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We used sequences of the mitochondria control region to assess the distribution of genetic
variation within and among populations of the poeciliid fish species Xiphophorus birchmanni.
We collected 122 X. birchmanni samples from 11 sites in three drainage systems comprising the
distribution of the species. We found low levels of polymorphism among aligned sequences
and low levels of genetic variation within populations but high levels of genetic differentiation
among populations. Haplotypes are exclusive to three river drainages (Los Hules, Calabozo
and San Pedro). Mantel tests revealed correlations between geographical (both straight-line
and river distances) and genetic distance, consistent with an isolation by distance scenario, while
nested clade analysis suggested allopatric fragmentation between haplotypes from two of the
major drainages, and isolation by distance with restricted gene flow within those drainages.
Finally, monophyly of X. birchmanni is strongly supported while the previous hypothesis of the
evolutionary origin of this species from X. mualinche is not.
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Introduction

The swordtails and platyfishes (Xiphophorus) have been the
focus of extensive research in diverse areas, including gene-
tics, biogeography, endocrinology, behaviour and oncology
(reviewed in Meffe & Snelson 1989). The relationships
among three presumed clades within Xiphophorus (northern
swordtails, southern swordtails and platyfish) as well as the
relationships of the species within these groups have also
been studied extensively (Rosen 1979; Rauchenberger ez al.
1990; Meyer et al. 1994; Borowsky et al. 1995; Meyer 1997;
Morris et al. 2001), though some of the relationships are still
under debate (Meyer et a/. 1994; Morris et al. 2001; Gutiérrez-
Rodriguez et al. 2007). The most complete sampling and
study of the northern swordtail clade was conducted over
15 years ago (Rauchenberger et 4/. 1990), before many of the
current population genetic and phylogenetic methods were
available. Of the more recent studies that have examined the
phylogenetic relationships among the nine species within the
northern swordtail clade (Meyer ez al. 1994; Borowsky ez al.
1995; Meyer 1997; Morris et al. 2001), there is still a lack of

consensus for some of the relationships. As several of the
species are widely distributed, examining the genetic variation
within those species can provide insights into their evolutionary
history and lead to a better understanding of the relationships
among species.

Recently, Gutiérrez-Rodriguez et l. (2007) investigated
genetic variation within and among populations of the swordtail
species X. cortezi in a phylogenetic and geographical (i.e. a
phylogeographic) context. Based on sampling across the
complete range of this species, they found low gene and
nucleotide diversity within populations and high degrees
of genetic differentiation among populations. In addition,
phylogenetic analyses suggested that X. cortezi is paraphyletic
relative to X. malinche, raising questions concerning the status
of these taxa as separate species. While X. birchmanni has been
considered to be most closely related to X. malinche within
the X. cortezi clade (Rauchenberger ez al. 1990; Borowsky
et al. 1995) the placement of X. birchmanni has not been con-
sistent across studies (Meyer ez al. 1994; Morris et al. 2001). The
X. birchmanni haplotype sampled by Gutiérrez-Rodriguez
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et al. (2007) was much more divergent from the X. malinche
and X. cortezi haplotypes than any of those haplotypes were
from each other, suggesting that a more detailed phylogeo-
graphical study of X. birchmanni species is warranted.

The most distinguishing morphological characteristics of
the swordtail X. birchmanni are the absence of a caudal fin
extension (i.e. sword) and the presence of a nuchal hump,
which gives this species its common name of sheepshead
swordtail (Fig. 1A). Its distribution as described in Rauchen-
berger et al. (1990) is the third largest among the nine species
in the northern swordtail clade (after X. nezabualcoyot! and
X. cortezi), stretching over the uplands of the Rio Tempoal
drainage and the Rio Tuxpan drainage in the states of
Hidalgo & Veracruz, Mexico. Rauchenberger ez 4. (1990) con-
sidered X. birchmanni to be the sister species of X. malinche
and hypothesized that the ancestral form of X. birchmanni
entered the Rio Tempoal drainage from an upper tributary of
the Rio Moctezuma (Rio Claro) via stream capture and then
migrated south-east to the Rio Tuxpan, and north-west along
the foot of the Sierra Madre, where it came into contact with
X. cortezi.

In the current study, we completed a survey of most of the
known localities of X. birchmanni, examining genetic varia-
tion within and across populations. The purpose of this study
was to assess the distribution of genetic variation within and
among populations of X. birchmanni to infer relationships
among populations, and to test the hypothesis of monophyly
for this species, as well as the previously mentioned hypo-
thesis about its evolutionary origin. Finally, the data we
present will be useful for further examining the relationships
of X. birchmanni to X. cortezi and X. malinche.

Fig. 1 A-D. Morphological characteristics
nuchal hump (A) seen here on X. birchmanni
male and oval vertical bars (B) seen here on
X. malinche female are not synapomorphies
of X. birchmanni and X. malinche as nuchal
hump is also found on X. multilineatus males
(C) and oval bars on X. cortezi females (D).
Photos by K. de Queiroz (A), M. S. Tudor
(B) (C) and M. R. Morris (D).

