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Abstract.—To assess the historical biogeography of freshwater topminnows in the genus Poeciliopsis, we examined
seguence variation in two mitochondrial genes, cytochrome b (1140 bp) and NADH subunit 2 (1047 bp). This wide-
spread fish genus is distributed from Arizona to western Colombia, and nearly half of its 21 named species have
distributions that border on the geologically active Trans-Mexican Volcanic Belt (TMVB), a region that defines the
uplifted plateau (Mesa Central) of Mexico. We used the parametric bootstrap method to test the hypothesis that a
single vicariant event associated with the TMVB was responsible for divergence of taxa found to the north and south
of this boundary. Because the single-event hypothesis was rejected as highly unlikely, we hypothesize that at |east
two geological events were responsible for divergence of these species. The first (8-16 million years ago) separated
ancestral populations that were distributed across the present TMVB region. A second event (2.8-6.4 million years
ago) was associated with northward dispersal and subsequent vicariance of two independent southern lineages across
the TMVB. The geological history of this tectonically and volcanically active region is discussed and systematic
implications for the genus are outlined.
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vicariance.
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Central America and Mexico comprise a tectonically and
volcanically dynamic part of the world that has interested
biogeographers for many years (Marshall and Liebherr 2000).
This diverse region has served as a corridor for organismic
dispersal between the Neartic and Neotropic and represents
atransition zone between these provinces (Pielou 1979). This
transition zone is presently bisected by a conspicuous phys-
iographic feature known as the Trans-Mexican Volcanic Belt
(TMVB; Fig. 1). The TMV B, which definesthe southern limit
of the massively uplifted Mexican plateau (Mesa Central),
has undergone extensive volcanism since the early Miocene
(~25 million years ago; Ferrari et al. 1999). Although much
attention has focused on the Isthmus of Panama as a barrier
to dispersal of marine organisms (Knowlton et al. 1993; Ber-
mingham et al. 1997; Tringali et al. 1999), less attention has
focused on the TMVB as a barrier to dispersal of terrestrial
and freshwater organisms. Tectonic and volcanic activity has
compartmentalized riverine drainages within and bordering
the TMVB (Miller and Smith 1986) and provided opportu-
nities for vicariant events in a number of aquatic organisms
including salamanders (Lynch et al. 1983; Darda 1994), toads
(Mulcahy and Mendelson 2000), and fish (Barbour 1973;
Webb 1998).

Two attempts to date vicariant events associated with the
TMVB were based on molecular clocks. Webb (1998) relied
on fossil data to calibrate a clock for mitochondrial DNA
(mtDNA) divergence of cyprinodontiform fish in the family
Goodeidae. He identified multiple divergence times across a
single geological barrier in the western TMVB for five pairs
of species (0.3-9.3 million years ago), which he attributed
to separate vicariant events. In contrast, Mulcahy and Men-
delson (2000) relied on comparative divergence rates of
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Asian toads to calibrate a molecular clock for mtDNA di-
vergence among members of the Bufo valliceps complex dis-
tributed in eastern (i.e., Gulf of Mexico) slope drainages.
They concluded that a single Miocene-Pliocene event (4.2—
7.6 million years ago) separated populations of these toads
north and south of the TMVB.

In this study, we examined roles that the TMVB might
have played in diversification of the widespread fish genus
Poeciliopsis (Cyprinodontiformes. Poeciliidae). These small
livebearing topminnows are distributed mostly in Pacific-
slope drainages from southern Arizona to western Colombia
(Fig. 2), where they comprise a significant part of the native
freshwater fish fauna. They inhabit a range of environments
from tropical lowland streams to high-altitude lakes, and de-
sert springs and streams. Twenty extant species of Poeci-
liopsis sensu lato are divided into two subgenera, Aulophallus
and Poeciliopsis sensu stricto. The three known Aulophallus
species, all located in southern Central America away from
the TMVB (Fig. 2), are used as an outgroup for the present
study, which focuses primarily on the subgenus Poeciliopsis.
Of the 17 known species of Poeciliopsis s.s., only one, P.
infans, traverses the TMVB. The rest are distributed north
(seven species) or south (nine species) of the TMVB; and
nine of these species are bounded by the TMVB as northern
or southern limit of their respective ranges. Our primary goal
was to determine whether divergence of these northern and
southern lineages of Poeciliopsis s.s. was due to one or more
historical events associated withthe TMVB. To establish this,
we tested the hypothesis that a single vicariant event was
responsible for divergence of the northern and southern lin-
eages (i.e., the single-event hypothesis). If this hypothesisis
true, then at least one geographical group (i.e., northern or
southern) should comprise a monophyletic clade.

Our secondary goal was to conduct the first comprehensive
phylogenetic analysis of the genus Poeciliopsis s.I. The phy-
logenetic hypotheses presented here were based on complete
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Fic. 1. Geological and hydrographical features of central Mexico: gray-shaded areas are aged volcanic rocks; black-shaded objects are
lakes and coastal lagoons (modified from Gomez-Tuena and Carrasco-NUfez 2000). Insert: gray-shaded areas indicate high-altitude
regions (> 500 m), and black area indicates the Trans-Mexican Volcanic Belt. Dotted line is a 500-m bathymetric contour.

sequences of two mitochondrial genes, 1140 bp of cyto-
chrome b (cyt b) and 1047 bp of NADH subunit 2 (ND2).
The rapid mutation rate and almost ubiquitous uniparental
mode of inheritance of mtDNA make it a powerful marker
for phylogenetic and phylogeographic inference (reviewed
by Avise 2000). Furthermore, when mtDNA substitution rates
are homogeneous across lineages and time, the relative chro-
nology of diversification events may also be estimated from
genetic distance data and be compared to known dates of
geological events (e.g., Sivasundar et al. 2001). In particular,
cyt b has been useful in resolving phylogenetic relationships
among Actinopterygian fish (reviewed by Lydeard and Roe
1997) and ND2 has been used for solving rel ationships among
cichlids (Kocher et al. 1995), cyprinids (Broughton and Gold
2000), and other Poeciliids (Ptacek and Breden 1998; Breden
et al. 1999; Hamilton 2001).

