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Abstract

It has proven remarkably difficult to obtain a well-resolved and strongly supported phylogeny for horned lizards (Phrynosoma)
because of incongruence between morphological and mitochondrial DNA sequence data. We infer the phylogenetic relationships among
all 17 extant Phrynosoma species using >5.1 kb of mtDNA (12S rRNA, 16S rRNA, NDI, ND2, ND4, Cyt b, and associated tRNA genes),
and >2.2kb from three nuclear genes (RAG-1, BDNF, and GAPD) for most taxa. We conduct separate and combined phylogenetic analy-
ses of these data using maximum parsimony, maximum likelihood, and Bayesian methods. The phylogenetic relationships inferred from
the mtDNA data are congruent with previous mtDNA analyses based on fewer characters and provide strong support for most branches.
However, we detected strong incongruence between the mtDNA and nuclear data using comparisons of branch support and Shimodaira—
Hasegawa tests, with the (P. platyrhinos+ P. goodei) clade identified as the primary source of this conflict. Our analysis of a P. mcallii
x P. goodei hybrid suggests that this incongruence is caused by reticulation via introgressive hybridization. Our preferred phylogeny
based on an analysis of the combined data (excluding the introgressed mtDNA data) provides a new framework for interpreting charac-
ter evolution and biogeography within Phrynosoma. In the context of this improved phylogeny we propose a phylogenetic taxonomy
highlighting four clades: (1) TapaJa, containing the viviparous short-horned lizards P. ditmarsi, P. hernandesi, P. douglasii, and P. orbicu-
lare; (2) ANoTa, containing species with prominent cranial horns (P. solare, P. mcallii, and the P. coronatum group); (3) DOLIOSAURUS,
containing three species lacking antipredator blood-squirting (P. modestum, P. platyrhinos, and P. goodei); and (4) BREVICAUDA, contain-
ing two viviparous species with extremely short tails that lack blood-squirting (P. braconnieri and P. taurus).
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction animals), and the fact that mtDNA is functionally haploid

and uniparentally inherited, and thus is expected to coa-

Mitochondrial DNA (mtDNA) sequences have pro-
vided valuable data for phylogeographic and interspecific
phylogenetic studies for the past two decades (Avise, 1994,
2000). This reflects a number of favorable attributes of
mtDNA including ease of data collection (universal prim-
ers and large copy numbers), rapid rates of evolution (in
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lesce more rapidly on average than most nuclear genes
(Edwards and Beerli, 2000; Hudson and Turelli, 2003).
Nevertheless, it is well-known that mtDNA is not a pana-
cea for phylogenetics, and can be subject to a number of
confounding complications including incomplete lineage
sorting of retained ancestral polymorphisms, introgression,
and sex-biased life histories (Avise, 1994, 2000; Harrison,
1991; Niegel and Avise, 1986; Moore, 1995). Thus, it is
important to consider these possibilities when significant
discordance is observed among diverse data sets such as
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morphology, mtDNA, and nuclear genes (Ballard and
Whitlock, 2004; de Queiroz et al., 1995; Eernisse and Kluge,
1993). Several phylogenetic studies of horned lizards (genus
Phrynosoma) have identified strong incongruence between
mtDNA and morphological data (Hodges and Zamudio,
2004; Reeder and Montanucci, 2001), but have not pro-
vided a definitive explanation for the discordance. The
focus of the present study is to resolve the previously identi-
fied incongruence, thereby allowing for the generation of a
robust, multi-locus phylogenetic estimate for Phrynosoma.

Horned lizards (Phrynosoma), with their unusual mor-
phology and life-history, are among the most distinctive
and recognizable of North American animals. Not sur-
prisingly, these lizards have been the subjects of diverse
research including many taxonomic and phylogenetic
studies (e.g., Heath, 1964; Hodges, 2004a; Hodges and
Zamudio, 2004; Howard, 1974; Lynn, 1965; Montanucci,
1987, 1989; Pianka and Parker, 1975; Presch, 1969; Ree-
der and Montanucci, 2001; Reeve, 1952; Schmidt et al.,
1989; Sherbrooke, 1987, 1997, 2001, 2003; Sherbrooke
et al., 2004; Sherbrooke and Mendoza-Quijano, 2005;
Sherbrooke and Middendorf, 2001; Sherbrooke and
Montanucci, 1988; Zamudio, 1998; Zamudio et al., 1997;
Zamudio and Parra-Olea, 2000). Most horned lizards
have diets consisting primarily of ants, a dietary special-
ization which might be linked to an unusual complement
of adaptations including a squat, dorsoventrally com-
pressed body, cranial horns and body fringes, camouflag-
ing coloration, and sedentary habits (Sherbrooke, 2003).
The horned lizard body plan effectively eliminates the
option of rapid escape from predators; rather than taking
flight, horned lizards generally attempt to avoid
predation by relying on crypsis (Sherbrooke, 2001). Anti-
predator behavior is taken to the extreme in the bizarre
rock-mimicking strategy employed by P. modestum
(Sherbrooke and Montanucci, 1988). Upon capture, some
species orient their heads downward to make their long
temporal horns appear more formidable (Sherbrooke,
1987, 2003), or more spectacularly, will squirt blood from
their ocular-sinus (Middendorf and Sherbrooke, 1992;
Sherbrooke and Middendorf, 2001, 2004). Sherbrooke
and Middendorf (2001) estimated that an individual
P. cornutum may lose up to 53% of its total blood volume
in a single squirt.

Prior to 1997, researchers recognized 12 species of
Phrynosoma distributed from Canada to Guatemala, but
recent reevaluations of species limits within three polytypic
groups have increased that number to 17 (P. blainvillii,
P. cerroense, P. coronatum, and P. wigginsi: Montanucci,
2004; P. douglasii and P. hernandesi: Zamudio et al., 1997,
P. goodei and P. platyrhinos: Mulcahy et al., in press). For
reasons outlined above, the relationships among these 17
species remain controversial, with the consequence of seri-
ously confounding detailed comparative analyses of their
peculiar morphologies and unusual life-history strategies.

Reeve (1952) presented the first phylogenetic hypotheses
for Phrynosoma based on non-cladistic treatments of mor-

phological and osteological characteristics. This was followed
by the implicitly cladistic osteological study of Presch (1969),
which generated a phylogenetic hypothesis for horned lizards
very much at odds with that of Reeve (1952). Montanucci
(1987) conducted the first explicitly cladistic analysis of the
group, basing his analysis on osteology and scalation. The
first molecular study was undertaken by Reeder and Mont-
anucci (2001), in which relationships were inferred on the
basis of 671bp of 12S and 16S rRNA (mtDNA) sequence
data. The Reeder and Montanucci (2001) study also included
a reanalysis of Montanucci’s original morphological data (32
informative characters). Their preferred phylogeny, based on
a combination of morphological and genetic data, was fully
resolved, but with only three strongly supported clades: (1)
P. taurus and P. braconnieri, (2) P. ditmarsi, P. hernandesi,
and P. orbiculare, and (3) P. platyrhinos and P. mcallii.
Reeder and Montanucci (2001) detected strong incongruence
between their mtDNA and morphological data sets based on
consensus tree methods and Wilcoxon signed-ranks tests.
Hodges and Zamudio (2004) expanded the Reeder and
Montanucci (2001) study by adding 1797 additional mtDNA
characters (Cyt b and ND4) and including genetic data for
P. braconnieri and P. douglasii. Their phylogenetic estimate
based on combined mtDNA and morphological data
supported five clades with strong support: (((P. ditmarsi+
P. hernandesi)+ P. douglasii)+ P. orbiculare); (P. platyrhinos
+ P. mcallii); (P. taurus+ P. braconnieri). However, they also
identified strong incongruence between their morphological
and mtDNA topologies using partition homogeneity tests
and parametric bootstrapping. The only clade retained in a
strict consensus of their preferred mtDNA and morphology
trees was (P. taurus + P. braconnieri).

