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In mammals, bitter taste is mediated by TAS2R
genes, which belong to the large family of seven
transmembrane G protein-coupled receptors.
Because TAS2Rs are directly involved in the
interaction between mammals and their dietary
sources, it is likely that these genes evolved to
reflect species-specific diets during mammalian
evolution. Here, we investigated the sensitivities
of TAS2R16s of various primates by using a
cultured cell expression system, and found that
the sensitivity of each primate species varied
according to the ligand. Especially, the sensitivity
of TAS2R16 of Japanese macaques to salicin
was much lower than that of human TAS2R16,
which was supported by behavioural tests. These
results suggest the possibility that bitter-taste
sensitivities evolved independently by replacing
specific amino acid residues of TAS2Rs in different
primate species to adapt to food items they use.
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1. INTRODUCTION
Mammals can perceive and distinguish five basic taste
qualities: sweet, bitter, sour, salty and umami (the taste
of glutamate) [1]. Among these, bitter sensitivity is
particularly important, as can be seen from the fact
that many naturally poisonous or bioactive substances
taste bitter to humans, and virtually all animals show
an aversive response to such tastants. This suggests
that bitter transduction might have evolved as a key
defence against the ingestion of harmful substances.

Bitter taste in mammals is mediated by TAS2Rs (or
T2Rs), which are seven transmembrane G protein-
coupled receptors that are expressed in specialized
taste bud cells [2–7]. Genomic analyses have revealed
the repertoires of TAS2R genes, with species-specific
and intra-species variations [8,9] that probably reflect
dietary changes during mammalian evolution.

Of these genes, human TAS2R16 is one of the best-
studied at the molecular and population levels. For
example, many b-glucopyranosides have been identified
as TAS2R16 ligands by human behavioural or
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functional assays using expressed proteins [5].
Human-specific amino acid substitution at position
172 results in high sensitivity to harmful cyanogenic gly-
cosides, which may have been advantageous for
avoidance of toxic compounds in early human diets
[10]. Ligand-binding sites were identified by mutational
studies of human TAS2R16 [11]. Mutation of amino
acid resides in helices 3–6 causes decreases in sensitivity
for natural and artificial ligands. Notably, various
primates conserve TAS2R16 largely intact with only a
few amino acid substitutions. These facts prompted us
to examine inter-species variations of TAS2R genes in
non-human primates to better understand the biological
significance of bitter perception.

Here, we report analysis of the function of TAS2R16
of some representative primate species: human, chim-
panzee, macaque, langur and marmoset (figure 1a). We
found that TAS2R16s of different species show different
patterns of sensitivities for bitter compound repertories.
2. MATERIAL AND METHODS
Salicin, arbutin, amygdalin and phenyl-D-glucopyranoside were pur-
chased from Sigma. Genomic DNA of chimpanzee, macaque as well
as marmoset was isolated from blood using a DNeasy blood and
tissue kit (QIAGEN GmbH, Hilden, Germany). Genomic DNA of the
white-headed langur was isolated from faeces using a QiaAmp stool kit.

Standard PCR was used to amplify the TAS2R16 gene from geno-
mic DNA (10 ng per 25 ml reaction). Products were subcloned into
the EcoRV site of expression vector pEAK 10 with the sequences of
the first 45 amino acids of rat somatostatin receptor type 3 and the
last eight amino acids of bovine rhodopsin tags at the N- and
C-terminal ends, respectively. We used major haplotypes human A
and chimpanzee A, because their TAS2R16 genes are polymorphic
([9,10] and the electronic supplementary material, table S2). All
sequences of PCR products were confirmed to be intact using
standard BigDye Terminator chemistry (Applied Biosystems, CA,
USA). Mutant vectors were constructed using QUIKCHANGE (Agilent
Technology, CA, USA) as described previously [12].

Cell culture, transfection and cell-based assays were performed as
described previously [11–13]. To calculate half maximal effective
concentration (EC50) values, plots of amplitude versus concentration
were prepared in IGOR PRO (WaveMetrics). Nonlinear regression of
the plots produced the function, f(x) ¼ Imin þ (Imax 2 Imin)/(1 þ (x/
EC50)h), where x is the ligand concentration and h is the Hill
coefficient, which was used to calculate the EC50 values for
ligand–receptor interactions.

