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Abstract
Hybrid speciation may contribute significantly to generating biodiversity, but only a few
well-documented examples for it exist so far that do not involve polyploidization as a
mechanism. The swordtail fish, Xiphophorus clemenciae, shows common hallmarks of a
hybrid origin and still overlaps in its current geographic distribution with its putative
ancestral species (Xiphophorus hellerii and Xiphophorus maculatus). Xiphophorus clemenciae provides an ideal system for investigating the possible continued genetic
interactions between a hybrid and its parental species. Here, we use microsatellite and
mitochondrial markers to investigate the population structure of these species of
swordtails and search for signs of recent hybridization. Individuals were sampled from
21 localities across the known range of X. clemenciae – the Isthmus of Tehuantepec (IT)
Mexico, and several environmental parameters that might represent barriers to dispersal
were recorded. The hybridization event that gave rise to X. clemenciae appears to be
rather ancient, and a single origin is likely. We find negligible evidence for ongoing
hybridization and introgression between the putative ancestral species, because they
now occupy distinct ecological niches, and a common haplotype is shared by most
populations of X. clemenciae. The population structure within these species shows an
isolation-by-distance (IBD) pattern and genetic differentiation between most populations is significant and high. We infer that tectonic evolution in the Isthmus has greatly
restricted gene flow between the southern and central IT populations of X. clemenciae
and X. helleriii and provide preliminary information to aid in conservation management
of this geographically restricted hybrid species, X. clemenciae.
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Introduction
The role and relative importance of hybridization in
speciation and evolution has been debated throughout
the development of evolutionary theory. Traditionally,
hybridization has been viewed as a rare event, and the
potential for natural hybrids to form novel fit genotypes
was downplayed (e.g. Fisher 1930; Mayr 1942, 1963), or
as R.A. Fisher put it: ‘The grossest blunder in sexual
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preference, which we can conceive of an animal making, would be to mate with a species different from its
own…’ Generally, but not universally, the typical outcome of hybridization is seen as negative in that the
hybrid offspring would be less fit than either parent
and go extinct, or a reversal of speciation would occur
leading to fewer species rather than the origin of new
species (reviewed in Arnold 1997; Arnold & Meyer
2006). However, there was also early recognition of the
potentially creative role of hybridization in evolution –
particularly through polyploidization in plants (e.g.
Anderson & Stebbins 1954; Lewontin & Birch 1966;
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Templeton 1981; reviewed in Arnold 1997; Arnold &
Meyer 2006) – and today evidence continues to accumulate that suggests that hybridization is widespread,
although there surely are taxon-specific differences (e.g.
Scribner et al. 2001; Reyer 2008; Whitney et al. 2010).
More recently, hybrid speciation was touted as a potential key player in the evolutionary history of plants in
particular, but also some lineages of animals (Dowling
& Secor 1997; Barton 2001; Mallet 2005, 2007; Soltis &
Soltis 2009). In fishes, hybridization was documented
quite early (Hubbs 1955), and there is increasing evidence for hybridization and even reverse speciation
among a number of African cichlid species (Salzburger
et al. 2002a; Koblmüller et al. 2004, 2007, 2010; Streelman et al. 2004; Schelly et al. 2006; Nyingi & Agnése
2007), and hybridization in cyprinid fishes as well
(Scribner et al. 2001; Hayden et al. 2010). However, so
far, there is little evidence from fishes for a creative role
of hybridization in speciation (Meyer et al. 1994, 2006;
but see Seehausen 2004; Nosil et al. 2009). It remains
unclear how common hybrid origins are in various animal lineages, whether hybridization tends to consist of
isolated events or alternatively persists over time, and
how often hybrids might be fitter than their ancestral
species and what portion of species arose by this type
of mechanism (for a review see Arnold & Meyer 2006).
If natural hybridization and introgression – where
genetic information passes from the gene pool of one
species into the gene pool of another by hybridization –
did play a major role in the evolutionary history of a
particular lineage, we should be able to detect the
genetic consequences in current species (Arnold 1992;
Mallet 2005, 2007). An easily identified signature of past
hybridization is incongruence between phylogenetic
data sets based on different sets of genetic markers
(Arnold 1992; Avise 1994, 2000; Seehausen 2004; Arnold
& Meyer 2006). Different regions of the genome are
expected to introgress at different rates due to the
action of selection and drift, and because mtDNA is
maternally inherited, the effective population size for
mtDNA markers is smaller than for nuclear markers.
This means different regions of a hybrid genome will
carry a mosaic of markers from each parental species
and would hence be expected to result in conflicting
phylogenetic signals (Seehausen 2004; Arnold & Meyer
2006). Meyer et al. (1994, 2006) showed such discordance for Xiphophorus clemenciae (swordtail), from the
family Poeciliidae, and suggested that this species
might have a hybrid origin.
The Poeciliidae are a species-rich family of small
freshwater fish from Central America. Poeciliids are a
widely used model system for investigating a range of
evolutionary and ecological questions such as the preexisting bias hypothesis (e.g. Quattro & Vrijenhoek
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1989; Basolo 1990b; Meyer et al. 1994; Schartl et al.
1994; Schartl 1995a) and sexual selection theory
more generally (Wagner & Ryan 1987; Basolo 1990b,
1995a,b, 1997; Kirkpatrick & Ryan 1991; Houde 1997;
Magurran 2005; Schlupp et al. 2010). Poeciliids have
also featured in early work on conservation genetics
(Vrijenhoek et al. 1985; Quattro & Vrijenhoek 1989;
Quattro et al. 1996) and recent whole-genome research
(Tripathi et al. 2009; Willing et al. 2010; Zhang et al.
2011; Shen et al. 2012).
However, knowledge of hybridization and its importance during evolution in this family, the population
dynamics of different Xiphophorus (swordtails and platyfish) species and knowledge about the environmental
features that permitted or even promoted hybridization
is still wanting. Microgeographic population structure
and population genetics have been investigated in
Xiphophorus hellerii (Tatarenkov et al. 2010) and X. cortezi (Gutiérrez-Rodrı́guez et al. 2007), respectively.
Hybridization has been suggested to occur in some species of the genus Xiphophorus. For example, in seven different streams, extensive hybridization has been found
between the species X. malinche and X. birchmanni, with
a distinct elevational gradient between the two species
(Culumber et al. 2011).
Fish of the genus Xiphophorus, swordtails and platyfish, are interesting candidates for investigating the role
of hybridization in evolution. Males of some species of
Xiphophorus, swordtails, possess a swordlike elongated
ventral caudal fin that – since Charles Darwin (Darwin
1871) – has been the subject of much behavioural
research on the evolution of an exaggerated male trait
through female preference (Darwin 1871; e.g. Basolo
1990a, 1995a,b; Rosenthal & Evans 1998; Rosenthal et al.
2002; Meyer et al. 2006) (see Fig. 1). Of specific interest
is the established finding that females of some species
of this genus, the platyfish, whose conspecific males do
not possess a sword, prefer males of their own species
with an artificial sword, over swordless ones (Basolo
1990a). Female mating preference for sworded males
has been suggested to be a pre-existing ancient bias that
may have promoted the evolution of the sword trait
(Basolo 1995a,b, see also Meyer 1997) and possibly
hybridization between female platyfish and male
swordtails (Meyer et al. 2006).
There are several lines of evidence suggesting that at
least one species of swordtail fish, X. clemenciae, arose
through a hybridization event. First, in a mitochondrial
phylogeny, the ‘sworded’ X. clemenciae was found to be
nested among the ‘swordless’ southern platyfish,
whereas in the nuclear phylogeny, it was grouped
together with the other species of southern swordtails
(Meyer et al. 1994, 2006). Incongruence between phylogenies based on molecular markers is recognized as
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Fig. 1 Photographs of Xiphophorus (swordtails and platyfish)
species examined in this study (scale bar = 1 cm). Swordtail
males (e.g. Xiphophorus hellerii and Xiphophorus clemenciae) have
an elongated ventral caudal fin of different relative length –
those of X. hellerii are typically longer than those of X. clemenciae – whereas platyfish males do not. Here, we include a
female sample of Xiphophorus maculatus only. (Note that dorsal
fins were pinned for photographs, and a small fraction of the
pin is visible).

