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Bitter taste enables the detection of potentially harmful substances and is

mediated by bitter taste receptors, TAS2Rs, in vertebrates. Few antagonists

and inverse agonists of TAS2Rs have been identified, especially natural com-

pounds. TAS2R16s in humans, apes and Old World monkeys (Catarrhini,

Anthropoidea) recognize b-glucoside analogues as specific agonists. Here,

we investigated responses of TAS2R16 to b-glucosides in non-anthropoid

primates, namely lemurs (Lemuriformes, Strepsirrhini). Salicin acted as an

agonist on lemur TAS2R16. Arbutin acted as an agonist in the ring-tailed

lemur (Lemur catta) but as an inverse agonist in black lemur (Eulemur
macaco) and black-and-white ruffed lemur (Varecia variegata). We identified

a strepsirrhine-specific amino acid substitution responsible for the inverse

agonism of arbutin. In a food preference test, salicin bitterness was inhibited

by arbutin in the black lemur. Structural modelling revealed this locus was

important for a rearrangement of the intracellular end of transmembrane

helix 7 (TM7). Accordingly, arbutin is the first known natural inverse agonist

of TAS2Rs, contributing to our understanding of receptor–ligand inter-

actions and the molecular basis of the unique feeding habit diversification

in lemurs. Furthermore, the identification of a causal point mutation

suggests that TAS2R can acquire functional changes according to feeding

habits and environmental conditions.
1. Background
Taste is important for the evaluation of food quality in mammals. Basic tastes

are classified as sweet, umami, bitter, salty and sour. Bitter taste is associated

with potentially harmful substances in food and thus is essential for survival

in mammals. Bitter taste is perceived via bitter taste receptors (TAS2Rs),

which are mainly expressed in taste buds on the surface of the tongue and

palate epithelium [1,2]. TAS2Rs are G-protein-coupled receptors (GPCRs) and

recognize various natural bitter substances as agonists that activate receptors

[3,4]. TAS2Rs have various inhibitors (antagonists and inverse agonists). Antag-

onists have affinity but do not induce the activation of their receptors. Their

binding to receptors inhibits the function of agonists. Inverse agonists have

the opposite function to that of agonists by decreasing the constitutive activity

of receptors. Many antagonists, including natural compounds, have been

identified for TAS2Rs, but few inverse agonists (e.g. a synthetic compound,

Na,Na-bis(carboxymethyl)-L-lysine; BCML to a human TAS2R4 mutant) have

been identified [5–10]. Many key amino acid residues for ligand recognition
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Figure 1. Different b-glucosides evoked different responses of TAS2R16 in lemurs. (a,b) HEK293T cells expressing TAS2R16 from each lemur with Ga16/gust44 were
stimulated with increasing concentrations of (a) salicin and (b) arbutin. Changes in fluorescence (DF/F) upon ligand application were monitored (mean+ s.e.m.).
Experiments were performed three to four times independently. (c,d) HEK293T cells expressing TAS2R16 of (c) the black lemur and (d ) ruffed lemur with Ga16/
gust44 were stimulated with increasing concentrations of arbutin in the presence of (c) 2.0 mM and (d ) 3.5 mM salicin. Changes in fluorescence (DF/F) upon ligand
application were monitored (mean+ s.e.m.). Experiments were performed three to four times independently.
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have been identified by homology modelling and site-directed

mutagenesis [5,11–19].

Vertebrates have a diverse repertoire of TAS2Rs in the

genome, and these are associated with feeding habits and

foraging behaviour [20–24]. TAS2R16 is a particularly well-

studied TAS2R in terms of cellular biology and population

genetics in anthropoids (human, apes and Old World and

New World monkeys). b-glucoside analogues, including

many natural toxins, are molecules in which sugars are

bound to other functional groups via b-glucosidic bonds

and are specific agonists of TAS2R16 in humans [3,12,25].

The sensitivity of TAS2R16 to b-glucosides differs among cat-

arrhine primates (human, apes and Old World monkeys) and

TAS2R16 of a New World monkey, the common marmoset

(Callithrix jacchus), does not respond to b-glucosides [26].

