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Vampire bats exhibit evolutionary
reduction of bitter taste receptor genes
common to other bats

Wei Hong and Huabin Zhao

Department of Zoology, College of Life Sciences, Wuhan University, Wuhan, People’s Republic of China

The bitter taste serves as an important natural defence against the ingestion of
poisonous foods and is thus believed to be indispensable in animals. However,
vampire bats are obligate blood feeders that show a reduced behavioural
response towards bitter-tasting compounds. To test whether bitter taste recep-
tor genes (T2Rs) have been relaxed from selective constraint in vampire bats,
we sampled all three vampire bat species and 11 non-vampire bats, and
sequenced nine one-to-one orthologous T2Rs that are assumed to be function-
ally conserved in all bats. We generated 85 T2R sequences and found that
vampire bats have a significantly greater percentage of pseudogenes than
other bats. These results strongly suggest a relaxation of selective constraint
and a reduction of bitter taste function in vampire bats. We also found that
vampire bats retain many intact T2Rs, and that the taste signalling pathway
gene Calhml remains complete and intact with strong functional constraint.
These results suggest the presence of some bitter taste function in vampire
bats, although it is not likely to play a major role in food selection. Together,
our study suggests that the evolutionary reduction of bitter taste function in
animals is more pervasive than previously believed, and highlights the impor-
tance of extra-oral functions of taste receptor genes.

1. Introduction

Mammals typically have five primary taste modalities dedicated to the evaluation
of diets, of which the bitter taste serves as an important natural defence against
the ingestion of poisonous foods and is thus believed to be indispensable in ani-
mals [1]. Although vertebrate bitter taste receptor genes (T2Rs or Tas2rs) diverge
tremendously in number from 0 in the bottlenose dolphin to 51 in the African
clawed frog [2], multiple intact T2Rs are maintained to ensure the functionality
of detecting toxins in food sources for these animals, with the exception of the bot-
tlenose dolphin [2,3]. The dolphin represents the first mammal to lack functional
bitter taste receptors, probably because they swallow food whole, rendering
the taste dispensable [3]. The great reduction of bitter taste function in the dolphin
is surprising because natural toxins typically taste bitter, so the bitter taste rep-
resents an important natural defence against the ingestion of poisonous
chemicals such as plant alkaloids and insect toxins [4—-6].

Vampire bats are the only mammals that feed exclusively on blood [7] and
the extreme narrowness of their diets may have rendered these bats poor tasters
[89]. Indeed, all extant vampire bats (three species: common vampire bat,
Desmodus rotundus; white-winged vampire bat, Digemus youngi and hairy-legged
vampire bat, Diphylla ecaudata) have lost sweet and umami tastes [9-11]; the
common vampire bat behaviourally showed a reduction towards bitter-tasting
compounds [11]. Furthermore, vampire bats use odour cues for prey detection
[12] and use infrared sensors to locate capillary-rich areas of skin [7,13]. These
capabilities may have further reduced their taste sensitivity [9]. To test whether
bitter taste receptor genes (T2Rs) have been relaxed from selective constraint in
vampire bats, we sampled all three vampire bats and 11 non-vampire bats
across the phylogeny and examined nine one-to-one orthologous T2Rs that are
shared in four bats representing two major groups of bats (Yangochiroptera and
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Figure 1. The species tree of the 14 bats studied, with intact and pseudogenized T2Rs being indicated. Intact genes are characterized by an intact open reading
frame (ORF), while pseudogenes are characterized by a disrupted ORF resulting from nonsense and/or frame-shifting mutations. Tree topology follows a previous
study [17]. The ten species in bold are those sequenced in this study, whereas the four remaining species are those with available genome sequences. All three
vampire bats are shaded in grey. The common ancestor of vampire bats discussed in the text is indicated as a black circle. (Online version in colour.)

Yinpterochiroptera) and thus are assumed to be functionally
conserved in all bats. We found that, of these functionally con-
served T2Rs common to other bats, vampire bats have a
significantly greater percentage of pseudogenized T2Rs than
other bats. We also found that vampire bats retain many
intact and putatively functional T2Rs.

