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Abstract

Demand for nonnutritive sweeteners continues to increase due to their ability to provide desirable sweetness with minimal
calories. Acesulfame potassium and saccharin are well-studied nonnutritive sweeteners commonly found in food products.
Some individuals report aversive sensations from these sweeteners, such as bitter and metallic side tastes. Recent advances
in molecular genetics have provided insight into the cause of perceptual differences across people. For example, common
alleles for the genes TAS2R9 and TAS2R38 explain variable response to the bitter drugs ofloxacin in vitro and propylthiouracil
in vivo. Here, we wanted to determine whether differences in the bitterness of acesulfame potassium could be predicted
by common polymorphisms (genetic variants) in bitter taste receptor genes (TAS2Rs). We genotyped participants (n = 108)
for putatively functional single nucleotide polymorphisms in 5 TAS2Rs and asked them to rate the bitterness of 25 mM
acesulfame potassium on a general labeled magnitude scale. Consistent with prior reports, we found 2 single nucleotide
polymorphisms in TAS2R31 were associated with acesulfame potassium bitterness. However, TAS2R9 alleles also predicted
additional variation in acesulfame potassium bitterness. Conversely, single nucleotide polymorphisms in TAS2R4, TAS2R38,
and near TAS2R16 were not significant predictors. Using 1 single nucleotide polymorphism each from TAS2R9 and TAS2R31,
we modeled the simultaneous influence of these single nucleotide polymorphisms on acesulfame potassium bitterness;
together, these 2 single nucleotide polymorphisms explained 13.4% of the variance in perceived bitterness. These data sug-
gest multiple polymorphisms within TAS2Rs contribute to the ability to perceive the bitterness from acesulfame potassium.
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Introduction

Taste is the number one driver of food choices (Glanz et al.  or other sweeteners added during processing. However,
1998; IFIC 2011), and sweetness is innately liked by humans  although consumers continue to desire sweetened products,
(reviewed by Steiner et al. 2001), even prior to birth (de  there is also demand for reduced added sugar in foods due
Snoo 1937). Accordingly, many highly liked foods contain  to associated health risks such as cardiovascular disease,
high endogenous amounts of natural sugars or have sugars  diabetes, and obesity (Hill and Prentice 1995; Howard and
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Wylie-Rosett 2002). To retain desired levels of sweetness
while reducing calories, bulk carbohydrates are often
replaced with nonnutritive sweeteners. Replacing sugar with
nonnutritive sweeteners may help with managing energy
intake (Tordoff and Alleva 1990; Duffy and Anderson 1998;
Raben et al. 2002; De la Hunty et al. 2006), although not all
evidence supports this view (Stellman and Garfinkel 1986;
Anderson et al. 2012). These nonnutritive sweeteners can be
natural (e.g., rebaudioside A) or synthetic (e.g., saccharin),
each with varying level of potency (DuBois et al. 1991;
Hayes 2008).

Acesulfame potassium (AceK) was approved by the US
Food and Drug Administration for use in dry foods in 1994,
and its approval as a general-purpose sweetener followed
in 2002. According to Mintel market research data, AceK
was the most used nonnutritive sweetener in new product
launches between 2004 and 2010. However, in addition to
eliciting sweet sensations, many nonnutritive sweeteners also
have objectionable side tastes, such as bitterness, that are
experienced by some individuals but not others (Kamerud
and Delwiche 2007). This bitterness is concentration depend-
ent (Schiffman et al. 1979; Horne et al. 2002), so one solu-
tion to reduce aversive bitterness is to use mixtures of these
high potency sweeteners, either with each other or with bulk
carbohydrate sweeteners (Hanger et al. 1996). This method
has been used with some degree of success commercially
(e.g., Coke Zero), although anecdotal reports suggest some
individuals still find the taste of these blends objectionable.
Thus, better understanding of the mechanisms underlying
this variability may facilitate improved product formula-
tion, with the potential to substantially impact health and
wellness.

There are 25 bitter taste receptor genes (TAS2Rs) in
humans (Adler et al. 2000; Chandrashekar et al. 2000;
Meyerhof et al. 2010), and these genes are highly polymor-
phic compared with the rest of the genome (Kim et al. 2005).
Beginning with the deorphanization of hT2R4 and hT2R38
a decade ago (Chandrashekar et al. 2000; Kim et al. 2003),
substantial progress has been made in identifying ligands
for the majority of these receptors (Meyerhof et al. 2010).
With regard to nonnutritive sweeteners, Kuhn et al. (2004)
demonstrated receptors encoded by TAS2R3I (formerly
called TAS2R44) and TAS2R43 are activated by saccharin
and AceK in vitro. Moreover, perceived bitterness of these 2
sulfonyl amide sweeteners is greatly reduced by cross-adap-
tation to aristolochic acid, a purely bitter hT2R31/h'T2R43
agonist (Kuhn et al. 2004). These data are largely consistent
with earlier psychophysical data showing that the bitterness
of AceK and saccharin covaries with each other but not with
propylthiouracil (Horne et al. 2002). Like propylthiouracil
(e.g., Hayes et al. 2008) and grapefruit juice (Hayes et al.
2011), the bitterness of AceK and saccharin varies across
individuals, and this variation has a genetic basis (Pronin
et al. 2007; Roudnitzky et al. 2011). Roudnitzky et al. (2011)
generated long-range haplotypes across 5 highly related

