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Abstract

The purpose of this study was to define the effects of individual polymorphisms within the haplotypes of the TAS2R38 taste
receptor gene on human bitter taste perception. A racially and ethnically diverse sample of children and adults (N = 980) was
phenotyped for thresholds of 6-n-propylthiouracil (PROP) and genotyped for 3 polymorphisms of the TAS2R38 gene (A49P,
V262A, 1296V). Subjects were grouped according to their diplotype (i.e., specific combinations of haplotypes) and compared
for PROP thresholds. By contrasting subjects with particular diplotypes, we found that in addition to A49P, V262A and 1296V
were related to the ability of the subjects to detect PROP. The V262A variant site affected the ability of subjects to detect mid-
range concentrations of PROP, whereas the 1296V variant site affected the ability of subjects to perceive PROP at the lowest
concentration. These data agree with results from previous studies using cell-based assays for 2 variant sites (A49P and V262A)
but not those for the 1296V variant site. The reason for the discordant results is not known but it highlights the need for
psychophysical as well as cell-based methods to understand the genotype—phenotype relationship for taste receptors. Human
PROP sensitivity is determined by the combination of each of these 3 polymorphisms within the TAS2R38 gene.
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Introduction

Humans perceive bitterness when specific chemicals contact
particular receptors on the apical surface of taste cell mem-
branes. There are approximately 25 bitter receptors in the
human genome, and some of their ligands have been identi-
fied through cell-based assay and transgenic methods
(Chandrashekar et al. 2000; Bufe et al. 2002, 2005; Behrens
et al. 2004, 2009; Kuhn et al. 2004; Pronin et al. 2004, 2007;
Mueller et al. 2005; Soranzo et al. 2005; Conte et al. 2006;
Sainz et al. 2007; Meyerhof et al. 2009). Genetic association
studies have also provided clues about receptor—ligand pairs
(Kim et al. 2003; Duffy et al. 2004; Prodi et al. 2004;
Mennella et al. 2005; Pronin et al. 2007; Reed et al. 1999,
2010; Timpson et al. 2007; Tepper et al. 2008). Currently,
not all bitter chemicals have a known receptor and not all
receptors have a known ligand (Meyerhof et al. 2009).
One of the most intensively studied bitter receptor genes is
TAS2R38, alleles of which are responsible in large part for
the taste blindness to phenylthiocarbamide and other struc-
turally similar chemicals such as propylthiouracil (PROP)
and goitrin (Wooding et al. 2010). The observation that some

people were insensitive to these chemicals, whereas others
perceive them as intensely bitter was made in the early
1930s (Fox 1932) and was of interest to a range of researchers
from different academic disciplines such as physical anthro-
pology, medicine, genetics, and sensory biology (Guo and
Reed 2001). Because the transmission of the trait followed
a roughly Mendelian inheritance pattern, it was assumed
a single polymorphism was involved, but this assumption
was not quite correct: in fact, there are 3 variant sites within
one gene that account for variations in human perception
(Kim et al. 2003; Bufe et al. 2005). Investigators also assumed
that because this taste trait was rare in some geographic re-
gions and common in others that the allele frequencies would
vary by race and ethnicity, and this assumption proved to be
correct (Kim et al. 2003; Wooding et al. 2004). The nature of
the collective and individual contributions to perceptual dif-
ferences among people of different 74S2R38 genotype and
haplotypes described below is the focus of the current study.

Recent research on the molecular characterization of the
TAS2R38 gene revealed 3 variant sites (A49P, V262A,
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and I1296V), and these haplotypes are found in 2 common
(AVI and PAYV), 2 less common (AAI and AAV), and 2 rare
forms (PVI and PAI) (Kim et al. 2003; Wooding et al. 2004;
Wang et al. 2007). Two haplotypes have not been reported in
any subjects to date (AVV and PVV). Initially, it was not
clear whether the main effect on taste perception was due
to only one polymorphism, and thus the others within the
haplotype were inconsequential (but found together because
of linkage disequilibrium), or whether each polymorphism in
the haplotype contributed to the increased or decreased bit-
ter sensitivity. Threshold data from a few subjects with less
common haplotypes suggested that they had intermediate
phenotypes, but specific comparisons to assess the effects
of each polymorphism could not be made with certainty
(Kim et al. 2003). To try to surmount these difficulties,
cell-based assays were developed to test the effects of individ-
ual variant sites (Bufe et al. 2005). From these in vitro stud-
ies, we learned that the A49P variant site had the greatest
effect on taste transduction, the V262A variant site had
weaker effects, and 1296V variant site had no detectable ef-
fect. However, cell-based assays do not always recapitulate
the natural signaling within cells, and so whether these ob-
servations would generalize to human taste was not known.
To that end, we measured PROP thresholds from 980 human
subjects and compared people with different diplotypes to
determine the effect of each variant site on their taste
response. (The term ““diplotype” refers to a specific combi-
nation of haplotypes, e.g., someone homozygous for the
nontaster haplotype would have an AVI/AVI diplotype.).
The large sample size and its diversity of ancestry ensured
that a number of rare haplotypes informative for this
analysis would be represented.

