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Summary
Human sweet taste perception is mediated by the heterodimeric G-protein coupled receptor complex
encoded by the TAS1R2 and TAS1R3 genes [1-7]. The extent of variation in these genes has been
recently characterized [8], but the functional consequences of such variation are unknown. In this
study we report that two C/T single nucleotide polymorphisms located at positions −1572 (rs307355)
and −1266 (rs35744813) upstream of the TAS1R3 coding sequence strongly correlate with human
taste sensitivity to sucrose, and explain 16% of population variability in perception. Individuals who
carry T alleles display reduced sensitivity to sucrose compared to those who carry C alleles at these
nucleotide positions. Using a luciferase reporter assay, we demonstrate that the T allele of each SNP
results in reduced promoter activity in comparison to the C alleles, consistent with the phenotype
observed in humans. We also found that the TAS1R3 promoter region extending from position −1700
to −1000 harbors a novel composite cis-acting element that has a strong silencing effect on promoter
activity. We conclude that the rs307355 and rs35744813 SNPs affect gene transcription by altering
the function of this regulatory element. A worldwide population survey reveals that the T alleles of
rs307355 and rs35744813 occur at lowest frequencies in European populations. We propose that
inherited differences in TAS1R3 transcription account for a substantial fraction of worldwide
differences in human sweet taste perception.
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In our study we analyzed threshold and suprathreshold sensitivity to sucrose by employing the
novel use of signal detection analysis and R-index measures for this trait. The quantitative
stimuli consisted of 9 different blinded sucrose solutions, which subjects sorted from least
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sweet to most sweet. For each pairwise sucrose concentration (e.g. 0−0.5%, 0.5−1%, etc) we
estimated the classical signal detection measure of sensitivity P(A) - the area under a receiver
operating characteristic (ROC) curve - by calculating the R-index [9,10]. The area under an
ROC curve, and hence the R-index, ranges from 0.5 (chance level discrimination) to 1 (perfect
discrimination) and measures an individual's ability to discriminate between two stimuli. To
obtain a singular measure of sensitivity across the entire sucrose concentration series, the
pairwise R-indices were summed to create a concentration-response function for each subject
and the area under this curve (AUC) was determined. The AUC, which can theoretically range
from 0 (complete non-discrimination) to 9.25 (perfect discrimination) in this testing paradigm,
was used as the dependent variable for assessing the effect of genotype on sucrose sensitivity.

Our test population consisted of 144 unrelated individuals, who identified themselves as
European (n = 92), Asian (n = 37), or African (n = 15). The distribution of AUC scores in the
test sample population is shown in Figure 1A. Sensitivity scores were normally distributed in
accordance with a Gaussian distribution (d = 0.1, Kolmogorov-Smirnov test; p < 0.05, Lilliefors
test). Figure 1B shows a quantile-quantile plot for AUC scores determined in our subjects
versus the expected values from a normal distribution. AUC scores follow a normal
distribution, with the exception of modest deviation in the range of higher discrimination
abilities.

Sucrose Perception Genotype-Phenotype Relationships
Although individual variations in sweet taste perception have been associated with aging
[11,12], hormonal status [13,14], sweet food intake [15], and anatomical factors [16], inherited
factors clearly make important contributions to variability in this trait [17-19]. Human sweet
perception is mediated by the products of the TAS1R2 and TAS1R3 genes, which encode the
major carbohydrate sweet taste receptor [1-7]. An evolutionary genetic analysis revealed strong
deviations from evolutionary neutral genetic drift for variation in the coding regions of
TAS1R2 and, to a lesser extent, TAS1R3 [8]. Such deviations from neutrality suggested
functional variations in sensitivity to sweet compounds.