TAS2Rs on chromosome 12 and identified a single common
haplotype (out of 7common haplotypes) that was associated
with AceK and saccharin bitterness. By mutating single resi-
dues in artificial chimeric receptors, they were able to dem-
onstrate in vitro that the Arg35Trp (R35W) polymorphism
in TAS2R31 was causal. However, they also found that even
in the presence of the high functioning Trp35 allele, other
TAS2R31 mutations abolished the ability of hT2R31 to
respond to AceK and saccharin.

As outlined above, numerous studies have demonstrated
that the perception of bitter taste in humans is moderated
by genetic variation in TAS2 R genes (Duffy, Davidson, et al.
2004; Pronin et al. 2007; Reed et al. 2010; Hayes et al. 2011;
Roudnitzky et al. 2011). However, many human behavio-
ral studies have focused on single genetic variants, which
neglects the fact that both bitter tastants and bitter recep-
tors can be highly promiscuous (Meyerhof et al. 2010). This
approach is problematic because the examination of any
single variant may be obscured by noise in other variants.
That is, effects of one isolated allele can be overshadowed
by an aggregate effect of several other alleles that are high or
low functioning (see Lotsch et al. 2009 for a nontaste exam-
ple). Here, we explore the influence of putatively functional
polymorphisms in multiple 74AS2Rs on AceK bitterness in
individual single nucleotide polymorphism (SNP) analyses
before modeling these effects simultaneously.

Materials and methods

Overview

Data presented here are part of a larger, ongoing study of
the genetics of oral sensation (Project GIANT-CS). This
study involves 4 laboratory sessions across days; here, we
only describe the first day of testing. On Day 1, the study
was explained to participants and consent was obtained.
Participants then completed a food-liking questionnaire.
Next, anthropometric data and salivary DNA samples were
collected, followed by digital microscopy of the anterior
tongue. Participants were oriented to the psychophysical
scale, and sampled 6 perceptually complex tastants and irri-
tants, rating them for multiple qualities. Finally, participants
completed a standard propylthiouracil (PROP) phenotyping
protocol with PROP, salt, and tones. After leaving the labo-
ratory, participants completed several personality question-
naires via web form. Total time in the laboratory for session 1
was ~1 h; all data were collected one-on-one by project staff.

Participants

Prospective participants were prescreened to ensure they
qualified. Eligibility criteria included the following: between
18 and45 yearsold; not pregnant or breastfeeding; nonsmoker
(had not smoked in the last 30 days); no known defects of
smell or taste; no lip, cheek, or tongue piercings; no history
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of any condition involving chronic pain; not currently taking
any prescription pain medication; no reported history of
choking or difficulty swallowing; and no history of thyroid
disease. Participants also needed to be willing to provide
a DNA sample via saliva. Written informed consent was
obtained from all participants. All procedures were approved
by the Pennsylvania State University Institutional Review
Board (protocol number #33176).

DNA samples were available from 147 participants. Race
and ethnicity was self-reported using categories provided by
the 1997 OMB Directive 15. To minimize potential popu-
lation stratification, which can potentially cause false nega-
tives and false positives in gene association studies (Hamer
and Sirota 2000), individuals with Asian (n = 18), African
(n = 5), or unknown (n = 15) ancestry were excluded from
the present analyses. Thus, we report data from 108 partici-
pants (34 men) of European ancestry, with a mean age of
27.4 (£8.1 SD) years. Results were not substantively different
in the mixed ancestry sample, but we report only the results
for the European—American participants to facilitate inter-
pretation of the linkage disequilibrium (LD) plots.

Psychophysical scaling

A general labeled magnitude scale (gL.MS) was used to col-
lect perceived intensity of suprathreshold stimuli (Snyder,
Fast et al. 2004). This scale ranges from 0 (“no sensation”)
to 100 (“the strongest imaginable sensation of any kind”),
with intermediate descriptors at 1.4 (“barely detectable”),
6 (“weak”), 17 (“moderate™), 35 (“strong”), and 51 (“very
strong”). All participants participated in an orientation to the
scale, making ratings for a list of 15 imagined or remembered
sensations that included both oral and nonoral items (Hayes
et al. 2013). The orientation procedure and scale instructions
were intended to promote use of the scale in a generalized
context not limited to oral sensations. All psychophysical data
were collected using Compusense five, version 5.2 (Guelph).

