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Abstract

The ability to taste bitter thiourea compounds, such as phenylthiocarbamide
(PTC) and 6-n-propylthiouracil (PROP), is inherited. Polymorphisms in the
bitter-taste receptor T4AS2R38 explain the majority of phenotypic variation
in the PROP phenotype. It has been hypothesized that the PROP phenotype
is a marker for perception of a variety of chemosensory experiences. In this
review, we discuss studies that have investigated the relationship between
bitter-taste response and dietary behaviors and chronic health in children.
Investigators have hypothesized that children who are PROP tasters have
lower liking and consumption of bitter foods, such as cruciferous vegetables.
Additionally, several studies suggest that children who are unable to taste
PROP (i.e., nontasters) like and consume more dietary fat and are prone
to obesity. The relationship between the PROP phenotype and obesity is
influenced by multiple confounders, including sex, food access, ethnicity,
and socioeconomic status. Future studies that adjust for these variables are
needed.
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INTRODUCTION

Discovery of Taste Variation in Bitter Thiourea Compounds

The ability of humans to taste bitter compounds varies widely, the most notable example of which
is oral sensitivity to a class of compounds containing a thiourea (N—C=S) moiety, including
phenylthiocarbamide (PTC) and 6-n-propylthiouracil (PROP). Variation in the ability to taste
these compounds was discovered by chance. Chemist Arthur Fox was developing nonnutritive
sweeteners in his DuPont laboratory when crystals of PTC accidentally flew into the air. His lab
partner complained about the acrid taste of the chemical, but Fox detected nothing. To make sure,
he dipped his finger into the crystals and sampled them, but still he detected nothing. As a result
of this discovery, Fox became interested in this striking taste variation. At the 1931 meeting of the
British Association for the Advancement of Science, he teamed up with the prominent geneticist
Albert F. Blakeslee and tested several thousand participants to determine their ability to taste
PTC impregnated on a piece of paper (20). Their tests demonstrated a highly unusual bimodal
distribution in the ability to taste PTC, with approximately 70% classified as “tasters” and 30%
classified as taste blind, or “nontasters.” Additional family-based studies led to the conclusion that
taste blindness to the bitterness in PT'C was a Mendelian recessive trait (21), although reports
of taster offspring coming from two nontaster parents suggest a more complicated inheritance
pattern (98, 104). These early studies paved the way for nearly a century of research to understand
the inheritance, molecular genetics, dietary implications, and evolutionary significance of this
genetic variant. It is the most commonly researched genetic variation in chemosensation, but it is
by far not the only example (67).

Since this initial discovery, more than 1,000 papers have examined genetic variation in the
ability to taste PTC or, more recently, PROP, which is thought to be less toxic (138). However,
until the 1990s, there were sparse reports on the potential importance of bitter-taste variations
in the diets of children or adolescents (71, 139). The available literature has grown rapidly over
the past two decades, though, perhaps due to increasing interest in the functional significance of
PROP taster status in the chemosensation of a broad range of tastes and textures. In this review,
we examine the current state of the science on the role of genetic variation in PROP taster status in
children’s food acceptance, dietary intake, and chronic health. In addition, because children offer
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Figure 1

Chemical structures of bitter thiourea compounds phenylthiocarbamide and 6-z-propylthiouracil and
chemically related structures from food, including goitrin from Brussels sprouts and cabbage and sinigrin
from broccoli and Brussels sprouts. All of these compounds contain the characteristic thiourea moiety
(N—C=S), which is responsible for their bitter taste.

unique challenges for the field when it comes to measurement of taste response, we discuss the
available methodologies to assess taster status in children. We close the review with a discussion
of future research questions for experimenters interested in this area.

Phenylthiocarbamide and 6-n-Propylthiouracil

PTG, also known as phenylthiourea, is an organosulfur thiourea compound that contains a phenyl
ring (see Figure 1). It is considered a potent goitrogen that disrupts thyroid metabolism by in-
hibiting several of the enzymes produced by this gland. It is highly toxic, so in most studies of
taste genetics, nontoxic doses of the chemically related compound PROP are used. Both com-
pounds have goitrogenic properties, and at concentrated doses, PROP is used as a medication
to treat hyperthyroidism. Although neither PT'C nor PROP is present in foods, other thiourea-
containing compounds such as glucosinolates are found in cruciferous vegetables. For example,
goitrin is a glucosinolate compound found in cabbage and Brussels sprouts, and sinigrin is found in
broccoli and Brussels sprouts. All of these compounds contain the characteristic thiourea moiety
(N—C=YS), which is responsible for their bitter taste.
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Genetics Underlying the PROP Phenotype