Nucleotide sequence variations in the TAS1R2 and TAS1R3 genes in our subject group were
assayed by complete DNA sequencing. TAS1R2 gene sequencing extended from 2553 bp
upstream of the translation start site to 1366 bp downstream of the stop codon, spanning 23,981
bp of genomic DNA. TAS1R3 DNA sequencing extended from 3188 bp upstream of the
translation start to 1828 bp downstream, comprising a total of 8135 bp of genomic DNA.
Sequencing of the TAS1R2 gene and its flanking regions revealed 34 SNPs with minor allele
frequencies (MAF) ≥ 0.05, including 5 exonic non-synonymous nucleotide changes (Table
S1). Sequencing of the 8135 bp genomic region containing TAS1R3 revealed 20 SNPs with
MAF ≥ 0.05, including two encoding protein amino acid replacements, as listed in Table S2.

Putative effects of SNPs identified in the TAS1R2 and TAS1R3 genes were estimated using
one-way ANOVA. No individual SNPs at the TAS1R2 locus displayed significant association
with phenotype. However, we identified two, rs307355 (−1572 C/T) and rs35744813 (−1266
C/T) at the TAS1R3 locus that demonstrated strong association with decreased sucrose AUC
scores (Bonferroni corrected p = 1.08×10−4 and 2×10−5, respectively) (Fig. 2 and Table 1).
Determination coefficients calculated as the ratio SSTAS1R3 genotype/SStotal were 0.15 for
rs307355 and 0.16 for rs35744813. Thus, together these SNPs account for ∼16% of the
observed trait variability.

Estimation of linkage disequilibrium between SNP polymorphisms identified in the TAS1R3
gene locus in our subject population showed that rs307355 and rs35744813 SNPs reside within
the same haplotype block (r2 = 0.8). We observed only 6 individuals in which rs307355 and
rs35744813 SNPs did not co-segregate. This number was insufficient for statistical analysis
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of a functional interaction between these SNPs. Population-based patterns of linkage
disequilibrium available from the HapMap data base (http://snp.cshl.org/index.html) show that
no other SNPs from the neighboring genes exist in linkage disequilibrium with rs307355 and
rs35744813 (data not shown). This indicates that correlation of sequence variations in genes
adjacent to TAS1R3 with AUC scores is unlikely in our sample populations.

Figures 2B and C illustrate that carriers of the C/T alleles exhibit a ∼25% decrease in sucrose
sensitivity whereas homozygotes for the T/T alleles were more profoundly affected, as
evidenced by a 50% decrease in their sucrose AUC scores. We observed reduced taste
sensitivity to sucrose associated with T alleles in each of the three sample populations used in
our study (Figure S1, Tables S3 and S4). These data suggest that this association is common
to human populations worldwide.

Figure S2 shows examples of ROC-curves for the three groups of test subjects, who were C/
C homozygotes for rs307355 and rs35744813 SNPs, C/T heterozygotes or T/T homozygotes
for both SNPs. The presence of the T alleles of rs307355 and rs35744813 was associated with
the reduced ability of subjects to perform fine discriminations in sucrose sweetness. However,
discriminations at lower sucrose concentrations were performed by C/T heterozygote and T/
T homozygote subjects with approximately equal aptitude as C/C homozygotes. At each
sucrose concentration interval, the C/T heterozygotes and T/T homozygotes had cumulative
R-indices that deviated further from the sensitivities of C/C homozygotes resulting in non-
parallel concentration-response curves (Figure S2). This non-parallel shift between curves
suggests that sensitivity of C/T heterozygotes and T/T homozygotes was decreased along the
whole sucrose concentration range tested. Estimating the entire effect of such non-parallel
shifting (AUC scores) produced statistically significant differences between the sucrose
sensitivities of test subjects. However, sensitivity scores calculated at each particular sucrose
concentration interval were less or not informative in genotype-phenotype association analysis
(data not shown).

