MCMC chain length of 2 x 10”. Divergence estimations
were obtained using lognormal relaxed-clock with the
mean of the fastest and slowest rates of known cali-
brated molecular clocks in teleost fish (from 0.044 to
0.004 changes/site/Myr (Schories et al. 2009)). The
results were parsed with Tracer.

Mapping RAD data to the X. maculatus genome

The raw reads of each Xiphophorus specimen, processed
by process_radtags in the stacks pipeline, were mapped
to the X. maculatus genome (GCA_000241075.1) using
Bwa v0.6.2 (Li & Durbin 2009). We implemented the
default parameters in this program that tolerates up to
four mismatches and one gap when aligning reads to
the genome. The mapping results were processed using
Samtools v 0.1.18 (Li et al. 2009) where the individual
mapping results were merged into species-level results
and ambiguously mapped reads were excluded. We
implemented a minimum mapping quality score of >20
(—q 20).

To further investigate the hypothesis of hybridization
in this genus, the genomic architecture of different
potential parental lineages and the putative hybrid spe-
cies were compared. In this comparison, species
thought to be likely parental lineages, in addition to a
selection of species from the different major clades,
were compared with the hybrid species (i.e. the puta-
tive hybrid species X. clemenciae and X. monticolus were
compared with the southern swordtail fishes X. mixei,
X. kallmani, X. hellerii, the northern swordtails X. monte-
zumae and X. birchmani and the southern platyfishes
X. maculatus, X. andersi and X. milleri). The genomes of
parental species are expected to harbour the highest
number of similar regions with the hybrid species.

We calculated the similarity (%) of mapped regions
between hybrid and potential parental species in a
pairwise manner (e.g. X. clemencine and X. mixei,
X. clemenciae and X. kallmani) (calculated as: the number
of mutations/length of the mapped region x 100). This

© 2013 John Wiley & Sons Ltd



PHYLOGENOMICS OF XIPHOPHORUS USING RAD SEQUENCING 2991

comparison was based on mpileup files generated by
Samtools with parameter C50 to downgrade mapping
quality for reads containing excessive mismatches. In
total, eight mpileup files were generated for each com-
parison. We implemented conservative parameters in
this analysis to minimize the impact of any sequencing
error. We excluded regions with <3x coverage and
SNPs with <3x coverage. In addition, for the compari-
son between species pairs, we only included regions
that overlapped among all eight comparisons. We note
that this method necessarily results in a focus on
regions that are conserved between species and the ref-
erence genome species (X. maculatus).

Ancestral state of the sword

The ancestral state of the sword was estimated using
the ML and maximum parsimony methods using MEs-
QuITE v2.72 (Maddison & Maddison 2010). A range of
different sword traits are thought to influence mate
choice in Xiphophorus fish (e.g. Trainor & Basolo 2006).
Accordingly, following the study by Kang et al. (2013),
we applied three different sword traits to our recon-
struction of the sword: extension of the caudal fin,
sword colouration and black pigmentation of the
ventral margin (Meyer et al. 1994; Wiens & Morris 1996;
Meyer 1997; Kang et al. 2013). We assigned the sword
characters into three trait states in one analysis. First,
we assigned species with a coloured sword to ‘coloured
sword’, second we assigned species that are intermedi-
ate for any of the sword traits, that is, that are polymor-
phic for sword colour or ventral black margin or have a
sword-like but smaller protrusion, to ‘intermediate’ and
finally species with no evidence of any sword traits to
no sword’. As a measure of statistical support for the
ML ancestral state reconstruction analysis, we used the
default likelihood threshold decision implemented in
Mesquite (T = 2).

Results

Restriction site-associated DNA libraries were generated
by individually barcoding and sequencing DNA from
an average of five individuals of all 26 Xiphophorus spe-
cies and three outgroups. Sequences were produced
from sites throughout the genome specific to both Mspl
and PstI-HF restriction sites. We generated a total of
294 million raw reads from four Illumina GAIIx lanes
and one Illumina HiSeq2000 lane (Table S1, Supporting
information). After quality control, we included 237
million raw reads in our further analyses (Table S1,
Supporting information). The average number of reads
per individual in the data set was 87 290 & 16 563 and
ranged from 30 892 to 4 192 236 (Fig. S1, Supporting
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information). The average coverage achieved per indi-
vidual per loci was 15x (Fig. S2, Supporting informa-
tion). Due to the low coverage achieved for X. evelynae,
individual samples for this species were combined for
further analyses.