In this paper, we take a multi-locus approach and ana-
lyze data from three nuclear genes, as well as six mitochon-
drial genes and their flanking tRNAs. Our nuclear genes
(>2.2kb) include recombination activating gene-1 (RAG-1),
brain-derived neurotrophic factor (BDNF), and glyceralde-
hyde-3-phosphate dehydrogenase (GAPD). We expand the
existing mtDNA data set to include over 5.1kb of sequence
data including 128, 16S, NDI, ND2, ND4, Cyt b, and asso-
ciated tRNA genes. Because one of our primary objectives
is to identify and resolve the factors generating strong
incongruence among competing Phrynosoma topologies,
we compare the trees inferred from our mtDNA and
nuclear data using local and global tests of congruence to
identify specific problematic relationships. Processes poten-
tially responsible for incongruence could include character
convergence (applicable to morphology and DNA), incom-
plete lineage sorting of ancestral polymorphisms (applica-
ble to genetic data), and reticulation (introgressive
hybridization, recombination, and horizontal gene trans-
fer). Interspecific hybridization is documented in Phryno-
soma (Baur, 1984; Montanucci, 2004, Mulcahy et al., in
press), and therefore introgression via cytoplasmic capture
could provide an explanation for discordance between data
sets (as suggested previously by Reeder and Montanucci,
2001).
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We use our preferred phylogeny of Phrynosoma to
reconstruct the evolutionary history of several interesting
characters, reinterpret the biogeographic history of the
group, and provide a phylogenetic taxonomy. Anti-preda-
tor blood-squirting is considered to be the ancestral state in
Phrynosoma, but the number of subsequent losses of this
character remains unclear (Hodges, 2004b; Sherbrooke
et al., 2004; Sherbrooke and Mendoza-Quijano, 2005; Sher-
brooke and Middendorf, 2001). Variation in crainial horn
morphology is striking within Phrynosoma, with some
species exhibiting an impressive armament of horns (e.g.,
P. solare and P. mcallii), while other species almost lack
horns entirely (e.g., P. ditmarsi and P. douglasii). We reeval-
uate the traditional division of Phrynosoma into southern
and northern radiations (Montanucci, 1987) and present a
revised biogeographic scenario. Finally, we provide a phy-
logenetic taxonomy to emphasize the strongly supported
clades that should be of particular interest for future com-
parative studies within Phrynosoma.

In addition, as a by-product of our outgroup sampling
and rooting strategy we are able to infer the phylogenetic
relationships among the remaining phrynosomatid sand liz-
ard genera (Cophosaurus, Callisaurus, Holbrookia, and
Uma). The relationships among these lineages are unclear,
and previous studies based on morphology (de Queiroz,
1989), allozymes (de Queiroz, 1992), and mtDNA (Wil-
genbusch and de Queiroz, 2000) have produced conflicting
results. The two points of contention among competing
hypotheses are whether Uma or Holbrookia was the first
lineage to diverge and if the two “earless” genera with con-
cealed tympanic membranes (Cophosaurus and Holbrookia)
form a clade. Although Wilgenbusch and de Queiroz (2000)
found strong support for an “earless” clade based on Cyt b
and 12S mtDNA data, they could not infer the placement
of Uma with strong statistical support.

2. Materials and methods
2.1. Taxon sampling

We included exemplars of all currently recognized spe-
cies of Phrynosoma in our analysis, including new species
from recent systematic revisions. Our taxon sampling
scheme enables us to infer the phylogenetic relationships
among all recognized species within Phrynosoma, but it
does not enable us to test the monophyly of any species. We
included representatives of the four evolutionary species
(P. blainvillii, P. cerroense, P. coronatum, and P. wigginsi)
within what was previously considered P. coronatum
(Montanucci, 2004), but consider this new taxonomy of the
P. coronatum group a working hypothesis awaiting phylo-
genetic analysis. Mulcahy et al. (in press) suggested the ele-
vation of P. platyrhinos goodei to species status on the basis
of mtDNA sequence data. We include this species, and a
putative P. mcallii x P. goodei hybrid identified by Mulcahy
et al. (in press) based on morphology. Several samples in
our analyses were those used in the original Reeder and

Montanucci (2001) and Hodges and Zamudio (2004) stud-
ies, including those representing P. ditmarsi, P. orbiculare,
and P. taurus. While we attempted to collect data from only
one voucher specimen per species, in some cases we were
forced to combine data originating from different individu-
als to obtain a complete, yet composite, taxon-specific
sequence (Appendix A). For composite taxa, we ensured
that each data subset was derived from the same lineage
and not assignable to any new species.

We included one exemplar specimen to represent each
genus of phrynosomatid sand lizard, including Cophosaurus
texanus, Callisaurus draconoides, Holbrookia maculata, and
Uma notata. We included Uta stansburiana as a more dis-
tant outgroup, based on prior phylogenetic studies (Reeder,
1995; Reeder and Wiens, 1996). Appendix A lists voucher
specimen information.

2.2. Molecular data

We collected new mitochondrial and nuclear DNA
sequence data for all currently recognized species of
Phrynosoma except for P. braconnieri and P. douglasii, as
well as for each of our five outgroup taxa (Callisaurus,
Cophosaurus, Holbrookia, Uma, and Uta). Published
mtDNA data sequences (representing ND4, Cyt b, and 16S)
were downloaded from GenBank or the website of Tod W.
Reeder (Appendix A).

For new samples, total genomic DNA was isolated from
liver using Qiagen DNeasy extraction kits (Qiagen). We
PCR amplified and sequenced four mitochondrial DNA
fragments. One fragment (~950bp) contained part of the
phenylalanine tRNA and most of the 12S rRNA gene
(12S). A second fragment (~1300bp) contained a small
portion of the 3’ end of the 16S gene, the entire ND1 pro-
tein-coding gene (NDI), and the leucine, isoleucine, and
glutamine tRNA genes. The third fragment (~1200bp)
contained the entire ND2 protein-coding gene (ND2), and
the tryptophan and alanine tRNA genes. Finally, the ND4
protein-coding gene (ND4) was amplified and sequenced
for the recently described taxa not included in previous
studies. A common PCR condition was used for all mito-
chondrial DNA fragments. Approximately 10-25ng of
total DNA was used as template for PCR in a final volume
of 25l containing 10mM of 2.5x buffer, 1.5 mM MgCl,,
0.1 mM of each dNTP, 0.5 uM of each primer, and 1.25U of
Tag polymerase. Sufficient PCR product for direct sequenc-
ing was generated after 38 cycles (94 °C for 30s, 55°C for
1 min, and 72 °C for 1 min).