Sampling and rating of perceptually complex stimuli

Six food-grade stimuli were presented in 10-mL aliquots:
0.56 M potassium chloride (Spectrum) (salty/bitter), 0.41 mM
quinine HCI (Sigma—Aldrich) (bitter), 25mM Acesulfame
K (Spectrum) (sweet/bitter), 100mM monosodium gluta-
mate (MSG) (Ajinomoto) + 50 mM inosine monophosphate
(IMP) (Ajinomoto) (umami/savory), 0.5 M sucrose (Domino)
(sweet), and 25 puM capsaicin (Sigma-Aldrich) (burning/
stinging). Only AceK and PROP (see next section) data are
reported here; data for the other stimuli will be reported else-
where. A pilot study and prior experience were used to deter-
mine appropriate concentrations. The concentrations were
selected to produce a sensation near “moderate” on a gLMS
for the main perceptual quality of the stimulus.

After being told, “You may receive stimuli causing more
than one quality. Please attend to all sensations on all trials,”

participants swished the 10-mL sample for 3 s and then
expectorated prior to rating. Separate intensity ratings were
obtained for sweetness, bitterness, sourness, burning/sting-
ing, savory/umami, and saltiness on the gLMS. Presentation
order was a counterbalanced Williams’ design. Participants
rinsed with room temperature reverse osmosis (RO) water
prior to the first sample and between each sample. A mini-
mum interstimulus interval of 30 s was enforced between
samples.

Measuring PROP phenotype

PROP phenotype was determined using a standard concen-
tration series with PROP, sodium chloride (salt), and sound,
as described elsewhere (e.g., Duffy, Peterson, et al. 2004;
Dinehart et al. 2006; Hayes et al. 2010). Briefly, participants
rated the intensity of 10 PROP solutions, 10 salt solutions,
and twenty-five 1-kHz tones. Stimuli were blocked so partici-
pants received 5 tones, 5 salt solutions, 5 tones, 5 salt solu-
tions, 5 tones, 5 PROP solutions, 5 tones, 5 PROP solutions,
and 5 tones. Block order was fixed; stimulus order within
a block was counterbalanced. Half log steps were used for
PROP solutions (3.2, 1, 0.32, 0.1, and 0.032mM) and the salt
solutions (0.01, 0.032, 0.1, 0.32, and 1 M). The 1-kHz tones
were generated with a Maico MA39 audiometer calibrated
to deliver the specified sound pressure level binaurally; stim-
uli ranged from 50 to 90 dB in 10 dB steps. The tastants were
prepared with USP grade 6-n-propylthiouracil (Sigma) and
kosher salt in RO water. Participants rinsed with room tem-
perature RO water between each sample, waiting a minimum
of 30 s before next sample. Overall intensity ratings for each
stimulus were obtained with a gLMS. Mean intensity of the
top PROP concentration (3.2mM) was used as a continuous
variable.

Genetic analysis

DNA was collected from saliva using Oragene collection
kits according to manufacturer instructions (Genotek Inc.).
SNPs in TAS2R4, TAS2RI16, and TAS2R38 on chromo-
some 7 and TAS2RY and TAS2R31 on chromosome 12
were determined using Sequenom MassARRAY technology
(Sequenom). All primers were purchased from Integrated
DNA Technologies. Genotypes were assigned automatically
via MassARRAY software (Sequenom) and independently
inspected by 2 technicians. As a standard procedure, 15% of
samples are rerun to ensure reliability.

For the Arg35Trp (rs10845295) SNP in TAS2R3 1, attempts
were made to obtain custom assays using 2 different technol-
ogies (Sequenom MassARRAY and custom made to order
TaqMan assays); neither approach was successful despite
repeated efforts. Thus, a tag SNP approach is used here for
TAS2R31, as the only published method for determining the
Arg35Trp SNP, direct sequencing, is beyond the scope of the
current project.
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Statistical analysis

Data were analyzed using SAS 9.2. Prior to analyses, the
smallest possible rating on the gLMS (0.5) was added to
all psychophysical ratings to eliminate zeros, and data were
log-transformed. For analysis of individual SNPs, analysis
of variance (ANOVA) was performed via proc mixed in
SAS. Post hoc comparisons were made via the Tukey—
Kramer method. For the significant SNPs, we then tested
for deviations from a simple additive model using the 2-
step approach recommended by Carey (2007). Finally, we
used multiple regression to assess the independent influence
of multiple putatively functional SNPs on the phenotype
simultaneously. Because we did not observe evidence of
nonadditivity (see Results), a simple count method was used
to code each SNP; a participant was given an allele score of
0, 1, or 2 corresponding to the number of putatively high
function alleles—based on the results of the ANOVAs for
each SNP—the individual possessed (e.g., a simple additive
model for each SNP). The recoded SNP variables were then
used to predict the perceived bitterness of AceK via proc reg
in SAS with a separate term for each SNP.

