The evolution of color vision in nocturnal mammals
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Nonfunctional visual genes are usually associated with species that
inhabit poor light environments (aquatic/subterranean/nocturnal),
and these genes are believed to have lost function through relaxed
selection acting on the visual system. Indeed, the visual system is
so adaptive that the reconstruction of intact ancestral opsin genes
has been used to reject nocturnality in ancestral primates. To test
these assertions, we examined the functionality of the short and
medium- to long-wavelength opsin genes in a group of mammals
that are supremely adapted to a nocturnal niche: the bats. We
sequenced the visual cone opsin genes in 33 species of bat with
diverse sensory ecologies and reconstructed their evolutionary
history spanning 65 million years. We found that, whereas the
long-wave opsin gene was conserved in all species, the short-wave
opsin gene has undergone dramatic divergence among lineages.
The occurrence of gene defects in the short-wave opsin gene
leading to loss of function was found to directly coincide with the
origin of high-duty-cycle echolocation and changes in roosting
ecology in some lineages. Our findings indicate that both opsin
genes have been under purifying selection in the majority bats
despite a long history of nocturnality. However, when spectacular
losses do occur, these result from an evolutionary sensory modality
tradeoff, most likely driven by subtle shifts in ecological specialization rather than a nocturnal lifestyle. Our results suggest that
UV color vision plays a considerably more important role in nocturnal mammalian sensory ecology than previously appreciated
and highlight the caveat of inferring light environments from
visual opsins and vice versa.
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stand further how opsin genes have adapted in mammals and to
investigate whether functionality can indeed be used to infer
activity patterns, we undertook an extensive survey of visual
genes in bats, which are considered the sensory specialists (11)
and arguably show the greatest adaptation for nocturnality of all
of the vertebrates.
The unique ability of most bats to orient using laryngeal
echolocation without the need for vision, coupled with their
characteristically small eyes, has led to speculation that laryngeal
echolocation and nocturnality coevolved, and that an evolutionary ‘‘tradeoff’’ occurred between vision and hearing in bats (12).
Using this logic, it is hypothesized that bats have occupied a
nocturnal niche for ⬎52 million years, because this is the age of
the oldest bat fossil that shows evidence of echolocation capabilities (13). To infer the impact of nocturnality on the evolution
of vision in mammals, we sequenced the SWS1 opsin gene (2.2
kb) in 32 species of bat and the M/LWS opsin gene (3.2 kb) in
14 species of bats. We included bats from both major lineages
(Yangochiroptera and Yinpterochiroptera) and species that
varied in their acoustic and roosting ecology [see supporting
information (SI) Table S1 and Fig. 1]. We analyzed our sequences alongside the published opsin sequences of 35 additional
and phylogenetically diverse mammal species, representing the
largest single analyses of mammalian opsins to date (Table S1).
We predicted that bats should show evidence for loss of function
throughout their phylogenetic tree because of their long history
of nocturnality and evolution of echolocation.
Results
Sequence Alignment and Analyses Based on the ORF. M/LWS opsin. For

V

ision plays one of the most important roles in the survival
of an individual, underpinning numerous key behaviors such
as foraging, predator avoidance, and mate recognition. Color
vision is conferred by the cone photopigments, each comprising
an opsin transmembrane protein and a 11-cis-retinal chromophore (1, 2). Diversity in the properties and arrangement of
photoreceptors in vertebrates reflects the evolutionary malleability of this system in response to specific visual challenges (3).
Opsin proteins can be classified into medium/long wavelength
sensitive (M/LWS) and short-wavelength-sensitive (SWS) based
on the wavelength of their peak light sensitivity. Comparisons of
visual pigments across taxa indicate that spectral tuning and,
therefore, the wavelength of peak light sensitivity (max) are
modulated by 5 key critical amino acid sites in M/LWS opsins (4)
and at least 11-aa sites in SWS opsins (5).
Most mammals possess both classes of opsin, with the M/LWS
sensitive to green-red and the SWS1 sensitive to blue-violet (6),
and a greater proportion of cones containing the former (85–
95%) than the latter (only 5–15%) (3). Reported exceptions to
this visual state include a number of monochromats, such as the
blind mole rat (7), cetaceans (8), and the flying squirrel (9), all
of which have acquired loss-of-function mutations in their SWS1
opsin. Such losses have been typically explained by relaxed
selection from inhabiting poor photopic environments (3). Recently, the presence of a functional SWS1 opsin in several
lineages of prosimians has been used to refute the longstanding
hypothesis of nocturnality in ancestral primates (10). To under8980 – 8985 兩 PNAS 兩 June 2, 2009 兩 vol. 106 兩 no. 22

the M/LWS opsin sequences, phylogenetic reconstruction based
on both Maximum Likelihood and Bayesian methods supported
the published consensus species tree for mammals (see Fig. 2).
M/LWS sequences were highly conserved across all species
examined, including bats, and showed an intact ORF and
consensus mammalian intronic splice sites, suggesting the gene
is functional. Maximum likelihood estimates of the ratio of
nonsynonymous to synonymous substitution rates (dN/dS or )
on each branch of the tree were uniformly low among bat
lineages (0.00–0.48), indicating the M/LWS opsin gene has been
subject to purifying selection during the radiation of bats (Table
S2). Estimated omega values were also below 1 under other
models of variation in selection across branches that we examined, confirming a lack of positive selection (Table S3). Examination of 5 critical sites revealed 2 substitutions that are known
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Fig. 1. SWS1 species tree showing substitution rates, indels and stop codons based on the ORF. The tree topology and divergence dates follow consensus
published phylogenies (SI Text). Numbers of insertions and deletions in the ORF are shown on the branches by downward () and upward oriented (Œ) triangles,
respectively. Ancestral stop codons were inferred by probabilistic reconstruction and are denoted by squares (■), and critical sites implicated in spectral tuning
were obtained using the same method for all functional ancestral nodes predating stops. Stops found in the tip sequences are shown in Fig. 3. Key changes in
the critical spectral tuning amino acid sites are shown by sequence logos in which the height of amino acids at a given position are proportional to their posterior
probability. Species with sequences containing stop codons are shown in red font, whereas the loss of functionality inferred from indels or stops is depicted by
red branches. Branch length represents millions of years and numbers at the nodes represent divergence time in millions of years (SI Text). Numbers along the
terminal branches are the dN/dS ratios after removing indels and stops, calculated by PAML (40) (see also SI Text).
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Fig. 2. The TBR maximum likelihood tree (-ln likelihood ⫽ 2,103.5) for the M/LWS dataset under the GTR⫹⌫⫹⌱ model of sequence evolution. Numbers above
the branches are the ML bootstrap values/Bayesian posterior probabilities as percentages, 100* ⫽ clades that received 100% ML bootstrap support and had
posterior probabilities of 1; numbers below the branches are the dN/dS values estimated by PAML (40) (see also SI Text).