Phenotypic variation in the ability to taste PROP is in part genetically determined by the TAS2R38
gene (26, 80). The TAS2R38 gene found on chromosome 7 is one of a family of approximately 30
bitter-taste receptors (13). TAS2R38 encodes for a bitter-taste receptor that is specific to percep-
tion of thiourea-containing compounds, such as PROP and PTC, as well as compounds such as
goitrin (14, 26, 99, 141). Three polymorphisms at amino acid 49 (proline or alanine), 262 (alanine
or valine), and 296 (valine or isoleucine) combine to form the taster haplotype PAV and the non-
taster haplotype AVIL. Other more rare haplotypes (e.g., AAV, PVI) contribute to intermediate
PROP/PTC sensitivity (26, 80) and are more common in African Americans than in Caucasians
(30, 106). The AVI and PAV haplotypes completely explain the bimodal distribution in the ability
to taste PTC and up to 85% of the variability in PTC thresholds (the lowest concentration of
PTC that can be distinguished from water) (36), yet these single-nucleotide polymorphisms do not
completely explain the PROP phenotype (81). Polymorphisms in 7AS2R38 explain approximately
60% of the variation in suprathreshold (i.e., above-threshold) response to PROP bitterness inten-
sity and only ~40% of variation in PROP thresholds (29). In addition to the TAS2R38 genotype,
expression of messenger RNA in fungiform papillae among PAV heterozygotes correlates with the
perceived bitterness of both PROP and broccoli extract (85). Differences in expression of TAS2R38
on taste cells may therefore explain some of the discordance between genotype and phenotype.

Because prevalence of taste blindness to PT'C and PROP is common in both humans and
closely related species such as chimpanzees, it has been argued that natural selection maintains
variation in the TAS2R38 gene (55). One theory is that PROP/PTC tasters might be better
able to detect potentially deleterious antithyroid compounds in cruciferous vegetables such as
cabbage and therefore would avoid consuming these vegetables (24). People who live in geographic
regions where iodine is not readily available might be more vulnerable to the effects of antithyroid
compounds in foods, which function by limiting iodine availability. Support for the goitrogen-
avoidance hypothesis comes from observations that a majority of individuals living in an isolated
Andean community in Ecuador are taste blind to PTC (61). This hypothesis could partly explain
the large differences in the incidence of PROP/PTC taste blindness globally, which range from
as low as 2% in sub-Saharan Africa to 50% in Aboriginal populations of Australia (62). However,
because the nontaster allele has remained at high prevalence in humans, more recent theories have
suggested that both positive and negative selective pressures act to maintain both the taster and
nontaster alleles at high frequency (140).

In addition to variation in TAS2R38, other genes and proteins may influence expression of the
PROP phenotype (42, 44, 64, 81), and this is presently an active area of research. In an ethnically
homogenous cohort of Sardinian adults, Padiglia and colleagues (105) found that polymorphisms
in gustin, a gene that encodes a zinc-dependent salivary protein thought to function as a taste cell
trophic factor, varied with PROP phenotype. PROP nontasters were more likely than supertasters
to have a polymorphism in the zinc-binding site of this gene that is required for full functionality
of the gustin protein. Nontasters also had higher salivary zinc levels, which were hypothesized to
reflect the inability of gustin to effectively bind to zinc in this population. Additional studies in this
cohort suggested that the gustin gene relates more strongly to density of fungiform papillae (i.e.,
anatomical mushroom-shaped structures on the tongue that hold taste cells), whereas TAS2R38
was a better predictor of suprathreshold ratings of PROP intensity (92). Several previous reports
have suggested a relationship between PROP taste sensitivity and density of fungiform papillae
on the anterior portion of the tongue, with PROP tasters having a greater number of papillae that
hold functional taste cells compared to nontasters (3, 6, 47, 120, 142). Higher papillae number
and density have been hypothesized to contribute to heightened overall responsiveness to a range
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of basic tastes (e.g., bitter, sweet, salty) and textures (e.g., fat texture) in PROP tasters relative
to nontasters (47, 110, 113). However, not all studies have demonstrated an association between
fungiform papillae density and ratings of PROP bitterness (52, 56), suggesting that this relationship
is not straightforward. Moreover, investigations in an ethnically nonhomogeneous cohort from
North America did not replicate findings of an association between the polymorphisms in the
gustin gene and PROP sensitivity or fungiform papillae density (49). Therefore, additional studies
are needed to confirm gustin’s influence on the PROP phenotype in other populations.