evidence for past reticulate events (Avise 2004). The
incongruent placement of X. clemenciae on mitochondrial and nuclear DNA-based phylogenetic trees suggests that this species inherited its mitochondrial DNA
from a southern platyfish species (such as Xiphophorus
maculatus) and its nuclear DNA from a southern swordtail species (most likely X. hellerii) (Meyer et al. 2006)
(see Fig. 1).
Also, behavioural data suggest that such a hybridization event is plausible (Meyer et al. 2006). The putative
parental species, X. hellerii and X. maculatus, hybridize
under laboratory conditions, and as had been described
before, female platyfish prefer males with artificially
elongated caudal fins (swords) over nonsworded males
(Basolo 1990a,b). We showed previously (Meyer et al.
2006) that hybrid offspring of extant representatives of
the potential ancestral parents (X. maculatus and X. hellerii) are fertile and that the resulting hybrid males have

Fig. 2 Sample locations of the three Xiphophorus study species
in the Isthmus of Tehuantepec, Mexico (sites are labelled as in
Table 1 and Fig. 5). Sites are labelled by species and geographic location south to north. Sample locations are identified
by a coloured circle, and the colour of the circle designates
which species was found at each site (blue = Xiphophorus clemenciae, green = Xiphophorus hellerii, orange = Xiphophorus maculatus). The grey scale indicates the height above sea level.

swords of intermediate lengths that resemble those of
X. clemenciae. Hybridizations and backcrosses in the
laboratory between X. hellerii and X. maculatus (backcrosses = hybrid · X. hellerii) produced hybrids that
resembled X. clemenciae phenotypically and produced
males with intermediate sword lengths (Meyer et al.
2006). In addition, when provided with a choice of
mates, hybrid females prefer sworded X. hellerii males
over nonsworded X. maculatus males (Meyer et al.
2006). These backcrosses of hybrid females with the
southern swordtail parental lines would be expected to
lead to a mostly southern swordtail nuclear background
with a southern platy mitochondrial genome (Meyer
et al. 2006).
Xiphophorus clemenciae has a restricted geographical
distribution, being confined to small regions of the Isthmus of Tehuantepec (IT) in Mexico (Fig. 2). Xiphophorus
clemenciae has been suggested to be a rare and threatened species with the most restricted distribution of all
southern swordtail species (Alvarez 1959; Rosen 1960;
Ramirez 1999). However, within its core range, X. clemenciae is quite abundant and widespread. Kallman et al.
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(2004) readily found X. clemenciae in a particular area of
the IT – the uplands of the Rio Coatzacoalcos system–
but this species has never been found in the adjacent
coastal plain. By contrast, the putative parental species,
X. hellerii and X. maculatus, have the largest distribution of all Xiphophorus species extending from Veracruz,
Mexico to Honduras and Guatemala, respectively, and
both putative parental species overlap in their distribution with X. clemenciae (Kallman et al. 2004; Kallman &
Kazianis 2006). We did not examine other potential
maternal lineages, such as X. milleri (Meyer et al. 2006),
as this platyfish has a very restricted distribution that
does not overlap with that of X. clemenciae (Kallman &
Kazianis 2006) or X. hellerii (M. Schartl personal communication). Given this distribution, it is rather improbable that this species had been or currently is
hybridizing to produce X. clemenciae-like hybrids or introgressing with X. clemenciae.
To date, this group of fish provides one of the very
few known examples, across all animal taxa, of speciation via hybridization (Mallet 2007). In this case, there
are several lines of evidence that support the hypothesis
that one species arose through an ancient hybridization
event. All evidence available so far, including incongruent phylogenies, laboratory-reared fertile hybrid offspring, X. maculatus’s preference for sworded males
and currently overlapping geographic distributions,
suggests that ongoing hybridization and introgression
between these species are plausible. We asked whether
hybridization persists over time or whether hybridization ceased even when it was the initial mechanism by
which this hybrid species arose. Here, we investigated
the population structure of X. clemenciae and its putative parental species, X. maculatus and X. hellerii, and
test for recent hybridization. We quantified environmental features that might influence the distribution of
these species and their recent evolutionary history.
Using both nuclear microsatellite variation and mitochondrial DNA sequence data, we determined the level
of population differentiation within and between the
putative parental and hybrid species and we compared
a range of environmental parameters between their
respective native habitats. Based on tectonic history in
the IT, we reconstructed how geological history influenced the evolutionary history of these fishes and further made recommendations for conservation.

Methods
Sample collection
Samples were collected from the putative parental
(Xiphophorus hellerii and Xiphophorus maculatus) and
hybrid (Xiphophorus clemenciae) species during the dry
 2012 Blackwell Publishing Ltd

season (January–February) of 2009 from small streams
and ponds in the IT, in southeastern Mexico. Specimens
were collected at 21 locations; seven predominantly
X. hellerii populations, seven predominantly X. clemenciae populations, five predominantly X. maculatus populations, one equally mixed X. hellerii – X. clemenciae,
one equally mixed X. hellerii – X. maculatus (Table 1,
Fig. 2, Table S1, Supporting information) covering most
of the known current geographical distribution of the
hybrid species. A total of 840 individuals, comprising
juveniles, and adult males and females, were sampled
(Table 1). Xiphophorus hellerii was found to live sympatrically with one of the other study species at a number
of sites, although often in comparably small numbers.
Fish were sampled with a consistent method across all
sites; thus, sample sizes within and between sites can
act as a proxy for abundance (Table 1). Fish were
caught using a seine net (10 · 3 foot, with a 1 ⁄ 8-inch
mesh) and photographed, and then fin clips were collected and stored in ethanol – after that, all individuals
were released. All fish were identified as X. hellerii,
X. maculatus or X. clemenciae based on the traits highlighted in Kallman et al. (2004) (Kallman, personal communication). Collection sites were chosen based on the
most recent distribution and site descriptions (Kallman
Table 1 Specimens by sample site and species
Site
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Species

N per species

Xiphophorus clemenciae
X. clemenciae
X. clemenciae
Xiphophorus hellerii
X. clemenciae
X. hellerii
X. clemenciae
X. clemenciae
X. clemenciae
X. hellerii
X. clemenciae
X. hellerii
X. hellerii
X. hellerii
X. hellerii
X. hellerii
X. hellerii
X. hellerii
Xiphophorus maculatus
X. hellerii
X. maculatus
X. hellerii
X. maculatus
X. hellerii
X. maculatus
X. maculatus
X. maculatus

53
48
27
3
36
6
17
55
44
21
42
39
33
52
26
67
28
9
10
37
32
2
43
1
39
30
40
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et al. 2004; Kallman, personal communication) to
cover the range of X. clemenciae and potential hybrid
zones.