to influence spectral tuning (T285A and S180A) (1). The former
occurred in most bats, was independent of phylogenetic relationships, and has been shown to reduce peak light absorption
from 560 to 553 nm. The latter was recorded in one species
only (Myotis ricketti) and has been shown to reduce absorption
to 545 nm (1).
SWS1 opsin. Surprisingly, the SWS1 opsin gene showed a sharply
different evolutionary trajectory to the M/LWS opsin gene in
bats. Phylogenetic analyses of the SWS1 opsin gene differed from
the recently published consensus tree (11) and instead showed an
alternate topology in which bats with laryngeal echolocation
formed a single monophyletic clade resembling the traditional
grouping of Microchiroptera (Figs. S1 and S2). However, this
could not be considered as a robust result, because statistical
support for this clade was very weak, with a maximum-likelihood
bootstrap value of 0.27 and a Bayesian posterior probability of
0.63 in Fig. S1 and similar values in Fig. S2. Moreover, a
Shimodaira–Hasegawa test revealed no significant difference
between the published species tree and our gene tree (Table S4).
Branch lengths varied greatly among lineages, consistent with
different selection pressures (Figs. S1 and S2, Table S2).
Among the echolocating bats studied, all 12 species examined
from the major suborder of echolocating species (Yangochiroptera) were found to possess a functional SWS1 opsin characterized by an intact ORF (Fig. 1) and conserved mammalian
intronic splice sites (Fig. S3). In each case, the 11 critical amino
acid sites implicated in spectral tuning matched those of the
ancestral and consensus mammalian sequence, which is known
to encode an UV sensitive pigment (Fig. 1). All of these bats use
‘‘low-duty-cycle’’ echolocation, in which the emitted calls are
relatively short in duration and do not overlap in time with the
returning echoes (11). Similarly, of the echolocating species
studied that belong to the other major suborder (Yinpterochiroptera), the only representative to use low-duty-cycle echolocation (Megaderma spasma) (11) was also found to be the only
1 to possess an intact UV sensitive shortwave opsin (Fig. 1).
In all of the other surveyed members of the Yinpterochiroptera that use laryngeal echolocation (rhinolophids and hipposiderids), we found evidence that the SWS1 opsin gene had
accrued multiple insertions and deletions (indels) and premature
8982 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0813201106

stop mutations that disrupted the ORF and was thus nonfunctional (Figs. 1 and 3, Fig. S4). These bats have evolved a
specialized form of echolocation in which calls are characterized
by a constant frequency component, are relatively long in
duration and are separated by shorter intervals (‘‘high-duty-cycle
echolocation’’).
To ascertain when the functionality of the SWS1 opsin gene
was lost in these species we developed a probabilistic model of
codon evolution to allow us to incorporate stop codons in our
analyses and reconstruct the ancestral amino acid sequences
based on the ORF alignment (Fig. 1, SI Text). Amino acid
reconstructions suggest that stop codons arose independently at
the ancestral nodes of both the families Hipposideridae and
Rhinolophidae, and that both stops and indels appear at different positions in the 2 lineages.
We also found evidence of several cases of loss-of-function
of SWS1 in the sequences of 6 of the nonecholocating Old
World fruit bats, although 9 closely related fruit bat genera
possessed ORFs (Fig. 1, Fig. S4). Reconstructions of amino
acid sequences revealed no ancestral stop codons among these
taxa, suggesting independent losses (Fig. 1). Of those genera
with nonfunctional SWS1 opsins, as inferred by stop or frameshift mutations, 3 (Rousettus, Dobsonia, and Eonycteris) roost
in caves in poor photopic conditions, and one roosts in caves
(Eidolon) occasionally (Fig. 1).
The strong contrast in the selective constraints acting on the
SWS1 opsin gene among different lineages of bats was also
demonstrated by the results of branch model tests of selection.
Of those SWS1 genes considered to be functional (i.e., without
stops or indels), we found no evidence that the dN/dS ratio ()
calculated for ancestral branches of the fruit bats, Yinpterochiroptera or Yangochiroptera was significantly greater than that
estimated using a model in which the ratio was fixed across the
tree (Tables S2 and S3). Probabilistic reconstructions of the 11
critical sites implicated in spectral tuning (5) revealed that these
sites are unlikely to have undergone significant evolutionary
change in any branch of bats since their radiation, and the opsin
has thus remained UV sensitive (Fig. 1). Thus, the independent
losses of SWS1 in some bat lineages are probably not a consequence of changes in peak spectral sensitivity.
Zhao et al.
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Schematic to show SWS1 bat sequences with insertions (), deletions (Œ) and stops (■) in the ORF. Sizes of indels are given in base pairs.

Own Reading-Frame Analyses. To assess the extent of frameshift
mutations resulting from indels, we removed gaps, translated
each sequence in its own frame, and aligned the amino acids (Fig.
S5, SI Text). Sequences with stop codons typically showed lower
similarity to the consensus alignment than sequences with no
stops (Fig. S5). Exceptions were the potential splice variant of
Eonycteris spelaea, which had no stop yet low similarity score, and
the sequence of Thoopterus nigrescens, which had a stop yet high
similarity score (SI Text). The former case suggests that this
potential splice form does not exist in nature, whereas the latter
case supports our assertion that the loss of SWS1 in fruit bats has
occurred recently, a conclusion that is also suggested by sliding
window analyses (Fig. S6). Indeed, apparent elevated substitution rates were recorded mainly at or downstream of stop
codons, indicating that both of these features in fact reflect shifts
in frame because of indels rather than relaxed selection in fruit
bats (Fig. S6). Sliding windows also revealed the impact of indels
on genetic divergence, even where no stop codons are present
(Dobsonia and Rousettus, Fig. S6).

Discussion
The ability of bats to orient and hunt using sound in complete
darkness (echolocation) (14) represents one of the most striking
examples of nocturnal sensory innovation in vertebrates. However, the extent to which bats use vision has long been debated.
Zhao et al.
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Early reports of all-rod-retinae suggested that bats lack color
vision (3), whereas more recent visual studies of the visual
capabilities in bats have yielded conflicting and inconsistent
findings. The amplification of intact genes encoding the visual
cone opsins (long/medium and short wavelength) in 3 species of
bats suggested that bats possess dichromatic color vision (15).
However, immunocytochemical examinations of cone type and
density in 6 Old World fruit bats (Pteropodidae) indicated that
all 6 species had long-wavelength cones, but that only 2 had
short-wavelength cones (16), suggesting that some fruit bats are
monochromats and so incapable of color vision. A recent
behavioral study showed that one echolocating bat species can
see UV visual stimuli; however, this was attributed to an adaptive
change in the sensitivity of rods rather than true cone dichromatic color vision (17). Thus, the extent to which bats use vision
to interpret their environment and therefore the evolutionary
consequence of being a nocturnal specialist is unknown and, as
these recent results (15–17) show, the answer is likely to be much
more complicated than previously believed.
The study of functional genes within a phylogenetic framework can provide powerful insights into the relationship between
genes, ecology, and behavior (18–21). Our phylogenetic and
molecular evolutionary analyses of 2 classes of visual opsin gene
reveal dramatic contrasting evolutionary histories in bats. All 14
species examined were found to possess a functional M/LWS
PNAS 兩 June 2, 2009 兩 vol. 106 兩 no. 22 兩 8983
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opsin gene tuned to red light, despite their long history of
nocturnality and, in most cases, use of laryngeal echolocation.
Indeed, a functional M/LWS opsin appears to have been retained for ⬎80 million years, since bats diverged from other
mammals (22). This supports other studies that have reported
strong conservation of the M/LWS opsin in mammals (10, 15,
23). One possible explanation for such conservation in the face
of nocturnality is that the M/LWS opsin might have additional
roles to vision, such as in controlling the circadian rhythms of
physiological processes (see ref. 23).
By comparison, the shortwave opsin (SWS1) shows much
greater evolutionary divergence among mammals, and especially
within bats. Differential conservation or losses via indels or stops
appear to correspond closely to differences in species’ sensory
ecology. The retention of an intact UV sensitive shortwave opsin
in taxa with ‘low-duty-cycle’ echolocation, both in all members
of the Yangochiroptera, and independently in the Yinpterochiroptera taxon Megaderma spasma (11) suggests that these species
are dependent on short wave vision for orientation and/or
hunting, despite being nocturnal. At the same time, evidence of
independent losses of shortwave opsin functionality early in the
evolution of the Hipposideridae and Rhinolophidae lineages
(extant members of which possess high-duty-echolocation) indicates that these losses are broadly coincident with the evolution
a novel form of echolocation (Fig. 1). Here, bats exploit Döppler
shifts to produce calls of lower frequencies than their returning
echoes, allowing them to separate their calls from the returning
echoes in terms of frequency rather than time and so receive a
more continuous flow of acoustic information (24–26). This is
considered perhaps the most advanced nocturnal sensory adaptation within mammals (27).
Such contrasting trajectories in the visual ecology of 2 main
groups of echolocating bat within a nocturnal niche indicates
that the neural ‘‘picture’’ obtained by the 2 divergent forms of
echolocation is likely to differ markedly. We postulate that
low-duty-cycle echolocators augment their acoustic ‘‘image’’
with shortwave vision, whereas the evolutionary innovation of
high-duty-cycle echolocation has rendered dichromatic color
vision redundant. This apparent tradeoff between vision and
hearing is further supported by the recent discovery that a key
cochlear protein implicated in high frequency audition has
undergone a burst of adaptive selection in high-duty-cycle
echolocators (21) that coincides with the loss of SWS1 function
reported here. This highly specialized form of echolocation
allows these bats to detect acoustic glints created by flapping
insects and is considered especially well adapted for hunting in
dense vegetation (narrow-space specialists) (11). Although
tradeoffs between species’ evolutionary adaptations have long
been assumed to occur through ecological specialization, evidence for postulated evolutionary sensory tradeoffs is poor.
Indeed, although most mammal species are assumed to be
sensory specialists with 1 sensory modality enhanced above the
others, most species also show multiple sensory modalities
throughout their evolution and, where sensory losses occur, they
are typically associated with a cessation of sensory input rather
than via a tradeoff per se. The origin of a novel sensory modality
(high-duty-cycle echolocation) within the evolutionary timeframe considered in this study means that we are able to directly
relate the gain of one sense with the loss of another.
We also found evidence of the independent loss of a functional
shortwave opsin in a number of fruit bat lineages, supporting the
findings of emerging but taxonomically limited immunocytochemical studies (16). The retention of a functional SWS1 gene
in obligate tree roosters, yet loss in those species that roost in
caves, indicates that cave roosting is associated with a relaxation
in selective constraint. The close correspondence between the
lack of SWS1 functionality and roosting ecology, coupled with
the lack of ancestral stops (Fig. 1), strongly suggests that cave
8984 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0813201106

