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Abstract

Egg-laying mammals (monotremes) are a sister clade of therians (placental mammals and marsupials) and a key
clade to understand mammalian evolution. They are classified into platypus and echidna, which exhibit distinct eco-
logical features such as habitats and diet. Chemosensory genes, which encode sensory receptors for taste and smell,
are believed to adapt to the individual habitats and diet of each mammal. In this study, we focused on the molecular
evolution of bitter taste receptors (TAS2Rs) in monotremes. The sense of bitter taste is important to detect poten-
tially harmful substances. We comprehensively surveyed agonists of all TAS2Rs in platypus (Ornithorhynchus anati-
nus) and short-beaked echidna (Tachyglossus aculeatus) and compared their functions with orthologous TAS2Rs of
marsupial and placental mammals (i.e., therians). As results, the agonist screening revealed that the deorphanized
monotreme receptors were functionally diversified. Platypus TAS2Rs had broader receptive ranges of agonists than
those of echidna TAS2Rs. While platypus consumes a variety of aquatic invertebrates, echidna mainly consumes sub-
terranean social insects (ants and termites) as well as other invertebrates. This result indicates that receptive ranges
of TAS2Rs could be associated with feeding habits in monotremes. Furthermore, some orthologous receptors in
monotremes and therians responded to B-glucosides, which are feeding deterrents in plants and insects. These re-
sults suggest that the ability to detect B-glucosides and other substances might be shared and ancestral among
mammals.
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(the family Ornithorhynchidae) and echidna (the family
Tachyglossidae) is 54.6 million years ago (Mya), ~10 million
years after the Cretaceous—Paleogene (K—Pg) mass extinction
event (Zhou et al. 2021). Platypus and echidna exhibit distinct
ecological features such as habitats and diet. Platypus is semi-
aquatic feeding on aquatic invertebrates, while echidna is ter-
restrial with an invertebrate diet, especially ants and termites.
To hunt prey, platypus mainly uses electroreception and me-

Introduction

Mammals are classified into three clades: placental mammals
(eutherians), pouched mammals (marsupials), and egg-laying
mammals (monotremes). The monotreme lineage is the sister
clade of therians (eutherians and marsupials). All mammals
do breast-feed, but the egg-laying trait in monotremes is
only shared with the reptiles and birds (sauropsids), the am-
niote sister of mammals. There are only five species of mono-

tremes at present, platypus (Ornithorhynchus anatinus),
short-beaked echidna (Tachyglossus aculeatus), and three
-species of long-beaked echidna (Zaglossus spp.). They
are only distributed in Australia, Papua New Guinea, and
Indonesia. The estimated divergence time of platypus

chanoreception (Pettigrew et al. 1998), whereas echidnas may
rely on olfaction. Behavioral and neuroanatomical studies de-
monstrated the outstanding abilities of electroreception and
mechanoreception (Ashwell 2013). Molecular and neuroana-
tomical studies also demonstrated the chemosensory
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differences between platypus and echidna (Zhou et al. 2021).
For example, platypus has more vomeronasal type-1 receptor
(V1Rs) genes with a larger accessory olfactory bulb than ech-
idna. By contrast, echidna has more olfactory receptor (ORs)
genes with a larger main olfactory bulb than platypus (Zhou
et al. 2021). Eco-evolutionary comparison between these two
egg-laying mammals is fundamental for understanding che-
mosensory and dietary adaptation as well as knowing the
mammal origin of the chemical senses.

Another chemical sense to olfaction, gustation (taste
perception) is an important sense for foraging behavior
in monotremes because they masticate prey using horny
pads (Griffiths 1965; Grant 2007). Of the five basic taste
qualities (sweet, umami, bitter, salty, and sour), bitterness
is perceived via bitter taste receptors (TAS2Rs) and asso-
ciated with the detection of potentially harmful sub-
stances in diet. As well as ORs and V1Rs, TAS2Rs are G
protein-coupled receptors (GPCRs) and construct a multi-
gene family (Adler et al. 2000; Chandrashekar et al. 2000).
The repertoire size of the TAS2R gene family in the genome
is very diversified among mammals. Humans (Homo sapi-
ens) and mice (Mus musculus) potentially have ~26 and
~40 intact TAS2R genes (Go et al. 2005; Hayakawa et al.
2014), whereas platypus and short-beaked echidna have
only 7 and 3, respectively (Zhou et al. 2021). TAS2R gene
repertoire and each receptor function are believed to be
related to animals’ feeding habits and foraging behavior
(Hayakawa et al. 2014; Li and Zhang 2014; Liu et al. 2016;
Purba et al. 2020; Itoigawa et al. 2021). However, studies fo-
cusing on marsupials and monotremes are limited
(Johnson et al. 2018; Zhou et al. 2021); therefore, exploring
monotreme TAS2R functions will provide insight into not
only their molecular adaptation in each monotreme spe-
cies but may also inform diversification of bitter taste re-
ceptors in early mammalian evolution.