Microsatellite genotyping and analyses
Genomic DNA was extracted from fin clips using the
Chelex method (Walsh et al. 1991). Nine microsatellite
loci (that were developed for Xiphophorus and selected
for a previous study on X. hellerii) were amplified using
standard PCR conditions: Msb080, Msd045, Msb069,
Msd033, Msd036, Msd051, Msd060, Msd055, Msc045
(Tatarenkov et al. 2008). One locus (Msd060) could not
be amplified in X. clemenciae; therefore, it was excluded.
Fluorescently labelled fragments were analysed on an
ABI3130XL (Applied Biosystems, CA, USA) with the
internal size marker Liz 600 in GENEMAPPER version 4.0
(Applied Biosystems).
Genotyping efficiency for each population was verified
by testing in MICRO-CHECKER (van Oosterhout et al. 2004)
with 1000 randomizations and a 95% confidence interval.
The potential influence of null alleles was low (Brookfield 1996) as no consistent differences were found across
loci or populations using MICRO-CHECKER; therefore, all loci
were retained. To assess the microsatellite diversity in all
species, the allelic richness and observed (Ho) and
expected (HE) heterozygosity were calculated using FSTAT
VERSION 2.9.3 (Goudet 1995) and GENETIX VERSION 4.05
(Belkhir et al. 2004), respectively. One-way ANOVA was
used to compare allelic richness between species. Multilocus and locus-by-locus tests for Hardy–Weinberg
equilibrium (HWE) were performed in GENEPOP VERSION
4.0 (Rousset 2008). Pairwise population genetic differentiation within and between species was estimated using
Wright’s F-statistics (FST) (Weir & Cockerham 1984) as
calculated by ARLEQUIN VERSION 3.1 (Excoffier et al. 2005).
Populations with less than 15 samples were not
included in our population differentiation analyses,
except for populations of X. hellerii and X. maculatus
from site 15 (with n = 9 and 10, respectively, Table 1).
The latter populations were included in our analyses
because this was the only study site where comparable
numbers of both X. hellerii and X. maculatus were found
and collected. An AMOVA was calculated in ARLEQUIN for
each species to investigate the genetic variation within
and between groups. Populations were grouped together
by geographically proximal location; for example,
X. clemenciae populations from sites 1 and 2 were
grouped together, and populations from sites 3 and 4
were grouped together. Population differentiation within
and between species and evidence for hybrid individuals
were estimated using the program STRUCTURE that uses an
individual-based Bayesian cluster approach (Pritchard
et al. 2000). For all estimations, we used 2 · 106 steps of

the Markov chain and a burn-in period of 5 · 105 steps,
and five iterations were used for each genetic cluster (K).
The level of genetic differentiation in our pairwise comparisons was taken into account when nominating the
upper bound of the different genetic clusters (K) for our
population-level analyses: X. maculatus K = 1–5, X. hellerii K = 1–8, X. clemenciae K = 1–6, and the combined
putative parental and hybrid species K = 1–12. The latter
approach aims to avoid misclassification of genetically
similar groups in STRUCTURE that can occur when inappropriately small numbers of clusters are designated (Kalinowski 2010). We used DK (Evanno et al. 2005) to
estimate the most likely value for K in all populationlevel structure analyses. In a separate structure analysis,
we limited K to 3 (i.e. the number of species in our
study), and prior information on the species of each individual was included in the analysis. This analysis was
also used to estimate the probability of having an immigrant ancestor for two generations (Gensback = 2). The
latter analysis estimates the posterior probability that an
individual is correctly assigned to the given population,
and the probability that it is from, or has ancestry in, the
other populations (here the other species). To test for a
genetic pattern of isolation by distance (Wright 1943), for
each individual species, the relationship between genetic
differentiation (FST) and estimated waterway distances
between collection sites (using digital maps of the sites in
the program IMAGEJ) was evaluated with Mantel tests in
ARLEQUIN (Excoffier et al. 2005).

Mitochondrial DNA sequencing and analyses
A subset of our population samples (16 samples randomly selected per population) was sequenced for the
complete mitochondrial control region using methods
similar to those previously described (Meyer et al. 2006;
using primers from Meyer et al. 1994; Lee et al. 1995;
Salzburger et al. 2002b). At sites where the majority of
samples collected were either X. clemenciae or X. maculatus, but also a small number of X. hellerii samples (1–2
samples per site, Table 1) were found, the latter were
sequenced for additional comparisons. To determine
the levels of current genetic diversity in our three study
species, the number of mtDNA haplotypes, number of
polymorphic sites and nucleotide diversity (p) were calculated for each population using DNASP VERSION 5.1 (Librado & Rozas 2009) and haplotype richness after
rarefaction (HR) was calculated using Contrib-1.02 (Petit
et al. 1998) and species means were compared
with one-way ANOVA. To investigate the evolutionary
relationships between and among species, a medianjoining haplotype network was calculated in NETWORK
4.5.1.6 http://www.fluxus-engineering.com/
VERSION
using samples from all populations of all three species.
 2012 Blackwell Publishing Ltd
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To examine intra- and interspecific population differentiation and the variation within and between geographically distinct species-specific populations, FST estimates
and AMOVA were calculated in ARLEQUIN using a Tamura–Nei + gamma (unequal base frequencies, unequal
substitution rates) corrected distance matrix as an
approximation of the best model of evolution that was
estimated to be TrN + I + G in MODELTEST VERSION 3.7
(Posada & Crandall 1998) in PAUP* VERSION 4.0 (Swofford
2003).

Niche analyses
For each collection location, we recorded a snapshot of
a variety of environmental parameters including altitude, water temperature, pH, dissolved oxygen, conductivity, salinity, water flow, stream depth and bank
width (Table S1, Supporting information). All parameters were recorded in the region of the stream or pond
where the majority of fish samples were collected and
recordings were made directly after sampling was completed. Water temperature, pH, dissolved oxygen and
conductivity were measured using a Multi-350i handheld multiparameter meter (WTW, GmbH, Germany).
Water flow was measured using a MiniWater20 flow
meter (Schiltknecht Messtechnik AG, Switzerland). For
each of the parameters described above, an average of
three measurements (upper, middle and lower thirds of
the water body) was taken. Stream depth and bank
width were measured using a metre stick and measuring tape, respectively. In addition, elevation and position were recorded using a hand-held global
positioning system (GPS) unit (GARMIN, USA).
The niches of all three species were computed and
compared using the ade4-package in R (R Development
Core Team 2010). Nine site parameters (altitude, pH,
water temperature, bank width, stream depth, stream
velocity, conductivity and dissolved oxygen) were
included in the analysis. The niches of the putative
hybrid and parental species were calculated according
to Doledec et al. (2000). Briefly, this analysis is a multivariate technique based on the outlying mean index
(OMI), or marginality of a species, and can also be used
to analyse species assemblages. The marginality or OMI
describes the distance of a species’ niche to the mean
available habitat conditions of the study area. To transform the data into a duality diagram (Escoufier 1987),
principal components analysis (PCA) was used. We performed the OMI analysis using R and tested for significance of the results with a random Monte–Carlo test,
one sided with 1000 permutations. We compared the
niches of the different species and ascertained which
parameters potentially separate the niches using Pianka’s niche overlap index (Pianka 1973; Giraudoux 2010).
 2012 Blackwell Publishing Ltd

This index was calculated for every species using the
parameters listed above.

