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Phylogenetic Relationships among Populations of Northern Swordtails 
(Xiphophorus) as Inferred from Allozyme Data 

MOLLY R. MORRIS, KEVIN DE QUEIROZ, AND DON C. MORIZOT 

Twenty-nine populations of Xiphophorus fishes representing nine species of north- 
ern swordtails, one southern swordtail and a platyfish were assayed electrophoreti- 
cally for allozyme variation. Phylogenetic relationships were inferred using parsi- 
mony and likeUhood analysis of gene frequency characters, as well as Fitch-Margo- 
liash, minimum evolution and neighbor-joining analyses of genetic distances. The 
phylogenetic relationships among species that were well supported in all analyses 
included (1) monophyly of the northern swordtaUs, (2) the pygmaeus clade of Xiph- 
ophorus nigrensis, X. multilineatus, and X. pygmaeus, and (3) the clade of X. nigrensis 
and X. multilineatus. Of those species represented by more than one population, all 
analyses supported monophyly of X montezumae and weakly supported monophyly 
of X. nezahualcoyotl and X. hirchmanni. Only the distance analyses supported mono- 
phyly of X cortezi, and the support was weak. Finally, all analyses supported a clade 
including X nezahualcoyotl from the Rio Tamesi drainage and some populations from 
the Rio Panuco drainage, that is, nonmonophyly of the set of populations from the 
Rio Panuco drainage. Previously pubUshed trees based on morphology, behavior 
and randomly amplified DNAs were generally congruent with the optimal trees for 
the allozyme data and were not rejected by those data; in contrast, trees based on 
DNA sequences were more incongruent with the optimal trees for the allozyme data 
and were rejected by those data. 

XIPHOPHORUS (Cyprinodontiformes: Poe- 
ciliidae) is a clade of small, attractive, 

freshwater fishes that has been studied inten- 
sively in terms of systematics, biogeography, ge- 
netics, oncolog)', and behavior (reviewed by 
Meffe and Snelson, 1989). Studies on the evo- 
lution of sexually selected traits within this 
group (e.g.. Basólo, 1990; 1995; Morris and 
Ryan, 1996) based on earlier published phylog- 
enies (e.g., Rosen, 1979; Rauchenberger et al., 
1990) have prompted a surge of more recent 
phylogenetic studies (Meyer et al., 1994; Bo- 
rowsky et al., 1995; Meyer, 1997). This recent 
interest in the phylogeny of Xiphophorus has led 
to an increase in systematic data, but it has also 
led to conflicting phylogenetic hypotheses. 

We examined relationships among and within 
species from one of the major clades within 
Xiphophorus using allozyme data. This clade, in- 
formally known as the northern swordtails, is 
composed of nine currently recognized species. 
All nine species occur in the Rio Panuco drain- 
age in eastern México along the eastern slope 
of the Sierra Madre Oriental, although a few 
species have populations in adjacent drainages 
to the north and south (Rauchenberger et al., 
1990). Although a previous study of the rela- 
tionships among the northern swordtails 
(Rauchenberger et al., 1990) included some of 
the same allozyme data analyzed in the present 
study, we here present a more extensive dataset 

by including both additional taxa and addition- 
al loci and by incorporating information on the 
frequencies of alíeles in natural populations. We 
analyze these data using several phylogenetic 
methods and examine congruence among the 
results, and we evaluate previously published 
trees for this group using the allozyme data. 

MATERIALS AND METHODS 

Sampling.•Twenty-seven natural populations 
representing all currently recognized species of 
northern swordtails were sampled (Fig. 1). For 
four of the five species inhabiting more than 
one river, X. cortezi, X. montezumae, X. nezahual- 
coyotl, X. birchmanni but not X. malinche (Rauch- 
enberger et al., 1990), samples from several lo- 
calities were included. Some genetically similar 
populations from nearby localities were com- 
bined, namely, two samples of X. montezumae 
from Rio Ojo Frío (north of Damián Carmona 
and El Quince, approximately 5 km apart), and 
three samples of X. montezumae from the Rio 
Santa Maria drainage (two from Arroyo Ciénega 
Grande 13 km apart and one from Arroyo La 
Ciénega). None of the combined samples was 
significantly different from one another at any 
of the loci based on chi-square tests of their ge- 
not)'pe arrays. A representative population of 
the southern swordtails, X. helleri was included 
in the analysis so that we could test the mono- 
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Fig. 1. Map of the Rio Panuco drainage system 
showing most major drainages. Localities are marked 
with D. C. Morizot's collection numbers (see Appen- 
dix 1). 

