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Abstract

A comprehensive re-evaluation of the G protein alpha subunit genes specifically expressed in taste
buds in the tongue epithelium of rodents revealed that Ggq and G14 of the Gq class and Gi2 and
Ggust (Gt3, also known as gustducin) of the Gi class are expressed in mammalian taste buds.
Meanwhile, a database search of fish genomes revealed the absence of a gene encoding an
ortholog of the mammalian Ggust gene, which mediates sweet, umami, and bitter taste signals in
mammalian taste receptor cells (TRCs). Histochemical screening identified two G protein alpha
subunit genes, zfGia and zfG14, expressed in subsets of TRCs in zebrafish. The expression
patterns of zfGia and zfG14 in taste buds were mutually exclusive, and the expression of known
T1R and T2R genes in zebrafish was restricted to a subset of zfGia-expressing TRCs. These
findings highlight the existence of a novel subset of TRCs in zebrafish that is absent in mammals
and suggest that unidentified G protein-coupled receptors are expressed in zfG14-expressing
TRCs and in zfGia-expressing TRCs where known T1R and T2R genes were not expressed in
zebrafish. The existence of not only generalized but also specialized subsets of TRCs may imply a
strong connection between the evolution of the peripheral gustatory system and the evolution of
particular species.
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Introduction

Heterotrimeric G proteins transduce extracellular stimuli received by G protein coupled
receptors (GPCRs) to intracellular signaling cascades and are involved in a variety of
physiological functions. Disruption of the activities of G proteins leads to physiological
disorders and diseases (Downes and Gautam, 1999). Some G proteins, especially alpha
subunits, exhibit specific spatial expression patterns and are directly involved in the specific
functions of individual tissues and/or cells (Wettschureck and Offermanns, 2005).
Therefore, identifying and characterizing the types of G proteins in a given tissue and/or cell
could provide important insight into the functions of that tissue and/or cell.
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Taste is a chemical sense closely related to food intake behavior. Vertebrates detect
chemicals in food using specialized epithelial sensory cells, termed taste receptor cells
(TRCs), derived from the local epithelium (Barlow and Northcutt, 1995; Stone et al., 1995).
Dozens of taste receptor cells unite to form a taste bud, a gustatory apparatus distributed in
oral, pharyngeal, and laryngeal (or esophageal in fish) epithelia in vertebrates. In mammals,
individual taste buds are composed of functionally different TRCs (Chandrashekar et al.,
2006), including T1R-expressing cells responsible for sweet and umami tastes (Zhao et al.,
2003) and T2R-expressing cells responsible for bitter taste (Mueller et al., 2005), both of
which utilize common molecules, such as phospholipase C-p2 (PLC-2) and transient
receptor potential channel M5 (TRPMDb), in their downstream intracellular signaling
cascades (Zhang et al., 2003). The expression of G protein alpha subunit (Gna) genes in
taste buds has been shown mainly by RT-PCR, a technique that is somewhat biased toward
positive results for gene expression. Histochemical analyses, on the other hand, have
revealed the expression of Ggust, G15, Gq, Gi2, and G14 in a subset of taste bud cells
(Kusakabe et al., 1998; Kusakabe et al., 2000; McLaughlin et al., 1992; Shindo et al., 2008;
Tizzano et al., 2008). These results suggest that the Gg and Gi classes are involved in taste
signaling in TRCs. Knockout mice for Ggust have demonstrated the involvement of Ggust
in sweet, umami, and bitter taste reception, at least in part. Molecular data regarding T1Rs,
T2Rs, PLC-B2, and TRPMS5 in fish suggest that there are common mechanisms of taste
reception and intracellular signaling among vertebrates (Ishimaru et al., 2005; Oike et al.,
2007; Yasuoka et al., 2004; Yoshida et al., 2007). Fish genomes, however, show species-
specific divergence of the T1R2 genes (Ishimaru et al., 2005). There are some differences
between the fish and mammalian gustatory systems, likely due to evolutionary divergence.

To elucidate the molecular mechanisms of taste reception in fish and obtain insight into the
phylogenetic differentiation of TRCs in vertebrates, we carried out a search for the Gna
genes expressed in TRCs in fish. Our results showed that there is no ortholog of rodent
Ggust in fish or amphibian genomes and that two Gna genes, zfGia and zfG14, are
expressed in zebrafish taste buds in a mutually exclusive manner. Interestingly, the
expression of the zfT1R and zfT2R genes identified thus far was restricted to a subset of
zfGia-expressing TRCs, suggesting the existence of novel TRC subsets and GPCRs in
zebrafish taste buds.

Materials and Methods

Phylogenetic analysis of G protein alpha subunits

Full-length amino acid sequences of mammalian Gna genes were used to search for similar
genes in vertebrate species in the public database (National Center for Biotechnology
Information, NCBI) using the TBLASTN program (NCBI). The amino acid sequences of
zebrafish G protein alpha subunits were used as queries to search for similar proteins in
medaka (MEDAKAL assembly), fugu (FUGU 4.0 assembly), and puffer fish
(TETRAODON 8.0 assembly) in the Ensembl genome database (http://www.ensembl.org/).
Full-length amino acid sequences were aligned using the FFT-NS-i program on the MAFFT
version 6 Web site (http://align.bmr.kyushu-u.ac.jp/mafft/online/server/index.html) (Katoh
et al., 2002) with default settings. The alignments were examined, and some predicted
sequences obtained from the Ensembl database were manually edited based on the gene
structure of the orthologous genes. All gap sites in the alignment were excluded.
Phylogenetic analyses were performed using maximum likelihood (ML) and neighbor-
joining (NJ) methods. The ML tree was built with Proml from the Phylip3.69 package
(http://evolution.genetics.washington.edu/phylip.html) using the JTT model and the global
rearrangement option, and bootstrap values calculated with 100 replicates were assigned to
the tree. The NJ tree building and bootstrap analysis with 1000 replicates were performed
with MEGA4 software (Tamura et al., 2007) using the JTT model.
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DNA microarray analysis

