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Mitochondrial and nuclear DNA sequence data provide resolution
to sister-group relationships within Pteronotus
(Chiroptera: Mormoopidae)

RoONALD A. VAN DEN BusscHE and SARAH E. WEYANDT

Department of Zoology and Collection of Vertebrates, 430 Life Sciences West, Oklahoma State University,
Stillwater, Oklahoma 74078, USA; E-mail of RAVDB: ravdb@okstate.edu

Whereas it is generally agreed that the Neotropical bat family Mormoopidae, as well as the two mormoopid
genera (Mormoops and Pteronotus) are each monophyletic, relationships among the six extant species of
Pteronotus remain unresolved. The purpose of this study was to evaluate phylogenetic relationships within
Pteronotus using DNA sequence data from the mitochondrial ribosomal and cytochrome b genes and the
nuclear Recombination Activating Gene-2 based on likelihood inferential techniques (maximum likelihood and
Bayesian phylogenetics). Results of this study present, for the first time, a fully resolved and strongly supported
phylogeny for all relationships within Pteronotus. These data strongly support: sister-group relationships
between davyi and gymnonotus (subgenus pteronotus), between macleayii and quadridens (subgenus
chilonycteris), and between the subgenera pteronotus and chilonycteris. Pteronotus personatus is sister to this
clade and P. parnellii is the most basal lineage of Pteronotus. Although this is the first study to provide a fully-
resolved and strongly supported hypothesis for the phylogenetic relationships among species of Pteronotus,
future work must focus on phylogeographic surveys within each species because previous studies have
suggested that parnellii and personatus may contain undescribed species.
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INTRODUCTION Lin and Penny, 2001; Madsen ef al., 2001;

Murphy et al., 2001a, 20015; Hulva and

With recent controversies between mor-
phological and molecular evidence many
phylogenetic studies are faced with uncer-
tainty of monophyly of the taxon under-
study. For example, the validity of several
traditional morphological groupings includ-
ing Archonta, Ferrungulata, Glires, Paenun-
gulata, Chiroptera, Megachiroptera, and
Microchiroptera (Novacek and Wyss, 1986;
Novacek, 1992) have recently been ques-
tioned based on molecular data (e.g., Nikai-
do et al., 2000; Teeling et al., 2000, 2002;

Horacek, 2002). This problem is not re-
stricted to higher taxonomic levels as mono-
phyly of several genera also has come under
question. For example, within families of
bats, the question of monophyly arises for
Eptesicus, Pipistrellus, Artibeus, Microny-
cteris, Tonatia, and Phyllostomus (Van Den
Bussche and Baker, 1993; Van Den Bussche
etal., 1993, 1998; Volleth and Heller, 1994;
Simmons and Voss, 1998; Baker et al.,
2000; Volleth et al., 2001; Kearney et al.,
2002; Porter et al., In press). One taxon that
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2 R. A. Van Den Bussche and S. E. Weyandt

has sufficient morphological and chromoso-
mal synapomorphies to make it highly un-
likely it is diphyletic is the mormoopid ge-
nus Pteronotus.

Mormoopidae (Mammalia: Chiroptera)
contains two genera (Mormoops and Ptero-
notus) and eight extant species (M. blainvil-
li, M. megalophylla, P. davyi, P. gymnono-
tus, P. macleayii, P. parnellii, P. personatus,
and P. quadridens) restricted to the New
World. Karyotypic studies document that all
species of Pteronotus and Mormoops pos-
sess identical diploid and fundamental num-
bers and share a unique chromosomal fis-
sion that occurs in no other chiropteran fam-
ily (Patton and Baker, 1978; Baker and
Bickham, 1980; Sites ef al., 1981). Chromo-
somal banding studies further support
monophyly of Pteronotus based on a unique
G-banded karyotype shared by all six spe-
cies and monophyly of Mormoops due to a
single difference in banding pattern be-
tween the karyotype of Mormoops and Pte-
ronotus (Sites et al., 1981). Although no
study has seriously questioned monophyly
of Pteronotus, species-level relationships
within the genus remain unresolved.