Monotreme TAS2R genes consist of TAS2R807,
TAS2R802, and one phylogenetic cluster, “Monotreme
cluster” (TAS2R810, TAS2R811, TAS2R812, TAS2R813, and
TAS2R814) (fig. 1A). Monotreme cluster is the sister phylo-
genetic cluster of “Therian cluster 1” (TAS2R16, TAS2R41,
TAS2R60, TAS2R62, and TAS2R705) (Zhou et al. 2021)
(ig. 1A and B). Of TAS2Rs in the Therian cluster |,
TAS2R16 is known as a sensor for B-glucosides, which
are feeding deterrents in plants and insects (Bufe et al.
2002). PB-glucosides include cyanogenic glucosides
(CNgilcs), highly deleterious and widely distributed biomo-
lecules for feeding deterrents (Beran et al. 2019). While
TAS2R16 of primates, rodents, and bats have sensitivity
to P-glucosides (Bufe et al. 2002; Imai et al. 2012; Jiao
et al. 2018, 2021; Itoigawa et al. 2019; Yang et al. 2021),
some primates which regularly feed on plants containing
much CNglcs have TAS2R16 low sensitive to
B-glucosides (Itoigawa et al. 2021). Therefore, B-glucoside
detection would be important for survival in various mam-
mals. Here we hypothesize that the Monotreme cluster
(TAS2R810-814) is the orthologous gene group of
Therian cluster | and responds to B-glucosides which are
potentially harmful to mammals.

2

To investigate this, we performed synteny analysis of
mammalian genomes and the agonist screening of all in-
tact TAS2Rs of platypus and short-beaked echidna using
cell-based functional assays. We also screened agonists of
the therian TAS2R16 orthologous groups (eutherian
TAS2R16 and marsupial TAS2R705) to explore the func-
tional conservation and the evolutionary history of
B-glucoside sensing by TAS2Rs in mammals.

Results

Conserved Synteny of TAS2Rs in Monotreme and
Therian Mammals

First, to clarify the orthologous relationship between the
Monotreme cluster and Therian cluster |, we surveyed
whole-genome assemblies of two monotremes, three mar-
supials, seven eutherians covering the four main clades
(Euarchontoglires,  Laurasiatheria,  Afrotheria, and
Xenarthra), and chicken as an outgroup. We found well-
conserved chromosomal synteny surrounding the TAS2R
genes in the Monotreme cluster and Therian cluster |
across mammals. Monotreme TAS2R810-814 were located
in tandem between EPHA1 and ARHGEFS5 gene loci where
almost all the TAS2Rs in Therian cluster | (TAS2R41,
TAS2R60, and TAS2R62) are located (fig. 1C). Eutherian
TAS2R16 had been translocated from this region after a
duplication event of TAS2R705. In chicken, this region
did not include any TAS2R genes. Taking the phylogenetic
closeness between the Monotreme cluster and Therian
cluster | into consideration (fig. 1A and B) (Zhou et al.
2021), this result supports that the Monotreme cluster is
the orthologous group of Therian cluster I.