Materials and methods

Sample collection

We collected a total of 122 X. birchmanni samples from 11
sites located in the states of Hidalgo and Veracruz, Mexico
(Fig. 2, Table 1). Samples were collected in December 2004
except for those from Pezmatlin, which were collected in
June 1999. The collection sites are located in three different
river systems, Los Hules, Calabozo and San Pedro all within
the Rio Panuco drainage system (Fig. 2, Table 1). The histor-
ical distribution of this species includes localities in the Rio
Vinazco and Rio Beltrdn drainages of the Rio Tuxpan system
(Rauchenberger ez al. 1990), however, we did not find
X. birchmanni in several of the rivers in this system that we
sampled in 2004 including sites in the Rio Vinazco at El
Naranjal, a tributary of Rio El Cerro near the town of El
Terrero and Rio El Cerro at the town of Huachuaco. Four
specimens of X. malinche were collected in the Rio Soyatla to
use as outgroups in the phylogenetic analyses.

Samples were collected by either electrofishing or seining.
After collection, the fish were anaesthetized using tricaine
methane sulphonate (MS222), a fin clip was immediately
taken and stored in salt-saturated 20% dimethyl sulphoxide
solution (Seutin ez 2. 1991) for genetic analyses and the rest
of the specimen was preserved in 95% ethanol. In 1999,
whole fish were collected and preserved in 95% ethanol, a
fin clip was taken immediately prior to DNA extraction in
2005.

mtDNA amplification and sequencing
Total DNA was extracted from the fin clips using the DNAeasy
tissue kit (Qiagen Inc., Valencia, CA, USA). The entire
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Table 1 Description of X. birchmanni and outgroup species collection localities and measures of gene diversity.

Locality
No. abbreviation River Species No. sequenced  Elevation (m) N w Haplotypes (n) h b River drainage
1 CAN Candelaria X. birchmanni 14 184.7 21.08109 98.40320 B1(14) 0.000 0.0000 Los Hules
2 HUA Huazalingo X. birchmanni 16 163.4 21.03681 98.37305 B1(11),B6 (5) 0.458 0.0005
3 ATL Atlapexco X. birchmanni 8 164 21.01739 98.33978 B1(8) 0.000 0.0000
4 PEZ Calnali X. birchmanni 2 700-800 20.5437 983234 B1(2) 0.000 0.0000
5 GAR Garces/Calabozo X. birchmanni 14 195.3 20.94014 98.28164 B2 (13),B3 (1) 0.143  0.0000 Calabozo
6 TLA Trib. of Encinal/Calabozo  X. birchmanni 13 347.2 20.85682 98.28227 B2 (13) 0.000 0.0000
7 SAS Trib. of Calabozo X. birchmanni 16 2774 20.93895 98.02093 B2 (1),B3(9),B5(6) 0.575 0.0006
8 CHI Trib. of Zontecomatlan  X. birchmanni 16 309.1 20.79609 98.18227 B2 (15),B3 (1) 0.125 0.0000
9 OTL Trib. of Zontecomatlan X. birchmanni 7 406.3 20.77811 98.24849 B2 (7), 0.000 0.0000
10 ZON Zontecomatlan X. birchmanni 11 496.2 20.76392 98.34348 B2 (11), 0.000 0.0000
11 XL Xiliatl (headwater) X. birchmanni 5 469.1 21.0957  98.56269 B4 (5) 0.000 0.0000 San Pedro
12 ClA Claro X. malinche 1 655.9 20.8809  98.79833 M1 (1) — — Moctezuma
13 soy Soyatla X. malinche 4 1292.7 20.68265 98.62003 M2 (4) — — Calabozo
14  AMA Amacuzac X. cortezi 1 21.17603 98.71567 C1 (1) — — Moctezuma

h, mean gene diversity; m, nucleotide diversity; Trib., tributary; —, calculations were not performed (outgroups).
CAN, Candelaria; HUA, Huazalingo; ATL, Atlapexco; PEZ, Pezmatlan; GAR, Garces; TLA, Tlalteatla; SAS, Sasaltitla; CHI, Chicontepec; OTL, Otlatzintla; ZON, Zontecomatlan; XIL, Xiliatl;
CLA, Claro; SOY, Soyalta; AMA, Amacuzac.

mitochondrial control region was then amplified using the
polymerase chain reaction (PCR). Samples collected in 2004
were amplified using the forward primer K (5-AGCTCA-
GCGCCAGAGCGCCGGTCTTGTAAA-3) and reverse
primer G (5-CGTCGGATCCCATCTTCAGTGTTAT-
GCTT-3"), previously described by Lee ez al. (1995). PCR
consisted of 50-pL reactions containing 5 pL of 10x reaction
buffer, 4 uL of ANTP mix (10 mm), 2 pL of MgCl, (50 mm),
2.5uL of each primer (5um), 0.2 uL of Taq (5 U/uL)
polymerase and approximately 10 ng of template DNA.
Reactions were performed under the following conditions:
one denaturation cycle at 94 °C for 2 min, 30 cycles of 30 s
denaturation at 90 °C, 30 s annealing at 53 or 55 °C, and 45 s
extension at 72 °C, followed by a final 7 min extension at 72 °C.

For samples collected in 1999, DNA was amplified using four

primers because of DNA degradation: forward primers were
L15995n (5"-AACCTCCRCCYCTAACTCCCAAAG-3") and
L16378n1 (5"-ATGYAGTAAGARACCA-3'); reverse primers
were H16498n (5-GGGTAAYGAGGAGTATG-3") and G
(see above). These primers are modifications of L15995
(Meyer et al. 1994), L16378 (Faber & Stepien 1997) and

Kilometers
4 B Collection Site

o City/Village
s State Boundary

River } e

Fig. 2 Map showing collection localities for X. birchmanni and for
the outgroups (adapted with permission from Morris ez a/. 2001).
Cities are labelled with filled circles, rivers and streams by lower
case letters, X. birchmanni localities are labelled with squares, and
outgroup localities with triangles. Numbers correspond with those
in Table 1. The rivers and streams are as follows: a, R. Tempoal;
b, R. Calabozo; ¢, R. Los Hules; d, R. La Candelaria; e, R. Huazalingo;
f, R. Atlapexco; g, R. Calnali; h, R. Garces; i, R. Calabozo; j,
R. Zontecomatlan; R. Otlatzintla; k, R. Encinal; I, R. Vinazco; m,
R. Claro; n, R. Xiliatl; o, R. San Pedro.

