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Bitter taste perception prevents mammals from ingesting poisonous substances because many toxins taste
bitter and cause aversion. We hypothesize that human bitter taste receptor (TAS2R ) genes might be relaxed
from selective constraints because of the change in diet, use of fire and reliance on other means of toxin
avoidance that emerged in human evolution. Here, we examine the intra-specific variations of all 25 genes
of the human TAS2R repertoire. Our data show hallmarks of neutral evolution, including similar rates of
synonymous (dS) and non-synonymous (dN) nucleotide changes among rare polymorphisms, common poly-
morphisms and substitutions; no variation in dN/dS among functional domains; segregation of pseudogene
alleles within species and fixation of loss-of-function mutations. These results, together with previous find-
ings of large numbers of loss-of-function mutations in olfactory, pheromonal and visual sensory genes in
humans, suggest surprisingly reduced sensory capabilities of humans in comparison with many other
mammals.

INTRODUCTION

Humans and most mammals can perceive and discriminate
among five major taste modalities: sweet, sour, bitter, salty
and umami (the taste of sodium glutamate) (1,2). Among
these, bitter perception has a special role of preventing
animals from ingesting poisonous substances, because many
toxins taste bitter and cause aversion (3,4). The sense of the
bitter taste begins by binding of bitter compounds to bitter
taste receptors that are found on the surface of the taste receptor
cells of the tongue and palate epithelium (2,5). The receptors
are encoded by a large family of seven-transmembrane G
protein-coupled receptor genes named TAS2Rs (or T2Rs),
and the roles of TAS2Rs in bitter taste have been demonstrated
by both in vitro and in vivo functional assays (5–9). Unlike
visual pigment genes or olfactory receptor genes for which
only one gene is expressed in each visual or olfactory receptor
cell, multiple TAS2R genes are found to be expressed in each
bitter taste receptor cell in rodents, providing a plausible
explanation for the uniform taste of many structurally distinct
toxins (5). TAS2R genes do not contain introns in their protein-
coding regions, which facilitated their detection in sequenced
genomes. Twenty-five putatively functional TAS2R genes

[with open reading frames (ORFs)] and eight pseudogenes
(with disrupted ORFs) have been identified from the human
genome sequence and they are mapped to chromosomes 5, 7
and 12 (10). In comparison, the mouse genome contains 33
functional Tas2r genes and three pseudogenes (10). A phylo-
genetic analysis of these genes suggested considerable
variation in the TAS2R repertoire among different mammalian
lineages (10). Although only a minority of these TAS2R genes
has been functionally characterized, their chromosomal
location, sequence similarity and phylogenetic relationships
strongly suggest that they are involved in bitter perception.

Because TAS2Rs are directly involved in the interaction
between mammals and their dietary sources, it is likely that
the evolution of these proteins responds to and reflects
dietary changes in organismal evolution. For example, there
were significant changes in diet during human evolution
(11–13). In particular, the amount of meat in hominid diet
began to increase about 2 million years (MY) ago, whereas
the amount of plant materials decreased (11–13). This
dietary shift may have caused a reduction in the importance
of bitter taste and TAS2R genes because animal tissues
contain fewer bitter and toxic compounds than plant tissues
(4). Detoxification of poisonous foods, starting �0.8 MY
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ago (14), by controlled use of fire may trigger a further func-
tional relaxation in TAS2Rs. We thus hypothesize that patterns
of intra-specific polymorphism and recent evolution of human
TAS2R genes should exhibit low selective constraints. Here,
we characterize the intra- and inter-specific variations of all
25 members of the human TAS2R repertoire and provide
strong evidence supporting this hypothesis.

