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Bat flight poses intriguing questions about how flight indepen-
dently developed in mammals. Flight is among the most energy-
consuming activities. Thus, we deduced that changes in energy
metabolism must be a primary factor in the origin of flight in
bats. The respiratory chain of the mitochondrial produces 95% of
the adenosine triphosphate (ATP) needed for locomotion. Because
the respiratory chain has a dual genetic foundation, with genes
encoded by both the mitochondrial and nuclear genomes, we ex-
amined both genomes to gain insights into the evolution of flight
within mammals. Evidence for positive selection was detected
in 23.08% of the mitochondrial-encoded and 4.90% of nuclear-
encoded oxidative phosphorylation (OXPHOS) genes, but in only
2.25% of the nuclear-encoded nonrespiratory genes that function
in mitochondria or 1.005% of other nuclear genes in bats. To ad-
dress the caveat that the two available bat genomes are of only
draft quality, we resequenced 77 OXPHOS genes from four species
of bats. The analysis of the resequenced gene data are in agree-
ment with our conclusion that a significantly higher proportion
of genes involved in energy metabolism, compared with back-
ground genes, show evidence of adaptive evolution specific on the
common ancestral bat lineage. Both mitochondrial and nuclear-
encoded OXPHOS genes display evidence of adaptive evolution
along the common ancestral branch of bats, supporting our hypoth-
esis that genes involved in energy metabolism were targets of nat-
ural selection and allowed adaptation to the huge change in energy
demand that were required during the origin of flight.

Chiroptera | genetic foundation | mitochondria | OXPHOS

Bats are perhaps the most unusual and specialized of all
mammals, as flight is their main mode of locomotion. Al-
though there are several gliding mammals that are able to glide
from tree to tree (such as the flying squirrel, gliding possums, and
colugos), bats are the only mammal capable of sustaining level
flight (1). The evolution of flight in bats was a major factor
leading to the success of this amazing group (2, 3). A number of
adaptations to flight found in birds are not shared by mammals,
thus Darwin in the Origin of Species (Chapter 5) (4) proposed
that the evolution of a flying bat from an insectivorous terrestrial
mammal was too difficult to imagine.

Bat flight is a highly complex functional system from a mor-
phological, physiological, and aerodynamic perspective (5). As in
birds, bat flight requires a metabolic rate that is 3-5 times greater
than the maximum observed during exercise in similar-sized
terrestrial mammals (2, 6). Hence, a significant metabolic barrier
must separate volant from nonvolant vertebrates (6). Therefore,
we speculate that energy metabolism is among the primary fac-
tors that influenced the development of flight in bats.

The respiratory chain of the mitochondrial produces 95% of
the adenosine triphosphate (ATP) needed for locomotion. The
enzymes involved in oxidative phosphorylation (OXPHOS) are
composed of multisubunit complexes that are encoded by both nu-
clear and mitochondrial genes (7). Mitochondrial DNA (mtDNA)
encodes 13 proteins, all playing vital roles in the electron transport
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chain. In a previous study, we demonstrated that functional con-
straints of mtDNA in energy metabolism had influenced the loco-
motive evolution in birds and mammals (8). In addition to the 13
mitochondrial-encoded proteins, there are more than 70 nuclear
genes encoding proteins involved in oxidative phosphorylation
(OXPHOS), the metabolic pathway that uses energy released by
the oxidation of nutrients to produce adenosine triphosphate
(ATP). Genes from the nuclear and mitochondrial genomes must
work in concert to generate a functional oxidative phosphorylation
(OXPHOS) system (9, 10). The importance of nuclear genes in
mitochondrial OXPHOS has been demonstrated by patients with
disorders in OXPHOS in which the majority of the gene defects are
due to nuclear-encoded OXPHOS genes (11). When mitochondria
were introduced into cells with a differing nuclear background, mi-
tochondrial OXPHOS activity was shown to be disrupted (12, 13).
These studies demonstrate that mitochondrial and nuclear genes
must coevolve in a highly coordinated process, and likely more so
as an organism’s energetic demands change.