We targeted three nuclear genes in the study, including
an ~1100bp fragment of the recombination activating
gene-1 exon (RAG-1), a ~750bp fragment of brain-derived
neurotrophic factor exon (BDNF), and ~350 base pairs of
glyceraldehyde-3-phosphate dehydrogenase intron
(GAPD). Oligonucleotide primers used for PCR and
sequencing of all nuclear and mitochondrial genes are pro-
vided in Table 1. BDNF required ~50ng of DNA in a final
volume of 25 pl and the following cycle parameters: initial
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Table 1

Oligonucleotide primer sequences used in this study

Gene Primer name: sequence (5'-3") Source

128 tPhe: AAAGCAC(A/G)GCACTGAAGATGC Wiens et al. (1999)
12e: GT(A/G)CGCTTACC(A/T)TGTTACGACT

NDl1 16dR: CTACGTGATCTGAGTTCAGACCGGAG Leaché and Reeder (2002)
tMet: ACCAACATTTTCGGGGTATGGGC

ND2 Metf6: AAGCTTTCGGGCCCATACC Macey et al. (1997)
AsnR2: TTGGGTGTTTAGCTGTTAA

ND4 Leu: ACCACGTTTAGGTTCATTTTCATTAC Arévalo et al. (1994)
ND4: CACCTATGACTACCAAAAGCTCATGTAGAAGC

BDNF BDNF-F: GACCATCCTTTTCCT(G/T) ACTATGGTTATTTCATACTT M. Brandley (pers. comm.)
BDNF-R: CTATCTTCCCCTTTTAATGGTCAGTGTACAAAC

GAPD GAPDH: CCAAGGTCATCCATGACAAC Lyons et al. (1997)
GAPDL: GCTTCACCACCTTCTTGATG

RAGI JRAGI1f2: CAAAGT(A/G)AGATCACTTGAGAAGC J. Schulte (pers. comm.)

JRAGIr3: ACTTG(C/T) AGCTTGAGTTCTCTTAG(A/G)CG

denaturation for 2min at 94°C followed by 35 cycles of
94°C for 30s, 50°C for 30s, 72°C for 1 min. RAG-I reac-
tion conditions were slightly modified and contained 10 ng
of DNA in a final volume of 20 ul containing 10mM of
2.5x buffer, 0.75mM MgCl,, 0.1 mM of each dNTP, 1 uM
of each primer, and 1.5U of Tag polymerase. PCR cycle
parameters for RAG-1 were similar to BDNF, except for a
higher annealing temperature of 55 °C and 40 cycles. GAPD
used similar reaction conditions as R4 G-I, but the anneal-
ing temperature for PCR was increased to 58 °C and only
35 cycles were necessary.

We purified mtDNA and nuclear PCR products using
ExoSAP-IT (USB). We sequenced using dye-labeled dide-
oxy terminator cycle sequencing with BigDye v3.1 (Applied
Biosystems) and an ABI 3730 automated DNA sequencer.
We aligned and edited contiguous DNA sequences using
Sequencher v4.2. We imported sequences lacking length
variation directly into NEXUS file format for phylogenetic
analyses. We aligned sequences with length variation in
Clustal X (Thompson et al., 1997) using default parameter
settings. We identified indel-prone regions, which may cor-
respond with areas of uncertain homology, by generating
additional alignments with the gap opening penalty set to 6
and 15 (Titus and Frost, 1996). We excluded these positions
from subsequent analyses. All sequences are deposited in
GenBank  (Accession Nos. DQ385300-DQ385428).
Sequence alignments are deposited in TreeBase (Study
Accession No.: S1451).

2.3. Phylogenetic analysis

We conducted separate phylogenetic analyses for the fol-
lowing data sets: RAG-1, BDNF, GAPD, combined
mtDNA data (=mtDNA data), combined nuclear data,
and combined mtDNA and nuclear data (=combined
data). Phylogenetic analyses using maximum parsimony
(MP) and maximum likelihood (ML) were conducted in

PAUP* v4.0b10 (Swofford, 2001). We conducted equally
weighted MP heuristic searches with 1000 random sequence
addition replicates and TBR branch swapping for the
mtDNA data and combined data. Gaps were treated as a
fifth character state. Maximum parsimony analyses of the
separate and combined nuclear data used the branch-and-
bound search algorithm. We estimated nodal support using
non-parametric bootstrapping (1000 pseudo-replicates)
with heuristic searches involving 10 random sequence addi-
tion replicates.

For ML analyses, we used MrModeltest v2.2 (Nylander,
2004) to select the best-fit nucleotide substitution model for
the data. When the best-fit model selected for a data parti-
tion did not match between the four different hierarchies
for the likelihood-ratio test and the Akaike information cri-
terion, we selected the more parameter-rich model (Posada
and Crandall, 2001). We feel justified in implementing a
more parameter-rich model in these cases, because under-
parameterization of likelihood-based phylogenetic analyses
may result in biased (increased) clade support (Huelsen-
beck and Rannala, 2004; Lemmon and Moriarty, 2004).
Maximum likelihood analyses were initiated using MP
trees and used TBR branch swapping with one random
sequence addition replicate. We used a successive approach
to find the ML tree (Sullivan et al., 2005; Swofford et al.,
1996), where we optimized the nucleotide substitution
model parameter estimates and the tree topology (including
branch lengths) in an iterative fashion until the ML param-
eter values stabilized. We conducted ML non-parametric
bootstrapping with 100 pseudo-replicates, one random
sequence addition replicate, and TBR branch swapping.

Partitioned Bayesian phylogenetic analyses were con-
ducted using MrBayes v.3.0b4 (Huelsenbeck and Ronquist,
2001). We partitioned protein-coding genes (i.e., NDI, ND2,
ND4, Cyt b, BDNF, and RAG-1) by codon position,
because previous analyses of mtDNA have shown this to be
an effective partitioning strategy (Brandley et al., 2005).
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Thus, our combined nuclear, mtDNA, and combined data
Bayesian analyses contained 7, 13, and 20 partitions,
respectively. We produced posterior probability distribu-
tions by allowing four incrementally heated Markov chains
(default heating values) to proceed for two million genera-
tions, with samples taken every 1000 generations. The Mar-
kov chain of interest was considered to have converged
when stationarity was reached, which we determined by
plotting the posterior probability values of nodes against
generation time in a cumulative fashion using the online
computer program AWTY (Wilgenbusch etal., 2004).
Analyses were repeated beginning with different starting
trees to ensure that our analyses were not restricted from
the global optimum (Huelsenbeck et al., 2002; Leaché and
Reeder, 2002). Burn-in samples were discarded from the
two separate analyses, and the remaining samples were
combined to estimate the topology, posterior probability
values, and branch lengths.

2.4. Congruence among data partitions

We evaluated congruence between topologies on a node-
by-node basis by comparing the estimated measures of sup-
port (bootstrap and posterior probability values) for each
node from each analysis. We considered phylogenetic rela-
tionships strongly incongruent if two data sets provided
strong support for competing relationships between the
same taxa (Wiens, 1998). This method is considered a local
test of congruence, because it identifies specific clades that
exhibit strong incongruence between topologies. We used
this criterion to determine the combinability of the mtDNA
and nuclear data.

The Shimodaira—Hasegawa test statistic (SH; Goldman
et al., 2000; Shimodaira and Hasegawa, 1999) was used to
compare alternative phylogenetic hypotheses using PAUP*
v4.0b10, with RELL (resampling estimated log-likelihood)
optimization and 10,000 bootstrap replicates. Since this is a
global test of congruence, we excluded all outgroup taxa
(i.e., sand lizards and Uta) from our SH tests to focus on
significant differences within Phrynosoma.

2.5. Ancestral character state reconstructions

We used unordered parsimony in MacClade v.4.08 to
reconstruct the ancestral states of antipredator blood-
squirting in Phrynosoma. We gathered data for the occur-
rence of blood-squirting from Sherbrooke et al. (2004) and
Sherbrooke and Mendoza-Quijano (2005). It is important
to note that some “non-squirting” species are known to
squirt blood on occasion and different cues may elicit
alternative species-specific responses, which suggests that
blood-squirting is not a simple presence-absence character
(Sherbrooke et al., 2004; Sherbrooke and Middendorf, 2001).