RESULTS

Equal levels of synonymous and non-synonymous
polymorphisms in human TAS2R genes

To examine the genetic variation of TAS2Rs within humans,
we sequenced all 25 functional genes in 22 humans of
diverse geographic origins and one chimpanzee. Because
synonymous nucleotide changes do not alter protein sequences
and are more or less neutral whereas non-synonymous changes
could be subject to natural selection, a comparison between
them can reveal signals of selection (15,16). In most genes,
the majority of non-synonymous sites are under selective
constraints, resulting in lower rates of polymorphisms and

substitutions at non-synonymous sites than at synonymous
sites (15,16). In human TAS2Rs, we identified 72 non-
synonymous and 33 synonymous polymorphic sites from
21 408 nucleotide sites, including 15 242 non-synonymous
and 6166 synonymous sites, respectively (Tables 1 and 2;
Supplementary Material, Fig. S1). The number of polymor-
phisms per non-synonymous site (4.72 � 1023, Watterson’s
u ¼ 1.09 � 1023) is 88% of that per synonymous site
(5.35 � 1023, u ¼ 1.23 � 1023), indicating that the overall

Table 1. Intra- and inter-specific variations of human TAS2R genes

Gene names Chr.a Lb Synonymous changes Non-synonymous changes Total

Sc p (%)d u (%)e Df dg S p (%) u (%) D d S p (%) u (%) D d dN/ds
h

TAS2R1 5 825 1 0.04 0.10 20.85 2 2 0.05 0.08 20.56 4 3 0.05 0.08 20.87 6 0.82
TAS2R3 7 864 2 0.22 0.18 0.37 2 0 0.00 0.00 0.00 1 2 0.06 0.05 0.37 3 0.21
TAS2R4 7 810 0 0.00 0.00 0.00 1 2 0.11 0.08 0.59 1 2 0.07 0.06 0.59 2 0.43
TAS2R5 7 801 1 0.04 0.10 20.85 3 3 0.11 0.12 20.15 7 4 0.09 0.11 20.48 10 0.96
TAS2R7 12 876 0 0.00 0.00 0.00 2 0 0.00 0.00 0.00 4 0 0.00 0.00 0.00 6 0.82
TAS2R8 12 831 2 0.22 0.20 0.24 0 1 0.01 0.04 21.12 2 3 0.07 0.08 20.39 2 NA
TAS2R9 12 867 0 0.00 0.00 0.00 3 1 0.08 0.04 1.54 4 1 0.06 0.03 1.54 7 0.54
TAS2R10 12 849 2 0.12 0.20 20.69 0 1 0.04 0.04 0.27 5 3 0.07 0.08 20.40 5 NA
TAS2R13 12 837 0 0.00 0.00 0.00 2 2 0.09 0.08 0.36 11 2 0.07 0.05 0.36 13 2.14
TAS2R14 12 879 2 0.33 0.18 1.47 3 1 0.03 0.04 20.53 4 3 0.11 0.08 0.57 7 0.53
TAS2R16 7 807 2 0.11 0.20 20.83 2 3 0.12 0.12 20.04 1 5 0.12 0.14 0.48 3 0.20
TAS2R38 7 945 0 0.00 0.00 0.00 3 4 0.21 0.14 1.16 2 4 1.15 0.10 1.16 5 0.28
TAS2R39 7 957 1 0.02 0.08 21.12 1 3 0.03 0.10 21.57 2 4 0.02 0.10 21.76 3 0.79
TAS2R40 7 918 0 0.00 0.00 0.0 1 1 0.03 0.04 20.14 2 1 0.02 0.03 20.14 3 0.80
TAS2R41 7 870 3 0.14 0.26 21.00 1 1 0.04 0.04 0.27 5 4 0.07 0.11 20.71 6 2.14
TAS2R43 12 870 2 0.00 0.19 21.30 1 7 0.21 0.26 20.47 2 9 0.17 0.24 20.84 3 0.78
TAS2R44 12 888 3 0.23 0.27 20.28 5 7 0.27 0.26 0.18 8 10 0.26 0.26 0.02 13 0.66
TAS2R45 12 828 1 0.02 0.10 21.12 2 6 0.45 0.23 2.39� 5 7 0.32 0.19 1.82 7 1.01
TAS2R46 12 804 1 0.04 0.10 20.85 3 2 0.12 0.80 0.05 6 3 0.10 0.11 20.40 9 0.78
TAS2R47 12 867 2 0.18 0.18 20.03 0 2 0.08 0.07 0.12 0 4 0.11 0.11 0.05 0 NA
TAS2R48 12 753 2 0.45 0.20 2.19� 0 6 0.10 0.26 21.62 6 8 0.20 0.24 20.47 6 NA
TAS2R49 12 855 3 0.38 0.28 0.75 0 9 0.50 0.34 1.37 2 12 0.47 0.32 1.35 2 NA
TAS2R50 12 831 2 0.29 0.19 0.97 1 3 0.09 0.12 20.53 5 5 0.15 0.14 0.15 6 2.01
hT2R55 12 885 1 0.10 0.09 1.60 3 4 0.24 0.15 1.57 7 5 0.20 0.13 1.91 10 0.95
TAS2R60 7 891 0 0.00 0.00 0.00 1 1 0.01 0.04 20.85 8 1 0.01 0.03 20.85 9 3.34
Sum 21 408 33 0.12 0.12 20.05 42 72 0.12 0.11 0.09 104 105 0.12 0.11 20.05 146 1.00

