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Abstract

InterspeciWc morphological variation in animal genitalia has long attracted the attention of evolutionary biologists because of the role
genital form may play in the generation and/or maintenance of species boundaries. Here we examine the origin and evolution of genital
variation in rodents of the muroid genus Neotoma. We test the hypothesis that a relatively rare genital form has evolved only once in Neo-
toma. We use four mitochondrial and four nuclear markers to evaluate this hypothesis by establishing a phylogenetic framework in which
to examine genital evolution. We Wnd intron seven of the �-Wbrinogen gene to be a highly informative nuclear marker for the levels of
diVerentiation that characterize Neotoma with this locus evolving at a rate slower than cytochrome b but faster than 12S. We estimate
phylogenetic relationships within Neotoma using both maximum parsimony and maximum likelihood-based Bayesian methods. Our
Bayesian and parsimony reconstructions diVer in signiWcant ways, but we show that our parsimony analysis may be inXuenced by long-
branch attraction. Furthermore, our estimate of Neotoma phylogeny remains consistent across various data partitioning strategies in the
Bayesian analyses. Using ancestral state reconstruction, we Wnd support for the monophyly of taxa that possess the relatively rare genital
form. However, we also Wnd support for the independent evolution of the common genital form and discuss possible underlying develop-
mental shifts that may have contributed to our observed patterns of morphological evolution.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Divergence of reproduction-associated traits among spe-
cies has been documented at the phenotypic and molecular
level for several systems including gamete recognition (Vac-
quier et al., 1997), spermatogenesis (WyckoV et al., 2000),
and pheromones (Sanchez-Gracia et al., 2003; Watts et al.,
2004). Divergence in these systems is of particular interest
to evolutionary biologists because of the role these systems
play in reproductive compatibility/isolation and thus,
potentially, the process of speciation. Another highly vari-
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able reproduction-associated system is that of external gen-
italia. Many animal groups are characterized by striking
levels of phenotypic variation in male external genitalia,
even among closely related species that are otherwise
undiVerentiated (Hooper, 1960; Eberhard, 1985; Arnqvist,
1997). In mammals, interspeciWc variation in external geni-
talia is pronounced in many groups (Krutzch and Vaughn,
1955; Hooper, 1960; Prasad, 1974; Hershkovitz, 1979;
Short, 1979; Martin and Schmidly, 1982), has long been
used as an important taxonomic character (Hooper, 1958;
Hooper and Musser, 1964; Lidicker, 1968; Lidicker and
Brylski, 1987; Bradley and Schmidly, 1987; Sullivan et al.,
1990), and likely contributes to reproductive isolation
between species (Long and Frank, 1968; Patterson and
Thaeler, 1982). Data from laboratory rats and other
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muroid rodents suggest that male genital morphology and
copulatory behavior impact rates of fertilization and breed-
ing success (Adler, 1969; Dewsbury, 1975; Matthews and
Adler, 1977). As such, the link between phenotypic varia-
tion in external genitalia and the establishment and/or
maintenance of reproductive barriers, and thus speciation,
in mammals seems plausible and yet remains poorly under-
stood (Patterson and Thaeler, 1982).

One group of muroid rodents that is characterized by
particularly trenchant morphological diVerences in male
external genitalia is the woodrat genus Neotoma (Muridae).
Variation in male external genitalia (referred to as the phal-
lus or glans penis) ranges from “oblong”, or relatively
broad forms, to partially and completely narrow forms
(Hooper, 1960; Matocq, 2002a) (Fig. 1). The broad-form
phallus is correlated with copulatory locking behavior in
Neotoma and other rodents whereas species with narrow
phalli have not been observed to exhibit such behavior
(Dewsbury, 1975). Thus, there are signiWcant behavioral
and functional diVerences among species with these diVer-
ent phallus morphologies.

Although Hooper’s original work on Neotoma (1960)
did not discuss the evolution of phallus morphology in
modern phylogenetic terms, he did suggest that, although
unique from one another, the partially and completely nar-
row forms were separate from the group of broad-form
taxa. Furthermore, he suggested a morphological gradation
from the broad form, to a partially narrow form, to the
completely narrow form (Fig. 1). This would imply the
monophyly (single evolution) of narrow forms. However,
the most recent phylogenetic study of the genus Neotoma
based on cytochrome b sequence analysis (Edwards and
Bradley, 2002) suggested a distant relationship between
some narrow-formed taxa implying this morphology has
arisen more than once in the history of the taxon.

In order to gain insight into the evolution of phenotypic
variation in male external genitalia in the genus Neotoma,
we reconstruct phylogenetic relationships within the group
using four mitochondrial and four nuclear loci. We assess
the phylogenetic utility of the nuclear loci by comparison to
more commonly used mitochondrial markers. We also use
various ancestral state reconstruction methods to estimate

Fig. 1. Morphological variation in the male external genitalia of four
members of the genus Neotoma. (A) N. fuscipes, (B) N. macrotis, (C) N.
cinerea, (D) N. lepida. Arrows point to the base of the glans penis where
the prepuce attaches. Prepuce is pulled back and cut away. Specimens are
not shown to scale. Illustration A by Karen Klitz and B, C, and D repro-
duced from Hooper (1960) with permission from the University of Michi-
gan Museum of Zoology.

A B C D
the number of gains/losses of particular genital morpholog-
ical states in the genus. SpeciWcally, we test Hooper’s
hypothesis of a monophyletic, narrow-phallus clade versus
a multiple origins hypothesis. Based on our inferred pat-
terns of morphological evolution, we suggest how develop-
mental trajectories may have evolved to produce these
patterns. Our study provides insight into the evolutionary
lability of genital morphology in this group and identiWes
clades that exhibit particularly high levels of variation in
this reproduction-associated character.

2. Materials and methods

2.1. Taxon sampling

We collected DNA sequence data from 47 specimens
(including Xenomys nelsoni and Hodomys alleni) repre-
senting 14 Neotoma species from each of the well-sup-
ported species groups recognized by Edwards and Bradley
(2002), as well as newly identiWed subdivisions within the
Neotoma fuscipes (Matocq, 2002a,b) and Neotoma lepida
(Patton and Álvarez-Castañeda, 2005) complexes (Appen-
dix A). To polarize the characters, we used progressively
distantly related taxa including Peromyscus attwateri,
Tylomys nudicaudus, and Ototylomys phyllotis, following
Edwards and Bradley (2002) and Reeder and Bradley
(2004). We used the same vouchered specimens as
Edwards and Bradley (2002) to represent the majority of
the species groups (Appendix A).

2.2. Genomic sampling

Because diVerent portions of the nuclear and mito-
chondrial genomes evolve at vastly diVerent rates, we can
target speciWc regions of those genomes to provide resolu-
tion at various phylogenetic levels. The previous molecu-
lar systematic treatment of Neotoma (Edwards and
Bradley, 2002) used cytochrome b sequences, a rapidly
evolving mtDNA locus widely used to resolve intra- and
interspeciWc relationships in rodents (Bradley and Baker,
2001; Matocq, 2002b; Lessa et al., 2003). Accordingly,
Edwards and Bradley (2002) found cytochrome b useful in
identifying the major species assemblages within Neo-
toma, but poor at resolving relationships among these
groups. As such, we sampled eight markers in an eVort to
encompass a broad range of evolutionary rates, from rap-
idly evolving mitochondrial regions to nuclear exons. We
chose four mitochondrial regions that include portions of
the small subunit rRNA (12S; 531bp), large subunit
rRNA (16S; 571bp), cytochrome c oxidase subunit II
(COII; 633bp), and the entire cytochrome b locus (cyt b;
1143bp). We also sampled four nuclear markers that con-
sist of fragments of mineralocorticoid receptor exon 3
(MLR; 205bp), myosin heavy polypeptide 6 � exon 35 and
intron 35 (MYH6; 236bp), engrailed 2 exon 3 (EN2;
146bp) and the entire intron 7 of �-Wbrinogen (FGB;
777bp).
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2.3. Laboratory protocols