We used squared-change parsimony in Mesquite v.1.06
(Maddison and Maddison, 2005) to reconstruct the ances-
tral states of horn length in Phrynosoma. We produced a
metric representing overall horn length by dividing the

length of the longest horn on the right side of the head by
head length. Our protocols for measuring head length and
horn length follow Powell et al. (2002). We attempted to
measure specimens from throughout the range of each spe-
cies to capture any geographic variation in horn size, and
we pooled measurements from males and females. We mea-
sured only adult specimens to avoid problems associated
with allometric growth in head/horn dimensions. Our
method allows us to map the history of relative horn length
in Phrynosoma, but it does not enable an examination of
character state changes in homologous horns (i.e., squamo-
sal versus parietal horns). Appendix B lists the voucher
specimens used to measure horn length.

3. Results
3.1. Mitochondrial DNA

The 12S rRNA data included 778 aligned nucleotide
positions, 84 of which were excluded due to ambiguous
alignment, leaving a final data set of 694 characters. When
combined with the 16S rRNA and tRNA data (leucine, iso-
leucine, glutamine, tryptophan, and alanine), the combined
structural RNA data set contained 1416 aligned positions
and 133 excluded sites. The ND1 protein-coding gene was
969bp for most taxa, except for Uta stansburiana and
Phrynosoma mcallii, which both shared an amino acid dele-
tion at position number three. The ND2 protein-coding
gene was 1033 base pairs and only P. orbiculare exhibited
length variation with a deletion at amino acid position 319.
We excluded the last 12 base pairs from the 3’ end of the
ND4 sequence data that we downloaded from GenBank,
leaving 669 base pairs. This excluded fragment contained a
single base pair indel in the putative protein-coding region,
and the seven terminal base pairs extended past the stop
codon of ND4 when compared to the complete mitochon-
drial genome of Sceloporus occidentalis. The presence of an
indel in the coding region of ND4 suggests that this may be
a nuclear copy of the mitochondrial gene (numt), but phy-
logenetic analyses of these data are congruent with other
mtDNA genes (Hodges and Zamudio, 2004). The Cyt b
data contained 1044 positions and exhibited no length vari-
ation. The combined mtDNA data set included 5131 base
pairs, 1494 parsimony-informative sites, and 668 variable,
parsimony-uninformative sites.

Parsimony analysis of the mtDNA data produced two
equally parsimonious trees (length=6614). These trees
differed in their placements of the (Phrynosoma taurus
+ P. braconnieri) and (P. asio+ P. solare) clades, but the
alternative relationships were not strongly supported
(results not shown). The MP bootstrap analysis provided
strong support (=70% bootstrap proportion) for 15 of 20
nodes (Fig. 1).

For the mtDNA maximum likelihood analyses (which
utilize a single model for the entire data set), the
GTR +1+T (Lanave et al, 1984; Yang, 1994) model was
selected as best-fitting and employed in our analysis. The
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mtDNA Data
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Fig. 1. Maximum likelihood phylogeny inferred from the combined mitochondrial DNA data. Numbers on branches denote MP bootstrap values, ML
bootstrap values, and posterior probability values, respectively. Bootstrap values are only shown when >50%. The phylogeny is rooted with Uta stansbu-

riana (not shown).

ML analysis inferred a fully resolved phylogeny with 15 of
20 nodes receiving strong nonparametric bootstrap support
(Fig. 1).

Fully partitioned Bayesian analyses allow independent
models to be fit to each data partition (Brandley et al.,
2005; Castoe et al., 2004; Nylander et al., 2004). The models
selected for each partition using MrModeltest are listed in
Table 2. The partitioned Bayesian analyses of the mtDNA
data (and all subsequent Bayesian analyses) reached appar-
ent stationarity by 200,000 generations (=200 samples);
however, we discarded the first 500,000 generations (= 500
trees) from each analysis as burn-in, leaving a combined
total from two runs of 3000 sampled trees. The consensus
tree derived from the Bayesian analysis was topologically
identical to the ML tree, but inferred strong support for
four additional nodes (i.e., >95% posterior probability;
Fig. 1).

In general, the topologies inferred by the MP, ML, and
Bayesian analyses were similar, with the exception of
a weakly supported (<50% Dbootstrap proportion)
(P. solare+ P. asio) clade inferred in the MP analysis. A
total of 14 nodes were shared among the analyses and
received strong support using all three analytical methods
(MP, ML, and Bayesian; Fig. 1).

3.2. Nuclear DNA

The RAG-1 nuclear gene included 1054 nucleotide posi-
tions, with 79 parsimony-informative and 123 parsimony-
uninformative variable sites. Phrynosoma mcallii and the
P. mcallii x P. goodei hybrid shared a four amino acid dele-
tion at the 5’ end of the RAG-1 sequence. The MP analysis
of these data produced 10 equally parsimonious trees

Table 2

DNA substitution models selected for each data partition

Partition Characters Model
BDNF 670 GTR +1
BDNF position 1 223 HKY
BDNF position 2 223 F81

BDNF position 3 224 K2P+T
GAPD 491 HKY +T
RAG-1 1054 GTR+T
RAG-1 position 1 351 HKY +T
RAG-1 position 2 352 HKY +T
RAG-1 position 3 351 HKY

RNA (128, 16S, tRNAs) 1549 GTR +1+T
NDI position 1 323 GTR+T
NDI position 2 323 HKY +T
NDI position 3 323 GTR+T
ND?2 position 1 345 GTR+1+T
ND?2 position 2 344 GTR+1+T
ND?2 position 3 344 GTR+1+T
ND4 position 1 227 GTR+1+T
ND4 position 2 227 HKY+I+T
ND4 position 3 227 GTR+T
Cyt b position 1 348 GTR+T
Cyt b position 2 348 GTR+1+T
Cyt b position 3 348 GTR+1+T
Nuclear combined 2215 GTR+1+T
Mitochondrial combined 5276 GTR+1+T
All combined 7491 GTR+1+T

See Swofford et al. (1996) for details regarding the nucleotide substitution
models.

(length =254). A strict consensus of these trees retained 13
nodes, 12 of which received strong support (Fig. 2A). The
GTR + T model was selected as the best-fit model of nucle-
otide substitution for the RAG-1 data. The ML tree had 14
resolved nodes, 11 of which had strong bootstrap support
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Fig. 2. Maximum likelihood phylogenies inferred from the separate nuclear genes (A, RAG-1; B, BDNF; and C, GAPD). Numbers on branches denote MP
bootstrap values, ML bootstrap values, and posterior probability values, respectively. Bootstrap values are only shown when > 50%. The phylogenies are

rooted with Uta stansburiana (not shown).