Mouse (Mus musculus), which is closely related to primates,

recognizes b-glucosides via TAS2R41 (Tas2r126 in mouse

nomenclature), not via TAS2R16 (Tas2r118) [4]. It is not clear

when ancestors of the primate lineage obtained the b-glucoside

recognition ability observed in catarrhines owing to the lack of

studies of TAS2R16 function in non-anthropoid primates (tar-

siers and strepsirrhines). In this study, we analysed TAS2R16

responses to b-glucosides in lemurs, belonging to a clade of

strepsirrhines, to characterize the evolution of TAS2R16 in pri-

mates and to identify the specificity of TAS2R16 in lemurs from

the viewpoint of their unique ecology.

Lemurs are endemic to Madagascar and include over a

hundred species [27]. These species arose by a unique adap-

tive radiation in Madagascar [28], which resulted in the

dramatic diversification in biological features, including

body size, body colour, activity and sociality. In particular,

they obtained remarkable variation in feeding habits,
including fruits, leaves, plant exudates and insects [27].

Thus, they are a good model for studying the mechanisms

underlying the adaptive evolution of taste perception.

In this study, we characterized the functional features and

variation in TAS2R16 responses to various b-glucosides in

lemur species using cell-based calcium assays. We found

that the receptibility of TAS2R16 to b-glucosides is conserved

among primates. Furthermore, we found the first natural

inverse agonist in non-human animals and identified the

critical amino acid residues responsible for its ligand-

induced activity using sited-directed mutagenesis and

phylogenetic analyses. These findings clarify the functional

differentiation of TAS2Rs and molecular mechanism

underlying TAS2R–ligand interactions.
2. Results
(a) Different b-glucosides evoked different TAS2R16

responses among lemurs
We evaluated the functional features of lemur TAS2R16 using

salicin and arbutin. TAS2R16 of three lemurs were activated

by salicin (figure 1a). There were significant differences in

EC50 values among three lemurs for salicin (ring-tailed

lemur: 1.1+0.15 mM; black lemur: 2.3+ 0.06 mM; ruffed

lemur: 3.8+0.68 mM; analysis of variance (ANOVA), p ,

0.01). In particular, the EC50 for the ring-tailed lemur was sig-

nificantly lower than that of the ruffed lemur (Welch’s test

with Benjamini–Hochberg (BH) correction, p , 0.01), indicat-

ing that the sensitivity to salicin is higher in the ring-tailed

lemur than in the ruffed lemur. TAS2R16 of tested lemurs
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Figure 2. Arbutin inhibits salicin bitterness in the black lemur. Water-soaked
apple pieces (control) and b-glucoside-soaked pieces were presented to a
subject (n ¼ 1) simultaneously. Acceptance ratios for each b-glucoside
and the mixture were calculated (mean+ s.e.m.). Behavioural assays
(n ¼ 8, respectively) were performed using each b-glucoside. Significant
differences were determined by one-way ANOVA followed by Welch’s tests
with the BH correction (false discovery rate (FDR) q-value, * , 0.05;
** , 0.01; *** , 0.001).
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showed constitutive activity; IP1 production in the absence of

ligands was much greater than that for cells expressing mock

or human TAS2R16 (electronic supplementary material,

figure S1a).

The responses of TAS2R16 to arbutin differed substan-

tially among the three lemurs. TAS2R16 of the ring-tailed

lemur was activated by increasing concentrations of arbutin

(EC50, ring-tailed lemur: 3.1+0.59 mM). However,

TAS2R16 of the black lemur and ruffed lemur were inacti-

vated by increasing concentrations of arbutin (IC50, black

lemur: 0.31+0.08 mM; ruffed lemur: 0.52+0.23 mM)

(figure 1b). Arbutin inhibited the salicin-mediated activation

of TAS2R16 (figure 1c,d) and the constitutive activity of

TAS2R16 in the black lemur and ruffed lemur (electronic sup-

plementary material, figure S1b). These results indicate that

arbutin acted as an agonist in the ring-tailed lemur and as an

inverse agonist in the black lemur and ruffed lemur.