SNP matrices

As expected intuitively, SNP matrix size, that is, length
of the alignment in bp, increases linearly with the per-
mitted maximum number of mismatches in the homolo-
gous regions among different species (Fig. S3,
Supporting information). In addition, a decrease in the
minimum number of taxa represented at each locus
produced a concomitant increase in the size of the SNP
matrix. Under our intraspecies combined analysis, we
generated a total of six SNP matrices for the phyloge-
netic analyses (using three different thresholds for the
minimum number of species specified—15, 20 and 25,
and two mismatch thresholds—5 and 8) with a range in
total sequence length of 15 632 bp to 66 983 bp. The
proportion of missing data per species in these matrices
ranged from 1 to 78% (Table S2, Supporting informa-
tion). One of the outgroups used in our study (Heteran-
dria formosa) consistently had the highest proportion of
missing data. This may be caused by a large molecular
divergence between H. formosa and the rest of the
species analysed, meaning the maximum number of
mismatches allowed here was exceeded in comparisons
among homologous regions between this outgroup spe-
cies, and the rest of the study species. The latter result
indicates that the RAD method is currently more appro-
priate for handling phylogenetic research on recently
derived species (see also Rubin et al. 2012). Specifically,
divergences among the genera studied here likely repre-
sent an upper bound on species divergence levels for
utilizing RAD methodology.

Phylogenetic analyses

Using ML, Bayesian and MP analyses, the RAD SNP
data set enabled the production of a highly supported
tree topology, where the topology was very similar
regardless of the analysis method used, the minimum
number of species represented at each SNP site or the
number of allowed mismatches between potentially
homologous loci (Fig. 1). We found only minimal differ-
ences in supporting values at a few of the more derived
branches (e.g. Fig. 54, Supporting information), and we
also note there is a difference in topology in the derived
northern platyfish clade (at two of six tested ML param-
eters) and the X. clemenciae clade (at one of six tested
ML parameters) (Fig. S4, Supporting information). The
amount of missing data had no significant impact on
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Fig. 1 Phylogenetic tree (ML, Bayesian and MP) of all Xiphophorus species based on the largest SNP matrix analysed (i.e. where SNPs
were included if present in a minimum of 15 species and with a maximum of eight mismatches). When support values are 100 for
all analyses, the value is listed once, otherwise support values are listed in the order ML, Bayesian, MP. Divergence time estimates—
in million years—were calculated using the fastest and slowest rates of known calibrated molecular clocks in teleost fish [from 0.044
to 0.004 changes/site/Myr (Schories et al. 2009)] in BEAST. Mean divergence times are indicated in italics, and the upper and lower

95% confidence intervals are shown using a yellow bar.

the placement and branch support for X. evelynae, a
species with a high proportion of missing data. Impor-
tantly, the consistency between our parametric and par-
simony analyses suggests that misleading topologies
and biases recently highlighted to be associated with
missing data in likelihood-based analyses (Simmons
2012a,b see also Thomson & Shaffer 2010; Wiens &
Morrill 2011) are unlikely to have had an impact on our
results. We note that similar to Wagner et al. (2012), we

obtained the largest SNP matrix using the lowest
threshold tested here (minimum of 15 species at each
SNP site), with a maximum of eight mismatches in the
homologous regions among different species, and it
provided the highest bootstrap support (Fig. 1). There-
fore, in line with what Wagner ef al. (2012) found, we
find that with a greater number of SNPs included in
the data matrix (Fig. S3, Supporting information), we
have the greatest number of highly supported nodes
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(with the lowest bootstrap support being 93%). In our
Bayesian analyses, all nodes are highly supported using
the different SNP matrices. Using the 2In Bayes > 10
criterion (Kass & Raftery 1995), phylogenies constructed
with the lognormal relaxed-clock model (Drummond
et al. 2006) were found to be significantly more reliable
than those constructed using the global molecular clock.
In our individual-based ML analyses, we find that all
intraspecies individuals are monophyletic, the group-
ings are highly supported (data not shown) and inter-
species clusters are identical to the results shown in
Fig. 1.