Given the dual (mitochondrial and nuclear) genetic foundation
of the respiratory chain, to test whether genes for energy metabo-
lism proteins have evolved adaptively and coevolve during the
attainment of flight by bats, in this study we have used both mito-
chondrial and nuclear genome data from all available species rel-
evant to bat evolution to test for adaptive evolution in OXPHOS
genes. In addition to the mitochondrial and nuclear-encoded
OXPHOS genes, we also analyzed genes for 888 nuclear-encoded
mitochondrial proteins and 7,164 nonmitochondrial proteins to
provide a measure of the background of adaptive evolution. Our
study demonstrates that a large amount of adaptive evolution oc-
curred specifically on OXPHOS genes and on the common an-
cestral lineage leading to bats, suggesting that adaptive evolution
of OXPHOS genes was necessary for the attainment of flight.

Results and Discussion

Maximum-likelihood and Bayesian trees were reconstructed with
the concatenated 13 protein-coding genes from mitochondrial
genomes of 60 mammals (SI Appendix, Table S1) generated
a topology the same as that of the traditional phylogeny (Fig. 14)
(14-18). A study (19) based on large amounts of data still failed
to resolve the relationships of Laurasiatheria. So, we used two
trees for nuclear genes (Fig. 1 B and C). Molecular studies un-
ambiguously support Chiroptera being monophyletic and thus

Author contributions: Y.-Y.S. and Y.-P.Z. designed research; Y.-Y.S. and L.L. performed
research; Y.-Y.S., Z.-H.Z., W.-P.Z., and Y.-P.Z. analyzed data; and Y.-Y.S., D.M.l., and Y .-P.Z.
wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.

Data deposition: The sequences reported in this paper have been deposited in the Gen-
Bank database (accession nos. GQ427677-GQ427913 and GU292797-GU292809).

To whom correspondence should be addressed. E-mail: zhangyp@mail.kiz.ac.cn.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0912613107/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0912613107


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912613107/-/DCSupplemental/stxt01.pdf 
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912613107/-/DCSupplemental/stxt01.pdf 
mailto:zhangyp@mail.kiz.ac.cn
www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912613107/-/DCSupplemental
www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912613107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.0912613107

A Caperea marginata
Balaenoptera
ﬁuhln:;ra nmbl?ddlr

Physeter catodon
Pontoporia blainvillel
Phocoena phocoena

untiacus muntjak
Elaphodus tephafophns
Cervus nippon taiouanus
Rangifer tarandus
Bubalus bubalis

Cetacea

human

macaque

—{ "

Bos indicus  ||Artiodactyla rat

L Sus scrofa =
Camelus bactrianus
pacos

1
[~ Equus asinus

L Rhinoceros anicornis
Phoca vitulina

nychotes WJMM‘
Mirounga leonina
Phocarctos h ri
mu mmnm:

Ailuru.r fldgem' styani

arctos

AH’ la melanoleuca

Canis lupus

Vulpes vulpes

ﬂ amuj e
erpestes javanicus

anlf

Rhinolophus monoceros
Rhinolophus pumilus
Rhinolophus formosae
Pteropus dasymallus
Pteropus scapulatus
'lusemrs at iacus

llus abramus
Cn alinolobus tuberculatus
ystacina tuberculata
ribeus jamaicensis
Sorex unguiculatus
E;ﬁmriculuy _fanur
b::Jdm russula
rinaceus eu us
y len!lcchlnusm:m
g.l?ﬂ'ﬂ' wogura
Umﬂcwus’mparm
Galey

emiys pyrem
rf': Ramn' norveg.!cu:
 l— .} H lomo sapiens

[~
R

az

[ Perissodactyla

Pholidota

Chiroptera

Insectivora

horse
cow

e

little brown bat

Carnivora

human

macaque

mouse
— .

horse

dog
cow

e B 5
little brown bat

[Rodentia
0 Primates

Fig. 1. Phylogenies used for detection of positive selection. (A) Phylogeny of 60 mammals used for evolutionary analysis of mitochondrial genomes. (B and C)
Phylogeny of 10 mammals used for evolutionary analysis of whole nuclear genomes.

flight most likely arose only once in the common ancestor of
Chiroptera (20).