roosting in fruit bats represents a recent behavioral innovation
that has evolved independently several times (28). We also
cannot rule out the possibility that the loss of SWS1 opsin in cave
roosting fruit bats might also correspond to an undetected
sensory tradeoff, perhaps because of an increase in olfactory
capabilities, as is hypothesized for ancestral placental mammals
(29), although this scenario cannot account for such close ties
with roosting environment.
Reconstruction of ancestral amino acid sequences (30) and
synthesis of their expressed pigments (31) suggest that the
ancestral vertebrate short-wave opsin was UV (UV) sensitive
(max ⬇360 nm). Derived critical site replacements in some
lineages of amphibian, bird and mammal have usually been
explained as adaptations to different light environments (5, 32),
whereas cases of loss-of-function appear related to the cessation
of sensory input (9). Conversely, the reconstruction of the
ancestral intact shortwave opsin in primates has been used to
infer diurnality in extinct species (10). Our finding, that the
SWS1 opsin has been under purifying selection in the majority
of echolocating bats and a large number of fruit bats despite a
long history of nocturnality, shows that such logic is at best an
over-simplification and strongly indicates that UV color vision is
likely to play a considerably more important role in bat sensory
ecology than previously appreciated. UV vision in mammals was
until recently considered to be restricted to rodents and marsupials, with other orders showing either a loss or a switch to violet
(3). The addition of most bats to this group advances our
understanding of the extent to which vertebrates are able to
perceive and use UV light (33, 34) and leads us to question the
validity of earlier claims of color blindness in a nectarivorous bat
(17) and diurnality in ancestral primates (10). More generally,
the detected tradeoff reported here between vision and echolocation in bats supports the longstanding but weakly supported
assumption that tradeoffs are indeed associated with ecological
specializations and highlights the need to explore evolutionary
hypotheses in phenotypically and phylogenetically divergent
taxa.
Materials and Methods
Taxon Coverage. We amplified and sequenced ⬇2.2 kb of the short wavelength opsin gene (SWS1) from exon 1 to exon 4 in 32 species of bats that vary
in their acoustic and roosting ecology. Sequencing was based on genomic DNA
and, where possible, from retinal mRNA (SI Text, Table S1). These data were
supplemented with sequences from an additional 35 mammal species obtained from GenBank, comprising 4 marsupials, 1 proboscidean, 4 rodents, 19
primates, 1 canid, 1 suid, 1 bovid, 1 equid, and 3 other bats. In total, the SWS1
dataset included 67 mammals. We also amplified and sequenced the M/LWS
opsin gene in a subset of 14 bat species (Table S1) and added the sequences of
3 outgroups (1 primate, 1 bovid, and 1 canid) in our analyses. GenBank
accession numbers and species names are given in Table S1.
Nucleotide Alignment, Phylogenetic and Molecular Evolution Analysis. Nucleotide sequences were aligned in the ORF using CLUSTAL X (35) and modified
by eye with SE-AL (36). Intron-exon boundaries were identified with reference
to published sequences, and, in the case of SWS1, c-DNA sequences obtained
in this study. The best-fit model of nucleotide evolution was determined by
Modeltest (37), and Maximum Likelihood and Bayesian phylogenetic reconstruction methods were performed with PAUP 4.0b10 (38) and MrBayes 3.1.1
(39), respectively (see also SI Text). We also applied a Maximum Likelihood
approach to test for differences in selection pressure, using the CODEML
program of PAML version 4 (40) (see also SI Text).
Ancestral Sequence Reconstruction. Ancestral sequences were reconstructed
under an explicit phylogenetic model of coding sequence evolution in a
Maximum Likelihood framework. Our model of coding sequence evolution is
similar to the models of Muse and Gaut (41), extended to include substitutions
to and from stop codons and so that substitution rates depend on the
nucleotide composition. We modeled separate rates for changes between
synonymous and nonsynonymous codons for each branch of the tree, and an
additional parameter describing the rate of sense codons changing to stop
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codons. Rates of change between codons also depended on the nucleotide
composition at each codon position (see also SI Text).

average rates of nonsynonymous (dN) and synonymous (dS) substitutions per
site, and the dN/dS () ratio, for a sliding window of 90 nt with a step size of
9 nt (Fig. S6) in the software SWAAP 1.0.2 (43).
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EVOLUTION

Protein Sequence Alignment and Sliding Window Analysis. The indels of SWS1
protein coding sequences among bats were removed and the sequences
translated in their own reading frames using SE-AL (36) and realigned using
CLUSTAL X (35) and T-Coffee (42). The sequences were then examined for stop
codons, indicative of loss-of-function. We derived similarity scores of each
sequence relative to the multiple sequence alignment using T-Coffee (see also
SI Text). We also measured deviation from the functional state by estimating
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Gene and Taxon Coverage. We amplified and sequenced ⬇2.2 kb

of the short wavelength opsin gene (SWS1) from exon 1 to exon
4 in 32 species of bats (Table S1). We also obtained from
GenBank the published sequences of 3 additional bat species
(Table S1). Our dataset of bats contained 15 pteropodids, 1
megadermatid, 3 hipposiderids, 4 rhinolophids, 3 emaballonurids, 3 phyllostomids, 1 miniopterid, 4 vespertilionids, and 1
molossid, sensu Jones and Teeling (1) (Table S1). Sequences from
a number of outgroups were also obtained from GenBank and
consisted of 4 marsupials, 1 proboscidean, 4 rodents, 19 primates, 1 canid, 1 suid, 1 bovid, and 1 equid (Table S1).
We also amplified and sequenced ⬇3.2 kb of the M/LWS opsin
gene, spanning exon 3 to exon 5, in a subset of 14 bat species
(Table S1). These consisted of 5 pteropodids, 1 rhinolophid, 1
hipposiderid, 1 megadermatid, 1 emballonurid, 1 phyllostomid,
2 vespertilionids, 1 miniopterid, and 1 molossid. Outgroup
sequences from GenBank consisted of 1 primate, 1 bovid, and 1
canid (Table S1).
Isolation, Amplification, and Sequencing of Genomic DNA. Genomic