MATERIALS AND METHODS
Specimens

We examined new DNA sequences from seven outgroup
and 40 ingroup OTUs (Table 1). Two outgroup sequences
were obtained from the literature. The taxa included all
named species within the genus Poeciliopsis with the excep-
tion of P. balsas. The genus Poeciliopsis is assigned to the
tribe Heterandriini, supertribe Poeciliini, subfamily Poecili-

inae (Parenti 1981); thus, we used members of its tribe and
other tribes in its subfamily as outgroups. Collection local-
ities for the ingroup samples of Poeciliopsis are illustrated
in Figure 2. For widespread species, we examined multiple
localities when samples were available. Because we were
particularly interested in reconstructing the historical hy-
drography of TMVB basins, we sampled more extensively
P. infans, the only species that traverses this boundary.

Laboratory Protocols

We followed the manufacturer’s protocol for the DNeasy
Kit (Qiagen, Inc., Valencia, CA) to extract total DNA from
frozen or alcohol-preserved skeletal muscle or fin. Cyt b was
amplified with the LA and HA primers (Schmidt et al. 1998).
ND2 was amplified with a combination of ND2B-L (Brough-
ton and Gold 2000) and ASN (Kocher et al. 1995) or ND2E-
H (Broughton and Gold 2000) primers. Polymerase chain
reaction (PCR) amplification used Taq polymerase (Promega,
Madison, WI) with an initial denaturation of 2 min at 95°C;
35 cycles of 1 min at 95°C, 1 min at 57°C (cyt b) or 53°C
(ND2), and 2 min at 72°C; and a final extension of 10 min
at 72°C. PCR products were gel extracted and cleaned with
Qiagen Gel Extraction Kit. Both strands of each PCR product
were sequenced on ABI 373 or 377 automated sequencers
(Perkin-Elmer/ABI, Foster City, CA). The original PCR
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Fic. 2. Species distribution by groups; each group corresponds to a clade in Figure 3. Sampling localities are indicated by numbers
and correspond to identification numbers in Table 1. Dotted line corresponds to boundaries of the Trans-Mexican Volcanic Belt.

primerswere used for ND2 and four additional internal primers
were used for cyt b (LA-276:5-TGCATYTAYCTTCACATC-
GG-3', HA-357:5-CGAAGGCGGTTATTACRAG-3', LA-
805:5'-AGCCCGAATGATATTTTCTCTTCG-3', and HA-
933:5'-CGGAAGGTRAGGCTTCGTTG-3'; Sanjur 1998).
Sequences were proofread with ABI AutoAssembler soft-
ware and aligned by eye, based on the inferred amino acids.
We used the entire coding regions of cyt b and ND2 with
the following exception. The coding region of cyt b in P.
latidens, P. fasciata, and P. baenschi was 21 bp (7 aa) longer
than for the other taxa. Because this longer fragment only
affected these closely related taxa, we excluded it from phy-
logenetic analyses, but its addition is illustrated in the tree
(Fig. 3). By contrast, the coding region of ND2 was 3 bp (1
aa) shorter in P. infans, P. occidentalis, P. prolifica, and P.
lucida. This noncoding fragment was included in the phy-

logenetic analyses, and its deletion is also illustrated in the
tree.

Phylogenetic Analyses

All  phylogenetic analyses were performed with
PAUP*4.0b8 (Swofford 1998), unless otherwise noted. We
performed maximum-parsimony (MP), minimum-evolution
(ME), neighbor-joining (NJ), and maximum-likelihood (ML)
analyses. The MP, ME, and ML analyses were performed by
heuristic searches with 50 stepwise random additions and
TBR branch swapping. Bootstrap val ues were based on 1000
replicates for MP, ME and NJ analyses. To minimize com-
putation time, ML bootstrap searches (100 replicates) in-
cluded only asubset of the OTUs. Reported bootstrap support
values were calculated from a 50% majority-rule consensus
tree.
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TaBLE 1. Locality information and GenBank accession numbers for examined OTUs. Identification numbers correspond to collection site
numbers in Figure 2.

GenBank accession no.