To determine whether there was evidence that adaptive evo-
lution was occurring, we used the PAML package (21). This
software package uses a maximum-likelihood approach to cal-
culate nonsynonymous to synonymous rate ratios (o = K,/Ks or
dN/dS). K,/Ks > 1 indicates positive selection, K,/Ks <1 negative
selection, and K,/Ks =1 neutrality. First, we used the one-ratio
model (M), a very strict model that allows only a single K,/Ks
ratio for all branches. The K,/Ks ratios that we obtained for all
13 individual mitochondrial genes are significantly less than 1,
providing good support for the expected presence of negative
selection acting on all mitochondrial genes, showing that strong
purifying selection plays a central role in the evolution of
mtDNA to keep its important functions in energy metabolism
(22-26). Purifying selection, by itself, cannot generate “good”
genes as it only maintains a gene’s function. Thus this phe-
nomenon raises an interesting question: where do the present-
day “good” (adapted) mitochondrial genes come from? Positive
selection and gene duplication are two major mechanisms of
adaptive evolution. Because mitochondrial genomes lack recom-
bination and thus cannot generate duplicate genes, we deduced
that positive selection must have occurred on some mtDNA
genes during some lineages in the evolution of animals. Here, we
focus on bats, the only mammalian group that have developed
the ability to fly. As flight consumes much more energy than
running or walking, and as mitochondria provide most of the
energy needed for locomotion, we assumed that the mtDNA of
flying mammals must be much adapted to this large energy de-
mand. The common ancestral lineage leading to bats was the
branch (marked b in Fig. 1) where flight originated and thus is
the lineage of interest. The two-ratio model showed that o for
the ND2, ND3, ND4L, ND4, ND5, ND6, and Cox III genes on the
lineage leading to bats (w,) are significantly greater than ratio on
all other mammalian lineages () (SI Appendix, Table S2).
However, the two-ratio model was not significantly different
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from a two-ratio model where m; = 1. Consequently, although it
is clear that the branch leading to common ancestor of bats has
undergone selective pressure that is significantly different from
that of other branches, and although these mitochondrial genes
have accumulated more nonsynonymous than synonymous mu-
tations, the test did not unambiguously support positive selection
on this branch, as we cannot exclude the possibility of relaxation
of selection. Typically, positive selection will act on only a few
sites and for a short period of evolutionary time; thus the signal
for positive selection usually is swamped by the continuous ne-
gative selection that occurs on most sites in a gene sequence (27).
Even after a short period of positive selection, this is commonly
followed by a long period of purifying selection, which would
obscure the selective processes. These processes explain why it
has been so difficult to detect positive selection in mtDNA, de-
spite extensive studies (28-30). Branch-site models, in contrast to
branch models in which ® varies only among branches, allows
variation in the selective pressure to occur at both amino acid
sites and on lineages; thus, these models are considered to be
powerful in distinguishing positive selection from the relaxation
of purifying selection (27). We therefore used branch-site models
to further examine for possible positive selective pressures on the
branch leading to bats (marked b in Fig. 1). ND4, CytB, and
ATPS show evidence for significant positive selection according
to the LRTs. Eight, two, and one amino acid sites, respectively,
were identified as candidate sites that had undergone positive
selection (posterior probability >90%; SI Appendix, Table S2).
These results were supported by a sliding window analyses that
can intuitively show where rates of nonsynonymous substitution
(K,) exceed rates of synonymous substitution (Ks) (Fig. 2).
Positive selection in mtDNA genes strongly suggests that
adaptive evolution of energy metabolism genes played a critical
role during the attainment of flight by bats by allowing elevated
energy metabolism. Considered the dual (mitochondrial and nu-
clear) genetic foundation of the respiratory chain, we took ad-
vantage of the 10 available mammalian genomes (including two
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Fig. 2. Sliding windows of Nei-Gojobori estimates of Ks (blue), K, (red), and
K,/Ks (green) on the common ancestral branch of bats. Window size was set
as 30 and step size as 3. (A) ND4. (B) CytB. (C) ATPS.