Smith (1972) proposed the first explicit
phylogeny for relationships within Mor-
moopidae in which he partitioned species
of Pteronotus into the subgenera pterono-
tus (davyi and gymmnonotus), chilonycteris
(macleayii, quadridens, personatus), and
phyllodia (parnellii) (Fig. 1A). Although
based on a phenetic analysis, his classi-
fication dramatically influenced the cur-
rent thought on mormoopid evolution. To
test the phylogenetic hypothesis of Smith
(1972), Simmons and Conway (2001)
performed a parsimony analysis of 209
morphological characters. Although they
concluded that their results support Smith’s
(1972) subgenera, only the sister-group
relationship of davyi and gymnonotus was
strongly supported (Fig. 1B). Even though
Simmons and Conway (2001) provide

a cautionary statement regarding their re-
sults, they proposed taxonomic diagnoses of
all mormoopid clades based on their short-
est tree.

Shortly after the publication by Sim-
mons and Conway (2001), Lewis-Oritt et al.
(2001) published results of their phyloge-
netic analysis of mormoopid relationships
based on parsimony and distance-based
analyses of DNA sequence data from the
mitochondrial cytochrome b and nuclear
Recombination Activating Gene-2 (RAG-
2). Their combined tree revealed that par-
nellii represents the most basal lineage and
the remaining five species comprised an un-
resolved trichotomy (Fig. 1C). They inter-
preted their results as supporting Smith’s
(1972) subgenera phyllodia (parnellii) and
pteronotus (davyi and gymnonotus), howev-
er, because they detected a sister-group re-
lationship between macleayii and quadri-
dens, with personatus representing a sepa-
rate lineage within this trichotomy, their da-
ta failed to support Smith’s (1972) composi-
tion of chilonycteris.

In a subsequent attempt to provide reso-
lution to the phylogenetic relationships
within Pteronotus, Van Den Bussche et al.
(2002) generated approximately 3 kilobases
(kb) of mitochondrial ribosomal (mtrDNA)
gene sequence data from representatives of
each species of Mormoopidae and com-
bined these data with the 209 morphological
characters of Simmons and Conway (2001).
Results of this combined morphological and
mtrDNA sequence data support monophyly
of Mormoopidae, Mormoops, Pteronotus,
and sister-group relationships between qua-
dridens and macleayii and between davyi
and gymnonotus yet, there still remained an
unresolved polytomy of ((davyi, gymnono-
tus), parnellii, personatus, (macleayii,
quadridens)) (Fig. 1D).

Thus, there have been several recent at-
tempts to provide resolution to the phyloge-
netic relationships among the six species
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F1G. 1. (A). Redrawing of Smith’s (1972) phenetic analysis depicting the phylogenetic relationships within
Mormoopidae and his proposed subgeneric classification for species of Pteronotus. (B). Redrawing of Simmons
and Conway (2001) parsimony analysis of 209 morphological characters and their proposed subgeneric
groupings. (C). Redrawing of Lewis-Oritt et al. (2001) results of their combined cytochrome » and RAG-2
maximum parsimony analysis depicting the phylogenetic relationships within Mormoopidae and proposed
subgeneric designations. (D). Redrawing of the phylogenetic relationships detected by Van Den Bussche et al.
(2002) based on parsimony analysis of mitochondrial ribosomal sequences and the 209 morphological
characters with subgeneric groupings. Abbreviations: M. = Mormoops, P. = Pteronotus. For trees B, C, and D,
numbers above internal lineages are bootstrap percentages and numbers below are decay values
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of Pteronotus, but with the exception of the
sister-group relationship of davyi and gym-
nonotus and of macleayii and quadridens,
no consensus for phylogenetic relationships
among these six species has been reached
(Fig. 1).