H16498 (Meyer et al. 1990), respectively, that were designed
to anneal more specifically to our samples. The total reaction
volume, reagent amounts and concentrations were the same
as for the 2004 samples except for the amount of the primers,
which was doubled to 5 uL (5 um). PCR conditions for these
samples were as described above except for the number of
cycles (40) and the annealing temperature (48 °C). All PCR
reactions were conducted on a MJ Research PTC-100 thermo-
cycler (GMI, Inc., Ramsey, MN, USA).
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PCR products were purified with the QIAquick PCR Purifi-
cation Kit (Qiagen, Inc., Valencia, CA, USA) and sequenced
using the BigDye terminator cycle sequencing kit and read in
a 3730 automated sequencer (Applied Biosystems, Foster
City, CA, USA) at the Ohio State University Plant Microbe
sequencing facility. Sequences were performed in both
directions for 37 of the 122 samples collected in 2004 and no
ambiguities were discovered, thus the remaining 85 samples
were sequenced using only the forward K primer. The two
samples collected in 1999 were sequenced with the two forward
and the two reverse primers, as described above.

Forward and reverse sequences were aligned using the
computer program SEQMan II (DNAStar Inc., Madison, WI,
USA). Sequences were aligned using the default settings in
CrustaL X v.1.83.1 (Thompson et al. 1997) followed by
manual alignment using the computer program SEQUENCE
ArieNMENT Eprror v2.0all. All haplotypes were deposited
in GenBank (Accession numbers: EF533642-EF533649).

Population genetics analyses

The following population genetic analyses were run in ARLE-
QuiN 2.0 (Schneider ez l. 2000). We estimated intrapopulation
variation by calculating mean gene diversity (b) and nucleotide
diversity (m). Two analyses of molecular variance (amova)
(Excoftier et al. 1992) were performed using the Tamura-Nei
(TtN) model to calculate the genetic distances (Tamura & Nei
1993) with the transition : transversion (ti : tv) ratio = 3.5878
as obtained from MoDELTEST (see below) and the gamma
shape parameter (o)) = 0. HKY + I, which is the model of best
fit for our data (see below), is not an option in ARLEQUIN 2.0,
and TrN is the closest available approximation to HKY. A
total of 16 000 permutations were calculated to assess the
significance of each amova. In one of the amovas we used
groups that corresponded to the three drainages where the
collection sites are located (Los Hules, Calabozo and San
Pedro, Table 1, Fig. 2), and in the other one, we did not
define groups. Genetic differentiation between pairs of popu-
lations was calculated with F-statistics (Weir & Cockerham
1984) and their significance was determined by performing
1000 permutations. In order to test for a relationship
between geographical and genetic distance, we performed
two Mantel tests, each one with 10 000 permutations using
the computer program 18p 1.52 (Bohonak 2002). We used
Nei’s average number of pairwise differences between popu-
lations (Nei & Li 1979) as the genetic distance and river
distances (the paths along the water courses connecting two
localities) and straight-line distances (the minimum great
circle distance between two localities) as geographical distances.
The computer software packages ARLEQUIN 2.0 (Schneider
et al. 2000) and ExpertGPS 1.3.7 (Topografix 2003) were
used to calculate genetic and geographical (river and straight)
distances between sites, respectively.

Network estimation and nested clade analysis

A statistical parsimony network (Templeton ez al. 1992;
Crandall et #l. 1994) connecting the haplotypes was inferred
with Tcs v.1.21 (Clement ez 2. 2000), treating gaps as a fifth
state and using the default 0.95 probability connection limit.
We included the outgroup sequences that were used in the
phylogenetic analyses (see below). The resulting network was
used to construct the nested clade design following the pro-
cedure in Templeton et a/. (1995). Based on the resulting nested
clade design, we used the software GEoDis vs. 2.5 (Posada et al.
2000) to test for geographical structuring of genetic variation
by evaluating the geographical distribution of the haplotypes.
This software uses the geographical coordinates to calculate
the clade distance (D), which measures how widely distributed
are the haplotypes within a given clade, and the nested clade
distance (D,), which determines the geographical distri-
bution of clades relative to other clades within the same nesting
category. We performed this test using both river distances
and straight-line distances (that we specified) and 10 000 boot-
strap resamples to test for significant departures of these two
measures from expected values under a null hypothesis of
random distribution. Outgroup weights were not included
because they disagreed with the root position suggested by
outgroups; interior and tip status of haplotypes was based on
the root position inferred from outgroups. We used the
GeoDis inference key (Templeton ez 2/. 1987 version of
11 November 2005) to infer causal processes (e.g. restricted
gene flow, population fragmentation, range expansion).