phyly of the northern swordtails. Data for the 
CK-A* locus were missing from the wild caught 
sample of X. helleri and were supplemented with 
data from two laboratory lines (Stock number 
3062, Belize River drainage Guatemala, and 
2997, Rio Coatzacoalcos, Mexico; Morizot and 
Siciliano, 1982). A representative population of 
the plat)'fishes, X. variatus from from Rio Atoy- 
ac, Veracruz Mexico, was included to root the 
trees. Collection numbers, sample sizes, and lo- 
calities for all populations used in this study are 
presented in Appendix 1. 

Specimen preparation and electrophoresis.•Sample 
preparation procedures follow Morizot et al. 
(1977) and Morizot and Siciliano (1979). Tis- 
sues were dissected from freshly killed speci- 
mens or from specimens frozen in 50 ml cen- 
trifuge tubes in liquid Ng in the field, main- 
tained at • 76 C and subjected to vertical starch 
gel electrophoresis using the methods of Sicili- 
ano and Shaw (1976), Morizot et al. (1977) and 
Morizot and Schmidt (1990). Twent)'-eight loci 
were scored. The locus symbols, numbers (rec- 
ommended by International Union of Biologi- 
cal Nomenclature, 1984), tissue and electropho- 

retic conditions used for each protein are listed 
in Table 1. 

Phylogenetic analysis.•Numerous alternative 
methods exist for inferring phylogenies, each 
with its own strengths and weaknesses (for re- 
view see Felsenstein, 1988; Swofford and Olsen, 
1990; Swofford et al., 1996). We analyzed our 
data using several methods to assess the robust- 
ness of the results across methods. 

Character analyses.•Recent studies have shown 
that incorporating frequency information in 
character based analyses improves the accuracy 
of phylogenetic inference (Wiens, 1995, 1999; 
Wiens and Servedio, 1997). Therefore, we used 
methods that incorporated frequency informa- 
tion by treating loci as characters and alíele fre- 
quencies as character states. Populations were 
used as OTUs (terminal taxa), and the data 
were analyzed using both parsimony and likeli- 
hood. 

For the parsimony analyses, phylogenetic trees 
were estimated using the method designated 
MANOB by Swofford and Berlocher (1987; see 
also Berlocher and Swofford, 1997) as imple- 
mented in PAUP* (vers. 4.0.0 b2-4, D. L. Swof- 
ford, Natural History Museum, Smithsonian In- 
stitution, Washington, DC, unpubl). In this 
method, each unique combination of alíele fre- 
quencies is treated as a different character state, 
and the cost of transformation between states is 
the Manhattan distance between them (imple- 
mented using a step matrix). A heuristic search 
was performed, with starting trees obtained by 
random stepwise addition (25 replicates), tree 
bisection reconstruction (TBR) branch-swap- 
ping, and sa\ing all optimal trees (MULTREES 
option). A bootstrap analysis (Felsenstein, 1985) 
was performed with 1000 replicates, using heu- 
ristic searches with simple stepwise addition, 
TBR branch-swapping, and the MULTREES op- 
tion. 

The MANOB method, which does not allow 
hypothetical ancestors to have states different 
than those observed in the terminal taxa, is an 
approximation of a method called MANAD by 
Swofford and Berlocher (1987) in which hypo- 
thetical ancestors are not so constrained. In 
three allozyme datasets analyzed by Berlocher 
and Swofford (1997), the optimal tree obtained 
under MANOB was identical to at least one of 
those obtained under MANAD. Preliminary 
analysis of our data also found a very strong cor- 
relation between tree scores for the two meth- 
ods. Therefore, we used MANOB for the rest of 
our parsimony analyses. Because some of the 
programs we used do not allow missing data, or 
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allow only binary trees, we reduced the dataset 
by eliminating the four taxa with missing data 
(birchmanni 8419a, birchmanni 8718, birchmanni 
8721, birchmanni 8722). We also eliminated the 
most deeply nested populations from monophy- 
letic groups of conspecific populations accord- 
ing to the strict consensus tree from the MAN- 
OB analysis of the full dataset (cortezi 8420, 
southern nezahualcoyotl 8407, southern nezahual- 
coyotl 8402, northern nezahualcoyotl 8403, north- 
ern nezahualcoyotl 8405). This resulted in a re- 
duced dataset of 20 taxa. To find the optimal 
trees for this reduced dataset, we ran a MANOB 
analysis in PAUP*, using a branch-and-bound 
search and saved all optimal trees (MULTREES 
option). A bootstrap analysis (Felsenstein, 1985) 
was performed with 1000 replicates, using heu- 
ristic searches with simple stepwise addition, 
TBR branch-swapping, and the MULTREES op- 
tion. 

