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Bitter taste perception in humans is mediated by receptors encoded by 25 genes that together comprise the
TAS2R (or T2R) gene family. The ability to identify the ligand(s) for each of these receptors is dependent on
understanding allelic variation in TAS2R genes, which may have a significant effect on ligand recognition. To
investigate the extent of coding variation among TAS2R alleles, we performed a comprehensive evaluation of
sequence and haplotype variation in the human bitter taste receptor gene repertoire. We found that these genes
exhibit substantial coding sequence diversity. In a worldwide population sample of 55 individuals, we found an
average of 4.2 variant amino acid positions per gene. In aggregate, the 24 genes analyzed here, along with the
phenylthiocarbamide (PTC) receptor gene analyzed previously, specify 151 different protein coding haplotypes.
Analyses of the ratio of synonymous and nonsynonymous nucleotide substitutions using the Ka/Ks ratio
revealed an excess of amino acid substitutions relative to most other genes examined to date (Ka/Ks 5 0.94). In
addition, comparisons with more than 1,500 other genes revealed that levels of diversity in the TAS2R genes
were significantly greater than expected (p 5 0.11%; po0.01), as were levels of differentiation among
continental populations (FST 5 0.22; po0.05). These diversity patterns indicate that unusually high levels of
allelic variation are found within TAS2R loci and that human populations differ appreciably with respect to
TAS2R allele frequencies. Diversity in the TAS2R genes may be accounted for by natural selection, which may
have favored alleles responsive to toxic, bitter compounds found in plants. These findings are consistent with
the view that different alleles of the TAS2R genes encode receptors that recognize different ligands, and suggest
that the haplotypes we have identified will be important in studies of receptor-ligand recognition. Hum Mutat
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INTRODUCTION
The sense of bitter taste is mediated by a group of bitter taste
receptor proteins that reside on the surface of taste cells within the
taste buds of the tongue. These proteins are seven transmembrane
domain, G protein coupled receptors, encoded by members of the
TAS2R (or T2R) gene family [Adler et al., 2000]. The human
genome contains 25 apparently functional TAS2R genes that
reside in three locations. Fifteen genes reside in a cluster on
chromosome 12p, nine genes reside in a cluster on chromosome
7q, and a single family member resides on chromosome 5p [Shi
et al., 2003].
A major goal of chemosensory science is to identify the ligands
for each of these receptors. However, this task has proven difficult,
and the ligand that binds to each receptor and initiates bitter taste
perception is known in only a few cases. In humans, in vitro cellbased assays have shown that TAS2R16 (taste receptor, type 2,
member 16, MIM] 604867) responds to salicin and other betaglucopyranosides, and TAS2R10 (taste receptor, type 2, member
10, MIM] 604791) displays activity upon exposure to strychnine
[Bufe et al., 2002]. An alternative human genetic approach has
revealed that TAS2R38 (PTC) (taste receptor, type 2, member 38,
r 2005 WILEY-LISS, INC.