Phylogenetic groups and divergence times

The data set resolved three major clades of Xiphophorus
(southern swordtails, northern swordtails and the platy-
fish—where the northern platyfish form a clade,
whereas the southern platies are not monophyletic
within the platyfish clade) (Fig. 1, see also Fig. S4, Sup-
porting information). We find the northern platyfish to
be the most derived species and form part of a single
monophyletic grouping with the southern platyfish
(Fig. 1). These results, alongside the divergence time
analyses using BEAST, suggest a more ancient divergence
of the southern and northern swordtails and a more
recent origin of the northern platyfish (Fig. 1, Table S3,
Supporting information). However, we note that the
absence of suitable fossil calibration time points limits
the reliability of our divergence time estimates.

The monophyletic grouping of the southern sword-
tails, including two of the recently described species
(X. monticolus and X. mixei), provides the first highly
supported estimate of the phylogenetic relationships
among these species. This group of southern swordtails
includes two species hypothesized to be of hybrid ori-
gin (X. clemenciae and X. monticolus) due to discordance
between mtDNA- and nuclear-based trees (Meyer et al.
2006; Kang et al. 2013). We note that previous work sug-
gests that X. maculatus is the most likely maternal line-
age of both putative hybrid species (Meyer et al. 2006;
Kang et al. 2013; see also Jones et al. 2012). Here, we
also provide the first strongly supported phylogenetic
estimate of the evolutionary relationships within the
northern swordtail clade (Fig. 1).

Divergence between swordtails and platyfish

Our ancestral state reconstruction analyses suggest that
the most likely state of the sword in the ancestral line-
age of Xiphophorus is ‘sworded’ (Fig. 2). However, we
find that the ancestral state remains unresolved under
maximum parsimony. Under ML, the Xiphophorus
ancestral lineage is likely to have had a coloured sword
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with a ventral black margin—two traits that have also
been shown to be preferred by females in some Xipho-
phorus species (e.g. Trainor & Basolo 2006).

Nuclear- vs. mtDNA-based phylogenies

The nuclear DNA-based phylogeny estimated here
using RAD data shows some incongruences with previ-
ously estimated mtDNA-based phylogenetic trees,
where two species, X. clemenciage and X. monticolus,
show different phylogenetic positions between the anal-
yses based on the different molecular markers (see also
Meyer et al. 1994, 2006; Kang et al. 2013). In the nuclear
DNA-based tree, both species are grouped with the
southern swordtails (Fig. 1), whereas in mtDNA-based
trees, both species are grouped with the southern platy-
fish (Meyer et al. 2006; Kang et al. 2013). Such divergent
placements can result from three main evolutionary
scenarios including hybridization events with back-
crossing, introgressive hybridization which in concert
with different selective forces acting on the mitochon-
dria vs. the nuclear genome could result in such differ-
ences (e.g. Ballard & Whitlock 2004; see also Fig. 3) and
incomplete lineage sorting. Interestingly, the strongly
supported monophyletic grouping of the X. clemenciae
clade vs. the rest of the southern swordtails suggests
that if these species are indeed of hybrid origin, the
X. mixei lineage is likely to be the paternal lineage of
the hybrid species.

The nature of the RAD data generated here enables a
genome-wide comparison of the genetic architecture of
the discordantly placed species and other closely related
species likely to have played a role in their evolution via
hybridization. We note that mtDNA-based comparisons
are limited here due to the nuclear genome specificity of
the RAD enzymes. Genomic regions that fit our stringent
criteria were included in our hybrid—potential parental
lineage comparisons and included 1102 regions for com-
parisons with X. clemenciae and 968 regions for compari-
sons with X. monticolus. We show that when mapped to
the X. maculatus genome scaffolds, X. mixei is most simi-
lar to both hybrid species compared with other southern
swordtails, northern swordtails and southern platyfish
(Fig. 4). There does not appear to be a large difference in
similarity between regions, although scaffolds 1 and 2
are more similar between X. mixei and the hybrid species
(see Fig. 4 for X. clemenciae example). We note that these
similarity estimates are likely to be underestimated as
highly diverged regions (for example regions with more
than four mismatches, as limited by the mapping pro-
gram) in the swordtail fish genomes will not map to the
X. maculatus reference genome. Interestingly, X. andersi
was found to be the most similar southern platyfish to
both putative hybrid species, although all southern
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X. meyeri

