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Bats (order Chiroptera) are one of the few orders of mammals that
echolocate and the only group with the capacity for powered
¯ight. The order is subdivided into Microchiroptera and Mega-
chiroptera, with an array of characteristics de®ning each group1,
including complex laryngeal echolocation systems in microbats
and enhanced visual acuity in megabats. The respective mono-
phylies of the two suborders have been tacitly assumed, although
microbat monophyly is uncorroborated by molecular data. Here
we present a phylogenetic analysis of bat relationships using DNA
sequence data from four nuclear genes and three mitochondrial
genes (total of 8,230 base pairs), indicating that microbat families
in the superfamily Rhinolophoidea are more closely related to
megabats than they are to other microbats. This implies that
echolocation systems either evolved independently in rhinolo-
phoids and other microbats or were lost in the evolution of
megabats. Our data also reject ¯ying lemur (order Dermoptera)
as the bat sister group, indicating that presumed shared derived

²Present addresses: Department of Biology, University of California, Riverside, California 92521, USA
(E.C.T., M.S.); Bioinformatics, SmithKline Beecham Pharmaceuticals, 1250 South Collegeville Road,

UP1345, Collegeville, Pennsylvania 19426-0989, USA (M.J.S.).

characters for ¯ying lemurs and bats2 are convergent features that
evolved in association with gliding and ¯ight, respectively.

Bat species were chosen to include at least one representative
from each microbat superfamily3 as well as representative megabats.
Because the choice of outgroup can have a major in¯uence on
reconstructed ingroup topologies, and because the sister group to
bats is controversial4,5, we included four diverse outgroup taxa. We
obtained new sequences and/or extracted sequences from GenBank
for four nuclear genes and three mitochondrial genes. The nuclear
genes were exon 11 of BRCA1 (breast cancer susceptibility gene; 2.8
kilobases (kb)), exon 28 of vWF (von Willebrand factor; 1.2 kb),
RAG1 (recombination activating gene 1; 1.1 kb), and RAG2
(recombination activating gene 2; 0.8 kb). The mitochondrial
genes were the complete 12S and 16S ribosomal RNA genes and
the intervening valine transfer RNA gene. Independent mito-
chondrial and nuclear loci were chosen to index different types of
DNA sequence information.

None of our phylogenetic analyses supported the monophyly of
microbats. We found that Megaderma and Hipposideros, two micro-
bat species from different families within the superfamily Rhinolo-
phoidea, grouped as the sister clade to the megabats (Fig. 1).
Individual loci did not provide decisive bootstrap support for this
association, but all loci provided higher support for Rhinolophoi-
dea plus megabats than for microbat monophyly. For example, with
neighbour-joining and logdet distances (all sites included), the
bootstrap support deriving from independent genes for Rhinolo-
phoidea plus megabats and microbat monophyly, respectively, was
as follows: 12S±16S: 55 and 10; RAG1: 54 and 0; RAG2: 37 and 15;
vWF: 25 and 11; BRCA1: 24 and 1. Because none of the strongly
supported clades based on individual data sets were mutually
incompatible, we concatenated the sequences into combined
nuclear and mitochondrial-plus-nuclear data sets. The main prin-
ciple behind combining data is that it allows for ampli®cation of
phylogenetic signal, and increased resolving power, in cases where
signal is masked by homoplasy among the individual data sets.
Analyses based on concatenated nuclear and mitochondrial-plus-
nuclear data sets provided much higher bootstrap support for
Rhinolophoidea plus megabats (Fig. 1; Table 1) and statistical
tests with both parsimony and maximum likelihood rejected
microbat monophyly in favour of the rhinolophoid±megabat
alliance (Table 2).