We isolated and puriWed genomic DNA from liver tissue
with the DNeasy Tissue Kit (Qiagen, Inc.). We ampliWed
the eight markers (four mitochondrial and four nuclear) via
PCR (Saiki et al., 1988) using the primers listed in Table 1.
We used the following thermal cycle parameters for 25 �l
ampliWcation reactions: 1 cycle of 5–10 min denaturation at
94 °C; 33 cycles of 1 min denaturation at 94 °C, 1 min
anneal at 45 °C (cyt b, 16S), 51 °C (COII), 56 °C (MLR),
57 °C (EN2), 60 °C (FGB), 62 °C (MYH6, 12S), and 1 min
extension at 72 °C. We cleaned ampliWed products using the
QIAquick PCR PuriWcation Kit (Qiagen, Inc.) and used
puriWed template in 10 �l dideoxy chain-termination reac-
tions (Sanger et al., 1977) using ABI Big Dye chemistry
(Applied Biosystems, Inc.) and the primers in Table 1. Fol-
lowing an isopropanol/ethanol precipitation, we ran cycle-
sequenced products on an ABI 3100 automated sequencer
(Applied Biosystems, Inc.) located in the Molecular
Research Core Facility at Idaho State University (http://
www.mrcf.isu.edu/). We sequenced all samples in both
directions.

2.4. Sequence analyses

We aligned DNA sequences in the program Sequen-
cher™ 4.1.2 (Gene Codes Corp.), veriWed alignments by eye,
and translated protein coding nucleotide sequences into
amino acid sequences using MacClade 4.0 (Maddison and
Maddison, 2005). We deposited all DNA sequences in Gen-
Bank (Appendix A).
We assessed rates of evolution in the four nuclear mark-
ers through comparison to two widely used mitochondrial
markers, 12S and cyt b. We chose 12S and cyt b as bench-
mark “slow” and “fast” mtDNA loci, respectively. To com-
pare rate diVerences between the nuclear markers and 12S
and cyt b, we Wrst computed uncorrected pairwise sequence
diVerences between terminal taxa in PAUP* 4.0b10 (Swo-
Vord, 2002) for each marker. We then plotted the p-dis-
tances of 12S and cyt b versus the p-distance of the nuclear
fragments. Finally, we employed a one-sample t-test (p. 328,
Grafen and Hails, 2004) to determine whether the regres-
sion of each nuclear marker versus 12S and cyt b deviated
signiWcantly from a slope of one (i.e., evolves at a rate sig-
niWcantly diVerent than 12S or cyt b). This approach should
be less sensitive and more accurate than applying a �2 or
Wilcoxon signed-ranks test because it includes information
on the magnitude of diVerence between two markers for
each comparison (Feldman and Omland, 2005).

2.5. Phylogenetic analyses

We used maximum parsimony (MP; Farris, 1983) and
Bayesian inference (BI; Larget and Simon, 1999) phyloge-
netic methods on the combined data of all markers to
establish evolutionary relationships of Neotoma lineages.
We conducted MP phylogenetic analyses in PAUP* and BI
analyses with MrBayes 3.1.1 (Huelsenbeck and Ronquist,
2001;Ronquist and Huelsenbeck, 2003).

We executed MP analyses with the heuristic search algo-
rithm using TBR branch swapping and 1000 random
sequence additions. We weighted characters equally and
Table 1
Oligonucleotide primers used to amplify and sequence mtDNA and nucDNA in Neotoma and related taxa

a Ambiguity code: H, not G; R, A or G; Y, C or T.
b The primers we report here for MYH6 were originally designed for MYH2 (Lyons et al., 1997). However, a nucleotide-nucleotide BLAST search

(Altschul et al., 1997) in GenBank indicates that the fragment we sequenced is MYH6.

Locus Primer Sequence Source

cyt ba MVZ05 5�-CGA AGC TTG ATA TGA AAA ACC ATC GTT G-3� Irwin et al. (1991)
MVZ16 5�-AAA TAG GAA RTA TCA YTC TGG TTT RAT-3� Smith and Patton (1993)
cytb2a 5�-CAG GAT CCA ACA ACC CAA CAG G-3� This study
MVZ14 5�-GGT CTT CAT CTY HGG YTT ACA AGA C-3� Smith and Patton (1993)

COII COIIa 5�-AAC CAT TTC ATA ACT TTG TCA A-3� Adkins and Honeycutt (1994)
COIIb 5�-CTC TTA ATC TTT AAC TTA AAA G-3� Adkins and Honeycutt (1994)

12S 12Sa 5�-AAA CTG GGA TTA GAT ACC CCA C-3� This study
12Sb 5�-CAC TTT CCA GTA TGC TTA CCT TG-3� This study

16S 16Sa 5�-CGC CTG TTT ACC AAA AAC AT-3� This study
16Sb 5�-GAT CAC GTA GGA CTT TAA TCG-3� This study

EN2 EN2f 5�-CCC GAA AAC CAA AGA AGA AG-3� Lyons et al. (1997)
EN2r 5�-GTT CTG GAA CCA AAT CTT GAT C-3� Lyons et al. (1997)

MLR MLRf 5�-GCT CAG TTT CCA GCC CTT C-3� Lyons et al. (1997)
MLRr 5�-AGT CAC ACC ATT TGA GAT GGC-3� Lyons et al. (1997)

MYH6b MYH2f 5�-GAA CAC CAG CCT CAT CAA CC-3� Lyons et al. (1997)
MHY2r 5�-TGG TGT CCT GCT CCT TCT TC-3� Lyons et al. (1997)

FGB �17-mammL 5�-ACC CCA GTA GTA TCT GCC GTT TGG ATT-3� This study
�Wb-mammU 5�-CAC AAC GGC ATG TTC TTC AGC AC-3� This study

http://www.mrcf.isu.edu/
http://www.mrcf.isu.edu/
http://www.mrcf.isu.edu/
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coded gaps as Wfth character states because most indels
occurred as single base pair substitutions. However, several
large indels occurred in FGB that we treated as a single
character (deletion 0, insertion 1) following Prychitko and
Moore (2003) and Feldman and Omland (2005). We also
coded multiple state positions in nuclear loci as polymor-
phic. To assess nodal support, we used the bootstrap resam-
pling method (Felsenstein, 1985) employing 1000
pseudoreplicates of heuristic searches using TBR branch
swapping and 100 random sequence additions in PAUP*.
Additionally, we calculated branch support (Bremer, 1994)
for all nodes using the program Tree Rot 2c (Sorenson,
1999).

We performed BI analyses to estimate branch lengths and
search for additional tree topologies. Previous model-based
approaches have been restricted to the use of a single model
of DNA evolution across an entire dataset. If the dataset
contains multiple loci that possess diVerent functional con-
straints, biochemical properties, and patterns of evolution,
then a single model of molecular evolution may simply repre-
sent a compromise among the diVerent loci (reviewed in
Brandley et al., 2005). Such an approach may be problematic
if the single model of evolution inadequately describes pat-
terns of nucleotide substitution in the dataset, leading to
error that can mislead phylogenetic analyses (Yang, 1996;
SwoVord et al., 1996; Brandley et al., 2005). However, mixed-
model phylogenetic analyses (Yang, 1996) may also be asso-
ciated with greater topological uncertainty (Nylander et al.,
2004; Brandley et al., 2005). Thus we performed three BI tree
searches, one without data partitions (one model for all
DNA; P1), a second search with two data partitions (a model
for mtDNA and nucDNA; P2), and a Wnal search with eight
data partitions (a model for each locus; P8). We follow the
notation of Brandley et al. (2005), where P corresponds to a
partition, and a numerical subscript denotes the number of
data partitions. We evaluated the Wt of various models of
molecular evolution to our diVerent data partitions (Table 3)
with the Akaike Information Criterion (AIC; Akaike, 1974)
in the program MrModeltest 2.1 (Nylander, 2004). The AIC
has recently been shown to be a superior method of model
selection in comparison to hierarchical likelihood ratio tests
(Posada and Buckley, 2004). For each BI search we did not
specify nucleotide substitution model parameters or a topol-
ogy a priori. We ran BI analyses for 3£106 generations using
the default temperature (0.2) with four Markov chains per
generation, sampling trees every 100 generations. We then
computed a 50% majority-rule consensus tree after excluding
those trees sampled prior to the stable equilibrium, yielding
estimates of nodal support (i.e., posterior probability of a
clade) given by the frequency of the recovered clade (Rann-
ala and Yang, 1996; Huelsenbeck and Ronquist, 2001).

