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B Abstract Humans show substantial differences in taste sensitivity to many dif-
ferent substances. Some of this variation is known to be genetic in origin, and many
other inter-individual differences are likely to be partially or wholly determined by ge-
netic mechanisms. Recent advances in the understanding of taste at the molecular level
have provided candidate genes that can be evaluated for contributions to phenotypic
differences in taste abilities. This approach has provided an understanding of varia-
tion in the ability to taste phenylthiocarbamide (PTC), and has resolved long-standing
controversies about the genetics of this classic human genetic trait. Significant coding
sequence variation exists in taste receptor genes, which suggests that PTC tasting may
indicate more general taste sensory variation. However, many aspects of taste percep-
tion remain poorly characterized. Better understanding of the molecular components
of salty and sour tastes is still needed, as is a more complete picture of second mes-
senger and downstream signaling mechanisms for all taste modalities. More general
studies of linkage and association between genetic markers and taste phenotypes may
reveal genes encoding proteins that were previously unsuspected to be involved in this
Sensory process.

INTRODUCTION

Taste perception serves as a primary gatekeeper controlling voluntary ingestion
of substances by humans. As the role of diet has gained importance in human
health, it has become increasingly important to understand dietary choices made
by individuals. Differences in taste perception appear to play an important role in
these choices, and recent advances in our understanding of human taste perception
provide an opportunity to examine genetic differences in these sensory perceptions.

Molecular Mechanisms of Taste
Humans can distinguish five major taste classes: sweet, sour, bitter, salty, and
umami, a savory flavor exemplified by the amino acid glutamate (45, 50, 52).
*The U.S. Government has the right to retain a nonexclusive, royalty-free license in and to
any copyright covering this paper.
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Decades of careful work by sensory physiologists have shown that salty and sour
perception are mediated by ion channels, whereas sweet, bitter, and umami tastes
are mediated by G-protein coupled receptors (GPCRs), all of which are expressed
in taste cells within taste buds on the tongue (32, 72). Initial work in rodents
demonstrated the existence of a group of genes that encode two main classes of
taste GPCRs, the Tas1r family and the Tas2r family (1, 38, 54). Subsequent work
extended these findings, with several important differences, to humans where these
genes are designated TASIR (or TIR) and TAS2R (or T2R), respectively (48, 55).
There are 25 apparently functional TAS2R genes in humans, whose products are
responsible for bitter perception (17, 19, 43). The human TAS1R family contains
just 3 genes, TASIRI, TASIR2, and TAS1R3, whose products form heterodimers
that serve as either sweet receptors (TASIR 2 + 3) or umami (TASIR 1 + 3)
receptors (48, 58, 85). These GPCRs couple to specific intracellular G proteins.
G «-gustducin participates in bitter and sweet taste transduction (56, 81), and
Gy 3 is involved in bitter perception (39). Additional G proteins are also involved
in these processes, but many specifics of this are currently unclear, such as what
other G proteins are involved or whether different receptors couple to different G
proteins.

The receptors for salty and sour tastes are less well understood. Salt perception
may be mediated by one of several ion channels. Evidence originally supported
an amiloride-sensitive sodium channel as the mediator of salty taste (36, 70), al-
though evidence for the involvement of another as yet undetermined channel in this
process has emerged (62). Sour taste is mediated by an acid sensor that, despite nu-
merous proposed cellular mechanisms, is still of uncertain molecular composition
(44).

The molecular sensors for all five taste classes act through second messen-
ger systems to initiate neural signaling. These second messenger systems include
phospholipase C—, cyclic AMP—, and IP;—responsive mechanisms, although the
precise second messenger mechanisms employed in many instances are not fully
understood (51). In many cases the second messenger systems cause release of
calcium from intracellular stores (3, 10, 18), leading to initiation of cell depolar-
ization and transmission of neural impulses to the brain via the chroda tympani
and glossopharyngeal nerves (37).

Variation in Taste Ability

Measurement of taste sensitivity is a large and active area of research known as
taste psychophysics. Psychophysics has addressed many problems inherent in taste
measurements in humans, including subjective aspects of perception, sensitization
and desensitization to tastants, and multiple taste modalities presented by some
tastants. Psychophysical studies show variation in human sensitivity to many spe-
cific tastants. However, many of these reports focused on a single tastant, and
comprehensive systematic surveys are still needed to document the breadth and
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magnitude of taste variation for all taste classes. The simplest and best understood
taste variation in humans is the ability to taste phenylthiocarbamide (PTC). A
chance discovery made by Fox in 1931 (4) revealed that although many individu-
als perceive PTC as intensely bitter, this substance is relatively tasteless to a large
fraction of the population. Recent progress understanding the molecular basis of
this trait illustrates how advances of the human genome project, newly developed
methods in gene association studies, and molecular understanding of taste mech-
anisms can be used to resolve long-standing controversies in taste biology and
point the way to broader applications of human genetic methods in chemosensory
science.