X. gordoni
X. couchianus
X. variatus
X. evelynae
X. milleri

X. xiphidium
X. andersi

X. maculatus
X. cortezi

X. malinche

X. birchmanni

X. nezahualcoyotl!
X. montezumae
X. nigrensis

X. multilineatus
X. pygmaeus

X. continens

X. alvarezi
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X. mixei
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[

X. clemenciae
X. monticolus
Priapella intermedia
Gambusia holbrooki
Heterandria formosa

Fig. 2 Ancestral state reconstruction of the sexually selected sword trait under ML including proportional likelihood estimations for
the alternative states. Sword characters are assigned to three trait states. First, species with a coloured sword were assigned to ‘col-
oured sword’, second species that are intermediate for any of the sword traits, that is, that are polymorphic for sword colour or
ventral black margin or have a sword-like but smaller protrusion, were assigned to ‘intermediate’ and finally species with no
evidence of any sword traits to ‘no sword’. Examples of the different states are shown in the fish pictures [A, B, C, D, where A is an
example of a species with no sword or colour (Xiphophorus maculatus); B is an example of a species with a small coloured protrusion
(Xiphophorus xiphidium); C is an example of a species with a sword-like colourless protrusion (Xiphophorus andersi); D is an example
of a species with a coloured sword (Xiphophorus hellerii)]. The two enlarged ancestral state estimations under ML are as follows:
Xiphophorus ancestor is 0.906 ‘sworded’, 0.031 ‘intermediate’ and 0.063 for ‘no sword’. These differences are significant at the default
likelihood threshold in Mesquite (T = 2). The platyfish ancestral state is 0.515 ‘sworded’, 0.188 ‘intermediate’ and 0.297 ‘no sword'—
this is not significant at the default likelihood threshold in Mesquite (T = 2). The ancestral state of the sword is unresolved using MP
(data not shown).

platyfish show a relatively similar level of difference to
the discordantly placed species (Fig. 4).

We show that including a greater number of base
pairs in the SNP matrix data set results in the highest
support for all nodes. Importantly, we find that
despite recently outlined possible caveats with missing

Discussion data, which are particularly relevant to large NGS

Here, we resolve the evolutionary relationships among
all species of Xiphophorus fish using thousands of base
pairs of genome-wide SNP data. We provide support
for three major clades (southern swordtails, northern
swordtails and platyfish), and within the platyfish, a
more recently derived northern platyfish clade. In con-
trast to previous estimates of the phylogenetic relation-
ships among these fish where support and/or species
information was lacking, we find strong support for the
most basal split between the southern swordtails and
the clade including both platyfish and the northern
swordtails. Furthermore, we recover two distinct mono-
phyletic groupings within both the southern swordtails
and the northern swordtails.

data sets (Simmons 2012a,b), here congruence between
ML, Bayesian and MP analyses suggests our results
are robust. However, below we outline cautions asso-
ciated with phylogenomic analyses using RAD data—
a currently young field. We provide further support
for incongruence between the nuclear vs. mtDNA
phylogenies of this genus which likely reflects the
contribution of hybridization to the evolution of two
species of Xiphophorus (X. clemenciae and X. montico-
lus). By reconstructing the evolutionary history of the
sexually selected sword trait, our results suggest that
coloured swords with a ventral black margin may be
the ancestral state in the basal lineage of the genus
Xiphophorus.
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Fig. 3 Schematic diagram of phylogenetic discordance and
evolutionary history of Xiphophorus fish. The black outline illus-
trates the RAD nuclear-based phylogeny, and the pink dashed
line represents the mtDNA gene tree (mtDNA tree adapted
from Kang et al. 2013). The figure represents possible hybrid-
ization and introgression scenarios in the evolutionary history
of these fish leading to current discordance between molecular
markers. Two hybridization scenarios can be hypothesized:
hybridization (grey shading) between the southern swordtail
and southern platyfish lineages (A); introgressive hybridization
(grey shading) between X. maculatus and both X. clemenciae
and X. monticolus resulting in the platyfish-like mtDNA haplo-
type introgressing into these species (B). Times (Mya) represent
the estimated divergence times between species lineages.