Results
Genetic diversity
Microsatellites. The levels of allelic richness and heterozygosity were higher on average for Xiphophorus maculatus populations than for Xiphophorus hellerii and
Xiphophorus clemenciae populations and higher in
X. hellerii than in X. clemenciae populations (Table 2).
The mean allelic richness across populations for X. maculatus was significantly higher than in the other two
species (post hoc, Bonferroni, P £ 0.001), and the mean
allelic richness for X. hellerii was higher than for
X. clemenciae but not significantly different (P = 0.574).
Interestingly, allelic richness in X. clemenciae was significantly negatively correlated with altitude (Y = )0.014X
+ 7.485, R2 = 0.741, P = 0.006). Most populations of
X. hellerii (all except one; Table 2) were in Hardy–
Weinberg equilibrium for the loci sampled. By contrast,
only one population of X. maculatus and only three of
eight populations of X. clemenciae were in Hardy–Weinberg equilibrium. However, when these populations are
examined locus by locus, only a few loci (one or two)
are significantly different from what is expected under
HWE, and it is not always the same loci; therefore,
these results are not expected to reflect any important
demographic effects.
mtDNA. A large number of individuals from most
populations of X. maculatus and X. clemenciae share the
most abundant haplotype for their respective species:
X. hellerii shows two distinct major haplotypes (Fig. 3).
The sampled populations of each species exhibit a
range of low to moderate haplotype richness values,
and nucleotide diversities were low in all populations
(Table 2) (see also Gutiérrez-Rodrı́guez et al. 2007 for
other Xiphophorus, and von der Heyden et al. 2010 for
marine fish examples). The mean haplotype richness
across populations was not significantly different
between species (post hoc, Bonferroni, P > 0.05).

Genetic differentiation within and between species
Using eight nuclear microsatellite markers and mitochondrial control region sequences, we detected highly
statistically significant levels of genetic differentiation
between most Xiphophorus populations, both within and
between species (Table 3). Co-occurring species groups
sampled at the same geographic locations were highly
significantly differentiated (e.g. site 7, Table 3, Fig. 2).
In general, the FST values are extremely high, especially
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MtDNA
Number of haplotypes
No. of polymorphic sites
Haplotype richness (HR)
Nucleotide diversity (p)

X. maculatus

2
1
0.455
0.00023

2
1
0.894
0.00058

Species

6.325
0.996
0.654(±0.351)
0.693(±0.367)

6.626
0.443
0.746(±0.210)
0.742(±0.250)

9

Population

Microsatellites
Mean allelic richness
H–W tests (P)
HE
HO
MtDNA
Number of haplotypes
No. of polymorphic sites
Haplotype richness (HR)
Nucleotide diversity (p)

X. hellerii

2
1
0.604
0.00033

1
0
0
0

Species

3.720
0.080
0.508(±0.309)
0.479(±0.303)

2

4.599
0.453
0.535(±0.360)
0.536(±0.376)

1

Population

Microsatellites
Mean allelic richness
H–W tests (P)
HE
HO
MtDNA
Number of haplotypes
No. of polymorphic sites
Haplotype richness (HR)
Nucleotide diversity (p)

X. clemenciae

Species

4
5
0.714
0.00092

11.637
£0.001
0.938(±0.027)
0.917(±0.062)

21

1
0
0
0

4.600
0.917
0.628(±0.282)
0.631(±0.303)

16

2
1
0.313
0.00016

5.156
0.505
0.619(±0.291)
0.619(±0.294)

8

Table 2 Summary of the level of genetic diversity in sampled populations of Xiphophorus clemenciae, Xiphophorus hellerii and Xiphophorus maculatus at both eight microsatellite loci
and mtDNA control region.
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H14
H10

H15

H11

H3

H9

H4

H2
H6

H12

H5
H1
H7

H23

H30

H17

H16
H21

H18
H22

H19

H20
H8

H28
H29
H24

H26

H25
H13
40
15

H27

1

Fig. 3 A haplotype network of mtDNA sequences show that there are no shared haplotypes between species, even when found at
the same sites. To enable clear comparisons, haplotype colours are designated by population assignment as found for the microsatellite data using STRUCTURE (see Fig. 5); note that there are also additional Xiphophorus hellerii populations in the haplotype analysis, see
below. The southern most populations of X. hellerii (H8, H13 and H16) and Xiphophorus clemenciae (H14 and H15) show distinct haplotypes that differ from the rest of their respective species. (As noted in the text, Xiphophorus hellerii populations – where the haplotypes denoted H2 (site 3 and 4), H3 (site 4), H20 [site 17 (also site 15)], H30 (site 18) were found – consist of small numbers of
X. hellerii samples found at the same sites as the other species (see also Table 1 and Fig. 2); these samples were included in the haplotype analysis to provide additional same site comparisons). Haplotype circle size is equivalent to haplotype frequency. Small black
circles represent missing or inferred haplotypes. Connecting line distances are proportional to sequence divergence between haplotypes (2 mm = 1 bp difference) and short line strokes represent mutational steps between haplotypes.

those estimated using the mitochondrial sequences
where some comparisons yielded values as high as 1.00
documenting a complete lack of gene flow between
some populations both within and between species.
However, some FST values, although very high, are not
significant after Bonferroni correction (Table 3). As
expected under isolation by distance (IBD, see below),
geographically proximal populations of the same species, such as X. clemenciae populations three and four
(Table 3, Fig. 2), were more genetically similar at both
marker types.
Interestingly, geographically distant populations of all
species have unique haplotypes, distinct from the rest
of their respective species (Fig. 3). This suggests these
populations are geographically isolated populations,
albeit the sequence differences are less than those
between species (i.e. average within genus distances of
207 marine fish 9.93%, Ward et al. 2005; for other teleostean fishes, 1.0–5.6% within species between drainages, Fajen & Breden 1992 5.089% between subspecies
clades, Salzburger et al. 2003 5.29% between clades
 2012 Blackwell Publishing Ltd

within a marine species, Stefanni & Thorley 2003 0.11–
1.3% within species (X. cortezi) between drainages, Gutiérrez-Rodrı́guez et al. 2007). Specifically, populations of
X. hellerii and X. clemenciae sampled from the southern
most region of the IT show the highest amount of
within-species sequence divergence. The southern populations of X. clemenciae differ from populations in the
central IT (closest haplotype) by 0.62% (Figs 2 and 3).
The southern most populations of X. hellerii are slightly
more distinct from their central IT counterparts differing by 0.74% sequence divergence (Figs 2 and 3).
Population differentiation significantly increased with
distance within all examined species (P < 0.01, Mantel
test, Fig. 4). Distance explained a high percentage of
the variation in all species (X. clemenciae: R2 = 0.54,
X. hellerii: R2 = 0.40 and X. maculatus: R2 = 0.72). This
differentiation is also reflected in the AMOVA results for
all species using both marker types (Table 4). In other
words, the percentage of variation among populations
within geographic groups tends to be low when geographically proximal populations are grouped together
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Table 3 Estimated pairwise Fst (microsatellite data, below diagonal, mtDNA data, above diagonal) values by species and geographic location.

2700 J . C . J O N E S , J . - A . P E R E Z - S A T O and A . M E Y E R

 2012 Blackwell Publishing Ltd

P H Y L O G E O G R A P H Y O F H Y B R I D O R I G I N O F A S W O R D T A I L S P E C I E S 2701
A 0 .3 5

X. clemenciae

0 .3 0

FST

0 .2 5
0 .2 0
0 .1 5
0 .1 0

R 2 = 0.54
P < 0.001

0 .0 5
0 .0 0

0

B 0 .3 5

50

100

150

X. hellerii

0 .3 0

FST

0 .2 5
0 .2 0
0 .1 5

No evidence for current hybridization

0 .1 0

R 2 = 0.40
P < 0.001

0 .0 5
0 .0 0

0

100

200

300

400

500

X. maculatus

FST

C 0 .0 9
0 .0 8
0 .0 7
0 .0 6
0 .0 5
0 .0 4
0 .0 3
0 .0 2
0 .0 1
0 .0 0

species. The most likely genetic clusters for the individual species are two for X. maculatus, three for X. hellerii
and four for X. clemenciae. Using the number of clusters
detected in the individual species analyses, and with
the indication of an increase in Ln P(D) at K = 9 – the
criterion in STRUCTURE used to detect the true K (the posterior probability of the data for a given K) – we estimate that the most likely number of genetic clusters
among all species is nine (Fig. 5). This clustering provides no clear evidence of a single cluster being comprised of two different species. In addition, our
estimations show the formation of single clusters for
some geographically close populations of the same species, and also high differentiation between populations
of the same species.