NA, not applicable because of zero synonymous differences.
aChromosomal location.
bNumber of sequenced nucleotides.
cNumber of polymorphic sites.
dNucleotide diversity per site.
eWatterson’s u per site.
fTajima’s D.
gNumber of fixed nucleotide differences between human and chimpanzee.
hNumber of fixed non-synonymous differences per non-synonymous site between human and chimpanzee, divided by the number of fixed synonymous
differences per synonymous site.
�P , 0.05.

Table 2. Rates of synonymous and non-synonymous nucleotide changes in
human TAS2Rs

Non-synonymous Synonymous N/S ratio

Number of sites sequenced 15 242 6166 2.47
Rare polymorphisms 33 15 2.20
Common polymorphisms 39 18 2.17
Fixed changes 104 42 2.48

None of the N/S ratio are significantly different from each other (Fisher’s
test).

2672 Human Molecular Genetics, 2004, Vol. 13, No. 21



selective constraints on the two types of sites are similar
(P ¼ 0.31; Fisher’s exact test) in TAS2R genes. Consistent
with this observation, the nucleotide diversity per site
(15,16) is virtually identical between non-synonymous
(pN ¼ 1.22 � 1023) and synonymous (pS ¼ 1.19 � 1023)
sites (Table 1). Furthermore, although the TAS2R pS is close
to the average synonymous nucleotide diversity observed
from a large number of human genes (1.1 � 1023) (17), pN

is about four times the corresponding average (0.28 � 1023)
(17). These comparisons suggest that the similar magnitudes
of pN and pS at TAS2Rs are likely due to reduced selective
constraints on non-synonymous sites.

Alternatively, high pN may result from balancing selection,
which retains beneficial alleles in a population for a long time
(18). Balancing selection has been suggested to account for
high pN of the TAS2R38 (also called PTC ) gene (19), which
is largely responsible for the well-known human polymor-
phism in tasting the synthetic compound phenylthiocarbamide
(PTC) (20). A characteristic of balancing selection is the posi-
tiveness of p2 u, which can be measured by Tajima’s D
statistic (21). For the present data, D is positive in 12 genes,
0 in one gene and negative in 12 genes, with an overall value
of 20.048 for all the genes analyzed together (Table 1). D is
not significantly different from 0 for the 25 genes, individually
or collectively. When the synonymous and non-synonymous
sites were separated, one gene (TAS2R48 ) had a significantly
positive D at synonymous sites (P , 0.05) and another
(TAS2R45 ) had a significantly positive D at non-synonymous
sites (P , 0.05). But the two significant cases may simply be
due to multiple testing as 50 tests were conducted and 2.5
significant cases (at 5%) were expected by chance. These
observations do not support the balancing selection hypothesis
for the human TAS2R repertoire, although failure to detect
balancing selection here does not preclude its operation at a
few TAS2R genes. Similar results were obtained by Fu and
Li’s tests (22) (data not shown). Wooding et al. (19) suggested
the action of balancing selection on TAS2R38 largely because
of the observation of a positive Tajima’s D (1.55). This D
value was not significantly higher than 0 under the assumption
that the population size is constant, but it became significantly
higher than 0 under specific models of population expansion
(19). They suggested that an instant population expansion
from the effective size of 10 000 to 1 000 000 that occurred
100 000 years ago is most appropriate for humans (19,23,

see also the manual of the DFSC program of S. Wooding
at http://www.xmission.com/�wooding/DFSC/README).
We evaluated this model by computing D for six apparently
neutral loci (Table 3) of the human genome under this
model. Surprisingly, five of the six loci (except the locus
at Xq13.3) show significantly positive D values. Thus, we
believe that use of the above population expansion model
leads to false positive detection of balancing selection.
Although this does not mean that use of the constant-
population model is correct, it is certainly a more conservative
and safer test for balancing selection, particularly when the
details of human population expansion is still unclear.