PTC Genetics—A Long-Standing Puzzle

Within two years of its discovery, a number of investigators demonstrated that
variation in PTC taste ability was genetically determined (11, 73). Nontaster status
was transmitted in a simple autosomal recessive fashion (46, 47), and this view
received additional support from many independent studies, including some very
large ones, over the course of the next 50 years (34, 57, 64, 66). Gradually, however,
results began to accumulate that suggested this view was either incomplete or
inaccurate. There were a number of reports of two nontaster parents giving rise
to taster children, at odds with a single recessive Mendelian locus (25, 57). In
addition, genetic epidemiological studies suggested that although a single major
gene could account for much of this trait, other genetic and possibly nongenetic
factors also contributed to it (61, 67). The situation was complicated further by
conflicting results of linkage studies. These studies first showed linkage to the
KEL blood group antigen (later determined to reside on chromosome 7q) (22, 23),
but these results proved difficult to replicate (74), and a comprehensive genome-
wide linkage study of the closely related tastant propylthiouracil (PROP) produced
primary evidence for linkage on chromosome 5q (68).

There was a large-scale effort to resolve the formal genetics of this trait using
the Utah C.E.P.H. families, a group of 45 families exceptionally well characterized
in previous genetic studies (26). The Utah family study produced overwhelming
evidence that a single major locus on chromosome 7 was responsible for most of the
phenotypic variance that exists in the population (27). Other genetic variation also
influenced this trait. About half of the Utah C.E.P.H. families demonstrated linkage
to chromosome 7q and nowhere else in the genome, and in these families PTC taste
ability segregated as a simple Mendelian trait. Haplotype analysis demonstrated
a 4-Mb region at 7q35-36 that segregated with the trait in these families. This
interval contained some 150 known and predicted genes, including the KEL blood
group antigen gene, a number of TAS2R genes, and a related group of GPCR genes
annotated as potential odorant receptor genes. Sequencing these genes in tasters
and nontasters revealed a number of differences, including one that correlated very
highly with nontaster status. This variant specified either a proline or an alanine
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within the coding sequence of a newly identified taste receptor, later designated
TAS2R38.

An important breakthrough was made when this variant was observed to also
correlate in a group of apparently unrelated nontasters drawn from outside the
Utah population (43). An exhaustive survey of this genomic region showed iden-
tity by descent (IBD) spanning a minimal region of approximately 30 kb in these
nontasters. Within this region was a single gene containing the coding variant orig-
inally observed to correlate with taster status. This gene, now designated TAS2R38
(also called PTC), proved to be the PTC/PROP taste receptor. Variation in this
gene accounts for all of the bimodality in PTC taste perception in the population
and approximately 75% of the total phenotypic variance (43, 65). Although at least
some of the remaining variance appears to be genetic in nature, the DNA variation
responsible for this has not yet been identified.

One suggestive piece of evidence regarding the source of the additional variance
is the finding of a modest linkage score between PTC taste ability and markers on
chromosome 16p (27). The peak score is near the p terminus of the chromosome,
indistinguishable from the location of the gene encoding Gy 3, which is involved
in bitter taste transduction (39). Follow-up studies of this finding have not been
reported and appear to be warranted.

Variation in the PTC Gene

The PTC gene consists of a single coding exon 1002 bp in length that encodes
a 7-transmembrane domain GPCR 333 amino acids long. The nontaster allele of
the PTC gene differs from the taster allele at three locations, encoding amino acid
differences at position 49 within the first intracellular domain, position 262 within
the sixth transmembrane domain, and position 296 within the seventh transmem-
brane domain of this protein, respectively (Table 1). These differences occur on
two predominant haplotypes. One contains a proline, an alanine, and a valine at the
three variant sites, respectively, encoding the major taster or PAV form, whereas
the other haplotype encodes an alanine, a valine, and an isoleucine, respectively,
at these three positions, producing the major nontaster or AVI form of the receptor
(43). These haplotypes together constitute the majority of haplotypes of this gene
observed worldwide. However, a number of minor haplotypes have been observed,
most of which occur only in sub-Saharan African populations (82) and are detailed
in Table 2.