Phylogenetic analyses

We analysed the phylogenetic relationships among the dis-
tinct haplotypes with maximum likelihood (ML) using paur*
4.0b10 (Swofford 2002). The model of molecular evolution
was selected based on information from hierarchical likeli-
hood ratio tests and the Akaike information criterion (AIC)
as implemented in MoperLTEsT (Posada & Crandall 1998).
We used the four sequences of X. mualinche from the Rio Soyatla
collected in the present study as well as one sequence of
X. malinche from the Rio Claro and one sequence of X. cortezi
from the Rio Amacuzac previously sequenced for use in other
studies (Dries et 4/. in prep.; Gutiérrez-Rodriguez et 2/. 2007)
as predefined outgroups.

The ML analyses were performed using the technique of
successive approximation (Swofford ez 2. 1996; Sullivan ez al.
2005), starting with the parameter values obtained on neighbor-
joining trees used for model selection and re-estimating
the parameter values on the optimal tree obtained from each
ML search until the estimated parameter values and tree
topology did not change in successive iterations. Exhaustive
searches were used in all iterations. Support for monophyletic
groups of haplotypes was estimated using a non-parametric
bootstrap analysis, which was performed with 1000 replicates,
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branch and bound searches, and using the final parameter
estimates for the HKY + I model (see below) obtained in the
successive approximations search.

Tests of hypotheses corresponding to specific tree topo-
logies were performed by comparing optimal trees constrained
to correspond to those hypotheses with optimal trees in the
absence of those constraints. Trees were constructed with
only those groups relevant to the specific hypothesis being
tested (e.g. monophyly of X. birchmanni haplotypes) and
loaded as topological constraints into pauP*. A successive
approximations analysis was then conducted using the HKY +
I model with starting parameter estimates as in the un-
constrained analysis, exhaustive searches, and keeping only trees
compatible or incompatible with the constraint (depending
on the hypothesis being tested). The best tree obtained under
the constraint was then compared with the best tree obtained
in the absence of the constraint (i.e. the ML tree) using the
significance tests proposed by Kishino & Hasegawa (1989)
(one-tailed test) and Shimodaira & Hasegawa (1999) using
full optimization and 1000 bootstrap replicates.

Results

Sequence variation and description of baplotypes
Mitochondrial control region sequences used for the analyses
consisted of 861 aligned characters for all haplotypes
including outgroups. A total of 40 (4.65%) variable sites
among the X. birchmanni and the outgroup species were
found and only 6 (0.92%) within X. birchmanni sequences
were detected. Mutations among X. birchmanni sequences
include an indel at position 17, three C-T transitions at
positions 110, 563 and 699, and two A-T transversions at
positions 603 and 856.

Sequence variation among X. birchmanni haplotypes was low,
as a single mutation separated five of the six haplotypes from
their nearest neighbours, and four mutational steps separated
farthest neighbours (Fig. 3). Most of the collection localities
(7 out of 11) contained just one haplotype; the other four
localities, Huazalingo, Garces, Chila and Sasaltitla had either
two or three haplotypes (Table 1). All six haplotypes are
restricted to particular river drainages (Table 1). Haplotypes
B1 and B6 were found only in the populations located in the Los
Hules drainage, with B1 occurring in all four of those popu-
lations and B6 in only one of them. The most widely distributed
haplotype, B2, was present in all the populations from the
Calabozo drainage; haplotypes B3 and B5 were detected in three
and one of the four populations of the Calabozo drainage,
respectively. Haplotype B4 was located at the most northern
site, Xiliatl, which is located in the Rio San Pedro drainage.
All of our samples from the different sites were specimens
that were identified as X. birchmanni based on morphology,
and none had a haplotype more similar to those of X.
malinche.

1-1

(I San Pedro !

Los Hules ”

Calabozo

Fig. 3 Statistical parsimony haplotype network created with Tcs
software with gaps treated as a fifth state. Each line corresponds to
one mutational change. The size of the ellipse for each haplotype
corresponds to the haplotype’s frequency. The square represents the
ancestral haplotype inferred by Tcs. Unobserved haplotypes are

represented by a small circle. Boxes labelled 1-1 and 1-2 enclose
groups of haplotypes used in the Nested Clade Analysis.

Table 2 Hierarchical analysis of molecular variance (amova) of
X. birchmanni.

Sumof  Variance Percentage
Source of variation df.  squares components of variation
AmovA with drainage grouping
Among groups 2 3875 0.635 (Va) 87.67*
Among populations within groups 8 273 0.024 (Vb) 3.37*
Within populations 1 7.21 0.065 (Vc) 8.96*
Total 121 48.68 0.724
AMOVA without grouping
Among population 10 41.48 0.375 (Va) 85.23*
Within populations 1M1 7.21 0.065 (Vb) 14,77
Total 121 48.69 0.440

*Significant values at P < 0.05.

Population genetics

All but four populations (Huazalingo, Garces, Sasaltitla and
Chila) had gene diversity values (b) of zero reflecting the
presence of a single haplotype in most populations (Table 1).
Nucelotide diversity () was also zero in most populations,
with the exception of Huazalingo and Sasaltitla, indicating
little variation among sequences from the same locality.
The results of the amova grouping by drainage (Los Hules,
Calabozo and San Pedro) revealed significant genetic differ-
entiation at all hierarchical levels (Table 2). While most of
the variation (87.67%) was explained by differences among
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Table 3 Pairwise Fg- comparisons (above the diagonal) and Nei & Li (1979) genetic distances (below the diagonal) among X. birchmanni

populations. Abbreviations refer to those in Table 1.