2. Material and methods

(a) Gene identification and taxon coverage

We identified T2Rs from the draft genome sequences of the four
bats in the Ensembl genome database (Pteropus vampyrus and
Muyotis lucifigus) and an earlier study (Pteropus alecto and Muyotis
davidii) [14]. Because vertebrate T2Rs are intronless and approxi-
mately 300 codons in length, the gene identification approach
was straightforward. We used all T2Rs from human, rat, dog
and chicken as queries to TblastN against the four bat genomes fol-
lowing a previous study [15], and confirmed the presence of seven
transmembrane domains using the TMHMM method [16]. All can-
didate T2Rs were verified by the best hits with known T2Rs using
BlastN searches against the entire GenBank [15].

Our dataset of bats contained all three species of vampire bats
and 11 species of non-vampire bats (figure 1). We attempted to
include bat species that are both closely and distantly related
to vampire bats. Specifically, two bats are affiliated with the same
family Phyllostomidae as the three vampire bats; one belongs to
Mormoopidae, a bat family that is most closely related to
Phyllostomidae; two are from the other family in the same suborder
Yangochirotera; the remaining six bats are from more distantly
related families in the other suborder Yinpterochiroptera (figure 1;
electronic supplementary material, table S1). The bat order
Chiroptera is divided into two suborders: Yinpterochiroptera and

Yangochiroptera, which comprise two and three superfamilies,
respectively [17]. We sequenced T2Rs from 10 bats and identi-
fied T2Rs from the draft genome sequences of four additional
bats. These species represent four of the five superfamilies of
bats (figure 1).

(b) Polymerase chain reaction amplification and DNA
sequencing

Based on the sequence alignments of T2Rs from the four bats
with available genome sequences, we designed a suite of primers
(electronic supplementary material, table S2) to amplify the nine
one-to-one orthologous T2Rs in 10 bats (figure 1). All bat tissues
were loaned from the American Museum of Natural History, and
the identity of each bat was confirmed by sequencing the com-
plete coding sequences of the mitochondrial cytochrome b
(Cytb) gene (electronic supplementary material, figure S1). Geno-
mic DNAs were isolated using Qiagen DNeasy kits. Polymerase
chain reactions (PCRs) were performed following our previously
described methods [9,10]. PCR products were sequenced directly
with the same primer sets as for PCR amplifications. When the
direct sequencing did not work, PCR products were cloned
into the pMD19-T vector (Takara) and sequenced from both
strands. We additionally amplified TIR3 and Calhm1 using the
primer sequences listed in the electronic supplementary material,
table S2. All sequences newly generated by PCRs were deposited
in GenBank under accession numbers KJ55725-K]557347.

(c) Sequence alignment and phylogenetic

reconstruction
The resulting sequences were aligned with MEGA v. 5.2 [18], and
checked by eye. Nucleotide sequence alignments were generated
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according to protein sequence alignments and were subsequently
used to reconstruct phylogenetic trees. Phylogenetic reconstruc-
tion for each dataset was conducted using a Bayesian approach,
implemented in MrBAYEs v. 3.2 [19]. Six Markov chains were run
simultaneously with as many generations as needed to ensure
that the standard deviation of split frequencies was less than
0.01. We discarded the first 400 000 generations as burn-in and
sampled the chains every 1000 generations. The best-fitting
model of sequence evolution for each dataset was estimated by
MobELTEST v. 3.7 [20].

(d) Construction of ancestral sequences and tests for
selection

Ancestral sequences of vampire bats were reconstructed using
the Bayesian method [21] implemented in the baseml program
in PAML [22] and the parsimony method [23]. To determine
whether vampire bats have undergone differential selective
pressures as compared to other bats, we estimated the ratio of
non-synonymous to synonymous substitution rates (termed w),
which is an indicator of natural selection, with w being less
than 1, equal to 1 and more than 1 indicating purifying selec-
tion, neutral evolution and positive selection, respectively. We
next undertook likelihood ratio tests of selection using branch
models in the codeml program in PAML. For each gene, we con-
ducted three tests (table 1). First, we tested whether the overall »
is significantly smaller than 1 in non-vampire bats. Second, we
tested whether there is a significant difference in w between the
common ancestor of vampire bats and all other bats. Third,
we tested whether there is a variation in w before and after the
divergence of vampire bats.

