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29  Abstract

30 Taste is avital chemical sense for feeding behavior. In mammals, the umami and sweet taste
31  receptors are composed of three members of the taste receptor type 1 (TIR/TASLIR) family:
32  TI1R1, T1R2, and T1R3. Because their functional homologs exist in teleosts, only three TASIR
33 genes generated by gene duplication are believed to have been inherited from the common
34 ancestor of bony vertebrates. Here, we report five previously uncharacterized TASIR members
35  invertebrates, named TASLIR4, 5, 6, 7, and TASLRCcf, through a genome-wide survey of diverse
36  taxa. For TASLR2 and TASLR3, mammalian and teleost fish genes were found to be paralogous.
37  Phylogenetic analysis suggests that the bony vertebrate ancestor had nine TASLRs due to
38  multiple gene duplications, and some TASIRs were lost independently in each lineage;
39  ultimately, mammals and teleosts have retained only three TASIRs, whereas other lineages have
40  retained more TASIRs. Functional assays and expression analysis in non-teleost fishes suggest
41  that the novel T1Rsform heterodimersin taste receptor cells and contribute to the recognition of
42 abroad range of ligands such as essentia amino acids, including branched-chain amino acids,
43 which were not previously considered as T1R ligands. These results highlight an unexpected
44  diversity of taste sensations in both modern and the ancestors of vertebrates. The complex
45  evolution of the taste receptor family might have enabled vertebrates to adapt to diverse habitats

46 on Earth.
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47 Introduction

48 Taste is one of the most important senses that govern the feeding behavior of animals. It is
49  widely accepted that mammals have five basic tastes. umami (savory), sweet, bitter, saty, and
50  sour 2. Taste receptor type 1 (T1R, encoded by TASIR), a G protein—coupled receptor family,
51  consists of three members, namely T1R1, T1R2, and T1R3, which are encoded by the genes
52  TASIR1, TASIR2, and TASLIR3, regpectively, and act as umami or sweet receptors 34 The
53  T1RLVTI1R3 heterodimer functions as an umami taste receptor in mammals and detects L-amino
54  acidsand 5 -ribonuclectides >”. The mammalian T1R2/T1R3 heterodimer acts as a sweet sensor
55 ®8 Likewise, homologs of TASIR family genes have been identified in teleost fishes ®, and each
56  of the heterodimers TIRU/T1R3 and T1R2/T1R3 can sense several amino acidsin teleosts *°.

57 A previous phylogenetic analysis revealed that all mammalian and teleost TASIRs can be
58  grouped into the TASIR1, TASIR2, and TASIR3 clades *, suggesting that their common
59  ancestor had only three T1IR members derived from gene duplications that have been retained in
60  present-day species. Lineage-specific duplications and losses of TASLIR genes have occurred
61  within each of these three clades, as exemplified by multiple TASLR2 genes in zebrafish and
62  fugu and loss of TASLR2 in birds *2. A few genomic studies of vertebrates such as reptiles and
63  non-teleost fishes have suggested the existence of taxonomically unplaced TASLRs that may not
64 be included in the aforementioned three clades ***°. However, the lack of comprehensive
65  characterization and systematic classification has limited our understanding of the evolutionary
66  history of TASLR genes, the functional diversity of T1Rs, and the molecular basis of taste sense
67  invertebrates.

68 Here, we present an evolutionary analysis of diverse TASLRs in jawed vertebrates, with the
69  first-ever exhaustive taxon sampling encompassing all major ‘fish’ lineages. In addition to

70 clades TASIR1, TASIR2, and TASIR3, we identified five novel TASIR clades. The results
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71  suggest that the vertebrate ancestor possessed more T1Rs than most modern vertebrates,
72 challenging the paradigm that only three T1IR family members have been retained during
73 evolution. Functional analyses suggest that the novel T1Rs have shaped the diversity of taste
74 sense. We propose that the T1R family has undergone an ancient birth-and-death evolution that
75 accelerated their functional differentiation, which may have led to the diversification of feeding

76 habitats among vertebrates.

78

79  Results

80  Ildentification of novel TASIR family members

81 We identified homologs of TASLR genes that are included in public genome/transcriptome
82  databases for diverse taxa of jawed vertebrates (Table S1). A phylogenetic analysis revealed the
83  existence of many TASLRs that had not been categorized into any of the three clades TASIR1,
84  TASIR2, or TASIR3; these TASLRs were found in lizards, axolotl, lungfishes, coelacanth, bichir,
85  and cartilaginous fishes (Fig. 1a, Figs. S1 and S2). These novel TASLIRs could be classified into
86  five new clades. One clade, the sister clade of TASIR3, was named TASIR4. Clade TASIR4
87  contains genes from all the aforementioned species but not mammals, birds, crocodilians, turtles,
88  or teleost fishes (Fig. 1b). Another novel TASIR, named TASLR5, was present in axolotl,
89  lungfishes, and coelacanth and was determined to be a sister clade of the clade comprising
90  TASIR1 and TASIR2 (Fig. 1).