Los Hules Calabozo San Pedro
CAN HUA ATL PEZ GAR TLA SAS CHI oTL ZON XIL
Los Hules CAN — 0.249* 0.000 0.000 1.000* 1.000* 0.808* 1.000* 1.000* 1.000* 1.000*
HUA 0.313 — 0.179 0.000 0.815* 0.809* 0.717* 0.826* 0.765* 0.797* 0.850*
ATL 0.000 0.313 — 0.000 1.000* 1.000* 0.765* 1.000* 1.000* 1.000* 1.000*
PEZ 0.000 0.313 0.000 — 1.000* 1.000* 0.683* 1.000* 1.000* 1.000* 1.000
Calabozo GAR 3.659 3.972 3.659 3.659 — 0.000 0.314* 0.000 0.000 0.000 1.000*
TLA 3.588 3.900 3.588 3.588 0.071 — 0.304* 0.000 0.000 0.000 1.000*
SAS 5.496 5.808 5.496 5.496 1.899 1.908 — 0.333* 0.225 0.282 0.887*
CHI 3.650 3.963 3.650 3.650 0.125 0.063 1.900 — 0.000 0.000 1.000*
oTL 3.588 3.900 3.588 3.588 0.071 0.000 1.908 0.063 — 0.000 1.000*
ZO0N 3.588 3.900 3.588 3.588 0.071 0.000 1.908 0.063 0.000 — 1.000*
San Pedro XIL 4.588 4.900 4.588 4.588 8.247 8.176 10.084 8.238 8.176 8.176 —

the drainages, a much smaller proportion was attributed to
variation within populations (8.96%) and to variation among
populations within groups (3.37%). In the amova performed
without groupings, 85.23% of the variation was due to differ-
ences among populations and 14.77 % was the result of variation
within populations (Table 2). A pairwise Fg analysis
between populations showed that all populations from differ-
ent drainages were significantly differentiated and most
comparisons between populations from the same drainage
were not significantly differentiated (Table 3). Pairwise com-
parisons of populations within the same drainage that were
significant include populations located in Rio Los Hules
(Candelaria-Huazalingo) and in Rio Calabozo (Garces-Sasaltitla,
Sasaltitla-Tlalteatla and Salsaltitla-Chila). Mantel tests
comparing genetic distances to river distances and straight-
line distances among the populations were significant in each
case (r=0.823,P < 0.01,and » = 0.747, P < 0.01, respectively).
None of the data points in either analysis fell outside of the
95% confidence intervals (graphs not shown).

Haplotype network and nested clade analysis

The statistical parsimony network (Fig. 3) shows the most
parsimonious connections between the haplotypes as well
as the frequencies of each haplotype. The six X. birchmanni
haplotypes are very closely related to each other, with only
one or two mutations between nearest neighbours, and only
four mutations between farthest neighbours. In contrast,
the outgroup (X. cortezi and X. malinche) haplotypes form a
separate (i.e. unconnected) statistical parsimony network,
indicating that they are separated by a sufficiently large
number of mutational steps that the exact number is likely to
be underestimated by parsimony. The two X. malinche haplo-
types (M1 and M2) were separated by just one mutational
step, five and six mutations separated X. malinche haplotypes
M2 and M1 from the X. cortezi haplotype (C1), respectively.

Haplotype B2 is inferred to be ancestral according to out-
group weights (Castelloe & Templeton 1994), which are
based on both haplotype frequencies and positions (interior
vs. tip) in the graph.

The results of the nested clade analysis (NCA) are summarized
in Table 4. In general, haplotypes and groups of haplotypes
were non-randomly distributed geographically (Chi-squared
contingency tests). More specifically, haplotype B2 within
group 1-1 had a significantly larger geographical spread,
haplotypes B3 and B5 within group 1-1 and haplotype B6
within group 1-2 had significantly smaller geographical
spreads, and groups 1-1 and 1-2 within the total haplotype
tree had significantly smaller geographical spreads than
expected by chance (D, probabilities). Interpretation of the
patterns of both clade and nested clade distances (D, and D,)
in the context of the NCA inference key resulted in infer-
ences of restricted gene flow with isolation by distance within
groups 1-1 and 1-2 and of allopatric fragmentation between
the two haplotype groups.

Phylogenetic analyses

Hierarchical likelihood ratio tests identified HKY as the
most appropriate model for our data. In contrast, the AIC
identified GTR + I as the most appropriate model. Use of
GTR for our data set is questionable because of the small
number (35 with gaps treated as missing data) of variable
sites, which means that some of the rate matrix parameters
are unlikely to be estimated accurately (particularly C-G
and G-T transversions, of which there were no observed
instances). Moreover, under the AIC, all models within 2.0
AIC units of the highest scoring model are to be considered
candidate models (Burnham & Anderson 2004), and these
included both HKY + I (delta = 0.7705) and HKY + T (delta =
1.2520), both of which have only two rate parameters com-
pared to six for GTR + L. Finally, the hierarchical likelihood
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Table 4 Results of the Nested Clade Analysis using river distances.
Group designations (1-1 and 1-2) correspond to those on the statistical
parsimony network (Fig. 3). Abbreviations are as follows: D,, observed
distance; D,, expected distance (based on permuted data); D, within
clade distance; D, nested clade distance. Inferences about the processes
underlying the observed patterns are as follows (parenthetical series
of numbers indicate steps in the Nested Clade Analysis inference
key): Group 1-1 = restricted gene flow with isolation by distance (1-
2-3-4); Group 1-2 =restricted gene flow with isolation by distance
(1-2-3-4); Total haplotype tree = allopatric fragmentation (1-19).