Furthermore, we found that TAS2R16 of the ring-tailed

lemur was activated by three synthetic b-glucosides evalu-

ated in this study (b-glucosides #1, #2 and #3). In the black

lemur, although b-glucoside #1 partially activated

TAS2R16, there was no response to b-glucoside #2

and TAS2R16 was inactivated by b-glucoside #3. In the

ruffed lemur, there were no responses to b-glucoside #1,

and b-glucosides #2 and #3 inactivated TAS2R16 (electronic

supplementary material, figure S2a,b,c). These compounds

also showed inhibitory effects on the salicin-mediated

activation of TAS2R16 (electronic supplementary material,

figure S2d,e).
(b) TAS2R16 function was directly associated with
feeding behaviour in the black lemur

To confirm whether the inverse agonism of TAS2R16 in

lemurs reflects their feeding behaviour, we performed a

food preference test for b-glucoside sensitivity in a female

black lemur (figure 2). The acceptance rate of salicin-treated

apple pieces was significantly lower than that of control

water-treated pieces (Welch’s test with BH correction, p ,

0.001). By contrast, the acceptance rate of arbutin-treated

food was not different from that of water-treated pieces

( p ¼ 0.39). The acceptance rate of the apple pieces treated

with a mixture of salicin and arbutin was significantly

lower than that of control water-treated pieces ( p , 0.05)

but significantly greater than that of salicin-treated apple

pieces ( p , 0.01). This result indicates that arbutin masked

the bitterness of salicin at the behavioural level and that

TAS2R16 function was directly associated with feeding

behaviour.
(c) Amino acid residue at position 2827.55 was critical
for the activation of lemur TAS2R16 by arbutin

The critical amino acid positions for sensitivity to

b-glucosides in TAS2R16 of humans [11] and non-human

primates [14] were conserved in lemur TAS2R16 ortholo-

gues. TAS2R16 function against arbutin differs between

the ring-tailed lemur and the black lemur and ruffed

lemur, and we found that ring-tailed lemur TAS2R16

exhibited differences at 10 amino acid residues from those

of the black lemur and ruffed lemur (figure 3a; electronic

supplementary material, tables S4 and S5).
To identify the critical amino acid residues for arbutin rec-

ognition, we used site-directed mutagenesis to construct

lemur TAS2R16 mutants. Many amino acid residues respon-

sible for ligand specificity in human TAS2R16 are located in

the transmembrane and extracellular domains [12]. We gener-

ated a three-dimensional model of lemur TAS2R16 using

homology modelling (see details in the electronic supplemen-

tary material) and selected seven amino acid residues among

10 residues with substitutions in the ring-tailed lemur for

site-directed mutagenesis (figure 3a). First, we substituted

all seven residues of ring-tailed lemur TAS2R16 and evalu-

ated the responses to arbutin. The 7-site mutant showed a

similar response to arbutin to those of wild-type black

lemur and ruffed lemur TAS2R16 (electronic supplementary

material, figure S3a). Second, we introduced substitutions to

combinations of the seven targeted residues in the ring-

tailed lemur, measured responses of the mutants to arbutin,

and screened the critical residues (electronic supplementary

material, figure S3a,b). The mutant with the substitution of

one of seven residues (position 2827.55: leucine to serine)

showed a similar response to arbutin to those of wild-

type black lemur and ruffed lemur TAS2R16 (figure 3b).

Furthermore, arbutin also inhibited the salicin-mediated

activation of this mutant (electronic supplementary

material, figure S4), suggesting that arbutin acted as an

inverse agonist on this mutant as well as on wild-type

black lemur and ruffed lemur TAS2R16. Third, the

responses of reverse substitution mutants of the black

lemur and ruffed lemur, which mimicked ring-tailed

lemur TAS2R16 (position 2827.55: serine to leucine), to arbu-

tin were measured. The mutants were activated by

increasing concentrations of arbutin, similar to wild-type

ring-tailed lemur TAS2R16 (figure 3c,d). These results

indicate that residue 2827.55 is the most important for

inverse agonism of arbutin in lemurs.
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(d) Evolutionary history of the amino acid residue at
position 2827.55 in TAS2R16

To uncover the evolutionary history of the amino acid resi-

due at position 2827.55 in primate TAS2R16, a phylogenetic

tree of primates was reconstructed based on the aligned

amino acid sequences of TAS2R16 orthologues. Most strep-

sirrhines (except for the ring-tailed lemur and galagos)

had serine at position 2827.55 and the other mammals had

leucine, methionine or alanine (figure 4; electronic

supplementary material, table S3), indicating that the

ring-tailed lemur specifically acquired the substitution

from serine to leucine at position 2827.55, based on parsi-

mony (figure 4). This suggests that TAS2R16 in the last

common ancestor of lemurs recognized arbutin as an

inverse agonist and possibly exhibited constitutive activity;

subsequently, TAS2R16 regained the ability to recognize

arbutin as an agonist in the lineage of ring-tailed lemur, as

observed in anthropoids.
(e) Molecular modelling revealed an additional key
residue for the activation of lemur TAS2R16