ID OTUs examined Collection sites or reference cyt b ND2
Tribe Poeciliini
1 Poecilia butleri Rio Acaponeta, Nayarit, Mexico AF412124 AF412167
2 Xiphophorus nigrensist Breden et al. (1999) AF031386
Tribe Gambusiini
3  Gambusia sp. Rio Mayo, Guamuchil, Sonora, Mexico (not native) AF412123 AF412166
Tribe Heterandriini
4 Heterandria formosat Breden et al. (1999) AF084973
5 Heterandria formosa? Everglades drainage, Dade County, Florida AF412125
6  Phallichthys tico Rio Agua Caliente, near town Fortuna, Costa Rica AF412127 AF12168
7  Priaphichthys festae San Vicente Thermal Springs, Guayas Province, Ecuador AF412126 AF412170
8  Neoheterandria umbratilis Rio Santa Rosa, Costa Rica AF412165 AF412169
Genus Poeciliopsis
Subgenus Poeciliopsis
9  Poeciliopsis scarlli Rio Marabasco, above Cihuatlan, Jalisco, Mexico AF412159 AF412198
10 P.gracilis? Rio Jones, Rio Motagua, Guatemala AF412162
11 P. gracilis Tierra Blanca, Veracruz, Mexico AF412155 AF412195
12 P. gracilis Rio Coatzacoal cos, Oaxaca, Mexico AF412154 AF412200
13  P. catemaco Laguna Catemaco, Veracruz, Mexico AF412161 AF412201
14  P. hnilickai Rio Girasol, Chiapas, Mexico AF412156 AF412202
15 P. occidentalis occidentalis? Rio Magdalena, Sonora, Mexico AF412140
16  P. occidentalis occidentalis Rio Altar, Sonora, Mexico AF412141 AF412185
17  P. occidentalis sonoriensis Rio Matape, Sonora, Mexico AF412143 AF412187
18 P. occidentalis sonoriensis Upper Rio Yaqui, Black Draw, Arizona, USA AF412142 AF412186
19 P. occidentalis sonoriensis? Rio Mayo, Guamuchil, Sonora, Mexico AF412144
20 P. monacha Rio Fuerte, Sonora, Mexico AF412131 AF412173
21 P.viriosa San Pedro Lagunillas, Nayarit, Mexico AF412132 AF412174
22  P.viriosa Rio Mocorito, Sinaloa, Mexico AF412133 AF412175
23 P. fasciata Rio Coaztacoal cos, Oaxaca, Mexico AF412149 AF412193
24  P. fasciata Stream near Cihuatlan, Jalisco, Mexico AF412150 AF412199
25 P. latidens Rio San Pedro Mezquital, Nayarit, Mexico AF412151 AF412194
26  P. latidens? Rio Culiacan, Sinaloa, Mexico AF412152
27  P. baenschi Rio Purificacion, Jalisco, Mexico AF412148 AF412191
28  P. prolifica Rio San Pedro Mezquital, Nayarit, Mexico AF412146 AF412189
29 P. prolifica Rio Mocorito, Sinaloa, Mexico AF412145 AF412188
30 P. prolifica Rio Mayo, Guamuchil, Sonora, Mexico AF412147 AF412190
31  P.turneri Rio Purificacion, Jalisco, Mexico AF412158 AF412197
32  P.presidionis Rio Mocorito, Sinaloa, Mexico AF412157 AF412196
33 P.lucida Rio Fuerte, Sonora, Mexico AF412139 AF412184
34 P.infans Rio Lerma, Michoacan, Mexico AF412134 AF412176
35 P.infans Rio Ameca, Jalisco, Mexico AF412135 AF412177
36 P.infanst Rio Grande de Santiago, Lake Cajititlan, Jalisco, Mexico AF412178
37 P.infanst Rio Grande de Santiago, Juanacatlan, Jalisco, Mexico AF412179
38 P.infans Rio Grande de Santiago, Atotonilquillo, Jalisco, Mexico AF412137 AF412180
39 P.infanst Lake Atotonilco, Jalisco, Mexico AF412181
40 P.infanst Rio Verde, San Juan de los Lagos, Jalisco, Mexico AF412182
41  P. infans? Lake Chapala, Jalisco, Mexico AF412136
42  P.infans Rio Panuco, San Juan del Rio, Querétaro, Mexico AF412138 AF412183
43  P. turrubarensis? Stream near Rincon, Puntarenas, Costa Rica AF412160
44 P. turrubarensis Rio Abrojo, Costa Rica AF412163 AF412203
45  P. turrubarensis Rio San Pedro, at road to Sona, Panama AF412164 AF412204
Subgenus Aulophallus
46  P. elongata Agua Dulce, Cocle, Panama AF412129 AF412172
47  P. retropinna? Rio Savegre, Puntarenas, Costa Rica AF412130
48  P. paucimaculata Rio General, near San Isidro, San José, Costa Rica AF412128 AF412171

1 ND2 sequence only.

2 Cytochrome b sequence only.

Initial phylogenetic analyses were performed on all OTUs OTUs outside the genus Poeciliopsis; and (3) OTUs outside
and rooted with members of the Gambusiini and Poeciliini  the subgenus Poeciliopsis.
(Table 1). To examine the potential effects of homoplasy, we Selecting an appropriate weighting schemein MP analyses
progressively excluded more distant outgroups based on this  was not straightforward, as some substitution types appeared
initial tree topology: (1) OTUs outside the Heterandriini; (2) to be saturated at particular codon positions (e.g., ND2 third-
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Fic. 3. A strict consensus of the most parsimonious trees based on combined data from cytochrome b and ND2. All characters and
substitution types received equal weights. Capital |etters next to nodes indicate major clades. Numbersin OTU labels distinguish different
samples of the same species (identification number, Table 1). Numbers adjacent to nodes indicate support value or ranges for parsimony,
distance, and likelihood analyses (from top to bottom, respectively). Parsimony values correspond to bootstrap support with all characters
and substitutions weighted equally. Distance values correspond to bootstrap support from neighbor-joining and minimum-evolution
analyses, based on the three different substitution models described in the Materials and Methods. Nonitalicized maximum-likelihood
values correspond to maximum-likelihood bootstrap support, whereas italicized numbers correspond to Bayesian support. |If bootstrap
values for a particular node equaled 100% in all analyses, only one value is shown. For the subgenus Poeciliopsis, black branches
correspond to samples south of the Trans-Mexican Volcanic Belt, gray branches indicate samples on or north of the Trans-Mexican
Volcanic Belt, bold OTU labels correspond to Gulf of Mexico slope drainages, and all others correspond to Pacific slope drainages.
Rather than showing the relationships among all haplotypes within P. infans and P. occidentalis, we pooled all closely related sequences
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position transitions). Although commonly used, the practice
of down-weighting transitions rarely improves phylogenetic
estimates and may, in some cases, be counter-productive
(Broughton et al. 2000). Thus, we weighted all codon po-
sitions and types of substitution equally. However, to assess
the robustness of our data to different assumptions, we also
applied different transition:transversion weighting schemes
(i.e, 1:2, 1:4, 2:1, and 4:1) to all positions simultaneously,
as well as to ND2 third, and cyt b third, separately. Never-
theless, only well-supported (> 50% bootstrap support) dis-
crepancies among equally weighted and differentially weight-
ed analyses are reported. Pairwise distances used for NJ and
ME analyses were based on three different DNA substitution
models: Kimura two-parameter (K2P, Kimura 1980), general
time reversible (GTR, Rodriguez et al. 1990), and the ML
distance model selected with the likelihood-ratio test (LRT)
described below.

To fit the best model for the ML and ML-based distance
analyses, we used the hierarchical LRT implemented by Mo-
deltest 3.06 program (Posada and Crandall 1998), following
the criteria of Huelsenbeck and Rannala (1997) and Huel-
senbeck and Crandall (1997). Starting with a NJ tree based
on Jukes-Cantor distances (Jukes and Cantor 1969), we cal-
culated likelihood scores for 56 different substitution models.
Then, likelihood scores were compared hierarchically with a
LRT. A mixed chi-sgquare distribution (i.e., 50:50 mixture of
X¢_4 and Xg) was used to construct a LRT for comparisons
involving invariable sites and/or rate heterogeneity among
sites (following Goldman and Whelan 2000; Ota et al. 2000).