The character data were also analyzed under 
continuous character maximum likelihood 
(Cavalli-Sforza and Edwards, 1967; Felsenstein, 
1981, J. Felsenstein, Univ. of Washington, Seat- 
tle, 1993, unpubl.), using the Contml program 
in PHYLIP (vers. 3.572c, J. Felsenstein, Univ. of 
Washington, Seattle, 1993, unpubl.). Because 
this program does not allow missing data, the 
analysis was carried out on the reduced dataset 
of 20 taxa, using global rearrangements and 10 
random input orders of taxa. Bootstrap analysis 
was not done because subsampling resulted in 
taxa with identical transformed gene frequen- 
cies, which are not permitted by the Contml 
program. 

Distance analyses.•The reduced dataset of 20 
taxa was used to generate Nei (1972) and Cav- 
alli-Sforza and Edwards (1967) distances using 
PHYLIP. These distances were analyzed using 
the method of Fitch and Margoliash (1967) as 
implemented in PHYLIP using global rear- 
rangements and 10 random input orders of 
taxa. They were also analyzed using the neigh- 
bor-joining method (Saitou and Nei, 1987) in 
PHYLIP and the minimum evolution method 
(Rzhetsky and Nei, 1992) in PAUP* using a heu- 
ristic search with starting trees obtained by ran- 
dom stepwise addition (25 replicates), TBR 
branch-swapping and the MULTREES option. 
Bootstrap analyses were performed with 100 
replicates for the Fitch-Margoliash and neigh- 
borjoining analyses. Bootstraps were not done 
for minimum evolution because PAUP* does 
not calculate Nei and Cavalli-Sforza distances, 
which were imported from PHYLIP. 

Comparison with previous studies.•Previously pub- 
lished hypotheses of phylogenetic relationships 
within Xiphophorus were evaluated using the al- 
lozyme data. The trees included Rosen's (1979) 
morphologj'-based tree, the morphology and al- 
lozyme-based tree of Rauchenberger et al. 
(1990), Haas's (1992) behavior and morpholo- 
gy-based tree, two DNA sequence trees from 
Meyer et al. (1994), six trees based on RAPDs 
from Borowsky et al. (1995:figs. 4-9), and six 
trees from Marcus and McCune (1999:figs. 3-6) 
based on various combinations of the data from 
the previous papers. We also tested monophyly 
of the northern swordtails relative to the south- 
ern swordtails (represented in our analyses by 
X. hellen). Because pre\ious studies did not al- 
ways include all species sampled in our study, 
and because most previous studies used species 
rather than populations as OTUs, previous hy- 
potheses were evaluated using constraint trees. 
The relationships among our populations were 
constrained based on the published phylogeny, 
retaining the between species relationships but 
allowing relationships among conspecific pop- 
ulations to vary, allowing species to be paraphy- 
letic, and allowing unsampled species to be 
placed anywhere in the tree. Unrooted trees 
from Borowsky et al. (1995) were rooted either 
between the platies (X. maculatus, X. variatus, X. 
xiphidium) and the swordtails or between the 
northern and southern swordtails if no platies 
were included (i.e., in a position similar to that 
found in the current study). The trees were con- 
structed in MacClade (vers. 3.06, W. P. Maddi- 
son and D. R. Maddison, Sinauer Assoc, Inc., 
Sunderland, MA, 1992, unpubl.) and then load- 
ed as backbone constraints in PAUP*, which we 
used to search for the shortest trees that were 
consistent with each of the constraint trees un- 
der MANOB. Branch-and-bound searches were 
performed with the MULTREES option. Analy- 
ses were performed on the reduced dataset of 
20 taxa because missing data in the full dataset 
resulted in large numbers of equivalent trees. 