DNA microarray experiment with Rat Genome 230 2.0 (Affymetrix, Santa Clara, CA) was
performed according to the manufacturer’s protocol, and gene expression data were obtained
as described previously (Ohmoto et al., 2006). The values indicating expression level were
normalized relative to that of GAPDH (GenBank accession no. NM_017008) to 7,000.

Cloning of cDNA and DNA fragment of coding region

Total RNA was extracted using TRIzol (Invitrogen, San Diego, CA) from the brain and
circumvallate papillae of C57BL6/J mice or from the brain and gills of adult zebrafish
(Danio rerio) purchased from a commercial supplier. First-strand cDNA was synthesized
using oligo-dT primers and the SuperScript Il reverse transcriptase (Invitrogen) and used as
a template for RT-PCR. To obtain the intronless coding region of zebrafish T2Rs or V1Rs
genes, genomic DNA was used as a template. The amplified cDNA fragments were cloned
into Bluescript 11 SK- (Stratagene, La Jolla, CA) and sequenced using a 3130 automated
DNA sequencer (Applied Biosystems Inc., Foster City, CA). The probe regions in the
zebrafish Gna and other genes are shown in Table 1 and Table 2, respectively. Plasmids
containing cDNA fragment of zebrafish ORs, V2Rs, and TAAR9 were kindly gifted by Dr.
Y. Yoshihara and Dr. Y. Sato of RIKEN Brain Science Institute (Sato et al., 2005; Sato et
al., 2007).

Tissue preparation

C57BL6/J mice were sacrificed by cervical dislocation, and oral epithelia containing taste
buds were dissected, embedded in O.C.T. Compound (Sakura Finetech, Tokyo, Japan), and
frozen in liquid nitrogen. Tissue sections (10 wm thickness) were prepared using a cryostat
(CM1900, Leica Microsystems, Wetzlar, Germany). Adult zebrafish were purchased from a
commercial supplier. The anterior one-fourth of the body was dissected, fixed overnight
with 4% paraformaldehyde (PFA) in PBS (pH 7.4) at 4 °C, dehydrated in methanol for 24 h
at —20 °C, decalcified in 0.5 M EDTA in PBS for 24 h at 4 °C, and cryoprotected in 30%
sucrose in PBS. These samples were embedded in O.C.T. Compound, frozen in liquid
nitrogen, and sectioned transversely at 10pum using a cryostat. The sections from mice and
zebrafish were then attached to MAS-coated glass slides (Matsunami Glass, Osaka, Japan).
All animal experiments were approved by the Animal Care and Use Committees of the
University of Tokyo.

In situ hybridization

The /n situhybridization procedure was described previously (Matsumoto et al., 2001;
Ohmoto et al., 2006; Ohmoto et al., 2008). In brief, digoxigenin- and fluorescein-labeled
antisense RNAs prepared using RNA labeling mix (Roche Diagnostics, Indianapolis, IN)
and an RNA polymerase (Stratagene) were used for hybridization after fragmentation under
alkaline conditions to a length of about 150 bases. Fresh-frozen sections (prepared from
mice) were fixed with 4% PFA and treated with diethylpyrocarbonate. PFA-fixed sections
(prepared from zebrafish) were treated with proteinase K (3 pg/ml) for 10 min, post-fixed
with 4% PFA in PBS for 10 min, and then acetylated in 0.1 M triethanolamine containing
0.25% acetic anhydride for 10 min. Sections were prehybridized with salmon sperm DNA
for 2 hr at 58 °C, and hybridized with 20-200 ng/ml antisense riboprobe(s) for 40 hr at 58
°C. After hybridization, the sections were washed in 0.2 x SSC at 58 °C and blocked in
blocking solution containing 0.5% blocking reagent (Roche Diagnostics). For single
labeling, signals were developed using alkaline phosphatase—conjugated anti-digoxigenin
antibody (1:500, Roche Diagnostics) and 4-nitro blue tetrazolium chloride/5-bromo-4-
chloro-3-indolyl-phosphate as chromogenic substrates. For fluorescent double labeling,
biotin—conjugated anti-fluorescein antibody (1:500, Vector Laboratories, Burlingame, CA)
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followed by ABC solution (Vectastain ABC elite kit, Vector Laboratories) and alkaline
phosphatase—conjugated anti-digoxigenin antibody (1:500, Roche Diagnostics) were used in
combination with biotin-tyramide (1:50, PerkinElmer, Norwalk, CT) followed by Alexa488-
conjugated streptavidin (4 png/ml, Invitrogen) and HNPP Fluorescent Detection Set (Roche
Diagnostics), respectively. Stained images were obtained with an Olympus BX51
microscope (Olympus, Tokyo, Japan) equipped with a DP70 cooled CCD digital camera
(Olympus). Fluorescent images were obtained with an FV500 confocal laser scanning
microscope (Olympus), and image data were transformed into pseudocolor images using
FLUOVIEW (Olympus). Brightness and contrast were adjusted using Adobe Photoshop CS
(Adobe Systems, Mountain View, CA, U.S.A.). The sense probes for the genes expressed in
zebrafish TRCs yielded no signal (supplementary figure 1).