Possible natural selection on human TAS2Rs can be further
scrutinized by comparing rare and common polymorphisms
(31). We used the chimpanzee as the outgroup of humans
to determine which human alleles are derived and which
are ancestral, and then classified each polymorphism to either
rare or common using 10% frequency for the derived allele
as the cutoff (Table 2). We found that the ratio of the number
of non-synonymous polymorphisms to that of synonymous
polymorphisms was similar between rare (33/15 ¼ 2.20) and
common (39/18 ¼ 2.17) categories (P ¼ 0.57). This is consist-
ent with the lack of purifying selection on TAS2Rs, because
purifying selection would prevent deleterious non-synonymous
mutations from becoming common, and thus generate a lower
non-synonymous/synonymous ratio for common polymorph-
isms than for rare ones (31).

Pseudogenization of human TAS2Rs

In addition to the many non-synonymous polymorphisms, two
nonsense polymorphisms were observed in human TAS2Rs.
The first was a C ! T mutation at position 640 of TAS2R7,
which changed an Arg residue to a premature stop codon
and resulted in a receptor that contains only five transmem-
brane (TM) domains (Supplementary Material, Fig. S1).
This apparently non-functional allele was observed once (in
Andes Indian) in the 22 individuals surveyed. The relatively
low frequency (2.3%) of the allele makes it difficult to dis-
tinguish whether it is neutral (but newly emergent) or delete-
rious. The second nonsense polymorphism (G ! A at position
749) changed a Trp to a premature stop codon in TAS2R46,
resulting in a truncated receptor with six TM domains
(Supplementary Material, Fig. S1). This non-functional

Table 3. Comparison between TAS2R genes and neutrally evolving human sequences in intra- and inter-specific variations

Genomic regions (references) Sequence length (nt) p (%)a u (%)b d (%)c u/d HKA prob.d

25 TAS2R genes (this study) 21 408 0.121 0.115 0.831 0.138
Non-coding region at 1q24 (24) 8991 0.058 0.095 0.623 0.152 0.669
b-Globin inititation region at 11p 15 (25) 6076 0.129 0.107 1.284 0.083 0.508
Non-coding region at 22q 11 (26) 9091 0.088 0.139 1.353 0.103 0.312
Dystrophin intron-dys44 at Xp21 (27) 7475 0.135 0.102 0.604 0.169 0.779
PDHA1 introns at Xp22 (28) 3530 0.225 0.211 0.992 0.213 0.648
Non-coding region at Xq13.3 (29) 10 200 0.045 0.083 0.922 0.090 0.369

aNucleotide diversity per site; for X chromosome data, it is corrected by multiplication by 4/3.
bWatterson’s estimate of polymorphism per site; for X chromosome, it is corrected by multiplication by 4/3.
cNumber of nucleotide differences per site between human and chimpanzee sequences.
dProbability from the HKA test (30), with comparison to the TAS2R data.
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allele was observed 11 times in our samples. The moderate
frequency (0.25) of this allele and its presence in various
human populations (African Americans, Caucasians, South-
east Asians, Chinese and Pacific Islanders) demonstrate that
it is not under purifying selection. A comparison between
the human and chimpanzee genome sequences indicates that
chimpanzees have six TAS2R pseudogenes, whereas humans
have two additional ones (hps1 and hps2 ) (10), both having
been fixed, as revealed by our sequencing of 22 humans (Sup-
plementary Material, Figs S2 and S3). We also confirmed that
the chimpanzee orthologs of hps1 and hps2 have intact ORFs
by sequencing one individual. Therefore, in the 6–7 MY since
the human–chimpanzee split (32), two functional TAS2R
genes have turned into pseudogenes in the hominid lineage
and another one or two are becoming pseudogenes in
present-day humans. In contrast, no new TAS2R pseudogenes
have been fixed in the chimpanzee lineage.