We determined the symmetric differences 
(Penny and Hendy, 1985) between the most- 
parsimonious unconstrained trees and the 
most-parsimonious trees under each of the con- 
straints using PAUP*. These values reflect how 
many groups different trees have in common. 
We also compared the optimal trees in the ab- 
sence of constraints with the optimal trees un- 
der each constraint by calculating the minimum 
difference in number of steps for each charac- 
ter {n = 28) between sets of constrained and 
unconstrained trees using a Wilcoxon signed 
ranks test to determine whether the trees cor- 
responding with previously proposed hypothe- 
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Fig. 2. Strict consensus tree of 60 shortest trees 
found using MANOB on the full dataset with boot- 
strap values for the various nodes. Length of optimal 
trees equals 61.96. Gray branches are supported by 
bootstrap values of < 50%. 
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Fig. 3. Strict consensus tree of 10 shortest trees 
found using MANOB on the reduced dataset with 
bootstrap values for the various nodes. Length of op- 
timal trees equals 53.625. 

ses required more steps for significantly more 
allozyme characters than the optimal MANOB 
trees (Templeton, 1983). Similar tests were per- 
formed under the likelihood criterion (Kishino 
and Hasegawa, 1989) by comparing the first bi- 
nary tree from each set of constrained and un- 
constrained trees obtained in the MANOB anal- 
ysis against the maximum-likelihood tree using 
the User Tree option in the Contml program of 
PHYLIR 

RESULTS 

The alíeles at the 28 loci and their frequen- 
cies in the 29 populations are summarized in 
Appendix 2. Three of the characters were mon- 
oallelic within the northern swordtails, whereas 
25 were variable, 20 of which were informative 
under parsimony (19 for the 20 taxon dataset). 
The number of alíeles for variable loci ranged 
from 2 to 6 (2 to 5 for the 20 taxon dataset). 

Character analyses.•Sixty shortest trees were 
found using MANOB for the full dataset, all 
with a length of 61.96. The strict consensus of 
these 60 trees with bootstrap values for the var- 
ious nodes is shown in Figure 2. The differences 
between the alternative topologies involved re- 
lationships among populations of X. nezahual- 
coyotyl, populations of X. birchmanni, and among 

X. continens, X. montezumae, and a clade of X. 
pygmaeus, X. nigrensis, and X. multilineatus (the 
pygmaeus clade of Rauchenberger et al., 1990). 
Ten nodes were supported in more than 50% 
of the bootstrap replicates: monophyly of the 
northern swordtails (68%), X. nigrensis and X. 
multilineatus as sister species (65%), the pyg- 
maeus clade (92%), a clade of the two popula- 
tions of X. montezumae (81%), a clade of two 
populations of X. ccnrtezi (8419b and 8420; 56%), 
the previous clade plus X. cortezi 8004 (52%), 
and four clades within X. nezahualcoyotl (south- 
ern nezahualcoyotl 8401, 8002 and 8407, 53%; 
southern nezahualcoyotl 8003 and 8402, 63%; 
northern nezahualcoyotl 8403 and 8405, 57%; 
and a clade of the previous two clades plus 
northern nezahualcoyotl 8106, 81%). 

The MANOB analysis of the reduced dataset 
yielded 10 shortest trees, all with a length of 
53.625. The strict consensus of these 10 trees 
with bootstrap values is shown in Figure 3. Sev- 
en nodes were supported in more than 50% of 
the bootstrap replicates, all of which were sim- 
ilarly supported in the full dataset, allowing for 
deleted taxa: monophyly of the northern sword- 
tails (75%); X. nigrensis and X. multilineatus as 
sister species (67%); the pygmaeus clade (86%); 
a clade of the two populations of X. montezumae 
(78%); a clade of two populations of X. cortezi 
(8419b and 8004, 61%); and a clade of two pop- 
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Fig. 4. The single best tree from continuous char- 
acter maximum likelihood analysis on the reduced da- 
taset. Ln-likelihood equals 1167.69. 

ulations of southern X. nezahualcoyoti, (8401 and 
8002, 56%), and a clade of two populations of 
X. nezahualcoyoti (southern nezahualcoyoti 8003 
and northern nezahualcoyoti 8106, 84%). 

Continuous character maximum likelihood 
analysis on the reduced dataset yielded a single 
best tree (Fig. 4) with a In-Iikelihood score of 
1167.69. This tree differs from the parsimony 
trees in placing the root for the northern sword- 
tails between the pygmaeus clade and the re- 
maining northern swordtails rather than within 
the cortezi clade (a putative clade composed of 
X. cortezi, X. birchmanni, and X. malinche accord- 
ing to Rauchenberger et al., 1990), in the po- 
sition of X. birchmanni within the cortezi clade, 
and in resolving the positions of southern X. 
nezahualcoyoti 8411 and X. continens. 

