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INTRODUCTION

The ability to identify bitter tastants in humans depends on a small gene family that encodes
approximately twenty-five bitter taste receptors (1,2). These receptors contribute to the large
variations in human bitter taste perception (1,3). One important variation in taste perception
is the ability to identify the bitter tasting compounds phenylthiocarbamide (PTC) and 6-n-
propyl-thiouracil (PROP). These two chemically related thiourea compounds are perceived
as bitter by some individuals, but appear tasteless or nearly tasteless to others (4,5). The
frequency of tasters for PROP and PTC may vary by both race and ethnicity (3,6,7). The
estimated frequency of PROP/PTC tasters among Caucasians is approximately 70% (3,7),
while estimated frequencies of PROP/PTC tasters for Chinese, Japanese, and sub-Saharan
African populations are generally higher with estimates that vary between 80 and 90%
(3,6,7) However, PROP taster status may be less than 50% in some subgroups that have
been studied in India (7). Although both compounds exhibit similar properties, PROP is
generally used for taste blindness studies because this compound lacks the sulfurous odor of
PTC, and does not exhibit the toxicity that is associated with PTC (8,9).

The genetics of PROP is considered to be intermediate between a Mendelian trait and a
complex trait (1). Although other loci have been proposed (10,11), the TAS2R38 (T2R38)
gene on the long arm of human chromosome 7 is thought to be primarily responsible for
detecting the bitter taste of both PTC and PROP in humans (1,10,12). Genomic PCR
analysis has further demonstrated that the human TAS2R38 gene exhibits single nucleotide
polymorphisms at five different sites, which result in seven known haplotypes (1). These
haplotypes likely explain the wide variability in PTC and PROP taste perception (1). Each
single nucleotide polymorphism encodes a different amino acid in the receptor protein (at
amino acid positions 49, 262, 296, as well as 80 (rare), and 274 (rare). Of the seven
haplotypes, two predominant forms exist at high frequency outside of sub-Saharan Africa
(13). These two major haplotypes are generally responsible for the taster and non-taster
phenotypes for PTC and PROP. The predominant taster form of the TAS2R38 receptor
contains a proline at amino acid position 49, an alanine at position 262, and a valine at
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position 296 (the PAV haplotype). In contrast, the most common non-taster form of the
receptor expresses an alanine, a valine, and an isoleucine at these same three amino acid
positions (the AVI haplotype). Individuals who express either one or two PAV-containing
alleles are tasters of PROP and PTC, while individuals who express two AVI-containing
alleles are non-tasters of both PROP and PTC (1,13,14). In the absence of the PAV allele,
AALl, PVI, and AAV haplotypes may confer intermediate taste sensitivities to both PTC and
PROP (9,13). Finally, the two rare haplotypes (ARARI and AHACI) have not been
phenotypically characterized. Due to their high frequencies, PAV is considered the major
taster haplotype while AVI is considered the major non-taster haplotype. These two
predominant haplotypes account for the bimodal distribution for PTC and PROP sensitivity
in humans (14).

The examination of PROP taster status may be important for human health and nutrition.
The ability to taste PROP has been associated with the rejection of other bitter tasting
compounds, along with the avoidance of bitter-tasting fruits and vegetables (15). These
bitter tasting foods include raw cruciferous vegetables such as cabbage, broccoli and
Brussels sprouts (15). Many of these foods are important sources of phytonutrients and
antioxidants, both of which may reduce the risk of cancer and other chronic diseases (16).
Finally, PTC tasters may have enhanced protection against the overconsumption of bitter
tasting dietary goitrogens. These individuals may be less likely to suffer from the formation
of goiters in areas where dietary iodine is low, when compared to PTC nontasters (17).

However, current laboratory-based methods for assessing PROP sensitivity are not useful
for use in large-scale population studies. One limitation to more fully understanding the role
of bitter taste and taste blindness in human health and nutrition is the lack of a simple, rapid,
and reliable method for characterizing PROP taster status for epidemiological studies. In
general, aqueous solutions or impregnated filter papers are used to present PTC or PROP to
the test subject (3,8,18). The use of impregnated filter paper may produce unacceptable
proportions of false negative responses (8,19), and may also give limited agreement with the
classification of tasters when identified by taste recognition thresholds (20).

The main goal of this study is to determine the sensitivity of PROP taste recognition
thresholds when this thioamide is delivered to the oral cavity via edible taste strips. The
development of edible taste strips for both threshold and suprathreshold studies will allow
the rapid evaluation of PROP taster status in large populations. This approach will in turn be
useful for identifying the proposed role of PROP as a broad indicator of taste perception and
food selection in humans (3,21). The use of edible taste strips will further allow the rapid
examination of PROP phenotypes for comparison to TAS2R38 haplotypes.