For TAS2R38, polymorphisms at amino acid residues 49
(Ala49Pro) and 262 (Val262Ala) are known to form 2 com-
mon haplotypes: the Proline-Alanine (PA_) haplotype is
ancestral, bestowing the ability to sense thiourea (N-C=S)
compounds, whereas the Alanine—Valine (AV_) variant is less
functional (Wooding et al. 2004). The program Haploview
(Barrett et al. 2005) was used to examine the extent of LD
between each pair of markers and to determine haplotype
block structure. Haplotype blocks were defined according to
solid spine of LD criteria (Barrett et al. 2005). Haplotype
pairs were assigned to each participant of European ancestry
using PHASE (Stephens et al. 2001; Stephens and Donnelly
2003). PHASE estimates the probabilities of all likely pairs
of haplotypes (diplotypes) assigned to each individual from
genotype data. Of these, diplotypes assigned with a prob-
ability of >0.80 were selected for further analysis. LD plots
(Figure 1) show rounded R’ values in individual squares, and
shading is used to represent the exact R’ value, with darker
shades of gray indicating larger R® values. All genotyping,
construction, and assignment of haplotypes were done blind
to outcome variables.

Results

TAS2R9 alleles predict AceK bitterness

Dotson et al. (2008) reported hT2R9 responds to the bit-
ter drugs ofloxacin, procainamide, and pirenzepine, and this
response varies with a missense polymorphism in the 7452 R9
gene (Vall87Ala; rs3741845; chr 12). Here, we find evidence
that this allele is also functional for AceK bitterness, as
ANOVA revealed this SNP was significantly associated with
the bitterness of AceK [F(2,102) = 4.89; P = 0.009]. Group
means of logged ratings are shown in Figure 2; the Alal87

homozygotes (n = 37) reported less bitterness than heterozy-
gotes (n = 55) (Tukey—Kramer P = 0.011) and the Vall87
homozygotes (n = 13) (Tukey—Kramer P = 0.097). The het-
erozygotes and Vall87 homozygotes did not differ (Tukey—
Kramer P =0.987). In the additive regression model, this SNP
explained 7.0% of the variance in logged AceK bitterness
(P =0.006); there was no evidence of dominance (P = 0.16).

In contrast, there was no evidence that the Vall87Ala
allele predicted AceK sweetness [F(2,102) = 1.73; P =0.18].
Also, as would be expected, the Vall87Ala allele did not
predict the bitterness of PROP [F(2,102) = 0.42; P = 0.66].
This SNP is not in LD with any other SNPs on chromo-
some 12 (Figure 1; bottom).

TAS2R31 alleles predict variation in AceK bitterness

We explored the role of 3 TAS2R31 SNPs previously
implicated in AceK bitterness by Roudnitzky et al. (2011).
Below, we describe individual analyses for each SNP;
however, these 3 SNPs are in LD, as shown in Figure 1
(bottom). Prior evidence (Roudnitzky et al. 2011) suggests
that these SNPs are not causal, but are in strong LD with
the causal Trp35 allele. We were unable to directly measure
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Figure 1 LD plot for TAS2R SNPs on chromosomes 7 (top) and 12 (bot-
tom). Numbers indicate rounded R” values and shading indicates exact R®
values generated via Haploview.
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Variation in the TAS2R9 Val187Ala allele predicts AceK bitterness

@ Ala187/Ala187
@ Heterozygote
1.5+ @ Vval187/Val187

1.0+

log gLMS ratings

strong

moderate

BD

T T T
AceK bitterness AceK sweetness

"PROP bitterness

Figure 2 Effect of the TAS2R9 Val187Ala polymorphism on the bitterness and sweetness of AceK and bitterness of PROP. The bitterness of AceK was sig-
nificantly different across genotype; no effect was observed for AceK sweetness or PROP bitterness (P values provided in text). Adjectives refer to semantic

labels on a gLMS (see text). BD refers to “barely detectable.”

the Arg35Trp polymorphism, as attempts to obtain custom
primers for either Sequenom or TagMan methods were
unsuccessful, necessitating a tag SNP approach here.

In ANOVA, the Val240Ile SNP (rs10772423; chr 12) was
significantly associated with the bitterness of AceK
[F(2,100) = 4,80; P = 0.010). As shown in Figure 3, the

Val240 homozygotes (n = 35) reported less bitterness from
AceK than the I1e240 homozygotes (n = 20) (Tukey—Kramer
P = 0.010). The Val/lle heterozygotes (n = 48) fell in the
middle, as the heterozygote group mean tended to be higher
than the Val240 homozygotes (Tukey—Kramer P = 0.085), but
did not differ from the Ile240 homozygotes (Tukey—Kramer

Variation in the TAS2R31 Val240lle allele predicts AceK bitterness
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Figure 3 Effect of the TAS2R31 Val240lle polymorphism on the bitterness and sweetness of AceK and bitterness of PROP. The bitterness of AceK was
significantly different across genotype; no effect was observed for AceK bitterness or PROP bitterness (P values provided in text).
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P = 0.38). In the additive regression model, this SNP
explained 8.7% of the variance in logged AceK bitterness
(P = 0.003); there was no evidence of dominance (P = 0.75).
Again, we failed to find evidence this SNP predicted AceK
sweetness [F(2,100) = 0.1.43; P = 0.24] or PROP bitterness
[F(2,100) = 0.77; P = 0.47].