91 The sister clade to TASIR1 + TASLIR2 + TASLR5 was identified exclusively in cartilaginous
92  fishes (denoted cf in clade names) and named TASLRcf. TASLRcf could be further divided into
93  three subclades, namely TASLRcf-1, TASIRcf-2, and TASIRcf-3, all of which were found to be

94  present in elephant fish (also called elephant shark), belonging to the taxon Holocephali of
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95  cartilaginous fishes (Fig. S1 and S2). Therefore, the three TASLRcf subclades are likely to have
96  emerged in the common ancestor of extant cartilaginous fishes. A thorough search of the
97  genomes and transcriptomes of the four cartilaginous fish species identified only TASLR3,
98  TASIR4, and TASLRcf but no orthologs of TASLR1, TASLR2, or TASLRS (Fig. 1b), suggesting
99  that TASLRcf isorthologous to the clade comprising TASIR1 + TASIR2 + TASLRS.

100 Another novel TASIR clade, TASIR6, was found exclusively in axolotl and lizards. Further,
101 theother clade, TASLRY, was identified only in bichir and lungfishes, and a sister-relationship of
102  the two genes was robustly supported (Fig. 1, Figs. S1 and S2), suggesting that TASIR7
103 emerged in their common ancestor. Indeed, the likelihood of an alternative relationship, i.e., in
104  which TASLIR6 and TASLIR7 form an exclusive cluster and represent a species tree, was
105  atistically rejected based on the approximately unbiased test (p < 10™; Fig. S3), suggesting
106  that TASLR6 and TASLR7 are digtinct groups. Among the species included in the study, no
107 TASIR homologs were found in the two jawless vertebrates (lamprey and hagfish) or
108  invertebrates (e.g., lancelet) (Fig. 1b).

109

110  Each of TAS1IR3 and TAS1R2 consists of two paralogous clades

111 Another remarkable finding of the phylogenetic analysis was that TASIR3 of bony
112 vertebrates could be divided into two clades with high node support, which we named TASLR3A
113 and TASIR3B (Fig. 1, Figs. S1 and S2). TASIR3A was found to be present in tetrapods and
114  lungfishes but not in other vertebrates, whereas TASLR3B was identified only in amphibians,
115 lungfishes, coelacanth, and ray-finned fishes. This distribution suggested that an ancestra
116  TASLR3 gene was duplicated in the common ancestor of bony vertebrates, with subsequent
117 independent loss of TASLIR3A in certain lineages such as coelacanth and ray-finned fishes,

118  whereas TASIR3B was lost in Amniota (mammals, birds and reptiles). Therefore, the TASIR3
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119  genes in mammals and teleost fishes are paralogous to each other. Axolotl and Audralian
120 lungfish retained both TASIR3A and TASLIR3B athough the lungfish TASLR3B has been
121  pseudogenized. Furthermore, the amphibians possess two groups of TASLIR3B (named
122 TASLR3B1 and TASLR3B2; Figs. S1 and S2), suggesting that TASLR3B was duplicated again at
123 thelatest before the common ancestor of amphibians.

124 Also, TASIR2 did not form a single clade in the tree (Fig. 1). The TASLR2 genes in
1256  ray-finned fishes formed a clade with TASLR1, and the other TASLR2 group from tetrapods,
126 lungfish, codlacanth, bowfin, and bichir was a sister of them. The paraphyletic relationship of
127 the two TASLIR2 groups is concordant with previous reports **. Hereafter, we refer to the major
128  vertebrate group as TASLR2A and the ray-finned fish group as TASIR2B (Fig. 1). Notably, we
129  found that the anciently diverged ray-finned fishes such as bowfin and bichir retained both
130 TASLIR2A and TASLR2B as well as TASIR1. We assessed the likelihood of other phylogenetic
131  relationships in which TASLR2s have a single origin, and the hypotheses were significantly
132 rejected (p < 10°, approximately unbiased test; Fig. S3). These results suggested that the
133 TASIR2 genes in mammals and teleost fishes are probably paralogs. Thus, the TASIR
134  phylogenetic tree comprised a tota of 10 TASLR clades. TASLR1, TASIR2A, TASIR2B,
135  TASLR3A, TASLIR3B, TASIR4, TASLIR5, TASLIR6, TASLR7, and TASLRcf. This unexpected gene
136  diversity challenges the conventional conceptions about the evolution of the genetic basis for
137 umami and sweet receptors.