Expression of genes encoding G protein alpha subunits in taste buds across vertebrates

Molecular features of TRCs expressing PLC-p2 are basically conserved well between
mammals and fish, while there were some differences about the number of TLR2 and T2R
genes. It would be reasonable to speculate that G proteins are expressed in the PLC-p2-
expressing TRCs in fish as well as in mammals. Thus, we searched for Gna genes in the
database of vertebrate genomes. Interestingly, we failed to find any genes encoding
mammalian Ggust orthologs in the frog, zebrafish, fugu, puffer fish, or medaka genomes;
however, the fish genomes contained more members of the Gg and Gi classes (e.g., G11,
G14, and Gi2) than the mammalian genomes (Fig. 1).

To predict which Gna genes are expressed in fish TRCs, we first conducted comprehensive
analysis to know which Gna genes were expressed in TRCs in rodents. Based on gene
expression data from isolated taste buds and surrounding tongue epithelia obtained using
DNA microarray experiments, which revealed voltage-dependent potassium channel genes
specifically expressed in the taste buds of rat circumvallate papillae (Ohmoto et al., 2006),
and we found that among all Gna genes identified thus far, Ggq, G14, Ggust, and Gi2 are
likely to be specifically expressed in taste buds (Table 3). Specific expression of these genes
in a subset of taste bud cells was comprehensively re-evaluated by /in situ hybridization (Fig.
2A) (Kusakabe et al., 1998; Kusakabe et al., 2000; McLaughlin et al., 1992; Shindo et al.,
2008; Tizzano et al., 2008). G15, Gs, and Gi3 are expressed not only in taste buds but also in
the surrounding tongue epithelia (Table 3), consistent with our previous histochemical
analysis (Kusakabe et al., 2000), although in conflict with our previous immunostaining data
for G15 (Kusakabe et al., 1998). The oligopeptide used as an antigen to generate anti-G15
antibody showed a highly specific sequence to rodent G15 species, and it is difficult to
consider cross-reactivity to other G protein alpha subunit species like G14 and Ggust,
although we do not know why previous immunohistochemistry showed such specific
immunoreactivity only to a subset of TRCs. Thus, Gg and G14 of the Gq class and Ggust
and Gi2 of the Gi superfamily are expressed in a taste bud-specific manner.

Based on the data from our comprehensive analysis of Gna genes expressed in rodent taste
buds, we hypothesized that the Gna gene(s) expressed in fish taste buds belong to the Gq or
Gi class. Considering the redundant expression of Gi2 and Ggust in mammalian TRCs and
the lack of the Ggust gene in the genomes of teleost fish, it seemed likely that among the Gi
superfamily, a gene belonging to the Gi family would be expressed in TRCs in fish. We then
carried out /n situ hybridization for 10 genes belonging to the Gq class or to the Gi family
and found that only G14 (zfG14) of the Gq class and Gia (zfGia) of the Gi family genes
were expressed in a subset of taste bud cells in zebrafish (Fig. 3). Compared with other Gna
such as Gq and Gi, the fish G14 members ramified from a very early phase of the evolution
of Gq class genes (Fig. 1). zfGia is assigned as a member of a small subclade under the node
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of the Gil clade, and zfGia and mfGia contain an extension sequence of approximately 20
amino acid residues at their N termini (Fig. 1). These findings suggest that Gia, which is an
ortholog of mammalian Gil, and G14, both of which are expressed in taste buds, might have
evolved in teleost fish genomes in close association with the evolution of teleost fish
species.

Spatial distribution of zfG14 and zfGia in gustatory epithelia

In zebrafish, taste buds are distributed in the lip, oral cavity, pharyngeal region including gill
raker (pharynx), and esophagus. We observed strong zfPLC-B2 mRNA expression in taste
buds in all of these regions (Fig. 4A-D). The spatial expression patterns of zfGia and zfG14,
however, were not so uniform. zfG14 mRNA expression was observed in the lip and
pharynx, but rarely in the esophagus (Fig. 4E-G); on the other hand, zfGia expression was
observed in the esophagus and pharynx, but rarely in the lip (Fig. 4H-J). The spatially
uneven and complementary distributions of zfG14 and zfGia have also been observed for
T1R1 and T1R2 in rodents (Fig. 2A) (Hoon et al., 1999), although there is a conflicting
report on the segregation of T1R1 and T1R2 expression (Kim et al., 2003).