Furthermore, using the variable-length bootstrap6,7, support for
Rhinolophoidea plus megabats increased as a function of the
number of resampled base pairs for each locus (Fig. 2a), except
for BRCA1. Removing third positions of BRCA1 resulted in the
same pattern of increasing support for the Rhinolophoidea±megabat
hypothesis (Fig. 2a). Third positions of BRCA1 exhibit two char-
acteristics, base compositional heterogeneity and lineage speci®c
rate variation, that may confound phylogenetic estimations. With
or without third positions, BRCA1 did not support microbat
monophyly. Bootstrap support with the concatenated data sets
increased as a function of the number of re-sampled base pairs,
much as for the individual genes (Fig. 2b), but was always higher
with similar numbers of nucleotides sampled from the concatenated
alignment compared to the individual genes (compare Fig. 2a and b,
respectively). This ®nding parallels results8 wherein individual
mitochondrial genes did not perform as well as random samples
of equivalent size that were drawn from the pooled data set. Also,
much of the increased resolving power of the pooled data relative to
the individual data sets is because of the increased number of base
pairs in the pooled data. For many problems in the molecular
phylogenetic analysis of mammalian evolutionary history, it is likely
that adequate resolving power will only be achieved through data set
concatenation; the present ®nding is simply one example.

Phylogenetic analyses can yield results that are artefacts of the
choice of outgroup, long-branch attraction, heterogeneous base
composition and site-speci®c rate variation9. We therefore investi-
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gated whether any of these factors contributed to the phylogenetic
association of rhinolophoids and megabats. Outgroup choice sen-
sitivity analyses consistently resulted in strong bootstrap support
for rhinolophoids plus megabats, irrespective of which taxon was
chosen as the outgroup (57%±100% bootstrap support, with 10 of
the 16 different analyses performed in excess of 85%). Phylogenetic
analyses were also performed with a 10-taxon data set that excluded
Tonatia and Mus because our examination of these data indicated
potential problems with long edges and/or base composition
involving these two taxa (Table 1). As before, the association of
rhinolophoids and megabats was strongly supported (Table 1).
Statistical tests with the 10-taxon data set rejected microbat mono-
phyly (Table 2). Finally, maximum likelihood bootstrap analyses
that accounted for site-speci®c rate variation with a gamma dis-
tribution of rates provided 100% bootstrap support for the rhino-

lophoid±megabat association with both the 12-taxon and 10-taxon
concatenations of mitochondrial and nuclear genes (Table 1).

Our phylogenetic result is also supported by other types of data.
Hutcheon et al.10 suggested that rhinolophoids and megabats are
sister taxa based on single-copy DNA hybridization results. Rhino-
lophoids and megabats also share a high AT bias and an alternative
interpretation of the hybridization data was that rhinolophoids and
megabats clustered together as an artefact of base composition10.
For the genes that we sequenced, we did not ®nd evidence for high
AT content in megabats and rhinolophoids relative to other
chiropterans. For example, among informative sites in our align-
ment, the percentage of A + T was higher in vespertilionoids
(53.5%±56.4%), megabats (52.9%±55.3%) and the emballonurid
(55.3%) than in rhinolophoids (48.9%±52.3%) or the phyllostomid
(44.2%). These results are inconsistent with an association of
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rhinolophoids and megabats that is merely an artefact of high A + T
content. Also, results obtained with the logdet method, which
addresses potential concerns with heterogeneity of base
composition9, agree with results for other methods in supporting
a rhinolophoid±megabat alliance (Table 1). With logdet, bootstrap
support for Rhinolophoidea plus megabats with the combined data
sets always exceeded 90%, even with the removal of constant sites
(Table 1).

Beyond molecular evidence favouring a rhinolophoid±megabat
alliance, there are other considerations that support this hypothesis.
First, a sister-group relationship between rhinolophoids and mega-
bats, rather than between megabats and all other chiropterans,
reduces the duration of the implied ghost lineage for megabats from
the early Eocene (the holotype of the earliest bat, Icaronycteris, is
dated at 53 million years ago11) to the late Eocene (there are fossil
rhinolophoids at 37±34 million years ago4,12). Another non-mo-
lecular consideration that supports a rhinolophoid±megabat asso-
ciation is that both groups have distributions that are restricted to
the Old World.