R 2 = 0.72
P = 0.009
0

30

60

90

120

Distance (km)

150

180

210

Fig. 4 Isolation by distance in Xiphophorus clemenciae (A),
Xiphophorus hellerii (B) and Xiphophorus maculatus (C) populations in the Isthmus of Tehuantepec, Mexico.

(such as X. clemenciae populations five and six in the
central IT, Fig. 2) compared to when geographically
more disparate populations are grouped together (such
as when more southern or northern IT populations are
grouped with central IT populations, Fig. 2).

Structure analysis of microsatellite data
To evaluate the species and population differentiation
at a broader scale, we used STRUCTURE (Pritchard et al.
2000) (microsatellite data). Using STRUCTURE, given the
high level of genetic differentiation detected even
within species in our pairwise comparisons (Table 2),
we first estimated the population structure within species and then used the information generated on the
most likely K values to conduct a STRUCTURE analysis
incorporating both the putative hybrid and parental
 2012 Blackwell Publishing Ltd

To determine whether hybridization and introgression
are ongoing between our study species, we used both
mitochondrial haplotype network and STRUCTURE (microsatellite) analyses. Both analyses revealed similar differentiation within and between populations for each
species and provided no strong evidence for admixture
or hybridization between species (Figs 3 and 5). As an
example of the similar differentiation detected between
marker types, the southern most populations of X. hellerii (populations 9, 10 and 11) share a single main haplotype (H14, Fig. 3) and form a single cluster using
STRUCTURE (Fig. 5). The differentiation shown in both
analyses reflects the geographic distribution of the
study populations (Fig. 2). As noted above, the most
common X. clemenciae haplotype was found in most
populations (five out of eight) from which X. clemenciae
was sampled (H1, Fig. 3), and all of these populations
occur in the central IT region (Fig. 2), suggesting a single origin for X. clemenciae in the central IT followed by
moderate dispersal.
The haplotype network analysis strongly suggests a
lack of current hybridization because no shared haplotypes between the putative hybrid and maternal species
are found in the entire range of X. clemenciae. This also
holds for all species even when they were collected at
those sites where currently more than one species is
found (Fig. 3) (note – X. hellerii populations where the
haplotypes denoted H2 (site 3 and 4), H3 (site 4), H20
[site 17 (also site 15)], H30 (site 18) were found, consist
of small numbers of X. hellerii samples found at the
same sites as the other species (see also Table 1 and
Fig. 2), these samples were included in the haplotype
analysis to provide additional same site comparisons).
Also all samples could be readily assigned to their
species based on phenotypic characteristics (Kallman
et al. 2004; Kallman, personal communication). We
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Table 4 Hierarchical AMOVA of the genetic structure of populations and geographically distinct population groups of Xiphophorus
maculatus, Xiphophorus hellerii and Xiphophorus clemenciae

Species

Locus

Source of variation

X. maculatus

mtDNA
control region

Among geographically
distinct population
groups
Among populations
within groups
Within populations
Total
Among geographically
distinct population
groups
Among populations
within groups
Within populations
Total
Among geographically
distinct population
groups
Among populations
within groups
Within populations
Total
Among geographically
distinct population
groups
Among populations
within groups
Within populations
Total
Among geographically
distinct population
groups
Among populations
within groups
Within populations
Total
Among geographically
distinct population
groups
Among populations
within groups
Within populations
Total

Microsatellites

X. hellerii

mtDNA control
region

Microsatellites

X. clemenciae

mtDNA control
region

Microsatellites

d.f.

Sum of
squares

Variance
components

Variance
(%)

Fixation
indices

2.03419 Va

86.12

FCT = 0.8612

0.067

)0.01491 Vb

)0.63

FSC = )0.0455

0.821

P

1

61.018

4

0.661

67
72
1

22.963
84.642
27.964

0.34273 Vc
2.36201
0.16593 Va

14.51

FST = 0.8549

<0.001

4.44

FCT = 0.0444

0.067

4

25.494

0.04432 Vb

1.19

FSC = 0.0124

<0.001

382
387
2

1346.034
1399.492
346.538

3.52365 Vc
3.73389
5.06919 Va

94.37

FST = 0.0563

<0.001

86.44

FCT = 0.8644

<0.001

6

46.318

0.70855 Vb

12.08

FSC = 0.8907

<0.001

92
100
2

8.003
400.859
268.639

0.08699 Vc
5.86473
0.5738 Va

1.48

FST = 0.9852

<0.001

15.20

FCT = 0.1520

<0.001

6

126.202

0.2836 Vb

7.51

FSC = 0.0885

<0.001

613
621
3

1788.651
2183.492
193.692

2.9178 Vc
3.7753
2.55975 Va

77.29

FST = 0.2271

<0.001

79.59

FCT = 0.7960

0.029

4

17.753

0.34803 Vb

10.82

FSC = 0.5302

<0.001

88
95
3

27.134
238.579
267.158

0.30835 Vc
3.21613
0.3954 Va

9.59

FST = 0.9041

<0.001

12.54

FCT = 0.1254

0.01

4

100.329

0.29312 Vb

9.30

FSC = 0.1063

<0.001

636
643

1567.453
1934.939

78.16

FST = 0.2183

<0.001

conclude that current hybridization or introgression
between the species does not occur.
Similar to the results of the mtDNA haplotype network analysis, the STRUCTURE analyses that would be
able to identify nuclear genetic admixture between
X. clemenciae, X. hellerii and X. maculatus showed
strong evidence for a lack of hybrid genotypes (i.e. individuals for which Q values indicated a mixed genotype)
(Fig. 5). Rather, most individuals were entirely representative of their respective species to which they were

2.4645 Vc

assigned phenotypically. Only a single individual from
X. clemenciae population four appears to be genotypically assigned to a mixture of both X. maculatus and
X. hellerii (with consistent assignment probabilities
across runs of approximately 32.6% and 46.4%, respectively, Fig. 5). In our species-restricted analysis, the
same individual had a high probability of being from
an entirely different group.
In addition, both our population-level (Fig. 5) and
species-restricted analyses (data not shown) indicated a
 2012 Blackwell Publishing Ltd

19
18
13
12

small number of backcrossed individuals (two individuals from X. clemenciae population seven – assigned partially to a X. hellerii genotype – with assignment
probabilities of approximately 17.8% and 26.8%,
Fig. 5). Both analyses also assigned two individuals
from the same population, but phenotypically X. hellerii
(X. hellerii population seven), to a mixture of X. hellerii
and X. clemenciae genotypes (with assignment probabilities of approximately 15.4% and 28.6%). Similarly, two
phenotypically X. maculatus individuals (population 20
and 21) are assigned partially to an X. hellerii genotype
for both analyses (with assignment probabilities of
approximately 33.1% and 23.1%, Fig. 5). Individuals
were noted as showing signs of backcrossing or introgression when they were identified in both analysis
types as having mixed assignment with a contribution
from, or probability of being from, an alternative genotype. However, in all cases, there are no phenotypic
signs of mixing when photographs of each individual
are examined for species characteristics. It should be
noted that rare genotypes on occasion get poorly
assigned by STRUCTURE and can lead to confusing or misleading cluster assignments – STRUCTURE is more effective
at identifying large homogeneous genetic clusters (Kalinowski 2010).