3. Results

(a) Survey of bitter taste receptor genes in four bat

genomes
A total of 39, 34, 26 and 24 T2Rs were identified from M. davidii,
M. lucifigus, P. alecto and P. vampyrus, respectively (electronic
supplementary material, table S3). Among them, 79 T2Rs are
intact with at least 270 codons, start codon, stop codon and
seven transmembrane domains (electronic supplementary
material, table S3); the nomenclature of bat T2Rs followed that
for human T2Rs [24]. The deduced protein sequences of these
intact genes were aligned and translated back to nucleotides
and the resulting alignment was used to reconstruct a phyloge-
netic tree using the Bayesian approach. We found three Myotis
specific clusters in the tree (electronic supplementary material,
figure S2), suggestive of functional innovation of bitter taste in
these insect-eating bats [25] because many insects rely on chemi-
cal defence against predators [6,26,27]. Notably, we identified
seven clades containing four genes from each of the four
bats (electronic supplementary material, figure S2), showing a
one-to-one orthologous relationship. We also included two
additional genes as one-to-one orthologues despite their absence
in one of the four bats due to pseudogenization (T2R5) or incom-
plete sequencing (T2R7) (figure 1; electronic supplementary
material, figure S2). The four bats analysed above belong to
the two major groups of bats (Yinpterochiroptera and Yango-
chiroptera; electronic supplementary material, table S1) and
these one-to-one orthologous T2Rs are assumed to be function-
ally conserved in all bats because same bitter taste receptors tend
to recognize certain bitter-tasting compounds better than other
bitter-tasting chemicals, and thus tend to have the same

functions [28]. We did not examine other T2Rs because those
genes are specific to certain species (electronic supplementary
material, figure S2) that do not represent the conserved taste
function in bats.

(b) Pseudogenization of bitter taste receptor genes in
vampire bats

To test whether bitter taste function is reduced in vampire bats,
we examined the nine T2Rs in all three vampire bats, seven
non-vampire bats and the four additional non-vampire bats
with available genome sequences (figure 1; electronic sup-
plementary material, table S1). We sequenced 85 T2R gene
segments from the 10 bats, including the three vampire bats,
which ranged from 528 to 872 bp in length. Phylogenetic
trees reconstructed using each T2R gene generally agree with
the established species tree [17] (electronic supplementary
material, figure S3), suggesting that each T2R gene newly gen-
erated in various bats is orthologous. After aligning with 35
T2Rs of the four bats with genome sequences, our analysis
of 120 genes discovered 105 T2Rs that retain intact open read-
ing frames (ORFs), of which 89 intact ones were identified from
a total of 93 genes in 11 non-vampire bats. These results
strongly support the assumption that these T2Rs are of func-
tional importance across all non-vampire bats. By contrast,
the remaining 15 T2Rs contain ORF-disrupting mutations
such as nonsense mutations and frame-shifting deletions
(figure 2). In 12 of the 15 T2Rs, the first nonsense mutations
are located near the 5 end, resulting in the loss of multiple
transmembrane domains of the proteins (figure 2). The remain-
ing three genes (T2R5 of Diphylla ecaudata, T2R7 of R. pearsonii
and T2R38 of Desmodus rotundus) contain the first nonsense
mutations near the 3’ end (figure 2), which would lead to the
loss of at least one transmembrane domain of the receptors
because the final transmembrane domains of the bitter taste
receptors are located at the very end of the coding region
[29]. Therefore, none of the 15 truncated receptors is functional.
Of the 15 pseudogenized T2Rs, 11 were amplified from vampire
bats, while four were identified from non-vampire bats (figure
1). For these functionally conserved T2Rs common to non-
vampire bats, the percentage of pseudogenes is significantly
greater for vampire bats (11/27 = 40.7%) than for non-vampire
bats (4/93 = 4.3%) (p < 0.001, Fisher’s exact test), indicative of
substantial reduction of bitter taste function in vampire bats.
Among vampire bats, T2R39 is pseudogenized in all three
vampire bats, two of which (Digemus youngi and Diphylla
ecaudata) share multiple frame-shifting deletions and non-
sense mutations that are unshared in the third vampire bat
(Desmodus rotundus) (figure 2). Because Dianemus youngi and
Diphylla ecaudata diverged at the origin of vampire bats, the
common OREF-disrupting mutations between them suggest
that the pseudogenization of T2R39 occurred in the common
ancestor of vampire bats following additional mutations in
Desmodus rotundus (figure 1). However, we cannot rule out
the possibility that T2R39 was pseudogenized independently
in the three bats. Moreover, we observed T2R42 to have one
2-bp deletion and one premature stop codon shared between
Desmodus rotundus and Digemus youngi, although this gene
remains intact in Diphylla ecaudata. This result suggests that
the pseudogenization of T2R42 arose in the common ancestor
of Desmodus rotundus and Diaemus youngi after its separation
from Diphylla ecaudata. Additionally, T2R5 and T2R40 are pseu-
dogenized in two vampire bats with no shared ORF-disrupting
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GCTCTCTCC
GCTCTCTCC