Deorphanization of Monotreme TAS2Rs

To characterize the response profiles of monotreme TAS2Rs
and therian TAS2R16 orthologs, we performed cell-based cal-
cium assays for seven platypus and three short-beaked ech-
idna TAS2Rs, three eutherian TAS2R16, and five marsupial
TAS2R705 using 24 commercially available bitter substances
reported as agonists for human TAS2Rs (supplementary table
S3, Supplementary Material online). We deorphanized seven
of ten monotreme TAS2Rs, all eutherian TAS2R16, and
three of five marsupial TAS2R705 receptors (table 1 and
supplementary fig. S2, Supplementary Material online). The
agonist screenings revealed that tandemly repeated TAS2Rs
in monotremes (TAS2R810-814) showed divergent response
profiles. TAS2R813 paralogs in platypus even showed distinct
response profiles. This finding is an example of functional di-
vergence among lineage-specific duplicated TAS2Rs as seen
in mice, bats, and hummingbirds (Lossow et al. 2016; Jiao
et al. 2018; Wang et al. 2019). Interestingly, TAS2R811 and
TAS2R813A in platypus responded to twelve out of twenty-
four and seven out of 24 tested compounds, respectively. The
two platypus receptors can cover 14 of 24 (58.3%) tested sub-
stances, while platypus has only seven TAS2Rs. In contrast,
Echidna does not have intact TAS2R811, and echidna
TAS2R813 had fewer agonists than platypus ortholog
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Fic. 1. Phylogenetic and syntenic relationships between Monotreme and Therian clusters. (A) Phylogenetic positions of the Monotreme and
Therian clusters in the mammalian TAS2R gene tree. Each tip indicates a single orthologous TAS2R gene group supported by > 95% bootstrap
values. Internal branches of each orthologous group are compressed for clarity (see supplementary fig. S1, Supplementary Material online for the
full view of mammalian TAS2R gene tree). The nomenclature of TAS2R clusters followed Zhou et al. (2021). (B) The phylogenetic relationships
among TAS2Rs of the Monotreme cluster and Therian cluster I. The nodes with > 70% and > 95% bootstrap values in (A) and (B) are marked
with open and black circles, respectively. (C) Syntenic relationships between the Monotreme cluster and Therian cluster I. TAS2R and adjacent
genes are drawn by the colored and grey-scaled boxes, respectively. Regions are not drawn to scale (see supplementary table S2, Supplementary
Material online for the actual positions). The numbers below the boxes indicate “total copy number of genes/copy number of intact genes” for
tandemly repeated TAS2R genes. The chromosome or scaffold numbers are shown at the right of synteny illustrations (The topmost number
corresponds to the leftmost scaffold name). The nomenclature of mouse receptors is unified with that of human receptors for easily under-
standing (e.g., mouse Tas2r118 to TAS2R16). *All the scaffolds of Afrotherians are shown inverted for clarity. **The CADPS2 gene of the armadillo
is located across two scaffolds (NW_004474648.1 and NW_004501360). The species phylogeny and divergence time are from TimeTree (http://
www.timetree.org/; accessed on October 25, 2021) (Kumar et al. 2017). The animal silhouettes are from PhyloPic (http://phylopic.org/). The
Silhouettes of platypus and Tasmanian devil drawn by S. Werning are reused under the CC BY 3.0 (https://creativecommons.org/licenses/by/

3.0/).
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Table 1. Response Profiles of Monotreme TAS2Rs, Eutherian TAS2R16, and Marsupial TAS2R705.

Oan
Compound/TAS2R 801 802 810

-]
-
-

812 813A 813B

Tac Hsa  Bta Laf  Mdo Dvi  Sha Meu Pci
802 813 814 16 16 16C 705 705 705 705B 705C

Acesulfame K — — —
Arbutin — — —
Caffeine — — —
Camphor — — (]
Chloramphenicol — — —
Colchicine — — —
Coumarin — — —
Denatonium benzoate — — (]
Diphenidol — - =
Flufenamic acid — — —
Helicin — — —
Linamarin — — —
Noscapine — — —
Phenylthiocarbamide — — —
Picrotoxin — — —
Quinine — — —
Saccharin — — —
Salicin — — —
Sinigrin — — —
Sodium benzoate — — —
Sodium thiocyanate — — —
Strychnine — — —
Thiamine — — —
Yohimbine — — —
Total 0 0 2

S
pal
I

3

— Y — — — —
0 4 1 4 6 6 0 4 0 4 4

Identified agonists are presented as dots in each TAS2R column. Agonists are detected by the statistical comparisons between fluorescence values (AF/F) of TAS2R-expressing
and mock-transfected cells (n = 3-5) using Dunnett’s test (p < 0.01). B-glucoside analogs are presented in boldface. The number of compounds that activated each TAS2R is
presented in the bottom row. Species abbreviations are as follows; Oan, platypus; Tac, echidna; Hsa, human; Bta, cattle; Laf, elephant; Mdo, opossum; Dvi, quoll; Sha,

Tasmanian devil; Meu, wallaby; Pci, koala.