To identify the structural effect of residue 2827.55, we

performed three-dimensional modelling and ligand docking

simulations (see details in the electronic supplementary

material). Thirteen key residues were identified for salicin

and arbutin binding (electronic supplementary material,

figure S5b,d). Ten specific residues in the ring-tailed lemur

were not included in them. Position 2827.55 was located at

the intracellular end of transmembrane helix 7 (TM7) far

from the putative ligand binding site. Because position

2627.35 located at TM7 was identified as a key residue for

arbutin binding, we examined the effect of the interaction

between ligands and residue 2627.35 using site-directed

mutagenesis. All F2627.35L mutants (position 2627.35: phenyl-

alanine to leucine) were activated (figure 5; electronic

supplementary material, figure S6). This indicates that resi-

due 2627.35 is a key residue for the activation of lemur

TAS2R16 and that the effect of residue 2827.55 is dependent

on the ligand–TM7 interaction thorough residue 2627.35.
3. Discussion
We analysed the functional features of TAS2R16 in response

to b-glucosides in lemurs. A calcium assay and phylogenetic

analysis of TAS2R16 indicated that b-glucoside receptibility is

conserved among primates and that TAS2R16 in the common

ancestor of extant primates is sensitive to b-glucosides. Fur-

thermore, we identified the first natural inverse agonist of

TAS2R16 and the key residues responsible for inverse agonist

recognition by site-directed mutagenesis.

Anthropoids, including humans, recognize b-glucosides

via TAS2R16 [26]. We found that lemurs (strepsirrhines)

also recognize b-glucosides via TAS2R16 (figure 1), indicat-

ing that b-glucoside-sensitive TAS2R16 was present in the

last common ancestor of primates and is conserved in

extant primates. Since mice use Tas2r126 (a TAS2R41 ortholo-

gue) for b-glucoside recognition, rather than Tas2r118 (a

TAS2R16 orthologue) [4], further studies of non-Euarchonto-

glires mammals are required to characterize the functional

evolution of TAS2R16 in mammals. Primates exhibit diverse

responses of TAS2R16 to b-glucosides. Humans have high

sensitivity to most b-glucoside agonists [25]. Macaques

have 10-fold lower sensitivity to b-glucoside agonists in

comparison with humans [26]. This study showed that

TAS2R16 responses to b-glucosides also vary among

lemurs (figure 1; electronic supplementary material, figure

S2). Lemur TAS2R16 had constitutive activity (electronic

supplementary material, figure S1). While all tested com-

pounds acted as agonists of TAS2R16 in ring-tailed lemur,

arbutin acted as an inverse agonist of TAS2R16 in

the black lemur and ruffed lemur (figure 1; electronic

supplementary material, figure S1).

More than 60 constitutively active wild-type GPCRs have

been reported in mammals [29]. Several GPCRs exhibit differ-

ences in constitutive activity among species [29]. Several

constitutively active mutants have been identified [5,30].

However, we identified the first constitutively active wild-

type TAS2R. Most amino acid residues responsible for the

constitutive activation of TAS2R are located in the third intra-

cellular loop (ICL3), which plays a critical role in receptor

activation [31]. We detected several lemur-specific substi-

tutions in ICL3 of primate TAS2R16s, and these might be
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responsible for the constitutive activity of TAS2R16 in lemurs.

Many constitutively active GPCRs are receptors for neuro-

transmitters. Thus, future studies should evaluate the role

of constitutively active TAS2R in vivo.