Although the 5 SNPs in the PTC gene are theoretically capable of combining to
produce 32 different haplotypes, only 7 haplotypes have been observed to date de-
spite extensive searches. Beyond the major taster and major nontaster haplotypes,
five additional haplotypes of the PTC gene have been identified, as shown in Figure
1. These include presumptive recombinants between the two major haplotypes that
are designated AAV, PVI, and AAI, plus two additional rare haplotypes containing
variants at amino acid positions 80 and 274, giving rise to haplotypes related to
the uncommon AAI haplotype, designated ARARI and AHACI. So far, one of
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TABLE 1 SNP variation in the TAS2R38 (PTC) gene. Position of the variant nucleotide,

the alternative base pairs at each variant position, position of the encoded variant amino acid,
the alternative amino acids at each variant position, the frequency of each allele in a sample of
200 chromosomes from populations worldwide, and the location of the variant amino acid
positions in relation to the predicted secondary structure of the protein are indicated

Variant

nucleotide Variant amino

position Alleles acid position Alleles Frequency Predicted location

145 C 49 Proline 0.36 First intracellular loop
G Alanine 0.64

239 A 80 Histidine  0.995 Second extracellular
G Arginine  0.005 loop

785 C 262 Alanine 0.38 Sixth transmembrane
T Valine 0.62 domain

820 C 274 Arginine  0.99 Fourth extracellular
T Cysteine  0.01 loop

886 G 296 Valine 0.38 Seventh transmembrane
A Isoleucine 0.62 domain

these haplotypes, AAV, has been shown to confer intermediate PTC sensitivity in
vivo, and another haplotype, AAI, generates intermediate responses to PTC in ex
vivo assays of receptor activity (18). Thus, the TAS2R38 PTC system presents
opportunities for detailed structure-function analysis of bitter taste perception that
can combine both in vivo and ex vivo approaches.

Lessons for the Genetics of Complex Traits

The genetics of PTC occupy a position intermediate between that of a Mendelian
trait and a complex trait. PTC tasting displays many features of complex traits,
including a continuously distributed quantitative phenotype, with deficits common
in the population, plus frequent non-Mendelian inheritance and inconsistent link-
age results. However, with the identification of the underlying gene, it is clear that
most of the phenotypic variance is due to a single gene of large effect. Taking PTC
tasting as a model of common disease, variation in this trait supports the “common
disease-common variant” hypothesis. Relatively ancient variation, now common
in the population, underlies this trait.

TAS2R38 Gene Evolution

The TAS2R genes show remarkable variation across species. For example, the
human 7AS2R38 gene shows only 65% amino acid identity to the most closely
related gene in the mouse (24). Given that the human taster and nontaster alleles
of this gene are 99% identical at the amino acid level, it is possible that the most
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TABLE 2 SNP and haplotype variation in TAS2R genes. For each TAS2R gene, the
number of polymorphic nucleotides in the coding region, the number of polymorphic
amino acid positions, and the number of different protein coding haplotypes of each
gene known to date are listed. The number of different protein coding haplotypes of
TAS2R 43, 45, and 55 is not yet known

# of polymorphic # of polymorphic

nucleotide amino acid # of different protein
TAS2R gene positions positions coding haplotypes
1 3 2 3
3 3 1 2
4 8 7 8
5 7 6 7
7 6 5+ 1 stop 5
8 6 5 6
9 7 7 8
10 6 3 4
13 1 1 2
14 4 2 3
16 8 4 5
38 5 7 7
39 2 2 2
41 4 2 3
43 7 5
44 17 11 + 2 stop 7
45 6 6
46 3 + 2 stop 6
47 3 4
48 12 9 9
49 11 9 7
50 3 4
55 4
60 2 1 2

closely related murine gene does not serve as a PTC receptor at all, but instead is
a receptor for some other bitter substance. Given the natural differences in the diet
of these two species, it is possible that mice have no receptor highly specific for
PTC (34).

The great apes have a clearly identifiable TAS2R38 orthologue, although it
contains several differences from the human gene. The few individual animals
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sequenced to date are homozygous for an allele containing a proline at position
49, an alanine at position 262, and a valine at position 296, analogous to the
major taster (PAV) allele in humans (43). This is somewhat surprising in light of
reports that chimpanzees demonstrate apparent taster and nontaster individuals, at
frequencies similar to those in humans (30). Greater understanding of TAS2R gene
sequences and PTC tasting phenotypes in chimpanzees may shed important new
information on recent human and chimp ecological and dietary histories.