Group 1-1

Chi-squared contingency test
x?=61.6521

Geographic distance analysis:
Haplotype B2 (Interior)

P =0.0000

Type of distance Distance (D) P(D,<D,) P(D,>D,)
D, 33.5403 0.9962 0.0038
D, 32.9841 1.0000 0.0000
Haplotype B3 (Tip)
Type of distance Distance (D) P(D,<D,) P(D,>D,)
D, 12.8243 0.0003 0.9997
D, 27.0289 0.0087 0.9913
Haplotype B5 (Tip)
Type of distance Distance (D) P(D,<D,) P(D,>D,)
D, 0.0000 0.0001 1.0000
D, 26.6876 0.0353 0.9647
Interior vs. Tip clades:
Type of distance Distance (D) P(D,<D,) P(D,>D,)
D, 25.2422 1.0000 0.0000
D, 6.0757 1.0000 0.0000
Group 1-2
Chi-squared contingency test:
x?=8.5714 P=10.0366
Geographic distance analysis:
Haplotype B1 (Interior)
Type of distance Distance (D,) P(D,<D,) P(D,>D,)
D, 22.0280 0.9211 0.0870
D, 21.0407 0.9211 0.0870
Haplotype B6 (Tip)
Type of distance Distance (D) P(D,<D,) P(D,>D,)
D, 0.0000 0.0101 1.0000
D, 14.4865 0.0635 0.9446
Interior vs. Tip clades:
Type of distance Distance (D) P(D,<D,) P(D,>D,)
D, 22.0280 1.0000 0.0081
D, 6.5542 0.9429 0.0652
Total haplotype tree
Chi-squared contingency test:
x2 = 117.0000 P=0.0000
Geographic distance analysis:
Clade 1-1 (Tip)
Type of distance Distance (D) P(D,<D,) P(D,>D,)
D, 32.1752 0.0000 1.0000
D, 49.3010 0.0000 1.0000
Clade 1-2 (Interior)
Type of distance Distance (D) P(D,<D,) P(D,>D,)
D, 20.9988 0.0000 1.0000
D, 61.6999 1.0000 0.0000
Interior vs. Tip clades:
Type of distance Distance (D) P(D,<D,) P(D,>D,)
D, -11.1764 0.0084 0.9916
D 12.3989 1.0000 0.0000

n
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100
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|
San Padro

B4

M1 Claro

M2 Soyalia —— 0.005 substitutions/site
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Fig. 4 Maximum likelihood phylogram illustrating haplotype
relationships and their geographical distributions (river drainages).
Bootstrap proportions greater than 50% are shown above branches.

ratio tests indicated that addition of a parameter for either
invariant sites (I) or rate variation among sites (I') yielded a
significant improvement to the HKY model at alpha = 0.05 but
not at alpha = 0.01 (the significance level adopted in MopEL-
Test), with a greater improvement for I (2[In L1 —1In LO] =
4.4883; P = 0.017064) than for T' 2[In L1 — In L0] = 4.0068;
P =0.022658). Therefore, we selected HKY + I as the most
appropriate model for our data (though the ML trees under
this model had the same topology and exhibited only minor
differences in branch lengths from those under HKY and
GTR +1). The successive approximations ML analyses under
the HKY + I'model yielded a single tree (-In L = 1368.37718,
Fig. 4) and the following parameter estimates: base frequencies,
A =0.308863, C=0.223824, G=0.143183, T =0.324130;
TiTv ratio = 3.587839 (kappa = 7.610642); I = 0.845168. In
this tree, the X. birchmanni haplotypes are separated by short
branches and exhibit the same relationships as in the statistical
parsimony network. Outgroups connect to the X. birchmanni
haplotypes through haplotype B4, suggesting that this is the
ancestral X. birchmanni haplotype. The branch length separat-
ing the X. birchmanni and outgroup haplotypes is estimated to
be approximately 34 substitutions (SE = 8).

Non-parametric bootstrap resampling (Fig. 4) yielded
100% support for monophyly of the X. birchmanni haplo-
types. Confidence is also reasonably high (85%) for placing
B4 outside of a group formed by the remaining X. birchmanni
haplotypes, and there is weaker support (58%) for a group
formed by haplotypes B2, B3 and B5. In order to further
evaluate the support for monophyly of the X. birchmanni haplo-
types, we tested the null hypothesis that those haplotypes do
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not form a monophyletic group using a constraint tree in
which the X. birchmanni haplotypes formed a monophyletic
group and searching for the best tree that was incompatible
with that constraint. The null hypothesis was rejected by
both a one-tailed KH test (P <0.001) and the SH test
(P <0.001), providing strong support for the monophyly of
the X. birchmanni haplotypes. Tests of the hypothesis that
haplotypes B1 and B6 were sister to the other X. birchmanni
haplotypes were not significant (KH P =0.131; SH P = 0.131)
as were tests of the hypothesis that haplotype B2 was sister
to the other X. birchmanni haplotypes (KH P = 0.144; SH
P=0.144).

Discussion

Genetic variation

Mitochondrial control region sequences showed low levels of
genetic variability as only 0.92% of the sites were variable
among X. birchmanni sequences from the different populations.
Such levels of genetic variation are even lower than those
found in X. cortezi, in which 1.8% of the sites of the aligned
sequences of the same mtDNA fragment were variable
(Gutiérrez-Rodriguez et a/. 2007). In contrast to the low levels
of sequence variation found in X. cortezi and X. birchmanni,
higher levels of genetic variation have been reported in
other teleostean fishes (Fajen & Breden 1992; Lee ez a/. 1995;
Salzburguer et al. 2003; Stefanni & Thorley 2003; Aboim
et al. 2005).