TAS2R813A whose agonists overlapped. The total number of
agonists identified in echidna is also less compared to platy-
pus. These results suggest that platypus has relatively broadly
tuned receptors and that the receptive ranges of bitter sub-
stances are also broader in platypus than in echidna.

Focusing on the responses to B-glucosides, TAS2R811
and TAS2R813A in platypus and TAS2R813 in echidna re-
sponded to several B-glucosides. These receptors did not
exclusively respond to them but various types of sub-
stances. On the other hand, eutherian TAS2R16 and mar-
supial TAS2R705 were highly specific for B-glucosides,
while cattle and elephant TAS2R16 responded to a few
non-B-glucoside substances (table 1). These results indi-
cate that all the three mammalian lineages can recognize
B-glucosides and that functional features of B-glucoside
sensitive TAS2Rs are divided between monotremes and
therians.

Next, to evaluate the inter-species or inter-paralog dif-
ferences in B-glucoside sensitivity, dose-response curves
were obtained for a subset of TAS2R receptors using sali-
cin, a plant-derived and well-studied B-glucoside (Bufe
et al. 2002). Salicin dose-dependently activated almost all
TAS2R16, TAS2R705, TAS2R811, and TAS2R813 orthologs
except for opossum and Tasmanian-devil TAS2R705, and
platypus TAS2R813B but the sensitivities were varied
among receptors. Eutherian TAS2R16 exhibited salicin
sensitivity like primate TAS2R16 previously investigated
(ECsp =0.48-7.5 mM) (Imai et al. 2012) (fig. 2A and D).

4

In marsupial TAS2R705, wallabies exhibited salicin sensitiv-
ity like human TAS2R16, but the other marsupial species
showed lower than the wallaby receptor (fig. 2B and D).
In monotremes, platypus TAS2R813A exhibited responses
to salicin like the TAS2R813 ortholog in echidna (fig. 2C).
TAS2R811 in platypus exhibited markedly high sensitivity
to salicin compared with TAS2R813 orthologs, suggesting
that platypus would be more sensitive to salicin than
echidna.

Discussion

In this study, we deorphanized five of the seven platypus
TAS2Rs and two of the three short-beaked echidna
TAS2Rs. TAS2R16/TAS2R705 of several therians (cattle,
elephant, koala, wallaby, and quoll) were also deorpha-
nized. Monotremes have considerably smaller TAS2R
gene repertoires than therians (Zhou et al. 2021), but
our screening assays found that the tandemly repeated
TAS2R receptors in monotremes (TAS2R810-814) are
functionally diversified (table 1). Particularly, a wide range
of bitter substances is covered by platypus TAS2R811
and TAS2R813A as “broadly tuned receptors.” These
results indicate that platypus can detect a wider range of
bitter substances despite its small TAS2R gene repertoire.
The broad range of bitter perception in platypus is
presumably involved in the diversified prey selection
(McLachlan-Troup et al. 2010) as a result of hunting by
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<

0.01 0.1 1.0 10
salicin (mM)

1.51
@ Platypus TAS2R811

A Platypus TAS2R813A
' Platypus TAS2R813B*
1.01 B Echidna TAS2R813

X mock

AF/F

0.5

salicin (mM)

O.O-M_//
0 ]

@® Opossum TAS2R705*

A Quoll TAS2R705

V' Devil TAS2R705*

1.0{ B Wallaby TAS2R705B 5@
<& Koala TAS2R705C if'l

0.01 0.1 1.0 10
salicin (mM)

ECso (mM)
Human TAS2R16 1.5+0.38
Cattle TAS2R16 6.2+1.4
Elephant TAS2R16C 2.8+0.76
Opossum TAS2R705* n.d.
Quoll TAS2R705 n.d.
Devil TAS2R705* n.d.
Wallaby TAS2R705B 1.3+0.18
Koala TAS2R705C n.d.
Platypus TAS2R811 0.38 £ 0.08
Platypus TAS2R813A n.d.
Platypus TAS2R813B* n.d.
Echidna TAS2R813 n.d.