PTC, PROP, and Supertasting

Early studies showed that a variety of compounds, all containing the N—C =S
(thiocyanate) moiety, displayed the same bimodal taste response in human subject
populations, and that taster status for PTC correlated strongly with taster status
for all of these compounds (5, 35). For various reasons, later studies began to
employ PROP in place of PTC (76), with the view that it was psychophysically
equivalent, and indeed in vivo and in vitro studies of TAS2R38 receptor function
confirmed that this receptor mediates responses to both PTC and PROP. However,
many observations now indicate that PTC and PROP, despite their similarities,
display many important differences as tastants. In human taster subjects, PTC is
detectable at two- to threefold lower concentrations than PROP, and in ex vivo
functional assays of the PAV taster receptor PTC produces a response at similar
two- to threefold lower concentration than PROP (18). In addition, concentration
response curves in biochemical assays of the taster form of the receptor show
steeper sigmoidal response to PTC than to PROP (18). These observations suggest
that the authentic function of the TAS2R38 receptor is to detect PTC or some other
compound of closely related structure, and that PROP represents a suboptimal and
perhaps somewhat artificial ligand for this receptor.

Psychophysical studies of PROP identified an additional class of individuals
who report a very intense subjective perception of this substance, referred to as
supertasters (7). However, this group of individuals is not observed in blind sorting
tests that determine taste thresholds (27, 40). Instead, such tests show that all
subjects reside in one of only two groups, nontasters and tasters. Recent reports
suggest that the subjective rating of PROP taste intensity is not correlated with
variation in the TAS2R38 gene (6), but instead appears to be correlated with the
number of taste buds (7) and also aspects of personality (80). Thus, it appears that
when measured by perceived taste intensity alone, the PROP supertaster phenotype
exists and it may be under genetic control, but the phenomenon of supertasting
may be influenced by factors other than chemoreception.

Population Genetics of the PTC Gene

The sense of bitter taste functions to prevent ingestion of toxic substances in plants,
most of which taste bitter. If this is true, then the high frequency of the nontaster
AVThaplotype, approximately 45% worldwide (34), presents a paradox. This allele
could have come to high frequency in the population by three mechanisms: genetic
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drift, population subdivision, or natural selection. Genetic drift, in which variation
in gene frequencies arise due to random fluctuations, initially appeared to be a
likely explanation for two reasons. First, the length of the conserved haplotypes
extending beyond this gene was very short [~30kb (43)], suggesting these variants
are ancient in origin. Second, measuring the worldwide distribution of haplotype
frequencies supports the view that a small subgroup of sub-Saharan Africans,
carrying only two of the seven alleles present there, emerged from Africa and
rapidly expanded to occupy the remainder of the world, consistent with the “Out
of Africa” hypothesis of modern human origins (2). Such genetic bottlenecks, a
common event in human history, tend to increase the effects of genetic drift.

A second possibility was population subdivision, which holds that the high
frequency of the nontaster allele is a phenomenon confined to one group (for
example, Caucasians). This possibility was quickly eliminated when it was found
that both the PAV and AVI haplotypes are common in all populations (43, 82).

The third possibility was that these two major forms were maintained by bal-
ancing natural selection, a hypothesis first put forward by Fisher (30). In balancing
natural selection, Darwinian forces act to simultaneously maintain two or more
forms of a gene in the population. Often, the forces acting to eliminate a mutation
that is deleterious in the homozygous state are balanced by forces that maintain
the mutation in the heterozygous state, which is beneficial to the organism. To test
this possibility and differentiate it from genetic drift, we analyzed the frequency of
PTC haplotypes in populations worldwide and tested for effects of selection using
the F and Tajima’s D stastistics. A haplotype relatedness tree for the PTC gene
is shown in Figure 2. This data gave rise to a Tajima’s D value of 41.59, which
under realistic assumptions about population growth provides significant support
for balancing natural selection (82). In essence, the two major PTC haplotypes are
too divergent and too common to be due to genetic drift, which typically produces
negative Tajima’s D values. Instead, selective forces appear to have maintained
both taster and nontaster alleles in populations worldwide.