(Fig. 2A). The Bayesian analysis inferred 11 nodes with sig-
nificant posterior probability values (Fig. 2A). A total of 10
nodes were strongly supported by the MP, ML, and Bayes-
ian analyses of RAG-1 (Fig. 2A). The RAG-1 sequence for
the P. mcallii x P. goodei hybrid was identical to P. mcallii,
and 2.6% divergent from P. goodei (Table 3). The RAG-1

data show three heterozygous sites at the 3’ end of the
sequence for P. wigginsi (Table 4) and provide strong
support for a (P. blainvillii + P. cerroense) clade (Fig. 2A).
The BDNF nuclear gene included 670 nucleotide posi-
tions and exhibited no length variation. These data contained
25 parsimony-informative and 30 variable, parsimony-unin-
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Table 3
Genetic distances (uncorrected “p”) among aPhrynosoma mcalli x P. goo-
dei hybrid, P. mcallii, P. goodei, P. platyrhinos, P. modestum, and Uta

stansburiana

1 2 3 4 5 6
1. P. mcallii x P. goodei — 0.00% 2.60% 2.98% 2.98% 7.50%
2. P. mcallii 6.40% — 2.60% 2.99% 2.98% 7.50%
3. P. goodei 0.23% 6.61% — 0.48% 1.52% 7.13%
4. P. platyrhinos 344% 6.88% 3.49% — 1.90% 7.13%
5. P. modestum 11.69% 13.00% 11.64% 11.85% — 7.69%
6. Uta stansburiana 16.12% 17.02% 16.24% 16.27% 17.05% —

Note. Above-diagonal values were calculated using the combined RAG-1
data. Below-diagonal values were calculated using the 12S, NDI, and ND4
mtDNA data.

Table 4
Variable nucleotide positions in RAG-1 and BDNF sequences between
Phrynosoma blainvillii, P. cerroense, P. wigginsi, and P. coronatum

RAG-1 BDNF

13 487 674 779 847 872 888 938 974 991 193 394 517
P blainvilli C G Y G G G T T C A C C T
P.cerroense C G C G G G T T C A C C T
P.wiggmsi T A C A A T T WY W C C T
P. coronatum T G C A G G A T C A S Y C

Note. Positions with mixed bases are labeled with the standard one-letter
ambiguity codes: S=Cor G, Y=CorT,W=AorT.

formative characters. Two of the three variable nucleotide
positions in Phrynosoma coronatum were heterozygous, with
one of the observed nucleotides present in P. blainvillii, P.
cerroense, and P. wigginsi, and the other unique to P. coron-
atum (Table 4). The sequence for the P. mcallii x P. goodei
hybrid was heterozygous at every position that was found
to vary between its putative parentals, P. mcallii and P.
goodei (Table 5), with the 14 observed heterozygous combi-
nations perfectly consistent with P. mcallii and P. goodei
hybrid ancestry. The hybrid was therefore excluded prior to
phylogenetic analysis. The MP analysis produced 34
equally parsimonious trees (length=68), and a strict con-
sensus tree that retained 9 nodes, 6 of which have strong
bootstrap support (Fig.2B). The GTR+1 model was
selected as the best-fitting nucleotide substitution model for

Table 5
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the BDNF data. The ML tree had 12 resolved nodes, 6 of
which had strong bootstrap support (Fig. 2B), whereas the
Bayesian analysis inferred 5 nodes with significant poster-
ior probability values (Fig. 2B). A total of five nodes are
congruent and strongly supported in MP, ML, and Bayes-
ian analyses of the BDNF data (Fig. 2B).

The GAPD nuclear intron included 491 aligned nucleo-
tide sites and exhibited length variation throughout.
Phrynosoma taurus had a 138 base pair insertion, which
began with an “AAT” tri-nucleotide repeated six times. The
GAPD sequence for the P. mcallii x P. goodei hybrid was
heterozygous at nine out of ten variable positions in com-
parison to P. mecallii and P. goodei (Table 5) and was
again excluded prior to phylogenetic analysis. This gene
included 38 parsimony-informative and 77 variable, parsi-
mony-uninformative characters (excluding the 138 bp
insertion in P. taurus). A branch-and-bound MP analysis
produced six equally parsimonious trees (length =283). A
strict consensus of these trees retained eight nodes, three
of which had strong support (Fig.2C). The HKY + T
(Hasegawa et al., 1985) model was selected as the best-fit
model of nucleotide substitution for the GAPD data. The
ML tree had 11 resolved nodes, 2 of which received strong
bootstrap support (Fig.2C). The Bayesian analysis
inferred six nodes with significant posterior probability
values (Fig. 2C). Only two nodes received strong support
from the MP, ML, and Bayesian analyses of the GAPD
data (Fig. 2C).

The combined nuclear data set contained 2215 charac-
ters. The Phrynosoma mcallii x P. goodei hybrid was
excluded prior to phylogenetic analysis because of the het-
erozygosity found in the BDNF and GAPD sequences
(Table 5). A branch-and-bound MP analysis of these data
produced nine equally parsimonious trees. A strict consen-
sus tree included 15 resolved nodes, 10 with strong support
(Fig. 3). The GTR + I+ I model was selected as the best-fit
model of nucleotide substitution for the combined nuclear
data. The ML tree had 16 resolved nodes, 9 had strong sup-
port (Fig. 3). The Bayesian analysis inferred 10 strongly
supported clades (Fig. 3).

Variable nucleotide positions in BDNF and GAPD sequences between Phrynosoma mcallii, P. goodei, P. platyrhinos, and a P. mcallii x P. goodei hybrid

BDNF—nucleotide position

86 124 130 259 304 337 487 500 502 548 628 638 658 663
P. mcallii A C C G G G T G A T T C G T
P. mcallii x P. goodei R Y Y R K R Y R R K Y Y R Y
P. goodei G T T A T A C A G C C T A C
P. platyrhinos G T T A T A C A G C C T A C
GAPD—nucleotide position
156 181 191 199 205 217 233 252 426 427
P. mcallii G T G A C T T A C T
P. mcallii x P. goodei K Y R Al- M w Y R C K
P. goodei T C A - A A C G T G
P. platyrhinos T C A - A A C G T G

Note. Positions with mixed bases are labeled with the standard one-letter ambiguity codes: R=A orG,Y=CorT,K=GorT,M=AorC,W=AorT,

S = C or G. Indels are denoted with a gap symbol “-.”
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Combined Nuclear Data
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Fig. 3. Maximum likelihood phylogeny inferred from the combined nuclear data. Numbers on branches denote MP bootstrap values, ML bootstrap val-
ues, and posterior probability values, respectively. Bootstrap values are only shown when >50%. The phylogeny is rooted with Uta stansburiana (not

shown).
3.3. Congruence among data partitions

Phylogenetic estimates obtained in analyses of the
nuclear genes were largely congruent with one another,
with the exception of strong incongruence resulting from
alternate placements of Phrynosoma ditmarsi in analyses of
RAG-1 and GAPD (Fig. 2). The combined nuclear (Fig. 3)
and mtDNA (Fig. 1) topologies exhibited two cases of
strong incongruence. First, the combined nuclear data place
the (P. platyrhinos+ P. goodei) clade with P. modestum,
whereas the mtDNA data places this clade with P. mcallii.
Second, the nuclear data support (P. cerroense+ P. blainvil-

Table 6
Shimodaira-Hasegawa test results

lii), whereas the mtDNA data support (P. cerroense
+ P. wigginsi).