Behavioural tests were performed using a two-bottle system
approved by the animal ethics committee of the Primate Research
Institute, Kyoto University (no. 2011-093). Briefly, we set two bot-
tles each in front of three Japanese macaques: one contained
salicin solution and the other contained distilled water as a control.
After a 2 � 2 h session with position switch of the bottles, we
recorded the amounts of liquid consumed. We repeated this trial at
least three times for various salicin concentrations and used the
same formula as in the cell assay for calculation of the EC50 value.
3. RESULTS
First, we compared the responses of TAS2R16 of various
primates with salicin, a bitter compound contained in the
bark of Salicaceae (willow) plants (figure 1). Human
TAS2R16 responded to salicin with EC50 of 0.48+
0.09 mM, in agreement with reported values [5,10,11].
The TAS2R16s of non-human primates showed various
responses to salicin. Among the responsive TAS2R16s,
macaque TAS2R16 showed a remarkably reduced
response to salicin compared to langur, chimpanzee
and human TAS2R16s (figure 1b,c). EC50 of macaque
TAS2R16 for salicin was 7.5+2.2 mM, which was
higher than the EC50s for langur (2.3+0.2 mM), chim-
panzee (1.0+0.3 mM) and human TAS2R16s. This
was reflected by the behaviour of macaques, as shown
by a two-bottle test: captive Japanese macaques showed
This journal is q 2012 The Royal Society

mailto:imai@pri.kyoto-u.ac.jp
http://dx.doi.org/10.1098/rsbl.2011.1251
http://dx.doi.org/10.1098/rsbl.2011.1251
http://dx.doi.org/10.1098/rsbl.2011.1251
http://rsbl.royalsocietypublishing.org
http://rsbl.royalsocietypublishing.org


salicin (mM)

sa
lic

in
 s

ol
./(

sa
lic

in
 s

ol
. +

 w
at

er
)

di
ff

. r
el

at
iv

e 
fl

uo
re

sc
en

ce
 u

ni
ts

di
ff

. r
el

at
iv

e 
fl

uo
re

sc
en

ce
 u

ni
ts

100

50

0.01 0.1 1 10 100

 human

 chimpanzee

 white-headed langur

 macaque

 marmoset

vector only (mock)

0.5

0
0.01 0.1 1 10

150

100

50

0

(b)

white-headed langur

chimpanzee

human

1.0

0.9

0.8

F3
40

/F
38

0

100500
time (s)

human

macaque

salicin

(a)

(c)

(d)

macaque

common marmoset

Figure 1. The responses of TAS2R16s of various primates to salicin. (a) The phylogenetic relationships of primate TAS2R16s.
(b) The averaged responses of TAS2R16s of various primates to salicin. HEK 293T cells transiently expressing TAS2R16 and
G16gust44 were assayed using an intracellular calcium indicator. Representative responses of human (upper trace) and maca-
que (lower trace) TAS2R16s to 1 mM salicin using Fura-2 as calcium indicator are shown. Broken traces are responses of cells
without transfection of TAS2Rs. (c) The responses of TAS2R16s of various primates to salicin using calcium-4 as an indicator.

After adding various concentrations of salicin to cells, the increases of fluorescence were measured. Maximal responses for each
time course are plotted versus the concentration of salicin (n ¼ 4). (d) Avoidant behaviour of Japanese macaques for salicin (left
axis, open squares: EC50 ¼ 8.45+2.95 mM, n ¼ 3 for three monkeys) and relative response of TAS2R16 (right axis, filled
squares: EC50 ¼ 7.48+2.20 mM, n ¼ 4) in cell assay.
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Figure 2. The sensitivities of primate TAS2R16s and their mutants to various ligands. (a) EC50 values of each primate species

are plotted for each compound. (b) EC50 values of mutant TAS2R16s of humans, langurs and macaques at amino acid position
86. (c) Amino acid sequences of TAS2R16 of primates. The transmembrane topology is shown according to the structure of
bovine rhodopsin. Grey circles and squares represent the putative binding site for salicin [12].
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avoidant behaviour to salicin solution with an EC50 of
8.5+3.0 mM (figure 1d), which was about 10 times
higher than the EC50 of human behavioural detection
and cell assays [5]. Thus, macaques are less sensitive to
salicin than humans, apparently owing to the decreased
sensitivity of TAS2R16.