bats; Materials and Methods), to examine the evolution of all of
the nuclear-encoded OXPHOS genes. The nuclear-encoded
OXPHOS genes for human were compiled from KEGG (31).
We then used this dataset to BLAST (32) the other nine mam-
malian genomes to identify all known nuclear-encoded OXPHOS
genes (SI Appendix, Table S3). As the relationships of Carnivora,
Perissodactyla, and CetArtidactyla were not completely resolved
(19), we used two topologies (Fig. 1 B and C) as guide trees, both
of which yielded the same result. A total of five (4TP4B, ATP5B,
ATP5L, COX411, and COX6A2) of the 102 (4.90%) nuclear
encoded OXPHOS genes that were examined showed significant
evidence for positive selection. Three of these five nuclear genes
(ATP4B, ATP5B, and ATP5L) belong to Complex V, a complex
that also includes the mitochondrial ATP8 gene, which also
showed evidence of positive selection. The clustering of these
mitochondrial and nuclear genes suggests that balancing cytonu-
clear coevolutionary constraint occurred during evolution of flight
by bats. The complex V translocates protons from the inter-
membrane space to the matrix and phosphorylates ADP into
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ATP. The cytonuclear coevolution of this complex may reflect the
greater functional importance of complex V' in ATP generation.

The 102 nuclear-encoded OXPHOS genes represent only
a small portion of the more than 1,000 nuclear-encoded proteins
that function in mitochondria. Although these genes encode es-
sential components of OXPHOS, other proteins also play im-
portant roles such as transporters, anchoring proteins, and cell
channels (33). Therefore, to gain a global view of adaptive evo-
lution of mitochondrial genes during the attainment of flight, we
analyzed the evolution of all known nuclear-encoded mitochon-
drial genes during this time period. We identified 20 of the 888
(2.25%) nuclear-encoded mitochondrial protein genes as showing
evidence of positive selection on the branch that leads to bats.

Previous studies have concluded that no more than 2% of
orthologous genes in genome-wide studies show evidence for pos-
itive selection (34, 35). Here, in this study, we identified that
23.08% of mitochondrial and 4.90% of nuclear-encoded OXPHOS
genes show evidence of positive selection, proportions that are
greater than 2%. This observation supports our hypothesis that
energy metabolism played a crucial role in the attainment of flight
by bats. A caveat of our genome-wide analyses is that both of the
bat genomes (little brown bat and flying fox) used to identify nu-
clear-encoded OXPHOS and mitochondrial protein genes are
only of draft quality (1.7x and 2.63x%, respectively); thus, a smaller
number of complete genes could be identified and analyzed, and
required additional care to avoid false-positive predictions (36). To
control for the quality of the gene data in the analyses of the nu-
clear-encoded OXPHOS genes and mitochondrial protein genes,
we used two approaches (i): measurement of the background rate
of positive selection in the draft bat genomes, and (i) resequencing
of OXPHOS genes from several bat species and reanalysis.

Firstly, we analyzed 7,164 nuclear-encoded orthologous (non-
mitochondrial) genes to identify the general background pattern
of positive selection on the bat lineage (data available upon re-
quest). If the low-coverage genome data were responsible for the
evidence for increased levels of positive selection in the nuclear-
encoded OXPHOS genes, then we should also expect an increase
in a random subset of genes that have no function in the mito-
chondria. Of the 7,164 genes examined, only 72 (1.005%) showed
evidence for positive selection; this percentage is similar to that
found in a recent studies of better assembled genomes (34, 35),
suggesting that the relative low coverage assemblies are not re-
sponsible for the increased evidence for positive selection. In
addition to the fact that no significant difference in the level of
positive selection in background genes was observed between
genomes, the higher positive selection ratio in nuclear-encoded
OXPHOS genes strengthen our conclusion that the higher levels
of adaptive evolution detected for energy metabolism genes is not
simply due to a general phylogenetic pattern or sequencing errors
in the draft bat genomes.