The results of the Shimodaira—Hasegawa tests also sug-
gest strong incongruence between the mtDNA and nuclear
topologies (Table 6). The mtDNA data reject three alterna-
tive relationships supported by the nuclear data: Alterna-
tive 1: Phrynosoma modestum + (P. platyrhinos + P. goodei),
P=0.0001; Alternative 2: P. blainvillii+ P. cerroense,
P=0.0066; Alternative 3: alternatives one and two com-
bined, P=0.0001 (Table 6). The nuclear data reject the
topologies that group P. mcallii with P. platyrhinos and
P. goodei (P=0.0012, P=0.0007; Table 6), but do not

Data set

Combined MtDNA

Combined nuclear®

mtDNA ML and Bayesian Topology:
P. mcallii + (P. platyrhinos + P. goodei)
P. wigginsi + P. cerroense

Alternative Topology 1:
P. modestum + (P. platyrhinos + P. goodei)
P. wigginsi + P. cerroense

Alternative Topology 2:
P. mcallii + (P. platyrhinos + P. goodei)
P. cerroense + P. blainvillii

Alternative Topology 3:
P. modestum + (P. platyrhinos + P. goodei)
P. cerroense + P. blainvillii

—In L =25216.191
Best

—In L =25472.725
A4=1256.534
P =0.0000*

—In L =25299.977
A=83.785
P =0.0066"

—In L =25557.579
A=341.388
P =0.0000"

—In L =4546.661
A4=57.569
P =0.0007*

—In L =4497.880
A4=28.787
P=0.3754

—In L =4538.298
A4=49.206
P=0.0012*

—In L =4489.092
Best

& Phrynosoma braconnieri and P. douglasii were pruned from the topologies prior to SH tests of the nuclear data.

* P<0.05.
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Combined Data
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Fig. 4. Maximum likelihood phylogeny inferred from the combined data (combined mitochondrial DNA and nuclear data). Numbers on branches denote
MP bootstrap values, ML bootstrap values, and posterior probability values, respectively. The mtDNA data for Phrynosoma platyrhinos and P. goodei,
and the P. mcallii x P. goodei hybrid were excluded prior to the combined analysis (see text for details). Bootstrap values are only shown when > 50%. The

phylogeny is rooted with Uta stansburiana (not shown).

reject the P. cerroense + P. wigginsi clade supported by the
mtDNA data (P =0.3754; Table 6).

3.4. Combined mitochondrial and nuclear DN A

The combined data set contained 7346 characters. We
excluded the mtDNA characters for P. platyrhinos and
P. goodei prior to phylogenetic analysis of the combined
data, based on our assumption that these data introduce a
significant source of conflict as a result of mitochondrial
DNA introgression (see Section 4.1; Table 6). We also
excluded the P. mcallii x P. goodei hybrid from the combined
analysis since it contains conflicting gene signal (Tables 3 and
5). The MP, ML, and Bayesian analyses of the combined
data provided strong support for 15 of 19 nodes (Fig. 4), with
MP, ML, and Bayesian analyses individually recovering 15,
16, and 18 strongly supported nodes.

4. Discussion

4.1. Introgression and the phylogenetic relationships of
horned lizards

Previous phylogenetic analyses of Phrynosoma incorpo-
rating at least two data sets have detected strong incongru-
ence (Hodges and Zamudio, 2004; Reeder and Montanucci,
2001). We attempted to resolve this incongruence by gener-
ating a multi-locus phylogenetic estimate for Phrynosoma
based on three nuclear genes, but in doing so discovered
additional sources of conflict. Although the topologies
inferred from the mtDNA and nuclear data partitions were
significantly different, we were able to identify the sources
of incongruence by comparing topologies on a node-by-
node basis. Our multi-locus approach allowed us to exclude

the strongly incongruent data prior to combined analysis,
and therefore infer the phylogenetic relationships of all spe-
cies in a single combined analysis.

The most prominent source of incongruence between the
mtDNA and nuclear data involves the placement of
the (Phrynosoma platyrhinos + P. goodei) clade. Analyses of
the mtDNA data provide strong support grouping this
clade with P. mcallii, whereas the nuclear data provide
strong support placing this clade with P. modestum. Cladis-
tic analyses of morphological data by Montanucci (1987)
and Reeder and Montanucci (2001) provide support for (P.
platyrhinos + P. modestum; bearing in mind that they did
not include P. goodei). Our phylogenetic analyses of the
RAG-1 and BDNF data agree with the morphological data
in their support of a ((P. platyrhinos + P. goodei) + P. mode-
stum) clade, while the GA PD data neither support nor con-
tradict this topology (Fig. 2).

Our analysis of a Phrynosoma mcallii x P. goodei
hybrid is consistent with hybridization as the likely cause
of conflict between the mtDNA and nuclear data, because
introgressive hybridization provides a mechanism by
which P. goodei and P. platyrhinos might have acquired
the P. mecallii mitochondrial genome. Mulcahy et al. (in
press) sequenced mtDNA data for 34 P. platyrhinos and
P. goodei from throughout their range and did not find
any mtDNA haploytpes more closely related to P. mode-
stum, which we postulate to be their true sister taxon. This
suggests that the spread of the introgressed P. mcallii
mtDNA throughout the P. platyrhinos + P. goodei lineage
was pervasive, although more extensive sampling of
mtDNA haplotypes may prove otherwise. We hypothesize
that an “authentic” (non-introgressed) P. platyrhinos or
P. goodei haplotype would group with P. modestum and
not P. mcallii.
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The initial hybridization event(s) that introduced the
Phrynosoma mcallii mtDNA genome into the P. platyrhinos
+ P. goodei lineage could have happened before or after the
separation of P. platyrhinos and P. goodei. The most parsi-
monious explanation is that introgressive hybridization
occurred first between P. mcallii and the common ancestor
of P. platyrhinos and P. goodei, followed by the divergence
of these species. Alternatively, if the initial hybridization
event occurred between P. mcallii and P. goodei, another
round of introgression from P. goodei to P. platyrhinos is
required, in addition to the subsequent establishment of
reciprocal monophyly between P. platyrhinos and P. goodei
(see Mulcahy et al., in press). In any event, the independent
support for a (P. modestum+ P. platyrhinos) clade by the
morphological data and two independent nuclear loci, and
the documented occurrence of hybridization between
P. mcallii and P. goodei provide compelling evidence that
the mtDNA gene tree is misleading in this instance.

Details regarding the genetics of the Phrynosoma
mcallii x P. goodei hybrid are also of interest. The hybrid
individual is heterozygous with respect to BDNF and
GAPD, carrying copies that, depending on confirmation
of phase, are either identical (in the case of P. mcallii or
P. platyrhinos) or nearly identical (in the case of P. goodei)
to expectations for an F1 hybrid of these species (Table 5).
However, the RAG-1 sequence we obtained from the hybrid
is identical to that of P. mcallii (Fig. 2A; Table 3), suggest-
ing that this individual is backcrossed or an F2. The hybrid
included in our study carries a P. goodei mtDNA haplotype
indicating that the female parent was likely P. goodei (and
not P. mcallii or P. platyrhinos; Fig. 1; Table 3). Mulcahy
et al. (in press) sequenced mtDNA from seven putative
P. mcallii x P. goodei hybrids and found six to carry P. goo-
dei haplotypes and one with a P. mcallii haplotype, indicat-
ing that introgression is not necessarily unidirectional in the
hybrid zone. An analysis of nuclear data from each of these
specimens is required to confirm their hybrid origin. It is
unclear what mechanisms would cause unidirectional intro-
gression between P. mcallii and P. goodei (if it is indeed uni-
directional). Wirtz (1999) reviewed 80 animal hybrid zone
studies and found that unidirectional hybridization is com-
mon, and that hybrids are usually formed between the
females of a rare species and the males of a common spe-
cies. Thus, future studies of this hybrid zone should not just
focus on the genetic variability, but also examine the distri-
bution and abundance of these species as well as possible
sex-related behavioral cues including head-bobs and female
tail displays (Baur, 1984).