2.6. Topology tests

We assessed the congruence between MP and BI
hypotheses of Neotoma phylogeny using constraint
searches and subsequent topology tests. First, we con-
strained the equally weighted MP searches to retain only
those trees with the major topological diVerence recovered
in the BI analyses (see Section 3). We then compared the
constrained and unconstrained MP estimates of Neotoma
phylogeny using a two-tailed Wilcoxon signed-ranks test
(Templeton, 1983).

Similarly, we constrained the three BI searches to
recover only those trees with the major topological diVer-
ence found in the MP analysis. We then compared the
¡ln L values from the entire set of post-burnin constrained
and unconstrained BI trees using a non-parametric Mann–
Whitney U-test (Sokal and Rohlf, 1995). Additionally, we
used the Bayes factor to compare the weight of evidence for
the two competing hypotheses (Kass and Raftery, 1995).
The Bayes factor is not a standard statistical test resulting
in the acceptance or rejection of hypotheses based on criti-
cal values, but instead provides some information on the
relative ability of two hypotheses to explain the data (Kass
and Raftery, 1995). Because the Bayes factor can be used to
compare models that are not hierarchically nested
(Nylander et al., 2004), we employed it to evaluate the
hypothesis that our constrained and unconstrained BI
topologies explain the data equally well (H0), versus the
alternative that constraint BI searches provide a poorer
explanation of the data (H1). We calculated the Bayes fac-
tor as twice the diVerence in the harmonic mean¡lnL
scores (2lnB01) between alternative hypotheses (Brandley
et al., 2005) and compared these values to the framework
provided by Kass and Raftery (1995) where <0 is evidence
against H1, 0–2 provides no evidence for H1, 2–6 is positive
support for H1, 6–10 is strong support for H1, and >10 is
very strong support for H1 (see Nylander et al., 2004;
Brandley et al., 2005).

2.7. Ancestral state reconstruction

To understand the evolution of phallus morphology in
Neotoma, we reconstructed the pattern of character
changes on our MP and BI phylogenetic hypotheses. All
ancestral state reconstructions were conducted by tracing
characters over trees in Mesquite 1.05 (Maddison and
Maddison, 2004). We scored each OTU using descriptions
from the literature (Hooper, 1960; Matocq, 2002a) and
from examination of Xuid preserved specimens (Appendix
B) as possessing one of two character states: 0-broad/
oblong phallus (Fig. 1A), 1-partially or completely narrow
phallus (Fig. 1B–D). Taxa with narrow phallus morpho-
types are P. attwateri, N. lepida, N. cinerea, and N. macro-
tis; all other taxa possess broad/oblong phalli. Although
variation in phallic structure exists within the N. lepida
complex (Mascarello, 1978; Patton and Álvarez-Castañeda,
2005), all variants are of the narrow form.

We used both MP and maximum likelihood (ML) meth-
ods of ancestral state reconstruction (Schluter et al., 1997;
Pagel, 1999). Parsimony ancestral state reconstruction min-
imizes the amount of character change given a tree topol-
ogy and character state distribution. Parsimony ancestral
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state reconstruction has been widely used but may over-
represent conWdence in ancestral character states (Schluter
et al., 1997). A ML approach takes into account branch
lengths and estimates probabilities of all possible character
states at each node, thus providing an estimate of uncer-
tainty in ancestral state reconstruction (Pagel, 1999). In
addition to uncertainty in character reconstruction on a
single tree, we took into account nodal uncertainty by mak-
ing our estimates over sets of trees (Lutzoni et al., 2001).
The MP set included all of the most parsimonious trees,
while the ML set included the post-burnin samples of BI
trees from the P8 analysis. In MP ancestral state reconstruc-
tion, on both the MP and BI tree sets, we considered char-
acter transitions to be unordered (Fitch parsimony). One
character or the other was assigned to a node if it created
fewer steps, otherwise the node was considered equivocal.
In ML ancestral state reconstruction, on both MP and BI
tree sets, we used a Markov k-state one-parameter model
(Mk-1; Lewis, 2001) that considers any change equally
probable. Branch lengths were those generated in the origi-
nal MP and BI searches. Zero length branches are not
accepted in ML ancestral state reconstruction analyses,
thus, we changed zero values to one (Hibbett and Donog-
hue, 2001). A state was assigned to a node if its probability
exceeded a decision threshold of two (i.e., »7.4 times more
probable than the alternative state) otherwise, the node was
considered equivocal.

3. Results

3.1. Genetic variation

Sequences from the protein coding regions in both mito-
chondrial and nuclear fragments appear functional. Our
Wnal alignment contains 4040 nucleotides (2878bp mtDNA,
1162bp nucDNA) after the exclusion of 204bp of indels
from FGB, yielding 994 parsimony informative sites (846
mtDNA, 148 nucDNA) (Table 2). Among mtDNA loci, cyt
Fig. 2. Scatter diagrams of uncorrected pairwise sequence divergence for
two benchmark mitochondrial loci versus the four nuclear markers. The
dashed line corresponds to x D y, for which pairwise divergence values are
equal for the mitochondrial and nuclear fragments being compared. (A)
Each nuclear marker displays a signiWcantly slower rate of evolution than
our benchmark “fast” mtDNA locus, cyt b (MLR: t D¡233.1, P < 0.0001;
MYH6: tD¡430.7, P < 0.0001; EN2: tD¡530.7, P < 0.0001; FGB:
tD¡29.5, P < 0.0001). (B) Three of the four nuclear markers also show a
distinctly slower rate of evolution than our “slow” mtDNA locus, 12S
(MLR: tD¡58.6, P < 0.0001; MYH6: t D¡77.4, P < 0.0001; EN2:
tD¡122.7, P < 0.0001). However, the seventh intron of FGB appears to
be evolving more rapidly than 12S (t D 13.5, P < 0.0001).
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Table 2
Summary statistics from MP analyses of the various data partitions

Note. Values include outgroup samples and gaps as Wfth character states. Only FGB possesses gaps larger than a single nucleotide position, and we coded
these indels as single characters (deletion 0, insertion 1).

a Uncorrected p-distance.

