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Abstract

We investigated whether the abundance of bitter receptor mRNA expression from human taste
papillae is related to an individual’s perceptual ratings of bitter intensity and habitual intake of bitter
drinks. Ratings of the bitterness of caffeine and quinine and three other bitter stimuli (urea,
propylthiouracil, and denatonium benzoate) were compared with relative taste papilla mRNA
abundance of bitter receptors that respond to the corresponding bitter stimuli in cell-based
assays (TAS2R4, TAS2R10, TAS2R38, TAS2R43, and TAS2R46). We calculated caffeine and quinine
intake from a food frequency questionnaire. The bitterness of caffeine was related to the
abundance of the combined mMRNA expression of these known receptors, r=0.47, p =.05, and
self-reported daily caffeine intake, t(18) =2.78, p=.012. The results of linear modeling indicated
that 47% of the variance among subjects in the rating of caffeine bitterness was accounted for by
these two factors (habitual caffeine intake and taste receptor mRNA abundance). We observed no
such relationships for quinine but consumption of its primary dietary form (tonic water) was
uncommon. Overall, diet and TAS2R gene expression in taste papillae are related to individual
differences in caffeine perception.
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Introduction

Of the primary taste qualities, bitter perception varies most among people (Knaapila et al.,
2012). Bitterness arises when chemicals contact bitter receptors on taste cells. Investigators
discovered the TAS2R gene family of receptors that detect bitter compounds more than a
decade ago (Adler et al., 2000; Chandrashekar et al., 2000; Matsunami, Montmayeur, &
Buck, 2000). This family contains about 25 G protein-coupled receptors, but the exact
number varies due to copy number variation (Nozawa, Kawahara, & Nei, 2007; Pronin
et al., 2007; Roudnitzky, Bufe, et al., 2011; Wong et al., 2007). The conscious experience
of bitterness differs among people in part due to genetic variation in these sensory receptors.
Investigators demonstrated this principle for particular receptor-ligand pairs, most notably
the receptor 72R38 and the ligands phenylthiocarbamide and propylthiouracil (PROP; Bufe
et al., 2005; Kim et al., 2003). The TAS2R38 gene has two main haplotypes, PAV (P49, A262,
and V296) and AVI (A49, V262, and 1296), that determine individual differences in the
perceived bitterness of these receptor agonists (Behrens, Gunn, Ramos, Meyerhof, &
Wooding, 2013; Campbell et al., 2012; Duffy et al., 2004; Genick et al., 2011; Mennella,
Pepino, Duke, & Reed, 2010; Mennella, Pepino, & Reed, 2005; Prodi et al., 2004; Reed et al.,
2010; Timpson et al., 2007).

Even within a TAS2R38 haplotype group, there can be wide variation in sensitivity to
phenylthiocarbamide and PROP. We recently investigated whether these person-to-person
differences in bitter perception were related to the expression of this receptor’s mRNA
(Lipchock, Mennella, Spielman, & Reed, 2013). Variation in mRNA abundance in taste
cells may reflect the number of receptors present in the taste papillae, which in turn may
explain some of the wide variation in bitter taste perception among those sharing the same
genotype (Mennella et al., 2010; Newcomb, Xia, Reed, 2012). We previously focused on the
TAS2R38 gene and individuals who were heterozygotes (PAV or AVI) for its two common
taster (PAV) and nontaster (AVI) alleles. Subjects with more mRINA expression of the taster
allele reported more bitterness from the ligand (Lipchock et al., 2013).

There are large differences among people in their perception of the bitterness of common
compounds such as caffeine which are due (in part) to inborn genetic variation (Ledda et al.,
2014). Likewise, the perception of quinine differs among people by genotype (Reed et al.,
2010). However, we do not know the extent to which gene expression may also account for
these differences, as they do for TAS2R38 mRNA and its ligands. We wanted to understand
whether the positive relationship between mRNA bitter receptor expression and bitter taste
perception is a general observation or is unique to the 72R38 receptor and its ligands. Thus,
in the present study, we examined this relationship for caffeine and quinine and the TAS2R
mRNA for some receptors stimulated by these agonists (Meyerhof et al., 2010).