A second source of incongruence between the mtDNA
and nuclear data concerns the relationships of taxa within
the Phrynosoma coronatum group. Phrynosoma wigginsi
was recently described as a unique evolutionary lineage
based on a morphometric analysis and is suspected to
hybridize with P. cerroense at the northern limits of its
range in central Baja California (Montanucci, 2004). Intro-
gressive hybridization between P. wigginsi and P. cerroense
could explain why the mtDNA data support a close rela-

tionship between these species whereas the nuclear data do
not. However, before invoking hybridization as a source of
incongruence, it must first be determined if these taxa rep-
resent distinct evolutionary lineages based on phylogenetic
analysis. A thorough analysis of the P. coronatum group
based on mtDNA and nuclear data is currently underway
(Leaché et al., in preparation.).

We tentatively support the relationships inferred from
the ML and Bayesian phylogenetic analyses of the com-
bined data as the preferred phylogeny of Phrynosoma
(Fig. 4). Only the deepest branches within the tree are not
strongly supported by the MP, ML, and Bayesian analyses
of the combined mtDNA and nuclear data. These branches
pertain to the placements of P. asio, P. cornutum, P. solare,
and the (P. taurus+ P. braconnieri) clade. The ML and
Bayesian topologies are completely congruent and provide
strong support for the placement of P. solare. Furthermore,
the Bayesian analyses found strong support for all but one
of the branches on the common ML/Bayesian tree, with the
one non-significant node receiving a posterior probability
of 93%. That said, it is perhaps disconcerting that our parti-
tioned Bayesian analysis provides strong posterior proba-
bility values for a series of short interior nodes, which were
only weakly supported by ML bootstrap analysis. Lewis
et al. (2005) demonstrated that posterior probability values
become unpredictable when confronted with increasingly
short internodes, and Bayesian analyses sometimes place
strong support on an arbitrarily resolved hard polytomy.
On the other hand, the partitioned Bayesian analysis allows
for more precise specification of models appropriate to sub-
sets of the data in a manner that is not yet feasible for ML
analysis. Thus, it is also possible that the better modeling of
the substitution process allows more useful signal to be
gleaned from the sequence data using the Bayesian
approach. Although we look forward to exploring this
short internode issue using forthcoming reversible-jump
Markov chain Monte Carlo algorithms (see Lewis et al.,
2005), we realize that these particular relationships are
likely to remain suspect until sufficient data are available to
provide convincing and robust resolution using a variety of
analytical approaches.

4.2. Phylogenetic relationships of sand lizards

Our phylogenetic analyses provide strong support for
relationships among the sand lizards (Callisaurus, Copho-
saurus, Holbrookia, and Uma), albeit with limited sam-
pling. Wilgenbusch and de Queiroz (2000) evaluated four
alternative hypotheses for sand lizard relationships using
ML analyses of Cyt b and 12S mtDNA data. Their analy-
ses of mtDNA data favored Uma as the sister taxon of the
remaining sand lizards, and a clade containing the “ear-
less” lizards (Cophosaurus+ Holbrookia). Although, they
could not reject alternative topologies grouping Uma with
Callisaurus or a (Callisaurus + Cophosaurus) clade. Analy-
ses of our larger (with respect to more genes) mtDNA
data set provide strong support for an “earless” clade, but
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ML and Bayesian analyses group Callisaurus and Uma
with weak support (Fig. 1). However, the three indepen-
dent nuclear loci analyzed in this study (RAG-1, BDNF,
and GAPD) strongly support Callisaurus as the sister
taxon of the remaining sand lizards, a result that is at
odds not only with the Wilgenbusch and de Queiroz
(2000) study, but also with the allozyme study of de Que-
iroz (1992), and the unpublished morphological analyses
of de Queiroz (1989).

4.3. Evolution of blood-squirting and horn morphology

Our phylogeny helps to elucidate the evolutionary his-
tory of antipredator blood-squirting within Phrynosoma.
The most parsimonious reconstruction of the evolution-
ary history of blood-squirting based on our preferred phy-
logeny (Fig. 5) suggests that this character evolved once at
the base of the phylogeny and was followed by four subse-
quent losses in: (1) the (P. taurus+ P. braconnieri) clade,
(2) P. mcallii, (3) P. douglasii, and (4) the (P. modestum
+ (P. platyrhinos + P. goodei)) clade. One of the non-
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Phrynosoma Q ABS

ABS

DOLIOSAURUS

ABS
loss
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BREVICAUD A

squirting species, P. platyrhinos, is reported to squirt
blood on occasion, suggesting that the physiological
underpinnings of this behavior are not completely
lost (Sherbrooke and Middendorf, 2001). While it is still
unclear what drives variation in blood-squirting
responses within Phrynosoma, our phylogeny provides
an evolutionary framework to address this question.
Phrynosoma display a large degree of variation in the
size, number, and orientation of their cranial horns
(Fig. 5). The evolution of long horns in relation to head-
size is presumed to be an adaptation against avian preda-
tors (Young et al, 2004, but see Agosta and Dunham,
2004). Mapping horn morphology on our preferred phy-
logeny (Fig. 5) enables a cursory examination of horn
evolution. The most recent common ancestor of Phryno-
soma had medium sized horns, with transitions to small
and large horns occurring in different clades (Fig. 5). A
trend towards reduced horn size is apparent in the clade
containing P. orbiculare, P. ditmarsi, P. hernandesi, and
P. douglasii (Fig. 5). Phrynosoma with relatively long
horns have evolved twice, but along two alternative
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Fig. 5. Preferred phylogeny for Phrynosoma based on the combined mtDNA and nuclear data (Fig. 4). The most parsimonious reconstruction of antipred-
ator blood-squirting is mapped on the phylogeny (black bars). Silhouettes of Phrynosoma heads are shown to illustrate the variation in cranial horn mor-
phology and color coded to correspond to relative horn length (ancestral state reconstructions are mapped on each node). The asterisk (x) adjacent to P.
taurus indicates that the effective length of the squamosal horns of this species are longer than our measuring technique portrays (see Section 4.3). The
Phrynosoma, TArAaIA, ANOTA, DoLI0SAURUS, and BREVICAUDA clades are defined in the discussion (Section 4.3).
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pathways. The long temporal horns of P. taurus are
formed by greatly exlongating the squamosal bones,
whereas the clade containing the P. coronatum group, P.
mcallii, and P. solare have long occipital horns originat-
ing from the parietal bones (Montanucci, 1987). It is
important to note that our measure of horn length does
not fully capture horn size in P. taurus, because the base
of each horn of this species is covered with scales, which
leads to a smaller estimate of horn length. A detailed
study of horn evolution in Phrynosoma should acquire
more precise measures of horn dimensions using skeletal
material or CT scans. In addition, comparisons of the
number and size of homologous horn structures are nec-
essary to fully understand the evolution of horn mor-
phology in Phyrnosoma.