Mutually exclusive expression of zfG14 and zfGia in zfPLC-B2-expressing taste receptor

cells

zfG14 and zfGia are likely expressed in PLC-B2-expressing TRCs where known T1R and
T2R genes are expressed in zebrafish taste buds. Thus, we carried out double-label
fluorescent /n situ hybridization analysis and found that both zfG14 and zfGia are expressed
in a subset of zfPLC-B2-expressing TRCs (Fig. 5A-F). It is important to note, however, that
the zfG14 and zfGia mRNAs were expressed in distinct subsets of TRCs (Fig. 5G-I) and
that the summation of the signals from the zfG14 and zfGia mRNAs completely overlapped
with the signal from the zfPLC-B2 mRNA (Fig. 5J-L). This is quite similar to the case in
rodents, where Ggust and G14 are found in PLC-B2/TRPM5-expressing TRCs in a mutually
exclusive manner (Fig. 2B). These findings indicate that zfPLC-p2-expressing TRCs can be
classified into two subsets with regard to the expression of G alpha subunits, suggesting that
zfG14 and zfGia are involved in intracellular signaling upstream of zfPLC-B2 and
ZfTRPM5. These results also suggest evolutionary conservation of the physiological
function of TRCs expressing G14/PLC-p2/TRPM5 and functional homology between Gia in
fish and Ggust in higher vertebrates.

Biased expression of zZfT1R and zfT2R in zfGia-expressing taste receptor cells

To understand the relationship between G alpha and taste receptors, we examined the types
of receptor genes expressed in zfG14- and zfGia-expressing TRCs. Irrespective of the spatial
region, zfT1R genes (zfT1R2a, zfT1R2b and zfT1R3) were expressed in a subset of zfGia-
expressing TRCs (Fig. 6A—F), as were zfT2R genes (zfT2R1a, zfT2R2a, zfT2R3, zfT2R4,
and zfT2R5) (Fig. 6G-L). These results suggest that zfGia is involved in the signaling
pathway downstream of attractive (amino acids) and aversive (denatonium) taste reception
by zfT1Rs and zfT2Rs, respectively (Oike et al., 2007). Interestingly, we observed many
zfGia-expressing TRCs that lacked both zfT1R and zfT2R expression, especially in the
esophagus (Fig. 6P and R, indicated by white arrowheads). These cells represent another
subset of zfGia-expressing TRCs. In addition, the zfG14-expressing TRCs did not express
any of the taste receptor genes identified to date (Fig. 6M, O, and Q). Unidentified taste
receptors other than zfT1Rs and zfT2Rs are likely expressed in the zfG14-expressing TRCs.

Absence of olfactory GPCRs in taste receptor cells

To identify GPCR(s) expressed in PLC-B2-expressing TRCs where known zfT1Rs and
zfT2Rs are not expressed, we examined the expression of olfactory GPCRs in taste buds in
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zebrafish by /n situ hybridization. Mixed probes of OR102-1, OR103-1, OR103-2,
OR103-5, OR107-1, and OR119-2; OR111-1, OR111-2, OR111-3, OR111-5, OR111-7, and
OR111-10; OR106-11, OR109-9, OR117-1, and OR128-1; and OR101-1, OR124-1,
OR125-8, OR133-1, and OR137-1 yielded strong signals in olfactory sensory neurons as
reported previously (Sato et al., 2007), but did not yield any signal in taste buds (Fig 7A and
E, data not shown). Also, OIfCc1, OIfCd2, OIfCd3 (previously known as VR5.3, VR3.13b,
VR3.13a, respectively) (Sato et al., 2005), zfTaar9, zfV1R1, and zfV1R2 mRNAs were not
expressed in taste buds, while their abundant expression was observed in the olfactory
sensory neurons (Fig. 7B-D and F-H) (Pfister et al., 2007; Pfister and Rodriguez, 2005). In
addition, ORA families other than V1R1 and V1R2 families were not expressed in the
barbel, lip, or gill, where taste buds are distributed (Saraiva and Korsching, 2007). Thus,
taste receptors that would be expressed in PLC-B2-expressing TRCs without expression of
known zfT1Rs and zfT2Rs are GPCR(s) other than known olfactory and taste receptors.

Additional diversity in zfGia-expressing taste receptor cells

As reported previously, zfT2R1a/b and zfT2R5 are expressed in a subset of TRCs distinct
from zfT1Rs-expressing TRCs (Fig. 8A). However, the correlation of expression of zfT2R2,
3, and 4 with the expression of zfT1Rs remains to be examined. Using mixed probes for
zfT2R2, 3, and 4, we carried out double-label fluorescent /n sifu hybridization analysis and
found that contrary to the case in the mammalian gustatory system, a small population of
zfT1Rs-expressing TRCs expressed zfT2R(s) (Fig. 8B and C). This result indicates that
TRCs in fish are more diversified than in mammals.

Coexpression of T1R and T2R is observed in solitary chemosensory cells (SCCs) in
mammals, in which Ggust, PLC-B2, and TRPM5 are also coexpressed (Finger et al., 2003;
Ohmoto et al., 2008). SCCs exist on the body surface in fish (Finger, 1997; Kotrschal et al.,
1997), and have been suggested to express amino acid receptor(s), especially an arginine
receptor (Finger et al., 1996). Thus, we first examined expression of zfGia, zfG14, and
zfPLC-B2 in SCCs. We observed mRNA expression of zfPLC-B2 in the epithelium of the
body surface of zebrafish, and its expression was observed in a clustered structure, i.e., taste
buds (Fig. 9A and B). zfGia and zfG14 mRNAs were also expressed in the epithelium of the
body surface, and their expression was restricted to a subset of zfPLC-B2-expressing
clustered cells (Fig. 9C-H). Therefore, we have concluded that zfGia, zfG14, and zfPLC-2
are expressed in TRCs but not in SCCs. We also examined the expression of V2Rs and
T1Rs using mixed zfT1Rs probe and mixed zfVV2Rs probe containing zf5.24 and OIfCs, but
were unable to observe any signals of zfT1Rs and zf\VV2Rs probes in solitary cells, while
signals of zfT1Rs were observed in the putative taste buds as in the case of PLC-p2, Gia,
and G14 (data not shown). As far as we know, there is no other molecular information on
SCCs in fish to date. Contrary to SCCs in mammals, these results suggest that SCCs in fish
exhibit molecular features distinct from that of taste buds.