MIM] 607751) encodes the receptor for phenylthiocarbamide,
a classic variant trait in humans [Kim et al., 2003].
The human TAS2R38 gene has been shown to exist in seven
different allelic forms, although only two of these, designated the
major taster form and the major non-taster form, exist at high
frequency outside of sub-Saharan Africa [Wooding et al., 2004].
These two forms have been maintained by balancing natural
selection, and it has been suggested that the non-taster form
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serves as a functional receptor for some other bitter substance not
yet identified. These TAS2R38 studies illustrate the possibility that
different alleles of each gene may encode receptors that recognize
different ligands. Thus, the problem of identifying specific ligands
for each bitter taste receptor may be an allele-specific rather than
a locus-specific task. Such variation could help explain both the
presence of phenotypic variation in bitter-taste perception [Kim
et al., 2004] and the mixed success of efforts to identify specific
ligands to date.
To investigate patterns of haplotypic variation in the TAS2R
genes, which will be an important resource in the identification of
alleles with possibly different ligand specificities, we resequenced
all the functional receptor loci to build a catalog of the variants at
each locus, and we identified the protein-coding haplotypes that
are specified by these variants. In addition, to identify those loci
that show high levels of diversity consistent with the presence of
functionally divergent alleles, we analyzed patterns of variation
within and between three continental human populations:
Africans, Asians, and Europeans. Finally, we investigated the
possible role of natural selection in shaping diversity patterns in
these genes using statistical tests of evolutionary neutrality.
MATERIALS AND METHODS
Population Samples
Human genomic DNA was obtained from 55 unrelated
individuals in five different geographic populations including 21
Cameroonians, 10 Amerindians, 10 Japanese, nine Hungarians,
and five Mbuti Pygmies from the Ituri Forest in Northeast
Democratic Republic of Congo. All DNA samples except
Cameroonian were obtained from Coriell Cell Repositories
(http://locus.umdnj.edu/nigms/cells/humdiv.html).
PCR and DNA Sequencing
Human TAS2R genes consist of a single coding exon
approximately 1 kb in length. We sequenced the open reading
frame (ORF) of 21 out of 25 human TAS2R genes and combined
this information with data from the TAS2R38 (PTC) gene
published previously [Kim et al., 2003]. Primers for PCR
amplification and for sequencing based on the genomic sequence
flanking the TAS2R genes in the human genome were designed
(using software at the Primer3 Web site) to amplify the entire ORF
of each TAS2R gene in humans, the sequences of which are
available at: www.nidcd.nih.gov/research/scientists/draynad.asp.
PCR was performed in a total volume of 25 ml, containing
0.2 mM of each deoxynucleotide (Invitrogen), 15 pmol of each
forward and reverse primers, 1.0–1.5 mM of MgCl2, 10 mM TrisHCl (pH8.3), 50 mM KCl, 0.75 U of Taq DNA polymerase (PE
Biosystems), and 100 ng of genomic DNA. PCR conditions
(PE9700, PE Biosystems) were as follows: 35 cycles of denaturation at 941C for 30 sec; annealing at 551C or 571C, depending on
the primers for 30 sec; and extension at 721C for 1 min. The first
step of denaturation and the last step of extension were 951C for
2 min and 721C for 10 min, respectively. PCR products (5 ml) were
separated and visualized in a 2% agarose gel, and 15 ml of this PCR
product was then treated with 0.3 U of shrimp alkaline
phosphatase (USB) and 3 U of exonuclease I (USB) at 371C for
1 hr, followed by incubation at 801C for 15 min. This was diluted
with an equal volume of dH2O, and 6 ml was used for the final
sequencing reaction. Sequencing reactions were performed in both
directions on the PCR products in reactions containing 5 pmol of
primer, 1 ml of Big Dye Terminator Ready Reaction Mix (PE
Biosystems), and 1 ml of 5  dilution buffer (400 mM Tris-HCl,