Distal Region of the Human TAS1R3 Promoter Harbor a Novel Cis-acting Element
Our findings suggested that SNPs rs307355 and rs35744813 affect the function of the
TAS1R3 regulatory region. Quantitative variations of phenotypic traits in physiology,
morphology, and disease susceptibility often approximate a statistical normal distribution
[20,21]. The molecular mechanism of such variations has been explained in a number of
instances by differences in gene expression levels [22-24].

Toyono et al. have shown that the TAS1R3 core promoter is located upstream of the exon 1
and contains two potential transcription initiation sites, located 67 bp and 176 bp upstream of
the translation start site [25]. However, we found that a transcription initiation site located 176
bp upstream of the ATG has a weak activity (see Supplemental Results and Discussions).

Our genotype-phenotype association data suggest that the sequence regions harboring SNPs
rs307355 and rs35744813 and located 5’ upstream of the TAS1R3 core promoter also have a
role in transcriptional regulation. To investigate the effects of corresponding nucleotide
sequences on promoter activity, we created a series of luciferase reporter plasmids containing
5’-truncated variants of TAS1R3 regulatory region (constructs 1−12, Table S5). Promoter
variants were assayed in two TAS1R3-expressing cell lines, NCI-H716 and HuCCT1. The NCI-
H716 cell line was derived from enteroendocrine L cells of the human colon [26]. Jang et. al.
have previously shown that enteroendocrine L cells express sweet taste receptors and other
components of taste transduction pathway [26]. The HuCCT1 cell line was isolated from a
human intrahepatic bile duct carcinoma [25]. Using immunohistochemical analysis, Toyono
et. al. demonstrated that cholangiocytes in the intrahepatic bile duct express sweet taste
receptors, indicating a role in chemical sensation in these tissues [25].
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The results of reporter expression analysis in NCI-H716 cell line are shown on Figure 3A and
B. Inclusion of the TAS1R3 promoter region from −2000 to −1500 bp in reporter constructs is
associated with more than 50% reduction of the transcriptional level of the reporter gene (Fig.
3A, lines 1−4). In addition, a promoter variant created by inverting the nucleotide sequence
between nt −1700 to −1400 demonstrated no reduction in activity (Fig. 3B). Another region
suppressing transcription was observed between nt −1099 and −887 (Fig. 3A, lines 7 and 8).
In contrast, the nucleotide sequences located between these two regions were associated with
normal transcription (Fig. 3A, lines 5 and 6). These data demonstrate that the TAS1R3
regulatory region has a functionally modular structure in this model system.

Similar results of reporter expression analysis were obtained in HuCCT1 cell line (Figure S3).
However, the silencing effect of sequences located between nt −1099 and −887 on promoter
activity was not observed in this cell line. This could be due to differences in the specific
features of transcriptional regulation in NCI-H716 and HuCCT1 cell lines.

Repeat Masker software (http://www.repeatmasker.org) revealed the presence of a repetitive
element in the promoter region extending from nt −1800 to −1100 (data not shown). Dot plot
matrix alignment of TAS1R3 promoter sequence against itself identified multiple divergent
duplications in this region indicating that this repetitive element belongs to the class of simple
repeats (Figure S4). Simple repetitive elements account for ∼3% of the human genome [27,
28] and in some cases modulate transcription of housekeeping genes [29-31].

The DNA sequence of the TAS1R3 distal promoter region in higher primates shows no
significant similarity to that of rodents (Figure S5). Furthermore, the ∼600 bp region containing
SNPs rs307355 and rs35744813 is either deleted or shows no sequence similarity in other
species, suggesting that this regulatory element has a unique role in humans in regulation of
TAS1R3 gene expression. Although the TAS1R3 promoters of most vertebrates lack this
regulatory region, a conservation track generated by Human Genome Browser
(http://genome.ucsc.edu) revealed a high level of conservation with sequences located
elsewhere in the genomes (data not shown), indicating that the similar sequence elements may
be involved in transcriptional regulation of other genes.