Discussion

Taste buds are included in the oral and pharyngeal epithelia as gustatory apparatuses in
vertebrates. Several traits have been conserved during the evolution of vertebrate gustatory
systems including the following: the T1R-mediated attractive behavioral response, the T2R-
mediated aversive behavioral response, and the molecular characteristics of T1IR- and T2R-
expressing TRCs (Chandrashekar et al., 2000; Ishimaru et al., 2005; Li et al., 2002; Mueller
et al., 2005; Nelson et al., 2002; Nelson et al., 2001; Oike et al., 2007; Yoshida et al., 2007;
Zhang et al., 2003; Zhao et al., 2003). This study adds further molecular information about
TRCs expressing PLC-B2 and TRPM5 in zebrafish with regard to their expression of G
protein alpha subunits and reveals the unexpected divergence of TRCs in fish (Fig. 10).
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G protein alpha subunits expressed in taste buds: redundancy in mammals and non-
redundancy in fish

A comprehensive analysis of the Gna genes specifically expressed in rodent taste buds on
the tongue epithelium using differential screening of DNA microarray data and sequential
histochemical studies revealed four taste bud-specific Gna genes. Although we were not able
to identify the cell type expressing Gq due to its low level of expression, previous studies of
the expression profile of Ggust, Gi2, and G14 have indicated redundant expression of Gi2
with Ggust and G14 in PLC-B2/TRPM5-expressing TRCs in rodents (Asano-Miyoshi et al.,
2000; Shindo et al., 2008). In fact, functional compensation by Gi2 and G14 could explain
the residual responses to sweet, umami, and bitter tastes seen in Ggust knockout mice
(Wong et al., 1996). In zebrafish, Gia is expressed in PLC-B2-expressing TRCs, but no other
Gq or Gi species were co-expressed in the TRCs, suggesting the involvement of Gia in the
taste signaling cascade. Although Gq species are generally upstream of PLC, it has been
suggested that heterotrimeric G proteins containing Gi proteins can also activate PLC-2
through the release of their By-subunits (Camps et al., 1992; Kats et al., 1992). In addition,
the co-expression of Gia with T1Rs and T2Rs in fish TRCs suggests that Gi species can
couple with these class A and C GPCRs. This again highlights the possibility that in
mammalian TRCs expressing PLC-B2, Gi2 can mediate taste signals from mammalian T1Rs
and T2Rs to PLC-B2 (Kusakabe et al., 2000). Gi2 knockout mice should provide insight into
the contributions of Gi species to the taste signaling cascade and the potential roles of Gi2 in
cells other than PLC-B2/TRPM5-expressing TRCs.

Molecular evolution of G alpha subunit proteins in taste receptor cells in mammals and

fish

An extensive search for Gna genes in fish genomes revealed that teleost genomes contain
twice as many genes encoding numerous G protein alpha subunits compared to tetrapod
genomes, other than the Gz and Gt families (Fig. 2). This could be explained by a whole-
genome duplication event in the most recent common ancestor of teleosts rather than recent
gene duplication events (Crollius and Weissenbach, 2005). The fact that the branching of the
closest pairs of Gna genes (e.g., G11-1/G11-2, Gg/GqL, and Gi2/Gi2L) in a given fish
occurred earlier than the divergence of orthologs among fish species supports the ancestral
gene duplication event hypothesis (Robinson-Rechavi et al., 2001). Gia, which is expressed
in the PLC-B2-expressing TRCs in fish, is the closest relative to fish Gil, and thought to be
a paralog of zebrafish Gil. However, after whole genome duplication, extensive gene
deletion (i.e., diploidization) occurred, and only a small proportion of paralogous genes were
retained as sources of functional innovation (Wolfe, 2001). Retention of paralogs in many G
alpha genes suggests close relation of G alpha proteins to the evolution of teleost fish.

We did not identify a Ggust ortholog in the fish or amphibian genomes by our homology-
based in silico search. This method was the same as used in identifying Gv, a novel class of
G protein alpha subunit (Oka et al., 2009). Therefore, it would be more reasonable to
hypothesize that a Ggust ortholog does not exist in the teleost fish genomes rather than to
assume that our method failed to find it. This hypothesis suggests that Ggust could have
been lost during the evolution of teleost fish after the divergence of lineages between teleost
fish and tetrapods. We have no data regarding the expression of G alpha subunits in reptilian
or avian TRCs, but Ggust is co-expressed with Gi2 in PLC-p2-expressing TRCs in
mammals, despite the fact that Gi2 might be involved in mediating intracellular taste
signaling as discussed above. Ggust belongs to the Gt family, which is known to activate
phosphodiesterase, so it appears contradictory for Ggust to play a central role in intracellular
taste signaling where PLC-B2 is involved (Zhang et al., 2003). Ggust knockout mice,
however, exhibit a significant reduction in their responses to sweet, umami, and bitter tastes
(Ruiz et al., 2003; Wong et al., 1996). These findings suggest that vertebrates may have
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retained Ggust, adapted to terrestrial life, and optimized the amplitude of taste signals in
TRCs, probably in association with the molecular evolution of T1Rs and T2Rs. Expression
of Gia in TRCs in teleost fish might be a new function that teleost fish acquired to
compensate for the loss of Ggust during their evolution. In vitro experiments using
heterologous expression systems may reveal differences in the physiological characteristics
of Gi2 and Ggust, which could provide crucial insights into the molecular and cellular
evolution of the peripheral gustatory system in vertebrates.