Bayesian Inference

Nonparametric bootstrapping can produce unreliable re-
sults (Zharkikh and Li 1992; Hillis and Bull 1993) and un-
clear interpretations (e.g., Felsenstein and Kishino 1993).
Thus, to obtain an additional measure of support for nodes
in thetree, we also used the Bayesian method of phylogenetic
inference (Rannala and Yang 1996) as implemented in the
program MrBayes 2.0 (Huelsenbeck 2000). We assumed the
GTR model and a discrete approximation (four categories)
of the gamma distribution shape parameter for among-site
rate variation. We ran 300,000 generations of four simulta-
neous Markov chain Monte Carlo chains and sampled trees
and branch lengths every 10 generations. Because the log-
likelihood sum (of the four chains) reached stability after
approximately 30,000 generations, we excluded thefirst 3000
trees and used the remaining 27,000 to compute a 50% ma-
jority-rule consensus tree. Following Huelsenbeck (2000),
the percent of times a clade occurred among the sampled
trees was interpreted as the probability of that clade existing.

Parametric Bootstrap

We used a parametric bootstrapping method (Efron 1985;
Felsenstein 1988) to test the single-event hypothesis and as-
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sess whether our data provided enough resolution for nodes
that received low nonparametric bootstrap support. A para-
metric bootstrap test of monophyly involves obtaining score
estimates for the trees recovered first with and then without
the constraint of monophyly and then comparing the differ-
ence in scores with the distribution of differences generated
by simulation. Although a likelihood approach is recom-
mended for obtaining score estimates (Huelsenbeck et al.
1996), due to the prohibitive computation time for such a
large number of OTUs, we had to adopt MP as a computa-
tional alternative (Hillis et al. 1996; see also Ruedi et al.
1998; Emerson et al. 2000). DNA sequences were simulated
with the Seg-Gen program (ver. 1.2.4, Rambaut and Grassly
1997). For a given null hypothesis (e.g., all OTUs north of
TMVB are monophyletic), we first constructed a constrained
NJ tree under the K2P model. Then we used the LRT method
as described above to select the substitution model and es-
timate ML branch lengths. One hundred datasets were sim-
ulated for each constrained topology, and MP-heuristic
searches (with 50 stepwise random additions) were conducted
with and without a specified constraint. The distribution of
tree-length differences between constrained and uncon-
strained simulated trees was compared with the observed tree-
length differences. If the probability of obtaining the empir-
ical tree-length difference was less than 5%, we rejected the
null hypothesis of monophyly.

Molecular Clocks

Molecular clocks can be calibrated from well-dated bio-
geographic scenarios (e.g., therise of the I sthmus of Panama)
or for fossil data (reviewed by Caccone et al. 1997) or sub-
stitution rates are borrowed from related taxa that evolve at
the same rate as the taxa under study or for which rate dif-
ferences can be adjusted (e.g., Mulcahy and Mendelson
2000). Because fossil data are not available for Poeciliopsis,
we were unable to calibrate an independent molecular clock
for the genes examined in this study. However, we could
assume a crude molecular clock for cyt b K2P divergences,
ranging between 1% and 2% per million years based on K2P
divergence rates estimated for mitochondrial genes in other
teleost fishes (Bermingham et al. 1997), including other cy-
prinodontiforms (Garcia et a. 2000). Additionally, we re-
stricted our estimates to cyt b because the molecular clock
hypothesis was rejected for ND2. Clocklike behavior of gene
trees was evaluated with a LRT on the likelihood scores of
trees generated with and without molecular clock constraints.
Degrees of freedom were calculated as (number of taxa) —
2, following Huelsenbeck and Rannala (1997).

REsuULTS

Altogether, we examined 82 sequences (42 cyt b and 40
ND2; GenBank accession numbers in Table 1) from 48 fish

—

into one of the two most divergent haplotype clades in each of these species. Scale (bottom left) corresponds approximately to 5%
divergences based on K2P distances and both genes combined. Note: Molecular clock calibrations referred to in text assumed K2P
distances based on cytochrome b only. One asterisk denotes a relationship based on cytochrome b sequences only. Two asterisks denotes

a relationship based on ND2 sequences only.
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specimens. Apparently, because of variation in the priming
sites or poor template quality of some specimens, we could
not obtain both sequences from 11 OTUs. We observed no
evidence for heteroplasmy in the sequences of either mito-
chondrial gene. Two observations suggest that the sequences
examined herein are not nuclear-integrated copies of these
mitochondrial genes (e.g., Zhang and Hewitt 1996). First, we
found no premature stop codons disrupting the reading frame
in any of the samples. Second, nucleotide content in the light
strand for both genes was strongly biased against guaninein
all samples: cyt b (average: 24.7% A, 31.6% C, 14.5% G,
and 29.2% T); and ND2 (average: 26.6% A, 33.9% C, 11.
7% G, and 28.4% T). Anti-G bias is characteristic of mito-
chondrial, but not the nuclear, genes in other fishes (Meyer
1993; Kocher et al. 1995; Ptacek and Breden 1998).

We evaluated nucleotide saturation by plotting transitions
and transversions agai nst the uncorrected distances separately
for each codon position (results not shown). Substitutions at
cyt b first and second positions and ND2 second positions
did not appear to be saturated. Cyt b third and ND2 first
positions appeared to be at an early stage of transitions sat-
uration around 20% and 35% divergence (K2P per gene,
based on all codon positions), respectively. ND2 third-po-
sition transitions seemed to be saturated at distances greater
than 20%, whereas transversions appeared to be at an early
stage of saturation at distances greater than 40%.