Functional Effects of rs307355 and rs35744813 Alleles on Transcription
Examination of the TAS1R3 promoter sequence for statistically overrepresented transcription
factor binding sites (TFBSs) revealed multiple E-box TFBSs in the region from nt −2000 to
−1000 (Figure S6). SNPs rs307355 and rs35744813 are located within and downstream of the
E-box core motif CANN(C/T)G(C/T), respectively (Figure S6). E-boxes serve as recognition
sites for transcription factors of the bHLH (helix-loop-helix) class [32].

In order to further investigate the effects of rs307355 and rs35744813 alleles on transcription,
we created sequence variants of the TAS1R3 promoter containing C and/or T alleles at nt
positions −1572 and −1266, or which eliminated E-boxes at these positions (Table S5). We
then used these to drive luciferase expression in reporter constructs transfected into NCI-H716
cell line. The results are shown in Figure 3C. Consistent with the reduced sucrose sensitivity
in human subjects, the T alleles at each position individually significantly reduced luciferase
transcription in comparison to the C alleles. However, no cumulative effect on transcription
was observed when both T alleles were present in promoter simultaneously. Eliminating the
E-boxes from our reporter constructs had the same effect as the C alleles. We conclude that
the E-box TFBSs located at these positions are functional, and that naturally-occurring
nucleotide variations in these regions affect transcription in our model cell system.
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Worldwide Distribution of rs307355 and rs3574481 Alleles
Figure S7 shows the distribution of rs307355 and rs3574481 alleles worldwide based on
genotyping of 1062 DNA samples from 52 human populations in the HGDP-CEPH reference
panel [33]. The rs307355 and rs3574481 C alleles are more frequent in worldwide populations
outside of Africa, while the T-alleles are most prevalent in sub-Saharan African populations.
Figure 4 shows the frequencies of haplotypes of these two SNPs in various populations.
Rs307355 and rs3574481 C alleles (C – C haplotype) represent the major haplotype in all
geographical regions except Africa. The alternative haplotype T - T is also distributed across
most geographical regions with approximately equal frequencies, although it is much more
frequent in African populations. Haplotype C – T is relatively rare and found mainly in African
populations, while the T – C haplotype was not observed in more than 2000 chromosomes
from our worldwide sample.

Sucrose and other simple carbohydrates (glucose, fructose, maltose, etc.) are the main sources
of energy for the human body and are involved in a multitude of biochemical pathways. The
most common sources of simple carbohydrates for humans are plants, e.g. sucrose derived
primarily from sugar cane and sugar beets [34]. Initially, carbohydrate-rich plants grew mainly
in tropical latitudes [34], and we hypothesize that the observed differences in distribution of
low and high sensitivity alleles among human populations could reflect the adaptation of those
populations to their habitat in distant past. We hypothesize that the ability to taste sugars at
lower concentrations was one of the critical factors for human survival in cold geographical
regions. Thus, an evolutionary pressure favoring high sweet sensitivity alleles in the non-
tropical geographical regions drove such alleles to high frequency in these populations.

Concluding remarks
This is the first observation that non-coding SNPs can affect human taste perception. Our
finding of no significant association between phenotypes and non-synonymous SNPs located
in protein coding regions of these genes was unexpected since allelic variation of the human
TAS1R genes is unusually large, especially in TAS1R2 [8], the sweet-specific component of
the receptor [3]. On the other hand, absence of significant sweet taste associations with
individual SNPs at the TAS1R2 locus could be due to small sample size (n = 144) and the
exclusion of rare variants (MAF < 0.05) from the statistical analysis. However, our data indicate
that the several common alleles of TAS1R2 do not specify significant differences in sweet
sensitivity in vivo. Consistent with these findings in vivo, we have also observed that the
TAS1R2 protein variants commonly occurring in human populations and differing by single
amino acid changes do not show appreciable differences in sensitivity to multiple sweeteners
based on in vitro assessment (unpublished observations).