138

139  Birth-and-death evolution of the TASIR family

140 Some of the higher-level relationships among the TASLR clades were supported with
141  relatively high node support, as exemplified by the exclusive cluster of TASLR3 + TASLR4, the

142 clade of the other TASLIRs, the clade of TASIR1 + TASIR?2B + TASIR2A + TASIR5, and the
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143  sister relationship of this latter clade to TASIRcf (Fig. 1, Fig. S1, Fig. S2). Based on the
144  phylogenetic relationships and the digtribution of al TASIR members (Fig. 1b), the most
145  parsimonious evolutionary scenario could be deduced as follows (Fig. 2). The first TASLR gene
146  emerged in the ancestral lineage of jawed vertebrates during the period 615-473 million years
147  ago (Mya). This ancestral TASIR underwent multiple duplications to produce at least five
148  TASLRs: TASLR3 (the ancestral gene of TASIR3A + TASLR3B), TASLR4, TASIR6, TASLR7, and
149  theancedral gene of TASIR1 + TASIR2B + TASLR2A + TASIRS5, the latter of which corresponds
150  tothe current TASLRCcS in cartilaginous fishes. In the stem lineage of bony vertebrates (473-435
151  Mya), TASIR1, TASIR2A, TASIR?B, and TASIR5 were generated via additional gene
152  duplication events. Simultaneoudly, the ancestral TASLR3 diverged to TASIR3A and TASLR3B,
163 resulting in atota of nine TASLRs in the common ancestor of bony vertebrates (Fig. 2). After
154  the divergence of ray-finned and lobe-finned fishes ~435 Mya, a portion of the expanded
155  TASLRs began to be differentially lost during vertebrate evolution. For example, TASLR7 was
156 lost in the tetrapod ancestor, TASLIR3B and TASLR5 were lost in the amniote ancestor, and
1567  TASLR4 and TAS1IR6 were lost in the mammalian ancestor (Fig. 2). Thus, gene expansion before
158  the common ancestor of bony vertebrates as well as the subsequent loss of a subset of genes
159  have resulted in the rather dispersed distribution of TASLIRs in extant species (Fig. 1b).

160

161  TASIR genecluster retrieved by scanning under studied vertebrate genomes

162 The simplest model for gene amplification is a tandem duplication that produces multiple
163 genes located side-by-side ***’. However, TASIR1, TASIR2, and TASLR3 are located far from
164  each other in both mammalian and teleost genomes. In human chromosome 1, for example,
1656  TASIR1is 12 Mb distant from TASLR2A and 5 Mb distant from TASLR3, with many intervening

166  genes in each case. In zebrafish, each of TASIR1 and TASLR3B is located on different
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167  chromosomes from the two copies of TASLIR2, prompting us to hypothesize that TASIR
168  members may have undergone expansion by tandem duplications in the ancestral genome,
169  followed by subsequent translocation to distant regions during evolution. To address this
170  possibility, the synteny of TASIR3 and TAS1R4 was investigated among vertebrates, particularly
171  those having the novel TASLRs (Fig. 3, Fig. $4). Indeed, the novel TASLRs were found to be
172 located side-by-side in anole lizard, axolotl, lungfish, coelacanth, and elephant fish (Fig. 3a).
173 Even TASLIR2A and TASIR3B are located next to each other in axolotl and bichir. This result
174  suggested that a TASLR gene cluster had formed in the common ancestor of jawed vertebrates.

175 A comparison of neighboring genes revealed that the TASIR cluster isflanked by two genes,
176 namely DCL1 and MXRAS, in the genomes of human, chicken, axolotl, lungfish, coelacanth,
177 bichir, and elephant fish (Fig. 3a), suggesting that these two genes were adjacent to the TASLR
178  cluster in the common ancestor of jawed vertebrates. On the opposite end of the TASIR cluster,
179  the gene order of ACAP3-PUS1-LPAR6-INTSI1-CPTP may have been edtablished in the
180  sarcopterygian ancestor based on conservation among coelacanth and chicken and partly in
181  lizard. Furthermore, the presence of other TASLR-proximal genes is also conserved even across
182  distant chromosomal regions (Fig. $4). This suggested that a chromosomal region containing
183  both TASIR and multiple neighboring genes—rather than the TASLIR gene alone—had
184  translocated to a different region in each lineage. Based on the inferred ancestral gene order, the
185  unique distribution of TASLRs among present-day mammals and teleost fishes may have been a
186  consequence of a combination of severa events: 1) tandem duplication producing a TASIR
187  cluster, 2) local translocation of a subset of TASLRs within a chromosome, 3) trandocation of
188  entire TASLR-containing regions to different chromosomes, and 4) gene loss(es) in each lineage
189  (Fig. 3b). Moreover, lineage-specific duplication events have occurred such as TASIR2B in

190  zebrafish and Fugu and TASIR2A in coelacanth (Fig. 1a and $4) 2™, Finally, we found that
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191  some of the TASLRs identified have been pseudogenized; e.g., the whale shark TASIR3 and the
192 lungfish TASLR3B (Fig. 1). These observations also support the evolutionary model of the
193  TASIRfamily presented in Fig. 3b.