DNA was isolated using Qiagen DNeasy kits following the
manufacturer’s protocol. For the SWS1 opsin and the M/LWS
opsin genes, we designed degenerate primer pairs in conserved
positions (Table S5) based on an alignment of published mammalian sequences of human, rhesus monkey, mouse, rat, gray
squirrel, guinea pig, dog, and cow. PCR (10 l) were carried out
using high fidelity Taq (TransGen Biotech) on a DNA Engine
Dyad Cycler (BioRad). Cycling reactions were as follows: 94°C
for 30 s, annealing temperature (Table S5) for 40 s, 72°C for 1.5
min for 35 cycles, and 72°C for 10 min. The PCR mixtures
contained 1 l (50 ng/l) of genomic DNA, 5 l of 10 ⫻ buffer,
1.5 l (50 mM) of MgCl2, 1 l (10 M) of each primer, and 1 unit
TaqDNA polymerase. PCR products were verified by agarose
gel, ligated into a pEASY-Blunt vector (TransGen Biotech) and
then transformed into TOP10 Escherichia coli competent cells
(Tiangen). Positive clones were sequenced with the primer pair
M13–47 (5⬘-CGC CAG GGT TTT CCC AGT CAC GAC-3⬘)
and M13–48 (5⬘-GAG CGG ATA ACA ATT TCA CAC AGG3⬘) using the Big Dye Terminator Cycle Sequencing kit (Applied
Biosystems) and run on an ABI 3730 sequencer. Multiple clones
(3–5) were sequenced for each PCR product to substantiate the
results.
Isolation, Amplification, and Sequencing of Retinal mRNA. To gain
information on retinal expression and, where appropriate, verify
coding regions or absence of coding regions, we undertook
tissue-specific SWS opsin RT-PCR in representative species
from both major subordinal bat clades. For the Yinpterochiroptera, we collected 1 pteropodid (Rousettus leschenaultii) from
Sichuan in China, 1 megadermatid (Megaderma spasma) from
Lang Son in Vietnam, 2 rhinolophids (Rhinolophus pusillus and
Rhinolophus ferrumequinum), and 2 hipposiderids (Hipposideros
pratti and Hipposideros armiger) from Guangxi in China. For the
Yangochiropteran, we collected 1 emballonurid (Taphozous
melanopogon), 1 molossid (Chaerephon plicatus), and 1 vespertilionid (Myotis ricketti), all from Guangxi, China.
Individuals were humanely killed, and eyes were excised
rapidly, placed in liquid nitrogen, and stored at ⫺80°C. Total
RNA was isolated from the eye using the RNAiso kit (Takara).
The first-strand cDNA was synthesized using 2 g of total RNA
treated with DNase I, 2.5 M oligo(dT), 500 M dNTPs, 40 units
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pf RNase inhibitor (Invitrogen), 1 ⫻ superScript RT buffer, and
200 units of superScript reverse transcriptase (Invitrogen) in a
volume of 20 l at 50°C for 1 h. The reaction was terminated and
then inactivated at 70°C for 15 min.
We used the same primer sets as listed in Table S5 to amplify
the SWS1 gene from cDNAs. PCRs were performed in 10-l
reaction volumes that included 1 g of the first-strand cDNA, 0.2
M primers, and 1 unit of TaqDNA polymerase (Takara). After
an initial step of 5 min at 95°C, PCR was carried out for 35 cycles
at 94°C for 30 s, annealing temperature for 30 s and 72°C for 1
min with a final extension of 72°C for 5 min. Products were
purified using the Takara agarose gel DNA purification kit and
cloned into the pMD19-T vector (Takara) and sequenced commercially. Once again, to verify results and avoid artifacts,
multiple clones of each PCR product were sequenced.
Of the 9 species tested, the cDNA of four species (Megaderma
spasma, Taphozous melanopogon, Chaerephon plicatus, and Myotis ricketti) was sequenced successfully and showed no differences
with the aligned corresponding coding sequence based on
genomic DNA. However, in the 5 remaining species (Rousettus
leschenaultii, Rhinolophus pusillus, R. ferrumequinum, Hipposideros pratti, and H. armiger), we were unable to amplify any
SWS1 cDNA. Given that these 5 species all possess stops or
indels in their SWS1 opsins, as inferred from genomic DNA
sequences, the cDNA results verify our assertion that the SWS1
gene is nonfunctional in these bats.
Nucleotide Sequence Alignment and Species Phylogenetic Reconstruction. Nucleotide sequences were aligned using CLUSTAL X (2)