The lack of a well-resolved and strongly
supported phylogeny for relationships with-
in Pteronotus has hampered attempts to un-
derstand the biogeographic history of this
group. Additionally, with the resurgence in
re-coupling functional morphology and
evolution (Adams and Pedersen, 2000), un-
derstanding the evolution of morphological
and ecological traits unique to this taxon is
difficult based on our current understanding
of the phylogenetic relationships within this
genus. This lack of phylogenetic resolution
is due, at least in part, to fairly recent spe-
ciation in Pteronotus resulting in insuffi-
cient time for the development of a suffi-
cient number of synapomorphies document-
ing sister-group relationships. Thus, we are
faced with the difficulty of determining
phylogenetic relationships based on few
shared-derived characters. However, recent
advances in statistical modeling of DNA se-
quence evolution provide alternative and
more powerful approaches for elucidating
phylogenetic relationships than parsimony
or distance-based algorithms used in previ-
ous studies (Lewis-Oritt et al., 2001; Van
Den Bussche et al., 2002). Moreover, it has
been shown that a linear increase in phylo-
genetic resolution and possibly statistical
support over the entire tree can best be ob-
tained by increasing the amount of data ex-
amined per taxon (Goldman, 1998). There-
fore, concatenating the three previously
generated molecular datasets into a single
‘meta-sequence’ analysis and analyzing
these data with likelihood-based inferen-
tial techniques that allow the use of more
complex models of DNA sequence evolu-
tion should result in a more accurate and ro-
bust phylogenetic estimate with increased

statistical confidence (Gaut and Lewis,
1995; Huelsenbeck, 1995; Whelan et al.,
2001; Alfardo et al., 2003). Finally, because
the genetic distance between Mormoops and
Pternotus of 15% is nearly as great as the
16-20% detected among representatives of
other noctilionoid families (Van Den Buss-
che et al., 2002: table 1), using representa-
tives of Noctilionoidea as outgroups to po-
larize character-state changes within Ptero-
notus (e.g., Lewis-Oritt et al., 2001; Van
Den Bussche ef al., 2002), may have result-
ed in increased levels of homoplasy caus-
ing the lack of phylogenetic resolution for
sister-group relationships within Pterno-
tus. Because the monophyly of Mormoopi-
dae, Mormoops, nor Pternotus has seriously
been questioned, we used the two species of
Mormoops as outgroups to polarize charac-
ter-state changes within Pteronotus.

Therefore, to provide resolution to the
phylogenetic relationships among species
of Pteronotus we re-analyzed each of the
three previously generated molecular data
sets independently (Lewis-Oritt et al., 2001;
Van Den Bussche et al., 2002) and also
combined all three independently derived
molecular data sets, polarized character-
state changes using M. blainvillii and M.
megalophylla as outgroups, and phyloge-
netically analyzed these data with appropri-
ate models of DNA sequence evolution that
extract from the data the maximum amount
of information (Lewis, 2001; Whelan ef al.,
2001).

MATERIALS AND METHODS

Sequences for the mitochondrial 12S rRNA,
tRNAV2 16S rRNA, cytochrome b, and the nuclear
RAG-2 gene, respectively, were obtained from
GenBank for the following taxa: Mormoops blainvil-
li (AF407172, AF338685, AY028169), M. megalo-
phylla (AF407173, AF338688, AF338702), Ptero-
notus davyi (AF407176, AF338671, AF338692),
P. gymnonotus (AF407177, AF338674, AF338694),
P macleayii (AF407178, AF338683, AF338700),
P. parnellii (AF407180, AF330807, AF330817),
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P. personatus (AF407182, AF338680, AF338699),
and P quadridens (AF407179, AF338681,
AF338695). Sequences of the three regions were not
available from the same individual for M. megalo-
phylla or P. gymnonotus thus we concatenated se-
quences from two individuals for each of these taxa.
For each of the three data sets (mtrDNA, cytochrome
b, RAG-2), sequences were aligned using default op-
tions in CLUSTAL X (Thompson et al., 1997) and
imported into MacClade (Maddison and Maddison,
1992) for visual inspection. For mtrDNA, those re-
gions potentially violating the assumption of posi-
tional homology were excluded from all phylogenetic
analyses. All nucleotides were coded as one of four
discrete character states (A, T, G, C) and gaps in the
mtrDNA alignment were coded as missing data. For
phylogenetic analysis, character-state changes were
polarized by designating M. blainvillii and M. mega-
lophylla as outgroups.