MATERIALS AND METHODS
Preparation of Edible Taste Strips

Edible taste strips were prepared as previously described (22). Pullulan (a-1,4-; a-1,6-
glucan) was obtained from NutriScience Innovations, LLC (Trumball, CT). Pullulan was
combined with the polymer hydroxypropyl methylcellulose (HPMC) (a gift from Dow
Chemical Co., Midland, MI) at a weight ratio of 11.5:1. For preparation of edible films,
HPMC powder was first added to a rapidly stirred solution of distilled water at 75 to 80° C,
followed by addition of pullulan powder to yield a final concentration of 3.25% wt/vol of
polymers. The mixture was cooled to room temperature, food coloring was added to aid in
visualization of strips, and then tastant was added. Films were poured onto non-stick
surfaces, dried, and cut into one inch squares. Strips were stored in the dark at 4 °C. Control
strips were prepared as described above except that no tastant was included. PROP was
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obtained from Sigma Chemical Co. (St. Louis, MO), and food coloring (McCormick & Co.,
Hunt Valley, MD) was obtained from a local supermarket.

Test Subjects

Individuals were recruited through posted flyers and by word of mouth from Temple
University and the surrounding community. A total of 81 healthy volunteers (39 men and 42
women) ranging in age from 18 to 64 years (average age of 25.2, SD = +/— 10.1 years)
participated in this study. Approximately 55% of subjects were of Asian or South Asian
descent, 35% of subjects were Caucasian, and 10% were of Black/African descent. Seventy-
nine participants were nonsmokers, and each subject was asked to refrain from eating or
drinking (except water) for a minimum of 30 minutes before their scheduled session. All
subjects were healthy by self-report, and no subjects had been previously diagnosed with
diabetes or any neurological disorder that would compromise their taste function. In
addition, no test subjects had visited a dentist in the previous 48 hours. The Temple
University Human Subjects Review committee fully approved the experimental protocol.
All subjects provided informed written consent, and were reimbursed for their participation.

Threshold measurements

Subjects were instructed to place an edible taste strip on their tongue, touch the roof of their
mouth, and wait five seconds before giving a response (sweet, sour, salty, bitter, or no taste).
Subjects practiced with a control strip before the start of the experiment.

Taste recognition thresholds were determined by two separate protocols. One threshold
procedure utilized a single series ascending method of limits, with PROP increasing in fifth
log steps. In this protocol, taste stimuli were presented in triads (1 stimulus and 2 blanks).
The stimulus series was begun with a low amount of tastant in the strip, and the task of the
subject was to report which one of the three stimuli differed from the other two, and to
correctly identify its taste quality as sweet, sour, salty, or bitter. When a miss occurred
within a triad, a subsequent triad was presented at the next higher stimulus amount. When
the first triad was performed correctly, an additional triad was presented where the amount
of taste stimulus remained the same. If correct performance again occurred, a third triad was
presented at the same stimulus concentration. The stimulus amount where three successful
triads occurred (where all 3 successful triads contained the same stimulus amount) was taken
as the threshold value if one additional triad was successfully performed that contained the
next higher amount of tastant. The probability of correctly guessing the strip with tastant in
four successive triads (12 presentations) was 0.01.

Taste recognition thresholds were also measured by the method of reversals according to
Pribitkin et al. (23), except that each trial of two strips was presented in duplicate. A two-
alternative staircase procedure was used to determine PROP thresholds. A reversal was
defined as either an increase in PROP (fifth log step) if one or both choices in a trial was
incorrect, or a decrease in the amount of PROP (fifth log step) if two sequential trials at the
same amount of PROP were correct (four up, one down). The threshold for PROP was
calculated as the geometric mean of the last four of five reversals. Subjects were tested on
different days for the two PROP threshold procedures. For statistical analysis, the Mann-
Whitney U test was used as the non-parametric significance test for both the ascending
limits method and the method of reversals.