Fic. 2. Dose-dependent responses to salicin in various mammalian TAS2Rs. HEK293T cells expressing (A) TAS2R16, (B) TAS2R705, (C) TAS2R811,
TAS2R813A, and TAS2R813B in platypus and TAS2R813 in echidna with Ga16/gust44 were stimulated with increasing concentrations of salicin.
Cells transfected with the empty pEAK10 vector served as negative controls (mock). Changes in fluorescence (AF/F) are plotted (mean + SEM,
n=3-5). * indicate no response within tested concentrations (Dunnett’s test, P <0.01). ECs, values of TAS2Rs are presented in (D).
n.d. indicates that ECs, values were not determined due to not well saturation of responses within tested concentrations.

electroreception and mechanoreception. This kind of dis-
crepancy between the repertoire size and receptive range
was previously reported in birds and fishes. Both lineages
generally have small TAS2R gene repertoires (Wang and
Zhao 2015; Shiriagin and Korsching 2019), but chicken,
turkey, and zebrafish have broadly tuned receptors
(Behrens et al. 2014, 2021). The strategy of broadly tuned
receptors to adapt to a wide range of environmental bit-
terants, even the small TAS2R repertoire size, might be
shared across vertebrates.

The broadly tuned receptors are found in the
Monotreme cluster but not in Therian cluster |
(Meyerhof et al. 2010; Lossow et al. 2016). Then, how did
such broadly tuned receptors appear in monotremes?
There is a similar case in a different TAS2R cluster of hu-
mans. Human TAS2R46 is the only broadly tuned receptor
in the paralogous TAS2Rs specifically duplicated in homi-
noids (TAS2R30/-31/-43/-45/-46) (Hayakawa et al. 2014)
and likely acquired the broaden receptive ranges after du-
plication (Meyerhof et al. 2010; Lossow et al. 2016).
Likewise, the Monotreme cluster may have acquired

broadly tuned receptors as a part of functional differenti-
ation after the duplication event. On the other hand, the
structural requirements of broadly tuned TAS2Rs are still
unclear. Previous studies demonstrated that several posi-
tions (e.g, positions 7.39 and 7.42; BW numberings) are in-
volved in ligand selectivity of human broadly tuned
receptors (TAS2R10, TAS2R14, and TAS2R46) (Brockhoff
et al. 2010; Born et al. 2013; Nowak et al. 2018).
However, the binding mode of a common ligand, strych-
nine, is different between TAS2R10 and TAS2R46, and
the effects of substitutions at positions 7.39 and 7.42 are
also different (Born et al. 2013; Xue et al. 2018).
Furthermore, TAS2R10 has a complete loss of function
due to the substitution at position 7.39, whereas another
broadly tuned receptor TAS2R14 retains responses to li-
gands. This indicates that there are additional key residues
for broad tuning (Nowak et al. 2018). Thus, the structural
requirements for broad tuning may differ for each recep-
tor. To understand the structural basis of broad tuning
in monotreme TAS2Rs, further computational and func-
tional analyses are required.


https://doi.org/10.1093/molbev/msac107

Itoigawa et al. - https://doi.org/10.1093/molbev/msac107

MBE

The receptive ranges of TAS2R811 and TAS2R813 in
short-beaked echidna were different from platypus.
These are broadly tuned receptors in platypus, but echidna
TAS2R811 is pseudogenized and echidna TAS2R813 had
only half the tuning breadth of the platypus ortholog
(table 1). These results indicate that bitter taste space is
relatively smaller in echidna than in platypus. Echidna
mainly consumes subterranean social insects (ants and ter-
mites) for diet (Abensperg-Traun and De Boer 1992) and
has only three intact TAS2Rs. Such reduction of TAS2R rep-
ertoire size is also observed in Chinese pangolin (Manis
pentadactyla), which is a eutherian ant-and-termite spe-
cialist and has only two TAS2R genes (Liu et al. 2016)
even though pangolin TAS2Rs are still orphan. Our results
suggest that specialized insectivory drives not only the re-
duction of TAS2R gene repertoire but also narrowed recep-
tive ranges of bitter substances in TAS2Rs. Notedly, as our
ligand library is biased toward compounds that are bitter
for humans, the receptive ranges of echidna TAS2Rs are
possibly underestimated at present. To approach this con-
cern, further functional assays are required using secretion
or extracts from food items of echidna.