Phylogenetic Analyses

Altogether, 973 of the approximately 2187 nucleotide sites
were parsimony-informative (577 ND2 and 396 cyt b). Max-
imum divergence (K2P corrected) among the ingroup OTUs
was 24% for cyt b and 42% for ND2, whereas the maximum
divergence including outgroup OTUs was 25% for cyt b and
47% for ND2. The substitution models selected according to
the hierarchical LRTs contained multiple parameters, in-
cluding a different rate for amost every type of substitution,
unequal base frequencies, as well as a specific proportion of
invariable sites and a specific gamma shape parameter (dis-
crete approximation; four categories) for rate differences
among sites.

In general, tree topologies obtained under all our different
assumptions (i.e., genes, phylogenetic methods, substitution
models, and taxon sampling and character weighting
schemes) were similar, and most of the discrepancies were
not supported by bootstrap values above 50%. Separate ex-
amination of each gene provided |ess phylogenetic resolution
than analyses of the combined dataset, so we report results
from the combined analyses (Fig. 3) and discuss inconsis-
tencies between the two genes. Combining the two genes was
appropriate because a partition of homogeneity test (Farris
et al. 1994) failed to detect heterogeneity between them.

All phylogenetic analyses of the combined dataset sup-
ported monophyly of the tribe Heterandriini (Fig. 3, node A)
with nonparametric bootstrap support of 53—-88% and Bayes-
ian support of 98%. Within the Heterandriini, all analyses
supported monophyly of the genus Poeciliopsis (node B) with
bootstrap values of 77-100% and Bayesian support of 100%.
As anticipated from traditional taxonomy (Rosen and Bailey
1963), this genus comprised two well-supported and recip-
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rocally monophyletic clades (nodes C and D) corresponding
to the subgenera Aulophallus and Poeciliopsis. Within Au-
lophallus, P. paucimaculata appeared as sister-taxon to a
group containing P. elongata and P. retropinna (cyt b se-
quences alone; 79-100% bootstrap support).

The subgenus Poeciliopsis, the principal focus of this
study, could be subdivided into four well-supported clades
defined by nodes F, G, H, and | (Fig. 3). Members of clade
F share a deletion of one amino acid at the 3" end of ND2,
and members of clade H share an addition of seven amino
acids at the 3" end of cyt b. Although not similarly defined
by synapomorphic deletions or insertions, members of clades
G and | also were well supported (bootstrap values of 94—
100%). Nevertheless, the relationships among Poeciliopsis
s.s. lineages varied somewhat among the different phyloge-
netic methods and genes.

Node E (Fig. 3) defined a clade of Poeciliopsis species
found on or north of the TMVB. Node E was recovered in
all analyses except for two of MP weighting schemes. Boot-
strap support for this strictly northern group ranged between
72% and 99% and Bayesian support was 100%. Other clades
in the subgenus Poeciliopsis (defined by nodes H and I) occur
south of the TMVB, with the exception of two species (P.
presidionis and P. latidens). Recognizing these exceptions,
we subsequently refer to these clades as the ** predominantly
southern’’ groups.

Evolutionary relationships between the strictly northern
and predominantly southern clades were complex. All dis-
tance-based analyses supported reciprocal monophyly of the
two groups—((H,l)E)—at 64-97% bootstrap support. MP
analyses also recovered this relationship, but bootstrap sup-
port was low (< 65%). ML did not support this relationship;
instead, it joined H with E—(I(H,E)). Although bootstrap
support for (I(H,E)) was poor (< 50%), Bayesian support
was good 83%. To test whether the ML topology, (I1(H,E)),
was better than the alternative topologies, (E(H,l)) and
(H(I,E)), we employed the Shimodaira-Hasegawa test (Shi-
modaira and Hasegawa 1999), with RELL optimization and
1000 bootstrap replicates, assuming the same model and pa-
rameters as the original ML analyses. Failing to reject the
null hypothesis, we lacked the power to discriminate among
these three alternative topologies. To further assess whether
we had the power to reject particular hypothesized relation-
ships among these clades, we used the parametric bootstrap
method to test seven alternative hypotheses, where combined
letters correspond to hypothesized monophyletic relation-
ships: FH, FI, GH, GI, FGH, FHI, and GHI. We could not
test the relationships HI, FG, and FGI because they were
among the best trees in the equally weighted MP analysis
based on all OTUs and both genes. However, we could reject
the hypothesized monophyly for FH, GH, and FHI (P < 0.01).
Because of the low power to resolve relationships among
nodes E, H, and I, we illustrated their relationship as a tri-
chotomy (Fig. 3).

We found a single discrepancy between phylogenetic anal-
yses of individual genes. Within node F, P. lucida, P. occi-
dentalis, and P. prolifica formed a monophyletic group. How-
ever, hierarchical relationships among these OTUs were not
fully resolved because each gene favored a different hypoth-
esis. Most of the cyt b analyses favored the relationship ((lu-
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cida, occidentalis) prolifica) with 74—90% bootstrap support
and decay index of 1 (Donoghue et al. 1992), whereas ND2
analyses favored the relationship (lucida (occidentalis, pro-
lifica)) with bootstrap values of 62—-84% and decay index of
2. Similarly, different assumptions (phylogenetic methods
and weighting schemes) also affected the outcome. For each
gene separately, we tested whether the best tree obtained with
one gene was significantly better than the best tree obtained
with the other gene, using the Shimodaira-Hasegawatest with
RELL optimization and 1000 bootstrap replicates and assum-
ing the same model and parameters as the original ML anal-
yses. Neither of these tests was significant, indicating that
our data lacked enough power to solve this relationship, and
thus, we portray it as a trichotomy (Fig. 3).

Testing the Single Vicariant Event Hypothesis

We conducted two parametric bootstrap analyses to test
the hypothesis that divergence of northern versus southern
species of the subgenus Poeciliopsis was caused by a single
vicariant event associated with the TMVB. The first test con-
strained all OTUs found on or north of the TMVB to mono-
phyly, and the second test constrained all OTUs found south
of the TMVB to monophyly. Both tests rejected the mono-
phyly hypothesis (P < 0.01). Species living north of the
TMVB include all members of the strictly northern clade plus
two highly divergent species, P. latidens and P. presidionis,
from the predominantly southern clades. Three separate cla-
distic events were associated with species-level divergence
across the TMVB.