and modified by eye with SE-AL (3). Intron-exon boundaries
were identified with reference to published sequences, and, in
the case of SWS1, cDNA sequences obtained in this study. In the
M/LWS dataset, intronic-splice signals (GT/AG rule) were completely conserved across all species, and no alternative splice
signals were found. In the SWS1 dataset, splice sites were
conserved in most mammals. However, alternative splice signals
(GT/AG rule) (Fig. S3) were also found within 15 bp of the
conserved sites in 3 species (Rousettus amplexicaudatus, Eonycteris spelaea, and Thoopterus nigrescens) and used to generate
potential variant splice forms, which were included in phylogenetic analyses. Introns varied in length and were removed from
all sequences where possible, and exons were concatenated in the
ORF. Note that in some species of hipposiderid bats, the SWS1
genomic sequences were so divergent that no splice signals were
found for certain introns. The resulting alignments of SWS1
spanned 1,107 bp, including gaps, and that of M/LWS spanned
536 bp with no gaps.
We undertook phylogenetic reconstruction based on both
genes. For the SWS1 opsin, separate analyses were undertaken
for all sequences and for a reduced dataset comprising only
sequences from members of the superordinal clade Boreoeutheria (Laurasiatheria and Euarchontoglires). In each case, potential alternative splice forms were included. Maximum likelihood (ML) analyses were performed with PAUP 4.0b10 (4) for
all datasets using the GTR (general time reversible) model of
sequence evolution with the parameter settings estimated by
Modeltest (5), as follows: (i) M/LWS: R-Matrix ⫽ (1.0000 9.8884
1.0000 1.0000 6.8334); base frequencies ⫽ (0.1856 0.3079
0.2607); proportion of invariant sites ⫽ 0.5562; and shape
parameter of gamma distribution 0.7259; (ii) SWS1 (all mammals): R-Matrix ⫽ (1.2215 4.9648 0.6497 0.9324 4.9648); base
frequencies ⫽ (0.1927 0.2921 0.2564); proportion of invariant
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sites ⫽ 0.0927; and shape parameter of gamma distribution ⫽
1.0129; (iii) SWS1 (Boreoeutheria): R-Matrix ⫽ (1.2544 5.0643
0.6379 1.0154 5.0643); base frequencies ⫽ (0.1901 0.2883
0.2659); proportion of invariant sites ⫽ 0; and shape parameter
of gamma distribution ⫽ 0.8052. For each dataset, we generated
a single ML tree using TBR branch swapping. One hundred ML
bootstrap replicate trees were generated for each dataset using
NNI branch swapping for the SWS1 dataset and TBR branch
swapping for the M/LWS dataset. In all ML analyses, starting
trees were obtained via neighbor-joining (NJ), and heuristic
searches were used.
We also undertook phylogenetic reconstruction for all datasets using a Bayesian approach, implemented in MrBayes 3.1.1
(6, 7). MrBayes 3.1.1 simultaneously initiates 2 Metropolis
coupled Markov Chain Monte Carlo (MCMCMC) runs. When
the standard deviation of split frequencies was less than 0.01,
convergence was reached. Four simultaneous chains were run, 3
hot and 1 cold. Analyses were run for as many generations as was
required for the average standard deviation of split frequencies
to be less than 0.01. Chains were sampled every 1,000 generations. Starting trees were random and the prior indicated that all
trees were equally probable. Results are shown in Fig. 2 and Figs.
S1–S2.
Functionality and Protein Sequence Alignment. The alignment of bat
SWS1 sequences and potential splice variants revealed numerous
indels, some of which could potentially result in frameshift
mutations and stop codons. By comparison, M/LWS sequences
contained no indels or stops. To compare SWS1 protein coding
sequences among bats, indels were removed and the sequences
translated in their own reading frames using SE-AL (3), and
realigned using CLUSTAL X (2) and T-Coffee (8). The sequences were then examined for stop codons, indicative of
loss-of-function. We derived similarity scores of each sequence
relative to the multiple sequence alignment using T-Coffee (8),
and found that scores ranged from 12 to 79 (mean). The lowest
scores (⬍ 70) corresponded to 13 sequences characterized by
numerous stop codons and/or frameshifts, which included all
Rhinolophus and Hipposideros species and some but not all of the
fruit bat species (Rhinolophus rex, R. affinis, R. pusillus, R.
ferrumequinum, Hipposideros pratti, H. armiger, H. pomona,
Eidolon helvum, Eonycteris spelaea, Thoopterus nigrescens, Dobsonia viridis, Rousettus leschenaultii, and a splice variant of R.
amplexicaudatus). A plot of similarity scores versus score rank
showed a stepwise pattern, indicative of major jumps in sequence
dissimilarity (Fig. S5a). To assess sequence similarity among the
pteropodids (fruit bats) in more detail (see below), we removed
Rhinolophus and Hipposideros species, realigned the sequences,
and repeated the entire alignment process (Fig. S5b).
Both plots revealed that points fall into 3 broad groups, the
first of which comprised all Yangochiroptera, the majority of
fruit bats without stop codons, and (the least conserved of this
group) one fruit bat sequence with a stop (Thoopterus nigrescens). The second group comprised three fruit bat sequences
without stops (Rousettus leschenaultii and potential splice variants of Thoopterus nigrescens and Rousettus amplexicaudatus)
and 1 fruit bat with a stop (Eonycteris spelaea potential splice
variant). The third group contained all Rhinolophus and Hipposideros species (shown in plot a only), and 2 fruit bats (Eidolon
helvum and Eonycteris spelaea), all of which possess stop codons.
Molecular Evolution of Opsin Genes in Bats. To compare the distribution of mutational change along the SWS1 gene in fruit bats,
especially with respect to the impact of stop codons, we applied
a sliding window approach. Each fruit bat nucleotide sequence
was aligned in turn with the functional sequence of Pteropus
giganteus using CLUSTAL X (2). We used the software SWAAP
1.0.2 (9) to estimate average rates of nonsynonymous (dN) and
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synonymous (dS) substitutions per site, and the dN/dS () ratio,
for a sliding window of 90 nt with a step size of 9 nucleotides
(Fig. S6).
We also used a maximum likelihood approach to test for
positive selection acting on both opsin genes. For this, SWS1
genes considered to be nonfunctional (with stop codons) were
removed from the dataset. All tests on SWS1 and M/LWS opsin
dataset were conducted using the CODEML program of PAML
version 4 (10). For each model, the ratio of nonsynonymous (dN)
to synonymous (dS) substitution rates was estimated (Table S2).
Likelihood ratio tests (LRTs) were performed to compare pairs
of nested models (10) (Table S3). Twice the difference in
log-likelihood values (2⌬l) between the 2 models was calculated
with a 2 distribution, and the degree of freedom equals the
difference the numbers of parameters estimated in the nested
models. Maximum likelihood methods were applied to identify
putative heterogeneous selective pressures along different
branches.
For both genes, we undertook the same suite of tests. First, we
undertook a free-ratio model, which assumes an independent 
value for each branch. Second, we undertook branch models
assuming 2 ratios, in which specific branches were constrained as
the foreground. Foreground branches were specified as (i) fruit
bats, (ii) all Yinpterochiroptera, and (iii) Yangochiroptera for
the M/LWS dataset, whereas foregrounds in SWS1 dataset were
Yinpterochiroptera and Yangochiroptera lineages. The null
hypotheses of the free-ratio and 2-ratio models are both the
1-ratio model (M0), which assumes the same  value for all
branches. Third, 4 site-specific models were analyzed to examine
the possible heterogeneous selective forces among amino acid
sites. The neutral model (M1a) estimates 2  values (0⬍0⬍1,
1 ⫽ 1); the positive selection model (M2a) adds an additional
 value to M1a, which allows 2 greater than 1, if present; M7
(␤ model) constrains  ratio smaller than 1 following the ␤
distribution; M8 (␤& model) is an extension of M7 and takes
into account possible positively selected (PS) sites. Bayes Empirical Bayes (BEB) analysis was used to calculate the Bayesian
posterior probability of positively selected sites (11). LRT statistics was calculated between 2 nested models (i.e., M1 vs. M2,
M7 vs. M8). The same methods applied in SWS1 dataset were
also used in M/LWS dataset.
Consensus Species Tree and Timeline. Overwhelming evidence has
led to the rejection of the old bat suborders of Microchiroptera
(echolocating bats) and Megachiroptera (nonecholocating bats)
in favor of 2 new clades: the Yinpterochiroptera, which contains
all nonlaryngeal echolocating Old World fruit bats and 5 families
of echolocating insectivorous bats; and Yangochiroptera, which
contains all other families of echolocating bats (1, 12, 13) (Fig.
1). Molecular data in the form of large nuclear and mitochondrial concatenations provide strong support a basal division
between Yinpterochiroptera (rhinolophoid microbats and pteropodids) and Yangochiroptera (all other bats) and for the association of 4 major groups of echolocating microbat lineages (Fig.
1; refs. 1, 12, 13 and refs. therein): (i) Rhinolophoidea (rhinolophids, hipposiderids, rhinopomatids, craseonycterids, and megadermatids); (ii) Emballonuroidea (nycterids and emballonurids); (iii)Vespertilionoidea (vespertilionids, molossids,
natalids, and miniopterids); (iv) Noctilionoidea (noctilionids,
phyllostomids, mormoopids furipterids, thyropterids, mystacinids, and myzopopdids). Bat family divergence dates (Fig. 1) were
taken from the studies detailed in refs. 1, 12–13., Phylogenetic
relationships within the Old World fruit bats (Pteropodidae) are
based on a molecular analysis of 4 mitochondrial loci and 1
nuclear gene (14) (Fig. 1). This topology implies that laryngeal
echolocation either had a single origin in the ancestor of bats but
was lost in the lineages leading to the Old World fruit bats, or
that laryngeal echolocation was gained multiple times in bats (1,
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where (k)n is the observed frequency of nucleotide n at codon
position k in our data, m,n is the rate of substitutions between
nucleotide m and n for m⫽n, which was modeled as being
independent of codon position. To correctly model the depen-

dence of substitution rate on the nucleotide sequence, we
performed a hierarchical series of likelihood ratio tests to select
the best-fitting reversible model of substitution (so m,n ⫽ n,m
for all m,n for all models tested), including testing different
models of rate heterogeneity across codons and across branches.
The results of these tests are summarized in Table S6. The
best-fitting model, used for reconstruction of ancestral sequences, has (nucleotide constraints for ), included a gamma
distribution of rates across sites (19), and a separate omega value
for each branch of the tree. For all analyses, a fixed tree topology
was used as shown in Fig. 1. All model fitting, likelihood-ratio
tests and ancestral state reconstruction were performed using
the Hyphy software package (20). In Hyphy, we constructed
ancestral sequences as 1,000 samples for each internal node,
where codons were sampled in proportion to their likelihood at
the estimated maximum-likelihood model parameter values,
using the sampleancestors command of Hyphy. The proportion of
codons in these reconstructed samples is an estimate of the
empirical Bayes posterior probability with a prior that places
equal probability on each codon for every site.
Like any model, this model approximates only the evolution of
our sequences. In particular, our alignment includes both coding
and noncoding sequences, so the codon structure imposed by this
model is not relevant for pseudogenes or parts of the sequence
downstream of any stop codons. In the best-fitting model, we
capture some of this complexity by allowing independent 
values for each branch of the tree: we expect omega to be low for
branches on which genes are functional, but close to 1 for these
parts of the tree on which the gene has become psuedogenized.
Our model thus becomes similar to a standard nucleotide model
for these branches. Our results show that most of the stop codons
have evolved close to the tips of the tree, so the gene is functional
(and our codon model should fit well) over most of the tree. We
are not aware of any phylogenetic work that properly models
sequences that switch between coding and non-coding across a
tree, which would require a significant advance in the state-ofthe-art of in models of sequence evolution.
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12). Paleontological evidence has not resolved these scenarios:
the 2 oldest fossil bats both appear to have been insectivorous
and capable of flight, yet only 1 had laryngeal echolocation
capabilities, and it is unclear whether they were nocturnal (15,
16). Such conflicts mean that the sensory ecology of ancestral
bats still remains poorly understood (1).
Gene Tree vs. Species Tree. We used the Kishino–Hasegawa and
Shimodaria–Hasgawa tests as implemented in PAUP4.0b10 (4,
17) with RELL optimization and 1,000 bootstrap replicates to
identify whether the gene tree topology (Fig. 1) was significantly
better supported by the SWS1 dataset than the published bat
species tree (1, 12, 13). This test was carried out on a subset of
taxa that included only bat species, with dog and cow as
outgroups.
Ancestral Sequence Reconstruction. Ancestral sequences were re-