pH 9, and 10 mM MgCl2). Cycling conditions were 951C for 2 min
and 35 cycles of 941C for 20 sec, 551C for 20 sec, and 601C for
4 min. Sequencing reaction products were ethanol precipitated,
and the pellets were resuspended in 10 ml of formamide loading
dye. An ABI 3730 DNA sequencer was used to resolve the
products, and data was analyzed by using ABI Sequencing Analysis
(v. 5.0) and LASERGENE-SeqMan software.
Data Analysis
The assigned SNP numbers in the TAS2R genes correspond to
the cDNA sequence of each gene, with the A of the ATG
translation initiation codon being taken as the 11 (detailed
in Supplementary Table S1) (available online at http://www.
interscience.wiley.com/jpages/1059-7794/suppmat). The protein
nomenclature employed is consistent with the convention of
numbering the initiation methionine as the 11 amino acid.
Haplotypes in the TAS2R genes were determined either
explicitly from homozygous individuals or inferred from genotype
data using the PHASE 2.0.2 computer program [Stephens et al.,
2001; Stephens and Donnelly, 2003] (detailed in Supplementary
Table S2).
Linkage disequilibrium among loci was estimated using the
GOLD software package to measure D’ [Abecasis and Cookson,
2000]. These estimates were obtained in analyses of all 55 sampled
individuals. Fisher’s exact test was used to determine statistical
significance.
Patterns of synonymous and nonsynonymous nucleotide substitution were measured using Ka/Ks, the ratio of the number of
nonsynonymous nucleotide substitutions per nonsynonymous site,
and the number of synonymous nucleotide substitutions per
synonymous site [Li et al., 1985]. This statistic can reveal biases in
the rate at which synonymous and nonsynonymous substitutions
occur. Observed Ka/Ks ratios were compared with values observed
in 153 genes by Nekrutenko et al. [2002].
Levels of genetic diversity were measured using two methods.
First, nucleotide diversity was measured for each locus using p, the
mean pairwise difference between sequences, per nucleotide
[Hartl and Clark, 1997]. Second, the fraction of genetic diversity
due to population substructuring was measured for each locus
using FST, an estimate of the genetic variance that is accounted for
by differences among populations. FST values were calculated using
the method of Slatkin and Voelm [1991], with the continental
regions (Africa, Asia, and Europe) defining populations.
To determine whether trends were present in our data, we also
tested whether the mean p and FST values in the TAS2R genes
were greater than expected by chance. These tests were performed
by comparing the observed p and FST values with 1,598 p values
and 1,627 FST values reported by Schneider et al. [2003].
Comparisons were performed as follows. First, 21 random genes
were chosen from the data of Schneider et al. [2003] to produce a
randomized dataset of similar size to the TAS2R gene dataset.
Next, the mean FST and p values calculated for the randomized
dataset were compared with the mean observed in TAS2R genes.
This procedure was repeated 10,000 times. The fraction of
comparisons in which the mean FST and p values calculated from
our data exceeded the mean calculated from the Schneider et al.
[2003] dataset was treated as a p-value.
RESULTS AND DISCUSSION
We sequenced 24 human TAS2R (T2R) genes to find coding
region single nucleotide polymorphisms (cSNPs) in 55 unrelated
humans of African, Asian, European, and North American Native
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ancestry. These genes displayed a high degree of nucleotide
variation, ranging from one cSNP in TAS2R13 to 12 cSNPs in
TAS2R48. Combined with previous results from TAS2R38 (PTC)
[Wooding et al., 2004], we identified a total of 144 cSNPs in this
set of TAS2R genes, with an average of six cSNPs per gene
(detailed in Supplementary Table S1). Analysis using the GOLD
software package indicated that linkage disequilibrium among the
TAS2R genes was not statistically significant, except in the case of
TAS2R7 and TAS2R8 (po0.05). For this reason, LD was treated
as negligible in all further analyses.
For 32% of cSNPs, the minor allele was observed only once. The
Cameroonian population displayed the greatest number of alleles,
consistent with the view that African populations harbor higher
levels of diversity than do other populations [Tishkoff and Verrelli,
2003]. The remainder of these cSNPs were approximately evenly
divided into two classes: 36.2% had a minor allele frequency
between 1% and 20%, and the remaining 31.5% had minor allele
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frequencies between 20% and 50%. Figure 1 shows the distribution of sharing of cSNPs across these populations. Excluding
Pygmies, four populations shared 25 cSNPs although only six
cSNPs exist in all the populations studied. In addition, the
distribution of allele frequencies in Pygmies is different from other
populations, with Pygmies showing reduced polymorphism for the
majority of cSNPs.
Of the cSNPs found, 106 (74%) are nonsynonymous and 35
(24%) are synonymous. Of nonsynonymous cSNPs, 57.5%
substitute a non-conservative amino acid based on Grantham
values [Grantham, 1974; Li et al., 1984], and amino acid changes
were observed across the entire coding region of these genes. In
addition to the 141 cSNPs that alter the amino acid sequence of a
TAS2R protein, we observed three cSNPs that produce stop
codons, resulting in segregating pseudogenes (SPGs) in the human
sample. One SPG occurs in the TAS2R46 gene, which has two
nonsense alleles, c.749G4A and c862C4T. c.749G4A has a

The number and breadth of distribution of TAS2R SNPs in ¢ve populations. The number of cSNPs observed in each
di¡erent population is indicated on the Y axis. The breadth of distribution of the SNPs is categorized by color, with di¡erent colors
indicating the number of populations in which they are variable. Thus, the gray portion of each bar indicates the number of SNPs
unique to that population, and the light blue portion indicates the number that are found in all populations tested. Population codes:
Cameroonians (CAM); Amerindians (AME); Japanese (JAP); Hungarians (HUN); Pygmies (PYG). [The color ¢gure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

FIGURE 1.