Second, we used a direct method to confirm our result: we
resequenced 77 OXPHOS genes from four species of bats (S
Appendix, Table S4) and redid our analyses. Clearly, our approach
would detect some false-positive results; in fact, we found that the
ATP5B gene, which had been suggested to have undergone pos-
itive selection with the draft genome sequence data, did not show
evidence of positive selection when analyzed using the rese-
quencing data. However, sequences from 21 of the 77 genes
(27.27%) examined showed evidence of accumulating greater
numbers of nonsynonsymous mutations on the branch leading to
the common ancestor of bats (SI Appendix, Table S5). These
conclusions were also supported by the sliding window analyses.
Our previous analyses showed that seven of 13 (53.85%) mito-
chondrial genes (ND2, ND3, ND4L,ND4,ND5, ND6, and Cox III)
accumulate a greater proportion of nonsynonsymous mutations
(SI Appendix, Table S2); and, considering that mitochondrial
genes have much higher mutation rate than nuclear genes, the
larger number of changes in mitochondrial genes may have driven
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the changes in the nuclear-encoding OXPHOS genes, suggesting
a mito-nuclear interaction during the attainment of flight by bats.

Our multiple approaches strengthen our conclusion that en-
ergy metabolism genes have undergone adaptive evolution dur-
ing the attainment of flight by bats to adapt to the much greater
energy demand of flight. Although an explanation that the ad-
aptation to the greater energy demand imposed by flight would
appear to be the best explanation, another possibility is that this
phenomenon is simply a general pattern observed in mammals.
To address this question, we also computed the level of positive
selection on the common ancestral lineage leading to rodents
(marked as r in Fig. 1) using the same datasets and with same
analysis as described above for bats. On the common ancestral
rodent lineage, we failed to detect any positive selection in all of
the 13 mitochondrial genes. The proportion of nuclear-encoded
OXPHOS genes showing evidence for positive selection along
the common ancestor branch of rodents (1.96%) is lower than
that observed on the bat lineage (4.90%). For the nuclear-
encoded mitochondrial genes (excluding OXPHOS genes) and
background genes, the levels of positive selection on the rodent
lineage were similar to those observed on the bat lineage (Fig. 3).
In addition, because Insectivora have a closer relationship with
bats and have elevated metabolic rates, we made a similar com-
parison with the two available Insectivora genomes (Erinaceus
europaeus and Sorex araneus). However, they are of only of draft
quality (1.86x and 1.9x%, respectively), which limited our ability to
identify their gene sequences. We were able to obtain sequences
of only 48 of the 102 nuclear-encoding OXPHOS genes for all
insectivores and bats. Of these 48 genes, positive selection was
detected on the common ancestor of bats for two genes. How-
ever, for insectivores, none of the genes showed evidence of
positive selection on their common ancestral lineage. The con-
clusions from the insectivore data, although limited, are in agree-
ment with those derived from the rodent data. We also examined
the two distinct lineages of bats. Here, we found that only three
of the 102 OXPHOS genes (ATP6V0A1, NDUFB10 and SDHD)
were under positive selection on the little brown bat lineage.
However, our resequencing data demonstrated that the NDUFBI10
result was due to a sequence error. Two genes (NDUFB7 and
SDHB) showed evidence of positive selection on the flying fox
lineage. The proportions of nuclear-encoded OXPHOS genes

showing evidence for positive selection on the little brown bat
(1.96%) and flying fox (1.96%) lineages are the same, and lower
than that observed on the common ancestral lineage for all bats
(4.90%). Previous studies suggested that bats have “flying DNA,”
DNA that is composed of elevated levels of adenine and thymine
(37); therefore, we tested the bias of base frequencies and codon
usage for the genes that we studies. Consistent with a previous
study (38), we failed to find the common trend of elevated levels
of adenine and thymine or codon bias for bats (data available
upon request). Thus, our observation of elevated levels of positive
selection for OXPHOS related genes is not simply due to changes
in base frequency or codon bias in bats. These results further
strengthen our conclusion that energy metabolism genes played an
important role in the attainment of flight by bats by adapting to
greater energy demands.