This result raises another paradox. If bitter taste receptors protect us from
ingesting toxic substances, what selective force maintains the nontaster allele?
Our hypothesis to explain this is based on the observation that the nontaster allele
does not contain gene-inactivating alterations, such as a stop codon or a deletion,
and the nontaster allele is not generated by a collection of different small genetic
changes, as might be expected if its existence were due to mutation of the normal
taster allele. Therefore, we hypothesize that the AVI allele encodes a functional
receptor for some other toxic bitter substance not yet identified. This hypothesis
is supported by our finding that the AVI allele appears to be as fully expressed at
the RNA level as at the PAV allele (18).

This hypothesis addresses an important issue in chemosensory biology. At the
moment, the ligand(s) recognized by most of the bitter receptors are unknown. A
number of functional assay systems have been developed in attempt to “deorph-
anize” these receptors. If the situation in T2R38 extends to other bitter receptor
genes, this task may need to consider all the alleles of each receptor. To gain a
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TABLE 3 SNP variation in TAS1R genes. Number of variants currently known in
nucleic acid and protein sequence, determined in a sample of 100 individuals worldwide

Gene Size,bp # of SNPs in coding sequence # of variant amino acid sites
TASIRI 2526 17 13 + 1 stop

TASIR2 2520 18 10

TASIR3 2559 12 6

SNPs, single nucleotide polymorphisms; stop, variant site that alternatively encodes an amino acid or a stop codon.

better view of the global variation in the T2R gene repertoire, we and others (77,
79) performed exhaustive DNA sequencing and haplotype analysis of these genes
in a series of populations worldwide.

Bitter Taste Receptor Gene Variation

Surveys of TAS2R genes worldwide revealed that a high degree of coding sequence
polymorphism is common in these genes (Table 3). On average they contain 4.2
coding single nucleotide polymorphisms (SNPs) per gene. Like T2R38, only a
fraction of all the possible haplotypes for each of these genes occur in the pop-
ulation. In total, the 25 human TAS2R genes specify 151 different haplotypes
distinguishable by DNA sequence that exist at a frequency of >10% in at least
one population studied. These 151 haplotypes are made up of both synonymous
and nonsynonymous cSNPs. Seventy-two percent of the cSNPs in the human 72R
genes are nonsynonymous and encode amino acid substitutions. Of these, 59%
are nonconservative and substitute significantly different amino acids. When only
nonsynonymous cSNPs are considered, the TAS2R gene repertoire contains 110
different protein coding haplotypes.

Note that of the three amino acid substitutions that make up the difference
between the taster and nontaster alleles for PTC, two of them (ala262val and val
296 ile) are relatively conservative (33), and yet they have a significant effect
on taste sensitivity both in vivo and in vitro. This is known from the phenotype
specified by the uncommon A AV haplotype, which presumably arose by an ancient
recombination event between the taster PAV and nontaster AVI alleles. Careful
phenotype measurements in AAV individuals show that they have an intermediate
sensitivity to PTC, and cell-based biochemical functional assays reveal a two-
to threefold-lower sensitivity to PTC in vitro. This suggests that although 41% of
TAS2R cSNPs specify a conservative amino acid change, they may physiologically
affect receptor function.

Population genetic analyses of the variation present across the entire TAS2R
gene family presents a diverse picture. No other 72R genes show a pattern of
worldwide variation similar to that of TAS2R38, the PTC receptor, where widely
divergent alleles are maintained at high frequencies in many different popula-
tions worldwide. This has led to the speculation that whatever the ligands are for
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the receptors encoded by these genes, a prominent bimodal distribution of taste
sensitivity to them will exist, as for the PTC tasters and nontasters specified by
TAS2R38. For other TAS2R genes, widely divergent alleles exist, but the different
alleles frequently exist at high frequency in only one region or continent, such as
in TAS2R49. The variant alleles of these genes appear to have arisen under the
effects of natural selection, but because they are not worldwide in distribution,
it appears they came to locally high frequency because of local selection. Under
this scenario individuals who carry such alleles can avoid consumption of toxic
substances occurring in plants that are typically not distributed worldwide. Impor-
tantly, both types of variation appear to be the result of natural selection. This is
evidence that the TAS2R gene sequence variants are functionally significant and
not simply functionally neutral polymorphisms within the encoded receptors.

Finding a broad array of functionally different alleles for each TAS2R gene
would explain another puzzling aspect of human bitter taste perception. The range
of molecular sizes, shapes, and chemical functionalities of bitter substances is
extremely broad, similar to the structural diversity present in different odorants.
Humans, however, carry several hundred different odorant receptor genes, in con-
trast to only 25 bitter taste receptor genes. Some of the apparent deficit of bitter
receptor genes may be accounted for by the large number of different alleles present
for TAS2R genes, if, as we hypothesized for TAS2R38, different alleles serve as
receptors for different bitter tastants.