constructed under an explicit phylogenetic model of coding
sequence evolution in a maximum-likelihood framework. Our
model of coding sequence evolution is similar to the models of
Muse and Gaut (18), extended to include substitutions to and
from stop codons and so that substitution rates depend on the
nucleotide composition. We specify the substitution rate for
codons i ⫽ i1i2i3 and j ⫽ j1j2j3, which differ at a single position
k, as:
qi, j

⫽

冦

0, if the codons differ at more than one position
 ik, jk j共kk兲, for synonymous substitutions

 ik, jk j共kk兲,

 ik, jk j共kk兲,

for non-synonymous substitutions
for substitutions to and from stop codons
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Perissodactyla

65/90
84/100

58/84

47/90

100*
100*

Hipposideros pratti
H. armiger

Megaderma spasma
Cynopterus brachyotis
Harpionycteris celebensis
Pteropus giganteus
P. pumilus
P. rodricensis
96/100 40/86
P. dasymallus
Acerodon celebensis
Dobsonia viridis
Nyctimeme cephalotes
Haplonycteris fischeri
56/95
79/100
79/100

79/100

Rousettus amplexicaudatus

Thoopterus
nigrescens
(splice variant)

Cetartiodactyla
Carnivora

Primates

Euarchontoglires

Rodentia
Proboscidea

Marsupialia

0.01 substitutions/site

Chiroptera

H. pomona

T. nigrescens
R. amplexicaudatus
(splice variant)

R. leschenaultii
Eonycteris spelaea
E. spelaea (splice variant)
Eidolon helvum
92/100
Bos taurus
Sus scrofa
Canis lupus
38/86
95/100
Cheirogaleus major
94/100
C. medius
100*
Microcebus murinus
89/100
Mirza coquereli
98/100
Lepilemur ruficaudatus
96/100
Avahi laniger
100*
Propithecus verreauxi
59
Lemur catta
Daubentonia madagascariensis
100*
Tarsius syrichta
58/100
T. bancanus
76/96
Callithrix jacchus
100*
Saimiri boliviensis
60/100
Cebus olivaceus
99/100
97/100 Homo sapiens
Pan troglodytes
100*
Macaca mulatta
100*
M. fascicularis
Miopithecus talapoin
100*
Rattus norvegicus
68/100
Mus musculus
Cavia porcellus
60/71
Sciurus carolinensis
Loxodonta africana
Macropus eugenii
100*
93/100
Setonix brachyurus
100*
Isoodon obesulus
Sminthopsis crassicaudata
100*

36/97

79/94

Boreoeutheria

77/100

67/88

Rhinolophus pusillus
R. ferrumequinum
R. rex
R. affinis

100*

Yinpterochiroptera

25/62

53/87

98/99

Laurasiatheria

12/100

Yangochiroptera

Equus caballus
Chaerephon plicatus
Myotis ricketti
M. velifer
Murina leucogaster
Pipistrellus abramus
85/100
Miniopterus fuliginosus
19/72
100*
Carollia perspicillata
100*
Artibeus jamaicensis
A. lituratus
100* Taphozous australis
14/55
T. melanopogon
27/63
32/97
Emballonura raffrayana
26/53

Fig. S1. SWS1 phylogenetic tree of aligned nucleotide sequences in the ORF. The TBR maximum likelihood tree (-ln likelihood ⫽ -ln ⫽ 11574.95318) for the
SWS1 dataset under the GTR⫹⌫⫹⌱ model of sequence evolution. Numbers at the nodes are the ML bootstrap values/Bayesian posterior probabilities as
percentages, 100* ⫽ clades that received 100% ML bootstrap support and had posterior probabilities of 1. Shimodaira–Hasegawa tests (Table S4) indicated there
was no significant difference in support for the published species tree (Fig. 1) and the gene tree depicted below. Our Bayesian and ML phylogenetic analyses
of all bats based on the SWS1 gene yielded little congruent phylogenetic signal compared to the M/LWS opsin gene and other published molecular datasets for
both bats and other orders of mammals (Fig. 2 and Figs. S1-S2). This might be expected from highly contrasting selection pressures acting on this gene within
bats and across the tree. Indeed a relaxation in selection pressure effected by the loss of gene function in several lineages is well reflected by the long-branch
lengths and elevated rates of substitution.
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79/100

17/
67
35/98

31/56

55/84

78/87
58/87

68/95

79/100

79/100
79/100

80/92

Hipposideros pratti
H. armiger

Eidolon hevum
Rousettus amplexicaudatus

Rhinolophus pusillus
R. ferrumequinum
R. rex
R. affinis

Rhinolophoidea

T. nigrescens

Thoopterus
nigrescens
(splice variant)

R. amplexicaudatus
(splice variant)
Pteropodidae

Boreoeutheria

Miopithecus talapoin
Rattus norvegicus
Mus musculus
Cavia porcellus
Sciurus carolinensis

Chiroptera

Cetartiodactyla
Carnivora

Primates

Euarchontoglires

100*

96/99

Megaderma spasma
Cynopterus brachyotis
Haplonycteris fischeri

Rousettus leschenaultii
Eonycteris spelaea
E. spelaea (splice variant)
73/94 Pteropus giganteus
P. pumilus
79/100
P. rodricensis
98/100
P. dasymallus
Acerodon celebensis
Dobsonia viridis
Nyctimene cephalotes
Harpyionycteris celebensis
31/85
96/100
Bos taurus
Sus scrofa
Canis lupus
97/100
Cheirogaleus major
95/100
Cheirogaleus medius
100*
Microcebus murinus
88/100
Mirza coquereli
96/100
Lepilemur ruficaudatus
97/100
Avahi laniger
99/100
Propithecus verreauxi
56/44
Lemur catta
Daubentonia madagascariensis
100*
Tarsius syrichta
68/100
T. bancanus
77/98
Callithrix jacchus
100*
Saimiri
boliviensis
73/100
Cebus olivaceus
100*
89/100 Homo sapiens
Pan troglodytes
100*
mulatta
100* 87/99 Macaca
M. fascicularis
51/61

Emballonuroidea
100*

H. pomona

100*

76/99

Noctilionoidea

Yinpterochiroptera

20/50

100*

Vespertilionoidea

Laurasiatheria

100*

53/84

Perissodactyla

Equus caballus
Chaerephon plicatus
Myotis ricketti
M. velifer
Murina leucogaster
Pipistrellus abramus
Miniopterus fuliginosus
100*
Carollia perspicillata
100*
Artibeus jamaicensis
A. lituratus
100* Taphozous australis
T. melanopogon
Emballonura raffrayana