Our results have implications for the evolution of both ¯ight and
echolocation in bats. First, bats and ¯ying lemurs did not share a
¯ying common ancestor as has been suggested in various morpho-
logical analyses conducted over the course of the last century13,14.
None of our analyses support a sister-group relationship between
bats and ¯ying lemur, and indeed this hypothesis is rejected in
statistical tests involving the concatenated genes (Table 2). Instead,
we ®nd, in agreement with other molecular studies5, that bats are
not part of a monophyletic group that includes other archontans
(such as primates and ¯ying lemurs). Although it is likely that the
ancestor of bats progressed through an intermediate ¯ying stage12,
we suggest that this must have occurred independently of the
evolution of ¯ight in ¯ying lemurs. Numerous presumed synapo-
morphies for bats and ¯ying lemurs2, including markedly elongated
forelimbs, presence of a humeropatagialis muscle and fusion of
several carpal elements into the scaphocentralunate, are convergent
features that evolved in association with gliding or ¯ight. Such an
interpretation would concur with another morphological analysis15

which argued against Volitantia and favoured a Primates/Dermop-
tera clade.

Second, our phylogeny indicates that echolocation either evolved
in the ancestor of crown group bats and was then lost in Old World
fruitbats or evolved independently in rhinolophoids versus other
microchiropterans. Regarding the ®rst scenario, some workers have
argued for the implausibility of loss of laryngeal echolocation
because echolocation has obvious bene®ts, with only minimal
cost, when coupled with ¯ight3,16. We suggest that changes in
roosting locations and foraging habits may have obviated the
need for echolocation. Also, laryngeal echolocation systems may
limit body size because echolocation pulse frequency is coupled to

wingbeat rate and ventilation rate. If wingbeat rate, ventilation rate,
and pulse frequency became too low, selection for increased body
size in an ancestral megabat may have compromised the selective
advantage of echolocation. Laryngeal echolocation may have been
selected against in favour of enhanced visual acuity and larger body
size.

As for the second scenario, several lines of evidence suggest that
echolocation may have evolved independently among different

Rhinolophoid–megabat

Microbat monophyly
Bat monophyly 
Monophyly  of
non-rhinolophoid microbats

0

20

40

60

80

100

0 2,000 4,000 6,000 8,000

 

0

20

40

60

80

100

0 2,000 4,000 6,000

Rhinolophoid–megabat

Microbat monophyly
Bat monophyly 
Monophyly  of
non-rhinolophoid microbats 

0

10

20

30

40

50

60

70

0 500 1,000 1,500 2,000 2,500 3,000

Number of bases resampled 

Number of bases resampled 

Number of bases resampled 

 

%
 B

oo
ts

tr
ap

 s
up

p
or

t 
fo

r
rh

in
ol

op
ho

id
–m

eg
ab

at
 

%
 B

oo
ts

tr
ap

 s
up

p
or

t
%

 B
oo

ts
tr

ap
 s

up
p

or
t

RAG1

RAG2

vWF

12S–16S

BRCA1

BRCA1–3

a

b

c

Figure 2 Bootstrap support using neighbour-joining with logdet distances, for various

phylogenetic associations. Percentage values are given as a function of the number of

resampled nucleotides, and there are various data partitions. a, Rhinolophoidea±

megabat support for each of the individual loci. b, Support for various possible

associations involving the bats, using the concatenated nuclear gene data set. c, Support

for bat phylogenetic associations involving the nuclear-plus-mitochondrial data set.

Table 1 Bootstrap support for Rhinolophoidea-megabat and microbat monophyly using indicated phylogenetic methods and data positions

Parsimony Transversion
parsimony

Minimum
evolution-

Logdet

Minimum
evolution-
maximum
likelihood

Maximum
likelihood

with
gamma

Maximum
likelihood

RM MM RM MM RM MM RM MM RM MM RM MM
...................................................................................................................................................................................................................................................................................................................................................................