The low levels of genetic variation observed in this study
could be the result of recent divergence and/or other popu-
lation level processes, such as isolation followed by genetic
drift in small populations (e.g. Templeton et 4/. 1990). Studies
using other mitochondrial genes as well as nuclear markers
on this and other Xiphophorus taxa are necessary to determine
which processes are responsible for the low levels of poly-
morphism observed in this study.

Although sample sizes were reasonable in most populations
(mean = 11.1), indices of genetic variation within populations
(nucleotide and gene diversity) were zero for all but four
populations (Huazalingo, Garces, Sasaltitla and Chila). This
finding is concordant with the low levels of genetic variation
within populations found in X. cortezi (Gutiérrez-Rodriguez
et al. 2007) and in other poeciliids (Fajen & Breden 1992;
Carvalho et al. 1996; Paul Shaw et /. unpubl. data). Low
genetic diversity within populations may reflect founder
effects (Shaw ez al. 1992; Carvalho et al. 1996) and/or popu-
lation bottlenecks.

While some of the haplotypes were found in more than
one population, other haplotypes were unique to single
populations (e.g. B2 is only present in Huazalingo, BS is only
present in Sasaltitla and B4 is only present in Xiliatl), and all
haplotypes were unique to one of three river drainages,
suggesting genetic differentiation among populations within

and among those drainages. In addition, haplotypes tend to
be most closely related (in terms of both mutational steps and
common ancestry) to other haplotypes found in the same
drainage, as can be seen in both the haplotype parsimony
network (Fig. 3) and the ML tree (Fig. 4). The amova with-
out groupings revealed that most of the variation (85.23%)
was due to differences among rather than within populations,
and the amova that grouped the populations by drainage revealed
that most of the variation among populations (87.67%) was
due to differences among drainages. Fgyp values between
populations located in different drainages (and between a few
populations within the same drainage) were high and significant
suggesting low levels of gene flow between these populations.
NCA (Table 4) based on haplotype relationships revealed sig-
nificant geographical associations between the two one-step
X. birchmanni haplotype groups (1-1 and 1-2) and an infer-
ence of allopatric fragmentation between Rio Calabozo (B2,
B3 and B5) and Rio Los Hules (B1 and B6) drainages.

High levels of genetic differentiation among populations
from different drainages were also found in the swordtail
X. cortezi (Gutérrez-Rodriguez et al. 2007), and among popu-
lations of other freshwater fishes (Carvalho er /. 1991; Shaw
et al. 1991, 1994; Fajen & Breden 1992; Alves & Coelho
1994; Coelho et 4. 1997; Hinfling & Brandl 1998a,b,c;
Mesquita ez a/. 2001). The combination of low genetic diver-
sity within populations and the high genetic differentiation
among populations could be the result of bottlenecks in the
individual populations of X. birchmanni after they last shared
a common ancestor. Bottlenecks themselves could have resulted
from habitat disturbances as a consequence of human activi-
ties, resulting in inbreeding and genetic drift (Nei ez a/. 1975;
Wishard ez al. 1984).

The significant correlation found with both Mantel tests
supports an isolation-by-distance scenario, in which genetic
difference increases with geographical distances measured
along both river courses and great circles. These results are
corroborated by the results of the NCA with haplotype
groups 1-1 and 1-2, which resulted in an inference of
restricted gene flow with isolation by distance within the
Calabozo and Los Hules drainages. Patterns of isolation by
distance are relatively common in other riverine species and
have been found in the Atlantic salmon Sa/m0 salar (Primmer
et al. 2005), in brook charr Salvelinus foninalis (Poissant et al.
2005), in the guppy Poecilia reticulata (Crispo et al. 2006), in
the swordtail X. cortezi (Gutiérrez-Rodriguez et 2. 2007) and
in the bullfrog Rana catesbeiana (Austin et al. 2004).

Phylogenetic relationships

According to the hypothesis that X. birchmanni and X. malinche
are closest relatives (Rauchenberger ez 2. 1990), paraphyly of
the X. birchmanni haplotypes relative to those of X. malinche
would be a possibility. Such a relationship, however, is not
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supported by our data. Instead, monophyly of the X. birchmanni
haplotypes (Fig. 4) is strongly supported (bootstrap = 100%;
KH and SH tests highly significant), and X. malinche appears
to be more closely related to X. cortezi than to X. birchmanni
(Gutiérrez-Rodriguez et al. 2007).

Previous studies have suggested that X. birchmanni is nested
within the cortezi clade as the sister group of X. malinche
(Rauchenberger ez 2. 1990; Borowsky et al. 1995). Although
our limited sample of other Xiphophorus species (only
X. cortezi and X. malinche) does not allow us to address this
hypothesized relationship explicitly (i.e. by outgroup rooting
of the three species tree), our results are consistent with the
findings of Meyer et a/. (1994) and Gutiérrez-Rodriguez ez al.
(2007) in suggesting that X. birchmanni is not particularly
closely related to X. malinche, or more specifically, that
X. malinche is more closely related to X. cortezi than to X. birch-
manni. As seen in the parsimony network (Fig. 3) and ML
phylogram (Fig. 4), the X. birchmanni haplotypes are all very
closely related to one another (one to four mutations) and are
highly divergent (34 + 8 mutations) from those of X. mualinche
and X cortezi, which are themselves very closely related (one
to seven mutations).