Resolving the evolutionary history of swordtails and
platyfish

The phylogenetic relationships among Xiphophorus fish
has received much attention; however, different topolo-
gies have been recovered based on different sets of
markers (Rosen 1960; Rosen & Kallman 1969; Rosen
1979; Rauchenberger et al. 1990; Basolo 1991; Meyer
et al. 1994; Lockhart et al. 1995; Meyer et al. 2006; Kang
et al. 2012). Using genetic markers throughout the gen-
ome to determine such evolutionary relationships
allows a greater understanding of the evolutionary his-
tory of this group of fish. In a broad phylogeographic
context, our molecular phylogeny provides support for
the South to Central America radiation of Poeciliid
fishes and the subsequent divergence of Xiphophorus
species and populations (Hrbek et al. 2007). The basal
split between the ancestor of the southern swordtails
and the rest of the Xiphophorus radiation, and the youn-
ger origin of the platyfish clade relative to the southern
swordtails (Fig. 1, Table S3, Supporting information), is
in line with the known geographic distribution of these
fishes (Kallman & Kazianis 2006). Specifically, the
southern swordtails occur in distinct regions through-
out the southernmost distribution of the Xiphophorus
genus—Belize and Honduras north-west to Veracruz in
Mexico—apart from X. hellerii which occurs throughout
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this entire range (Kallman & Kazianis 2006). Species in
the X. clemenciae clade (X. monticolus, X. clemenciae,
X. mixei), found to be one of the evolutionarily older
groups of swordtail fish, interestingly have a very
restricted distribution occurring only in the uplands of
the Rio Coatzacoalcos Basin in the Isthmus of Tehuante-
pec (Kallman & Kazianis 2006). Thus, the current distri-
bution of this group may be limited to specific upland
refugial habitats. Xiphophorus maculatus, the most basal
southern platyfish (Fig. 1), has a similarly broad distri-
bution to X. hellerii. The majority of the southern platy-
fish occur in distinct regions neighbouring and then
progressively north-west of the southern swordtails
(Kallman & Kazianis 2006). However, the phylogenetic
placement of X. xiphidium does not fit its known geo-
graphic distribution. Rather, this species has the most
northern distribution of the southern platyfish and
would therefore be expected to be phylogenetically
placed between X. variatus and the northern platyfish
(Fig. 1). The northern swordtails co-occur further to the
north-west from most southern platies (although the
southern platyfish, X. variatus, has a broad distribution
that overlaps with the northern swordtails) (Kallman &
Kazianis 2006). Fishes in the most recently derived
clade, the northern platyfish, occur in distinct regions in
the far northern part of the Xiphophorus distribution
(Fig. 1, Kallman & Kazianis 2006).

With this large RAD determined SNP data set, we
are able to resolve all evolutionary relationships of
these fishes that have previously been contentious;
however, we note current cautions with this data type
below. Two distinct northern swordtail clades (the
X. pygmaeus and X. montezumae clades), and the most
recently derived nodes therein, are fully supported
under all parameters tested here (Figs 1 and S4, Sup-
porting information). The recent split between the
X. continens, X. pygmaeus clade, and the X. multilineatus,
X. nigrensis clade, is in line with their known ranges
which include separate tributary rivers (X. continens:
Rio Ojo Frio, X. pygmaeus: Rio Huchihuayan and Axtla,
X. multilineatus: Rio Coy, X. nigrensis: Rio Choy) that
flow into the larger river, Rio Tampoan, at different
points along its course. The clear resolution achieved
between X. birchmanni and X. malinche in particular is
likely due to these species samples being originally
obtained from sites outside of the current hybrid zone
known for these species (e.g. Culumber ef al. 2011). In
addition, our data provide strong support for X. macula-
tus as the most basal southern platyfish, and X. andersi
as the next most basal southern platyfish, a species that
has been problematic to place phylogenetically.
Together, these species distributions and new genome-
wide molecular data provide a basis for further investi-
gating genomic and geographic patterns of species
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Fig. 4 Genomic regions shared between putative hybrid species and other Xiphophrous lineages (including potential parental
lineages). Here, the putative hybrid species X. clemenciae is used as an example. Graphs show pairwise differences (percentages)
between the putative hybrid species (X. clemenciae shown here) and putative parental lineages and representatives of the major Xipho-
phorus clades. Bars represent average differences (%) between species of mappable reads along each scaffold (i.e. where each bar is
an average of ~50 regions of mappable reads in a sliding window approach). Colours designate the clade of each species compared
here (see also Figure 1) and dotted vertical lines differentiate scaffold regions. The table indicates the percentage of regions that have
the highest similarity score between species pairs (i.e. the table shows the percentage of cases where each specific species pair was

the most similar of all eight pairwise comparisons).

diversification and also model-based tests of hybrid
speciation (e.g. see Nice et al. 2013).