74/91
91/100

Yangochiroptera

16/51

Rodentia

0.01 substitutions/site

Fig. S2. The TBR maximum likelihood tree (-ln likelihood ⫽ 10421.2) for the SWS1 opsin dataset under the GTR⫹⌫⫹⌱ model of sequence evolution for
boreoeutherian taxa. Numbers at the nodes are the ML bootstrap values/Bayesian posterior probabilities as percentages, 100* ⫽ clades that received 100% ML
bootstrap support and had posterior probabilities of 1.
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Fig. S3. Logo plots showing nucleotide variation at intron/exon boundaries among the SWS1 sequences, constructed in the software WebLogo (22). The total
height of the stack of nucleotides reflects the sequence conservation at that position, while the height of each nucleotide within the stack reflects its relative
frequency.
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Fig. S4. SWS1 species tree of aligned nucleotide sequences in the ORF. Branch lengths are scaled by the rate of nonsynonymous substitution and the tree
topology follows published consensus studies. Species with sequences containing stop codons are shown in red font, while the loss of functionality inferred from
indels or stops is depicted by red branches. Inferred ancestral stops are depicted in Fig. 1. In cases where it has been retained, SWS1 appears to be under purifying
selection and was even found to be significantly lower in the ancestral fruit bat branch than the fixed ratio ( ⫽ 0.000 vs. 0.145, respectively, P ⬍ 0.001). On the
other hand, site models did identify 2 residues that appeared to be under positive selection (33V, 78H), although neither corresponded to sites of known spectral
importance.
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Fig. S5. Plots of T-Coffee similarity scores vs. score rank for SWS1 amino acid sequences of bats and 3 outgroups (human, Homo sapiens; horse, Equus caballus;
and cow, Bos taurus). Sequences have been aligned following translation in their own frames. Plot (a) shows ranked scores for all bat sequences and outgroups
and (b) for the same sequences but without Rhinolophus and Hipposideros. Circles denote sequences without stop codons and squares sequences with stop
codons. In a, unfilled squares correspond to Rhinolophus and Hipposideros species. An underlined sequence denotes a potential splice variant, and blue font
denotes an outgroup. Individual sequences of interest are identified using the first letters of the genus and species (listed in Table S1).
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Fig. S6. Sliding window analysis of evolutionary change along the SWS1 gene in Old World fruit bats (Pteropodidae). Each plot shows the synonymous
substitution rate (dS ⫽ green), non-synonymous substitution rate (dN ⫽ orange) and omega (dN/dS ⫽ brown). Sequences have been aligned in their own frames,
and the positions of stops are shown as dark blue squares. Gray shading indicates species that always roost in caves, white indicates always in trees, and hatched
shading indicates species that either roost in both caves and trees (Eidolon) or for which roosting ecology is not known (Thoopterus). Species are ordered
alphabetically.
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Table S1. Taxa studied with GenBank accession nos.
Classification
Bo

La

ORDER CHIROPTERA (BATS)
SUBORDER YINPTEROCHIROPTERA
Family Pteropodidae

Family Megadermatidae
Family Rhinolophidae

Family Hipposideridae

SUBORDER YANGOCHIROPTERA
Family Emballonuridae

Family Phyllostomidae

Family Miniopteridae
Family Molossidae
Family Vespertilionidae

ORDER CARNIVORA
Family Canidae
ORDER CETARTIODACTYLA
Family Bovidae

Eu

ORDER PERISSODACTYLA
Family Equidae
ORDER RODENTS
Family Sciuridae
Family Caviidae
Family Muridae
ORDER PRIMATES
Family Cercopithecidae

Family Hominidae
Family Cebidae

Family Tarsiidae
Family Daubentoniidae
Family Lemuridae

Common name

Species name

SWS1 gene

M/LWS gene

African straw-colored fruit bat
lesser dawn bat
Geoffroy’s rousette
Leschenault’s rousette
swift fruit bat
Philippine pygmy fruit bat
Pallas’s tube-nosed fruit bat
greenish naked-backed fruit bat
Sulawesi fruit bat
Ryukyu flying fox
Rodrigues flying fox
little golden-mantled flying fox
Indian flying fox
Sulawesi harpy fruit bat
lesser short-nosed fruit bat
greater short-nosed fruit bat
lesser false vampire bat
king horseshoe bat
intermediate horseshoe bat
least horseshoe bat
greater horseshoe bat
Pratt’s leaf-nosed bat
great leaf-nosed bat
pomona leaf-nosed bat

Eidolon helvum
Eonycteris spelaea
Rousettus amplexicaudatus
Rousettus leschenaultii
Thoopterus nigrescens
Haplonycteris fischeri
Nyctimene cephalotes
Dobsonia viridis
Acerodon celebensis
Pteropus dasymallus
Pteropus rodricensis
Pteropus pumilus
Pteropus giganteus
Harpyionycteris celebensis
Cynopterus brachyotis
Cynopterus sphinx
Megaderma spasma
Rhinolophus rex
Rhinolophus affinis
Rhinolophus pusillus
Rhinolophus ferrumequinum
Hipposideros pratti
Hipposideros armiger
Hipposideros pomona

EU912373
EU912375
EU912352
EU912381
EU912355
AM263196
EU912357
EU912371
EU912354
AM263192
EU912363
EU912362
EU912361
EU912356
EU912353

Raffray’s sheath-tailed bat
coastal tomb bat
black-bearded tomb bat
Jamaican fruit-eating bat
great fruit-eating bat
Seba’s short-tailed bat
western long-fingered bat
wrinkle-lipped free-tailed bat
rickett’s big-footed myotis
cave myotis
tube-nosed bat
Japanese pipistrelle

Emballonura raffrayana
Taphozous australis
Taphozous melanopogon
Artibeus jamaicensis
Artibeus lituratus
Carollia perspicillata
Miniopterus fuliginosus
Chaerephon plicatus
Myotis ricketti
Myotis velifer
Murina leucogaster
Pipistrellus abramus

EU912374
EU912383
EU912366
EU912367
EU912372
EU912358
EU912376
EU912359
EU912377
AM263197
EU912379
EU912360

domestic dog

Canis lupus

XM㛭539386

XM㛭538203

domestic cow
wild boar

Bos taurus
Sus scrofa

NM㛭174567
AY091587

NM㛭174566

horse

Equus caballus

XM㛭001502735

eastern gray squirrel
domestic guinea pig
house mouse
brown rat

Sciurus carolinensis
Cavia porcellus
Mus musculus
Rattus norvegicus

DQ302163
AY552608
NM 007538
NM 031015

crab-eating macaque
rhesus monkey
Angolan talapoin
human
common chimpanzee
weeper capuchin
black-capped squirrel monkey
common marmoset
Horsfield’s tarsier
Philippine tarsier
aye-aye
ring-tailed lemur

Macaca fascicularis
Macaca mulatta
Miopithecus talapoin
Homo sapiens
Pan troglodytes
Cebus olivaceus
Saimiri boliviensis
Callithrix jacchus
Tarsius bancanus
Tarsius syrichta
Daubentonia madagascariensis
Lemur catta

AF158977
XM㛭001091869
L76226
DQ822478
NM㛭001009127
AF039424
U53875
L76201
DQ191949–53
DQ191954–58
DQ191898–02
DQ191940–44
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EU912378
EU912365
EU912364
EU912382
EU912380
EU912369
EU912368
EU912369

EU912350

EU912338

EU912348
EU912339
EU912342
EU912346

EU912349
EU912343

EU912351
EU912340

EU912344
EU912341
EU912345

EU912347

NM㛭020061
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Classification
Family Indridae
Family Lepilemuridae
Family Cheirogaleidae

At
Au

Af

ORDER PROBOSCIDEA
Family Elephantidae
ORDER DIPROTDONTIA
Family Macropodidae
ORDER PERAMELINA
Family Peramelidae
ORDER DASYUROMORPHIA
Family Dasyuridae

Common name

Species name

SWS1 gene

Coquerel’s sifaka
eastern woolly lemur
red-tailed sportive lemur
giant mouse lemur
gray mouse lemur
lesser dwarf lemur
greater dwarf lemurs