194

195  Conservation of a possible binding site for thetranscription factor Oct in TAS1R4

196 Because TASLR4 is shared among a wide variety of vertebratesin contrast to the other novel
197  TASLRs, we expected that a transcriptional regulatory mechanism might be conserved among
198  the species. To explore existence of a possible regulatory element, the upstream sequences of
199 the TASIR4 open reading frames were aigned, and MEME™ was used to search for
200  transcription-factor binding motifs conserved among the species. The most significant hit was
201  the binding motif for the Oct family (p < 10™ and p < 10~ for Oct-4 and Oct-1, respectively).
202 At least one sequence of the known Oct-binding motif 'ATGCAAAT' is conserved among
203  cartilaginous fishes, coelacanth, bichir, and lizards in the region upstream of TAS1R4 (Fig. 3c,
204 3d). Although little is known about the transcriptional regulatory network in taste receptor cells
205  (TRCs), one known transcription factor responsible for TRC differentiation is Skn-1a, an Oct
206  factor also known as Oct-11, Epoc-1, or Pou2f3 . In mammals, Skn-la is exclusively
207  expressed in umami, sweet, and bitter TRCs, and loss of Skn-1a resultsin the complete absence
208  of these taste receptor cells **?°. This finding suggested that TASIR4 expression is governed by
209  a conserved regulatory mechanism involving an Oct transcription factor, possibly Skn-la.
210 Although Oct binding sites were not observed in the other novel TASLRS, these findings may
211 help to elucidate the molecular mechanisms underlying the conserved and/or lineage-specific
212  expression of avariety of TASLRsin TRCs.

213
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214  TI1R diversty enhancestherange of taste sensation

215 To examine which T1R receptors can form heterodimers and which ligands they respond to,
216 we performed a cell-based functional analysis for the T1Rs of bichir, which possesses two
217 newly discovered T1R groups (T1R4 and T1R7) and four known T1R groups (T1R1, T1R2A,
218  T1R2B, and T1R3B). It has been proposed that T1IR1 and T1R2 are responsible for ligand

219  recognition %

, Whereas T1R3 plays a subsidiary role, such as intersubunit conformational
220 coupling, G-protein coupling, or membrane trafficking of T1R heterodimers ?°. Because TASIR4
221  was found to be present in all vertebrates that harbor the other novel TASLRs (Fig. 1b), T1R4
222 could be assumed to form a heterodimer with another T1R. We combined either T1IR3B or
223  T1R4 with another T1R (T1R1, T1R2A, T1R2B, or T1R7) in the functional analysis (Fig. 4a).
224  Among these receptor pairs, strong responses to amino acids were detected for TIRL/T1R3B,
225  T1R2B/T1R3B, and T1R4/T1R7 (Fig. 4b and Fig. S5). For bichir TLIR2A, its combination with
226 T1R3B or T1R4 did not yield a response to any of the tastants examined (Fig. Sba). Responses
227  were not observed when T1R4 or T1R7 alone was used (Fig. S5a), suggesting that these newly
228  discovered T1Rs function as an obligate heterodimersin bichir.

229 The bichir TIR7/T1R4 responded strongly to branched-chain amino acids (BCAA; lle, Val,
230  and Leu) and Phe, whereas TIR1/T1R3B and T1R2B/T1R3B responded strongly to basic amino
231  acids (Arg and His) (Fig. 4b and 4c). Fishes have 12 nutritionally essential amino acids (Cys,
232 His, lle, Leu, Lys, Met, Phe, Arg, Thr, Trp, Tyr, and Val) %, 9 of which are included in the 17
233  amino acids that were tested in the T1R functional analysis. Notably, all six amino acids to
234 which the bichir T1Rs responded are essential amino acids (p < 0.05; one-sided Fisher's exact
235  test), suggesting that the bichir T1IRs may sense essential amino acids in foods by taking

236  advantage of the ability to perceive BCAA viathe T1R4-related receptor.