Rauchenberger et al. (1990) considered X. birchmanni to
be the sister species of X. malinche based on three shared
morphological characters (nuchal hump, mid-dorsal spots
and broad vertical bars on females, see Fig. 1), and a shared
allele at the PEP-S locus. According to the more extensive
electrophoretic survey of Morris et al. (2001), two PEP-S
alleles are found in X. birchmanni (d and e). The more com-
mon allele (d) is not found in X. malinche though it is found
in some populations of X. cortezi as well as several other
swordtail species, while the less common allele (e) is the more
common allele in X. malinche and X. cortezi. Although these
patterns of shared alleles are ambiguous concerning the
relationships among the three species, they are more suggestive
of a close relationship between X. cortezi and X. malinche than
between X. birchmanni and X. malinche.

Of the three putatitive morphological synapomorphies for
X birchmanni and X. malinche, the nuchal hump is characteristic
of mature X. birchmanni males, but has rarely been observed
in X. malinche, and has also been observed infrequently in at
least one other swordtail species (X. multilineatus, Fig. 1C).
The broad oval vertical bars that were supposed to be distinc-
tive of X. birchmanni and X. malinche females have been
detected in X. cortezi females (Molly R. Morris, unpubl. data).
Therefore, the only character that remains as a possible
synapomorphy of X. malinche and X. birchmanni is the presence
of mid-dorsal spots, though X. birchmanni characteristically
has one to two rows and X. malinche three to four rows of these
spots. According to the phylogeny of Rauchenberger ez al.
(1990), X. birchmanni and X. malinche are the only sister species
within the Northern Swordtail clade that are found in

sympatry. However, if X. malinche is the sister species of
X. cortezi rather than of X. birchmanni (see above), then there
are no exceptions to the allopatric distribution of sister species
in this group. This finding suggests that speciation in the
Northern Swordtails is primarily allopatric, and that a hybrid
zone between X. birchmanni and X. malinche (Rosenthal et al.
2003) is the result of secondary contact.

Hybridization between X. birchmanni and X. malinche
(Rosenthal ez 2. 2003) raises the possibility that the charac-
ters cited by Rauchenberger ez /. (1990) as evidence that
these species are sister groups resulted from examining
hybrid specimens. While most of the X. malinche specimens
they examined were from the Rio Claro, where X. birchmanni
does not occur, they also examined a few specimens from the
Rio Calnali, where hybridization with X. birchmanni is known
to occur, and from the Rio Contzintla, which is upstream
from one of the localities (Atlapexco) where X. brichmanni
was collected for the present study. The inclusion of hybrids
may also have influenced the results of Borowsky ez al. (1995),
who reported relationships for this group similar to those in
Rauchenberger ez al. (1990) using RAPD DNA markers, as
they included both X. mualinche and X. birchmanni from the
hybrid site (i.e. Rio Calnali).

Outgroup rooting of the haplotype tree (Fig. 4) suggests
that haplotype B4 is ancestral among the X. birchmanni haplo-
types. Although the analysis performed using the Tcs soft-
ware identified haplotype B2 as the ancestral haplotype, this
inference ignores outgroup information and is based instead
on haplotype frequency and interior vs. tip location in the
haplotype tree. High frequency is a questionable basis for
inferring ancestral status because ancestral haplotypes should
commonly experience decreases in frequency (and even
extinction) as the result of both natural selection and stochastic
processes. Moreover, the Tcs analysis treated haplotype B4
as a tip haplotype (thus decreasing its outgroup weight),
but the tip vs. interior status of that haplotype is ambiguous.
The outgroup haplotypes are sufficiently divergent from the
X. birchmanni haplotypes that the numbers of mutational steps
separating the two groups cannot be estimated accurately by
parsimony, which results in the two sets of haplotypes being
unconnected in the Tcs analysis. The ML phylogenetic analy-
sis, which connects the two sets of haplotypes, suggests that
B4 is an interior haplotype. Although B4 is identified as the
ancestral X. birchmanni haplotype in that analysis, the number of
mutational steps separating all of the X. birchmanni haplo-
types is small, and therefore the alternative hypothesis that
haplotype B2 is ancestral (or the sister group of the remaining
X. birchmanni haplotypes) cannot be rejected (P = 0.144 for
both KH and SH tests). Nonetheless, the best-supported
inference is that B4 is ancestral.

Inferences concerning the ancestral haplotype bear on the
biogeographical origin and subsequent history of the species.
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Rauchenberger ez 4l. (1990) hypothesized that the ancestral
form of X. birchmanni entered the Rio Tempoal drainage
from the upstream ranges (Rio Claro) of the Rio Moctezuma
drainage via stream capture. Once isolated from X. malinche,
it then expanded south-east to the Rio Tuxpan and north-west
along the foot of the Sierra Madre until it came into contact
with X. cortezi. If haploype Bl (or B6) were ancestral, this
finding would lend support to the Rauchenberger ez al.
(1990) hypothesis, as this haplotype is found in the part of the
Tempoal system (Rio Los Hules drainage) closest to the Rio
Claro. However, our results tentatively suggest that haplotype
B4, found in the north-western part of the Tempoal system
(Rio San Pedro drainage), is the ancestral haplotype. There-
fore, we hypothesize that X. birchmanni arose in the north-
west (Rio San Pedro drainage) and spread south-east through
the Tempoal system (Rio Los Hules and Rio Calabozo drain-
ages). Unfortunately, we did not detect X. birchmanni in our
sampling of the Rio Vinazco (Tuxpan) drainage. Our hypothesis
concerning the phylogeographical history of X. birchmanni
predicts that the haplotypes from this drainage will be B2, B3
and B5 or derivatives of these haplotypes.
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