GAGTCCTCC
TGGCTCTCC

GTCTTCATC
GCCTTCGTC

CTTCTCCTG
CTTCTCCTG

TATCCAGAT
TATCCAGAT

TTCAGGCTT
TTCAGGTGA

ATCTGTTCT
ATCTGTGCT

TACATATTC
TTCATGTTC

CCACAATTT
CCACATTTT
CCACATTTT
CCACATTTT

TCCAGGCTC
TCCAGGCTC

CTATTCCAG
CTCTCCTGG

CGGATTGTT
AGGATTGTT

TACAACCTC
TACCACCTC

TCGGAGACA
TCAGAGACA

CAGTGCCTG
CAGTGCCTG

GTCTATGCC
GTTTATATC

TGTGTCAAG
TGTGTCAAG

TGGGACTTT
TGGGGCTTT

TTAAATTAT
TTGACCTAT

TATTATAAA
TATAATGAA
TATAATGAA
TATAATGAA

TTGCTGCAG
TTGCTACAG

GCCACTTAC
GTCACTTAN

T2R3
M. lucifugus (109) 5° AAGAGCAAG AGAATCTCT TTGTGTGAC TTCATCATC ACTAACCTG
D. ecaudata 5° [R-GAGCAAG AGAATCTCT TGGTCTGAC TTCATCATC ACTGTACTG
T2RS5

M. lucifugus (76) 5’ GTCCTTGTG GTCTGGAGT TTTGTAGAA TGGGTAAGA AAACTCAAG
D. rotundus 5’ GTCCTTGTG GTCTGGAGT CTTCGACGA TAGGTCAGA AAATCCAAG
M. lucifugus (715)  5” CCCTTCTCT ATCAAATCT AAGACTTCT CCTGTTGAT CTCACCACT
D. ecaudata 5’ [ECQTACTCC ATCACCTCC AAGGCACCT CCTGCTAAT CTCGTCACT
M. lucifugus (121) 5’ GAGTCCTCC TACAACCTC ATTGTCCTG GGCCTGGCT GGCTGCCGA
M. davidii 5’ GAGTCCTCC TACAAACTC ATTGTCCTG GGCCTGGCT GGCTGCTGA
T2R7

P. vampyrus (169) 5’ TGTCTATTG TGTATAATA CTATTAGAT TGTTTTATA TTGGTGCTG
H. cyclops 5’ TTTCTATTG TGTGTAGTA ATATTCAAC TGTGTTCTG [T-GGTGCTG
P. vampyrus (421) 5’ TCTGTCGTT ATTAGCTTT CCTGTCATT GAAAATTTG AATGATGAT
R. pearsonii 5° TCTGCGGTT ATTAGCTTT CCTGTCACT GAGAATTGG AATGATGAT
T2R38

M. lucifugus (427) 5’ AGGATGCTC CTGTGTACT GTCCTTTTC ACCAGTGTA TGCACTATC
D. rotundus 5’ [CGIATGCTC CTGGGTACT GTCCTTTTC ACCTGTGCC GGCTCTGTC
T2R39

P.vampyrus (253) 5’ CGCCTTTAT AATAAAGGT GTTTTATAT AATACATTC AAAGTAAGT
R. pearsonii 57 CATTTTTAT AATGAAGAT AGTGTCTAC AATACATTC [AG----AGT
M. lucifugus (205) 5’ CTCCAAAGC TTGATGATG CTAGAAATT ACTTTCCAC TCAACATCC
D. rotundus 5’ CTCCAAAGC TTCATAATG CTAGAAATT ACTCTCCAC TCAACATCT
D. youngi 5° CTCCAA=GJ TTCATGATG CITAGAAATT ACCCTCCAC TCAACATCT
D. ecaudata 5’ CTCCAA=GQ TTCATGATG CTAGAAATT ACCCTCCAC TCAACATCT
T2R40