237 Bichir TIRL/T1R3B also responded to sucralose, a structural analog of sucrose. Although

10
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238 only T1IR2A/TIR3A is responsible for sugar perception in mammals and reptiles #, we
239 previously demonstrated that TIR1/T1R3A of birds has gained the ability to detect sugars 2.
240  Also, TLR2B/T1R3B of two teleost fishes, namely carp # and gilthead seabream 2, can detect
241  sugars a high concentrations (100-200 mM). In addition, we found that bichir TIR7/T1R4
242 could respond to GMP, athough a previous study reported that neither TIRL/T1R3B nor
243  T1R2B/T1R3B of medaka fish nor T1R2B/T1R3B of zebrafish could be activated by
244  5'-ribonucleotides *°. Therefore, the origin and evolution of sugar and nucleotide taste
245  perception may need to be reconsidered based on future genetic and functional analyses of
246  TI1Rs.

247 We also performed a functional analysis of elephant fish T1Rs. Three genes of the T1Rcf
248  clade, namely T1Rcf-1, T1Rcf-2, and T1Rcf-3, were tested in combination with T1R3 and T1R4,
249  and only the response of the T1Rcf-2/T1R4 pair could be detected (Fig. 4d—f, Fig. Sbb). This
250  combination responded to a relatively broad range of amino acids, including both BCAA (Val,
251  Leu) and basic amino acids (Arg, Lys). The T1Rs of mammals and teleosts have little or no
252 response to BCAA but can respond to basic amino acids >**%. The observed strong response of
263 hichir T1IR7/TIR4 and elephant fish T1Rcf-2/T1R4 to BCAA may reflect functional
254  characterigtics of the novel T1Rs involving T1R4 and possibly that of ancient T1Rs in the
265 vertebrate ancestor.

256

257  Expression of the novel T1Rsin tastereceptor cells

258 To investigate whether the novel T1Rs are indeed expressed in TRCs, we performed in situ
259  hybridization with sections of the lips and gill rakers of bichir (Fig. 5a). T1IR1, T1IR2B, T1R3B,
260  T1R4, and T1R7 were expressed in subsets of TRCs. Genes encoding downstream signal

261 transduction molecules, such as TRPM5, Gaial, and Gol4, were aso highly expressed in

11
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262  subsets of TRCs in the lips and gill rakers. The signal frequencies for TRPM5, Gaial, and
263  Gol4 were higher than those for T1Rs.

264 To examine the localization of T1Rs in TRCs, we next performed double-label fluorescence
265 in situ hybridization. This analysis confirmed the overlap of the signal for T1IR1 with that of
266  T1R3B, T1R2B with T1IR3B, and T1R7 with T1R4 (Fig. 5b). These results suggested that
267  T1RUTI1R3B, T1R2B/T1R3B, and T1R7/T1R4 function as heterodimers, in accordance with
268  theresults of our functional assays.

269

270 Discussion

271 The complex higtory of the TIR/TASIR family includes ancient gene expansions followed
272 by independent lineage-specific losses, which contrasts with conventional wisdom that
273 essentialy only three members were retained during evolution*>®. The evolution of certain
274  other chemoreceptors, such as the T2R (or TAS2R) bitter-taste receptor family and olfactory
275 receptors, followed a birth-and-death process”l. In this mode of evolution, tens or hundreds of
276  the receptor family/superfamily genes have undergone lineage-specific extensive duplication
277  followed by frequent gene loss via natural selection *°. Our results suggest that a similar
278  process—although less extensive than what occurred for other chemoreceptors—contributed to
279 the phylogenetic and functional expansion of the T1R family early during evolution. TASIRs
280  were not subjected to extensive birth-and-death evolution possibly because T1R ligands are
281  limited to amino acids, sugars, and nucleotides in contrast to T2Rs and olfactory receptors that
282  respond to a wider range of ligands/stimulants. It is also possible that the ancient expansion
283  might have contributed to an alternate use of T1Rs in other tissues because certain G
284  protein—coupled receptors (including T1Rs) are expressed in the gut of mammals and fishes 2%

285  although their functions remain unresolved.
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286 The functional combinations of the bichir TLR7/T1R4 and the elephant fish T1Rcf-2/T1R4
287  suggest that TIR4 may have a similar role to T1R3 by forming a functional heterodimer with
288  another novel T1R such as T1R5, T1R6, T1R7, or T1Rcf. This model is also supported by the
289  fact that species with either TASIR5, TASLR6, TASLRY?, or TASLRcf also have TASLR4 (Fig. 1b)
290  and that TASLR4 is phylogenetically the sister group of TASLR3 (Fig. 1a). Therefore, the
291  common ancestor of bony vertebrates with a least nine T1Rs likely had two types of
292  heterodimeric T1R receptors, namely T1R3- and T1R4-dependent receptors. This relatively
293  wide variety of possible T1R combinations involving two duplicated genes of T1R2 (A and B)
294  and T1R3 (A and B) might have contributed to the diversification of taste sensation.