FIGURE 2. Comparisons of p and FST in TAS2R genes and in 1,600 genes reported by Schneider et al. [2003]. A: Distribution
of p values in 1,598 genes. X-bar indicates the distribution mean. B: Distribution of FST values in 1,627 genes. X-bar indicates the
distribution mean.
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null allele frequency of 24% in all populations except Pygmies,
while c.862C4T was observed only once, in Cameroonians. The
other SPG was observed in TAS2R7, and although it was observed
only in Amerindians, the null allele displayed a frequency of 30%
in this population. Although only three segregating null alleles
seem to exist in the TAS2R gene repertoire, our result is consistent
with observations in the olfactory receptor gene family and
suggests that TAS2R SPGs exist at different frequencies in
different populations [Gilad and Lancet, 2003; Menashe et al.,
2002].
Analyses of the Ka/Ks ratio confirmed that an appreciable excess
of nonsynonymous nucleotide substitutions was found in the
TAS2R genes. Under theoretical expectation, the ratio of
nonsynonymous substitutions per nonsynonymous nucleotide
position (Ka) to synonymous substitutions per synonymous
position (Ks) in a given coding region is approximately 1 [Li
et al., 1985]. In our sample, Ka/Ks was near the theoretical
expectation, 0.94 (P40.20); however, the observed value was
much higher than expected given observations in other genes. For
example, the mean observed in our sample was more than five
standard deviations higher than that reported by Nekrutenko et al.
[2002] in an analysis of 152 genes, which had an average Ka/Ks of
0.11 and a standard deviation of 0.164. The low Ka/Ks ratios
observed in most human genes are thought to arise from
evolutionary constraints, likely imposed by natural selection,
which reduce the Ka/Ks ratio to around 0.10 [Li et al., 1985].
Thus, the Ka/Ks ratio observed in our sample suggests that the rate
at which TAS2R genes have experienced nonsynonymous
nucleotide substitutions is much higher than in most other genes
examined to date. The preponderance of amino acid substitutions
among alleles at TAS2R loci suggests that these alleles likely differ
in their physiologic properties.
To further explore the possible functional importance of amino
acid substitutions in the TAS2R genes, we determined identified
haplotypes differing by one or more amino acid substitutions using
two methods: 1) direct ascertainment from individuals homozygous at all or all but one nucleotide positions at a locus, and 2)
Bayesian methods as implemented in the PHASE software package
[Stephens et al., 2001; Stephens and Donnelly, 2003]. These
analyses revealed that the number of cSNP haplotypes ranged
from two to 11 for each gene. In the 24 TAS2R genes together
we identified a total of 144 different haplotypes (detailed in
Supplementary Table S2). The PTC gene, analyzed separately,
specifies seven cSNP haplotypes to yield a total of 151. In general,
one or two haplotypes of each TAS2R gene were common
worldwide, and were observed in all five different populations.
Given the size of our sample (110 chromosomes), we estimate that
we identified more than 75% of haplotypes with frequencies from
0.01 to 0.03 and more than 99% of haplotypes with frequencies
from 0.03 to 1.0.
Population genetic analyses revealed high levels of nucleotide
diversity. The mean pairwise difference per nucleotide between
sequences (p) at TAS2R loci ranged from 5.2e-5 (in TAS2R1) to
3.9e-3 (in TAS2R49), with a mean of 1.14e-3 (Table 1, Fig. 2A).
This value was more than 33% greater than that found in a
genome-wide analysis reported by The International SNP Map
Working Group [Sachidanandam et al., 2001], 7.5e-4, and more
than 75% greater than the mean of 1,598 values reported by
Schneider et al. [2003], 5.6e-4.
To determine whether the mean p-value in the TAS2R genes
was significantly greater than expected, we compared the mean p
in TAS2R genes with means generated by resampling the 1,598
values reported by Schneider et al. [2003]. This analysis revealed

TABLE 1.