P, blainvillii~

P, orbiculare

P, asio

4.4. Biogeography

Phrynosoma have traditionally been divided into two
groups composed of southern and northern radiations
(Montanucci, 1987). Our preferred phylogeny does not sup-
port the monophyly of either of these radiations, and
instead suggests a more complex biogeographic pattern
(Fig. 6). Many species have broad distributions, which
makes it difficult to infer the ancestral location of these
taxa. The primary divergence events within Phrynosoma
account for the separation of the southernmost species (i.e.,
P. asio, P. braconnieri, and P. taurus), although P. cornutum
is also included in these initial splits and is distributed
broadly from Mexico to Kansas. The phylogenetic place-
ment of P. cornutum is only weakly supported, (Fig. 4), and

[ ] Pharynosoma cornutum
B AnoTA clade
. BREVICAUDA clade

\, P, taurus
P, braconnieri
s

ey

WL

{DT

B DoLiosaurus clade

APAJA clade

B Phrynosoma asio

B

Fig. 6. Distribution of Phrynosoma in North America.
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additional data are needed to determine if the southern-
most species did indeed diverge first. If we assume a south-
ern origin for the ancestor of Phrynosoma, then we would
expect to see repeated northward expansions of wide-
spread species with southern populations found in Mexico
(e.g., P. cornutum, P. coronatum, P. hernandesi, P. mode-
stum, P. orbiculare, P. platyrhinos, and P. solare). Future
studies of Phyrnosoma biogeography should attempt to
correlate lineage divergences with putative geological
causes, such as the separation of the Baja California Penin-
sula from mainland Mexico as the explanation for the split
of the P. coronatum species group.

4.5. Phylogenetic taxonomy

We propose herein a phylogenetic taxonomy for
Phrynosoma according to the precepts of de Queiroz and
Gauthier (1992). A phylogenetic taxonomy has many
advantages over the existing Linnaean system, which is
based on a non-evolutionary world-view (Mishler, 1999).
A major concern with Linnaean taxonomy is the ranking
of taxa into non-equivalent groups with subjectively
determined levels of differentiation. In addition, the
Linnaean system will not produce an adequate number
of hierarchical ranks to capture all of the important
nodes contained in the tree of life. Phylogenetic taxon-
omy provides a stable system for defining clade names
based on evolutionary relationships among organisms.
We have chosen to name several strongly supported
clades that we feel should be of particular biological
interest for future comparative studies within
Phrynosoma.

We follow the methodology outlined by Joyce et al.
(2004) for converting rank-based nomenclature into a rank-
free phylogenetic nomenclature. Abbreviations are as fol-
lows: CCN (Converted Clade Name), NCN (New Clade
Name), orig. (original taxonomic reference).

Phrynosoma' Wiegmann, 1828 (CCN)
PAN-PHRYNOSOMA? (NCN)
(‘crown node-based and *panstem-based versions of Phrynosoma
Wiegmann, 1828)

Definitions. Phrynosoma refers to the crown clade arising
from the last common ancestor of Phrynosoma braconnieri
Duméril and Boucourt, 1870, Phrynosoma platyrhinos Gir-
ard, 1852, Phrynosoma goodei Stejneger, 1893, Phrynosoma
[orig. Anota] mcallii (Hollowell, 1852), Phrynosoma mode-
stum Girard, 1852, Phrynosoma blainvillii Gray, 1839,
Phrynosoma [orig. Agama)] coronatum (Blainville, 1835),
Phrynosoma wigginsi Montanucci, 2004, Phrynosoma cerro-
ense Stejneger, 1893, Phrynosoma asio Cope, 1864, Phryno-
soma [orig. Agama) cornutum (Harlan, 1825), Phrynosoma
solare Gray, 1845, Phrynosoma taurus Duggs, 1869, Phryno-
soma [orig. Agama) douglasii (Bell, 1829), Phrynosoma [orig.
Tapaya] hernandesi (Girard, 1858), Phrynosoma [orig.
Lacerta] orbiculare (Linnaeus, 1766), and Phrynosoma dit-
marsi Stejneger, 1906. PAN-PHRYNOSOMA refers to the most

inclusive clade containing Phrynosoma Wiegmann, 1828,
but not a single representative of Callisaurus Blainville,
1835, Cophosaurus Troschel, 1852, Uma Baird, 1858, or
Holbrookia Girard, 1851.

Taraja Oken, 1816 (CCN)
PaN-TAPAJA (NCN)
(crown node-based and panstem-based versions of Tapaja Oken, 1816)

Definitions. TAPAJA refers to the crown clade arising from
the last common ancestor of Phrynosoma [orig. Agamal
douglasii (Bell, 1829), Phrynosoma [orig. Tapaya) hernandesi
(Girard, 1858), Phrynosoma [orig. Lacerta)] orbiculare (Lin-
naeus, 1766), and Phrynosoma ditmarsi Stejneger, 1906.
Pan-TAPAJA refers to the panstem that includes crown
TAPAJA.

Comments. Taraja was first used by Oken (1816) as the
generic name for the current Phrynosoma orbiculare. The
species within TapAjA are viviparous and have short or
extremely reduced cranial horns.

Anorta Hollowell, 1852 (CCN)
Pan-anoTA (NCN)

(crown node-based and panstem-based versions of Anota Hollowell, 1852)

Definitions. ANOTA refers to the crown clade arising from
the last common ancestor of Phrynosoma [orig. Anota]
mcallii (Hollowell, 1852), Phrynosoma blainvillii Gray, 1839,
Phrynosoma [orig. Agama)] coronatum (Blainville, 1835),
Phrynosoma wigginsi Montanucci, 2004, Phrynosoma cerro-
ense Stejneger, 1893, and Phrynosoma solare Gray, 1845.
PaAN-anoOTA refers to the panstem that includes ANOTA.

Comments. ANoTA was first used as a generic rank by
Hollowell (1852) in his original description of Anota mcallii.
Although Girard (1858) placed Anota in the synonymy of
his Doliosaurus, Cope (1900) resurrected Anota for Phryno-
soma mcallii, as well as for other horned lizards known to
have concealed tympana, including P. goodei, P. platyrhi-
nos, and P. modestum. However, Girard (1858) had already
shown that this character is variable in the latter three spe-
cies and Cope’s taxonomy was not generally followed
(Reeve, 1952). We apply AnNoTA as the crown clade that
includes P. mecallii. The species within ANoTA evolved
prominent cranial horns and are distributed around the
Gulf of California throughout Baja California, Sonora,
southwestern Arizona, and western California.

Doviosaurus Girard, 1858 (CCN)
Pan-poLiosAURUS (NCN)
(crown node-based and panstem-based versions of Doliosaurus
Girard, 1858)

Definitions. DoL1osSAURUS refers to the crown clade aris-
ing from the last common ancestor of Phrynosoma platyrhi-
nos Girard, 1852, Phrynosoma goodei Stejneger, 1893, and
Phrynosoma modestum Girard, 1852. PAN-DOLIOSAURUS
refers to the panstem that includes DoLIOSAURUS.

Comment. Girard (1858) adopted the name Doliosaurus
to represent a subgenus of Phrynosoma after discovering
that P. platyrhinos and P. modestum exhibited variation in
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the concealment of the tympanum, the essential character
of the genus Anota. The species within DoLiosaurus lack
antipredator blood-squirting from the ocular-sinus, and are
primarily distributed throughout the Chihuahuan, Mojave,
and Sonoran deserts. We hypothesize that hybridization
between Phrynosoma goodei and P. mcallii has produced an
mtDNA gene tree that places several DOLIOSAURUS species
(i.e., P. goodei and P. platyrhinos) within ANOTA.

BrEvicaupa (NCN)
PAN-BREVICAUDA (NCN)
(crown node-based and panstem-based versions of BREVICAUDA)

Definitions. BREVICAUDA refers to the crown clade arising
from the last common ancestor of Phrynosoma braconnieri
Duméril and Boucourt, 1870 and Phrynosoma taurus
Duges, 1869. Pan-BREVICAUDA refers to the panstem that
includes BREVICAUDA.

Comment. The species within BREvicAUDA have
extremely short tails, lack antipredator blood-squirting
from the ocular-sinus, and are viviparous. These species
have relatively small distributions in southern Mexico.
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