Apparently, these three cladistic events occurred during
different geological periods. Because sequence divergencein
ND2 did not occur in a clocklike fashion, our estimates of
divergence times were based solely on cyt b. K2P divergence
between members of the strictly northern (node E) versus
predominantly southern clades (nodes H and 1) was 16 *=
1.4%. Assuming a rate of 1-2% sequence divergence (K2P)
per million years, we estimated that this event took place
between 8 million and 16 million years ago. Divergence of
the lineages leading to P. latidens and P. presidionis occurred
more recently; each of the northern species differed from its
southern cognate, P. fasciata and P turneri, by 5.6% and
6.4%, respectively. We estimate that isolation of the two
lineages occurred at 2.8-5.6 million and 3.2—6.4 million years
ago, respectively.

Discussion

Phylogenetic analyses of mitochondrial gene sequencesdid
not support the hypothesis that a single vicariant event as-
sociated with the TMVB was responsible for the division of
the fish subgenus Poeciliopsis into discrete northern and
southern clades. Instead, divergence among lineages of this
subgenus occurred during at least two distinct time periods.
Although we do not advocate that our molecular clock datings
are exact, we use them to place the cladistic events in a
reasonable geological context and hypothesize geological and
climatic events that could have caused them. Based on di-
vergence in cyt b sequences, we hypothesize that the first
event occurred between 8 million and 16 million years ago,
separating members into one strictly northern versus two pre-
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dominantly southern clades. Prior to this period, ancestors of
the strictly northern clade must have been distributed across
the region presently defined by the TMVB. Because Poeci-
liopsis are absent from the Gulf of Mexico drainages north
of the TMVB, these ancestors were probably restricted to
Pacific slope drainages. This western region has undergone
intense volcanism since the Miocene (~25 million years ago;
Ferrari et al. 1999). It is easy to imagine that uplift of the
western TMVB (now ~2000 m above sea level) fragmented
low-elevation river basins and disrupted connections between
populations lying to the north and south.

More recent events (2.8-6.4 million years ago) were as-
sociated with northward dispersal of the ancestors of P. la-
tidensand P. presidionis. The overlap of estimated divergence
dates and geographical distributions of these two groups sug-
gests that they occurred roughly at the same time and prob-
ably as a result of the same events. Northward dispersal is
likely because all relatives of the two species live south of
the TMVB. We initially considered three possible dispersal
routes following the first event: (1) marine dispersal; (2)
coastal stream-capture via widened river deltas during Pleis-
tocene low sea levels; and (3) headwater stream-capture
through inland connections. Although Poeciliopsis are pri-
marily freshwater fish, some, including P. presidionis and P.
latidens, tolerate elevated salinitiesin coastal lagoons (Rosen
and Bailey 1963). However, no Poeciliopsis have been cap-
tured in the open ocean. Deltaic stream-capture also is un-
likely in this region because the continental shelf west and
southwest of the TMVB is very narrow, particularly around
Bahia Banderas (Fig. 1). Low sealevelsin this region would
not have exposed a substantial shelf for the formation of
deltai c connections. Mountains to the southeast of BahiaBan-
deras are 76-99 million years old, predating the expected
origin of the subgenus Poeciliopsis. If the continental shelf
in this region had a similar topography throughout the Ter-
tiary (2—65 million years ago), we hypothesize that the an-
cestors of P. latidens and P. presidionis dispersed northward
via the Colima graben, an inland gap through the TMVB.

Although volcanism in the Colima graben, which presently
contains one of the largest active volcanoes in Mexico (Vol-
can Colima), began 10.1 million years ago, widespread vol-
canism began 4.6 million years ago (Wallace et al. 1992).
Ancestors of P. latidens and P. presidionis were probably
distributed in coastal drainages south of this region, such as
the present Rios Armeria and Coahuayana (Fig. 1). To the
immediate north, faulting of the Colima graben during the
late Pliocene (~2-3.5 million years ago; Luhr and Carmi-
chael 1981), created a series of lakes and possibly a river
that could have connected the Armeriaor Coahuayanato L ake
Sayula (lake 3; Fig. 1), in the northern Colima graben. La-
custrine deposits in parts of the Colima graben (Luhr and
Carmichael 1981) support this scenario. Through this con-
nection, ancestors of P. latidens and P. presidionis may have
dispersed north into Lake Sayula. Subsequent volcanism dur-
ing the late Pliocene or early Pleistocene (~1.5-3.5 million
years ago) probably closed this southern connection. By this
time, Lake Sayulawas part of the large Jalisco Paleol ake that
also encompassed Lake Chapala and the present-day endor-
heic (i.e., land-locked) lakes Zacoalco, Atotonilco, and San
Marcos (Rosas-Elguera and Urrutia-Fucugachi 1998). These
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lakes probably drained to the northwest through the Tepic-
Zacoalco graben before they attained their present levels.
Through these basins, ancestors of P. presidionis and P. la-
tidens could have dispersed from L ake Sayulato Pacific-slope
drainages north of the TMVB. We suspect that the dispersal
and isolation of the ancestors of P. latidens and P. presidionis
occurred during the late Pliocene (~2-3.5 million years ago),
which is roughly encompassed by our estimated divergence
times of 2.8-6.4 million years ago.