mitrDNA

Alignment of mtrDNA sequences was accom-
plished using default parameters in CLUSTALX with
the resulting alignment refined based on published
secondary structural models (Anderson et al., 1982;
De Rijk et al., 1994; Springer and Douzery, 1996)
and, with few exceptions, alignment gaps occurred in
loop regions. The most appropriate model of DNA se-
quence evolution and model parameters (as deter-
mined via modeltest; Posada and Crandall, 1998) for
the mtrDNA data were: GTR + I' + I; base frequen-
cies = 0.3582, 0.2232, 0.1858, 0.2328; R-Matrix =
9.4469, 26.0791, 8.0184, 0.1923, 86.1086; shape pa-
rameter (o) of the gamma distribution = 0.5274, and
proportion of variable sites = 0.5740. These model
parameters were used in a maximum likelihood
analysis using PAUP* (Swofford, 2000). The starting
tree was obtained via random addition with the
Branch-and-Bound option and tree-bisection-recon-
nection (TBR) branch-swapping. Reliability of clades
on the optimal tree was evaluated through bootstrap
analysis with 500 iterations.

As a second measure of reliability of clades,
we performed Bayesian phylogenetic analyses
(MRBAYES; Hulsenbeck and Ronquist, 2001). For
Bayesian analysis, we used the GTR + I + I model of
sequence evolution as determined via Modeltest,
however, we did not define values for model parame-
ters a priori, but treated them as unknown variables
with uniform priors to be estimated in each analysis.
Bayesian analysis was conducted with random start-
ing trees without constraints, four simultaneous
Markov chains were run for 1,000,000 generations,
trees were sampled every 10 generations, and temp

was set to 0.02. Resulting burnin values (the point at
which model parameters and tree score reach station-
arity) were empirically determined based upon evalu-
ation of likelihood scores. Finally, three independent
runs of MRBAYES were conducted to ensure that fi-
nal trees converged upon the same topology.

Cytochrome b

Alignment of cytochrome b sequences was per-
formed using CLUSTALX and these data were ana-
lyzed using maximum likelihood and Bayesian phy-
logenetics as described above. For maximum likeli-
hood analysis, Modeltest choose the GTR + I' + I
model of sequence evolution with the following pa-
rameters as most appropriately fitting our data: base
frequencies = 0.3238, 0.3751, 0.1151, 0.1860; R-
Matrix = 57129.13, 447322.03, 94336.63, 23868.34,
1507731.38; o = 1.1971, and proportion of invariant
sites = 0.5881. Bayesian analysis for the cytochrome
b data were performed as described above with the
exception that we used site-specific rate model by
partitioning the data into each of the three positions of
the codon (Huelsenbeck and Ronquist, 2001).

RAG-2

Alignment of RAG-2 sequences was performed
using CLUSTALX and these data were analyzed us-
ing maximum likelihood and Bayesian phylogenetics
as described above. For maximum likelihood analy-
sis, Modeltest choose the HKY + I' model of se-
quence evolution with the following parameters as
most appropriately fitting our data: base frequencies =
0.2970, 0.2265, 0.2168, 0.2597; transition: transver-
sion ratio = 4.4820, and o. = 0.0152. Bayesian analy-
sis for the cytochrome b data were performed as de-
scribed above with the exception that we used site-
specific rate model by partitioning the data into each
of the three positions of the codon (Huelsenbeck and
Ronquist, 2001).