Partition No. of 
characters

No. of 
informative 
characters

Proportion 
of informative 
characters (%)

Mean 
sequence 
divergencea (%)

No. of 
MP trees

MP tree 
score (L)

MP tree 
score 
(CI / RI)

No. of 
resolved 
nodes

Proportion 
of resolved 
nodes (%)

all DNA 4040 994 24.60 7.34 3 4631 0.42/0.68 46 97.87
mtDNA 2878 846 29.40 9.30 9 4121 0.37/0.69 45 95.74
nucDNA 1162 148 12.74 2.44 10,001 315 0.69/0.84 21 44.68
12S 531 86 16.20 3.79 709 279 0.56/0.76 29 61.70
16S 571 104 18.21 4.37 909 432 0.50/0.70 26 55.32
COII 633 211 33.33 11.39 24 1049 0.35/0.70 40 85.11
cytb 1143 445 38.93 12.89 6 2312 0.35/0.65 45 95.74
MLR 205 10 4.88 0.95 12 31 0.94/0.92 3 6.38
MYH6 238 15 6.30 1.42 1947 68 0.81/0.83 5 10.64
EN2 146 9 6.16 1.44 12 21 0.91/0.96 6 12.77
FGB 573 114 19.90 3.45 25,372 346 0.82/0.87 19 40.43
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b possesses both the largest number and highest proportion
of informative sites (445, 38.9%), as does FGB among
nuclear fragments (114, 19.9%) (Table 2). All of the nuclear
markers display a signiWcantly slower rate of evolution
than our benchmark “fast” mitochondrial locus, cyt b
(MLR: tD¡233.1, P < 0.0001; MYH6: tD¡430.7,
P < 0.0001; EN2: tD¡530.7, P < 0.0001; FGB: tD¡29.5,
P < 0.0001) (Fig. 2). Additionally, three nuclear markers
also show a noticeably slower rate of evolution than our
“slow” mitochondrial locus, 12S (MLR: tD¡58.6,
P < 0.0001; MYH6: tD¡77.4, P < 0.0001; EN2: tD¡122.7,
P < 0.0001) (Fig. 2). However, rate comparisons between
FGB and 12S suggest that FGB is evolving more rapidly
than12S (tD 13.5, P < 0.0001) (Fig. 2).

We did note some discrepancies between the cyt b
sequences generated here and those in Edwards and Brad-
ley (2002), despite the fact that the same source material
was used (Appendix A). Some of the discrepancies are due
to GenBank uploading errors associated with the previous
study (Bradley, R.D. personal communication) but others
are genuine sequence diVerences. Even with the largest dis-
crepancies between the studies, sequences from the same
individual are still most similar to each other in comparison
to all other Neotoma sequences available. As such,
Fig. 3. Phylogenetic hypothesis of Neotoma relationships based on combined MP analysis of equally weighted mitochondrial and nuclear characters. The
topology is a strict consensus of three equally optimal trees (L D 4631, CI D 0.42, RI D 0.68). Numbers above nodes indicate bootstrap support, while those
below represent decay indices. Also shown is the MP reconstruction of phallus evolution in Neotoma. Lineages reconstructed with broad phalli illustrated
with black lines (nodes with black circles), those with partially and completely narrow phalli with grey lines (nodes with grey circles), and those of uncer-
tain ancestral state with dashed lines (nodes with white circles). Lettered nodes refer to discussion of character evolution in text. Specimens are not shown
to scale. Illustrations by Karen Klitz, Q. R.S. and reproduced from Hooper (1960) with permission from the University of Michigan Museum of Zoology.
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diVerences in tree topologies between our study and
Edwards and Bradley (2002) are not due to sequence dis-
crepancies in cyt b.

3.2. Phylogenetic relationships

The equally weighted MP analysis yielded three optimal
trees (LD 4631, CID 0.42, RID0.68) (Table 2 and Fig. 3).
The three BI analyses all reached stable parameter esti-
mates within the Wrst 100,000 generations (Table 3). Thus
each 50% majority-rule consensus tree (P1: harmonic
mean¡ ln LD26147.7036; P2: ¡ln LD26011.3972; P8:
¡lnLD 25885.9923) from three BI analyses is based on
nearly 30,000 sampled trees. These three BI consensus trees
show nearly identical topologies and support values to each
other (Fig. 4), and are generally similar to the strict consen-
sus MP tree.

In all analyses, Xenomys nelsoni and Hodomys alleni
form a clade with Neotoma (bootstrap percent 100, decay
index 34, posterior probability for all analyses 100) but the
MP analysis weakly places H. alleni as sister to Neotoma
(BP < 50, DI 1), while the BI analyses Wrmly connect H.
alleni and X. nelsoni (PP 100). Both MP and BI strongly
support the monophyly of Neotoma (BP 99, DI 17, PP 100)
but diVer in the placement of the deepest divergence within
Neotoma. In the MP analysis the deepest split within Neo-
toma occurs between the bushy-tailed woodrat, N. cinerea,
and a clade composed of all other woodrat taxa (BP 61, DI
3). The MP analysis further divides Neotoma into one of
two major clades; a N. fuscipes + N. macrotis + N. lepida
clade (BP 68, DI 1), and a second clade containing the
remaining woodrat species (BP 71, DI 4). The BI analyses,
on the other hand, place N. cinerea within the N.
fuscipes + N. macrotis + N. lepida clade (PP 99–95) as the
lineage sister to the clade of all other Neotoma taxa (PP 97–
94). All analyses support the monophyly of the N. lepida
complex (BP 100, DI 34, PP 100), N. fuscipes (BP 96, DI 10,
PP 100), and N. macrotis (BP 100, DI 27, PP 100), as well as
the connection of the latter two species (BP 100, DI 19, PP
100). However, the placement of N. cinerea is less certain.
All three BI analyses connect N. cinerea to the N.
fuscipes + N. macrotis clade, but at low frequencies (PP 84–
56).

The second major woodrat clade is composed of three
subclades: a clade containing N. mexicana, N. isthmica, and
N. picta (BP 93, DI 10, PP 100); a clade containing N. Xori-
dana, N. albigula, N. goldmani, and N. magister (BP 100, DI
10, PP 100); and a clade containing N. micropus and N.
leucodon (BP 100, DI 28, PP 100). Both MP and BI analyses
join the latter two clades to the exclusion of the N.
mexicana + N. isthmica + N. picta clade (BP 90, DI 9, PP
100). The only diVerence between MP and BI analyses is in
the placement of N. stephensi within this clade. The MP
analysis sets N. stephensi as sister to the three subclades (BP
57, DI 2) while the BI analyses place it at the base of the N.
mexicana + N. isthmica + N. picta clade (PP 86–70).

The most major topological diVerence between the MP
and BI analyses is the placement of N. cinerea. To further
examine this diVerence, we constrained the MP searches to
recover only those trees with N. cinerea allied with the N.
fuscipes + N. macrotis + N. lepida clade. The 12 shortest
trees generated by the constraint MP searches are 193 steps
longer (LD4824, CID0.40, RID0.65) than the uncon-
strained MP trees. A comparison of constrained and
unconstrained MP topologies using a Templeton test sug-
gests the MP and BI hypotheses are incompatible
(zD¡10.4, P < 0.0001). Conversely, BI searches forced to
retain only those trees that place N. cinerea sister to all
other woodrat species yield harmonic ¡ln L values (P1:
¡lnLD 26151.1263; P2: ¡lnLD26014.1294; P8:
¡lnLD 25889.2023) signiWcantly worse than the uncon-
strained BI topology according to a Mann–Whitney U test
(P1: zD¡48.7, P < 0.0001; P2: zD¡30.9, P < 0.0001; P8:
zD¡32.6, P < 0.0001). Finally, the 2ln Bayes factor
Table 3
Parameter estimates from the three separate BI analyses using diVerent data partitions

Note. Parameter estimates represent mean values from the 29,000 sampled BI trees.
a Best Wt model of DNA evolution estimated using AIC in MrModeltest 2.1.