A small number of reports show phenotypic variation in sensitivity to diverse
bitter tastants (12), including quinine (71), sucrose octaacetate, denatonium ben-
zoate, tetracycline (83), and chloramphenicol (75). Other than chloramphenicol,
there has been little study of the possible genetic influences on this variation. None
of these compounds share similar chemical structures. Also, in contrast to PTC,
most of the variation in taste sensitivity to these compounds appears to be uni-
modally distributed in the population. This could mean that unlike PTC there is
no single major allele underlying the variation in taste sensitivity to these sub-
stances. However, many human TAS2R genes display very high allelic diversity,
and the unimodal distributions could represent the additive effects of multiple alle-
les, which cannot be resolved using the relatively small subject populations tested
to date. There has also been one report of a large kindred that displays a more gen-
eral insensitivity to a variety of bitter substances (P. Breslin, C. Tharp, D. Reed,
T. Huque, J. Brand, unpublished observations). Although a detailed segregation
analysis of the trait in this family has not been reported, the occurrence of the trait
in this family is consistent with a genetic factor.

TAS2R gene coding sequence variants are being studied in genetic associa-
tion studies and ex vivo assays of receptor function. For the moment these ap-
proaches appear complementary. Ex vivo assays are typically performed using
artificial components. Such components include mammalian cell lines express-
ing artificially constructed chimeric G alpha proteins, and taste receptor proteins
containing amino-terminal additions from the first extracellular domain of the
visual pigment rhodopsin, which has so far been necessary to promote efficient
expression and translocation of these receptors to the cell surface. Although such
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ex vivo systems provide substantial benefits for high-throughput studies that may
quickly identify presumptive ligands, confirmatory in vivo studies will be an im-
portant requirement.

Sweet and Umami Receptor Genes

Like bitter perception, taste sensitivity to two other classes of tastants, sweet and
umami, are mediated by seven transmembrane domain GPCRs. Initial evidence
accumulated in rodent systems indicated a truncated form of the metabotropic
glutamate receptor (taste mGluR4), similar to the glutamate receptor involved in
glutaminergic neurotransmission in the central nervous system, was responsible
for umami perception (21). However, this receptor contained neither a clear signal
sequence nor the prototypical glutamate binding domains typically present in such
receptors. In addition, knockout mice lacking this gene still readily perceived
the taste of glutamate (20). These observations motivated additional studies that
ultimately elucidated the role of TASIR gene products, acting as heterodimers, in
both umami and sweet taste perception (85).

In contrast to the extensive TAS2R gene family, there are only three TASIR
genes, designated TASIRI, TASIR2, and TASIR3. These genes reside in a cluster
on chromosome 1p36, and they encode similar proteins of 841, 839, and 852
amino acids, respectively (49). In contrast to the short first extracellular domain
of the TAS2R bitter receptors, the TASIR receptors are predicted to contain a
large first extracellular domain, which is likely involved in ligand recognition and
binding. Unlike the single coding exon of the TAS2R genes, the TASIR genes all
contain six known exons, distributed over approximately 25 kb, 20 kb, and 3.2 kb
of genomic sequence, respectively. TAS2R1 is alternatively spliced, with at least
four different isoforms identified so far. These three receptors act as heterodimers
in combinatorial fashion, with TAS1R1 + TAS1R3 acting as amino acid receptors,
and TAS1R2 + TAS1R3 acting as sweet receptors.

Variation in Umami and Sweet Tastes

Quantitative measure of sensitivity to L-glutamate has been complicated by the
fact that monosodium glutamate (MSG), which is widely employed as a flavor
enhancer in foods and often used for psychophysical taste measurements, presents
subjects with an additional salty taste from the constituent sodium. Simple MSG
taste thresholds show a bimodal distribution in the population (P. Breslin, D. Reed,
R. Keast, C. Tharp, S. Lui, O. Ohmed, unpublished observations; 53). Additional
psychophysical measurements were developed to carefully differentiate the effects
of sodium versus glutamate, which showed that an estimated 10% of a group of Eu-
ropean subjects were glutamate hypotasters, and 3.5% could be considered unable
to taste glutamate at all. This trait has not been subject to genetic characterization,
such as segregation analysis in families or twin studies, so it is not yet known how
much of the variance, if any, is genetic in nature. Correlation of this phenotypic
variation with specific genetic variation has not been reported.
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Broad population surveys of sensitivity to sweet substances have not been re-
ported. The limited studies that have been reported typically show a relatively
narrow, unimodal distribution of taste thresholds (12). Precise measurements of
sweet taste abilities across broad populations using modern psychophysical mea-
surement methods are warranted.