M. lucifugus (151) 5° AAAAGACTC CCCGTGGGG GACTGCATT GTGCTGATG CTGAGCTTC
D. youngi 57 AAAAGGCTC [CC- C GACAGCATC CTGTTGATG CITGAGCGTC
M. lucifugus (202) 5’ CTCTTGCTG CAGATTTGG ATGATGCTG GAGAATGTG TACAGCCTA
D. ecaudata 5’ CTCTTGCTA CAGGTTTGG ATGATGTTG GAGAATATC [T--JAGTCTA
T2R42

M. lucifugus (235) 5’ TATAAACTA GCAAAATCT ATTACTTTA CTTTGGAGA ATAACTAAT
D. rotundus 5° AGAAAGGAA ATTATGCTT GTTATTCTA [G--JGGGGTG GTAGCCAGT
D. youngi 5° AGAAAGGAA ATTATGCTT GTTATTCTA [G-JGGGGTG GTAGCCAGT

Figure 2. Alignments of T2Rs with the first ORF-disrupting mutations boxed. Dashes indicate alignment gaps and numbers in parentheses indicate nucleotide
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positions following the reference sequences. Reference sequences were from Myotis lucifugus or Pteropus vampyrus depending on the phylogenetic positions.

mutations, and T2R3 and T2R38 contain disruptive mutations
in one of the three vampire bats, suggesting that the four genes
were pseudogenized independently. Therefore, we found
extensive losses of T2Rs in vampire bats, but the common
disruptive mutations that cause pseudogenization among
all three vampire bats are absent, despite them sharing a
common ancestry of blood-feeding [9,30,31].

(c) Likelihood ratio tests of selective pressures on bat
bitter taste receptors and taste signalling pathway

To examine the functional implications of T2Rs in non-
vampire bats and to explore when the functional constraint
on T2Rs became relaxed in vampire bats, we estimated the
o ratio for each of the nine T2Rs using a likelihood approach
[22]. We undertook three tests for each gene, respectively.
First, we analysed all non-vampire bats in this study, and esti-
mated the same o (model A in table 1) for all branches of the
species tree (figure 1). The w ratio is significantly smaller
than 1 in each of the seven T2Rs (see the comparison with
model B in table 1), suggesting that these genes are under
purifying selection and thus functionally important. By con-
trast, the remaining two genes (T2R1 and T2R42) have an
elevated w ratio close to 1 (table 1), indicative of a relaxation
of functional constraint on the two genes. Second, we inferred
the sequence of the common ancestor of vampire bats (black
circle in figure 1) for each of the nine T2Rs using both Baye-
sian and parsimony approaches [21,23], and estimated w
ratios of T2Rs for the common ancestor and other bats. We
found that a model (model D in table 1) that allows a

variation in w between the common ancestor of vampire
bats and all other bats is not significantly better than a sim-
pler model (model C in table 1) that assumes the same w
across the tree for any gene (see table 1 for p-values). Third,
we removed the nonsense mutations of pseudogenized
T2Rs in the three vampire bats and compared them with
sequences from other bats. For each gene, we examined a
model (model F in table 1) allowing a variation in w between
the ancestral branch of vampire bats and four branches con-
necting the three vampire bats. We found that the w ratio
of each gene for the ancestral branch is not significantly
different from that of the four branches (see the p-values in
table 1), after comparing with a simpler model (model E
in table 1) assuming that the same w ratio for the five
branches. For details of parameter estimates for selection
tests on bat T2Rs, see the electronic supplementary material,
table S4. Collectively, these results suggest that seven of nine
T2Rs are under strong functional constraint and evolutiona-
rily conserved, and that relaxation of functional constraint
resulting in pseudogenized T2Rs may have arisen recently.
In addition to taste receptors, taste signalling pathways
downstream of taste receptors are also essential for taste
function. For example, CALHMI1 (calcium homeostasis
modulator 1) contributes to neurotransmission of taste
stimuli; the loss of CALHM1 has rendered severely impaired
responses to sweet, umami and bitter tastants [32]. We
sequenced the complete coding sequences of Calhml from
all three vampire bats and seven other bats in this study
(figure 1) and found these genes to be complete and intact
in all bats. Likelihood ratio tests of selective pressures suggest
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that Calhm1 is under strong purifying selection in bats (table
1). For details of these selection tests, see the electronic sup-
plementary material, text S1 and table S4. Coupled with the
observations of many intact and evolutionarily conserved
T2Rs in vampire bats (figure 1 and table 1), our genetic
data unambigously suggest that vampire bats still retain
some bitter taste function, despite the losses of sweet and
umami tastes [9,10].