Diversified taste receptor cells in fish

The total population of T1R- and T2R-expressing cells is much less than that of PLC-p2/
TRPM5-expressing TRCs in fish. It remains unclear what the TRCs that do not express T1R
or T2R genes actually represent. This study revealed that PLC-B2/TRPM5-expressing TRCs
can be divided into two subsets based on their expression of Gia or G14, while known T1R
and T2R genes in zebrafish are restricted to a subset of Gia-expressing TRCs. These
findings clearly indicate that at least one novel subset of TRCs exists in fish and expresses
G14 without expressing any T1R and T2R genes. The TRCs expressing Gia without known
T1R or T2R genes may also represent another novel subset in fish (Fig. 6). It will be
interesting to identify what kind(s) of receptors, likely GPCRs, are expressed by these
TRCs. One possibility is the existence of unidentified T2R genes in Gia-expressing TRCs.
The bitter TRCs in humans exhibit a variety of expression profiles of TAS2R (T2R) genes
(Behrens et al., 2007), although in rodents, each bitter TRC expresses most T2R genes
(Adler et al., 2000). The expression profile of T2R genes identified to date in fish varies like
that of humans (Okada et al., 2010), and thus, unidentified T2R genes, if any, would be
expressed in a remaining subset of Gia-expressing TRCs without known T1R or T2R genes.
However, amino acids received by T1Rs and bitter compounds received by T2Rs are not the
entire taste world of aquatic vertebrates (Hara, 1994). Fatty acids, bile salts, and other
compounds also activate fish taste systems, but their receptors are not yet identified (Rolen
and Caprio, 2008; Yoshii et al., 1979). Some mammalian GPCRs can receive fatty acids
(Hirasawa et al., 2005; Itoh et al., 2003), and fish olfactory sensory neurons are activated by
bile salts in the fish olfactory system (Dgving et al., 1980; Li et al., 1993), although no
GPCR belonging to class A or C and known to be involved in chemical sensing (e.g., V1Rs
(class A) closely related to T2R, olfactory receptors (class A), TAAR (class A), V2Rs (class
C), and ORAs (class A)) is expressed in any taste bud (Fig. 7) (Saraiva and Korsching,
2007). The identification of receptor genes expressed by fish TRCs and the characterization
of their ligands are important issues to be resolved in the near future.

Fish genomes contain multiple T1R2 genes, probably the result of a whole-genome
duplication event in the most recent common ancestor of teleosts and subsequent gene
diversification, as observed for other chemosensory receptor genes (Hashiguchi and Nishida,
2007; Niimura and Nei, 2006) (and references therein), whereas mammalian genomes have
a unique T1R2 gene (Ishimaru et al., 2005; Shi and Zhang, 2005). This difference gives rise
to a variation to T1R-expressing TRCs in fish compared to mammals (Ishimaru et al., 2005).
In addition, fish possess novel subsets of PLC-p2/TRPM5-expressing TRCs, as described
above, and seem to have adapted to their environment by diversifying TRCs during their
evolution. Taste is a chemical sense closely related to food intake behavior. Insight into how
fish have expanded the variation of their TRCs and how mammals have lost this variation
would contribute to a better understanding of not only the evolution of vertebrate gustatory
systems but also their strategies for survival. A long-term goal is to define the biological
importance of the gustatory system in vertebrates.
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Fig. 1. Unrooted phylogenetic trees of G protein alpha subunitsin vertebrates constructed by the
maximum likelihood (ML) method

Plant G alpha subunits are used as an outgroup. Bootstrap values over 70% calculated by the
ML and neighbor-joining (NJ) method for branch support were presented in the order of
ML/NJ for the major branch. Mouse and zebrafish G alpha genes expressed in taste receptor
cells according to the present study and previous studies are shown in bold red and blue
letters, respectively, with black arrows. Asterisks indicate genes that have been
pseudogenized by insertion or deletion of a single nucleotide that was followed by a
downstream in-frame stop codon.
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Fig. 2. Comprehensive re-evaluation of the taste bud-specific expression of Gq, G14, Ggust, and
Gi2 mRNA in mouse oral epithelia

The expression of mouse MRNA was revealed by /n situ hybridization. A, The expression of
mGq and mG14 was restricted to the taste buds in the posterior gustatory papillae, whereas
mGi2 and mGgust were expressed in most taste buds in the oral cavity. mT1R1 and mT1R2
were used as references for region-specific expression. mT1R3 and mTRPMS5 were used as
references for subset-specific expression in taste buds. CvP, circumvallate papilla; FoP,
foliate papilla; FuP, fungiform papilla; NID, nasoincisor duct. Scale bars: CvP and FoP (in
the bottom panel of FoP), 50 um; FuP, Palate, and NID (in the bottom panel of NID), 20
pm. B, Double-labeled fluorescent /n situ hybridization was carried out to examine the
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relationship between the expression patterns of mGgust, mG14, and mTRPM5. Summation
of signals of mGgust and mG14 were completely overlapped with the signals of mMTRPM5
in the CvP where mG14 was expressed. In the palate where mG14 was not expressed, the
signals of mGgust and those of mMTRPMb5 were completely overlapped. n=2 or 3, number of
sections =4 for CvP, FoP, and NID, and =20 for FuP and Palate. Scale bar: 10 pm.
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Fig. 3. Expression of G protein alpha subunitsin zebrafish taste buds