12 taxa, nuclear-plus-
mitochondrial

98 2 90 1 99 1 100 0 100 0 100 0

20 taxa, mitochondrial 73 11 44 3 58 9 68 5 89 6 77 9
12 taxa, nuclear 90 3 89 9 97 1 98 1 98 1 96 1
10 taxa, mitochondrial 66 8 42 0 50 7 53 4 94 0 79 5
10 taxa, nuclear 62 3 91 8 92 5 89 9 99 0 88 12
10 taxa, nuclear-plus-
mitochondrial

91 1 70 1 98 2 97 2 100 0 100 0

...................................................................................................................................................................................................................................................................................................................................................................

RM, Rhinolophoidea±megabats; MM, microbat monophyly. The rationale behind conducting a 10-taxon analysis involved the following: Relative Apparent Synapomorphy Analysis (RASA)26 indicated lack
of signi®cant phylogenetic signal for the 12-taxon, mitochondrial-plus-nuclear data set; such a result can be an indicator of long-branch attraction26. Removal of Tonatia and Mus, the ingroup and outgroup
taxa with the longest edges, respectively, resulted in signi®cant phylogenetic signal at P � 0:001 (tRASA � 4:699). Also, a chi-square test of homogeneity in base composition (variable sites only) was
signi®cant when all 12 taxa were included (P � 0:00000000), but not signi®cant when Tonatia was eliminated (P � 0:13). Logdet values shown above are based on analyses with both variable and constant
sites. With the removal of constant sites in the logdet analyses, bootstrap support for the Rhinolophoidea±megabat association with the combined nuclear-plus-mitochondrial data sets was 96% for both
the 12-taxon and 10-taxon analyses.
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microbats. Echolocation is known to occur among other mamma-
lian groups including cetaceans and insectivores, as well as the
megabat Rousettus12,17±19. The cost of laryngeal echolocation is
relatively low when coupled with ¯ight20. Microbat echolocation
systems are highly variable, but nonetheless taxon-speci®c, illus-
trating the evolutionary ¯exibility of bat echolocation. Some bats
emit echolocation pulses orally whereas in other taxa they are
emitted through the nasal cavity. In addition, echolocation pulses
range from frequency-modulated to constant-frequency12. There
are numerous putative morphological synapomorphies for micro-
bats. However, many such presumed synapomorphies of micro-
chiropterans, including features related to ¯ight and ventilation, are
either directly related to echolocation or are functionally correlated
with the echolocation system. Thus, they do not represent inde-
pendent evolutionary events in support of microbat monophyly.
For example, the enlarged orbicular process on the malleus,
common to all microbats, may help to avoid self-deafening and/
or improve the ability of the middle-ear ossicles to transmit high-
frequency sounds with minimal delay time4. Features of the post-
cranial skeleton in microbats include anterior laminae and enlarged
posterior laminae on the ribs. Rib laminae stiffen the ribcage and
provide a greater area for muscle origins, for example, muscles of
the serratus anterior complex. In microbats, there is a close
association between wingbeat and sound emission21; Simmons
and Geisler4 hypothesized that the anterior and posterior laminae
on the ribs, along with the expanded anterior serratus, increase the
ef®ciency of the ¯ight mechanism, ventilation and the production
of echolocation calls. Rather than being synapomorphic for all
microchiropterans, features such as expanded rib laminae may have
evolved independently in rhinolophoids and other microbats in
conjunction with the evolution of laryngeal echolocation. M