Distance analyses.•Fitch-Margoliash analysis of 
the data converted to Nei genetic distances pro- 
duced a single best tree (sum of squares = 
3.74291), which is shown with bootstrap values 
for the various nodes in Figure 5. Nine nodes 
are supported in more than 50% of the boot- 
strap replicates and include the seven nodes 
similarly supported under parsimony analysis of 
the reduced dataset. The nodes supported in 
more than 50% of the bootstrap replicates in 
the Fitch-Margoliash analysis that were not com- 
parably supported by the parsimony analysis in- 
clude a clade of three populations of X. cortezi 
(8004, 8419b and 8422, 55%), and a clade of X. 
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Fig. 5. The single best tree from Fitch-Margoliash 
analysis of the reduced dataset converted to Nei ge- 
netic distances with bootstrap values for the various 
nodes. Sum of squares equals 3.74291. 

montezumae and X. continens (52%). Fitch-Mar- 
goliash analysis of the data converted to Cavalli- 
Sforza distances yielded an optimal tree that dif- 
fered from the tree based on the Nei distances 
only in the placement of the three larger clades: 
with the Cavalli-Sforza distances the cortezi clade 
and Rauchenberger et al.'s (1990) montezumae 
clade (which includes X. montezumae, X. conti- 
nens, and X. nezahualcoyoti) are sister groups; 
with the Nei distances the pygmaeus clade and 
montezumae clade are sister groups. Neighbor- 
joining analyses of the data converted to Nei 
and Cavalli-Sforza genetic distances produced 
identical trees (not shown). The two neighbor- 
joining trees were similar to the Fitch-Margo- 
liash trees based on Cavalli-Sforza distances in 
placing the montezumae and cortezi clades togeth- 
er but differed from both Fitch-Margoliash trees 
in how they resolved relationships within X. ne- 
zahualcoyoti (specifically, the placement of south- 
ern nezahualcoyoti 8411 ). 

The optimal tree (S = 1.80852) produced by 
the minimum evolution analysis of the data con- 
verted to Nei distances is presented in Figure 6. 
The optimal tree (S = 2.74356) produced by 
minimum evolution analysis of Cavalli-Sforza 
distances differed from the tree based on Nei 
distances in placing X. malinche and X. birchman- 
ni with X. cortezi, placing the pygmaeus clade as 
sister group to the rest of the northern sword- 
tails, and in the placement of southern neza- 
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Fig. 6. The single best tree produced by the min- 
imum evolution analysis of the reduced dataset con- 
verted to Nei genetic distances. S = 1.80852. 

hualcoyotl 8411 within X. nezahualcoyotl. Overall, 
the trees from the various distance analyses 
were similar, differing only in the relationships 
among the three larger clades, the monophyly 
of the cortezi clade, and the relationships of 
southern nezahualcoyotl 8411. 

Comparison with previous studies.•Comparisons 
between the most-parsimonious trees found un- 
der constraints corresponding with previously 
published trees and the most-parsimonious un- 
constrained trees are given in Table 2. In gen- 
eral, the constrained trees that were most dif- 
ferent from the unconstrained trees as assessed 
by symmetric differences also provided the 
worst fit to the data as assessed by tree length 
(Spearman Correlation, Z = 2.50, P = 0.01). 
Comparison of the optimal trees without con- 
straints with the optimal trees under various 
constraints using the Wilcoxon signed ranks test 
revealed that five of the constraint trees corre- 
sponding with previously published hypotheses 
are rejected by the allozv'me data (Table 2): the 
parsimony and neighbor joining trees presented 
by Meyer et al. (1994) as well as figures 4, 5, 
and 6b presented by Marcus and McCune 
(1999). Results under likelihood were similar, 
except that only the neighbor joining tree of 
Meyer et al. (1994) and figure 4 of Marcus and 
McCune (1999) were rejected, although the 
parsimony tree of Meyer et al. (1994) and fig- 
ures 5 and 6b of Marcus and McCune (1999) 

were all the next worst trees in terms of their 
In-likelihood scores. 