Partition type 
Partition

Model of DNA 
substitutiona

Mean 
�

Mean 
Pinv

Mean 
ti/tv

Mean 
�A

Mean 
�C

Mean 
�G

Mean 
�T

Mean 
rA–C

Mean 
rA–G

Mean 
rA–T

Mean 
rC–G

Mean 
rC–T

Mean 
rG–T

P1

all DNA GTR + I + � 0.6425 0.5662 — 0.3268 0.2822 0.1581 0.2328 1.5144 7.4388 1.6643 0.3448 24.0204 1

P2
mtDNA GTR + I + � 0.9737 0.5983 — 0.3549 0.2922 0.1191 0.2339 2.9027 21.9038 3.4885 0.5503 52.3111 1
nucDNA GTR + I + � 0.1977 0.4943 — 0.2774 0.2562 0.2368 0.2296 0.6563 3.1893 0.4536 0.4039 3.3711 1

P8

12S GTR + I + � 0.3700 0.5997 — 0.3690 0.2110 0.1625 0.2575 0.9987 4.2578 1.1733 0.2993 28.0132 1
16S GTR + I + � 0.5123 0.6380 — 0.3329 0.2125 0.1761 0.2785 9.8016 17.5304 9.2750 0.7621 124.9231 1
COII GTR + I + � 1.7798 0.5967 — 0.3704 0.2901 0.0940 0.2456 0.9737 18.9796 1.9454 0.1968 30.0450 1
cyt b GTR + I + � 0.9667 0.5509 — 0.3568 0.3485 0.0759 0.2187 2.3902 33.1296 2.3925 1.5512 40.0907 1
MLR HKY + � 0.1046 — 5.1368 0.2413 0.3360 0.2447 0.1780 — — — — — —
MYH6 GTR + I + � 0.2161 0.6738 — 0.2437 0.3036 0.3148 0.1379 0.1034 1.0149 0.3784 0.1360 2.3617 1
EN2 HKY + � 0.1054 — 5.0577 0.2985 0.2893 0.2960 0.1163 — — — — — —
FGB GTR + � 0.1879 — — 0.3050 0.2093 0.1919 0.2938 0.8871 4.1688 0.3604 0.8952 4.6152 1
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generally supports the BI phylogenetic hypothesis that
places N. cinerea with the N. fuscipes + N. macrotis + N. lep-
ida clade over the alternative MP arrangement (P1:
2lnB01D6.8453; P2: 2ln B01D 5.4645; P8: 2lnB01D6.4200).

3.3. Ancestral state reconstruction

Both MP and ML ancestral state reconstructions (ASR)
on the three MP trees showed identical results, thus we sim-
ply show the MP reconstruction on the MP tree (Fig. 3). All
nodes were 100% resolved as broad or narrow-formed phalli
with the exception of 4 equivocal nodes: the base of Neotoma
(excluding Hodomys and Xenomys; node A), the base of Neo-
toma excluding N. cinerea (node B), the base of the N.
fuscipes+ N. macrotis +N. lepida clade (node C), and the
common ancestor of N. fuscipes and N. macrotis (node D).

Again, both MP and ML ASR on the 29,000 BI trees (P8)
yielded identical character distributions, thus we simply show
the ML reconstruction on the BI topology (Fig. 4). While
ancestral states are almost fully resolved on the BI phylog-
Fig. 4. Phylogenetic hypothesis of Neotoma relationships based on three separate BI analyses: one without data partitions (one model for all DNA; P1), a
second with two data partitions (a model for mtDNA and nucDNA; P2), and a third with eight partitions (a model for each marker; P8). Each BI analysis
produced the same topology (P1: harmonic mean ¡ln L D 26147.7036; P2: ¡ln L D 26011.3972; P8: ¡ln L D 25885.9923). Numbers at nodes represent pos-
terior probabilities (PP) for clades; a single number indicates an identical PP recovered for that node from all three analyses, while nodes with three values
received diVerent PP for P1, P2, and P8 analyses, respectively. Branch lengths given from the P8 analysis. Also shown is the ML reconstruction of phallus
evolution in Neotoma. Lineages reconstructed with broad phalli illustrated with black lines, those with partially and completely narrow phalli with grey
lines. Pie diagrams denote the proportion of reconstructions with broad (black), narrow (grey), and equivocal (white) states. Lettered nodes refer to discus-
sion of character evolution in text. Illustrations by Karen Klitz, Q. R.S. and reproduced from Hooper (1960) with permission from the University of Mich-
igan Museum of Zoology.
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eny, six nodes could not be assigned to one state or the other
with 100% certainty. Nodes A–C were present in all BI trees
(29,000) and had high probabilities of being the broad state
in MP ASR (each with 92% probability) and in ML ASR (all
>99%) with no reconstructions resolving these nodes as nar-
row. Nodes D and E were only present in 27,964 and 15,155
BI trees, respectively. Nonetheless, node D was assigned the
narrow state in 99% of the MP ASR and 94.5% of the ML
ASR while node E was assigned the narrow state in 84% of
MP ASR and 97.8% of ML ASR. Finally, node F was pres-
ent in all BI trees and assigned the narrow state in 91% of the
MP ASR and 91.4% of ML ASR.

4. Discussion

Elucidating the evolutionary processes underlying geni-
tal morphological diversity has the potential of providing
tremendous insight into the generation and/or maintenance
of species boundaries. The Wrst step in understanding the
evolution of genital diversity is to establish the phyloge-
netic context in which this diversity arose. By identifying
the pattern of major character transitions throughout the
evolutionary history of a group, we can begin to establish
phylogenetically informed hypotheses concerning the pro-
cesses leading to these patterns.

In this study, we use mitochondrial and nuclear loci
whose rates of molecular evolution are, in combination,
informative at the range of evolutionary depths that
encompass the history of the genus Neotoma. We use these
markers in conjunction with methods of phylogenetic esti-
mation that allow the incorporation of minimally (MP and
BI, P1) to more highly parameterized (BI, P2 and P8) models
of molecular evolution. Our estimate of phylogenetic rela-
tionships within Neotoma adds to the ongoing study of evo-
lutionary aYnities in this taxon. Furthermore, using our
estimates of evolutionary relationships, we reconstruct the
pattern of character transition in genital morphology that
best explains the current distribution of morphotypes in
extant taxa.

4.1. Molecular evolution

Molecular systematics has relied almost exclusively on
sequence data from the mitochondrial genome for a wide
variety of questions ranging from intraspeciWc phylogeo-
graphic structure (Avise, 2004) to evaluating deep phyloge-
netic relationships (e.g., Miya et al., 2001; Zardoya and
Meyer, 2001). However, mtDNA data may not track organ-
ismal history if there has been selection on the mitochon-
dria, introgression (Ballard and Whitlock, 2004) or high
levels of homoplasy (Naylor and Brown, 1998). Thus, there
is a strong emphasis in molecular systematics to discover
additional markers from the nuclear genome that provide
phylogenetic resolution at various evolutionary depths
(Edwards et al., 2005).

In this study, we sequenced portions of four mitochon-
drial loci as well as fragments of four nuclear loci. The inclu-
sion of additional data from the nuclear genome
dramatically alters our understanding of woodrat phylogeny.
Of particular importance for our study of character evolu-
tion, both MP and BI analyses conducted with mtDNA
alone (not shown) place N. cinerea sister to the rest of Neo-
toma. However, combined BI analyses using both mtDNA
and nucDNA suggest that N. cinerea is allied with N. fusci-
pes, N. macrotis, and N. lepida. In particular, FGB contains a
substantial amount of variation and phylogenetic signal.
Furthermore, indels in FGB provided an additional source
of variation and such indels may be useful in other phyloge-
netic studies (Edwards et al., 2005). The nuclear FGB has
been used in recent mammalian investigations (Seddon et al.,
2001; WickliVe et al., 2003; Krajewski et al., 2004; Spradling
et al., 2004; Yu and Zhang, 2005) and also shows promise as
a useful marker in non-avian reptiles (Creer et al., 2003;
Chapple and Keogh, 2004). However, FGB has shown lim-
ited utility in resolving shallow avian relationships (Johnson
and Clayton, 2000; Feldman and Omland, 2005), but appears
suitable for resolving older bird divergences (Weibel and
Moore, 2002; Prychitko and Moore, 2003; Moyle, 2004;
Sheldon et al., 2005). In Neotoma, FGB is evolving at a
slower rate than cyt b, yet more rapidly than 12S. Thus, FGB
appears to be a promising nuclear marker for relatively shal-
low relationships at the intra-generic level in mammals.