MEASUREMENT OF PROP STATUS IN CHILDREN

Even though experimenters have classified individuals into groups with respect to the ability to
taste PROP (i.e., tasters and nontasters), within these groups oral sensitivity lies along a contin-
uum. Studies in adults have classified individuals as nontasters, medium-tasters, or supertasters at
approximate breakdowns of 25%, 50%, and 25 %, respectively. The discovery of a group of tasters
with extremely high suprathreshold intensity ratings for PROP (i.e., supertasters) was made by
Bartoshuk (7). The gold standard for determining these classifications is to use an adjective-labeled
scale with ratio properties, such as the labeled magnitude scale (LMS) or the general labeled mag-
nitude scale (gLMS) (8, 10). Categorical scales, such as the nine-point Likert scale, are unreliable
for these classifications because they are susceptible to ceiling effects; moreover, because they do
not have ratio properties, it is not possible to compare ratings across individuals (i.e., one person’s
rating of 6 cannot be assumed to be twice as intense as another person’s rating of 3). In addition
to the appropriate scale, it is necessary to have a standard that does not vary with taster status
that can be used to compare responses to PROP across individuals. Several laboratories have had
success using NaCl solutions as a standard (130), although Bartoshuk and colleagues reported that
salt taste also varied with taster status (9) and therefore recommended use of the gLMS anchored
with “the strongest imaginable sensation of any kind” or use of a nontaste standard such as sound.

Young children lack the cognitive skills necessary to rate the intensity of sensations on ana-
log scales such as the gLMS, so for participants age 7 years and under, most investigators have
used simple forced-choice screening methods to classify children as tasters or nontasters. Two
exceptions are Anliker and colleagues (2) and Turnbull & Matisoo-Smith (135), who both as-
sessed PROP status in children under age 7 by measuring PROP thresholds and suprathreshold
responses on simple categorical scales. Although these procedures are more sensitive than the
two-group classification method, they involve tasting multiple solutions and are not feasible for a
field-based test with a large cohort. The most common method for classifying children into tasters
or nontasters is to use some variation on a forced-choice procedure. In younger children (ages 3
to 4 years), Keller and colleagues (77) used a variation of a forced-choice procedure developed by
Lawless (82) to assess children’s ability to taste a 0.56 mM screening solution of PROP in spring
water. After they taste the solution, children are asked if they detect anything, and following this
question, children are asked to describe the drink’s taste. Verbal responses are coded, and those
who indicate an unpleasant taste or rejection (e.g., bad, bitter, yucky) are classified as tasters; those
who report a pleasant taste or use descriptors such as plain, water, or nothing are classified as
nontasters. Children with incongruous responses (e.g., “tastes yucky, like water”) are typically
retested at a later date. High test-retest reliability (p = 0.92) for this procedure was reported in a
follow-up study (76).

Mennella and colleagues (95) have pointed out that children often answer in the affirmative, so
asking them “yes” or “no” questions such as “Do you taste anything?” can result in false positives.
To avoid this, these investigators use a variation of a procedure developed by Birch & Sullivan
(19) to assess food preference. Children are presented with a PROP solution and asked to taste it
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and give it to Big Bird (a likeable, well-known character from the children’s show Sesasme Street)
if it tastes like water or to Oscar the Grouch (a well-known curmudgeonly character from the
same show) if it does not so he can throw it in his trash can (95). This procedure is appropriate
for preschool-aged children and eliminates the need for asking “yes” or “no” questions, and to
improve compliance, it adds an element of fun to the testing that children enjoy. However, this
procedure may be less effective with diverse participants who are unfamiliar with these characters.
This forced-choice procedure can be used to classify children into tasters or nontasters on the
basis of whether or not they can taste the solution. In addition, both Mennella and colleagues
(95) and later our own group (75) used the procedure to classify children into several groups by
having them taste a series of three solutions in ascending order of concentration and determining
the lowest concentration of the three they are able to taste. This method yields more information
than the simple two-group classification, but it is important to note that it cannot be used to
determine which children are “supertasters” according to the way this term has been used in the
adult literature. Although procedures have been used to classify children as young as age 7 (102)
as supertasters, there have been no validation or reproducibility studies to determine whether
children this age can actually understand and reliably use the LMS or gLMS.