Combined Analysis

Because our ultimate objective was to perform a
phylogenetic analysis combining all three data sets,
it was necessary to evaluate the degree of taxonom-
ic congruence among these data sets. Traditionally,
such tests of taxonomic congruence have been
accomplished by performing independent phyloge-
netic analyses and then testing for congruence among
resulting phylogenies using the incongruence-
length-difference test (ILD — Mickevich and Farris,
1981; Farris et al., 1994). However, the ILD test has
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6 R. A. Van Den Bussche and S. E. Weyandt

recently come under criticism as a poor measure of
congruence, especially when data sets are of different
sizes (Yoder et al., 2001; Dowton and Austin, 2002).
Therefore, we used a more straightforward approach
to assess data combinability in which results from in-
dependent analyses are first examined for clades that
may be in strong conflict among competing trees
(Weins, 1998; Leaché and Reeder, 2002; Hoofer et
al., In press). If many such strongly supported con-
flicts exist, then the resulting combined analysis
should reflect unresolved relationships for such taxa
in the combined analysis, due to different underlying
phylogenetic histories. For our analyses, we consid-
ered only those clades receiving bootstrap support of
> 70% and Bayesian posterior probabilities of > 0.95
to be strongly supported. An advantage of this ap-
proach is that it assumes that weakly supported con-
flict may be due to stochastic error and does not pre-
clude data set combination when only a few clades
exhibit strongly supported conflict among independ-
ent data (Weins, 1998; Leaché and Reeder, 2002;
Hoofer et al., In press). Using this approach, the tree
or trees from the combined analysis are considered
the best estimate of species phylogeny.

Modeltest choose the GTR + T" + I model of se-
quence evolution with the following parameters as
best explaining our data: base frequencies = 0.3291,
0.2514, 0.1840, 0.2355; R-Matrix = 9.2660, 21.4954,
5.0508, 1.6526, 63.5032; o= 0.5271, and proportion
of invariant sites = 0.5556. Maximum likelihood and
Bayesian analyses of the combined data were per-
formed as described above with the exception that we
used site-specific rate model by partitioning the data
into each of the three positions of the codon for each
of the protein coding genes and using a seventh parti-
tion to represent the mtrDNA data (Huelsenbeck and
Ronquist, 2001).

RESULTS

mtrDNA

Alignment of 12S rRNA, tRNAY, and
16S rRNA genes resulted in 2,643 aligned
positions of which 225 were excluded from
phylogenetic analysis due to potentially vi-
olating positional homology. Of the remain-
ing 2,418 aligned positions, 436 were vari-
able. Maximum likelihood analysis resulted
in an optimal tree of -6554.21 that strongly
supported sister-group relationships of
macleayii and quadridens as well as davyi

and gymnonotus (Fig. 2A). Bayesian phylo-
genetic analyses were in agreement between
the three independent runs and burnin val-
ues for each run were 3,500 trees, resulting
in 96,500 trees for phylogenetic analysis.
Results of Bayesian analysis produced a to-
pology identical to the topology resulting
from the maximum likelihood analysis and
corroborated results from maximum likeli-
hood analysis by supporting the same sister-
group relationships with posterior probabil-
ities > 0.98 (Fig. 2A).

Cytochrome b

Alignment of cytochrome b resulted in
1,140 aligned positions of which 358 were
variable. Of these variable sites, 41, 21, and
296 occurred at first, second, and third posi-
tions of the codon, respectively. Maximum
likelihood analysis resulted in an optimal
tree of -4525.04 depicting sister-group rela-
tionships between macleayii and quadri-
dens, between davyi and gymnonotus, and
between parnellii and personatus however,
only the sister-group relationships between
davyi and gymnonotus and between macle-
ayii and quadridens received bootstrap sup-
port of about 70% or greater (Fig. 2B). Re-
sults of three Bayesian analyses were in ex-
cellent agreement and the burnin value of
5,000 resulted in 95,000 trees for the evalu-
ation of clade composition. Topology of the
Bayesian tree was identical to the topology
produced by maximum likelihood anal-
ysis and the sister-group relationships be-
tween davyi and gymnonotus and between
macleayii and quadridens were each sup-
ported with a posterior probability = 1.00
(Fig. 2B).