Although many inverse agonists have been identified for

other GPCRs [29], few inverse agonists for TAS2Rs have been

identified (e.g. BCML, an amino acid derivative, for a human

TAS2R4 mutant) [5]. Many antagonists have been identified

for vertebrate TAS2Rs [5–10]. Arbutin is identified in this
study as the first natural inverse agonist. Inverse agonists

and antagonists are quite helpful for structural analyses of

TAS2Rs because they stabilize the receptor conformation to

the inactive state. Crystal structures of many GPCRs have

been identified for antagonist- or inverse agonist-bound

structures [32]. Since the crystal structures of TAS2Rs have

not been determined, most previous studies of TAS2R–

ligand interactions are based on models simulated by the

structure of other GPCRs (e.g. human b2 adrenergic receptor

and bovine rhodopsin) [33–35]. Thus, arbutin may facilitate

analyses of the crystal structure of the well-studied bitter

taste receptor TAS2R16.

The inverse agonism of arbutin to TAS2R16 was

associated with feeding behaviour in the black lemur based

on the greater acceptance of apples in a mixture of salicin

and arbutin over salicin-treated apples (figure 2). However,

the acceptance ratio of the apples in the mixture was slightly

lower than that of arbutin-treated apples ( p ¼ 0.15) and sig-

nificantly lower than that of control (water)-treated pieces

( p , 0.05), indicating that arbutin partially masks salicin bit-

terness. Incomplete masking of salicin bitterness by arbutin

may be caused by an insufficient amount of arbutin for the

complete inhibition of 5 mM salicin or other taste receptor

activation. This result suggests that arbutin can mask bitter-

ness derived from specific agonists of TAS2R16, including

b-glucosides, which could weaken bitterness in plants con-

taining various b-glucosides. Plants known to contain

arbutin, including Ericaceae [36] and Aquifoliaceae [37–39],

are distributed worldwide, including in Madagascar [40].

Ilex mitis (Aquifoliaceae), distributed in Madagascar and

southern Africa, is consumed by the brown mouse lemur

(Microcebus rufus) [41]. Several plants belonging to Ericaceae
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are eaten by the ring-tailed lemur in Andringitra Massif [42].

Since little is known about the chemical composition of Mala-

gasy plants, further analyses of the repertoire of chemicals in

plants eaten by lemurs are required.

Ring-tailed lemur TAS2R16 was activated by all tested

b-glucosides, unlike those of black lemur and ruffed lemur

(figure 1; electronic supplementary material, figure S2), and

exhibited differences at seven amino acid residues in the

transmembrane and extracellular regions compared with

those of the black lemur and ruffed lemur (figure 3a; elec-

tronic supplementary material, tables S4 and S5). We found

that position 2827.55, one of the seven residues, was respon-

sible for the activation of lemur TAS2R16 by arbutin using

site-directed mutagenesis (figure 3). Except for position

1845.45, these residues are not critical amino acid positions

for b-glucoside recognition and signalling in TAS2R16 of

humans [11,12] and non-human primates [14]. Position

1845.45 may be related to the activation of lemur TAS2R16

because the orthologous position in human TAS2R16 has

been identified as a signalling-related position [12] and its

mutants in ring-tailed lemur showed lower responses to

arbutin (electronic supplementary material, figure S3). They

were also not key residues for ligand binding in the ligand

docking simulation (electronic supplementary material,

figure S5b,d). However, positions 168 and 2476.55 may have

weak effects on b-glucoside binding because they were

located within 5 Å from the ligand in our docking simulation.

Position 2827.55 was located at the intracellular end of

TM7, far from the putative binding site for salicin and arbutin

(electronic supplementary material, figure S5a,c). This region

is important for the formation of a G-protein binding pocket

during GPCR activation [43]. The intracellular end of TM7

exhibits inward movement during receptor activation

in many GPCRs, including rhodopsin, b2 adrenoceptor,

m-opioid receptor and muscarinic acetylcholine receptor

[43–47]. Arbutin binding to black lemur and ruffed lemur

TAS2R16 may cause an incorrect rearrangement for con-

structing the G-protein-complementary binding pocket. In

lemur TAS2R16, TM7 directly interacts with arbutin at pos-

ition 2627.35 (figure 5b). This position is a key residue for

ligand specificity in human TAS2R16 [12] and, near

the side chains, bound to the benzene ring of b-glucosides

(electronic supplementary material, figure S5b,d). Using

b-glucoside #2 and #3, which have side chains bound to the

benzene ring of b-glucosides at the para position, like arbu-

tin, each lemur TAS2R16 showed similar responses to those

using arbutin (electronic supplementary material, figure S2).