Primates have a larger brain than most mammals, and the brain
consumes more energy than other tissues, which has resulted in
genes involved in aerobic energy metabolism undergoing adaptive
evolution (29, 39-41). Similarly, the elephant also has larger
brain, and a convergent pattern of adaptive evolution (higher
proportions of adaptive evolution in aerobic energy metabolism
genes) is supported (42). Here we also show adaptive evolution of
genes involved in aerobic energy metabolism; however, in this
case, it is due to the energetic demands of flight. Adaptation of
energy demands is clearly one of the important factors that in-
fluence animals’ evolution.

A recent study has questioned the reliability of identifying positive
selection by the branch-site method compared with parsimon- based
methods, as it often generates false-positive results when the number
of nucleotide substitutions is very small (43). However, the false-
positive rate of branch-site method is much lower than the nominal
significance level (<5%) (44), and parsimony-based methods have
little power (45); thus, the branch-site method is valuable and has
been widely used for detecting evidence for positive selection in
comparative analyses of genomic data (44). Although branch site
models doyield some false-positive predictions, a similar level should
be observed in analyses of bat, insectivore, and rodent data; thus, the
observation that bats have a much higher proportion of OXPHOS
genes that show evidence of positive selection suggests that they have
undergone a greater amount of positive selection.

25.00-

20.00-

15.007

10.007
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nuclear-encoding
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Fig. 3. Comparison of proportions of genes showing
evidence of positive selection on the common ancestral
lineages for bats and rodents. Group 1, 13 mitochondria-
encoded genes. Group 2, nuclear-encoded OXPHOS
genes. Group 3, nuclear-encoded mitochondrial proteins.
Group 4, other nuclear genes (background genes).
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Bats are unique in being the only mammals capable of pow-
ered flapping flight. As in birds, bat flight is a highly energetically
expensive form of locomotion (2, 6). However, it is also a very
efficient mode of transport and assists flyers in feeding and
breeding as well as avoidance of predators. The evolution of flight
in bats was a major factor leading to the success of this amazing
group of mammals, although the evolution of this ability has re-
quired complex changes in the anatomy of these animals. In ad-
dition to other important factors, such as changes in bone density
and development of the wings, bat flight also requires a signifi-
cantly higher metabolic rate, a rate well above the maximum ca-
pable by other similar-sized terrestrial mammals during exercise
(2, 6, 46). Aerobic metabolism by mitochondria plays a vital role
as the energy production centers of cells The OXPHOS pathway
of mitochondria has adaptively evolved to meet the demands of
changing environmental and physiological conditions. Because
the mitochondrial respiratory chain has a dual genetic foundation
(mitochondria and nuclear genomes), here we examined both
genomes to obtain insights into the evolution of flight by mam-
mals. Both mitochondrial genes and nuclear-encoded OXPHOS
genes showed greater evidence for adaptive evolution; this result
supports our hypothesis that energy metabolism genes were tar-
gets of natural selection that included a balancing cytonuclear
coevolutionary constraint, which allowed adaptive changes in
energy demands and thus played a crucial role in attainment of
flight by bats.

Materials and Methods

Source of Data and Primary Treatments. Complete mitochondrial genomes
were collected form GenBank for 60 species representing the major groups of
mammals (S/ Appendix, Table S1).

Human nuclear-encoded OXPHOS proteins were identified from the KEGG
database (31). Genome sequences from 10 mammalian species (cow, dog,
horse, macaque, mouse, little brown bat, chimpanzee, rat, flying fox, and
human) in the ENSEMBL public database (version 52, December 2008) were
searched for all of the known human nuclear-encoded OXPHOS genes (S/
Appendix, Table S3).

Nuclear-encoded mitochondrial protein genes (excluding OXPHOS genes)
were identified from the Human Mitochondrial Protein Database (http:/
bioinfo.nist.gov/), MitoProteome (47), MITOMAP (48), and MitoCarta (33).
Orthologs were identified from the 10 mammalian genomes in the ENSEMBL
public database (data available upon request).