Materials and methods

Subjects

Subjects who participated in research studies on taste and
smell preferences during the years 2003-2007 were pheno-
typed for PROP threshold and genotyped for 3 variant sites
within the TAS2R38 gene. Included in this sample of 980
individuals were 448 children (241 females, 207 males),
100 adolescents (55 females, 45 males), and 432 adults
(425 females, 7 males). The majority of the adult subjects
(N = 345) were the mothers of the children or adolescent par-
ticipants. Children and adolescents ranged in age from 3 to
19 years (mean 7 *+ 2) and adults from 20 to 55 years (mean
34 + 7). Race/ethnicity was assigned by maternal (or adult)
report according to standard US Census categories. We used
the term race/ethnicity in describing our groups because it
represents both the genetic and cultural components of this
sample. These categories reflect the population of the urban
setting (Philadelphia, PA) from which it was drawn: 56%
Americans of African descent (Non-Hispanic; Black), 29%
Americans of European descent (Non-Hispanic; White),

and 15% other groups (Mixed ancestry, Asian, or Hispanic)
(Anonymous 2006). All testing procedures were approved by
the Office of Regulatory Affairs at the University of Penn-
sylvania. Informed consent was obtained from each adult,
and assent was obtained from each child who was 7 years
of age or older. Age-, sex-, and race-related effects have been
reported elsewhere (Mennella et al. 2010).

Phenotyping for PROP perception

Following a 1-h fast, each subject was tested individually in
a closed room designed for sensory studies. Most of the chil-
dren younger than 7 years were tested with their mothers
present. The mothers, who sat behind the children and
out of view, refrained from talking during the test session
and listened to music with headphones to prevent them from
hearing their children’s answers. All other subjects were
tested individually.

To allow for comparisons, all procedures were identical for
children and adults, and several steps were undertaken to
make sure that the younger subjects understood the task be-
fore testing. The forced-choice procedures and concentrations
of PROP used were based on previous research (Anliker et al.
1991; Mennella et al. 2005). PROP was chosen for the study
because it is a medication used to treat thyroid disorders and
thus more safety data are available regarding its use when
compared with phenylthiocarbamide (PTC), about which
comparably little is known (Wheatcroft and Thornburn
1972). Subjects were presented with a cup containing 5 mL
of water and told to rinse the contents in their mouth and spit
it out. If the solution tasted like water, they were told to give it
to a stuffed toy of Big Bird (a likeable, well-known television
character puppet), but if it tasted “yucky” or bitter, they
should give it to Oscar the Grouch so that he can ‘“‘throw
it in his trash can” (Schmidt and Beauchamp 1988). The pro-
cedure was repeated and subjects tasted, in ascending order, 3
solutions of PROP (56, 180, and 560 pM) rinsing with water
before and after each tasting. Subjects were classified into 4
groups based on the lowest concentration, if any, that they
reported bitterness and, in turn, gave the sample to Oscar
the Grouch. Those who gave all samples to Big Bird were clas-
sified as “None (of the samples) tasted bitter.”