In order to examine taste function in the absence of olfactory cues, subjects were also tested
for PROP taste thresholds where airflow through the nose was fully blocked by plastic
clamps (Phipps and Bird, Richmond, VA). The method of ascending limits was used for
these threshold measurements.
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Genotyping of TAS2R38 at three polymorphic sites was carried out at the Monell Chemical
Senses Center (Philadelphia, PA). Genomic DNA was obtained from cheek cells with a
sterile swab (Epicentre Biotechnologies, Madison, WI). Genomic DNA was amplified using
TagMan primers (Applied Biosystems, Foster City, CA). Alleles of TAS2R38 were
genotyped at each of the three variant single nucleotide sites using allele-specific fluorescent
probes from Applied Biosystems (reference SNP numbers included A49P = rs713598,
V262A = rs1726866, and 1296V = rs10246939). The ability of these nucleotide probes to
fully hybridize to genomic DNA resulted in the loss of quenching of the terminal
fluorophore, and was the criterion for identifying the specific nucleotide at each
polymorphic site.

Taste Recognition Thresholds

All subject data was included in analyses except as described below. During the early stages
of testing, one subject detected PROP at the lowest amount (5.2 nanomoles). Two lower
PROP amounts (1.6 and 4.1 nanomoles) were then added to the threshold study, and this
subject (along with all subsequently tested subjects) was tested with strips that included
lower amounts of PROP. Additionally, one subject misunderstood the directions for the
study, and was retested at a later date. The second set of threshold results for this subject
was used for data analysis.

Based on threshold distributions obtained from the ascending method of limits, sixty
subjects were determined to be PROP tasters (74%) and twenty-one subjects (26%) were
identified as non-tasters. Figure 1 shows the threshold distribution of PROP tasters by the
method of ascending limits. The average taste recognition threshold amount for PROP was
36.1 nanomoles, and this distribution of PROP tasters formed a bell-shaped curve (see Fig
1A). In our population of PROP tasters, the threshold range varied from 4.1 to 219.3
nanomoles of PROP, with the majority of thresholds well below 100 nanomoles. No
statistical differences in mean values were observed between males and females in this
group (41.6 nanomoles and 29.6 nanomoles respectively, P >= 0.05, two-tailed test). The
cumulative frequency distribution of thresholds for PROP tasters obtained by the method of
ascending limits produced a hyperbolic plot that spanned less than two orders of magnitude,
and displayed a R2 value of 0.93 (see Figure 1C).

PROP taste recognition thresholds when nasal air flow is blocked

If volatilization of a tastant occurs in the oral cavity, then blocked airflow through the
nasopharynx would minimize odor release, and would likely raise thresholds in subjects
with normal chemosensory function. A subgroup of PROP tasters was retested for taste
recognition thresholds when airflow through the nose was completely blocked (n = 50). The
method of ascending limits was used to measure taste recognition thresholds in the absence
of nasal airflow. Figure 1B shows a graph of PROP taste recognition thresholds for
individuals whose airflow through the nose was completely blocked. The average threshold
value was 42.6 nanomoles. Although not statistically significant, this value was slightly
above the average taste recognition threshold obtained with normal airflow through the
nasopharynx. In our study, 26 of 50 subjects had identical taste recognition thresholds in
both the presence and absence of nasal airflow.

The threshold for females was 36.7 nanomoles, and was 48.4 nanomoles for males. Again,
no statistical differences in thresholds were observed by sex (P >= 0.05, two-tailed test). The
cumulative frequency distribution of PROP taste recognition thresholds measured in the
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presence of nose clamps was similar to the frequency distribution in the absence of nose
clamps, and no statistical differences in thresholds were observed in the absence or presence
of nose clamps (P >= 0.05, two-tailed test. See Fig 1D). However, the amount of PROP that
represented the value where 50% of test subjects could detect the bitter taste of PROP was
lower in the absence of nose clamps (half maximal value of ~17 nanomoles) than in the
presence of nose clamps (half maximal value of ~20 nanomoles). These results suggest that
some minimal volatilization of PROP occurred in the oral cavity when this compound was
presented by means of edible taste strips. Thus, PROP taste strips primarily measure
gustatory cues, with some minimal contribution of olfactory stimulation when the strips
dissolve in the oral cavity. See Figure 2 for a direct comparison of PROP taste recognition
thresholds for individuals who were tested in either the absence or presence of normal
airflow through the nasal passages.

Method of Reversals

Next, taste recognition thresholds for PROP were determined by the method of reversals in
15 individuals who had previously been tested by the method of ascending limits. As shown
in Figure 3, thresholds varied between 5.2 and 131.6 nanomoles of PROP, and taste
recognition thresholds again formed a bell-shaped curve. These taste recognition thresholds
were then compared to threshold results obtained by the method of ascending limits for
these same 15 individuals. Figure 3 compares threshold data for these subjects whose
thresholds were identified by either protocol (R2 = 0.92).