Phylogenetic estimations using RAD data

Here, we have inferred highly supported estimates of
the evolutionary relationships among all species of the
genus Xiphophorus; however, as suggested by Rubin
et al. 2012 and Wagner et al. 2012, these results should
be viewed with caution and examined further in future
analyses. Our analyses here, which combine thousands
of orthologous SNP markers throughout the genome of
each species, do not account for any gene or region-spe-
cific selective forces acting on individual loci. However,

the availability of the X. maculatus reference genome
(http:/ /www.ensembl.org/Xiphophorus_maculatus/Info/
Index) and linkage information (Schartl ef al., submit-
ted) will, in the future, likely enable the use of analysis
methods that accommodate and investigate gene tree
heterogeneity and infer species trees, such as BEsT
(Edwards et al. 2007; Liu 2008) and *Beast (Heled &
Drummond 2010) and BUCKy (Ané et al. 2007) see also
Chung & Ané (2011), and more accurate model
selection procedures. Analyses based on data concate-
nation may not reflect the true species tree (Kubatoko &
Degnan 2007) and can sometimes produce unusually
high levels of bootstrap support (Gadagkar et al. 2005;
Seo 2008; Kumar et al. 2012). Partitioning data by gene
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or codon site could help to overcome biases caused by
simplifications of assumptions across the genome
(Rannala & Yang 2008). Further methods for partition-
ing NGS data are needed and, as is the case for Xipho-
phorus, will be aided by linkage and gene annotation
information.

In addition, likelihood analyses can provide strong
support for incorrect topologies when analyses are
based on data sets with nonrandom distributions of
missing data, as is the case with large phylogenetic data
sets (Simmons 2012a,b a, b). In recent analyses using
hypothetical examples, Simmons (2012a,b) showed such
biases can occur even without mutation rate heteroge-
neity among characters and with a well-fitting model
and when applied to simple data matrices. Using parsi-
mony-based analyses rather than relying only on para-
metric methods is one approach recommended for
testing whether likelihood-based results are likely to be
artifactual (Simmons 2012a). Specifically, Simmons
(2012a) suggests limiting phylogenetic inferences to
branches that are supported in the parsimony strict con-
sensus and investigating further any discrepancies
between parsimony and parametric analyses. Here, we
find no discrepancies in the results between different
types of phylogenetic analysis suggesting that in this
case, likelihood analyses are not adversely affected by
missing data.

Evolution of a sexually selected trait

Previous estimations of the Xiphophorus phylogeny have
raised two conflicting scenarios for the evolution of the
sexually selected exaggerated male trait—the sword
(e.g. Basolo 1995a,b; Meyer 1997). Traditionally, sword-
less platyfish have been estimated as basal and the
swordtails (with swords) more derived (Rosen 1979;
Rauchenberger et al. 1990), providing evidence for the
trait having arisen in line with the pre-exiting bias
hypothesis because it could be shown that ‘already’—
assuming their basal placement—platyfish females
prefer swords and, thereby, might have driven the
subsequent evolution of swords in platyfish.

Here, using ML analyses, we provide support for the
alternative hypothesis that the sword, including its col-
ouration, may have evolved in the immediate ancestral
lineage of the genus, therefore also bringing into ques-
tion whether the pre-existing bias in female preference
accounts for the evolution of the sword trait (see also
Kang et al. 2013; Fig. 2). Rather, the different character-
istics, including basic presence, colour and also dark
pigmented dorsoventral margins, have been reduced
and lost in the evolutionary history of the genus. How-
ever, a pre-existing bias in female preference for the
sword trait cannot be ruled out because the ancestral
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state of the outgroups remains ambiguous (Fig. 2). In
addition, under MP, the ancestral lineage cannot be
assigned to either a sworded or nonsworded state. Fur-
ther, although females in a sister species of one out-
group, Priapella olmecae, are known to prefer sworded
males over their own nonsworded males (Basolo 1998),
the preferences of other closely related species remain
untested. Identifying the driving force behind the evo-
lution of the sword trait would benefit from implement-
ing a greater array of female preference studies. We
also note that the limitations in conducting phylogenetic
analyses with RAD data, as detailed above, mean that
the evolutionary history of the sword trait should also
be considered with caution.