Subjects and Methods
Overview

Subjects rated the bitterness intensity of several compounds using the psychophysical
measures explained later and immediately afterward provided a sample of tongue taste
tissue. They also completed a food frequency questionnaire about their habitual intake of
specific food items, for example, coffee.

Subjects

The study population (N =20) was 60% female, 19 to 40 years of age (31 &1 years), and
represented the ethnic diversity of Philadelphia (35% of African ancestry, 55% of European
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ancestry, and 10% other or mixed race). All were healthy, normotensive nonsmokers.
Subjects were selected based on TAS2R38 genotype in human taste tissue; 18 were
heterozygotes, one was homozygous PAV/PAV (taster) and one was homozygous AVI/
AVI (nontaster); data on allele-specific variation in T74S2R38 expression levels and bitter
taste perception were previously published (Lipchock et al., 2013). The Office of Regulatory
Affairs at the University of Pennsylvania approved all procedures for the study, and each
subject gave informed consent. We registered this trial at clinicaltrials.gov (NCT01399944).

Psychophysics

After being trained to use the general Labeled Magnitude Scale (gLMS), subjects tasted a
variety of bitter compounds (see later or Table 1) and rated them on a computerized scale
using Compusense five Plus software (Compusense Inc., Guelph, ON, Canada). We tested
subjects individually between 8:30 a.m. and 1:30 p.m. in a closed room designed for sensory
(psychophysics) studies. They were instructed to eat their typical breakfast or lunch and to
arrive at the testing location having not eaten for at least 1 hr.

Subjects tasted SmL of each stimulus, presented in random order. The stimuli comprised
five bitter compounds (560 uM PROP, 500 mM urea, 8 mM caffeine, 492nM denatonium
benzoate, 119 UM quinine hydrochloride) and a control stimulus for general taste sensitivity
(100mM sodium chloride). Concentrations were selected based on a previous study of
individual differences in perception (Delwiche, Buletic, & Breslin, 2001). Subjects swished
the stimulus solution in their mouths for 5 s, expectorated, and rated the bitterness and
saltiness using the gLMS. (Subjects also made other ratings but did not present them here
for brevity.) A 1-min interval, in which subjects rinsed twice with deionized water, separated
the tasting of each stimulus. To ensure that differences in perception were specific to taste
sensations and not to scale use, subjects were also asked to use the gLMS to rate the
heaviness of six opaque, sand-filled jars ranging from 235 to 955g; heaviness ratings were
used to normalize taste intensity ratings (Delwiche et al., 2001).

Taste Tissue Collection

We collected tissue in a surgical suite between 8:30 a.m. and 1:30 p.m. on the same day as
taste testing, immediately after the psychophysical testing. Before tissue collection, a dentist
interviewed subjects about medical and dental history and inspected the tongue to confirm
that each subject had no oral disease. We measured heart rate and blood pressure to ensure
they were in the normal range. Under sterile conditions, six to eight fungiform papillae were

Table 1. Bitter Receptors and Taste Compounds Tested.

Bitter receptor gene Ligand®

TAS2R4 Denatonium benzoate, quinine
TAS2R10 Denatonium benzoate, caffeine, quinine
TAS2R38 PROP

TAS2R43 Denatonium benzoate, caffeine, quinine
TAS2R46 Denatonium benzoate, caffeine, quinine

Note. PROP = propylthiouracil.
?Recognized by the protein product of the bitter receptor gene. No known bitter receptors are
reported to respond to urea.
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removed from the dorsal surface of the anterior tongue using curved spring microscissors
(McPherson-Vannas type, Roboz; for detailed description of methods, see Spielman, Pepino,
Feldman, & Brand, 2010). Each papilla was immediately transferred with forceps into Ringer
buffer (130 mM NaCl, 5SmM KCI, I mM CaCl,, ] mM MgCl,, ] mM Na-pyruvate, 20 mM
HEPES, pH 7.2), and after six to eight papillae (7.2£0.2) were removed, combined,
and transferred to RNA later (Invitrogen, Life Technologies Corp. Carlsbad CA) and
stored at —80°C.