We first hypothesized that the mammalian TAS2R16
orthologous group (Therian cluster | including TAS2R16,
and Monotreme cluster) responds to harmful B-glucosides.
As supporting this hypothesis, we found that the
B-glucoside sensitivity of the TAS2R16 orthologous group is
common in all three mammalian lineages (table 1).
Eutherian TAS2R16 (human, cattle, and elephant) and marsu-
pial TAS2R705 (koala, wallaby, and quoll) were functionally
similar and specifically activated by B-glucosides, indicating
that the common ancestor of therians had a TAS2R705 ortho-
log responding to B-glucosides. On the other hand, platypus
TAS2R811 and TAS2R813A and echidna TAS2R813 are not
specialized but undoubtedly sensitive to B-glucosides.
Duplicated TAS2Rs are often functionally diverged but some-
times share some ligands (Lossow et al. 2016; Jiao et al. 2018;
Wang et al. 2019). Accordingly, a common ancestral receptor
of TAS2R810-814 may have had B-glucoside sensitivity.
Moreover, these results parsimoniously suggest that the last
common ancestor of mammals (~188 Mya) can perceive
B-glucosides as bitter via an ancestral TAS2R of Monotreme
cluster and Therian cluster | and that the function has been
conserved for a long time. Interestingly, there are so far no
identified TAS2Rs in non-mammalian vertebrates responding
to P-glucosides except for TAS2R201 in common carp
(Cyprinus carpio) that weakly responds to salicin (Behrens
et al. 2014, 2021; Shimizu et al. 2021). This viewpoint provides
an important insight into mammalian diversification in terms
of coevolution with dietary organisms. Some of [-glucosides
are harmful compounds in dietary plants and invertebrates
for mammals. In particular, CNglcs are highly deleterious for
mammals. For example, koala exclusively relies on dietary eu-
calypt leaves that contain harmful substances such as CNglcs.
The fact that koala TAS2R705C responds to B-glucosides sug-
gests that koala senses the quality of eucalypt leaves in terms
of CNglc concentrations. CNglcs are ancient biomolecules and
widely distributed in plants (angiosperm, gymnosperm, and
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fern) and invertebrates (e.g, butterfly and moth) (Beran
et al. 2019). The CYP79s, key enzymes for the biosynthesis
of CNglcs, is estimated to have evolved in the common ances-
tor of angiosperm and gymnosperm (at least 330 Mya) (Luck
et al. 2017; Thodberg et al. 2020), presuming that the ancestor
of extant mammals (synapsids) may have been exposed to
CNglcs from food items. Therefore, the ability to detect
B-glucosides might be important for ancestral mammalian
lineages to avoid feeding on such toxic plants and
invertebrates.

We also found inter-species differences in B-glucoside
sensitivity (table 1, fig. 2). These differences are possibly
caused by substitutions at positions involved in ligand
binding or shaping the binding cavity (Sakurai et al. 2010;
Thomas et al. 2017; Fierro et al. 2019) (supplementary
table S4, Supplementary Material online). For example,
opossum TAS2R705 had two species-specific substitutions
in the key positions involved in the activation of human
TAS2R16 (positions 3.91 and 3.93). There were three amino
acid differences in the key positions among three
TAS2R813 orthologs (positions 3.90, 3.91, and 3.94). On
the other hand, there were 13 amino acid differences be-
tween Tasmanian devil and quoll TAS2R705, but all of
them were not included in the key positions.
Accordingly, this functional difference could be provided
by indirect ways such as the effects on G protein coupling
or ligand access to the binding cavity. To clarify the effects
of these substitutions in receptor functions, further com-
putational and functional analyses are required. The gen-
eral tendency in salicin sensitivity associated with feeding
habits was not found across mammals. As reported in
the primate studies (Imai et al. 2012; Itoigawa et al. 2019;
Purba et al. 2020; Itoigawa et al. 2021; Yang et al. 2021),
functional changes of TAS2Rs in agonist sensitivity had oc-
curred many times independently within the order, family,
or genus level by each ecological and evolutionary back-
ground. To understand the differences of agonist sensitiv-
ity in each species tested in this study, comparative
analyses within more closely related species are required.
At present, we only tested closely related Tasmanian devil
and quoll (subfamily Dasyurinae). Quoll TAS2R705 re-
sponded to B-glucosides but the Tasmanian devil recep-
tor did not (fig. 2B). While the diet of quoll is highly
variable, including insects, vertebrates, and plants, the
diet of Tasmanian devil is mostly occupied by mammals
and birds (Godsell 1983; Jones and Barmuta 1998;
Andersen et al. 2017). Since B-glucosides are mainly con-
tained in insects and plants, the quoll receptor may retain
sensitivity to such substances. To address this specula-
tion, we need to investigate the agonist profiles of the re-
mained TAS2Rs in Therian cluster | (TAS2R41 and
TAS2R60) and the behavioral responses to B-glucosides
because they possibly respond to such substances as
well as in mouse orthologs (Lossow et al. 2016).