Nuclear- vs. mtDNA-based phylogenies

The high phylogenetic resolution achieved in this study
using a large set of nuclear markers throughout the gen-
ome allows an informative comparison with previous
mtDNA estimates of the evolutionary relationships
among this group of fish. We find discordance between
the RAD nuclear-based phylogeny estimated here
(Fig. 1) and previously estimated mtDNA-based phylog-
enies (Meyer et al. 1994, 2006; Kang et al. 2013; see also
Fig. 3). Specifically, in the RAD-marker-based tree, both
species group with the southern swordtail clade—a
result that is expected based on previous DNA studies
and their phenotypic resemblance to other southern
swordtails. In the mtDNA-based tree, these species
grouped with the southern platyfish. Three main evolu-
tionary scenarios, which are not necessarily mutually
exclusive, are likely to give rise to such a phylogenetic
pattern (see Fig. 3). First, hybridization with backcrossing,
where as hypothesized by Meyer ef al. (1994, 2006), the
discordantly placed species may be good hybrid species
resulting from hybridization between a southern sword-
tail and a southern platyfish (likely the maternal species)
followed by repeated backcrossing with southern sword-
tail males. Incongruence between molecular phylogenies
based on different marker types is a recognized signature
of past hybridization (Arnold 1992; Avise 1994, 2000; See-
hausen 2004; Arnold & Meyer 2006). Such differences
between marker sets, supported here by a nuclear-based
phylogeny, along side previously documented behavio-
ural characteristics of the putative parental lineages and
intermediate morphology of the putative hybrid X. clem-
encize (Meyer et al. 2006), provide support for hybridiza-
tion events giving rise to these species. In addition, the
large degree of similarity throughout the mappable
regions of the genome, between X. mixei and the putative
hybrid species (Fig. 4), suggests that hybridization
followed by backcrossing is a possible evolutionary
scenario leading to such discordance.
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A second related mechanism is introgressive hybridiza-
tion, where even infrequent gene flow between different
species in addition to the basic characteristic differences
between mitochondrial and nuclear DNA, and the
actions of selection or drift, can result in conflicts
between mitochondrial and nuclear data (e.g. Shaw 2002;
Sota 2002; Rognon & Guyomard 2003; Ballard & Whit-
lock 2004; Good et al. 2008; Barbanera et al. 2009; Pus-
tovrh et al. 2011; Miller ef al. 2012). Here, a putative
scenario is that introgression occurred between the
incongruently placed species lineages and a platyfish. At
the same time, there may have been selection for the
platyfish mtDNA haplotype, either direct or indirect,
under the particular habitat conditions resulting in the
platy-like haplotype introgressing into the genomes of
X. clemenciae and X. monticolus and becoming fixed. We
note that other demographic effects, rather than strict
selection, can also promote such patterns (e.g. see Excof-
fier & Ray 2008). The small size of the mitochondrial gen-
ome, the lack of recombination in the genome and the
maternal nature of inheritance mean that it likely repre-
sents a single molecular history, and in some cases the
mtDNA from one taxon can completely replace that of
another (i.e. mitochondrial DNA capture), without evi-
dence of nuclear introgression or morphological signal
(Ballard & Whitlock 2004; e.g. Bernatchez et al. 1995).
Importantly, even without introgression, differences in
divergence patterns between nuclear and mitochondrial
DNA often come about because of the evolutionary prop-
erties of these DNA classes (Ballard & Whitlock 2004;
Rheindt & Edwards 2011). Future investigations will be
required to determine whether indeed there is selection
for a platy-like mitochondrial genome in natural popula-
tions of the incongruently places species. Additionally, a
mitochondrial genome-wide phylogenetic analysis of all
Xiphophorus species may allow a high-resolution estimate
of the evolution of this molecule among an entire genus.
Further, with the completion of the Xiphophorus genome
assembly and annotation, it will become possible to
determine which genomic regions support the different
evolutionary relationships and what their functions are.