295 Our findings provoke new questions, one of which is why many TASIR genes—particularly
296  the T1R4-related receptors—have been frequently lost and many species have come to rely
297  predominantly on T1R3-dependent receptors (Fig. 2). One possible reason is that the loss of one
298  or more T1Rs might have been triggered by dietary changes that occurred in the ancestral
299  lineages. This is plausible because previous studies reported losses of TASIRs and TAS2Rs in
300  many land vertebrates, presumably owing to specific dietary shifts >, Also, the behavior of
301  swallowing foods whole, i.e., without magtication, might have reduced the necessity for taste
302  sense, which may have led to T1R loss, as previously discussed with respect to mammals %
303 and reptiles . Alternatively, it is possible that T1R3-dependent receptors have acquired greater
304  functional flexibility and/or evolvability than other T1Rs; i.e., various tastants might have been
305 detected by evolutionary tuning of the sequences and structures of the T1R3-dependent
306  receptors rather than additional gene duplication. Such cases are indeed known for land
307  vertebrates such as primates ’ and birds %>%. To address these issues, it will be essential to carry
308  out functional analyses of the newly discovered T1Rs in addition to the known T1R1/T1R3 and

309 T1R2/T1RS for a broad range of vertebrates, as our current results demongrate. For example,
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310  the response to BCAA is a previously unreported characteristic shared between the bichir
311  T1R7/T1R4 and eephant fish T1Rcf-2/T1R4 (Fig. 4). These results will provide the first insight
312  into the sensory characterigtics of an ancestor of vertebrates. The bichir T1Rs also responded to
313 other essential amino acids, a sucrose analog, and a nucleotide. Future analysis will resolve
314  whether the functions indeed reflect the characteristics of the ancestral species.

315 Thus, by demonstrating the unexpected diversity and unique evolutionary process of the
316  TI1R family, our results set the stage for understanding the evolutionary-scale changes in taste
317  sense in vertebrates. Our understanding of taste sense will be further enhanced by clarifying
318  TIR repertoires in each species, their tissue-specific expression, transcriptional regulatory
319  mechanisms, and protein structures. Revealing the functional and structural diversity of the
320 novel T1Rs will help us elucidate the molecular mechanism(s) by which human T1Rs recognize
321  paatable tagtes.

322

323

324  Materialsand Methods

325

326  ldentification of TASIR genesfrom the genome and RNA-seq datain vertebrates

327 We used genome and transcriptome data as well as related raw segquence reads for a broad
328  range of vertebrates (Table S1). A tblastn search was carried out using amino acid sequences of
329  the validated TASLRs in human, chicken, and zebrafish as queries. In the blast hit scaffolds,
330  exon regions were predicted using AUGUSTUS ver. 3.2.3 *, followed by an evaluation of the
331  exon-intron boundaries by aligning the genome sequences with the query TASLR sequences and
332 by the GT/AG rule. Because frequent base errors were observed in the genome assembly for

333  axolotl, sequence correction was needed for our TASIR identification. We retrieved the raw
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334  reads of the public genome data and RNA sequencing data corresponding to the TASLR exons
335  using bowtie2 “° and blastn and used that data to correct the TASIR sequences by checking the
336 aignment. The TASIR amino acid sequences identified for axolotl, coelacanth, and bichir were
337  used as queriesfor an additional tblastn search of other vertebrates.

338

339  Phylogenetic analysis

340 Amino acid sequences of T1Rs were aligned using MAFFT ver. 7.427 with the ginsi option
341  “* followed by manual adjustment. Hypervariable and unalignable regions were removed using
342 prequal *, and a maximum likelihood tree was constructed using RAXML ver. 8.2.12 with the
343 JTT-CAT model with 1,000 bootstrap replicates *. The G protein—coupled receptor family C
344  group 6 member A (GPRCBA) genes, which are the closest relative of T1Rs **, were used asthe
345  outgroup. Bayesian tree inference was conducted with MrBayes 3.2.6 with the JTT-F + I'4
346 model ®. Two simultaneous runs were carried out with 10,000,000 generations, of which
347 2,500,000 were discarded as burn-in, and convergence was assessed with Tracer % Trees were
348 visualized with iTOL ¥. Alternative tree topologies were evaluated with the approximately
349 unbiased test using CONSEL v0.20 .