RAG-2

Alignment of RAG-2 sequences resulted
in 1,362 aligned positions of which 112
were variable. Of the 112 variable sites, 16,
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represent Bayesian posterior probabilities. Abbreviations: M. = Mormoops, P. = Pteronotus

5, and 91 were at first, second, and third
positions of the codon, respectively. Maxi-
mum likelihood analysis resulted in an op-
timal tree of -2664.88 which was fully re-
solved for all relationships within Ptero-
notus and all relationships on the shortest
tree were supported by bootstrap values
> 78% (Fig. 2C). Bayesian parameters were
in excellent agreement among all three
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8 R. A. Van Den Bussche and S. E. Weyandt

Combined Analysis

Because no strong conflict exists among
topologies resulting from the independent
analyses (Fig. 2), we concatenated all three
alignments into a single file. Maximum
likelihood analysis resulted in an optimal
tree of -14020.37 with a topology identical
to that produced by the RAG-2 data and
bootstrap analysis detected strong support
for most clades (Fig. 3). Bayesian analysis
with site-specific rate variation was in ex-
cellent agreement among the three runs and
stationarity was reached (burnin value) at
3,700 trees, resulting in phylogenetic rela-
tionships and clade composition to be eval-
uated based on 96,300 trees. The topolo-
gy resulting from the Bayesian analysis
was identical to that produced based on

M. blainvillii

M. megalophylla

P. parnellii
100 —— P, personatus
1.00
65 L P. davyi
1.00
1.00
P. gymnonotus
69
1.00
P. macleayii
100
1.00

P. quadridens

0.05 substitutions/site

Fi1G. 3. Optimal topology resulting from maximum-
likelihood phylogenetic analyses of the concatenated
mtrDNA, cytochrome b, and nuclear RAG-2 DNA
sequences documenting phylogenetic relationships
among species of Pteronotus (In = -14020.37).
Numbers above each node document percentage
of 500 bootstrap iterations that each clade was
detected; numbers below each node represent
Bayesian posterior probabilities. M. = Mormoops,
P. = Pteronotus

maximum likelihood and all clades were
supported with posterior probabilities of
1.00 (Fig. 3).

DiscussioN

Although many different character sets
have been used in attempts to elucidate
interspecific relationships within Pterono-
tus, providing unambiguous resolution to
the phylogenetic relationships within this
genus has been difficult. Chromosomal data
suggest that the six species of Pteronotus
form a natural assemblage but provide no
resolution to the phylogenetic relationships
within this genus (Patton and Baker, 1978;
Baker and Bickham, 1980; Sites et al.,
1981). More recently, morphological, mo-
lecular, and combined morphological and
molecular data have been used to assess
phylogenetic relationships within Pterono-
tus but these data have also provided little
phylogenetic resolution (Lewis-Oritt et al.,
2001; Simmons and Conway, 2001; Van
Den Bussche ef al., 2002). The only areas
of agreement among recent phylogenetic
studies of Pteronotus are the sister-group
relationships of davyi with gymnonotus and
macleayii with quadridens (Lewis-Oritt et
al.,2001; Simmons and Conway, 2001; Van
Den Bussche et al., 2002).