To confirm the orthology of background genes, we used the Ensembl
ortholog_one2one genes database (version 52, December 2008) (49) for each
pair of the 10 genomes that we used. Only those genes that were in a one-
to-one orthologs for every pair of genomes of the 10 species were used in
our analyses. A total of 7,644 orthologus genes that had no identified mi-
tochondrial function were used as “background genes.” For genes that have
more than one transcript, we aligned all of the possible transcript pairs for
all 10 species and retained those that provided the highest alignment scores.
The two bat genomes (little brown bat and flying fox) are only of draft
quality (1.7x and 2.63x, respectively), suggesting that sequencing or as-
sembly errors may interfere with the ability to detect genes that have ex-
perienced positive selection. To reduce the rate of false-positive prediction,
we deleted all gaps and “N” in the alignments. To exclude sequencing
errors, incorrect alignments and nonorthologus regions in the alignments,
we used a 15-bp sliding window on each alignment, and moved the sliding
window by one codon for each step to the end of the alignment. For each
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window, we calculated two types of similarity; one is the average similarity
of the 10 species within a sliding window, whereas the second is the lowest
similarity of an alignment pair of the 10 species within the sliding window.
Alignment regions with average similarity <80% or lowest similarity <60%
were discarded, as these may included errors in sequence or assembly. After
the deletion step, if the remaining alignment was shorter than 100 bp,
then the entire alignment was discarded. Our final data set contained
7,164 genes.

RNA Isolation and Sequencing. To confirm the analysis of the OXPHOS genes in
bats we amplified and sequenced 77 OXPHOS genes from four species of bats,
including Yinpterochiroptera (Old-World fruit bats, Rousettus leschenaultia
and Cynopterus sphinx) and Yangochiroptera (Miniopterus fuliginosus and
Scotophilus kuhlii) (SI Appendix, Table S4) (accession nos. GQ427677-
GQA427913, and GU292797-GU292809). RNA was isolated with the RNAiso
Plus Kit (Takara). RT-PCR was performed on these RNAs using the PrimeScript
RT-PCR Kit (Takara).

Phylogenetic Analysis. A phylogenetic tree of 60 mammalian species was
reconstructed from concatenated 13 protein-coding genes using two algo-
rithms (i): maximum likelihood in PAUP 4.0b10 (50), with the best tree being
identified using a heuristic method with nearest-neighbor interchange and
node support was evaluated by bootstrapping with 1,000 replicates; and (ii)
Bayesian analysis in MrBayes 3.12 (51).

Phylogenetic trees for each of the genes from the 10 mammalian genomes
were based on previous phylogenetic studies (19, 52) (Fig. 1 B and C).

Selection Analyses. Alignments and consensus trees were used for posterior
molecular evolutionary analysis. Positive selection analysis was restricted to
the branch of interest (the branch leading to the most recent reconstructed
ancestor of bats, marked b, or the common ancestor or rodents, marked r in
Fig. 1). We used a gene-level approach based on the ratio (w) of non-
synonymous (K,) to synonymous (Ks) substitutions rate (o = K,/Ks) to identify
potential positive selection, using likelihood ratio tests using the CODEML
algorithm from the PAML package (21). First, we tested branch models Mo,
the most simple model, which has a single o ratio for the entire tree. Sub-
sequently, we used two-ratio models that allow a background o ratio and
a different @ on the branch of interest. For null hypotheses, we used the
one-ratio model and a two-ratio model with a fixed ® = 1 on the branch
under analysis. The level of significance for these LRTs was calculated using
a x? approximation, where twice the difference of log likelihood between
the models (2AInL) would be asymptotic to a x> distribution, with the
number of degree of freedom corresponding to the difference in number of
parameters between the nested models. We then used the branch site
model to detect positively selected sites on the branch leading to bats. Test 1
and test 2, developed by Zhang et al., were used as controls, as these two
tests have been shown to have power to differentiate positive selection
from the relaxation of selective constraints (27).

To intuitively show where rates of nonsynonymous substitution (K,)
exceeded rates of synonymous substitution (Ks) along the branch leading to
the common ancestor of bats, we further performed sliding-window anal-
yses (window size, 30 codons; step size, 3 codons) of Nei-Gojobori estimates
of synonymous (Ks) and nonsynonymous substitutions per site (K,) and the
K,/Ks in SWAAP 102 (53).
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