RNA Extraction, cDNA Preparation, and Gene Expression Analyses

Within 3 days of papilla collection, the tissue was thawed on ice and homogenized using
Kontes disposable pellet pestles and 1.5 mL microtubes (Kimble Chase, Vineland, NJ). RNA
was extracted with the ZR-Duet DNA/RNA MiniPrep kit (Zymo Research Corporation,
Irvine, CA), and cDNA was generated using the WT-Ovation RNA Amplification System
(NuGEN Technologies, Inc., San Carlos, CA). Samples were treated with DNAase (Zymo
Research, Irvine, CA) for 30 min to remove residual genomic DNA. T4AS2R mRNA was
measured for TAS2R4, TAS2R10, TAS2R38, TAS2R43, and TAS2R46 (Table 1). We chose
TAS2Rs that were shown in cell-based assays to be activated by at least three of the five bitter
compounds tested here. We show their chromosomal positions relative to the other bitter
receptors in Figure 1. Information about their physical location is useful because genetic
variants in adjacent receptors are often coinherited. We measured GNAT3 gene expression to
ensure the papillae contained the appropriate cell type (Type II taste receptor cells); gene
expression for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was measured as a
general housekeeping gene. In all cases, we measured gene expression using TaqMan real-
time polymerase chain reaction (PCR) gene expression assays (Invitrogen, 4326317E,
Hs00249946_s1, Hs00256794 s1, Hs00604294 s1, Hs00820217_s1, and Hs00853124 s1, and
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Figure |. Bitter receptor genes and their location on human chromosomes.
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Hs01385400_m1). We compared gene expression of GNAT3 and all TAS2Rs to GAPDH
using the delta—delta Ct method (Livak & Schmittgen, 2001).

We repeated assays in triplicate, and the median was calculated. The log of gene expression
relative to the GAPDH control gene expression was used in all analyses, with values of 0
changed to 0.001 before log transformation.

Follow-up Assessment of Copy Number Variation of TAS2R43

TAS2R43 expression was very low compared with the other genes analyzed, and 14 of the 20
subjects had no detectable expression. We hypothesized that this result might be due to a
deletion of the gene and therefore measured TAS2R43 copy number for all participants.
Copy number variation of the TAS2R43 gene was determined using genomic DNA that
was extracted from saliva following the directions of the manufacturer (Epicenter,
Madison, WI) and following previously published methods (Wooding et al., 2012). The
presence of TAS2R43 in the genome was determined using the TagMan real-time PCR
gene expression assay for TAS2R43 (Hs00820217_s1). RNaseP was used to determine the
number of copies of TAS2R43 using the equation copiesof TAS2R43 per genome =
(2((CYRNascP*CITAS2R43)*(AVgClRNU.wP*AVgCTTASZRu))) x 2. In addition to copy number genotype, we
also assayed two additional variants. Using the genomic DNA, we genotyped the samples
for those variants previously reported to be associated with perception of caffeine and
quinine (Supplemental Table 1).

Bitter agonists often stimulate more than one receptor, and we tested the hypothesis that
perception might be more tightly related to bitter receptor mRNA expression when multiple
receptors were considered additively. mRINA expression levels from subsets of receptors were
summed using information about receptor-ligand interactions summarized in Table 1. For
example, we summed mRNA expression for TAS2RI10, TAS2R43, and TAS2R46 to evaluate
the bitterness of caffeine because these three receptors have been demonstrated to interact
with caffeine (Meyerhof et al., 2010).