DISCUSSION 

The allozyme data reported here provide dif- 
ferent amounts of resolution and support con- 
cerning relationships among species of north- 
ern swordtails. Comparison of the optimal trees 
based on different phylogenetic methods indi- 
cates that the trees are congruent for nodes that 
were reasonably well supported by the individ- 
ual methods. We considered relationships well 
supported if they were present in the optimal 
trees of all the different analyses and were also 
supported in more than 50% of the bootstrap 
replicates within the individual analyses where 
such analyses were performed. Three of these 
relationships were between species: monophyly 
of the northern swordtails, monophyly of the 
pygmaeus clade of X. nigrensis, X. multilineatus, 
and X. pygmaeus, and X. nigrensis as the sister 
species of X. multilineatus. The strongly support- 
ed relationships within species included a clade 
of the two populations of X. montezumae, sug- 
gesting that this species is monophyletic, and a 
clade of southern X. nezahualcoyotl 8401, 8002 
and 8407 (when present). The last two popula- 
tions (southern X. nezahualcoyotl 8401 and 8002) 
are from adjacent tributaries of the Rio El Salto 
and are separated by only 8 km. In addition, 
there was strong support to suggest that popu- 
lations of X. nezahualcoyotl do not form mono- 
phyletic groups based on the drainage in which 
they occur. Instead, two of five populations from 
the Rio Panuco drainage (southern X. neza- 
hualcoyotl 8003 and southern X. nezahualcoyotl 
8402), both collected upstream in the Rio El 
Salto and Arroyo Los Gatos, are more closely 
related to the northern populations from the 
Rio Tamesi drainage than to other populations 
from the Rio Panuco drainage. 

We considered relationships weakly support- 
ed if they were supported by 50% or more of 
the bootstrap replicates (where applicable) and 
were not contradicted by the optimal trees in 
any of the analyses, or they were present in the 
optimal trees of all analyses, but not necessarily 
in greater than 50% of the bootstrap replicates. 
The weakly supported relationships included 
the interspecific relationship between X. monte- 
zumae and X. continens, and the monophyly of 
the species X. nezahualcoyotl. In addition, the 
montezumae clade was present in the optimal 
tree of some of the analyses and not contra- 
dicted by any of them. The relationships for 
which there was disagreement between analyses 
were those for which the data were least infor- 
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mative and included the placement of X. birch- 
manni, X. malinche, and the root for the north- 
ern swordtails. 

All of the phylogenetic analyses of the allo- 
zyme data presented in this study supported 
monophyly of the northern swordtails. Rosen 
(1960) recognized the northern swordtails plus 
X. milleri as a group (his montezumae species 
group) but later rejected it as paraphyletic (Ro- 
sen, 1979). Rauchenberger et al. (1990) identi- 
fied several characters that allegedly support 
monophyly of the northern swordtails, includ- 
ing two pigment characters, two sword charac- 
ters, and five allozyme characters, but they did 
not test for monophyly in their analysis (our re- 
sults suggest that three•SMDH-2, PVALB-1, 
SSOD•support monophyly). In addition to the 
current study, monophyly of the northern 
swordtails has been supported by DNA sequenc- 
es (Meyer et al., 1994), RAPDs (Borowsky et al., 
1995) and a combined phenotypic dataset (Mar- 
cus and McCune, 1999). In the constraint tree 
analysis, the allozyme data alone were unable to 
reject the placement of X. hellen within the 
northern swordtails; nevertheless, monophyly of 
the northern swordtails is favored by both the 
allozyme and other data. 

Two other relationships between species were 
supported in all of the analyses of the allozyme 
data: the pygmaeus clade, and within that clade, 
X. nigrensis as the sister species of X. multilinea- 
tus. Rauchenberger et al. (1990) described the 
pygmaeus clade at the same time they recognized 
populations formerly referred to as X. nigrensis 
as two species, X. nigrensis from the Rio Choy 
and X. multilineatus from the Rio Coy. These two 
species are very similar but nevertheless are dis- 
tinguishable both morphologically and allozym- 
ically (Rauchenberger et al., 1990). DNA se- 
quence data of Meyer et al. (1994) supported 
the sister species relationship between X. nigren- 
sis and X. multilineatus in both parsimony and 
neighbor-joining analyses (95% and 96% boot- 
strap values respectively). These analyses did 
not support the pygmaeus clade, placing X. pyg- 
maeus with X. birchmanni in the maximum-par- 
simony tree and with X. montezumae in the 
neighbor-joining tree, though both relation- 
ships were weakly supported (see below). In ad- 
dition, the pygmaeus clade was not supported by 
the various analyses of the Meyer et al. (1994) 
sequence data by Marcus and McCune (1999), 
and again placement of X. pygmaeus with other 
taxa was weakly supported (see below). In con- 
trast, the pygmaeus clade is present in all of trees 
presented in Borowsky et al. (1995), but in the 
two of their trees where all three species of this 
clade were included (Borowsky et al., 1995:figs. 