Methods
Data collection and taxa representation

Taxon sampling was designed to include at least one representative (in some cases two) of
the four proposed microbat superfamilies3, as well as megabat representatives, combined
with diverse outgroups, for all loci. The microbat taxa and their loci were: (1) superfamily
Emballonuroidea, family Emballonuridae: Taphozous sp. (BRCA1, RAG1, RAG2);
Emballonura atrata (12S±16S, vWF). (2) Rhinolophoidea, Megadermatidae: Megaderma
lyra (all loci); Hipposideridae: Hipposideros commersoni (all nuclear loci), Hipposideros
galeritus (12S±16S). (3) Phyllostomoidea, Phyllostomidae: Tonatia bidens (all loci). (4)
Vespertilionoidea, Vespertilionidae: Myotis daubentoni (BRCA1, RAG1, RAG2), Myotis
velifer (vWF), Eptesicus fuscus / capensis (12S±16S); Molossidae: Tadarida brasiliensis (all
loci), Molossus sinaloae (12S±16S). Megabats included the following taxa: Pteropodidae:
Cynopterus sphinx (all nuclear loci), Cynopterus brachyotis (12S±16S), Pteropus rayneri
(BRCA1, RAG1, RAG2), Pteropus hypomelanus (12S±16S, vWF) and 12S±16S from
Nyctimene robinsoni, Dobsonia moluccensis, Megaloglossus woermanni, Epomophorus
wahlbergi, Rousettus amplexicaudatus and Eonycteris spelaea. Outgroup taxa included the
following: ¯ying lemur (Cynocephalus variegatus, Dermoptera; all loci), human (Homo
sapiens, Primates; all loci), mouse (Mus musculus, Rodentia; all loci except vWF), rat
(Rattus norvegicus, Rodentia; vWF), dog (Canis familiaris, Carnivora; all loci except RAG1
and RAG2) and cat (Felis catus, Carnivora; RAG1 and RAG2). Accession numbers for the
10 mitochondrial and 32 nuclear sequences new to this study are: AF203737±AF203778.
To obtain the complete alignments these sequences were combined with those already
availableÐmitochondrial: AF203726, AF17929, AF179288, AF061340, U61082, U93053±
5, U93059, U93061, U93064±5, U93068, U93070, U97073, AF069536±8, AF044606±7,

AF044610±11, AF044620, AF044626, J01420, U96639, J01415; nuclear: M29474±5,
M94633, M64796, U31616, U31622, AF061061, U31605±6, L76227, M25851, AJ224673,
U68174, AF019081, U50709, L78833.

Polymerase chain reaction (PCR) and sequencing for 12S±16S and vWF were as
described elsewhere22,23. Primers for RAG1, RAG2 and BRCA1 were designed on the basis
of conserved regions of sequence alignments involving the few mammalian taxa available
in GenBank. BRCA1 PCR primers were the following (numbers refer to the location of the
59 end of the primer sequence in human exon 11): BRCA1F126: 59-GTTTCAAACTTG-
CATGTGGAGCC-39; BRCA1R3012: 59-GTTGGAAGCAGGGAAGCTCTTCATC-39. PCR
primers for RAG genes were the following (location of the 59 end of the primer sequence,
in the single human exon of both genes, is indicated by the number included in the primer
label): RAG1: RAG1F1705: 59-GCTTTGATGGACATGGAAGAAGACAT-39; RAG1R2864:
59-GAGCCATCCCTCTCAATAATTTCAGG-39; RAG2: RAG2F220 59-GATTCCTGC-
TA(CT)CT(TC)CCTCCTCT-39; RAG2R995 59-CCCATGTTGCTTCCAAACCATA-39.