Gene
TAS2R01
TAS2R03
TAS2R04
TAS2R05
TAS2R07
TAS2R08
TAS2R09
TAS2R10
TAS2R13
TAS2R14
TAS2R16
TAS2R38
TAS2R39
TAS2R40
TAS2R41
TAS2R43
TAS2R44
TAS2R45
TAS2R46
TAS2R47
TAS2R48
TAS2R49
TAS2R50
TAS2R55
TAS2R60
Mean

Summary Statistics

S

mpd

p

FST

3
3
8
7
6
6
7
6
1
4
8
5
2
3
4
6
11
6
6
5
12
11
7
5
2
5.8

0.05
0.55
1.7
0.97
0.35
0.91
0.64
0.56
0.44
0.54
0.15
1.47
0.11
0.37
0.75
1.1
2.5
2.35
0.98
0.92
1.85
3.59
1.27
2.12
0.52
1.07

5.22E-05
5.73E-04
1.89E-03
1.08E-03
3.64E-04
9.74E-04
6.84E-04
6.15E-04
4.80E-04
5.70E-04
1.74E-04
1.50E-03
1.05E-04
3.82E-04
8.06E-04
1.19E-03
2.69E-03
2.35E-03
1.05E-03
9.55E-04
2.05E-03
3.86E-03
1.41E-03
2.25E-03
5.38E-04
1.14E-3

0.23
0.10
0.07
0.07
0.13
0.28
0.14
0.14
0.34
0.47
0.15
0.06
0.02
0.15
0.23
0.80
0.24
0.14
0.12
0.16
0.26
0.33
0.25
0.39
0.24
0.22

S, number of polymorphic nucleotide positions; mpd, mean pairwise dif-

ference between sequences; p, mean pairwise di¡erence per nucleotide;
FST = (HT HS)/HT, where HT is the heterozygosity of the total sample
and HS is the average heterozygosity of the individual populations.