PROP PHENOTYPE AS A MARKER FOR EATING BEHAVIORS

Observations in adults that PROP tasters perceive greater oral intensity from a wide range of
compounds, including bitter (39, 64), sweet (65, 142), and fat (46, 65, 110, 131), provoked the
possibility that the PROP phenotype might serve as a marker of dietary intake with important
nutritional implications. Interest in the potential association between taste sensitivity to bitter
thiourea compounds like PROP and dietary patterns grew from data from surveys conducted
in adult populations by Fischer and colleagues (53) and Glanville & Kaplan (57). These early
studies noted that in comparison with nontasters, PROP/PTC tasters tended to dislike pungent,
strong-tasting foods. The notion that PROP status might serve as a simple, noninvasive screening
method to predict dietary choices and, potentially, chronic disease risk is attractive for public
health researchers as well as those who work in the food industry. However, food choice and
dietary intake are complex phenotypes influenced by a broad range of factors, including social cues,
peers, socioeconomic status (SES), culture, and education, as well as by individual characteristics,
such as sex, ethnicity, body weight, and health status. As a result of these multiple influences,
elucidation of the pathway linking the PTC genotype and PROP taster status to diet and health
is not straightforward.

To guide our discussion in this section, we have modified the theoretical pathway presented
previously by other groups (46, 129) (Figure 2). This pathway makes several assumptions that we
use to guide our examination of the literature relating PROP status to diet and health. First, the
PROP phenotype is in part genetically determined, with TAS2R38 variation explaining ratings of
PROP bitterness, whereas other genes (e.g., gustin) reportedly explain a higher amount of variance
in fungiform papillae density (at least in some populations) (29, 92, 105). Other factors, including
salivary proteins (28) and expression of TAS2R38 on taste cells, may also influence expression
of the PROP phenotype. Next, evidence supports a relationship between the PROP phenotype
and taste and textural responses to a range of compounds, including the bitterness of quinine
(64), sweetness of sucrose (142), perceived oral irritation from capsaicin and alcohol (44, 111),
and perceived fat content (46, 65, 132). PROP tasters generally have heightened responses to
these stimuli in comparison with nontasters, although not all studies support this (40). The next
assumption is that perception of food taste and texture impacts food acceptance. In the case of
bitter taste, this assumption may be partly true, as bitterness is the primary reported reason for
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Figure 2

Theoretical pathway linking PTC genotype (TAS2R38) and PROP phenotype to chronic health. Blue dashed
lines represent pathways for which less evidence exists. Variations in both the PTC genotype and other
genes (e.g., gustin) are thought to influence variation in the ability to taste PROP. The PROP phenotype is a
marker for a variety of chemosensory experiences and may also impact food and beverage preferences.
Moreover, a link has been identified between food and beverage preference and dietary consumption. Finally,
consumption patterns influence chronic health conditions. Other influences on taste perception, food
preference, diet, and chronic disease risk include lifestyle and environmental factors as well as other genes.

avoiding fruits and vegetables (28). For example, children who have higher bitter sensitivity to
quinine consume less grapefruit juice when given ad libitum access in the laboratory (63). Evidence
in children also indicates that sourness perception is inversely related to acceptance of sour-
tasting foods (32, 79). For sweet and fatty taste, however, the relationship between perception and
intake is more complicated and likely is an inverse U-shaped curve, where the optimally preferred
concentration varies depending on age and developmental and genetic factors (93).

The next step in the pathway relates dietary acceptance to intake, and because children tend to
eat what they like (18), the relationship between liking and intake is probably tighter in children
than in adults. In the final step, dietary intake influences chronic health problems, such as cancer,
cardiovascular disease, and obesity. The associations between dietary patterns and chronic disease
are well accepted, although diet is only one putative cause, and factors such as genetic susceptibility,
age, and environmental exposures also impact this relationship. Given the complexity of this
pathway and the multiple influences that affect each of its steps, it is likely that PROP taster status
explains only a small amount of variance in both dietary patterns and chronic health conditions.
Unless studies are sufficiently powered and/or attempt to explain the variance by controlling for
multiple confounders, they are unlikely to identify a clear relationship.