Based on analysis of the three independ-
ent data sets using complex models of DNA
sequence evolution coupled with likelihood
based inferences and Bayesian phylogenet-
ics, each tree strongly supports sister-group
relationships between davyi and gymnono-
tus and between macleayii and quadridens
(Fig. 2). However, the relationship of these
two sister-groups to each other and to par-
nellii and personatus remains problematic
(Fig. 2). Although these relationships re-
main unresolved among independent data
sets, the resulting phylogenies are not in
conflict because with the exception of the
sister-group relationships of macleayii and
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Phylogenetic relationships within Pteronotus 9

quadridens and davyi and gymnonotus, only
the RAG-2 data provide statistically signif-
icant support for any other clades (Fig. 2).
Therefore, we concatenated all three data
sets into a single file for a ‘total molecular
evidence’ assessment of the phylogenetic
relationships within Pteronotus.

The use of statistically appropriate mod-
els of DNA evolution and tree-searching
(Lewis, 2001; Whelan et al., 2001) from ap-
proximately 4.9 kb of mitochondrial and
nuclear DNA sequence data, coupled with
the use of closely related taxa to polarize
character-state changes, resulted in a well-
resolved and strongly supported phylogeny
for relationships within Pteronotus (Fig. 3).
Although two clades did not meet our es-
tablished criteria for strong support (boot-
strap support = 70% and Bayesian posterior
probabilities = 0.95) by having bootstrap
support of 65% and 69%, we still consider
these clades to be strongly supported for the
following reasons. First, Alfaro et al. (2003)
conducted simulation studies on the behav-
ior of bootstrap and Bayesian posterior
probabilities under 18 scenarios involving
different tree topologies and rates of evolu-
tion and concluded that “an internode hav-
ing a very high posterior probability but a
moderate bootstrap value should be inter-
preted as an internode that has a high prob-
ability of being correct, conditional on the
data that has been collected so far (and
model of evolution)”. Second, although Al-
faro et al. (2003) found that Bayesian analy-
ses did assign high posterior probabilities
for short internodes more often than boot-
strapping, the overall rate of assigning high
support to such incorrect nodes was ex-
tremely low. Because the topology present-
ed in figure 3 is the same as obtained using
maximum likelihood analyses under com-
plex models of DNA sequence evolution
that did not account for codon positions
as well as Bayesian analyses that not on-
ly included complex models of sequence

evolution but also partitioned the data into
positions of the codon (for cytochrome b
and RAG-2) as well as positions of the
codon and mtrDNA for the combined analy-
ses, lends additional support for the rela-
tionships depicted in figure 3 and argues
against the possibility that the high posteri-
or support is due to problems associated
with the Bayesian approach. Thus, the more
complex nature of these models allows us to
place greater support in the combined tree
for posterior probabilities over maximum
likelihood bootstrap support. Moreover,
Alfaro et al. (2003) found that bootstrap
analyses had a very difficult time sup-
porting the correct phylogeny when there
existed very few synapomorphies as is the
case in this study. Finally, as pointed out by
Alfaro et al. (2003) bootstrap support is best
interpreted as reflecting the sensitivity of
observed results to the sampling error asso-
ciated with collecting characters whereas
Bayesian posterior probabilities represent a
more accurate confidence measure, under
the conditions of the probabilistic model of
DNA sequence evolution and the observed
data. Although we feel comfortable in plac-
ing greater weight in the results from the
Bayesian analyses, it is necessary to re-
member that any phylogenetic tree repre-
sents a hypothesis that requires further test-
ing with new data.