TAS2R38 Genotypes

Since a close association between absolute detection thresholds and TAS2R38 haplotypes
has been reported (9), genotype data for the TAS2R38 gene was obtained for 44 subjects
who had been previously tested for PROP taste recognition thresholds. The genetic data
were used to determine whether or not taste recognition thresholds obtained with PROP taste
strips could discriminate between PAV homozygotes and PAV/AVI heterozygotes.
Secondly, genotype data could determine whether or not AVI homozygotes were PROP
non-tasters when this taste stimulus was presented by means of edible strips. In this study,
all PAV/PAV and PAV/AVI test subjects could detect PROP in strips at thresholds at or
below 131.6 nanomoles (see Figure 4). PAV/PAYV individuals on average tended to have
lower thresholds for PROP when compared to PAV/AVI test subjects (see Fig 4A). Also,
PAV/PAV test subjects reported taste recognition thresholds that occurred over a narrower
range when compared to PAV/AVI test subjects. However, taste recognition thresholds for
the two genotypes were not statistically significant (P >= 0.05, two-tailed test).

Almost all AVI/AVI subjects were unable to detect the bitter taste of PROP. A clear
separation of AVI/AVI subjects from PAV/AVI and PAV/PAV subjects was observed by
our method of threshold analysis. However, at least one of the 15 AVI/AVI subjects in this
study was able to detect the bitter taste of PROP. This subject could identify both 800 and
1000 nanomole PROP strips as bitter in a forced-choice test. In addition, a second subject
[PROP taster] who was initially identified as AVI/AVI was genotyped a second time. Probe
rs713598 (A49P) yielded a weak signal, which suggested an unusual amino acid at position
49 for both TAS2R38 alleles from this individual.

Finally, two subjects expressed rare TAS2R38 genotypes in this study. One subject
expressed an AVI/AAI genotype, and this participant had a higher taste recognition
threshold for PROP than either the PAV/PAV or PAV/AVI subjects (Fig 4A). A second
subject expressed an AVI/AAV genotype. This subject was a non-taster, and could not
detect the bitter taste of PROP at amounts as high as 1000 nanomoles per taste strip.
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DISCUSSION

Taste recognition thresholds represent the lowest amount for which a taste quality can be
correctly identified. Measurements of PROP thresholds are one method to separate taster
and nontaster phenotypes. This separation can be based on a positive taste response at the
antimodal concentration (8), or can be based on comparison of PROP thresholds to an
antimodal cutoff concentration (24).

Our studies demonstrate that edible taste strips are readily adapted to studies on taste
recognition thresholds, and for studies on taste blindness. Edible strips should also have
application to other methods of threshold analysis of taste, such as the modified Harris-
Kalmus procedure (25). Our studies further show that the method of ascending limits and the
method of reversals yield almost identical taste recognition thresholds for PROP. If this
observation is true for other taste stimuli, then taste recognition thresholds can be readily
obtained by either the method of ascending limits or by the method of reversals. In our
hands, the method of ascending limits requires fewer trials, and results in a shorter testing
time. This shorter testing time may be an important concern when testing younger children,
older subjects, subjects with neurological disorders, or subjects with a shortened attention
span.

These findings also indicate that edible taste strips can be used to detect taste recognition
thresholds for PROP at amounts lower than published threshold values from impregnated
filter papers (23), and equal to or lower than published values obtained with aqueous
solutions (9). Thus, edible taste strips permit high sensitivity for detecting the bitterness of
PROP, with taste recognition thresholds generally occurring over a narrower range when
compared with other methods.

Based on TAS2R38 genotype data, taste recognition thresholds that were obtained with
edible taste strips could predict taster-nontaster status with excellent accuracy. The
insensitivity of the majority of homozygous AVI subjects to 800 nanomoles of PROP is best
explained by the observed lack of a response of the AVI haplotype to PROP in the majority
of our subjects. This lack of response might be due to diminished binding of PROP to the
TAS2R38 receptor, modified conformational changes of the receptor upon ligand binding,
and/or a diminished interaction of the receptor with the stimulatory GTP-binding protein(s)
that is involved in bitter taste transduction. However, at least one AVI/AVI individual could
detect PROP in strips as mildly bitter at high amounts (800 nanomoles or greater). Recent in
vitro experiments have demonstrated that a small number of AVI/AVI individuals may
depend on an additional TAS2R gene or genes to perceive the bitter taste of PTC or PROP
(9). Finally, papillae density may further modify bitter taste perception in some AVI/AVI
individuals (26).