8-9), X. multilineatus is the sister species of X. 
pygmaeus rather than of X. nigrensis (bootstrap 
values or any other measures of support were 
not provided). This clade is also present in the 
combined data analysis of Marcus and McCune 
(1999:fig. 3). Finally, analysis of behavioral data 
by Haas (1992) supported a clade of X. pygmaeus 
and X. nigrensis {X. multilineatus was not includ- 
ed in that study) and so did the combined data 
analysis of Marcus and McCune (1999:fig. 3). In 
summary, the pygmaeus clade is supported by al- 
lozymes, morphology, RAPD's and behavior, 
and only weakly contradicted by DNA sequenc- 
es, whereas the sister species relationship be- 
tween X. nigrensis and X. multilineatus is sup- 
ported by allozymes, morpholog)' and DNA se- 
quences and only contradicted by RAPDs. 

Of the intraspecific relationships supported 
in all the analyses of the allozyme data, the close 
relationship between certain northern popula- 
tions of X. nezahualcoyotl from the Rio Panuco 
drainage and the populations from the Rio Ta- 
mesi drainage bears on the hypothesis present- 
ed by Rauchenberger et al. (1990) concerning 
colonization of the Rio Tamesi drainage by this 
species. Those authors suggested the streams in 
the Ocampo area, which are currently part of 
the Rio Tamesi system, formerly had a southern 
connection to the Rio Panuco system through 
the Rio Los Gatos or the Rio El Salto. Our find- 
ing that the population from the Rio Los Gatos 
(southern X. nezahualcoyotl 8003) is closely re- 
lated to the populations from the Rio Tamesi 
drainage supports their proposed connection. 
The situation is complicated, however, by an ap- 
parent close relationship between only one of 
the four populations (southern X. nezahualcoyotl 
8402) from the Rio El Salto drainage and the 
population from the Rio Los Gatos. Sampling 
of additional localities in these rivers might clar- 
ify the phylogeography of this species. 

In a previous phylogenetic analysis of the 
northern swordtails, Rauchenberger et al. 
(1990) used 11 of the 28 electrophoretic char- 
acters used in our analysis and two that we did 
not include (CAl, carbonic anhydrase-1 and 
ADA, adenesine deaminase) in addition to mor- 
phological characters. CAl was not included in 
this study because of missing data: the stain for 
CAl was developed after the beginning of the 
allozyme study, and therefore several of the ear- 
ly populations were not examined for this locus. 
ADA was not included because it has numerous 
alíeles, making it difficult to compare all pairs 
of alíeles directly to determine their relative mo- 
bilities. Rauchenberger et al. (1990) coded in- 
dividual alíeles as characters and their pres- 
ence/absence as character states; this method 
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Fig. 7. Strict and semistrict consensus trees of the 
optimal trees for the allozyme data based on parsi- 
mony, likelihood, Fitch-Margoliash, neighbor joining 
and minimum evolution methods. The tree as illus- 
trated is the semistrict consensus tree; the branch in 
gray is missing from the strict consensus tree. 

results in unrealistic reconstructions of ances- 
tral allelic conditions and is generally no longer 
recommended for allozj'me data (Buth, 1984; 
Mickevich and Mitter, 1981, 1982). Neverthe- 
less, the results of our analyses of the allozj'me 
data were incongruent with only one of the re- 
lationships they presented {X. montezumae as sis- 
ter species of X. nezahualcoytl rather than X. con- 
tinens) . 

Comparison of previously published and op- 
timal trees using Templeton's (1983) test reveals 
that 12 of the previously published trees (those 
of Rosen, 1979; Rauchenberger et al. 1990; 
Haas, 1992; Borowsky et al., 1995; and three 
trees of Marcus and McCune, 1999) do not dif- 
fer significantly from the optimal trees in terms 
of the number of allozv'me characters that favor 
alternative trees (Table 2). These 12 trees also 
explain the allozv'me data reasonably well in 
terms of tree length (none are more than 7% 
longer than the optimal trees) as well as likeli- 
hood (all are within 22 In-likelihood units of the 
optimal tree). Six of the 12 trees (those of 
Rauchenberger et al. 1990; Haas, 1992; Borows- 
ky et al., 1995:figs. 4•6; Marcus and McCune, 
1999:fig. 3) exhibit no conflicts with the strict 
consensus of the optimal trees for the allozyme 
data based on the various analytical methods 
used in this study (Fig. 7). Four others (those 