Habitual Consumption of Caffeine and Tonic Water

Subjects completed a questionnaire to quantify their habitual use of caffeine (e.g., coffee) and
quinine (i.e., in tonic water) using a modified version of the Harvard Service food-frequency
check-list, a semiquantitative dietary assessment tool (Suitor, Gardner, &Willett, 1989).
Reported intake (servings/month) for beverage items was determined by using the
following scoring system: never =0, less than once per month=0.5, 1 to 3 times per
month=2, once per week=4, 2 to 4 times per week =12, 5 to 6 times per week =22, and
one or more times per day = 30 servings/month (Feskanich et al., 1993; Paul, Rhodes, Kramer,
Baer, & Rumpler, 2005). In the case of caffeine, we considered aggregated reports of coffee,
tea, and carbonated beverages into a single frequency rating (daily user, yes or no); in the case
of quinine, we used reported intake of a single item, tonic water and divided people into two
groups based on reported use (never vs. occasional).

Statistical Analyses

All analyses were conducted using either Statistica version 10 (StatSoft, Inc., Tulsa, OK) or
GraphPad Prism 6 (version 6.05; GraphPad Software, La Jolla, CA). We calculated Pearson
correlation coefficients between gene expression values and perceptual ratings except for
TASR43 mRNA expression (which was bimodal owing to the deletion of this gene in
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Figure 2. mRNA expression for each bitter receptor gene versus subject ratings of bitterness for each
taste compound. Each dot represents data from one person (N =20 subjects). Red dots highlight cases
were ratings of bitterness were related to mRNA abundance, p <.05. DB = denatonium benzoate;
PROP = propylthiouracil.

some people) in which case we used a nonparametric method (Spearman correlation) to
determine relationships between mRNA abundance and bitterness ratings. To probe for
relationships between genetic variants and bitterness ratings, we used a one-way analysis
of variance using genotype as a factor and bitterness ratings as the outcome measure. We
analyzed differences between daily users of caffeine versus those that consumed caffeine less
frequently for differences in bitterness perception or gene expression by ¢ test. We analyzed
the tonic water consumption groups (never vs. occasional) the same way. Finally, we used a
general linear model to evaluate the contribution of each single variable that affected caffeine
bitterness ratings. And p < .05 was used as a statistical criterion for significance.

Results

We show the distributions of relative gene expression and ratings of bitterness for each
compound tested in Figure 2. Expression of TAS2R38 was correlated with bitterness
ratings of PROP, r(18)=0.51, p=.023. Similarly, people expression of TAS2R43 mRNA
was correlated with the bitterness of urea, r(18)=0.57, p=.008, and caffeine, r(18) =0.54,
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Figure 3. Summed mRNA expression for those bitter receptors tested that are known to respond to
specific ligands tested. DB = denatonium benzoate.

p=.014. TAS2R43 expression was also related to the bitterness of sodium chloride,
r(18)=0.46, p=.04, but not its saltiness, r(18)=—0.02, p=.92. mRNA abundance of
TAS2R4, TAS2RI10, and TAS2R46 was not individually related to bitterness of any of the
compounds tested.

Inborn copy number variants explained in part the bimodal distribution of T4S2R43 gene
expression. Six subjects had two deleted copies of the 74S2R43 gene and had no measurable
TAS2R43 mRNA expression. 8 of the 14 subjects with at least one copy of the T4S2R43 gene
also showed no mRNA expression; for the remaining six subjects, expression of TAS2R43
mRNA was not related to genomic copy number, r=0.08, p=.87. There was no significant
relationship among people grouped by other genotypes (152708377 for caffeine or rs10772420
for quinine; Supplemental Table 1). This result is likely due to the small sample sizes for each
genotype group and low statistical power.