We also found a similar effect pattern for the Ala227Val
SNP (rs10845293; chr 12) [F(2,98)= 3.55; P = 0.032]. The
group means of the logged bitterness ratings for the Val227
homozygotes (n = 33), Ala/Val heterozygotes (n = 49), and
Ala227 homozygotes (n = 19) are shown in Supplementary
Figure 1. Because this SNP was in LD with the Val240lle
SNP, we did not test for additivity or dominance. We found
no evidence that the Ala227Val SNP was associated with
AceK sweetness [F(2,98) = 0.15; P = 0.86] or the perceived
bitterness ratings of PROP [F(2,98) = 1.27; P = 0.29].

Finally, we also explored the influence of the GIn217Glu
SNP (rs10845294; chr 12) on AceK bitterness. We did not
have a sufficiently large cohort to detect a significant effect
[F(2,102) = 1.28; P = 0.28] given the low number of Glu217
homozygotes (n = 6) compared with heterozygotes (n = 39)
and GIn217 homozygotes (n = 60). Previously, Roudnitzky
etal. (2011) showed that having either the Glu217 or GIn217
residue did not change the activation of h'T2R 31 in vitro when
the Trp35 variant was present. The sweetness of AceK did
not significantly differ across GIn217Glu [F(2,102) = 1.41;
P =0.25] nor was this SNP associated with the reported bit-
terness ratings of PROP [F(2,102) = 0.08; P = 0.93].

Collectively, these results confirm that TAS2R3] contains
a functional polymorphism that predicts at least some of the

variation in the suprathreshold bitterness of AceK. Present
data also suggest that hT2R 31 mediates the bitterness of AceK
but not PROP. Additionally, the 74 S2 R31 alleles do not appear
to influence sweetness, at least at the concentration tested here.

TAS2R38 diplotypes predict variation in the bitterness of
PROP but not AceK

Two well-characterized SNPs in T7AS2R38 on chromosome
7 were measured here: Ala49Pro (rs713598) and Val262Ala
(rs1726866). These SNPs are well known to exhibit strong
LD and there is evidence of 2 common haplotypes (Wooding
etal. 2004). This was verified in our data via Haploview. Using
PHASE, the following common diplotypes (probability >
0.80) were assigned in our data: AV_ homozygotes, AV_/PA_
heterozygotes, and PA_ homozygotes, and tested whether
they predicted AceK bitterness. Individuals with rare diplo-
types (n = 11) were excluded a priori from the analysis as these
rare haplotypes are known to have intermediate phenotypes
that differ both from each other and the common haplotypes
(Bufe et al. 2005; Hayes et al. 2008; Mennella et al. 2011), so
binning them together in 1 group is not justified. Here, these
included AA/PA (4), AA/AV (3), PV/AV (2), PV/PA (1), and
PV/PV (1) individuals. We did not observe any evidence of a
relationship between common 7A4S2R38 diplotypes and the
bitterness of AceK [F(2,94) = 1.28; P = 0.28] or sweetness of
AceK [F(2,94) = 0.49; P = 0.62] (Figure 4).

As expected, the bitterness of PROP differed with
TAS2R38 diplotype [F(2,94)= 22.02; P < 0.0001]. The AV_
homozygotes (n = 22) reported significantly less bitterness

Variation in TAS2R38 diplotype predicts PROP bitterness

@ Av/AV
@ Heterozygote
1.5 @ PA/PA

1.0

log gLMS ratings

05T

strong

moderate

weak

k AceK bitterness I AceK sweetness I

' PROP bitterness '

Figure 4 Effect of the AV/PA TAS2R38 polymorphism on the bitterness and sweetness of AceK and bitterness of PROP. PROP bitterness differed by diplo-
type; differences in AceK bitterness or sweetness across diplotype were not significant (P values provided in text).
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than the heterozygotes (n = 60; Tukey—Kramer P < 0.001) or
PA_ homozygotes (n = 15) (Tukey—Kramer P < 0.001); mean
bitterness for the heterozygous individuals was similar to the
PA_homozygotes (Tukey—Kramer P = (.12), consistent with
numerous other reports (Duffy, Davidson, et al. 2004; Bufe
et al. 2005; Hayes et al. 2008; Mennella et al. 2010; Calo
etal. 2011).