Next, we compared the responses of TAS2R16 of
primates with various ligands (figure 2a and electronic
supplementary material, table S1). For phenyl-b-
Biol. Lett. (2012)
glucopyranoside (electronic supplementary material,
figure S1b), in which the hydroxymethyl group of salicin
is replaced by hydrogen, the response patterns of primate
TAS2R16s were similar to those for salicin. For arbutin
(electronic supplementary material, figure S1c), in
which a hydroxyl group is added to the 40 position of
phenyl-b-glucopyranoside, the responses of human and
white-headed langur TAS2R16s showed similar EC50

values (2.3+0.5 and 2.5+0.3, respectively), whereas
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the chimpanzee and macaque TAS2R16s showed
reduced sensitivity (EC50 ¼ 6.0+0.6 and 12.9+2.5).
For amygdalin (electronic supplementary material,
figure S1d), a cyanogenic glucoside contained in
Prunus plants, all of the TAS2R16s showed responses
with similar low EC50 values (0.75+0.04 in human �
2.0+0.5 in macaque). Thus, the differences of respon-
siveness of TAS2R16 among these primate species
depend on the ligand (figure 2a) possibly owing to
particular amino acid substitutions in some of these
species (figure 2c). The human–chimpanzee and maca-
que–langur pairs, which differ by two and 12 amino
acid residues respectively, showed different response
patterns depending on the ligand. We replaced these
sites and found that certain amino acid residues affected
the sensitivities of these pairs. Comparing the human–
chimpanzee pair, the amino acid residues at positions
172 and 198 additively changed the EC50 for each
ligand (electronic supplementary material, table S2).
When we replaced the amino acid residues specific for
macaque TAS2R16, one of the six amino acid residues
markedly changed the EC50 (figure 2b). Thus, the differ-
ences in affinity for each ligand are owing to differences
in several amino acid residues.
4. DISCUSSION
Mutation of E86 to Q or D in human TAS2R16 strongly
reduces the response to salicin, suggesting it is located in
the binding site for salicin [11]. Therefore, one of the
mechanisms of the lower sensitivity to salicin of macaque
TAS2R16 compared with TAS2R16s of other species is
probably the change of this residue to T in the macaque
lineage (figure 2b), which presumably alters the binding
site structure. Because langur TAS2R16 showed lower
sensitivity than human TAS2R16, some additional resi-
dues must contribute to the higher sensitivity of human
TAS2R16. In chimpanzee TAS2R16, the differences are
limited to N172K and F198L compared with human
TAS2R16. The K172 genotype of human TAS2R16 is
about two times less sensitive than N172 [10]. In
accord with this, our results showed that mutation of
the residues at positions 172 and 198 changed the sensi-
tivities additively for some natural ligands (electronic
supplementary material, table S2). Because these resi-
dues are positioned at the membrane surface facing the
extracellular and intracellular compartments, respect-
ively, they are expected to change the ligand-binding
site or pathway, and G-protein signalling or coupling,
respectively.

Ecologically, some of the differences in the sensitivity
of TAS2R16s of primates should be reflected in inter-
species differences in bitter taste perception. Our
demonstration of a relationship between macaques’
behaviour and the response of TAS2R16 to salicin, as
previously shown in humans, suggests that such a
relationship probably occurs over a wide range of pri-
mate species. Because bitter taste is a sense for
avoidance, differences in sensitivity of TA2R16 should
be related to the avoidance versus non-avoidance of
some accessible food items. Japanese macaques often
ingest willow tree bark [14], containing salicin, whereas
there is no report of such behaviour in other primate
species. Japanese macaques usually use this bark
Biol. Lett. (2012)
particularly in winter in the snowy region of Japan
[14], where there are few nutritious food items other
than bark; therefore, the lower sensitivity to the bitter-
ness of salicin might have some advantage for their
survival. It is possible that it is the neutral reduction
of sensitivity in TAS2R16 that allows the Japanese
macaques to eat tree bark. Alternatively, it is possible
that a broad loss of taste sensitivity owing to a reduction
of the number of taste buds or the number of bitter taste
receptor cells, or to some difference of neuronal proper-
ties could contribute to the reduction of the bitter-taste
sensitivity in macaques. Further investigation to
address these possibilities would be necessary to fully
understand the species differences in feeding behav-
iour. The close correlation between the EC50 value of
the receptor sensitivity and behavioural discrimination
could provide a clue to resolve this issue.

In conclusion, changes in the sensitivity of bitter
taste receptors resulting from amino acid replacements
would be helpful for the ingestion of food items that
are bitter but not poisonous in some species-specific
environments. This is similar to adaptive pseudogen-
ization [15], and such a functional change would be
advantageous if the replacement occurred at certain
sites identified here.

Behavioural tests were performed using a two-bottle system
approved by the animal ethics committee of the Primate
Research Institute, Kyoto University (no. 2011-093).
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