In agreement with the conclusion of
Smith (1972) and Lewis-Oritt et al. (2001),
results of our combined analyses place par-
nellii as the most basal and most divergent
lineage of Pternotus. The basal placement
of parnellii relative to other species of Pter-
notus is also consistent with previous kary-
ological and morphological studies (Smith,
1972; Patton and Baker, 1978) and has
considerable implications regarding the
evolution of echolocation in mormoopids
(Novick, 1963; Vater, 1998, 2000). With
the exception of P. parnellii, mormoopid
bats produce frequency-modulated (FM)
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echolocation signals that provide a meas-
urement of target distance and detailed in-
formation about target texture (Vater, 2000).
In contrast, the echolocation of parnellii
comprises a combination of long constant-
frequency (CF) and FM signals (Vater,
2000). This form of echolocation (referred
to as CF-FM) is also found in species of the
Old World genera Rhinolophus and Hippo-
sideros. Bats with CF-FM echolocation are
characterized by Doppler-shift compensa-
tion, made possible through the evolution
of unique specializations in organs neces-
sary for sending and receiving such high
frequency sound. It has been suggested
that this type of echolocation evolved to
allow hunting insects in densely cluttered
spaces and is optimized to small periodic
changes in both the frequency and ampli-
tude of echoes from wing beats of prey in-
sects (Vater, 2000). The presence of CF-FM
echolocation in both rhinolophoids and
P. parnellii is believed to be due to conver-
gent evolution. The fact that our tree places
parnellii as the most basal lincage of
Pteronotus is interpreted as indicating that
the common ancestor of Mormoopidae pos-
sessed the more typical CF echolocation
and the evolution of CF-FM echolocation in
parnellii, along with the morphological
adaptations of the cochlea associated with
this form of echolocation evolved after par-
nellii diverged from the remainder of the
mormoopids.

Also in agreement with previous studies
(Smith, 1972; Lewis-Oritt ef al., 2001; Sim-
mons and Conway, 2001; Van Den Bussche
et al., 2002), davyi and gymnonotus as well
as macleayii and quadridens represent natu-
ral assemblages and their placement in the
subgenera pternotus and chilonycteris, re-
spectively, are well supported (Figs. 2 and
3). Aside from these commonalities, all oth-
er relationships proposed in our study are
discordant with other phylogenetic hy-
potheses for species of Pteronotus (Fig. 1).

Smith (1972) and Simmons and Conway
(2001) included personatus within the sub-
genus chilonycteris whereas Lewis-Oritt et
al. (2001) proposed that personatus repre-
sented an undescribed subgenus. Our data
are in agreement with the conclusion of
Lewis-Oritt et al. (2001), as personatus
does not appear to be more closely related
to macleayii and quadridens (chilonycteris),
as was proposed by Smith (1972), Simmons
and Conway (2001) and Van Den Bussche
et al. (2002) or to the subgenus pteronotus
and does not form a sister-group relation-
ship with parnellii. Finally, our data strong-
ly support a sister-group relationship be-
tween the subgenera pteronotus (sensu
Smith, 1972) and chilonycteris (sensu
Lewis-Oritt et al., 2001).

Smith (1972) proposed that the center of
origin of mormoopid radiation was either
southern Middle America or northwestern
South America and that the Greater Antilles
were probably invaded from the Middle
America region. Results of our phylogenet-
ic analysis are compatible with this inter-
pretation as parnellii, our most basal line-
age, is broadly distributed, occurring from
the Greater Antilles and tropical Mexico to
northeastern Brazil (Koopman, 1993, 1994;
Emmons, 1997; Reid, 1997), and that per-
sonatus, our next most basal lineage, is
broadly distributed in Central and South
America (Bowles et al., 1979; Koopman,
1993, 1994; Emmons, 1997; Reid, 1997).
Regarding the zoogeographic history of the
remaining four species (davyi, gymnonotus,
macleayii, quadridens), our phylogeny is
interpreted as indicating a slightly different
biogeographic scenario than proposed by
Smith (1972). However, because we includ-
ed only a single exemplar of each taxon,
coupled with the high degree of genetic
variation previously detected in parnellii
(Lewis-Oritt et al., 2001; Van Den Bussche
et al., 2002) and personatus (Lewis-Oritt et
al., 2001), any biogeographic scenario to
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explain current distributions of species of
Pteronotus throughout Mexico, Central and
South America, and the Antilles must await
more thorough phylogenetic and phylogeo-
graphic studies. It will be necessary to elu-
cidate whether parnellii and personatus
comprise as of yet undescribed cryptic spe-
cies, as well as to conduct more taxon-dense
sampling of all species of Pternotous to ob-
tain a better estimate of intra-specific geo-
graphic variation.
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