In situhybridization screening was carried out to identify Gg and Gi species expressed in
taste buds in zebrafish. n=3 (number of sections =15) for zfG14 and zfGia, n=2 (no. of
sections 210) for zfGq, zfG11-1, zfG11-2, and zfG14L, and n=1 (no. of sections =5) for
zfGil, zfGi2, zfGi2L, and zfGi3. Scale bar: 50 p.m.
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Lip Pharynx Esophagus

Fig. 4. Spatial distribution of G14 and Gia mRNAsin zebrafish

A-D, Distribution of taste buds marked by zfPLC-B2 expression: a global view of a
horizontal head section (A) and magnified images of the lip (B), pharyngeal (C), and
esophageal (D) epithelia. E-G, Expression of zfG14 mRNA in the lip (E), pharyngeal (F),
and esophageal (G) epithelia. H-J, Expression of zfGia mRNA in the lip (H), pharyngeal (1),
and esophageal (J) epithelia. mMRNA expression revealed by /n situ hybridization is indicated
by purple staining. Dark brown matter unrelated to this experiment is indicated by white
asterisks. Scale bars: A, 1 mm; B-J (in J), 50 pm.
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Fig. 5. Relationship of intragemmal expression of G14, Gia, and PLC-B2 in zebrafish gustatory
epithelia

Double-labeled fluorescent /n situ hybridization was carried out to examine the relationship
between the expression patterns of the following pairs of genes: zfG14 (magenta) and
zfPLC-B2 (green) (A-C), zfGia (magenta) and zfPLC-B2 (green) (D-F), zfGia (magenta)
and zfG14 (green) (G-1), and zfG14/zfGia (magenta) and zfPLC-p2 (green) (J-L). Signals
for zfG14 and zfGia were included in those for zfPLC-p2 (A-F). Signals for zfG14 and
zfGia did not overlap (G-I), and their summation was identical to the signal for zfPLC-f2
(J-L), quite similar to the case in mice (Fig. 2B). n=2, number of sections =10 for each
examination. Scale bars: A-L (in L), 20 pm; M-0O (in M), 10 pum.
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Fig. 6. Molecular characterization of taste receptor cells expressing G14 and Giain zebrafish
gustatory epithelia

Double-labeled fluorescent /n situ hybridization was carried out to examine the relationship
between the expression of G alpha subunits and the expression of known taste receptors. The
probe for zfT1Rs was a mixture of zfT1R2a, zfT1R2b and zfT1R3 riboprobes, which covers
all known T1R-expressing TRCs in zebrafish (Ishimaru et al., 2005). The probe for zfT2Rs
was also a mixture of zfT2R1a, zfT2R2a, zZfT2R3, zZfT2R4, and zfT2R5 riboprobes, which
covers all known T2R-expressing TRCs in zebrafish (Ishimaru et al., 2005; Oike et al.,

2007; Okada et al., 2010). The probe for zfT1Rs+zfT2Rs was a further mixture of the probes
for zfT1Rs and zfT2Rs. G14, Gia, and zfT1Rs (A-F); G14, Gia, and zfT2Rs (G-L); and
G14, Gia, and all known zebrafish taste receptors (M-R). Both zfT1Rs and zfT2Rs were co-
expressed with zfGia (A-L). White arrowheads indicate zfGia-expressing cells that lack
zfT1R and zfT2R expression (P and R). n=2, number of sections =10 for each examination.
Scale bar: A-R (in R), 20 um.
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Pharynx
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Fig. 7. Absence of expression of olfactory GPCRsin zebrafish taste buds

In situhybridization screening was carried out to examine the expression of GPCRs in taste
buds (A-D) that are known as chemoreceptors expressed in olfactory sensory neurons in
zebrafish and/or mammals. Mixed probes for OR111-1, OR111-2, OR111-3, OR111-5,
OR111-7, and OR111-10 (A and E); mixed probes for OlfCcl, OIfCd2, and OIfCd3
(previously known as VR5.3, VR3.13b, VR3.13a, respectively) (Sato et al., 2005) (B and F);
probe for zfTaar9 (C and G); and mixed probes for zfFV1R1 and zfV1R2 (D and H) were
used. No GPCR species were expressed in taste buds (A-D), but all probes used yielded
strong signals in olfactory epithelium in zebrafish (E-H). n=1, number of sections =5 for
each examination. Scale bar: 50 pLm.
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Fig. 8. Relationship of expression of T1Rsand T2Rsin zebrafish taste buds

Double-labeled fluorescent /n situ hybridization was carried out to examine the relationship
between the expression patterns of zfT2Rs (magenta) and zfT1Rs (green). The probe for
zfT1Rs was a mixture of zZfT1R2a, zfT1R2b and zfT1R3 riboprobes, which covers all
known T1R-expressing TRCs in zebrafish as described in the legend of Fig. 7. The pattern
obtained with the probe mixture for zfT2R1a and zfT2R5 did not overlap with the
expression pattern of zfT1Rs (A), consistent with our previous data (Ishimaru et al., 2005;
Oike et al., 2007). The probe mixture for zfT2R2a, zfT2R3, and zfT2R4 showed both
overlapping expression (B) and distinct expression (C) compared with zfT1Rs expression.
n=2, number of sections =10 for each examination. Scale bars: 20 pm.
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Fig. 9. Expression of G14 and Gia in epithelial cells of the body surfacein zebrafish