Furthermore, all mutants with F2627.35L (phenylalanine to

leucine) were activated by arbutin (figure 5; electronic sup-

plementary material, figure S6). These results indicate that

position 2627.35 is a key residue for ligand specificity in

lemurs and that the interaction between TM7 and

ligands at position 2627.35 has a substantial influence on the

rearrangement of the intracellular end of TM7, which

includes position 2827.55. Further analyses, including three-

dimensional modelling of the G-protein–TAS2R interaction,

are required to understand the mechanism underlying this

TAS2R–ligand interaction, but these results suggest that

TAS2R16 of ring-tailed lemur can easily obtain the active con-

formation, independent of the structure of the side chains in

b-glucoside ligands, and can recognize many b-glucosides as

agonists. Ring-tailed lemurs are more omnivorous than the

other two lemurs and feed mainly on plants that are poor
in nutrients and rich in secondary metabolites, as well as

insects [48]. Thus, they might be exposed to a relatively

high number of toxins, and the number of compounds with

agonist activity may be expanded.

Based on a phylogenetic analysis using TAS2R16 ortholo-

gues in placental mammals, we found that strepsirrhines

have serine and almost all other mammals have leucine at

position 2827.55 (figure 4; electronic supplementary material,

table S3), and that strepsirrhines (except for lorises and gala-

gos), tarsiers and almost other non-primate mammals have

phenylalanine at position 2627.35 (electronic supplementary

material, figure S7 and table S3). These results suggest that

the common ancestor of strepsirrhines obtained a substitution

at position 2827.55, that lemur TAS2R16 which exhibits inverse

agonism by arbutin only has the specific combination of amino

acids (F2627.35 and S2827.55), and that arbutin does not activate

TAS2R16 in most lemurs and inhibits agonist-dependent acti-

vation, and individuals do not perceive arbutin bitterness. The

reverse mutation from serine to leucine at position 2827.55

occurred specifically in the ring-tailed lemur linage and

recovered the agonism of arbutin (figures 1 and 4).

Our results clarified the general functional characteristics

of primate TAS2R16 and the specific features of lemur

TAS2R16. b-glucoside-sensitive TAS2R16 is conserved

among primates. The responses of TAS2R16 to b-glucosides

varied among primates. To determine the precise relationship

between feeding habits and TAS2R function, both the range

and sensitivity to ligands should be investigated using natural

compounds found in plants from the diets of primates. Our

discovery of a novel inverse agonist will contribute to analyses

of the structure–function relationship, including activation

mechanisms, of the well-studied bitter taste receptor TAS2R16.
4. Material and methods
(a) Genomic DNA
Genomic DNAs were isolated from the muscle tissues using the

DNAeasy Blood &Tissue Kit (QIAGEN, Hilden, Germany), and

from faeces using the QIAamp Fast DNA Stool Mini Kit

(QIAGEN) or the NucleoSpin DNA Stool Kit (TaKaRa Bio,

Kusatsu, Japan). The sources of genomic DNA are shown in

detail in electronic supplementary material, table S1.

(b) Compounds
Bitter compounds were purchased from Sigma-Aldrich (St Louis,

MO, USA). Each compound was dissolved in HEPES buffer

(130 mM NaCl, 10 mM glucose, 5 mM KCl, 2 mM CaCl2,

1.2 mM MgCl2, 10 mM HEPES, pH 7.4) for the calcium assay,

and in water for the behavioural assay.

(c) Sequence determination of TAS2R16
Based on the genome assemblies of the black lemur [49], mouse

lemur, greater galago and tarsier [50], primers were designed to

amplify TAS2R16 (electronic supplementary material, table S6).

Polymerase chain reactions (PCRs) were performed using Tks

Gflex DNA Polymerase (TaKaRa Bio) as follows: 1 min of initial

denaturation; 30–40 cycles of denaturation at 988C for 10 s,

annealing at a temperature gradient of 50–578C for 15 s and

extension at 688C for 30 s; and a final extension at 688C for

5 min. All sequences of PCR products were determined using

the BigDye Terminator v. 3.1 Cycle Sequencing Kit and the

ABI 3130xl (Applied Biosystems, Foster City, CA, USA).
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(d) Construction of expression vectors for TAS2R16 and
point mutants

Amplified TAS2R16 was tagged at the N terminus with the

first 45 amino acids of rat somatostatin receptor type 3 for

cell-surface targeting and at the C terminus with the last 8

amino acids of bovine rhodopsin as an epitope tag [11,26].