Genotyping and haplotyping for the TAS2R38 gene

Cells from the cheek were obtained using swabs, and geno-
mic DNA was extracted following the directions of the man-
ufacturer (Epicenter). Three polymorphisms of the
TAS2R38 gene (accession no. NM_176817) were genotyped
using real-time polymerase chain reaction (PCR) single nu-
cleotide polymorphism genotyping assays (rs7/3598,
rs1726866, and rs10246939) with the Prism 7000, manufac-
tured by Applied Biosystems. Other polymorphisms within
the gene (Wooding et al. 2004) were not typed because their
rarity precluded inclusion in the statistical analysis. Geno-
types were checked for appropriate segregation to detect
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genotyping or family history errors. DNA samples from 6
subjects failed to amplify despite appropriate concentration
and purity and 5 other samples amplified but failed to
separate into genotype groups, even after several assay at-
tempts. These unusual results could be due to other variant
sites that prevented primer binding (and thus resulted in
failed amplification), or to copy number variants, which
might result in PCR products that fail to cluster into geno-
typic groups. Regardless of the explanation, the individuals
who contributed these DNA samples were not included in
the current analysis. Haplotypes were unequivocally identi-
fied, for example, by tracing the parental origin of the variant
sites (61% of subjects) or otherwise they were inferred by ex-
pectation—maximization methods using an algorithm imple-
mented by the computer program fastPHASE (39% of
subjects) (Scheet and Stephens 2006).

Data analyses

The goal of data analysis was to describe the genotypes and
haplotypes observed and select and compare people with
particular haplotypes to determine how each variant site af-
fected taste perception. All analyses followed the same
method, which was to stratify subjects into groups by the
variables of interest, and when appropriate, to detect fre-
quency differences between the groups with an omnibus
x> analyses for k independent samples, followed by a parti-
tioned x> to determine where the difference occurred (Siegel
and Castellan 1988). Because this partitioning analysis can-
not be undertaken if there are no observations in a particular
cell, or when the number of observations in 20% of the cells is
less than 5, in some cases, we conducted analysis only on
groups with sufficient sample size or we combined related
groups to increase the sample size per cell.

The sample contained males and females, people of differ-
ent ages (adults and children) and subjects from several ra-
cial/ethnic groups. The effects of sex, age, and race are
reported elsewhere (Mennella et al. 2010). There is no differ-
ence between males and females or between children and
adults in TAS2R38 diplotype frequency. There are racial dif-
ferences in polymorphism frequencies for TAS2R38, but
there is no additional effect of race. In other words, regard-
less of race/ethnicity, the relationship between diplotype and
its effects on tasting ability is the same. Thus, age, sex, and
race groups were combined for analysis.

To isolate the effect of each polymorphism on bitter taste
perception, subjects were grouped by a diplotype of interest
and the percentage of people from each PROP taste thresh-
old group was assessed. For example, we compared PROP
thresholds of people homozygous for the AAI versus AVI
haplotype (underlined polymorphisms emphasize the spe-
cific comparison) to evaluate the effect of the V262A poly-
morphism. Descriptive analyses and the proportion test were
conducted with procedures in STATISTICA (StatSoft). Cri-
terion for statistical significance for all analyses was P <0.05.
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Results

Haplotypes and diplotypes

From all combinations of the 3 polymorphisms, 6 of the 8
possible haplotypes and 13 of the 36 possible diplotypes were
observed. Two haplotypes accounted for over 84% of all
haplotypes (A VI, 41.2%, nontaster and PAV, 43.1%, taster),
whereas the remaining 4 haplotypes were less common: rare
(AAI, 12.2%; AAV, 3.3%), or extremely rare (PAI, <1% and
PVI, <1%). The 2 remaining possible combinations, AVV
and PVV, were not observed in this sample. We refer to
the AVI as “nontaster” haplotype and PAV as the “taster”
haplotype for simplicity, recognizing that there is a range of
tasting ability within each haplotype. Likewise, subjects with
2 copies of the taster or nontaster haplotype are referred to as
having the taster or nontaster diplotype, respectively. The
most frequent diplotype was the combination of the 2 most
frequent haplotypes and these AVI/PAYV heterozygous sub-
jects accounted for 37% of all subjects, followed in frequency
by the homozygous subjects: 18% (nontaster) and 17%
(taster). The remaining diplotypes were combinations of
one rare and one common haplotype, except for 3 subjects,
who each had a different combination of rare haplotypes.

Individual TAS2R38 polymorphisms and PROP perception

To gauge the contribution of each of the 3 T4S2R38 poly-
morphisms to taste perception, we identified groups of sub-
jects that differed for a particular polymorphism and
compared them for taste sensitivity. For the A49P polymor-
phism, we attempted to compare subjects who were homo-
zygous for the PAV haplotype versus those that were
homozygous for the AAV haplotype but because only one
subject had an AAV/AAYV diplotype, no statistical compar-
isons could be performed. As an alternative strategy, we
compared subjects with one versus 2 P genotypes at the first
position, that is, PAV/PAYV versus PAV/AAYV and observed
no difference in the proportion of subjects with particular
PROP thresholds (P > 0.05). (To increase sample size in this
analysis, subjects who detected a taste in one of the 3 PROP
concentrations were combined into one group and compared
with subjects who reported no taste at all [all solutions were
given to Big Bird].).