The TAS1R3 protein also serves as a component, along with the product of the TAS1R1 gene,
of the receptor for umami taste, a savory flavor exemplified by the taste of glutamate [1]. The
T alleles of rs307355 and rs3574481 exhibit a gradient across Eurasia, with East Asian
populations showing the highest frequencies and Western European populations showing the
lowest. The umami taste modality was discovered in East Asia and umami flavor enhancers
are widely used there [35]. In addition to specifying population-specific preferences in sweet
taste, these variants may also affect umami taste, especially in East Asians.

These findings also illustrate that rodents, in which most molecular sweet taste studies have
been performed, are unlikely to serve as a high fidelity models of human sweet perception.
Similar to other mammals, the rodent genomes bear no similarity to humans in the region
upstream of TAS1R3 that contains these two SNPs. Our studies add to the growing body of
evidence that human complex traits are associated with variants that reside outside non-coding
regions, and are likely to affect gene expression [36]. In contrast to many such findings,
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however, these two SNPs exhibit a relatively large effect on phenotype, and represent common,
rather than rare variants in the population.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sucrose sensitivity scores distributed normally in the population of 144 unrelated test subjects.
(A) Frequency histogram showing the distribution of AUC scores. K.-S. d, Kolmogorov-
Smirnov test for normality of empirical distribution. Lilliefors p, Lilliefors test for significance
of K.-S. difference statistic. (B) Quantile-quantile plot of the empirical variable against the
standardized normal variable. The vertical scale denotes the individual AUC values sorted in
order from smallest to largest. The bottom axis shows a normally distributed variable. The top
axis denotes probability of observations of a normally distributed variable. The regression line
(green) is a reference demonstrating theoretically perfect fit between the empirical and
theoretical distributions. Red dashed lines indicate 99% confidence intervals.
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Figure 2.
Rs307355 (−1572) and rs35744813 (−1266) T alleles are significantly associated with
decreased sucrose sensitivity scores. (A) The results of ANOVA association analysis of
TAS1R3 SNP polymorphisms (MAF > 0.05) with phenotypes. Vertical scale is a probability
of association, −log10 transformed. Horizontal axis indicates SNP positions in kb relatively to
TAS1R3 translation start site, with bp 0 indicating the A of the ATG initiation codon. Dashed
line on the graph indicates Type I error threshold, Bonferroni adjusted. (B and C) Frequency
histograms and Box-Whisker plots demonstrate the distributions of individual AUC scores
among rs307355 and rs35744813 genotypic groups. Black bars on Box-Whisker plots
correspond to 25% and 75% percentiles, vertical lines indicate AUC value ranges. White
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rectangles inside of black bars are within group means. P, statistical significance of among
group mean differences (Bonferroni post-hoc test).
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Figure 3.
The results of ex vivo reporter analyses of TAS1R3 promoter variants in NCI-H716 cell line.
(A) Reporter expression analyses of 5’-truncated promoter variants (table on the right and Table
S5). Each black bar corresponds to individual assay and represents mean value of firefly
luciferase activity normalized against the Renilla luciferase activity. Error bars show value
ranges. RLU, relative light units. N, promoter-less negative control. (B) Reporter expression
analysis of the intact promoter compared to the promoter variant with inverted sequence region
located between nt −1700 and −1400. Black arrows below of the graph indicate normal
orientation (arrow oriented up) and reverse orientation (arrow oriented down) of −1700 bp to
−1400 bp sequence region. (C) Reporter expression analyses of promoter variants differing by
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genotypes at nt positions −1266 bp and −1572 bp. Table below of the graph shows specific
genotypes at each of the two nucleotide positions. Symbols × in the table indicate eliminated
E-box TFBS sequences. Asterisks, significance level of among group mean differences
(unpaired t-test): one asterisk, P < 0.05; two asterisks, P < 0.01.
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Figure 4.
Median joining network of three haplotypes found in 1064 individuals from the HGDP-CEPH
diversity panel, color coded according to regions of origin.
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