We recently completed an extensive survey of worldwide variation in the TASIR
genes. In the coding regions of these three genes, we identified a total of 47 SNPs,
29 of which cause amino acid substitutions (Table 3). The TASIR genes encode
proteins roughly twice as large as the TAS2R proteins, and thus the sweet and
umami receptors contain proportionally much less amino acid sequence diversity
than bitter receptors. The more limited diversity in TASIR2 and TAS1R3 may
account for the lesser degree of variation in sweet taste ability in the population.
However, the lack of large-scale and precise cataloging of phenotypes for human
sweet taste perception probably makes this conclusion premature.

Salty Taste

Much effort has been made to understand the molecular mechanisms that underlie
salty taste, and a number of different proteins have been put forward as mam-
malian salt taste receptors. Most prominent among these is the amiloride-sensitive
sodium channel (36, 70). Although this protein clearly serves an important role
in salt perception in rodents, two observations suggest that human salt perception
is mechanistically different. First, studies show that the amiloride sensitivity of
human NaCl perception appears to be more specific to a minor sour component
of this taste, and not primarily saltiness (62). Second, studies show that human
salt perception can be inhibited by chlorhexidrine, suggesting another sodium ion
channel is the primary mediator of this taste (14).

One small study of a European population demonstrated that sensitivity to both
sodium and potassium chloride displays a relatively narrow unimodal distribution
(12), and a single twin study of NaCl preferences showed no evidence for genetic
influences on this trait (8). However, in African populations a bimodal distribution
of taste sensitivity to NaCl has been observed (59), and an inquiry into possible
genetic origins of this variation could be of great interest.

Sour Taste

Sensory physiologists suggest that sour taste is mediated by a detector of H™
ions. However, numerous observations show that this simple model is probably
inadequate. For example, although there is a correlation between the pH of strong
inorganic acid tastants and signaling from gustatory afferent nerves in rats (9,
60), there is only a low correlation between sour taste perception and the pH of
organic acid stimuli tastant substances (31). In addition, a remarkably broad range
of mechanisms have been put forward as the molecular basis for sour sensation,
including blockage of K channels by protons, H'-gated calcium channels, proton
conduction via Na+ channels, activation of the proton-gated channel BNC-1, and,
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most recently, proton passage through acid-sensing ion channels (ASICs) (78).
However, all of these proposed mechanisms have been identified in nonhuman
systems, and it remains possible that only one or even none of these mechanisms
may account for the primary human sour-sensing apparatus.

Human variation in sour taste is not well characterized. Data so far suggest rel-
atively narrow unimodal distribution of sensitivities to hydrochloric, citric, acetic,
and picric acids in European populations (12, 13), and a twin study of hydrochlo-
ric acid taste thresholds suggests this variation is not primarily genetic in origin
(41). Given that organic acids are more likely encountered as tastants by humans,
HCI may well be a nonoptimal tastant for measuring sourness. At this point, the
heritability of variation in sour taste sensitivity might be better revisited using pop-
ulation surveys, twin studies, and other methodologies using a variety of common
organic acids.

Additional Tastes

The substantial majority of taste sensation in humans seems to be accounted for
by the five main taste modalities described above. However, other taste modalities
have been suggested. One of these is the taste of fats, which are an important
source of calories in modern and premodern human diets. A specific taste of fat
has not been demonstrated, although fats clearly impart a sensation (“mouth feel””)
that is desirable to humans. It may be significant that cells of the tongue produce a
unique lipase, called lingual lipase. The protein encoded by this highly expressed
gene may produce one or more lipid breakdown products that are recognized by a
specialized chemosensory mechanism of unknown composition.

Another possible taste is that of water (50). Although water may have an effect
on the taste sensory apparatus in other organisms, human subjects typically de-
scribe pure water as tasteless, and no strong psychophysical evidence exists that
would assign a separate taste modality to water.