4. Discussion

Behavioural tests have demonstrated that vampire bats pos-
sess poorly developed taste ability because they showed
indifference to sweet and detected bitter, sour and salty
tastants in high concentrations [11], and they even lost
taste-aversion learning for poison avoidance [33]. Our genetic
data are fully consistent with the behavioural tests. First, the
sweet taste receptor gene (T1R2) was pseudogenized in each
of the three vampire bats [9], which appeared consistent with
the behavioural study [11]. In addition, we found the T1R3 to
have a common 26 bp deletion in Desmodus rotundus [10] and
Diphylla ecaudata, which would shift the ORF and result
in loss of most transmembrane domains of the receptor in
their common ancestor (electronic supplementary material,
figure S4). Because TIR3 encodes the shared subunit of
sweet and umami taste receptors [34], this finding strongly
suggests that both sweet and umami tastes were lost in the
common ancestor of vampire bats approximately 26 Ma [9],
although the umami taste sensitivity has not been examined
behaviourally [11]. Second, many pseudogenized T2Rs in
vampire bats suggest that their bitter taste is greatly reduced
and the reduction of bitter taste was also observed behaviour-
ally in Desmodus rotundus [11]. Third, the evolutionary
conservation of several T2Rs and taste signaling pathway
strongly support the behavioural finding in which vampire
bats still retain some bitter taste ability, evidenced by the
detection of bitter tastants in relatively higher concentrations
[11]. Consistent with the genetic data supporting the view of
retaining some bitter taste in vampire bats, anatomical
studies discovered normal taste buds in the canonical taste
structures [35] and electrophysiological recordings identified
functional taste receptors in these bats [36].

In addition to the bottlenose dolphin [3] and other whales n

[37], vampire bats also showed the evolutionary reduction of
bitter taste function, suggesting that the reduction or major
loss of bitter taste in animals is more pervasive than pre-
viously believed. All three vampire bats are obligate feeders
on mammalian or bird blood [30], a food type that is unlikely
ever to be bitter or toxic to these animals. This highly special-
ized diet with extremely narrow components would result in
extensive reduction of bitter taste function in vampire bats,
which would never encounter toxic foods in nature, despite
many natural toxins tasting bitter [4,5]. Furthermore, instead
of just taste, vampire bats use a combination of smell, echolo-
cation and heat to find their prey and locate the skin with rich
capillaries [7]. The utilization of various sensory systems may
have further rendered the sense of taste less important [9].
Nonetheless, in view of the residual bitter taste conferring
avoidance to higher concentrations of bitter tastants in vam-
pire bats [11], it is not unexpected to observe many
putatively functional T2Rs in these animals. Although the
functional T2Rs are unlikely to play a major role in food
selection for vampire bats, they could function in several
extragustatory tissues [38]. For example, T2Rs are expressed
in the gastrointestinal and tracheal tracts [38-40]; T2Rs are
also involved in additional functions apart from bitter taste,
such as regulation of glucose homeostasis [41] and delay of
gastric emptying [42]. Analogous to these findings, the intact
T2Rs in vampire bats may function in extra-oral tissues. An
alternative hypothesis to explain our finding of many intact
T2Rs in vampire bats is that the ancestors of vampire bats
did not originally feed on blood and the specific dietary
changes may have arisen recently, although these animals
share a common ancestry of blood-feeding [9,30,31]. Regard-
less, future scrutiny of expression profiling and functional
characterization of T2Rs in vampire bats will provide a better
understanding of the evolution of bitter taste in animals.
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