There are three residues that are absolutely conserved
among all 63 mouse and rat Tas2rs (see later), suggesting
that these residues are required for proper functioning of
bitter taste receptors. However, two of them have changed
in human TAS2Rs. Position 103 of human TAS2R13 is
fixed with Phe, whereas this position is Leu in all mouse
and rat Tas2rs. Similarly, human TAS2R14 is fixed with
Met at position 205, whereas it is Leu in rodents. An in
vitro study showed that human TAS2R14 responds to multiple
bitter compounds (9). It will be interesting to examine if
human TAS2R13 is functional.

Equal rates of synonymous and non-synonymous
substitutions

When did the functional relaxation in human TAS2Rs occur?
This question may be addressed by comparing polymorphism
and divergence data. A comparison between orthologous
TAS2R genes from the 22 humans and one chimpanzee ident-
ified 104 non-synonymous and 42 synonymous substitutions
that have been fixed between species (Tables 1 and 2).
These numbers translate into identical rates of non-
synonymous (6.82 � 1023) and synonymous (6.82 � 1023)
substitutions per site (P ¼ 0.52). When we measured the
human–chimpanzee distance by comparing a randomly
picked human allele with a randomly picked chimpanzee
allele, as normally conducted, the synonymous and non-synon-
ymous distances both became 8.3 � 1023 per site. These
numbers are significantly (P , 0.05) lower than the average
human–chimpanzee distance (0.012 per site) observed from
large genomic data (33,34) and may reflect mutation rate
variation within genome (35). The McDonald–Kreitman test
(36) did not detect any difference between the intra- and inter-
specific patterns of non-synonymous and synonymous variations
for human TAS2Rs (P ¼ 0.38; Table 2). From the single
chimpanzee sequenced, three synonymous and eight non-
synonymous polymorphisms were found. The non-synonymous/
synonymous ratio (8/3 ¼ 2.67) is comparable with the ratio
for human polymorphisms (72/33 ¼ 2.18) and the ratio for
fixed substitutions between species (104/42 ¼ 2.48). We also
conducted an HKA test (30) by comparing the polymorphism
and divergence data from human TAS2Rs and those from six
non-coding regions of the human genome that are at least

3000 nt long and are not known to be under natural selection,
but no difference was found (Table 3). These results suggest
that the functional relaxation already started in the common
ancestor of humans and chimpanzees and that there is no detect-
able difference in selection between the human polymorphism
and divergence data.

An alternative explanation for the above between-species
data is a more complex scenario involving purifying selection
at some sites and positive selection at some other sites of
TAS2Rs. Previous studies showed that transmembrane (TM)
domains of TAS2Rs are more conserved than extracellular
(EC) and intracellular (IC) domains and that EC domains may
be subject to positive selection between rapidly diversifying
paralogous genes, consistent with the presumable tastant-
TAS2R binding sites being located in the EC domains (10).
To test the hypothesis of positive and purifying selection on
human and chimpanzee TAS2Rs, we estimated the dN/dS ratio
in the EC, TM and IC domains, respectively. For comparison,
we used Tas2r genes from mouse and rat. To obtain these
genes, we searched the rat genome sequence using all 33
mouse Tas2r genes as queries and identified 30 rat Tas2r
genes. A phylogenetic tree of all putatively functional TAS2R
genes from human, chimpanzee, mouse and rat was recon-
structed (Fig. 1; Supplementary Material, Fig. S4). From this
tree, 28 pairs of mouse and rat genes were apparently ortho-
logous. We concatenated these 28 genes for mouse and rat,
respectively, and estimated the average dN and dS between
them. Figure 2 shows that the dN/dS ratio is significantly
lower than 1 for each of the three functional regions (EC, TM
and IC) in rodent Tas2r genes, demonstrating the operation of
purifying selection between the orthologs. Among-domain
variation in dN/dS, another characteristic of functional genes,
is also evident, and TM domains show the lowest dN/dS. For
both intra- and inter-specific data of human TAS2Rs, dN/dS is
not significantly different from 1 for any of the three functional
regions or the entire genes. Furthermore, no variation in dN/dS
among functional regions is seen. Compared with rodent
Tas2rs, human TAS2Rs have significantly elevated dN/dS in
the TM domains. These observations are consistent with the
hypothesis of functional relaxation in humans (and chimpan-
zees), but do not support the alternative hypothesis of a combi-
nation of positive and purifying selection, because the latter
predicts an elevation in dN/dS in the EC domains whereas
maintaining low dN/dS in functionally conserved TM domains.