Single- (A-D, F, and G) and double-label (E and H) /n situ hybridization was carried out to
examine the expression of G14 and Gia in the epithelial cells of zebrafish. B, D, and G show
magnified images of the region with signals in A, C, and F, respectively. The signals of
zfPLC-B2 mRNAs were clustered (A and B). The signals of G14 and Gia mRNAS were
observed in the clustered zfPLC-p2-expressing cells (E and H). Dark brown matter unrelated
to this experiment is indicated by white asterisk. n=3 (number of sections >15) for single-
label experiments, n=2 (no. of sections =10) for double-label experiments. Scale bars: A, C,
and F (in F), 50 um; B, D, E, G, and H (in H), 20 pum.
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A Anterior Posterior
Lip and Pharynx Esophagus Fish
PLC-p2/TRPM5 PLC-p2/TRPM5 Attractive
1Rs TIRs ||| /7 N\
zebrafish G14 T G14| Gia @
FuP, NID and Palate FoP and CvP Mammals
PLC-B2/TRPM5/Gi2 PLC-B2/TRPM5/Gi2
mouse Ggfist G14 Ggust
T1Rs T1Rs

Fig. 10. Schematic comparison of PL C-B2/TRPM 5-expressing taste receptor cells between

zebr afish and mouse

A, Schematic representation of the expression correlation of G alpha and taste receptor
genes and their spatial differences in TRCs expressing both PLC-B2 and TRPM5. Co-
expression of Gi2 in these TRCs in mammals is shown in bold above the schemes. B,
Schematic representation of the variation in TRCs expressing both PLC-p2 and TRPM5.
TRCs are depicted as circles, and the G alpha subunits and taste receptors expressed within
them are indicated. T1Rs-and T2Rs-expressing TRCs related to attractive and aversive
behaviors are shown in pink and gray, respectively. Bold circles indicate greater variety due
to the expression profiles of T1Rs in fish and T2Rs in human. Newly identified subsets of
TRCs in fish likely express GPCRs other than the currently known chemosensory receptors,
including V2Rs, V1Rs, ORs, TAARs, and ORAs which are expressed in olfactory receptor
neurons.
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Information on G protein alpha subunit gene and probe regions.

Table 1

GeneName Gene Symbol  Accession No. Probe Region
zfG11-1 zgc:101761 BC085433 121-2209
2fG11-2 gnall NM_001045036  1-1310
zfGq gnaq XM_693545 1-1080 *
NW_001513461  51953-22300*
zfG14 gnalda XM_678897 1-1065
zfG14L gnal4 NM_001003753  27-1682
zfGil gnail NM_200971 267-1791
zfGia gnaia NM_198805 375-1863
zfGi2 gnai2 NM_199842 1-1142
zfGi2L gnai2l NM_110111818 403-1657
zfGi3 gnai3 XM_001343090 103-1527

Page 23

Probe region of zfGq used for in situ hybridization analysis corresponds to the total of 1080 bp of XM_693545 (nucleotide number 1-1080) and
1053 bp of NW_001513461 (21253-22300).
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Table 2

Information on probe region of mouse and zebrafish genes.

GeneName Accession No. Probe Region Chr.
mGq NM_008139 481-2245

mG14 NM_008137 651-3193

mGi2 NM_008138 179-2120

mGgust AK040065 41-1019

mT1R1 AF337040 765-2761

mT1R2 AF337041 641-2804

mT1R3 AF337039 525-2725

mMTRPM5 AF228681 310-3491

ZfPLC-B2  XR_030066 1-0643#1

2fT1R2a NM_001039831 43 741 431-48,751 66472 #3 8
zfT1IR2b NM_001083856  4g 813 526-48,823,05472 #3 8
2T1R3 NM_001039628 43 907 ,615-42,218,65272 #3 11
2fT2R1a NM_001039830 31 632,022-31,633,050%2 8
2fT2R2a NM_001083864 39 766,083-39,767,08872 9
2fT2R3 NM_001105135 39 7g0,761-39,781,869%2 9
2fT2R4 NM_001020506 94 666,166-24,667,19172 9
2fT2RS NM_001100629 7 198 115-7,199,179%2 8
2fV1R1 NM_001020504 971 (32-222,033%2 22
2fVIR2 NM_001098395 g 153.9 100%2 #4 22
zfTaar9 BC093335 1-1022

#JThe length of cDNA fragment we cloned was approximately 2.8 kbp, which contains the sequence not appeard in XR_030066.

Page 24

#2. , , . . . . .
The 5" and/or 3" flanking sequences to coding region were included. Shown were the location on chromosome from Ensemble genome database
2Zv9 corresponding to the sequence used as a probe. The number of chromosome on which the gene maps were shown in the adjacent column.

#SThe lengths of probe used were 2,478, 2,472, and 2,553, for zfT1R2a, zfT1R2b, and zfT1R3, respectively.

#4The location on chromosome for zfV1R2 was from Ensemble Zv8.
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