4.2. Evolutionary relationships in the genus Neotoma

The taxonomic history of the genus Neotoma has been
recently reviewed by Edwards and Bradley (2002). The genus
traditionally includes formal subgeneric designations as well
as several informal ‘species groups’ within these subgenera.
Of the taxa studied here, N. fuscipes and N. cinerea were orig-
inally placed in their respective monotypic subgenera,
Homodontomys and Teonoma, with the remaining taxa
assigned to the subgenus Neotoma (Goldman, 1910). Species
group names as applied by Edwards and Bradley (2002) are
an attempt to reconcile previous applications of these group
names (Goldman, 1910; Burt and Barkalow, 1942) with
monophyletic, molecular-based clades. Inasmuch as these
group names are useful in referring to particular monophy-
letic assemblages of species, we use them in our discussion of
evolutionary relationships within the genus.

Like Edwards and Bradley (2002), we Wnd good support
for a clade uniting N. leucodon and N. micropus (their
micropus group) as well as a clade consisting of N. albigula,
N. Xoridana, N. goldmani, and N. magister (their Xoridana
group). Both our MP and BI trees provide added support
for the sister relationship between the two clades identiWed
as the micropus and Xoridana groups. In contrast to
Edwards and Bradley (2002), our BI analysis Wnds strong
support for a sister relationship between the micropus +
Xoridana groups and the mexicana group (N. isthmica, N.
mexicana, and N. picta). The placement of N. stephensi
remains somewhat ambiguous but both our parsimony and
Bayesian analyses place N. stephensi quite strongly with the
micropus + Xoridana + mexicana groups as opposed to the
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clade containing N. lepida as suggested by Edwards and
Bradley’s (2002) likelihood topology (although no support
values were estimated). Neotoma stephensi was originally
considered to be a subspecies of N. lepida (Goldman, 1910),
however, chromosomal evidence does not suggest a close
relationship between these lineages (Mascarello and Hsu,
1976) and our study tentatively supports this view.

Goldman (1910) originally placed N. fuscipes in the
monotypic subgenus Homodontomys while Burt and Barka-
low (1942) suggested this species represented a unique spe-
cies group within the subgenus Neotoma. Recent work has
shown that what has traditionally been considered N. fusci-
pes represents a complex of at least two species (N. fuscipes
and N. macrotis; Matocq, 2002a). Likewise, N. lepida repre-
sents a complex of two or more species (Mascarello, 1978;
Patton and Álvarez-Castañeda, 2005). We Wnd much added
support for the sister relationship of the N. fuscipes and N.
lepida complexes which Edwards and Bradley (2002) refer
to as the lepida group.

Neotoma cinerea has been traditionally placed in the sub-
genus Teonoma (Goldman, 1910; Burt and Barkalow, 1942).
Edwards and Bradley (2002) and our original parsimony
analysis (see Section 4) fail to resolve the relationship of N.
cinerea with other species and species groups within the genus.
However, our Bayesian analyses strongly place N. cinerea in
the clade containing the N. fuscipes and N. lepida complexes.
A close relationship between N. cinerea and N. fuscipes is sup-
ported by Carleton’s (1980) thorough morphological analysis,
although this same analysis suggests that N. lepida is highly
distinct from these and other species of the genus.

If original subgenus designations were to be applied to
the molecular clades presented here, the subgenus Neotoma
would represent a paraphyletic assemblage of the
Xoridana + micropus + mexicana groups and the N. lepida
complex. On the other hand, if original subgenus designa-
tions were to be applied to monophyletic lineages of rela-
tively equal evolutionary depth within the genus, the
recognition of Homodontomys (N. fuscipes) and Teonoma
(N. cinerea) would require the establishment of several sub-
genus categories within Neotoma. Designation of formal
intrageneric units will require further resolution of deep
clade structure within the genus and the placement of N.
cinerea, N. stephensi and other taxa not available for this
study, especially N. phenax (subgenus Teanopus).

4.3. Evolution and development of morphological diversity in 
male genitalia

The genus Neotoma is part of the New World muroid
subfamily Neotominae (Reig, 1980, 1984). Phallic diversity
within New World muroids was originally categorized as
‘complex’ (four part baculum, presence of a terminal crater,
mounds of soft tissue and other structures in the crater, and
a complex vascular system) versus ‘simple’ morphotypes
(single-bone baculum, usually no terminal crater, few or no
mounds of soft tissue and other structures in the crater, and
a rudimentary vascular system) (Hooper and Musser,
1964). Neotoma possesses the simple phallus type. Workers
have argued that the simple phallus is the derived form in
muroids (Hooper and Hart, 1962; Hooper and Musser,
1964). However, Carleton (1980) argued that a structural
continuum exists between complex and simple morpho-
types and that ancestral/derived relationships between
these generalized forms are not evident. Carleton (1980)
does suggest, however, that the narrow phallus form is
derived relative to the broad form.

Our ancestral state reconstructions on the BI hypothesis
of Neotoma phylogeny suggest that the ancestor of Neo-
toma had a broad phallus, that there was a single transition
to the narrow form in the ancestor of the N. cinerea + N.
lepida + N. macrotis + N. fuscipes clade, followed by a rever-
sal to the broad form in N. fuscipes (Fig. 4). However, our
ancestral state reconstructions on the MP estimate of Neo-
toma phylogeny are less resolved. Three equally parsimoni-
ous scenarios of phallus evolution emerge from this
reconstruction, each requiring three steps (Fig. 3). First, if
the ancestor of all Neotoma had a narrow phallus, there
would have been one transition to the narrow form in the
branch leading to this ancestor and two independent rever-
sals to the broad form, once in N. fuscipes, and once in the
clade uniting N. leucodon through N. stephensi. Second, all
equivocal nodes could have had broad phalli requiring
three independent transitions to the narrow form in N.
macrotis, N. lepida, and N. cinerea. Third, the ancestor to all
Neotoma could have had a broad phallus with a transition
to the narrow form in N. cinerea, a separate narrowing in
the ancestor of the N. fuscipes + N. macrotis + N. lepida
clade, and a reversal to the broad form in N. fuscipes.

DiVerences in the MP and BI topologies lead to diVerent
scenarios of genital evolution in Neotoma. The primary
diVerence between the MP and BI hypotheses is the place-
ment of N. cinerea, yet constraint searches and subsequent
topology tests suggest that the MP and BI hypotheses are
each valid, but incompatible solutions. Thus, we explored
the cause of the incongruence between the MP and BI
methods of analysis. Because the conXict in MP and BI
topologies involves N. cinerea, a long-branch taxon (Fig. 4),
we suspected that either long-branch attraction (LBA; Fel-
senstein, 1978) or long-branch repulsion (LBR; Siddall,
1998) could be inXuencing our phylogenetic analyses. The
problem of LBA can arise when parallel substitutions along
long branches appear homologous but actually represent
independent mutations. Thus, MP analyses can incorrectly
group long branches as sister lineages (Felsenstein, 1978).
Conversely, LBR can occur when models of molecular evo-
lution overestimate homoplasy between sister taxa that
possess long branches, forcing sister taxa apart (Siddall,
1998; but see SwoVord et al., 2001).