7
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11

X. hellerii

7 14 15 16

17 15

X. maculatus

20

21
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0.0
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0.4

0.8

0.6

1.0

1

2

X. clemenciae

6

Niche analyses

Fig. 5 Broad-scale assignment tests for the putative hybrid
and parental Xiphophorus species using microsatellite markers
in the software STRUCTURE. Tests were conducted for each individual species (data not shown) and for all species combined.
Each vertical bar represents one individual, and the colour the
proportion of its sampled genome that resembles a given
genetic grouping. Populations of the same colour are most closely related compared to the other populations. Populations
are ordered by geographic location (from south to north), and
numbers below the figure indicate collection site (see Fig. 2).
Within species, distinct genetic clusters are observed; however,
geographically proximal populations tend to form single clusters. Populations of the different species do not form single
genetic clusters even when found in the same geographic location (i.e. populations denoted by the same number). This analysis suggests there is negligible current introgression between
the putative parental and hybrid species: see text.
 2012 Blackwell Publishing Ltd

We utilized water parameter measurements along side
additional environmental parameters to compare the
ecological niches of X. clemenciae with those of its putative parental species. For our PCA, we chose seven factors to be included in the analysis. We used the first
two orthogonal axes in the OMI analysis as they
explained 97.92% of the total environmental variation
(first axis, 85.85%; second axis, 12.07%). The niche analysis results (Fig. 6) reflect the geographical distribution
of our study species across the IT. X. maculatus’ niche
is the farthest from the mean available habitat, while
X. hellerii’s is closest. The two putative parental species
have broad niches, while X. clemenciae, the putative
hybrid, appears to have a much narrower niche with a
smaller variance in habitat conditions compared to the
variance of the average habitat (Fig. 6). Most of the
observed niche variation of all three species is
explained by three key parameters: dissolved oxygen,
salinity and bank width (Fig. 7).
The niches of X. maculatus and X. clemenciae are significantly different from the mean available habitat (random Monte-Carlo-test, P < 0.05), while X. hellerii’s
niche does not differ significantly from the mean available habitat (P = 0.442). Pianka’s niche overlap index
was used to gain an estimate of the percentage overlap
of the niches of each species pair for each parameter
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d = 0.2
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Fig. 6 Niches of Xiphophorus clemenciae, Xiphophorus hellerii
and Xiphophorus maculatus in ecological space. The dots represent the different sample sites, and the origin of the axes is the
mean available habitat. The circles represent the distribution of
the species niches, and the centre of the circles represents the
mean position of the species in ecological space. The niches of
X. hellerii and X. clemenciae overlap and are close to the mean
available habitat.

(Table 5). The niches of X. clemenciae and X. hellerii are
most similar, while X. clemenciae and X. maculatus
show the greatest differences and share 0% overlap for
four of the nine parameters. The mean percentage overlap for all parameters combined for the different species
comparisons are 25% overlap for X. hellerii and
X. clemenciae, 16% for X. hellerii and X. maculatus and
14% for X. maculatus and X. clemenciae.

Discussion
We investigated the population genetic structure and
ecological niches of 21 different populations of fish from
three species of the genus Xiphophorus, in the IT, Mexico. We collected this information in an effort to determine the temporal nature of hybridization in an
exemplar system. Specifically, we aimed to determine
whether there is ongoing hybridization between Xiphophorus hellerii, Xiphophorus maculatus and Xiphophorus
clemenciae because it has been suggested before that

Fig. 7 Eigenvalues of the different parameters of the two axes
of the niche analysis. The horizontal axis accounts for 87% of
the variation and the vertical axis for 10.2%. Dissolved oxygen
(dox), conductivity (cond) and bank width have the greatest
influence on the species niches. The length and direction of the
arrows indicate the relative loading of each parameter on the
two principal components analysis axes.
Table 5 Pianka’s niche overlap index calculated for all pairwise species comparison. This index describes the percent
overlap of two species niches for a single environmental
parameter

Variable
Altitude
Bank width
Conductivity
Dissolved
oxygen
Flow velocity
pH
Stream depth
Temperature

Xiphophorus
hellerii vs.
Xiphophorus
maculatus

X. hellerii vs.
Xiphophorus
clemenciae

X. maculatus vs.
X. clemenciae

0.020
0.147
0.020
0.020

0.128
0.193
0.128
0.128

0.000
0.000
0.000
0.000

0.782
0.020
0.020
0.276

0.808
0.194
0.145
0.249

0.778
0.249
0.025
0.100

X. clemenciae arose through hybridization between a
maternal southern platyfish species, X. maculatus, and a
paternal swordtail species, X. hellerii, and that female
 2012 Blackwell Publishing Ltd
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preference, observed in the laboratory, has the potential
to promote such hybridization. These laboratory results
suggested that isolating mechanisms (IM) might not
have evolved yet between the parental species and their
hybrid species. We regarded this as a particularly interesting case where ecological characteristics and ⁄ or prezygotic IM might keep these species separate in nature,
but do not apply in a laboratory setting. It is well
known that the biological species concept faces operational challenges in the laboratory as many different
taxa hybridize under such conditions but do not appear
to do so in nature. Here, we set out to ask whether
there is any current gene exchange detectable between
this set of Xiphophorus fish species, where they occur in
the same or different habitats.

Current evolutionary significant hybridization not
detected
Both genetic marker types used in this study are fast
evolving and therefore provide appropriate data for
inferring recent population dynamics. Examining such
genetic signatures of this fish system in an ecological
and phylogenetic context allows us to obtain a more
complete understanding of the initial hybridization process, subsequent differentiation and the evolution of
prezygotic IM that now keep the two parental species
apart from each other and their hybrid daughter species. Substantial genetic differentiation in nuclear markers and large divergence in mtDNA control region
sequences between and within our putative parental
(X. hellerii and X. maculatus) and hybrid (X. clemenciae)
species, including co-occurring species groups, strongly
suggest that there is virtually no currently ongoing
hybridization between these species and that they are
indeed good ‘biological species’. Interestingly, now hundreds of thousands of generations after its origin, IM
seem to have evolved both between the parental species
and their daughter species. Using pairwise population
analyses, STRUCTURE and haplotype network analyses, we
did not detect significant levels of gene flow or shared
haplotypes across species. These species are genetically
distinct, and only few genetically mixed individuals
(7 of 840) were found in our sample of 840 individuals
throughout the entire distribution of X. clemenciae. Only
the structure analyses detected this small number of
putatively backcrossed and introgressed individuals. It
is possible that these individuals actually reflect known
limitations of STRUCTURE in designating rare genotypes
(Kalinowski 2010). Alternatively, these rare individuals
might indeed be due to current ongoing, but extremely
infrequent, hybridization. If this alternative was true,
the strong genetic clustering of the populations within
and between species suggests this level of gene flow is
 2012 Blackwell Publishing Ltd