Similarly, one may hypothesize that some TAS2Rs of
humans are under positive selection whereas some others are
under purifying selection, giving an average dN/dS of �1 for
the repertoire. Table 1 lists the dN/dS ratio for each of the
25 human TAS2R genes and some ratios appear much higher
than others, although none of them are significantly different
from 1. We used computer simulation to test whether this
among-gene variation was simply due to chance. In the simu-
lation, we assumed that every gene has the expected dN and dS
identical to the corresponding averages of the 25 human
TAS2R genes and then generated an expected distribution of
dN/dS from 5000 simulations (Fig. 3). When this distribution
was compared with the observed distribution, no significant
difference was found (P ¼ 0.65, x2 test; Fig. 3), suggesting
that the apparent among-gene variation in dN/dS shown in
Table 1 is explainable by chance alone.
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DISCUSSION

In this work, we characterized the intra- and inter-specific
variations of the entire human bitter taste receptor gene reper-
toire. Our intra-specific data show equal levels of synonymous
and non-synonymous polymorphisms, equal non-synonymous/
synonymous ratios for rare and common polymorphisms,
equal non-synonymous/synonymous ratios among functional
domains, segregation of non-functional alleles in populations
and fixation of pseudogenes in the species. All these obser-
vations support the lack of selective constraint on human
TAS2R genes. Our inter-specific comparison between the
human and chimpanzee also suggests that TAS2R genes have
been under neutral evolution without much constraint. If a
complete functional relaxation occurred in the common ances-
tor of humans and chimpanzees, it is perplexing why fixations
of mutations that disrupt TAS2R ORFs occurred only twice in
humans and did not occur at all in chimpanzees. Using com-
puter simulation (see Materials and Methods), we estimated

Figure 1. Evolutionary relationships of 113 putatively functional TAS2R genes
from human, chimpanzee, mouse and rat. The tree is reconstructed by the
neighbor-joining method with protein Poisson distances. Bootstrap percen-
tages (�50) from 2000 replications are shown at interior nodes. The mouse
and rat genes with uncertain orthology are marked with triangles and are
not used in computing the dN/dS ratios presented in Figure 2. The protein
sequence alignment used for the tree reconstruction is provided in Supplemen-
tary Material, Figure S4.

Figure 2. Comparison of dN/dS among different functional domains of
TAS2Rs. Black bars show the dN/dS ratios computed from the concatenated
sequences of 28 pairs of orthologous Tas2r genes of mouse and rat. Shaded
bars show the dN/dS ratios of the fixed differences between human and chim-
panzee for the concatenated sequences of 25 pairs of orthologous TAS2R
genes. White bars show the dN/dS ratios computed from the human polymor-
phisms at the 25 TAS2R genes. All comparisons are conducted using Fisher’s
exact test following Zhang et al. (37). Significant levels: �, 5%; ��, 0.5%;
���, 0.05%. The test result of the null hypothesis of dN/dS ¼ 1 for each bar
is indicated above the bar. Comparisons between two bars are indicated with
brackets. Non-significant results are not indicated. EC, four extracellular
domains; TM, seven transmembrane domains; IC, four intracellular
domains; Total, entire proteins.

Figure 3. Expected and observed distributions of dN/dS among 25 human
TAS2R genes. The expected distribution (white bars) under equal dN/dS
ratios among genes was generated by computer simulation (see Materials
and Methods), whereas the observed distribution (black bars) was from the
dN/dS column in Table 1. NA, not applicable due to zero synonymous substi-
tution. There is no significant difference between the two distributions
(P . 0.5; x2 test).
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that the average half-life of human TAS2R genes is 6.77 MY in
the absence of natural selection, meaning that after 6.77 MY
of neutral evolution, a TAS2R gene has a 50% chance of
becoming a fixed pseudogene. From the observation that
only two out of 27 TAS2R genes have become fixed pseudo-
genes during hominid evolution, we obtained the maximum
likelihood estimate of the starting time (T ) of the complete
functional relaxation to be 0.75 MY ago, though any T
within 0.1–2.6 MY ago cannot be rejected at 5% significance
level. It is likely that an incomplete functional relaxation
started early in the ancestry of humans and chimpanzees but
a second wave of more complete relaxation occurred recently
in the hominid lineage alone. This would explain the lack of
pseudogene formation in chimpanzees and the paucity of
human pseudogenizations. Because each TAS2R recognizes
multiple related toxic compounds (8,9) and each taste receptor
cell expresses multiple TAS2R genes (5), it is possible that an
incomplete functional relaxation occurs when the number or
amount of toxins that a species encounter reduces.