The tagged TAS2R16s were sub-cloned into the EcoRV site

of the mammalian expression vector pEAK10 using the In-

Fusion HD Cloning Kit (Clontech, Fremont, CA, USA). Point

mutant vectors were constructed using QuikChange (Agilent

Technologies, Santa Clara, CA, USA) and the overlap exten-

sion PCR method [51]. All mutations were checked by

sequencing.

(e) Cell culture, transfection and calcium assay
Cell culture, transfection and calcium assays were performed as

described previously [14,52,53]. The calcium response is

expressed as the normalized peak response (F ) relative to back-

ground fluorescence (F0): DF/F (¼[F 2 F0]/F0). DF/F values

were used for the calculation of dose–response relationships

using the drc package in R [54]. Detailed information of calcium

assays is described in the electronic supplementary material,

methods.

( f ) IP1 assay
Because IP3 (inositol triphosphate), the second messenger of

TAS2Rs, is quite short-lived, inositol dephosphorylation was

stopped at IP1 (inositol phosphate), a metabolite of IP3, by

adding LiCl; the concentration of accumulated IP1 was measured

as a fluorescence ratio (668 nm/620 nm) by an immunoassay

using the IP-One-Gq Kit (Cisbio, Codolet, France). The fluor-

escence ratio was converted to the IP1 concentration using the

standard curve generated from known concentrations of IP1.

IP1 production was compared among species and concentrations

by Welch’s tests with the BH correction. Detailed information is

described in the electronic supplementary material, methods.

(g) Behavioural assay
The subject was a female black lemur at the Japan Monkey

Centre (Aichi, Japan) who was reared in a group. It was

guided into the corridor to the outdoor enclosure for the behav-

ioural assay. Two kinds of apple pieces (15 mm � 8 mm � 8 mm)

were used for the food preference test. One was soaked in 100 ml

of water (control solution) and another was soaked in the test

compound solution (water, 5 mM salicin, 10 mM arbutin and a

mixture) overnight before testing. In a trial, the animal was

exposed to five water-treated apple pieces and five test com-

pound-treated pieces for 5 min at the same time. The number

of pieces eaten was recorded in each trial. Eight trials were per-

formed for each test compound. All trials were recorded using

a video camera. The intake rate of apple pieces soaked in the

test compound solution (i.e. the acceptance ratio) was calculated

as follows: (acceptance ratio) ¼ (number of pieces treated with

test compounds eaten)/(total number of pieces eaten). The

order of exposure to apple pieces was randomized. Differences

in the acceptance ratio among test compounds were assessed

by one-way ANOVA, followed by Welch’s tests with the BH

correction.

(h) Sequence and phylogenetic analysis
Sequences of intact TAS2R16 orthologues were obtained from

Hayakawa et al. [21] (Euarchontoglires) and Liu et al. [23] (Laur-

asiatheria). The genome assemblies of 13 placental mammals

were obtained from web sources and are summarized in
electronic supplementary material, table S2. TAS2R16 ortholo-

gues were identified from the genome assemblies as described

previously [21] (see details in the electronic supplementary

material). To compare sequences of TAS2R16 orthologues, a mul-

tiple sequence alignment was generated based on the amino acid

sequences using MAFFT v. 7 [55]. Amino acid residues located in

transmembrane domains (TM) were identified by a superscript

number following the Ballesteros–Weinstein (BW) numbering

method [56]. The residue corresponding to the most conserved

residue of class A GPCRs in TM number X is assigned the

index X.50, which was identified by X.50 of human TAS2R16

[57,58] and a multiple sequence alignment among human and

lemur TAS2R16. A maximum-likelihood tree was reconstructed

based on the aligned amino acid sequences using RAxML

v. 8.2.10 [59]. The JTT model [60] was used to correct for multiple

substitutions. Bootstrap resampling (1000 replicates) was

performed [61].
Ethics. The behavioural assay was performed at the Japan Monkey
Centre. The study was approved by the Research Ethics Committee
of the Japan Monkey Centre (#2017-015) and was performed in
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