Only one subject expressed the rare AAl allele, and this individual showed one of the
highest threshold values observed in this study. This observation further suggests that the
rare AAI haplotype in AVI/AAI subjects is less sensitive to PROP than PAV homozygotes
or PAV/AVI heterozygotes (9). Along with data obtained from the confirmed AVI/AVI
individual in this study, these results further indicate that a single TAS2R38 PAV allele may
not be necessary for PROP taster status.

Some phenotypic variation of subjects with either a PAV/PAV or a PAV/AVI genotype was
observed for taste recognition thresholds. The greater variation in thresholds and slightly
higher average threshold value observed in subjects expressing PAV/AVI when compared to
PAV/PAV genotypes may be due to the expression of only one taster allele, which may
decrease expression levels of functional receptor. One possibility is that the TAS2R38 gene
may show incomplete penetrance where the expression of two taster alleles, rather than one
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allele, could more narrowly define taste threshold values. Variations in plasma membrane
TAS2R38 receptor protein levels could also affect the number of functional TAS2R38
receptors per taste receptor cell, or possibly the number of taste receptor cells that express
the TAS2R38 receptor in a taste bud. These variations could in turn modulate taste
recognition thresholds.

The results from this subject population indicate that taste recognition thresholds that are
obtained with PROP strips cannot conclusively separate individuals with PAV/PAV from
PAV/AVI genotypes. However, a somewhat greater variability in thresholds, and a greater
range in thresholds, was observed for our population of PAV/AVI heterozygotes when
compared to PAV homozygotes. Overall, these results indicate that threshold studies with
edible taste strips are a valid means to identify PROP taster status in the human population.
PROP strips should be useful for examining how PROP taster status may affect the ability to
perceive other taste stimuli.

Edible taste strips do not require the preparation and storage of solutions or the impregnation
of insoluble filter paper strips for testing. As opposed to the filter paper method, no
biological hazardous waste is generated by testing with this method. Due to the ease of use
of edible strips, these strips have potential for testing young children, as well as older adults.
Finally, these edible taste strips may be useful for examining relevant clinical populations
for the detection of subtle disturbances in bitter taste function.

CONCLUSION

Edible taste strips may be used to readily detect PROP thresholds at values that are equal to
or lower than PROP solutions or PROP-impregnated filter papers. In addition, the forced
choice method almost exclusively measured taste stimuli, with little or no contribution from
olfactory stimuli. The comparison of threshold data with TAS2R38 genotype analysis
validates the use of edible taste strips for identifying taste insensitivity to PROP in the
human population. These edible taste strips should be useful for examining taste blindness,
and subtle taste disturbances in the human population.
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Nanomoles of PROP.

Figure 1.

Human taste recognition thresholds for PROP that were obtained with edible taste strips.
Various amounts of PROP were incorporated into one-inch square edible taste strips, and
taste recognition thresholds were determined by the ascending limits method. (A). Taste
recognition thresholds with unobstructed airflow through the nasal cavity. Note that the
horizontal axis of the graph is non-linear. (B). Taste recognition thresholds for PROP tasters
when airflow through the nose is completely blocked. (C). Cumulative frequency
distribution of taste recognition thresholds for PROP with unobstructed air flow through the
nasal cavity. R? = 0.93, where R? is the coefficient of determination. (D). Cumulative
frequency distribution of taste recognition thresholds for PROP when airflow through the
nose is blocked. R? = 0.97.
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Figure 2.

Comparison of PROP taste recognition thresholds in the presence and absence of airflow
through the nasal cavity (n =50 subjects). Taste recognition thresholds were detected by the
method of ascending limits (R% = 0.82).
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Figure 3A.
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Figure 3.

PROP taste recognition thresholds obtained by the method of reversals during normal
airflow through the nasal cavity. (A). Cumulative frequency of PROP taste recognition
threshold by the method of ascending limits (R2 for a logarithmic curve = 0.96). (B).
Comparison of PROP taste recognition thresholds by the method of ascending limits, and
the method of reversals (n = 15 subjects). Diamonds represent two identical data points in
the graph.
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Figure 4A.
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Figure 4.

Comparison of PROP taste recognition thresholds to TAS2R38 genotypes. (A). Genotypes
for PAV/PAV (n = 12), PAV/AVI (n = 15), and AVI/AAI (n = 1) subjects. PROP thresholds
for AVI/AVI non-tasters (n = 12) is not shown. (B). Cumulative frequency distribution of
taste recognition thresholds for PROP as a function of PAV/PAV genotype. (C). Cumulative
frequency distribution of taste recognition thresholds for PROP as a function of PAV/AVI
genotype.
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