that the mean value of p in the TAS2R genes was significantly
greater than expected (po0.01). Thus, alleles at TAS2R loci are,
on average, more divergent from one another than are alleles at
other loci. Taken together, the finding that p-values in the TAS2R
genes are relatively high, along with the finding that TAS2R genes
harbor an unusually high number of amino acid substitutions,
suggests that multiple, functionally divergent alleles are likely
found at TAS2R loci.
To determine the extent to which alleles vary in frequency
among sampled populations we analyzed the FST statistic, which
takes values near zero when populations have similar allele
frequencies and values near unity when populations have
dramatically different frequencies [Slatkin and Voelm, 1991].
FST values for the individual genes in our sample ranged from 0.02
(for TAS2R39) to 0.80 (for TAS2R43), with a mean of 0.22
(Table 1, Fig. 2). Published FST values based on DNA sequence
variation in humans are usually lower, often falling around 0.15
[Tishkoff and Verrelli, 2003]. To determine whether the mean FST
in the TAS2R genes was significantly greater than expected, we
compared the mean FST in TAS2R genes with means generated by
resampling the 1,627 values reported by Schneider et al. [2003].
This analysis revealed that the mean value of FST in the TAS2R
genes was significantly greater (po0.01) than expected given the
empirical distribution. Thus, Africa, Asia, and Europe differ more
with respect to variation in TAS2R genes than they do with
respect to most other genes.
An important feature of the dataset reported by Schneider et al.
[2003] is that it is intended to represent populations in the United
States, which are admixed and thus have a relatively low FST
value, 0.06. For this reason, we replicated the test of FST using the
data of Akey et al. [2002], who found an average FST of 0.123 in
an analysis of 25,549 genome-wide SNPs, which is more typical of
human populations [Tishkoff and Verrelli, 2003]. This comparison
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confirmed that the mean FST in the TAS2R genes was significantly
greater than expected given the empirical distribution (po0.01).
The preponderance of high FST values in human TAS2R genes
indicates that human populations differ more with respect to
variation in the bitter taste receptor genes than they do with
respect to most other regions of the genome. This finding suggests
that major human populations could differ appreciably in the
frequency of functionally important variants and, consequently, in
the frequency of bitter-taste related phenotypes. A key implication
of this finding is that efforts to identify the various functionally
divergent alleles at bitter-taste receptor loci may benefit from
sampling diverse human populations.
Evidence that the TAS2R gene family harbors unusually high
levels of genetic diversity, including a very high number of amino
acid substitutions, suggests the hypothesis that the effects of
natural selection might be relaxed on these genes. The removal of
selective constraints would explain both the excess of amino acid
substitutions and the presence of segregating pseudogenes at the
TAS2R loci. However, while the relaxation of selective constraints
would explain these patterns, it would fail to explain the high
levels of population differentiation, reflected by high mean FST
values. An alternative hypothesis that would explain the high
mean FST value observed in the TAS2R genes, and the high mean
values of p and Ka/Ks would be that local adaptation has occurred.
Under local adaptation, loci under selection diverge as different
adaptive mutations rise in frequency in different populations,
causing increases in all three of the measures described here
[Bamshad and Wooding, 2003]. In addition, patterns similar to
those seen in the TAS2R family are found in other genetic systems
in which local adaptation is thought to have occurred [Gilad et al.,
2002; Hamblin et al., 2002; Hollox et al., 2001; Rana et al., 1999;
Tishkoff et al., 2001]. We hypothesize that local adaptation in
human bitter taste receptor genes is common and has been driven
by the fitness advantages of avoiding toxins found in plants.
It has long been recognized that numerous toxins produced by
plants as a means of defense against herbivores taste bitter
[Drewnowski and Gomez-Carneros, 2000]. These toxins vary
geographically in both composition and abundance [Berenbaum
and Robinson, 2003; Coley and Barone, 1996; Tepper, 1998].
Further, several of the known ligands for bitter-taste receptors are
plant toxins [Behrens et al., 2004; Bufe et al., 2002]. One
possibility is that bitter-taste receptor genes in humans have
adapted to recognize those toxins found in human environments.
The patterns of population genetic variation in our data have a
variety of implications for studies of bitter taste perception in vitro
and in vivo. In particular, evidence that numerous amino acid
substitutions are present at TAS2R loci, that these loci are more
diverse than are most loci in humans, and that natural selection
may have fostered intragenic diversification at TAS2R loci,
combine to suggest that functionally important variants exist
within many TAS2R genes. For in vivo studies, our results suggest
that homogeneous human populations may fail to identify many
important variants found between, rather than within populations,
and support the use of geographically dispersed populations in
gene mapping and association studies.
The TAS2R gene SNPs we have found are consistent with those
recently reported by Wang et al. [2004]. However, we have
identified approximately 60 additional variants in these 24 genes,
presumably because of the larger representation of sub-Saharan
African individuals, which tend to be the most genetically diverse
of all human groups, in our subject population. Our results add to
previous reports regarding haplotypes of TAS2R genes and of
human genes in general, demonstrating that only a fraction of all
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the possible haplotypes exist. For example, while there are seven
SNPs within the TAS2R38 (PTC) gene that could generate
27 5 128 different haplotypes, only seven haplotypes have been
observed worldwide. All TAS2R genes appear to follow this
pattern. The nature, frequency, and geographic distribution of
each of these TAS2R gene haplotypes will be important because it
is the haplotype, not any particular SNP allele, that determines the
receptor protein that is encoded. This is likely to be of prime
importance in the task of assigning ligands for each of the TAS2R
genes. If, like TAS2R38, different alleles of these genes differ
significantly in their responsiveness to any one bitter ligand, this
task will need to be re-conceptualized. We proposed it will no
longer have the goal of identifying ligands for each of the 25
different TAS2R genes; instead it will need to focus on identifying
ligands for each of the 151 different protein-coding TAS2R
haplotypes specified in these genes.
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