Summed receptor mRNA expression, based on known responsiveness to ligands in cell-
based assays, was significantly correlated with the perception of caffeine, r(18)=0.47,
p=.036, but not quinine, r(18)=0.06, p=.79, or denatonium benzoate, r(18)=0.27,
p=.24 (Figure 3). This type of analysis could not be conducted for urea because the
receptor(s) is unknown, or for PROP, because only one receptor responds to this ligand in
most cell-based assays.
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Figure 4. Ratings of perceived intensity of caffeine (left) and quinine (right) on the general Labeled
Magnitude Scale scale that is anchored by descriptors shown on the right-hand x-axis. Subjects were grouped
by daily caffeine use (yes or no) and by never or occasional use of tonic water, a beverage which contains
quinine.

Regarding effects of regular caffeine intake on bitterness ratings, we observed that subjects
fell into one of two groups. Either they were daily consumers of caffeine or not; therefore we
classified subjects as daily consumers (N=11; at least one serving per day, 30 servings a
month) or infrequent consumers (N =9; less than 30 servings a month; Supplemental Table
1). Tonic water was rarely consumed; thus we grouped the occasional consumers together
(N =5; 1-3 times per month or less than once per month) compared with those who reported
never consuming tonic water (N = 15). Daily consumption of caffeine was related to reported
bitterness (#(18) =2.78, p=.012) but not to summed mRNA expression (#(18) =0.50, p =.63).
There was no relationship between tonic water consumption and ratings of quinine bitterness
(1(18)=0.94, p=.36) or summed mRNA abundance (#(18) =0.54, p =.60; Figure 4).

We probed for the relationship between diet and gene expression on caffeine bitterness
ratings with a general linear model, using the two variables in the above analysis that were
related to the intensity ratings of the bitterness of caffeine. Thus, the daily consumption of
caffeine was a categorical variable (yes or no), and the summed gene expression was a
continuous variable, that is, ranging from —6.6 to 2.6 (relative to the housekeeping gene).
This model accounted for 47% of the total variance in caffeine bitterness ratings, with equal
and mostly independent contributions for diet versus gene expression (Table 2).

Discussion

Approximately 25 human genes code for bitter taste receptors and specialized cells in human
taste papillae express their mRNA. In this study, subjects who produced more relevant bitter
receptor mRNA perceived more bitterness when they tasted caffeine. The idea that
perception is tied to receptor abundance has roots in earlier observations that papilla
number on the tongue predicts taste intensity (Miller & Reedy, 1990) and is further
supported by the observation that individual differences in the perception of different
bitters form clusters (Delwiche et al., 2001). These clusters follow a pattern that suggests
they are determined in part by genetic variation in shared receptors (Roura et al., 2015).
Thus, the results of this study are somewhat consistent with the broader hypothesis that when
more receptors are activated, the signal to the brain is interpreted as more intense. We did not
see these same relationship for quinine or denatonium benzoate, although this outcome may
be due to experimental limitations, for example, we did not test all bitter receptor mRNA
expression and thus may have missed critical receptors that have high ligand affinity. Thus,
confirmation of this general hypothesis awaits direct quantification of the receptor density of
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Table 2. Results of General Linear Model for Ratings of Caffeine Bitterness.

Variable df F p Value n?

Daily consumption I 5.4 .038 0.32
Summed mRNA I 79 012 0.24
% Total variance (%) 0.47

the complete receptor repertoire and more complete knowledge of receptor-ligand
interactions of all receptor haplotypes.

The TAS2R38 gene and its protein product are unusual in two respects: There are two
equally common forms that differ markedly in function (Kim et al., 2003), and the receptor is
an extreme specialist, responding only to a few structurally related ligands (Bufe et al., 2005;
Meyerhof et al., 2010). We previously reported that the amount of mRNA of the taster form
of the TAS2R38 bitter receptor was associated with the bitter perception of its ligand. Here,
we examined whether this result would generalize to other receptors that are less specialized.
While neither the five bitter compounds nor the receptors tested here are exhaustive, the
relationship of mRNA to perception does appear to be a feature of human taste biology if
only for caffeine. Caffeine is a ligand for TAS2RI10, TAS2R43, and TAS2R46 (Meyerhof
et al., 2010), and the amount of mRNA from these three genes together was associated with
subjects’ ratings of caffeine bitterness.