As mentioned, a dietary change that started 2 MY ago
(11–13) resulted in an increase of animal tissues and decrease
of plant tissues in hominid diet, which reduced the number
of toxic foods that hominids came across. Controlled use of
fire was evident about 0.8 MY ago (14); the reliance on
TAS2Rs to detect toxins further diminished because cooking
significantly detoxifies poisonous food (11). It is interesting
that the likelihood estimate of the starting time (0.75 MY
ago) of the complete functional relaxation in human TAS2R
genes coincides with the beginning of the fire use in
hominid evolution, although our estimate has a large variance.
Our data suggest that chimpanzee TAS2Rs are likely under
relaxed selective constraint as well, although to a lesser
degree, as evident from the lack of pseudogenization. It has
been noted that chimpanzees occasionally eat meat (2–13%
of diet), whereas other great apes (gorillas and orangutans)
almost never do so (13). Furthermore, among the plant
foods, chimpanzees eat mostly ripe fruits whereas gorillas
and orangutans eat more leaves, unripe fruits, bark and pith
(13). Ripe fruits contain considerably fewer toxins than do
leaves and unripe fruits (4). These factors, when combined,
may have reduced the selective pressures on chimpanzee
TAS2Rs. A broader survey of TAS2R genes in primates may
provide a better understanding of the ecology and selective
agents behind the evolution of TAS2R genes and the bitter
taste.

Our finding that the TAS2R bitter taste receptor gene reper-
toire of humans is under relaxed selective constraint has
several implications. First, humans have lost and continue to
lose TAS2R genes, which would result in a decrease in the
number of bitter compounds that we can taste. Second, the
segregation of non-functional TAS2R alleles in current
human populations indicates among-individual variation in
bitter sensitivity. Third, functional relaxation may also allow
the appearance of new TAS2R alleles that can bind previously
unrecognizable tastants. Although the emergence of these new
alleles may increase the diversity in bitter recognition among
humans, it likely has little effect on fitness because of the
neutral nature of the new alleles. It should be noted that loss
of selective constraint does not result in loss of function
instantly. Probably because of the relatively short time since

the loss of selective constraints on human TAS2R genes,
many human TAS2R genes may still be functional and we
can still taste many bitter compounds. But loss of function
will result after sufficient time of evolution under no selective
constraint.

Our finding is intriguing when compared with the evolution-
ary patterns of other human sensory genes. Olfactory receptor
genes have been inactivated in the human lineage at a higher
rate than in chimpanzees and other primates. In humans,
.50% of olfactory receptor genes are pseudogenes, in con-
trast to 30–35% in other apes and ,20% in rodents (38,39).
In fact, humans have fewer than 400 functional olfactory
receptor genes (40) and they appear to be under weak or no
selective constraints (41), whereas mice have over 1000 func-
tional genes (42). Humans, apes and Old World monkeys have
lost important components of the vomeronasal pheromone
signal transduction pathway and are insensitive to vomero-
nasal pheromones (43,44). Humans also have an unusually
high frequency of red/green color blindness (e.g. 8% in male
Caucasians) that is not found in wild apes or Old World
monkeys (45). Deafness also occurs at a relatively high
frequency (0.08%) in humans; non-functional GJB2 alleles,
which are responsible for genetic deafness in many popu-
lations, have a total frequency of �1.8% in the United
States (46). Although genes involved in these sensory
systems may have deteriorated at different times in the evol-
utionary lineage of humans, it is compelling that sensitivities
to a number of sensory signals are weaker in humans than in
many of our mammalian relatives. It is possible that in the
evolution of apes, and particularly humans, sensory capabilities
became a less important component of an individual’s fitness.