Propithecus verreauxi
Avahi laniger
Lepilemur ruficaudatus
Mirza coquereli
Microcebus murinus
Cheirogaleus medius
Cheirogaleus major

DQ191935–39
DQ191893–97
DQ191945–48
DQ191903–07
DQ191922–26
DQ191908–12
DQ191917–21

African bush elephant

Loxodonta africana

AY686753

tammar wallaby
quokka

Macropus eugenii
Setonix brachyurus

AY286017
AY726545

southern brown bandicoot

Isoodon obesulus

AY726544

fat-tailed dunnart

Sminthopsis crassicaudata

AY442173

M/LWS gene

*Newly generated sequences are indicated by bold font. Superordinal groupings of species are abbreviated as follows: Boreoeutheria (Bo), Laurasiatheria (La),
Euarchontoglires (Eu), Atlantogenata (At), Afrotheria (Af), and the Australidelphia (Au) sensu (ref. 21 and refs. therein).
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Table S2. Likelihood values and parameter estimates for bat opsin genes
ᐉ

P

SWS1
One-ratio
Free-ratio
Two-ratio (fruit bats)
Two-ratio (Yinpterochiroptera)
Two-ratio (Yangochiroptera)
M1a
M2a

⫺8120.97
⫺8011.43
⫺8177.00
⫺8120.89
⫺8120.46
⫺7919.60
⫺7905.07

98
193
99
99
99
99
101

M7
M8

⫺7877.90
⫺7855.55

99
101

M/LWS
One-ratio
Free-ratio
Two-ratio (fruit bats)
Two-ratio (Yinpterochiroptera)
Two-ratio (Yangochiroptera)
M1a
M2a

⫺2191.62
⫺2171.58
⫺2176.42
⫺2175.71
⫺2176.37
⫺2135.19
⫺2135.19

38
73
39
39
39
39
41

M7
M8

⫺2134.60
⫺2133.91

39
41

Model
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Parameter estimate

⫽0.143
variable  by branch
0⫽0.145, 1⫽0.000
0⫽0.143, 1⫽0.294
0⫽0.144, 1⫽0.067
0⫽0.853 (1⫽0.147), 0⫽0.070 (1⫽1.000)
0⫽0.851, 1⫽0.140 (2⫽0.008),
0⫽0.072, 1⫽1.000 (2⫽4.372)
P ⫽ 0.248, q ⫽ 1.112
0⫽0.989, P ⫽ 0.289, q ⫽ 1.576,
1⫽0.011, ⫽3.701
⫽0.092
variable  by branch
0⫽0.067, 1⫽0.098
0⫽0.070, 1⫽0.000
0⫽0.067, 1⫽0.142
0⫽0.901(1 ⫽ 0.099), 0 ⫽ 0.015 (1 ⫽ 1.000)
0 ⫽ 0.901, 1 ⫽ 0.099 (2 ⫽ 0.000), 0 ⫽ 0.015,
1 ⫽ 1.000 (2 ⫽ 17.761)
P ⫽ 0.047, q ⫽ 0.404
0 ⫽ 0.980, P ⫽ 0.059, q ⫽ 0.732,
1 ⫽ 0.020, ⫽1.609

Positive selected (PS) sites
None
n/a
n/a
n/a
n/a
n/a
33V (P ⫽ 1.000), 78H (P ⫽ 0.999)
n/a
33V (P ⫽ 1.000), 78H (P ⫽ 0.999)

None
n/a
n/a
n/a
n/a
n/a
None
n/a
93V (P ⫽ 0.980)
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Table S3. Likelihood ratio tests (LRTs) for bat opsin genes
Comparisons
SWS1
One-ratio vs. Free-ratio
One-ratio vs. Two-ratio (fruit bats)
One-ratio vs. Two-ratio (Yinpterochiroptera)
One-ratio vs. Two-ratio (Yangochiroptera)
M1a vs. M2a
M7 vs. M8
M/LWS
One-ratio vs. Free-ratio
One-ratio vs. Two-ratio (fruit bats)
One-ratio vs. Two-ratio (Yinpterochiroptera)
One-ratio vs. Two-ratio (Yangochiroptera)
M1a vs. M2a
M7 vs. M8
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2⌬ᐉ

df

P-value

219.08
112.06
0.16
1.02
29.08
44.70

95
1
1
1
2
2

⬍0.001
⬍0.001
0.689
0.313
⬍0.001
⬍0.001

40.08
30.40
31.82
30.50
0
1.39

35
1
1
1
2
2

0.255
⬍0.001
⬍0.001
⬍0.001
1
0.500
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Table S4. Gene vs. species tree for the bat SWS1 opsin dataset
tests
Gene tree
Species tree

Log likelihood scores

⌬ in–ln likelihood

P Values for KH tests

P Values for SH tests

6,827.29
6,843.05

15.75

0.095

0.054
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Table S5. Details of primers used
Primer name
SWS1
SFe
SDC1R
SDC2F
SINRb
M/LWS
LDF
LDaR
LDbF
LDR

Primer sequence

Ta (°C)

Product

5’ ATGTCAG关G/A兴GGA关G/A兴GAGTTTTATCTGTTCAAG 3’
5’ TATAG关G/T兴ACTCGCTGCG关G/A兴TA关T/C兴TTGGTGCC 3’
5’ GCAGTGTTCCTGTGG关C/T兴CC关T/C兴GACTGGTAC 3’
5’ GGAACTGCTTATTCATGAAGCAGTAGATGATGGG 3’

55–60°C

Exon1-Exon3 ⬃1200bp

55–60°C

Exon3-Exon4 ⬃800bp

5’ AGGGATCAC关G/A兴GG关T/C兴CTCTGGTC 3’
5’ GCTCGGATGGCCAGCCACACTTG 3’
5’ ACTGGCCCCA关T/C兴GGCCTGAAGAC 3’
5’ ACCTGCCGGTTCATAAAGACA 3’

55–65°C

Exon3-Exon4 ⬃1200bp

55–65°C

Exon4-Exon5 ⬃2000bp
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Table S6. Likelihood ratio tests for selecting the best-fitting model of codon evolution for the SWS in frame dataset
Nucleotide model name

Constraints

#Params

Likelihood

LRT p-value

1
2
3
4

⫺13615.0
⫺13084.7
⫺13075.7
⫺12742.7

0
2.21x10⫺5
0

5
6

⫺12711.8
⫺12707.9

3.78x10⫺15
0 (vs TrN)

8

⫺12705.2

0.067

GTR

All  equal, ⫽1, ⫽1
All  equal,  estimated, ⫽1
All  equal, ,  estimated
AC⫽ GT⫽ AT⫽ CG
AG⫽CT
AC⫽GT⫽AT⫽CG
AC⫽GT
AT⫽CG
6 independent  parameters

TIM⫹␥
TIM ⫹ I⫹␥

as TIM, plus gamma distribution of rates across sites
As above, plus invariant sites

9
10

⫺12576.6
⫺12576.6

0 (vs TIM)
1

TIM⫹␥⫹local 
TIM⫹␥⫹local  ⫹ local 

As TIM ⫹ G, with different  value for each branch
As above, with different  value for each branch

139
270

⫺12025.3
⫺11982.8

0 (vs TIM⫹ ␥ )
0.99

JC
JC
JC
K80
TrN
TIM

Models are ordered from the simplest (lowest numbers of parameters) at the top of the table, to most complex at the bottom. Likelihood ratio tests are used
to compare each model to the model directly above it, unless otherwise specified; tests not carried out in this order are separated by a blank line. If P ⬍ 0.05
(marked with an asterisk), then the simpler model is rejected in favor of the more complex model; otherwise, the simpler model is compared to an alternative,
more complex model below the next blank line until the final comparison with the most parameter-rich model we investigated. The order of tests for the first
7 rows are as implemented in Modeltest version 3.7 (6). The best-fitting model is TIM⫹␥⫹local .
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