not enough to homogenize the gene pool of the different species. The main factors that could explain this
outcome are hybridization is rare or very recent, and
interestingly, selection may be acting against hybridization. At this point, we favour the first possibility given
the extremely small number of mixed individuals
detected, but do not entirely dismiss the possibility of
rare and isolated hybridization and introgression.
Finding only negligible levels of current hybridization
provides further support for a singular, much more
ancient event having given rise to X. clemenciae, as suggested by the incongruence in the phylogenetic relationships using different genetic markers, and the
divergence of those sequences (Meyer et al. 1994, 2006).
Further, it is likely that X. clemenciae has a single origin
in the central IT, followed by dispersal, as the most
common haplotype of X. clemenciae is still found in
most populations of this species. These X. clemenciae
populations, which share the most common haplotype,
all occur in the central IT within a 20-km radius and
tend to show higher genetic diversity and allelic richness (e.g. populations 5, 6 and 7, Table 2, Fig. 2). Our
extensive sampling of the entire geographic distribution
of X. clemenciae suggests that recent hybridization is a
rare event.
The pronounced genetic differentiation between the
three species is also reflected in their distinct niches.
Although some overlap is detected in Pianka’s niche
overlap index, we find large differences between the
niches of all species pairs (Table 5). In particular,
X. maculatus and X. clemenciae show no overlap in their
estimated niche space (Fig. 6), suggesting that divergence in adaptations to certain environmental parameters, such as the level of dissolved oxygen, may play a
role in preventing ongoing introgression between these
species. Xiphophorus clemenciae tends to occur in welloxygenated, higher-altitude streams, whereas X. maculatus tends to occur in low-lying pools and ponds with
little water flow and low levels of dissolved oxygen
(see also Kallman et al. 2004). However, we note that
despite extensive sampling of the current known geographic distribution of X. clemenciae, we found no
instances where X. clemenciae was sympatric with
X. maculatus. The latter suggests that the genetic differentiation found between the hybrid species and its
putative maternal parental lineage may also be maintained purely by geographic isolation. The putative
parental species’ niche spaces are also nonoverlapping.
However, these two species do co-occur at three of six
X. maculatus sites both in the central and in the northern IT (Fig. 2), and each site was typical for X. maculatus sampling locations – lower-lying stagnant ponds.
Xiphophorus hellerii and X. clemenciae also differ in their
typical niches but still do show some overlap (Fig. 6).
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These species were found to co-occur in the central IT
at three of eight X. clemenciae sampling locations
(Fig. 2). This finding lends support to the hypothesis
on the nature of the hybridization event (Meyer et al.
2006), where backcrosses of the initial hybrid females
are thought to have occurred more often with southern
swordtail males than swordless platyfish males. We
found a few individuals in our large sample that are
possible backcrosses between X. clemenciae and X. hellerii. Thus, X. clemenciae is not only genetically more
similar to the swordtail lineage in five of six nuclear
loci examined to date (Meyer et al. 2006) and may continue to backcross occasionally with X. hellerii, but this
species also shares a more similar ecological niche with
X. hellerii.
Dissolved oxygen, one of the three most important
environmental variables distinguishing niche space
among species, can act as a proxy for turbidity, as turbidity and dissolved oxygen tend to be negatively correlated in stagnant water bodies (Kramer 1987).
Therefore, the known preference of female platyfish for
sworded males may be tempered in their current natural habitat, even when sworded males do co-occur, by
high water turbidity and a reduction in the ability of
females to distinguish sworded vs. nonsworded males.
In this kind of habitat, other mechanisms, such as
chemical cues, may play an important role in sexual
communication. Female Xiphophorus are known to show
mating preferences for chemical cues produced by conspecific males (Crapon de Caprona & Ryan 1990;
McLennan & Ryan 1997, 1999, Fisher & Rosenthal 2010)
despite preferences for visual cues of heterospecific
males (Ryan & Wagner 1987; Crapon de Caprona &
Ryan 1990; Basolo 1995a,b; Hankison & Morris 2003).
Such chemical cues may be one of the proximate mechanisms that act to maintain prezygotic isolating barriers.
If visual cues would dominate in mate choice, such turbid habitats might promote hybridization, but we do
not find evidence for this in our study.
Hybridization may have significantly contributed to
the current species diversity among Xiphophorus fish
more generally. Although examples of populations of
poeciliid species with high frequencies of hybrids are
rare, there are at least three well-characterized cases of
hybridization in the genus Xiphophorus (reviewed in
Rosenthal & Garcı́a de León 2011). Using both molecular and morphological data, it has been shown that
X. birchmanni and X. cortezi, and northern platyfish and
X. nezahualcoytl hybridize in the wild. A third system,
which has received considerable attention in the
research community, the X. birchmanni–X. malinche species complex, may represent a case of incipient hybrid
speciation, as hybrids in some populations are reproductively isolated from the parental species (Rosenthal

& Garcı́a de León 2011, Culumber et al. 2011). Taking
the latter case as an example, Xiphophorus hybrid systems appear to conform to expectations of recombinational speciation via hybridization where the ecological
niches of hybrids are partially separated from the
parental habitat (Coyne & Orr 2004). Xiphophorus birchmanni–X. malinche hybrids have been suggested to
outperform or at least equal parental species at intermediate elevations and for a number of ecologically important traits, both hybrids and parentals covary with
habitat (Culumber et al. 2011; Rosenthal & Garcı́a de
León 2011). In general, hybridization within the genus
Xiphophorus appears to have occurred over different
timescales and provides an ideal opportunity for examining the genomic and phenotypic signatures and ecological circumstances that contributed to past and
present hybridization events and for comparing these
types of events within a single genus. More work, such
as further estimations of the phylogenetic relationships
of these fish, is required to determine the overall prevalence of hybridization in this genus.

Genetic differentiation and phylogeography
This study revealed high levels of genetic differentiation
between populations within species (X. clemenciae,
X. hellerii and X. maculatus). Using different lines of
evidence, we show that this differentiation is best
explained by isolation by distance caused by restricted
gene flow. All species show significant isolation by distance between populations, and both our STRUCTURE and
haplotype network analyses assign individuals and
populations to geographically proximal groupings. The
different populations also contain a range of haplotype
and nucleotide diversities and microsatellite allelic richness differs between populations. In particular, within
X. clemenciae and X. maculatus, populations sharing the
main haplotype and occurring at the lowest elevations
detected for these species in this study (X. clemenciae:
40–50 m above sea level vs. 120–229 m, X. maculatus:
1–7 m vs. 26 and 39 m) tend to show higher levels of
genetic diversity and allelic richness than the other populations. Lower genetic diversity and allelic richness at
higher elevation populations suggest these populations
have smaller effective population sizes. In addition, the
latter result reiterates the finding of a lack of gene flow
between populations and suggests that any gene flow
that does occur is unidirectional, from high to low elevations. Similarly, in our AMOVA, we find a much higher
percentage of variation between groups than within
groups when geographically adjacent populations are
grouped together (Table 4). These results are consistent
with results obtained by Tatarenkov et al. (2010) in their
microgeographic study of X. hellerii from Belize. They
 2012 Blackwell Publishing Ltd
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found significant IBD both at the level of individual
demes within a creek, and at larger spatial scales of up
to 20 km between populations. In the current study, it
follows that only geographically proximal populations
show no significant genetic differentiation (Table 3,
Fig. 2). At a microgeographic level (i.e. between creeks,
similar or smaller waterway distances to Tatarenkov
et al. 2010), close physical proximity, despite potential
barriers such as separate streams with no permanent
waterway connection, appears to facilitate gene flow
between populations. For example, X. clemenciae populations three and four (Fig. 2) were found in geographically close (1 km), but separate streams, and show no
significant genetic differentiation at either marker type
(Table 2). Therefore, seasonal flooding and ⁄ or migration between these sites via connecting waterways
through stream capture might provide a mechanism for
dispersing individuals to occupy new streams. Interestingly, Tatarenkov et al.’s (2010) results show significant
genetic differentiation even between adjacent pools
within creeks in contrast to our results and actually are
surprising in the light of the documented among-pool
movement of swordtails.
Freshwater fish in general are known to have high
levels of genetic divergence (e.g. in small freshwater
fish; Crispo et al. 2006; Tatarenkov et al. 2010), especially in comparison with marine fish (reviewed by
Ward et al. 1994; DeWoody & Avise 2000). However,
large differentiation, between the geographically distant
central and southern X. hellerii populations (e.g. populations 12, 13, 14 vs. 9, 10, 11, Fig. 2), potentially provides the first indication of incipient speciation within
X. hellerii. We note that the southern populations of
X. hellerii are geographically the furthest from the type
specimen of X. hellerii that was found north of the IT
near Orizaba, Veracruz, Mexico (Heckel 1848). Further
phylogenetic, ecological and morphological investigations are required to determine whether these different
populations represent distinct species.
Here, the divergence between the southern IT populations of X. hellerii (9, 10. 11, Fig. 2) and X. clemenciae
(1, 2, Fig. 2) and the central IT populations of the same
species (Fig. 2) appears to coincide with regional tectonic events in the southern IT (Barrier et al. 1998).
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), the
separation of the central and southern X. clemenciae
populations, and the central and southern X. hellerii
populations would have occurred between 0.14 and
1.55 and 0.16 and 1.85 Ma, respectively. In a north to
south cross-section of the IT, the elevation in the northern half is low and then increases regularly from the
centre of the IT to a small coastal range (200 m in
 2012 Blackwell Publishing Ltd