In conclusion, our results characterized the response
profiles for almost all monotreme TAS2Rs. While our
screening assays used a relatively small number of tested
substances, this profile information will be useful to study
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monotreme TAS2R receptors in gustation and extra-oral
functions. We also uncovered a part of molecular evolu-
tion in the detection of natural bitter compounds,
B-glucosides, revealing the potential ecological importance
of this function in mammals. Such studies on the function-
al evolution of taste receptors for natural bitter substances
will contribute to understanding the history of adaptation
to the feeding deterrents produced by prey from the past
to the present.

Materials and Methods

Synteny Analysis

TAS2R gene sequences in the Therian cluster | (TAS2R16,
TAS2R41, TAS2R60, TAS2R62, and TAS2R705) and in the
Monotreme cluster (TAS2R810-814) were obtained from
previous studies (Hayakawa et al. 2014; Liu et al. 2016;
Johnson et al. 2018; Zhou et al. 2021). We then identified
these sequences in the latest available whole-genome assem-
blies of each species using BLASTN search. TAS2R genes were
newly identified in whole-genome assemblies of lesser
hedgehog tenrec (Echinops telrairi), African elephant
(Loxodonta Africana), and nine-banded armadillo (Dasypus
novemcinctus) using BLAST search as described previously
(Hayakawa et al. 2014) (supplementary table S1,
Supplementary Material online). The genes located in the
upstream and downstream regions of these TAS2Rs were
identified in NCBI Database according to the NCBI
Annotation (supplementary table S2, Supplementary
Material online). The positions of these adjacent genes
were also identified in chicken (Gallus gallus) as an outgroup.

Gene Tree Reconstruction

Allintact and pseudogenized TAS2R gene sequences of eu-
therians (human, mouse, cattle, and domestic cat)
(Hayakawa et al. 2014; Liu et al. 2016), marsupials (grey
short-tailed opossum, Tasmanian devil, and koala)
(Johnson et al. 2018), monotremes (platypus and short-
beaked echidna) (Zhou et al. 2021), and chicken (Dong
et al. 2009) were obtained from previous studies. Human
vomeronasal type-1 receptors (V1Rs) were used as out-
groups (Moriya-Ito et al. 2018). A maximum likelihood
gene tree was reconstructed using RAxML under the
GTR+I" model with 1000 bootstrap replicates
(Stamatakis 2014) based on the multiple alignment of nu-
cleotide sequences constructed by MAFFT version 7 with
E-INS-i option (Katoh and Standley 2013). A subtree of
TAS2Rs in the Monotreme cluster and Therian cluster |
was reconstructed using the nucleotide sequences ob-
tained from previous studies and TAS2R16/-41/-60/-62 se-
quences identified in this study (tenrec, elephant, and
armadillo).

Sequence Determination of TAS2Rs

Genomic DNA of cattle (Bos taurus), eastern quoll
(Dasyurus viverrinus), Tasmanian devil (Sarcophilus harri-
sii), koala (Phascolarctos cinereus) were isolated from the