Relationship between PROP bitterness and AceK
bitterness and sweetness

Prior reports conflict as to whether the bitterness of sulfo-
nyl amide sweeteners is related to the bitterness of PROP
(Bartoshuk 1979; Horne et al. 2002). Here, we found mini-
mal evidence that PROP bitterness was predictive of AceK
bitterness (R* = 2.9%; P =0.077). Conversely, the bitterness
of PROP was positively associated with AceK sweetness,
predicting 10.2% of the variation (P < 0.001).

AceK bitterness was not predicted by putatively
functional SNPs in TAS2R4 or near TAS2R16

We also tested a putatively functional SNP in TAS2R4
and a putatively functional SNP 9.4 kb downstream from
TAS2RI16 (Hayes et al. 2011). These 2 SNPs did not exhibit
LD with each other or with the TAS2R38 haplotype
(Figure 1, top). There was little to no evidence that the bit-
terness of AceK varied with rs2234001 in TAS2R4 [F(2,97)=
0.69; P = 0.50]. There was no evidence that the rs1308724
SNP near TAS2R16 was a significant predictor of AceK bit-
terness [F(2,98)= 0.16; P = 0.85].

Effect of multiple loci on AceK bitterness

Although the 25 TAS2Rs are highly polymorphic, empiri-
cal evidence that these polymorphisms are functional has
only been shown for 5 receptor genes (TAS2R4, TAS2RI16,
TAS2RI19, TAS2R31, and TAS2R38). Here, we tested one
or more candidate SNPs in 4 of these genes in regard to the
bitterness of AceK. Based on our findings for the individual
genes above, we used a simple regression model to assess the
simultaneous influence of a single polymorphism in each
gene—TAS2RY (Vall87Ala) and TAS2R31 (Val240lle)—on
AceK bitterness. Because the effects of these 2 SNPs did not
appear to deviate from additivity, a score of 1 was assigned
for each putatively functional allele for each of the SNPs,
resulting in 2 variables coded 0, 1, and 2. AceK bitterness
was regressed against these 2 recoded variables. This model
explained 13.4% of the variance in bitterness (P < 0.001), and
the recoded variables for Vall87Ala (P = 0.021) in TAS2R9Y
and Val240lIle (P = 0.008) in TAS2 R3] were both significant.

Discussion

Current data support the idea that not all humans per-
ceive bitterness from AceK, which is congruent with earlier

findings. Using polymorphisms found in TAS2Rs, which
were previously shown to be functional for AceK and other
nonnutritive sweeteners (i.e., saccharin) in vitro (Kuhn et al.
2004; Roudnitzky et al. 2011) and in vivo (Pronin et al.
2007), our results suggest multiple bitter taste receptors on
2 different chromosomes (7 and 12) contribute to the per-
ceived bitterness of AceK in humans. The use of multiple
loci simultaneously increased our ability to explain variance
in the quantitative trait measured here (AceK bitterness).

The TAS2R38 diplotype has repeatedly been shown to
associate with PROP bitterness (Duffy, Davidson, et al. 2004;
Bufe et al. 2005; Duffy et al. 2010), which we confirm here.
The first SNP in this haplotype, Ala49Pro, is known to be in
strong LD with the other 2 TAS2R38 SNPs, Val262Ala and
Val296lle (not measured here), such that more than 95% of
individuals carry either the PAV or AVI variant (Kim et al.
2003; Hayes et al. 2008). In in vitro heterologous expression
systems, site-directed mutation indicates that the amino acid
at site 49 is the primary determinant of PROP response, with
an additional influence arising from the residue at site 262;
the residue at site 296 does not seem to matter, at least in
cultured cells (Bufe et al. 2005). Large-scale molecular psy-
chophysics in vivo (Mennella et al. 2011) partially confirm
these data. Specifically, by comparing humans with rare
haplotypes behaviorally, Mennella and colleagues were able
to parse apart the independent contributions of each site.
Among those with similar diplotypes at sites 49 and 262,
the 296 position also contributed to perceived bitterness, as
Val296 carriers were more sensitive to PROP than 11e296.
This suggests all 3 sites Pro49Ala, Ala262Val, and Val296lle
contribute to PROP response in vivo. These data reinforce
the need to confirm data from in vitro heterologous expres-
sion systems with behavior in the whole organism (i.e., via
animal or human psychophysics).

Here, a 2-site haplotype approach (PA_ vs. AV_) did not
predict AceK bitterness, consistent with data showing that
AceK does not activate hT2R38 in heterologous expression
systems (Meyerhof et al. 2010). However, psychophysical
data in humans do not always agree with in vitro expression
study cells (compare Bufe et al. 2005; Mennella et al. 2011).
Previously, we reported that the bitterness of grapefruit juice
varies as a function of a polymorphism in TAS2R19 (Hayes
et al. 2011), whereas neither limonin nor naringin activates
hT2R 19 in functional expression systems (Meyerhof et al.
2010). Thus, it remains important to confirm negative in
vitro findings psychophysically in humans.