MATERIALS AND METHODS

Sequencing human and chimpanzee TAS2R genes

Genomic DNAs of one chimpanzee (Pan troglodytes ) and 22
unrelated humans (Homo sapiens ) of diverse geographic
origins (three Pygmy Africans, six African Americans, five
Caucasians, three Southeast Asians, two Chinese, two
Pacific Islanders and one Andes Indian) were purchased
from Coriell Cell Repositories. Gene-specific primers for
amplifying the 25 TAS2R genes were designed according to
the human genome sequence. The protein-coding region of
each TAS2R gene has 900–1000 nt, most of which were
amplified in our experiments. After removing the primer-
encoded regions, the total number of nucleotides examined
here was 21 408, or on an average 856 per gene. Polymerase
chain reactions (PCRs) were performed with high fidelity
DNA polymerase under conditions recommended by the man-
ufacturer (Invitrogen). PCR products were separated on 1.5%
agarose gel and purified using the Gel Extraction Kit (Qiagen),
before being sequenced from both directions using the dideoxy
chain termination method with an automated DNA sequencer.
Sequencher (GeneCodes) was used to assemble the sequences
and to identify DNA polymorphisms. Two human pseudo-
genes (hps1 and hps2 ) were also sequenced in the 22
humans and one chimpanzee. The primer sequences are
available upon request.
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Evolutionary analyses

Numbers of synonymous and non-synonymous sites and
numbers of synonymous and non-synonymous nucleotide
changes were counted following Zhang et al. (47). The
number of synonymous changes per synonymous site (dS) and
the number of non-synonymous changes per non-synonymous
sites (dN) were then computed (16). Watterson’s u, nucleotide
diversity p, Tajima’s D test (21) and HKA test (30) were com-
puted or conducted by DnaSP (48). Rare and common poly-
morphisms were defined using the cutoff of 10% frequency
for the derived allele. Use of different cutoffs (5 and 15%) did
not change our result. The sequence data of six non-coding
regions used in the HKA test were from the literature (24–
29).Mouse Tas2r gene sequences were obtained from the litera-
ture (10). Rat Tas2r genes were identified by BLAST searches
of the rat genome sequence using the mouse genes as queries. A
neighbor-joining tree (49) of the putatively functional TAS2R
genes of the human, chimpanzee, mouse and rat was recon-
structed using the protein Poisson distance (16). The bootstrap
test (with 2000 replications) was used to examine the reliability
of the observed branching patterns (50). MEGA2 (51) was
used for the phylogenetic analysis. Twenty-eight pairs of ortho-
logous Tas2r genes from mouse and rat were identified and
used for computing dS and dN. Functional domains in
TAS2Rs were defined following Adler et al. (7). Computer
simulation was used to evaluate the expected variation in
dN/dS among TAS2R genes. Because the total numbers of
fixed synonymous and non-synonymous differences in the 25
orthologous genes of humans and chimpanzees were 42 and
104, respectively (Table 1), the average numbers per gene
were 1.68 and 4.16, respectively. As nucleotide substitution is
a Poisson process, we generated a Poisson random number
with the mean of 1.68 as the number of synonymous substi-
tution for a gene and an independent Poisson random number
with the mean of 4.16 as the number of non-synonymous substi-
tution for the gene. The dN/dS ratio for the gene was then com-
puted following Zhang et al. (47), using the average numbers of
synonymous (246.64) and non-synonymous (609.68) sites per
gene for the TAS2R genes. When the number of synonymous
substitution was 0, dN/dS was designated as NA. Such
simulation was repeated 5000 times and a distribution of
dN/dS was generated. This distribution was compared with
the observed distribution from the 25 TAS2Rs by a x2 test.
We used the program PSEUDOGENE (43) to estimate the
half-life (t1/2) of each of the human TAS2R genes and obtained
an average of 6.77+ 0.05 MY. In the computation, we used
a point nucleotide substitution rate of 6.4 � 10210 per site per
year, which was estimated from the synonymous substitution
rates in TAS2R genes under the assumption of 6.5 MY as the
time since the human–chimpanzee split (32). We also used a
substitution rate of 0.81 � 10210 per site per year for ORF-
disruptive indels, which was estimated from human–chimpanzee
genomic comparisons (43,52,53). The starting time of the
complete functional relaxation (T ), as well as its confidence
interval, was estimated using a likelihood approach (43).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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