Taste Second Messenger Signaling

Bitter, sweet, and umami tastes are mediated by GPCRs. Mammalian G proteins
are comprised of three different classes, designated «, 8, and y, which act in a
heterotrimeric structure on the inside of the plasma membrane that couples to
the transmembrane GPCR and transmits ligand binding signals to intracellular
second messenger systems. Humans have 15 different G genes, 5 G genes,
and 11 Gy genes. Some of these genes appear to be specifically involved in taste
signaling, such as Go gustducin and Gy ;3. Although GB3 shows localization to
taste cells in rodents and can function in vitro to generate bitter signaling (39),
a G protein highly specific to taste transduction in humans has not yet been
identified. Go gustducin knockout mice show greatly reduced sensitivity to both
bitter and sweet substances, indicating the functional convergence of bitter and
sweet signaling pathways and possible ancient evolutionary relatedness of these
two taste modalities (69).
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Beyond G protein activation, subsequent steps in taste signaling are mediated by
phospholipase C and the TRPMS ion channel (63) and possibly by other systems
in rodents. Knockout mice lacking the phospholipase CS2 gene fail to detect
both bitter and sweet substances (84), and given the similarity between human
and rodent sensory mechanisms for these two tastes, naturally occurring human
variation in PLCS2 and TRMP5 may have an effect on individual perception.
Second messenger and downstream signaling for salty and sour tastes is currently
less well understood.

Overall, it appears that variation in the tastant binding receptors confers an
evolutionary advantage, but second messenger and downstream signaling may
be under selection away from diversity, as it may be beneficial for organisms to
maintain a single most efficient transmission system for each taste modality. Thus,
it is currently unclear whether the genotypic and phenotypic variation ascribable
to receptors will be repeated in the second messenger and downstream signaling
components in humans.

Unanswered Questions

The field of human taste genetics is at an exciting juncture. Several recent discov-
eries demonstrate the power of human genetic approaches, but many interesting
and important questions have yet to be answered. First, keep in mind that we do
not yet know how much of the variation in human taste abilities is genetic in ori-
gin. Age, sex, and exposure to different diets and foods are known to affect some
taste abilities (7, 40). Disentangling genetic from nongenetic factors will require
twin studies, segregation analysis, and other methods. If, unlike PTC taste ability,
sensitivity to other tastants is specified by a number of different genes, or by many
allelic variants of one gene, each with small effects, this task will not be simple
and may require large subject populations to produce clear conclusions.

An important area of bitter taste research currently addresses the coding prob-
lem, that is, what ligands are recognized by each of the bitter taste receptors? As we
suggest above, this problem may be better rephrased as: What is the bitter tastant
ligand for each of the >110 different bitter receptor proteins encoded by human
populations worldwide? This question needs to be answered by a combination
of in vivo studies using psychophysical measurements of taste abilities and their
association with TAS2R gene variants plus in vitro biochemical studies of receptor
ligand interactions.

Another largely unexamined area is variation in genes encoding taste-specific
second messenger systems and downstream signaling components. Although SNPs
associated with a number of these genes have been reported (http://www.ncbi.nlm.
nih.gov/projects/SNP/), itis not clear how much variation remains to be discovered,
nor do we know what effects such variants might have on taste perception.

Recent human genetic studies of taste perception were strongly driven by the
identification of genes encoding receptors and second messenger components of
taste transduction. However, many gaps still exist in our knowledge of cellular
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and molecular aspects of taste perception. This suggests that a more traditional
approach, involving linkage and whole-genome association studies, might identify
genes that are currently not known or suspected to be involved in our sense of
taste.

Taste perception appears to play a large role in a number of different behaviors
with important effects on human health, including alcohol consumption, nicotine
usage, and food choices (29, 76). Many of these behaviors, such as alcohol con-
sumption, have a substantial genetic contribution (42). It is possible that some of
this genetic contribution is mediated at the level of inherited variation in taste pref-
erences. Supporting this view is a recent finding that variation in TAS2R38 (PTC)
gene is strongly correlated with the perceived taste of alcohol, and, remarkably,
with alcohol consumption (28). As efforts to better understand and modulate po-
tentially harmful dietary choices gain importance, so will our need to understand
the genetic underpinnings of individual differences in taste perception.
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Figure 1 Haplotypes in the TAS2R38 (PTC) gene. The haplotype frequencies were
determined in a sample of 100 chromosomes from populations worldwide. Each
TAS2R38 gene haplotype is represented by a circle, with the size of each circle pro-
portional to the worldwide frequency of that haplotype. The frequency of the haplo-
type in different populations is indicated by the fraction of the circle represented by
each color. Lines connecting the circles each represent one amino acid difference
between the two haplotypes connected (82).
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Figure 2 Haplotype relatedness for TAS2R38 gene. The haplotypes are identified across
the top line, designated by the amino acids present at the variant positions at 49, 262, and
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