Third, discordance between the nuclear and mito-
chondrial DNA-based trees may be due to incomplete
lineage sorting. This possibility cannot be ruled out and
will be resolved further through a sliding window-
based analysis proposed above; however, there are two
main reasons why this scenario is less likely. First, cur-
rent geographic distributions of the species align well
with the nuclear-based RAD phylogeny but similarly
support the mtDNA-based phylogeny. In particular,
overlapping distributions between the widely occurring
platyfish, X. maculatus, and the more restricted distribu-
tions of the incongruent species suggest introgression
likely accounts for the observed phylogenetic discor-

dance rather than incomplete lineage sorting. Yet, we
note that such introgression has not been reported so
far, and our detailed phylogeographic analysis and
sampling did not find a single instance of introgression
between X. maculatus and X. clemenciae (Jones et al.
2012). Second, here we find that in ~63% of regions
throughout the genome, X. mixei has the highest simi-
larity with the incongruently placed species, compared
with only about 50% with the platyfish (Fig. 4). This
suggests that the RAD tree presented here represents a
true species tree, while introgression with a platyfish,
or the differential evolutionary history of the mitoge-
nome, led to the discordance observed between the
mitochondrial and nuclear genomes. Although mtDNA
has a smaller effective size and therefore is expected to
resolve in phylogenies faster, the evolutionary proper-
ties of this maternally nonrecombining molecule can
differ from the true species history.

Under the scenario that X. clemenciae and X. montico-
lus arose via hybridization with backcrossing, our data
suggest that the X. mixei lineage is likely to be the
paternal lineage of both putative hybrid species (Fig. 1).
Different to previous work (Meyer et al. 2006), the high
support for the monophyly of the clemenciae clade
recovered here strongly supports this inference. In addi-
tion, this putative paternal species overlaps in its cur-
rent geographic distribution with both putative hybrid
species (Kallman & Kazianis 2006), and gonopodium
characters between all three species are similar (Jones
et al. unpublished). Similar to the two hybrid species,
X. mixei has a restricted distribution suggesting the
hypothesis of a single origin for both species is likely,
although this assumption is contingent on current dis-
tributions reflecting past distributions of the X. mixei
lineage. Our clock estimates suggest that the clemenciae
clade diverged one million years ago, meaning we can
broadly infer that the incongruently placed species
diverged at this time. Interestingly, X. mixei has a
shorter sword than both hybrid species suggesting that
selection for longer swords was possibly weaker in this
lineage after hybridization occurred (see Fig. 2).

Additional behavioural studies are required to provide
further insight into the mechanisms that promoted the
possible hybrid origin of these two Xiphophorus species.
The latter will also allow fruitful temporal comparisons
with documented ongoing hybridization in the genus
that may be examples of insipient speciation, such as
between X. malinche and X. birchmanni (Culumber et al.
2011; Rosenthal & Garcia de Le6n 2011).
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of the 29 species in this analysis.

Fig. S2 Coverage obtained per individual. Due to the low num-
ber of reads achieved for X. evelynae, individual samples for
this species were combined for further analyses.

Fig. S3 SNP matrix size found when different numbers of max-
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(15, 20 or 25) are implemented.

Fig. S4 Phylogenetic estimations using ML with different
maximum mismatches and minimum number of species (the fol-
lowing order is shown at each node when estimations differed
from bootstrap values of 100—mb5, sp15; m5, sp20; m5, sp25; m8,
sp15; m8, sp20; m8, sp25). *indicates a different topology at that
node; in the clemenciae clade, X. monticolus and X. clemenciae
were found to be the most derived species using one of six
matrices. In the northern platyfish clade, X. couchianus and X.
gordoni were found to be the most derived using two of six
matrices. These estimations were less well supported than the
topology found using the majority of the SNP matrices.

Table S1 Overview of RAD raw data and experimental setup.
Individual raw read data, read data retained after quality
control, library number (multiplexing design) and sequencing
platform.

Table S2 Proportion of missing data at all parameters analysed
in this study where maximum and minimum numbers are
calculated for the ingroup taxa (see also Fig. S4).

Table S3 Estimated time of origin of the major Xiphophorus
clades including mean and 95% confidence interval values (see
also Methods).