To determine whether LBA inXuenced our MP estimate
of Neotoma phylogeny, we employed the long-branch
extraction test (Siddall and Whiting, 1999) by sequentially
removing long-branch taxa, then conducting MP searches
and assessing whether ingroup relationships changed.
Because LBA is predominantly caused by outgroup taxa
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(Bergsten, 2005), we removed outgroups, as well as Hodo-
mys and Xenomys, to determine whether the position of N.
cinerea would change. Likewise, we tested for LBR by per-
forming the three Bayesian analyses after sequentially
removing outgroup taxa as well as Hodomys and Xenomys.
Indeed, upon removal of other long branches (outgroups,
Hodomys and Xenomys) in the MP analysis, N. cinerea
moved from a basal position to one sister to the N.
macrotis + N. fuscipes clade as in the BI analyses. On the
other hand, removal of outgroups, Hodomys and Xenomys
in the BI analyses did not have any eVect on ingroup topol-
ogy. Thus, it appears that our original MP analysis was
inXuenced by LBA (Siddall and Whiting, 1999). Further-
more, saturation plots (not shown) demonstrate that third
position transitions and transversions are saturated in cyt b,
and third position transitions are saturated in COII. The
models of evolution implemented in ML-based BI searches
are expected to mediate the eVect of multiple hits on phylo-
genetic estimation (SwoVord et al., 1996). Consequently, we
favor the BI phylogenetic hypothesis. The BI topology sug-
gests that, although extremely distinct from one another in
phallic morphology (Hooper, 1960), N. macrotis, N. cine-
rea, and N. lepida are closely related and, therefore may
share some underlying developmental processes that lead to
a partially or completely narrow phallus (see below).
Finally, given that N. fuscipes is nested within partially and
completely narrow forms, the broad form has evolved inde-
pendently at least once within Neotoma.

We can begin to suggest some simplistic developmental
models for the range of phallic phenotypic diversity observed
within Neotoma that we will test in future work. First, it is
possible that the narrow form (either partial or complete) is
the result of a single, major developmental change during
ontogeny. One possible scenario is one wherein there is an
important change early in development that has a drastic
eVect despite maintenance of the subsequent developmental
sequence (Müller and Wagner, 1991). An early change of
major eVect has been proposed for the narrowing and elon-
gation of the baculum in species of the rodent genus Abro-
thrix (Spotorno et al., 1990). A second scenario is one
wherein the narrow morphotype is a late-stage lateral reduc-
tion of the broad form. In this scenario, the majority of the
developmental processes generating a broad phallus would
remain intact in narrow-form types with lateral reduction
being generated by a late-stage developmental change. If
either of these “single change of large eVect” scenarios were
the case, the reacquisition of the broad phallus in N. fuscipes
would only require elimination of a single developmental
alteration. That is, major components of the developmental
process would remain unchanged between N. fuscipes and
other broad-form taxa in the genus despite their distant evo-
lutionary relationships.

On the other hand, generating a narrow phallus may
require change throughout the developmental process and
involve numerous components of the developmental mecha-
nism. In this case, the phenotypic reversal seen in N. fuscipes
would have arisen from a highly altered developmental back-
ground compared to other broad-form taxa. That is, although
the adult phenotype of N. fuscipes is similar to other broad
forms in the genus, the N. fuscipes morphology may be the
result of a distinct set of developmental components.

Of course, the developmental processes that generate the
phallus are themselves evolving, perhaps independently of
their phenotypic endpoints (Wagner et al., 2000). As such,
we may Wnd extreme diversity in underlying developmental
mechanisms making each of these lineages highly distinct
despite apparent shared endpoint phenotypes. Nonetheless,
we can gain a better understanding of the relationship
between developmental processes and morphology by
examining phallus development in select members of the
genus Neotoma and other muroids that exhibit similar geni-
tal morphologies. Having detailed ontogenetic data for
these forms will allow a more thorough comparative mor-
phological analysis that captures the breadth of phenotypic
variation beyond the initial, basic analysis of ‘broad’ vs.
‘narrow’ forms included here.

Several hypotheses have been put forth for the evolution
of diversity in male genitalia including the ‘lock and key’
hypothesis, pleiotropism, and sexual selection (Eberhard,
1985; Edwards, 1993; Hosken and Stockley, 2004). How-
ever, understanding the rate and mode of evolution of geni-
talia will require knowledge of the underlying genetic
architecture and development of copulatory organs (Nei
et al., 1983; Wu and Palopoli, 1994). Understanding
whether major morphological shifts in genitalia among spe-
cies are the result of few genetic or developmental changes
of large eVect or numerous changes of small eVect will pro-
vide signiWcant insight into the potential tempo and mode
of genital evolution and, potentially, the establishment and/
or maintenance of species boundaries.
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H6, EN2, FGB

179866, DQ179916, DQ179966, DQ180016
179908, DQ179958, DQ180008, DQ180058
79907, DQ179957, DQ180007, DQ180057
79867, DQ179917, DQ179967, DQ180017
179905, DQ179955, DQ180005, DQ180055
179909, DQ179959, DQ180009, DQ180059

79869, DQ179919, DQ179969, DQ180019
179870, DQ179920, DQ179970, DQ180020
179871, DQ179921, DQ179971, DQ180021
179904, DQ179954, DQ180004, DQ180054
Q179872, DQ179922, DQ179972, DQ180022
Q179873, DQ179923, DQ179973, DQ180023
Q179874, DQ179924, DQ179974, DQ180024
Q179875, DQ179925, DQ179975, DQ180025
Q179876, DQ179926, DQ179976, DQ180026
179877, DQ179927, DQ179977, DQ180027
79879, DQ179929, DQ179979, DQ180029
179878, DQ179928, DQ179978, DQ180028
79880, DQ179930, DQ179980, DQ180030
Q179883, DQ179933, DQ179983, DQ180033
Q179884, DQ179934, DQ179984, DQ180034
Q179885, DQ179935, DQ179985, DQ180035
Q179881, DQ179931, DQ179981, DQ180031
179903, DQ179953, DQ180003, DQ180053
Q179888, DQ179938, DQ179988, DQ180038
Q179882, DQ179932, DQ179982, DQ180032
Q179886, DQ179936, DQ179986, DQ180036
Q179887, DQ179937, DQ179987, DQ180037
179889, DQ179939, DQ179989, DQ180039
179865, DQ179915, DQ179965, DQ180015
79891, DQ179941, DQ179991, DQ180041
Q179892, DQ179942, DQ179992, DQ180042
179893, DQ179943, DQ179993, DQ180043
179894, DQ179944, DQ179994, DQ180044
Appendix A. Voucher specimens used and GenBank accessio

Taxon General locality

Neotoma albigula1 Yuma Co., Arizona
N. albigula2 Chihuahua, Mexico
N. albigula3 Apache Co., Arizona
N. albigula4 Otero Co., New Mexico
N. cinerea MoVat Co., Colorado
N. cinerea Provo, Utah Co., Utah
N. Xoridana1 Anderson Co., Texas
N. Xoridana2 Creek Co., Oklahoma
N. Xoridana3 Lyon Co. Kansas
N. Xoridana4 Richland Co., South Carolina
N. fuscipes1 Colusa Co., California
N. fuscipes2 Siskiyou Co., California
N. fuscipes3 Modoc Co., California
N. fuscipes4 San Luis Obispo Co., California
N. fuscipes5 Contra Costa Co., California
N. goldmani Nuevo Leon, Mexico
N. isthmica Chiapas, Mexico
N. isthmica Oaxaca, Mexico
N. lepida1 Orange Co., California
N. lepida2 San Diego Co., California
N. lepida3 San Benito Co., California
N. lepida4 Baja California, Mexico
N. lepida5 Mohave Co., Arizona
N. lepida6 Coconino Co., Arizona
N. lepida7 Elko Co., Nevada
N. lepida8 Pima Co., Arizona
N. lepida9 Coconino Co., Arizona
N. lepida10 Yuma Co., Arizona
N. leucodon Durango, Mexico
N. leucodon Kerr Co., Texas
N. macrotis1 Placer Co., California
N. macrotis2 Fresno Co., California
N. macrotis3 Orange Co., California
N. macrotis4 Riverside Co., California
n numbers for DNA sequence data