of Rosen, 1979; and Borowsky et al., 1995:figs. 
7-9) exhibit only a single such conflict. In some 
cases, the previously published trees are highly 
resolved and exhibit only minor differences 
from the optimal trees for the allozyme data. 
For example, the tree of Rauchenberger et al. 
(1990) differs from the optimal trees for the al- 
lozv'me data only in the relationships among the 
three species of the montezumae clade, the tree 
from Figure 3 (Marcus and McCune, 1999) 
based on the combined dataset differs only in 
the relationships among the cortezi clade, where- 
as two of the trees of Borowsky et al. (1995:figs. 
7-8) differ only in the relationships among the 
three species of the pygmaeus clade. In other cas- 
es, the previously published trees have relatively 
few resolved nodes and thus little potential for 
conflict. For example, the tree of Haas (1992) 
does not include X. continens and X. malinche 
and has only two resolved nodes within the 
northern swordtails. Similarly, one of the trees 
of Borowsky et al. (1995:fig. 4) includes only 
three of the nine northern swordtail species. 

The only previously published trees that pro- 
vide a significantly worse fit to the allozyme 
data, as assessed by Templeton's (1983) test, are 
the two trees of Meyer et al. (1994) and the 
three trees from Marcus and McCune (1999), 
all of which are based on dataseis that include 
at least some of the DNA sequence data of Mey- 
er et al. (1994). These trees also provide the 
worst fits to the allozyme data as assessed by 
both tree length (all are at least 10% longer 
than optimal trees) and likelihood (none are 
within 26 In-likelihood units of the optimal 
tree), and they are the most different from the 
optimal trees as assessed by the number of con- 
flicting nodes (Table 2). The two trees from 
Meyer et al. (1994), based on parsimony and 
neighbor-joining analyses of DNA sequence 
data, differ in several ways both from each other 
and from the optimal trees for the allozj'me 
data. Notable, however, is the placement of X. 
pygmaeus, which is the putative sister group of 
X. birchmanni with the two species as the puta- 
tive sister group of all other northern swordtails 
in the parsimony tree [the tree of Marcus and 
McCune (1999) based on the same data (their 
fig. 4) is nearly identical], and is the putative 
sister group of X. montezumae in the neighbor- 
joining tree. Because these relationships contra- 
dict one another, the placement of X. pygmaeus 
is unresolved in the strict (and semistrict) con- 
sensus of the two trees (not shown) and the al- 
ternative relationships are only weakly support- 
ed, with bootstrap values less than 50% (the ac- 
tual values are 31% for X. pygmaeus and X. birch- 
manni in the parsimony analysis, and 47% for 
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X. pygmaeus and X. montezumae in the neighbor- 
joining analysis). The trees in figures 5 and 6b 
(Marcus and McCune, 1999) place X. birchmanni 
and X. pygmaeus outside of a clade formed by 
the rest of the northern swordtails but not as 
sister groups (bootstraps were 42% or less). Ad- 
ditional analyses using Templeton's (1983) test 
with constraint trees and the allozyme data 
nearly reject a sister-group relationship between 
X. pygmaeus and X. birchmanni (Z = •1.99, n = 
6, P = 0.06), as well as one between X. pygmaeus 
and X. montezumae (Z = •1.57-2.02, n = 6-5, P 
= 0.12-0.06). Similar analyses with trees con- 
strained to have X. birchmanni and X. pygmaeus 
outside of a clade formed by the rest of the 
northern swordtails rejected that relationship 
(Z= -2.20, n= 7,P= 0.03). 

In summary, the results of phylogenetic anal- 
yses of allozyme data are highly congruent with 
those of similar analyses of datasets derived 
from morpholog)', behavior, and randomly am- 
plified DNAs. They are also largely congruent 
with the results of phylogenetic analyses of DNA 
sequence data, differing primarily in relation- 
ships that are weakly supported by the sequence 
data. Although the allozyme data are only able 
to resolve about half of the 17 possible nodes 
within the northern swordtail clade (bootstraps 
> 50%), they are nonetheless able to reject sev- 
eral pre\iously proposed h)'potheses of relation- 
ships within this clade. 
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