The TAS2R43 gene is absent from the genome of many people (Pronin et al., 2007
Roudnitzky, Bufe, et al., 2011; Wooding et al., 2012), and previous reports of this
structural polymorphism were confirmed in this study: 6 of 20 subjects (30%) had two
deleted copies of the TAS2R43 gene, and 14 of 20 (70%) had no corresponding mRNA.
The abundance of TAS2R43 mRNA was related to the perceptual ratings of the bitterness of
caffeine, urea, and sodium chloride. However, this result does not mean that this particular
receptor necessarily binds those particular ligands. The deletion polymorphism may be a
proxy for genomic variants among other nearby receptors in chromosome 12 (linkage
disequilibrium; Figure 1); Thus, this result points to an influential genomic region
rather than to this particular gene. Genes that code for salivary proline-rich proteins are
also in this genetic vicinity (Matsunami et al., 2000), and these proteins may play a
supporting or even key role in individual differences in taste perception (Dsamou et al.,
2012). While the association between urea perception (and the bitterness of sodium
chloride) and T74AS2R43 mRNA abundance is worth noting, it does not specifically identify
these as a receptor-ligand pairs.

This study had at least one limitation: the lack of control over the underlying genotypes
for most of the bitter receptors. Because of the design of the study, almost all subjects were
heterozygous for the two common haplotypes of the TAS2R38 gene, so that we could
distinguish the effects of TAS2R38 gene expression from genotype. We did not attempt to
control the genotypes of the other bitter receptors, which also have known effects on
perception (Ledda et al., 2014; Reed et al., 2010). Assessing the joint effects of gene
expression and genotypes more broadly is a logical next step but not an easy one because
of the extreme varieties of human haplotypes and their complex effects on taste perception
(Roudnitzky, Behrens, et al., 2015; Roudnitzky, Bufe, et al., 2011). This approach will require
larger sample sizes than those used here.

A salt solution was included as a control, but we learned that there is a bitter component
to its perception. People with more TAS2R43 expression reported that 100mM sodium
chloride was more bitter than did those with less expression. Recently, Oka et al. (2013)
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reported that high salt (>300mM) but not low salt (<100 mM) solutions recruit aversive
taste pathways by activating sour- and bitter-taste-sensing cells. Other data suggest that bitter
transduction pathways may play a role even at lower salt concentration like that tested here
(Tordoff et al., 2014). The preceding two studies were conducted in rodents but they
nevertheless may be informative. They are consistent with our data that suggest that the
bitter taste of salt concentrations may be due in part to stimulation of bitter receptors
although we mention the caveat as to their nature and location above.

Other investigators have tested the idea that caffeine consumption may affect the
perception of caffeine bitterness. They did so by asking subjects to ingest caffeine either
acutely or chronically and measuring how these manipulation may change how low a
concentration of caffeine the subject can detect (Mela, Mattes, Tanimura, & Garcia-
Medina, 1992). The results of these studies were inconsistent and differed by study
population, perhaps pointing to inborn genetic or cultural influences like habitual diet.
Thus, regulators of bitter receptor transcription in taste cells are almost entirely unknown,
but exposure to bitter compounds (especially early in life) may push expression up and
sensitize the animal later in life (Cheled-Shoval, Behrens, Meyerhof, Niv, & Uni, 2014;
Lipchock et al., 2013). Our next step is to identify the driving force behind individual
transcriptional differences, which has implications for improving diet, designing better-
accepted pediatric medicine formulations (Giacoia, Taylor-Zapata, & Zajicek, 2012;
Mennella, Spector, Reed, & Coldwell, 2013), and understanding bitter gene regulation in
pathways outside the tongue (Jeon, Zhu, Larson, & Osborne, 2008; Lee et al., 2012).
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