350

351  Synteny analysis

352 The synteny of genes proximal to the novel T1Rs was analyzed using annotations available
353 in Ensembl 97 “*° for human (GRCh38), chicken (GRCg6a), anole lizard (AnoCar2.0),
354  coelacanth (LatChal), zebrafish (GRCz11), and spotted gar (LepOcul). For bichir, gene
355  annotation data generated by Cufflinks, which will be published elsewhere, was used for our
356  synteny analysis. The gene annotation for axolotl was obtained from the Axolotl-omics website

357 (AmexG_3.0.0) *°. NCBI annotation was referred to for the West African lungfish (PAN1.0) and
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358  eephant fish (Callorhinchus_milii-6.1.3). Novel TASLRs were added if they were not accurately

359  identified in the public annotation data.

361  Survey of conserved motifsin the sequence upstream of TAS1R4

362 Sequences up to 300 bp upstream of the TASIR4 open reading frames were collected for
363  whale shark, bamboo shark, cloudy catshark, elephant fish, bichir, coelacanth, axolotl, two-lined
364  caecilian, Japanese gecko, anole lizard, and central bearded dragon. The sequences were aligned
365  using MAFFT ** and then used for MEME analysis *® to search for a maximum of three
366  conserved sequence motifs. The motifs discovered by MEME were then used for comparison
367  with known transcription-factor binding motifs in TRANSFAC v11.3 using STAMP *. The

368  known Oct-11/Pou2f3 motif was obtained from JASPAR *2,

370 Cloning fish TAS1Rs

371 TASLR1, TASLIR2A, TASIR2B, TASLR3B, TASLR4, and TASIR7 were amplified by PCR from
372 thegenomic DNA or cDNA of bichir (Polypterus senegalus). TASLRcf-1, TASIRcf-2, TASLRcf-3,
373 TASIR3, and TASIR4 were amplified by PCR from the genomic DNA of eephant fish
374  (Callorhinchus milii). PCR and Sanger sequencing for the coding sequences of their TASIR
375  genes were performed using specific primers designed based on the annotation from the whole
376  genome assemblies. The PCR products of the exons were assembled into one full-length
377  sequence using overlapping PCR (In-fusion cloning, Clontech) for each TASIR and were then
378  subcloned into the pEAK 10 expression vector (Edge Biosystems, Gaithersburg, MD).

379

380  Functional analysisof T1IRs

381 Responses of the T1Rs to various taste-associated stimulants were measured by using a
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382 heterologous expression system . Briefly, HEK293T cells were transiently co-transfected with
383  an expression vector for an individual T1R along with rat G15i2 and mt-apoclytin-I1 and then
384  exposed to taste stimuli, and luminescence intensity was measured using a FlexStation 3
385  microplate reader (Molecular Devices). The response in each well was calculated based on the
386  area under the curve and expressed as relative light units. Data were collected from three
387  independent experiments carried out in duplicate. We adapted a strict definition for the positive
388  response as over 10,000 relative light units and statistically significant differences against
389  control (buffer) with afalse discovery rate (q) of <0.01 (one-sided t-test).

390

391  Insitu hybridization

392 In situ hybridization was performed as previously described °. In brief, fresh-frozen sections
393 (10-um thick) of bichir jaw tissue were placed on MAS-coated glass slides (Matsunami Glass,
394 Osaka, Japan) and fixed with 4% paraformaldehyde in phosphate-buffered saline.
395  Prehybridization (58°C, 1 h), hybridization (58°C, for two overnights), washing (58°C, 0.2x
396 sline-sodium  citrate), and development (NBT-BCIP) were performed using
397  digoxigenin-labeled probes. Images of stained sections were obtained using a fluorescence
398  microscope (DM6 B, Leica, Nussloch, Germany) equipped with a cooled CCD digital camera
399 (DFC7000 T, Leicd). Double-label fluorescence in situ hybridization was performed using
400  digoxigenin- and fluorescein-labeled RNA probes. Each labeled probe was sequentially detected
401 by incubation with a peroxidase-conjugated antibody against digoxigenin and
402  peroxidase-conjugated anti-fluorescein (Roche, Indianapolis, IN, USA) followed by incubation
403  with TSA-Alexa Fluor 555 and TSA-Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA) using
404  the tyramide signal amplification method. Images of stained sections were obtained using a

405  confoca laser-scanning microscope (LSM 800; ZEISS, Oberkochen, Germany). The entire
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coding regions for the six T1Rs and two G protein a subunits as well as the partial coding
region for Trpmb5, all of which were amplified from bichir cDNA synthesized from lip tissue,

were used as probesfor in situ hybridization.
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559  Legendsto Figures