For the second position (V262A), we compared subjects
who were homozygous for the AVI haplotype with those
who were homozygous for the AAI haplotype. When the sec-
ond variant was an ““A” rather than a “V,” the proportion of
people who could perceive the bitterness of PROP increased
(omnibus, %3 = 12.83, P = 0.005; partition between people
who could perceive a bitter taste at 56 and 180 uM vs.
560 puM, x3 = 4.42, P = 0.04; people who reported that
“no solution tasted bitter” vs. people who could taste it at
56, 180, or 560 pM, %2 = 8.39, P = 0.004). When people with
the AVI/AAI diplotype are compared with those with the
AVI/AVI diplotype, there is no difference in PROP tasting
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ability x3 =2.31, P=0.51). It was not possible to compare the
same polymorphism substitution on the alternative haplo-
type background because a haplotype needed for this
comparison was not observed (PVV). One effect of the
V262A polymorphism is to decrease the threshold of people
at the middle-range concentrations of PROP (180 uM;
Figure 1).

For the 1296V polymorphism, we could not study subjects
who were homozygous for the key haplotypes (AAl vs. AAV
or PAV vs. PAI) because of their rarity, but we could com-
pare subjects who differed in the last polymorphism (I or V)
on only one chromosome, for example, (AVI/AAI vs. AVI/
AAYV). In this analysis, we pooled the 2 groups of subjects
who were most insensitive to PROP to meet cell size require-
ments. Individuals with a “V”’ in the last position were more

Blssum | | s60um
- 180 uM |:| None

AVI/AVI *

o

20 40 60 80 100

Cumulative percentage

Figure 1 Comparisons of PROP thresholds for paired groups of subjects
with specific diplotypes. Shown here is the cumulative percentage of
subjects for each diplotype who first reported a bitter taste when sampling
56, 180, or 560 uM PROP or who never reported a bitter taste when
sampling each of these PROP solutions (None = none of the solutions
offered tasted bitter). Asterisks denote a significant difference by ¥?
partition. The number of subjects per diplotype group is shown in Table 1.

likely to detect bitterness at the lowest concentration com-
pared with subjects with the same diplotype but with an
“I”” in the last position (omnibus, 3 = 11.02, P = 0.004; peo-
ple who could perceive a bitter taste at 56 pM vs. 180 uM,
x% =10.75, P=0.001). Likewise, similar results were observed
when studying the same substitution among subjects who
had a PAV haplotype on the opposite chromosome, that
is, PAV/AVI versus PAV/AAV, (omnibus, y3 = 6.73, P =
0.03; people who could perceive a bitter taste at 56 uM
vs. 180 uM, x% = 6.36, P =0.01, Figure 1). The 1296V poly-
morphism appeared to shift the threshold downward,
making sensitive people even more so.

Discussion

The study objective was to take a psychophysical approach
to examine the effects of the individual T4S2R38 polymor-
phisms on bitter perception. Previous studies suggested
that different amino acids at position 49 account for the
greatest fraction of differences in phenotype, followed by
V262A, and that 1296V has subtle or undetectable effects
(Kim et al. 2003; Bufe et al. 2005). Because of the large

Table 1 Number of subjects stratified by TAS2R38 diplotype and PROP
taste threshold

Diplotypes All subjects Threshold concentration

Total Percent 56 yM 180 uM 560 pM None tasted bitter

AVI/AVI 172 18 26 31 47 68
AAI/AVI 84 9 11 22 21 30
AAV/AVI 22 2 9 1 8 4
AAI/AAI 23 2 7 9 5 2
AAV/AAI 3 <l 2 1 0 0
AAV/AAV 1 <1 1 0 0 0
AVI/PAV 358 37 222 109 18 9
AAI/PAV 106 11 61 36 4 5
AAV/PAV 37 4 30 5 1 1
AAI/PAI 1 < 1 0 0 0
PAV/PVI 2 <1 1 1 0 0
PAV/PAI 1 < 1 0 0 0
PAV/PAV 170 17 147 19 1 3
Total 980 519 234 105 122