Poeciliopsis infans is the only species in this genus that
lives almost entirely in the region defined by the TMV B (Fig.
2F). Mitochondrial haplotypes in this species define two
clades that may also have been separated by events in the
Jalisco Paleolake region. Clade 1 includes haplotypes from
Rio Ameca, Rio Verde (lower Santiago drainage), and Lake
Atotonilco (lake 1; Fig. 1). Clade 2 includes haplotypes from
the Rio Lerma, Lake Chapala, upper Santiago drainage, and
Rio Panuco (Fig. 1). Presently, upper (clade 2) and lower
(clade 1) Santiago are separated by a series of high cascades
and waterfalls to the north of Lake Chapala (Fig. 1). Simi-
larly, headwaters of the Rio Ameca and Lake Atotonilco
(clade 1) are presently separated from the west end of Lake
Chapala (clade 2) by less than 100 m of elevation, but were
historically connected (Palmer 1926; Smith et al. 1975).
These connections could have been disrupted by Pleistocene
volcanism that also isolated other basins in the Jalisco Pa-
leolake region (Rosas-Elguera and Urrutia-Fucugachi 1998)
and/or by a drop in the level of Lake Chapala, associated
with adrier climate or penetration of a new outlet to the Rio
Santiago at Chapala’s northeastern corner (Miller and Smith
1986). The historical Ameca-Chapala connection is support-
ed by the distributions of cognate species-pairs in the fish
taxa Notropis (Chernoff and Miller 1986), Chirostoma (Bar-
bour 1973), Ictalurus (Miller and Smith 1986), and Good-
einae (Webb 1998). However, the five goodei ne species-pairs
exhibit awide range of sequence divergence (0.3-9.3%), sug-
gesting several cycles of connectivity and isolation (Webb
1998). Assuming a divergence rate of 1-2% per million years
for cyt b, we estimated that P. infans clades 1 and 2 (~ 4%
sequence divergence) diverged 2—4 million years ago, a pe-
riod that may overlap with the presumed Pleistoceneisolation
of the Jalisco Paleolake basins.

Within clade 1, the close relationship between Rio Verde
(lower Santiago) and Rio Ameca samples (~ 0.2% based on
ND2) suggests that these populations have been connected
until very recently. Recent connections of Ameca and San-
tiago tributaries could have been possible through stream
capture (e.g., headwaters of both drainages are only a few
kilometers apart in the vicinity of one of the volcanoes in
this region, Volcan Ceboruco). Recent volcanism in the Te-
pic-Zacoalco graben (Nelson and Carmichael 1984) could
have disrupted such connections.

At the eastern end of its range, we sampled a small pop-
ulation of P. infans at San Juan del Rio (site 42; Fig. 2F, and
SJR; Fig. 1) in a headwater tributary of the Rio Panuco, a
Gulf of Mexico drainage. It closely resembled P. infans clade
2 haplotypes (0.1-0.28% sequence divergence) found in the
Rio Lerma. It is hypothesized that the San Juan del Rio trib-
utary drained westward to the Lerma basin before it was
captured by the eastward draining Rio Panuco (Tamayo and
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West 1964). It is worth noting that the Panuco is the only
Gulf of Mexico drainage containing five goodeine species
that are otherwiserestricted to Mesa Central drainages (Webb
1998). Although levels of divergence vary greatly among the
Panuco and Mesa Central populations, one species, Goodea
atripinnis, exhibits a sequence divergence (0.21%) compa-
rable to that of P. infans lineages from these drainages.

The Isthmus of Tehuantepec is another region that may be
an important avenue for dispersal across Mexico. Nearly tra-
versed by the Rio Coatzacoalcos, this low-altitude, narrow
isthmus is the only region in Mexico where multiple groups
of aquatic and riparian animals appear to have spread between
Gulf of Mexico and Pacific drainages (Mulcahy and Men-
delson 2000; Savage and Wake 2001). Closely related line-
ages of P. fasciata are spread across this region. Pacific slope
P. fasciata (24) were 2.5% divergent from Gulf of Mexico
slope P. fasciata in the upper Coatzacoalcos (23). Detailed
phylogeographic studies of fish and other agquatic organisms
may shed light on the historical hydrography of this dynamic
region.

Another named species in the P. gracilis complex, P. ca-
temaco, is endemic to Lake Catemaco (Fig. 1), a crater lake
isolated from the Rio Papaloapan by a series of waterfalls,
some of which are as high as 60 m. Los Tuxtlas volcanic
mass, which contains this crater, formed during the Quater-
nary (0—2 million years ago; West 1964), but unfortunately,
precise dates are not known. Based on cyt b, we hypothesize
that P. catemaco has been isolated from other members of
the P. gracilis complex for 0.75-1.5 million years. Poeci-
liopsis gracilis lineages from localities just below Lake Ca-
temaco were not available for this study, so we cannot draw
more precise inferences regarding an event that isolated P.
catemaco. However, molecular studies of cognate popula-
tions from six fish genera also found in Lake Catemaco,
including three poeciliids (Poecilia, Xiphophorus, and Het-
erandria) may allow dating of the event that separated these
crater-lake populations.

Absence of Poeciliopsis from Gulf of Mexico slope drain-
ages north of the TMVB (excepting P. infans in upper Pan-
uco) is curious, because other poeciliid genera (Poecilia,
Xiphophorus, Heterandria, and Gambusia) cross this bound-
ary. Belonesox is the only other poeciliid genuswith asimilar
northern limit along the Gulf of Mexico slope. Volcanism
associated with the TMVB in eastern Mexico region began
12-17 million years ago (Ferrari et al. 1999), and a volcanic
event estimated at 5 million years ago is believed to have
isolated populations of toads north and south of this area
(Mulcahy and Mendelson 2000). Poeciliopsis and Belonesox
may have arrived from the south in this area following this
event. The continental shelf is wide in this region and north-
ward dispersal through coastal stream-capture may have been
possible during Pleistocene low sea levels, but apparently it
did not occur.

Coastal stream-capture may have facilitated dispersal of
Poeciliopsis north and south of the TMV B on the Pacific slope
of Mexico. Four lowland species, P. prolifica, P. viriosa, P.
presidionis, and P. latidens, have overlapping distributions
north of the TMVB (Fig. 2F-l). The continental shelf isrel-
atively wide in this region, and the formation of intercon-
necting river deltas during Pleistocene low sealevelsis plau-
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TaBLE 2. Traditional and recommended classification of species in the genus Poeciliopsis.