Specimen No.; GenBank Nos.: 12S, 16S, COII, cyt b, MLR, MY

TK 77931; DQ179666, DQ179716, DQ179766, DQ179816*, DQ
NK 17583; DQ179708, DQ179758, DQ179808, DQ179858*, D
NK 50148; DQ179707, DQ179757, DQ179807, DQ179857, DQ
TK 74854; DQ179667, DQ179717, DQ179767, DQ179817, DQ
NK 56291; DQ179705, DQ179755, DQ179805, DQ179855*, D
BYU 17790; DQ179709, DQ179759, DQ179809, DQ179859, D
TK 52109; DQ179669, DQ179719, DQ179769, DQ179819, DQ
TK 27751; DQ179670, DQ179720, DQ179770, DQ179820*, DQ
TK 28244; DQ179671, DQ179721, DQ179771, DQ179821*, DQ
NK 64089; DQ179704, DQ179754, DQ179804, DQ179854*, D
MVZ 196405; DQ179672, DQ179722, DQ179772, DQ179822, 
MVZ 196386; DQ179673, DQ179723, DQ179773, DQ179823, 
MVZ 196394; DQ179674, DQ179724, DQ179774, DQ179824, 
MVZ 196371; DQ179675, DQ179725, DQ179775, DQ179825, 
MVZ 196356; DQ179676, DQ179726, DQ179776, DQ179826, 
TK 28315; DQ179677, DQ179727, DQ179777, DQ179827*, DQ
TK 93296; DQ179679, DQ179729, DQ179779, DQ179829, DQ
TK 93257; DQ179678, DQ179728, DQ179778, DQ179828*, DQ
TK 77284; DQ179680, DQ179730, DQ179780, DQ179830, DQ
MVZ 197379; DQ179683, DQ179733, DQ179783, DQ179833, 
MVZ 195223; DQ179684, DQ179734, DQ179784, DQ179834, 
MVZ 159790; DQ179685, DQ179735, DQ179785, DQ179835, 
MVZ 197142; DQ179681, DQ179731, DQ179781, DQ179831, 
NK 54420; DQ179703, DQ179753, DQ179803, DQ179853*, D
MVZ 197126; DQ179688, DQ179738, DQ179788, DQ179838, 
MVZ 202447; DQ179682, DQ179732, DQ179782, DQ179832, 
MVZ 197094; DQ179686, DQ179736, DQ179786, DQ179836, 
MVZ 197115; DQ179687, DQ179737, DQ179787, DQ179837, 
TK 48594; DQ179689, DQ179739, DQ179789, DQ179839*, DQ
TK 49716; DQ179665, DQ179715, DQ179765, DQ179815*, DQ
MDM 800; DQ179691, DQ179741, DQ179791, DQ179841, DQ
MVZ 196585; DQ179692, DQ179742, DQ179792, DQ179842, 
TK 77285; DQ179693, DQ179743, DQ179793, DQ179843*, DQ
TK 83707; DQ179694, DQ179744, DQ179794, DQ179844*, DQ
Q
1
1
Q
Q
1

Q
D
D
D
D
D

1

1
D
D
D
D
Q
D
D
D
D

1
D
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rkeley; TK, Museum of Texas Tech Univer-
m.nih.gov). Numbers in taxon column corre-
 material are indicated with an asterisk.

N. magister Madison Co., Virginia NK 64158; DQ179706, DQ179756, DQ179806, DQ179856*, DQ179906, DQ179956, DQ180006, DQ180056
N. mexicana1 Michoacan, Mexico TK 45631; DQ179695, DQ179745, DQ179795, DQ179845, DQ179895, DQ179945, DQ179995, DQ180045

9896, DQ179946, DQ179996, DQ180046
897, DQ179947, DQ179997, DQ180047
868, DQ179918, DQ179968, DQ180018
9898, DQ179948, DQ179998, DQ180048
9890, DQ179940, DQ179990, DQ180040
9900, DQ179950, DQ180000, DQ180050
899, DQ179949, DQ179999, DQ180049
901, DQ179951, DQ180001, DQ180051
9902, DQ179952, DQ180002, DQ180052
9860, DQ179910, DQ179960, DQ180010
9863, DQ179913, DQ179963, DQ180013
861, DQ179911, DQ179961, DQ180011
9862, DQ179912, DQ179962, DQ180012
9864, DQ179914, DQ179964, DQ180014
Abbreviations are: NK, Museum of Southwestern Biology, University of Ne
sity; BYU, Monte L. Bean Museum, Brigham Young University; MDM, Wel
spond to position of specimen in Figs. 2 and 3. Cyt b sequences that diVer be

N. mexicana2 Las Animas Co., Colorado
N. mexicana3 Los Alamos Co., New Mexico
N. micropus1 Floyd Co., Texas
N. micropus2 Roosevelt Co., New Mexico
N. micropus3 Dimmitt Co., Texas
N. micropus4 Dimmitt Co., Texas
N. micropus5 Otero Co., New Mexico
N. picta Guerrero, Mexico
N. stephensi Navaho Co., Arizona
Hodomys alleni Michoacan, Mexico
Xenomys nelsoni Jalisco, Mexico
Peromyscus attwateri McIntosh Co., Oklahoma
Tylomys nudicaudus Izabal, Guatemala
Ototylomys phyllotis Atlantida, Honduras
w Mexico; MVZ, Museum of Vertebrate Zoology, University of California, Be
d collection number of Marjorie D. Matocq; DQ, GenBank (http://www.ncbi.nl
tween this study and Edwards and Bradley (2002) despite using the same source

TK 51346; DQ179696, DQ179746, DQ179796, DQ179846*, DQ17
TK 78350; DQ179697, DQ179747, DQ179797, DQ179847, DQ179
TK 54559; DQ179668, DQ179718, DQ179768, DQ179818, DQ179
TK 31643; DQ179698, DQ179748, DQ179798, DQ179848*, DQ17
TK 84557; DQ179690, DQ179740, DQ179790, DQ179840*, DQ17
TK 84556; DQ179700, DQ179750, DQ179800, DQ179850*, DQ17
TK 77270; DQ179699, DQ179749, DQ179799, DQ179849, DQ179
TK 93390; DQ179701, DQ179751, DQ179801, DQ179851, DQ179
TK 77928; DQ179702, DQ179752, DQ179802, DQ179852*, DQ17
TK 45042; DQ179660, DQ179710, DQ179760, DQ179810*, DQ17
TK 19559; DQ179663, DQ179713, DQ179763, DQ179813*, DQ17
TK 23396; DQ179661, DQ179711, DQ179761, DQ179811, DQ179
TK 41551; DQ179662, DQ179712, DQ179762, DQ179812*, DQ17
TK 101714; DQ179664, DQ179714, DQ179764, DQ179814, DQ17

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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Appendix B. Reference material for phallus morphology for ancestral state reconstructions

Abbreviations used: MSB, Museum of Southwestern Biology, University of New Mexico; UMMZ, Museum of Zoology, University of Michigan; USNM,
National Museum of Natural History, Smithsonian Institution. Specimens illustrated for this study and included in Figs. 3 and 4 are underlined.

Taxon Specimen No. Literature source

Neotoma albigula MVZ 200703, UMMZ 83665, UMMZ 110447
N. cinerea Hooper (1960), UMMZ 110202
N. Xoridana UMMZ 110378, UMMZ 115698
N. fuscipes Matocq (2002a)
N. isthmica Hooper (1960), UMMZ 109668, UMMZ 112230, UMMZ 112227, UMMZ 118231
N. lepida Hooper (1960)
N. leucodon UMMZ 100704, UMMZ 100707, UMMZ 100710
N. macrotis Hooper (1960); Matocq (2002a)
N. magister USNM 283065
N. mexicana UMMZ 100702
N. micropus UMMZ 99175, UMMZ 99176, UMMZ 109721
N. picta UMMZ 109666, UMMZ 109667
N. stephensi Hooper (1960)
Hodomys alleni Hooper (1960)
Xenomys nelsoni Hooper (1960)
Peromyscus attwateri MSB 73860, MSB 73861
Tylomys nudicaudus USNM 583238
Ototylomys phyllotis Hooper (1960)
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