560

561  Fig. 1. Phylogenetic treeand the revised classification of TAS1R members.

562  a, Maximum-likelihood tree for amino acid sequences inferred from TASLRs for 21 jawed
563  vertebrates congtructed with the JTT-CAT model in RAXML. Colored circles in each node
564  represent bootstrap probabilities calculated with 1,000 replications, whereas nodes with low
565  support (bootstrap probability < 60) have no circles. Species classification is represented with
566  colored highlighting at the tips of the tree. GPRC6A was used as an outgroup (not shown). b,
567  Distribution of TASIR members among 37 chordates. The color of circles corresponds to the
568  colored highlighting in panel ‘a and indicates the presence of TASIR members in the genome
569  assemblies of the various chordates. Phylogenetic relationships among species and among
570  TASIRs are shown on the Ieft and top, respectively. TASIRcf of cartilaginous fishes is the
571  ortholog of the TASIR1/2A/2B/5 clade and is shown as a circle with assorted colors. Similarly,
572  TASIR3 of cartilaginous fishes is shown with two shades of green that represent TASIR3A and
573  TASIR3B. Circles with asterisks denote putative pseudogenes.

574

575  Fig. 2. Birth-and-death history of the TAS1R family genes during vertebrate evolution.

576  The color key indicates the names of the various TASLR members. Filled circles on the branches
577  indicate the presence of the TASIR members, whereas open circles indicate their absence, as
578  estimated based on the phylogenetic tree (Fig. 1a) and distribution among vertebrates (Fig. 1a).
579  Arrowheads above open circles indicate that the TASIR member was lost at the branch.
580  Geological periods and ages (millions of years ago, Mya) are shown at the bottom. Taxon names
581  are shown below branches. Species-specific gene duplication events for each TASIR were

582  ignored. lllustrations of the species, such as Kikunae Ikeda as a representative of humans, are
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583  shown on theright.

584

585  Fig. 3. Synteny around TAS1Rs and conserved Oct-like motifs in the TAS1R4 upstream
586 regionsacrossvertebrates.

587  a, Synteny around each TASLR gene cluster is partly conserved across representative vertebrates.
588  TASIRs are represented by black polygons, and those with asterisks are putative pseudogenes.
589  Colored polygons indicate genes shared among species, and gray color represents genes not
590  shared among the species or unknown. The species tree is shown on the left. The deduced gene
591  ordersin common ancestors of Sarcopterygii and jawed vertebrates are shown at the bottom. b,
592  Proposed model for the expansion of TASIR genes across distant chromosomal regions during
593  evolution. ¢, Conserved motifs located upstream of TASLIR4. Sequence alignment of the
594  upstream region of the TASIR4 open reading frame revealed two conserved Oct-like
595  transcription-factor binding motifs (blue shading). Numbers represent nucleotide positions from
596  the TASIR4 start codon site. The asterisk indicates one of the motifsthat significantly resembles
597  the Oct-factor binding motif. d, Sequence logo for the conserved motif denoted with the asterisk
598 in (c). Known binding motifs of Oct-1 (retrieved from TRANSFAC) and
599  Oct-11/Pou2f3/Skn-la/Epoc-1 (retrieved from JASPAR) are compared.

600

601  Fig. 4. Functional analysis of T1Rsfrom bichir and elephant fish.

602  a, T1R repertoire in bichir and their combinations used for the functional analysis. n.d.; not
603  detected for any ligands tested. b, Responses of three combinations of T1IR1L/T1R3B (top),
604  T1R2B/T1R3B (middle), and T1R7/T1R4 (bottom) to each of 17 amino acids (50 mM), nucleic
605  acids (10 mM), sugars and sucralose (100 mM). Values represent the mean + standard error of

606  six independent experiments performed with duplicate samples. **: >10,000 relative light units
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607  with afalse discovery rate (g) of <0.01; ***: >10,000 relative light units with g < 0.001. Amino
608  acids that are essential in fishes are highlighted with yellow. ¢, Dose-response curves for
609 TI1RLTI1RS3B (top), TIR2/T1IR3B (middle), and T1R4/T1R7 (bottom) to three basic amino
610  acids(Arg, His, and Lys; blue), two branched-chain amino acids (lle and Val; light blue), and an
611  artificial sweetener (sucralose; orange). Values represent the mean + standard error of six
612  independent experiments performed with duplicate samples. d—f, Same as a— for elephant fish
613  and the functional analysis of T1Rcf-2/T1R4.

614

615  Fig.5.1n dtu hybridization of T1Rsin taste receptor cells of bichir.

616  a, Expression of six T1Rs and three marker genes in sagittal sections. Yellow arrowheads
617  indicate taste receptor cells expressing the various genes. Scale bar: 50 um. b, Double-label
618  fluorescence in situ hybridization for the combinations of TIR1L/T1R3B (top), TIR2B/T1R3B
619  (middle), and T1R7/T1R4 (bottom) in the sections. White arrowheads indicate coexpressing
620  cells. Scale bar: 50 um.

621
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