Here, we found that PROP bitterness was positively
associated with the sweetness of AceK, but not the bitterness.
PROP bitterness is a marker for overall heightened taste
response across qualities (Hayes and Keast 2011). For
sweetness, this is consistent with prior data showing
PROP bitterness is positively associated with the sweetness
of sucrose (Hayes et al. 2008), aspartame (Duffy et al.
2006), AceK (Horne et al. 2002), and sweet foods (Lanier
et al. 2005). In regard to bitterness from sulfonyl amide
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sweeteners, prior reports conflict. When dichotomizing
individuals using threshold methods (i.e., tasters wvs.
nontasters), PROP nontasters report less suprathreshold
bitterness from saccharin (Bartoshuk 1979). Conversely,
Lawless and colleagues (Horne et al. 2002) failed to observe
a relationship between saccharin and AceK bitterness and
the bitterness of PROP in 2 experiments with relatively small
sample sizes (n = 30 and 38). Here, we confirm that PROP
bitterness predicts AceK sweetness but not bitterness in a
larger sample, suggesting the failure to find an association
between the bitterness of AceK and PROP is not simply a
matter of power.

The relationship between PROP bitterness and AceK
sweetness, but not AceK bitterness, speaks directly to the
dual nature of PROP bitterness as a marker of taste function.
That is, PROP bitterness confounds 2 separate but distinct
sources of variation: TAS2R38 polymorphisms and overall
taste response (aka hypergeusia) (Hayes and Keast 2011).
Previously, we showed PROP bitterness predicts variation
in the intensity of nonbitter tastants, even after controlling
for TAS2R38 genotype (Hayes et al. 2008), supporting its
traditional use as a marker of overall orosensory response.
However, molecular and behavioral data also indicate
TAS2R38 variation clearly predicts differential response to
compounds that contain the thiourea (N-C=S) moiety (Bufe
et al. 2005; Meyerhof et al. 2010). Given this duality, it is
not unreasonable that PROP bitterness should predict AceK
sweetness but not bitterness in studies with small numbers of
participants. That is, for AceK sweetness, PROP bitterness is
capturing overall heightened taste response (Hayes and Keast
2011), as does for other sweet stimuli (Lanier et al. 2005).
Conversely, for AceK bitterness, the perceived intensity varies
not only as a function of overall taste response but also as a
function of variation in 74S2R31 and possibly other TAS2R
genes. Thus, estimated effect sizes for PROP should be lower
or absent for bitterness than sweetness, especially if random,
unmeasured, variation in TAS2R31 or TAS2R9 obfuscates
weak effects in small- to medium-sized studies.

Present data support prior evidence that the Vall87Ala
SNP in TAS2R9 is functional (Dotson et al. 2008). Of 64
bitter stimuli tested in vitro by Dotson et al. (2008), only
3 synthetic pharmaceuticals—ofloxacin, pirenzapine, and
procanimide—activated hT2R9. They reported that when
Ala was replaced with Val at position 187, the receptor was
no longer activated over a wide range of concentrations.
They also note the rs3741845 SNP results in amino acid
change in a region thought to alter the binding pocket of
hT2R receptors (Dotson et al. 2008). Here, we provide the
first evidence that this polymorphism may contribute to the
perceived bitterness of AceK, although this finding needs to
be confirmed. Previously, Dotson and colleagues reported
that saccharin did not activate hT2R9 in vitro; however, the
top concentration used in their study was ~100 times lower
than the amount required to elicit h'T2R31 response in vitro
(Pronin et al. 2007). This suggests our data do not directly

contradict those of Doston et al. with regard to hT2R9 and
sulfonyl amide sweeteners, as their null finding may simply
be a matter of dose. Notably, in their systematic screening
efforts of 104 compounds in vitro, Meyerhof et al. (2010)
were unable to identify any potential hT2R9 ligands. Their
screening battery did not include the pharmaceutical agents
identified by Dotson et al., and even if they had, Meyerhof
et al. used the Vall87 variant in their heterologous expression
system, which would not be expected to detect the ligands
tested by Dotson et al. However, based on our in vivo data,
we would have expected Meyerhof’s team to identify AceK
as a potential hT2R9 ligand in vitro. However, their team
also observed poor expression of hT2R9 receptors on the
surface of their cells, and none of 104 compounds in their
test battery activated hT2R9. Thus, it is currently unknown
whether AceK is able to activate the Vall87 hT2R9 variant
in vitro at biologically relevant doses.