Phylogenetic analysis

Data sets for individual loci and combined data sets were all analysed with maximum
parsimony, transversion parsimony, minimum evolution with maximum likelihood and
logdet distances, and maximum likelihood. Individual data sets, for both 10 and 12 taxa,
provided strong bootstrap support (that is, . 90% in parsimony analyses) for at least one
clade (RAG2; 12 taxa) and as many as eight different clades (BRCA1; 12 taxa). In all
parsimony analyses gaps were treated as missing data. Both parsimony and minimum
evolution analyses employed tree bisection-reconnection branch swapping. In parsimony
searches 10 random input orders were used. Parsimony and minimum evolution boot-
strap analyses involved 500 replicates. Maximum likelihood trees were obtained with
heuristic searches (10 random input orders) under the HKY-85 model of sequence
evolution with a 2 to 1 transition to transversion ratio and an assumption of equal rates
across sites for the mitochondrial, nuclear and mitochondrial-plus-nuclear data sets. For
each of the resulting trees, we then obtained maximum likelihood estimates of the
transition to transversion ratio (20 taxa: mitochondrial(m) = 3.29; 12 taxa: nuclear(n) =
2.47; mitochondrial-plus-nuclear (m+n) = 2.52; 10 taxa: m = 3.30; n = 2.45; m+n = 2.56)
and the shape parameter for the gamma distribution (20 taxa: m = 0.25; 12 taxa: n = 0.77;
m+n = 0.53; 10 taxa: m = 0.25; n = 61; m+n = 0.44). These values were used in subsequent
maximum likelihood analyses, including bootstrap resampling (200 replications). Phy-
logenetic methods that were employed in outgroup sensitivity analyses included quartet
puzzling, minimum evolution with maximum likelihood and logdet distances, and
maximum parsimony. Kishino and Hasegawa24 and Templeton25 tests were used to
evaluate a priori hypotheses. All analyses were performed using PAUP* 4.0b2 (ref. 7).
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Theories of motor control postulate that the brain uses internal
models of the body to control movements accurately. Internal
models are neural representations of how, for instance, the arm
would respond to a neural command, given its current position
and velocity1±6. Previous studies have shown that the cerebellar
cortex can acquire internal models through motor learning7±11.
Because the human cerebellum is involved in higher cognitive
function12±15 as well as in motor control, we propose a coherent
computational theory in which the phylogenetically newer part of
the cerebellum similarly acquires internal models of objects in the
external world. While human subjects learned to use a new tool (a
computer mouse with a novel rotational transformation), cere-

³ Present addresses: Massachusetts General Hospital NMR Center, 149, 13th Street, Charlestown,
Massachusetts 02129, USA (Y.S.); Kernspintomographie, Max-Planck-Institut fur Psychiatrie, Kraepe-

linstrasse 10, 80804 Muenchen, Germany (B.P.).

bellar activity was measured by functional magnetic resonance
imaging. As predicted by our theory, two types of activity were
observed. One was spread over wide areas of the cerebellum and
was precisely proportional to the error signal that guides the
acquisition of internal models during learning. The other was
con®ned to the area near the posterior superior ®ssure and
remained even after learning, when the error levels had been
equalized, thus probably re¯ecting an acquired internal model of
the new tool.

Most neuroimaging studies have found that the regional blood
¯ow in the human cerebellum increases signi®cantly at the begin-
ning of learning for a new motor or cognitive task and decreases as
the learning proceeds16±19. These results are often interpreted as
meaning that the cerebellum is involved only in the early phase of
learning and is not a memory site, that is, it does not store internal
models. Here we present a different interpretation (see also ref. 15)
based on our computational theory and experimental results.

Previous cerebellar learning theories20±22 make no speci®c pre-
dictions about the activity of internal models (see Supplementary
Information for details). We have proposed that multiple internal
models exist and that they compete to learn new environments and
tools23. During the learning, all of these multiple internal models
receive a copy of the error signal and only one or a few learn the new
transformation, thereby reducing the error signal and localizing the
new activity to a distinct region of the cerebellum. The two types of
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Figure 1 Changes in cerebellar activity predicted by the learning theory of internal

models. a, Signal intensity change caused by error signals (red curve). b, Activity maps of

the initial and late stages of learning. Each small square represents a unit of multiple

internal models. Orange squares indicate regions where the internal model is acquired.

c, Signal intensity change in the regions where the internal model is acquired. Orange

curve indicates activity in the orange squares (the sum of activity re¯ecting error signals

(red curve) and that re¯ecting the acquired internal model (cyan curve)).