elevation, Fig. 2) that borders the Tehuantepec Coastal
Plain (on the Pacific coast side). On the southern side of
this range, a steep slope leads down to the plain (Barrier et al. 1998). The distinct tectonic episodes resulting
in the present structure of the IT have taken place since
the Late Miocene (6 Ma), and morphological evidence
indicates that faults in the Coastal Plain and at its
northern border are still active (Barrier et al. 1998).
Therefore, a plausible scenario is that the southern populations of X. hellerii (9, 10, 11, Fig. 2) and X. clemenciae
(1, 2, Fig. 2) became isolated from the central and
northern IT populations when the coastal range was
uplifted, within the last 6 Myr, and more specifically
possibly <2 Ma as suggested by the molecular data. The
large degree of divergence between these populations
suggests that even seasonal flooding does not facilitate
mixing of these populations. In the broader context of
the Poeciliid family, the latter divergence in Xiphophorus
populations occurred long after the main radiation of
Poeciliid fishes from their South American area of origin, for example, via the Aves land bridge to Middle
America (approximately 44 Ma) (Hrbek et al. 2007).
Poeciliids are thought to have dispersed at least three
times between South America and Middle America,
with the second dispersal event resulting in the main
poeciliid radiation of Central America and the Antilles.
The latter clade, which includes Xiphophorus, is statistically well supported and is nested within a paraphyletic predominantly South American group (Hrbek et al.
2007). The early colonizing events preceded the final
closing of the Isthmus of Panama 3.5–5 Ma. Following
the closing, vicariant events, such as tectonic episodes
in the IT, have continued to shape the subclades of the
main Central American radiation.
Here, other genetic divergences observed within the
study species, that is, within X. maculatus, in the IT
reflect the geographic distance between populations
and may have also been influenced by tectonic activity,
although such associations do not appear to be as distinct. Interestingly, although the geographic distance
between the central and northern X. maculatus populations is very large (15, 17 vs. 18, 19, 20, 21, Fig. 2), the
sequence divergence between these populations is less
than that found between the populations described
above (Fig. 3). This may indicate a combination of two
factors: first, X. maculatus appears to have a broad
niche suggesting ease of movement between sites; second, the northern IT is downstream of the central IT,
due to regional subsistence since the Pliocene (Barrier
et al. 1998). We find a higher level of genetic diversity
in the coastal X. maculatus populations (18, 19, 20, 21,
Table 2), suggesting unidirectional gene flow from
south to north, and possibly reflecting larger population
sizes in the northern populations (Frankham 1996) or
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higher dispersal between lowland habitats. During our
field collections, we noticed that X. maculatus was more
readily sampled from the northern coastal plain than
from the central IT sites, again suggesting this species is
more abundant on the coastal plain.

Conservation implications – X. clemenciae
Data from the present study can provide preliminary
information for conservation management decisions
through basic sampling successes, as a proxy for abundance, and by describing the genetic differentiation
among populations and the pattern of geographic connectivity.
Our study lends further support to the description of
X. clemenciae’s distribution proposed by Kallman et al.
(2004), where these authors conclude that the species is
widespread and common, but only in the uplands of
the Rio Coatzacoalcos basin in the IT. We readily sampled X. clemenciae from many sites within this area,
suggesting it is abundantly present in this restricted
region. However, our sampling results also support the
previously reported restricted distribution of this species, and we did not find any of these fish in the northern region of the IT including the northern coastal
plain. Consequently, we recommend that this species is
surveyed regularly, and possible anthropogenic effects
are studied in the populations within this restricted distribution. Such effects can be noticed adjacent to villages and farms where waste water runoff and other
human uses of the streams appear to occur regularly
(JC Jones, personal observation). This may be particularly relevant to populations of this species occurring in
the south of the IT, which are genetically very distinct
from the other populations and may constitute distinct
population units.
The process of identifying and then managing evolutionary significant units (ESUs; Moritz 1994) is not
straightforward (Moritz et al. 2002; Mesquita et al.
2005), but phenotypic difference and historical isolation
processes have been highlighted as important considerations (Moritz 1994, 2002). In recent studies (e.g. Salgueiro et al. 2003; Mesquita et al. 2005), mtDNA and
microsatellite information have been used to identify
ESUs and management units (MUs; Moritz 1994)
(Mesquita et al. 2005; Angienda et al. 2010). Here, the
use of both mtDNA and microsatellite data in addition
to geographical distributions provides information on
distinct population units of this geographically
restricted species. If one considers the criteria of phylogeographic differentiation (including sequence divergence) and the observed significant FST values for both
mtDNA and microsatellite data, two main ESUs are
apparent, population one and two, and the central IT

populations (populations three-eight) (Fig. 2). Xiphophorus clemenciae also exhibits the lowest level of average
microsatellite allelic richness across populations,
although this is not reflected by the mtDNA haplotype
and nucleotide diversity of this species (Table 2). The
southern populations of X. hellerii also represent distinct population units.

Conclusion
We investigated the population dynamics and the possibility of ongoing hybridization and introgression
between the putative hybrid and parental species,
X. clemenciae, Xiphophorus hellerii and Xiphophorus maculatus, respectively. No strong evidence for ongoing
hybridization or introgression between these species
was discovered although partially overlapping distributions of these species would permit gene flow. Even
where the species co-occur at the same locality, our
molecular data show clear and consistent genetic differences between these species, and only few individuals
appear to show evidence for hybridization. Data on ecological niches indicate a large separation between
X. maculatus in particular and the other two species of
Xiphophorus.
Populations of the three species studied within the IT
are genetically highly differentiated, except for geographically proximal populations. The southern most
populations show the highest levels of differentiation,
and this may reflect a broader trend in population
dynamics in fishes and other freshwater organisms
occurring in this region. This suggests that tectonic
activity in the region has created a barrier that has
caused geographic isolation of some populations of
Xiphophorus from the rest of their species, where speciation may be a possible outcome.
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DNA sequences (all main MtDNA haplotypes): GenBank
accessions JQ621886–JQ621898. Microsatellite data: DRYAD
entry doi: 10.5061/dryad.524t4v16. Under the DRYAD entry,
we provide a spreadsheet linking the mtDNA GenBank
accession numbers to the microsatellite data and an alignment file for all main mtDNA haplotype sequences.
Table S1 (Supporting information) provides all sampling site
data.

Additional supporting information may be found in the online
version of this article.
Table S1 GPS and site parameters recorded at each sampling site.
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authors. Any queries (other than missing material) should be
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