tissues using the DNeasy Blood & Tissue Kit
(QIAGEN, Hilden, Germany). Genomic DNA of platypus
(Ornithorhynchus anatinus) and short-beaked echidna
(Tachyglossus aculeatus) were obtained from wild ani-
mals of New South Wales and South Australia, respect-
ively. Cattle TAS2R16, Tasmanian-devil and quoll
TAS2R705, koala TAS2R705C (an intact TAS2R705 para-
log), and all intact TAS2Rs of platypus and short-
beaked echidna were amplified from the genomic
DNA by polymerase chain reaction (PCR) using ExTaq
or Tks Gflex DNA polymerase (TaKaRa Bio Inc,
Kusatsu, Japan) with specific pairs of primers which
were designed based on available whole-genome as-
semblies. All sequences of PCR products were then de-
termined using the BigDye Terminator v. 3.1 Cycle
Sequencing Kit and the ABI 3130x/ Genetic Analyzer
(Applied Biosystems, Foster City, CA). Subsequently,
haplotypes of unphased heterozygous TAS2Rs were de-
termined by sub-cloning the PCR amplicons with the
TOPO TA Cloning Kit for Sequencing (Invitrogen,
Carlsbad, CA). To identify the corresponding amino
acid residues among tested receptors, a multiple align-
ment based on amino acid sequences was constructed
using MAFFT version 7 (Katoh and Standley 2013). We
then represented superscript numbers in the amino
acid residues located in transmembrane domains fol-
lowing the Ballesteros—Weinstein (BW) numbering
method (Ballesteros and Weinstein 1995). The BW
numberings were based on the human TAS2R16 num-
bering reported in the GPCRdb (https://gpcrdb.org/)
(Kooistra et al. 2021).

Construction of Expression Vectors

TAS2R16C from African elephant (Loxodonta africana),
only one intact elephant TAS2R16 paralog, TAS2R705
from grey short-tailed opossum (Monodelphis domestica),
and TAS2R705B from Tammar wallaby (Macropus eugenii),
an intact wallaby TAS2R705 paralog, were obtained from
previous studies (Johnson et al. 2018; Itoigawa et al.
2019) and synthesized by gBlocks DNA fragment services
(Integrated DNA Technologies Inc, Coralville, 1A).
Synthesized DNA fragments and PCR products of TAS2R
receptors were tagged at N-terminus with the first 45 ami-
no acids of rat somatostatin receptor type 3 to improve
cell-surface targeting and at the C-terminus with the last
8 amino acids of bovine rhodopsin as an epitope tag.
The tagged fragments were inserted into the mammalian
expression vector pEAK10 (Edge Biosystems Inc,
Gaithersburg, MD) using In-Fusion HD Cloning Kit
(Clontech, Fremont, CA). The expression vector of human
TAS2R16 was prepared in a previous study (Imai et al.
2012). For the heterozygous TAS2R genes determined in
the present study, one of the haplotypes was used
for functional assays. The nucleotide sequences of all
TAS2R genes used in functional assays were shown in
the supplementary information (supplementary Data set
S1, Supplementary Material online).
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Calcium Assay

Functional characterization of each TAS2R receptor was per-
formed by the cell-based calcium assay using the FlexStation 3
microplate reader with the Ca®*-sensitive fluorescence dyes,
Calcium 4 and Calcium 5 (Molecular Devices, Sunnyvale, CA)
as previously described (ltoigawa et al. 2019). Tested sub-
stances listed in supplementary table S3, Supplementary
Material online were commercially purchased and dissolved
in the assay buffer (130 mM NaCl, 10 mM glucose, 5 mM
KCl, 2 mM CaCl%, 1.2 mM MgCl%, 10 mM HEPES, pH 7.4), or
in dimethyl sulfoxide (DMSO) followed by dilution in the as-
say buffer not exceeding a final DMSO-concentration of 1%
(v/v). The substance concentrations for screening were basic-
ally selected from the maximal concentrations in previous
studies (Meyerhof et al. 2010; Lossow et al. 2016; Itoigawa
et al. 2021). The calcium responses were expressed as the nor-
malized peak response (F) relative to background fluores-
cence (Fo): AF/F (= [F— Fy)/Fo). Agonists of TAS2Rs were
detected by the comparisons with the responses of mock-
transfected cells using Dunnett’s test (p << 0.01). To estimate
dose-response curves, cells expressing each TAS2R were sti-
mulated by various concentrations of bitter substances.
Subsequently, AF/F values were fitted to the nonlinear regres-
sion model f(x) = min + [(max — min)/(1 4 x/ECso)"], where
x is the test compound concentration and h is the Hill coeffi-
cient, using the drc package in R (Ritz et al. 2015).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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