Traditional classification

Recommended based on nodes in Fig. 3

Subgenus Aulophallus (Hubbs 1926)
P. elongata
P. retropinna
P. paucimaculata
Subgenus Poeciliopsis (Regan 1913)
latidens-fasciata complex (Meyer et al., 1986):
P. latidens
P. fasciata
P. baenschi
gracilis complex (Meyer et al., 1986)
P. gracilis
P. catemaco
P. hnilickai
P. lutzi'
occidentalis complex (Meyer et al., 1986)
P. occidentalis
P. lucida
P. infans
P. monacha

P. viriosa

turrubarensis complex (Meyer et al., 1986)
P. maldonadoi (fossil)
P. turrubarensis
P. scarlli

P. presidionis

Not placed in any complex
P. balsas /
P. prolifica

P. turneri >

Subgenus Aulophallus (node C)
P. elongata
P. retropinna
P. paucimaculata
Subgenus Poeciliopsis (node B)
latidens-fasciata complex (node H)
P. latidens
P. fasciata
P. baenschi
gracilis complex (node J)
P. gracilis
P. catemaco
P. hnilickai

Leptorhaphis * complex (node F)
P. occidentalis
P. lucida
P. infans
P. prolifica

monacha-viriosa complex (node G)
P. viriosa
P. monacha
turrubarensis complex (node L)
P. maldonadoi (fossil)
P. turrubarensis

P. scarlli

presidionis-turneri complex (node K)
— P. presidionis

/—b P. turneri

1 Rosen and Bailey (1963) consider P. lutzi a synonym of P. gracilis. Meyer et al. (1986) list it as a valid species, but
provide no supporting evidence. We follow Rosen and Bailey (1963).

2Miller (1960) grouped P. occidentalis, P. lucida, and P. infans in the Leptorhaphis species group.

3 Miller (1975) suggests that P. turneri is most closely related to P. gracilis.

sible. Similarly, the widespread distributions of P. fasciata,
P. scarlli, and P. turrubarensis in Pacific-slope drainages
south of the TMV B suggests they might have dispersed dur-
ing low sea levels, although the continental shelf is narrow
in places. Both coastal and headwater stream-capture may
have affected the dispersal of the widespread endangered
species P. occidentalis (Vrijenhoek et al. 1985; Vrijenhoek
1998). Sometimes, downstream populationsin adjacent rivers
are more similar to each other than each is to upstream pop-
ulationsin its own river, a possible earmark of recent coastal
connections. In other cases, interdigitating headwaters of riv-
ers have closely related populations of these fish. Also, as
previously discussed, P. infans provides a good example of

dispersal by headwater capture through the Jalisco Paleolake
region. To distinguish coastal from headwater stream-cap-
ture, detailed population genetic studies of individual species
are needed to assess coancestries between upstream and
downstream populations within and between river systems.

Systematic Implications

Evolutionary relationships among species in the genus
Poeciliopsis inferred from the present molecular analysis are
broadly consistent with previous systematic studies (Table
2). Analyses of individual mitochondrial genes and the com-
bined data clearly support monophyly of the genus. Addi-
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tionally, the present molecular data support division of the
genus Poeciliopsis into two previously recognized subgenera
Aulophallus and Poeciliopsis. However, these molecular data
are less useful for assessing higher relationships within the
family Poeciliidae because of limited taxon sampling and
problems with substitutional saturation. Although the data
are consistent with monophyly of the tribe Heterandriini, to
properly evaluate this relationship, all members of the tribe
should be examined. Moreover, additional outgroups from
all tribes in the subfamily Poeciliinae and a lineage outside
the subfamily (to root the tree) need to be examined.

Based on present data, the subgenus Poeciliopsis can be
split into six complexes of closely related sibling species
(Table 2). Sequences of P. balsas need to be examined to
establish its relationship to other Poeciliopsis. As previously
recognized, the latidens-fasciata complex (Fig. 3) was fully
supported by present data (Fig. 3). Other recognized species
complexes required revision, and new complexes were erect-
ed. Inferred evolutionary relationships among named species
within the gracilis species complex conflict with their present
taxonomy. It should be remembered, however, that on very
short evolutionary time scales, gene trees are not necessarily
equivalent to species trees (Avise 1989). Results with these
mitochondrial genes may be due to lineage sorting among
species that diverged recently, subsequent reticulation, or
both. Poeciliopsis species are known to hybridize broadly,
although hybrids between some distantly related species gen-
erate all-female lineages that clone (Schultz 1977). Never-
theless, as presently composed, the species P. gracilis may
not be monophyletic. Additional work based on more com-
prehensive biogeographic sampling and additional nuclear
gene markers is warranted to better resolve relationships in
this complex.

The present data helped to resolve relationships in two
predominantly southern species complexes (Table 2). We
supported Meyer et al.’s (1986) distinction of the turrubar-
ensis complex regarding affiliation of P. turrubarensis and
P. scarlli, but we recommend that P. presidionis be included
in a new complex with P. turneri. The presidionis-turneri
complex is clearly affiliated with the gracilis complex, not
the turrubarensis complex (Fig. 3).

The strictly northern group of species (defined by node E;
Fig. 3) was previously recognized by Meyer et al. (1986) as
the occidentalis complex. It contains two divergent com-
plexes: the monacha-viriosa complex (node G); and what
Miller (1960) defined as the Leptorhaphis group. Our mo-
lecular dataclearly placed P. prolificawithin the Leptorhaphis
group (node F), even though hierarchical relationshipsamong
P. lucida, P. occidentalis, and P. prolifica could not be solved.
Miller (1960) recognized a number of morphological traits
that P. prolifica shares with the Leptorhaphis species, but was
uncertain of its affiliation because of its highly divergent life
history. Adult P. prolifica females are very small (< 25 mm);
they produce tiny eggs, have short interbrood intervals (~ 7
days), and exhibit extreme superfetation (gestating females
simultaneously contain up to five embryonic stages in their
ovaries; Thibault and Schultz 1978).

Higher-level relationshipswithin the subgenus Poeciliopsis
remain unresolved. For example, relationships among the
three major clades defined by nodes E, H, and | are portrayed
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as atrichotomy (Fig. 3). The branches connecting these three
nodes are very short, contrasting sharply with the long branch
leading to the subgenus Aulophallus. If divergence among
the three groups occurred rapidly, as we inferred from the
gene tree, subsequent researchers will need to examine very
long sequences of slowly evolving genes to confidently re-
solve hierarchical relationships.
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