Paradoxically, the gain of function allele here (Vall87)
is the loss of function allele in the Dotson et al. (2008)
report. Previously, it has been hypothesized that mutations
in TAS2Rs may drive a gain of function for an alternative
ligand (e.g., Wooding et al. 2004). Although there is no
definitive example of this to date, it has long been known
that phenylthiocarbamide (PTC) tasters are nonresponsive
to the bitterness of Antidesma bunius berries, whereas PTC
nontasters report bitterness from these berries (Henkin and
Gillis 1977). Recently, this finding was confirmed for the
TAS2R38 genotype and A. bunius berries, although the spe-
cific ligand itself was not isolated (Reed D, personal com-
munication). Present results need to be confirmed in vitro,
but if replicated, this would represent the first demonstrated
case of a SNP that broadens the molecular receptive range
of a h'T2R for heterozygotes by enabling the detection of an
additional class of alternative ligands.

Here, we confirm polymorphisms in the TAS2R31 gene
explain variation in AceK perception in humans. Previous
work indicated recognition thresholds differ across individ-
uals (Pronin et al. 2007; Roudnitzky et al. 2011); here, we
extend these findings to include suprathreshold intensity.
The distinction between threshold and suprathreshold psy-
chophysics is critical, as classical thresholds frequently fail
to predict affective response and ingestive behavior (Dufty,
Peterson, et al. 2004; Lucas et al. 2011; Harwood et al.
2012). Our attempts to directly genotype individuals for the
Arg35Trp (R35W) (rs10845295) were unsuccessful for tech-
nical reasons. Instead, we measured several other SNPs in
TAS2R31. On the basis of single point mutation studies in
vitro, Roudnitzky et al. (2011) found that when 11240 was
changed to Val240, this substitution had no effect on the
activation of h'T2R31 by AceK. However, in the haplotypes
actually observed in the population, the 11240 allele was in
strong LD with Arg35. Likewise, Val227 was in disequilib-
rium with Arg35. Thus, the SNPs measured here—Val2401le
and Ala227Val—can reasonably be used as tag SNPs for the
causal SNP at residue 35.
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The present study also extends prior work by looking at
TAS2Rs located on separate chromosomes. This suggests
that the putatively functional SNPs identified here make an
independent contribution to the bitterness of AceK. That is,
because they occur on distinct chromosomes, present results
cannot be the result of a single haplotype across highly
conserved genes. Thus, multilocus approaches like the one
used here may have substantial utility when linking T74S2Rs
to ingestive behavior, given the likelihood for functional
recovery that may otherwise overwhelm the effects on
individual SNP analyses.

Here, we show our multilocus model predicts 13.4% of the
variation observed in perceived bitterness of AceK. With the
inclusion of 2 SNPs from different receptor genes, it would
seem that other receptors or polymorphisms not tested here
may contribute to the inability to perceive bitterness from
AceK in some individuals. Approximately half of our partici-
pants rated AceK bitterness at zero. It is possible that offering
participants other response options in addition to bitterness,
such as “metallic” or “other,” may have captured additional
off-tastes typically associated with AceK. However, we find
this interpretation unsatisfying, as we would also expect
untrained participants to dump any aversive, unpleasant sen-
sations into the bitter response option (Clark and Lawless
1994). Previous reports support that some proportion of
individuals report little or no bitterness from AceK, but they
do not report the exact proportion (Horne et al. 2002). There
is still a large amount of unexplained variation in our data.
This could be due to other factors like fungiform papillae
density (Zuniga et al. 1993), central gain (Green and George
2004), or other unmeasured polymorphisms in 74S2 R genes.
In particular, it seems possible that rare TAS2R31 variants
may reduce response in vivo. Indeed, in vitro evidence indi-
cates that even when the Trp35 allele is present, mutations at
amino acid residues 45, 237, 276, and 281 all cause a loss of
function (Roudnitzky et al. 2011). In the future, whole gene
sequencing of TAS2Rs may be required to better explain
phenotypic variation. Also, as with any candidate SNP study,
we should note that unmeasured third variables can obscure
SNP findings (e.g., population stratification) and that the
associations reported here may not be causal, arising instead
from LD with other unmeasured polymorphisms.

Conclusions

Using suprathreshold psychophysics in humans, we explained
variation in the perceived intensity of AceK bitterness using a
candidate SNP approach across multiple 74 S2 R genes. These
data suggest more than 1 hT2R receptor is responsible for the
perception of AceK bitterness. Tag SNPs believed to be in
complete LD with the putatively causal SNP in TAS2R31 pre-
dicted variation in AceK bitterness. In addition, a polymor-
phism Alal87Val in TAS2R9 not been previously reported
as being functional for AceK was shown to predict bitterness
in vivo. Conversely, putatively functional SNPs in TAS2 R4,

TAS2R38, and near TAS2RI6 did not predict bitterness.
Polymorphisms in 2 bitter receptor genes on different chro-
mosomes both appeared to contribute to the suprathreshold
bitterness of AceK, and a simple multilocus model was able to
predict 13% of the variance in perceived bitterness. However,
present data also suggest additional polymorphisms may
contribute to the inability to perceive AceK bitterness. More
research is needed to determine if other receptors confer addi-
tional response, and whether rare polymorphisms in the genes
studied here may attenuate responses to AceK in vivo.
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