The panel labeled “All Subjects” (left) contains the number and percent of
subjects grouped by TAS2R38 diplotype, as defined by 3 polymorphisms
(A49P, V262A, and 1296V). The panel labeled “Threshold concentration”
(right) contains the PROP thresholds for each of the diplotypes. Subjects are
grouped by the concentration of PROP they first reported to taste bitter (56,
180, and 560 uM) or if None tasted bitter = None of the solutions tasted
bitter to the subject.
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and genetically diverse sample recruited herein, we were
able to find sufficient numbers of subjects with rare diplo-
types to more precisely define the roles of the last 2
polymorphisms. The results for V262A agreed with past re-
search that demonstrates that an alanine in this position
increases sensitivity to moderate concentrations of PROP.
However, we found that a valine, rather than isoleucine, in
the last position (I296V) was associated with increased
sensitivity at the lowest concentration of PROP, and
this result was apparent regardless of the upstream haplo-
type. The main point is that genotyping only the A49P
polymorphism, while convenient for statistical analysis,
does not fully capture the genotype—phenotype association
(Mennella et al. 2005).

The observation that the 1296V polymorphism has an
effect on the perception of PROP does not agree with data
obtained from cell-based assay experiments of receptor
function (Bufe et al. 2005). This discrepancy might poten-
tially be resolved by the results of structural modeling
studies of the TAS2R38 protein, which suggested that the
1296V polymorphism is within a motif that interacts with
G-proteins (i.e., intracellular signaling molecules) (Floriano
et al. 2006; Miguet et al. 2006). Therefore, one explanation is
that the 1296V interacts with the native G-protein and re-
sults in greater or lesser PROP sensitivity, but in the cell-
based assay system, it does not have the same effect because
it interacts with different nonnative G-proteins. In keeping
with this explanation, failures of heterologous systems to
fully capture the action of the receptor in vivo have
been reported for olfactory receptors (Grosmaitre et al.
2009). Overall, these data highlight the limitations of het-
erologous cell-based assay methods to study human taste
systems.

Race and ethnicity are important variables in this study
because the uncommon haplotypes used to draw conclusions
about the effects of particular polymorphisms are more com-
mon in some racial groups than others. For instance, the
AAI haplotype is more common in Americans of African
descent, whereas the AAV haplotype is more common in
Americans of European descent. However, although poly-
morphism frequencies differ among these groups, race had
no effect on the bitter tasting ability of people with the same
diplotype. As an example, people with the AVI/AVI diplo-
type were equally insensitive to PROP, regardless of race
(Mennella et al. 2010). This result suggests that there are
no residual effects of race-specific genetic background on
this taste trait and also that environmental or cultural differ-
ences which have been reported for some aspects of taste
(Moskowitz et al. 1975) do not influence the genotype-
phenotype relationship here.

Although the TAS2R38 gene and its variants account for
a large fraction of the heritable variation in the perception of
PTC and PROP bitterness, other genetic modifiers may exist.
Evidence for this assertion comes from the observation that
within groups of people with only the nontaster TAS2R38
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diplotype, the ability to taste PTC is heritable (Kim et al.
2003). The genetic contributors that restore the ability to
taste these bitter stimuli may include other members in
the bitter receptor family (Reed et al. 1999, 2010) and other
nonbitter receptor genes (Drayna et al. 2003; Prodi et al.
2004; Reed et al. 2010). Other modifiers of taste ability
are receptor cell number and density (Hayes et al. 2008)
or influences like age and disease (Bartoshuk et al. 1996;
Hayes et al. 2008; Mennella et al. 2010; Ventura et al.,
forthcoming).

The history of PTC taste genetics illustrates 2 view-
points about how to characterize human traits, either
as a dichotomization, for example, taster versus nontast-
er, or as a continuum. The most common haplotypes for
TAS2R38, AVI, and PAYV, are associated with the most
extreme phenotypes, and the differences among individ-
uals are so marked that the use of the terms taster and
nontaster, although often adopted for convenience as
we have done here, is probably warranted. However,
there are haplotypes that are associated with intermediate
phenotypes and it is also accurate to say that taste per-
ception of PTC (and PROP) is on a continuum. Studies
conducted by anthropologists on populations around the
world prior to the discovery of the molecular basis of PTC
genetics suggest that some people can detect it at very low
concentrations (Ibraimov and Mirrakhimov 1979) and
given what we now know, a supersensitive haplotype
may exist. Overall, the choice of whether to consider this
taste trait as a qualitative or quantitative one is probably
a practical issue and depends on why the trait is measured
and the scientific questions being addressed.
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