The research on PROP status and eating behaviors in children has been influenced by a number
of factors that distinguish this literature from adult studies. In the initial reports from Glanville
& Kaplan (57), adults with higher PROP thresholds (i.e., lower ability to detect the taste of

www.annualyreviews.org o Bitter-Taste Response, Dietary Bebaviors, and Health in Children

163



164

PROP) reported liking stronger-tasting foods such as blue cheese, grapefruit juice, sauerkraut,
and horseradish. These foods are not commonly consumed by children, and thus the majority
of studies in younger age groups have focused on nutritionally relevant foods, such as fruits and
vegetables, that are not as bitter or strong tasting (e.g., broccoli, grapefruit-orange juice blends). A
second consideration with children is the measurement of PROP status. Given that young children
lack the cognitive ability to perform the sophisticated scaling procedures used in adult studies, the
classification of PROP status in this population is not as sensitive. As a result, studies in children
cannot capture differences related to PROP taster status that may be driven by the phenotypic
extremes. Another potential consideration is the impact that growth and development have on
taste sensitivity, which could change the relationship between PROP status and dietary behaviors.
In comparison with adults, children are more sensitive to the taste of PROP (2), and age modifies
the relationship between PROP phenotype and TAS2R3§ genotype, with heterozygous (e.g.,
PAV/AVI) children able to perceive PROP bitterness at lower concentrations than heterozygous
adults (94). A final factor that has impacted the research in children relates to the chronic health
problems most relevant to this population. The continuing high rates of obesity among children
in the United States (103) and globally (1, 136) have fueled interest in developing field-appropriate
screening methods for determining risk for future weight problems, with PROP status being an
obvious candidate. These factors have uniquely shaped the direction of studies examining the
influence of PROP status on food acceptance, dietary intake, and chronic health in children.

Bitter- and Strong-Tasting Foods

Humans and other species have an inborn rejection of bitter taste (123, 124) that is presumably
protective, to preventingestion of toxins. It follows that a heightened sensitivity to bitter taste, such
as that observed in PROP tasters, could adversely impact the acceptance of bitter-tasting foods,
such as some vegetables. Plant foods are the most common source of bitter-tasting compounds in
the diet, and the majority of plants are capable of synthesizing bitter compounds for protection
against predators (25, 51). Tasters have been hypothesized to have lower acceptance and intake
of bitter-tasting fruits and vegetables (e.g., grapefruit juice, cruciferous vegetables) on the basis of
early studies demonstrating a positive association between PROP taste sensitivity and perceived
bitterness in compounds, such as caffeine (90), quinine (64), and naringin (the bitter compound
in grapefruit) (39). These findings could have important health implications because many of the
bitter-tasting compounds in foods (e.g., flavonoids, phenols, glucosinolates) are anticarcinogenic.
Several studies in adults have also shown that PROP tasters consume fewer vegetables (45), and
evidence in adults indicates higher incidence of colonic neoplasms in PROP tasters (11).
Vegetable intake among children, particularly intake of dark green leafy vegetables, is lower
than recommended, and this is a concern because of the proposed health benefits of these foods
(137). Some research in children suggests that the PROP/PTC phenotype and/or genotype may
partially explain this dietary pattern. We conducted taste tests with 67 children ages 4 to 5 and
found that taster children gave lower liking scores to raw broccoli compared with nontasters, butno
differences were observed for liking of cooked broccoli (77). Raw broccoli contains bitter-tasting
flavonoids and isothiocyanates that are degraded during the cooking process (17). However, in
this same study, PROP tasters did not report lower liking for a mixture of orange-grapefruit juice
(a 2:1 mixture of orange juice to grapefruit juice). We suspected that this juice blend was not
sufficiently bitter to warrant lower liking ratings among PROP taster children, as had previously
been observed in adults (39). This notion was supported in a follow-up study in which we increased
the bitter content of the juice by using a 1:1 ratio of orange to grapefruit juice. The majority of
nontaster children rated the orange-grapefruit juice blend as a 4 (“good”) or 5 (“super good”) on
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a 5-point facial hedonic scale, whereas the majority of tasters gave the juice a rating of 1 (“super
bad”) (chi-square =29.2; p < 0.001). Additionally, although Turnbull & Matisoo-Smith (135) did
not replicate findings with raw broccoli, they did show that 3- to 6-year-old children who had
higher taste sensitivity to PROP had lower acceptance of the taste of raw spinach. Moreover, in 525
Irish 7- to 13-year-olds, PROP phenotype, age, and sex were significant predictors of children’s
liking of bitter, glucosinolate-containing vegetables (101). Finally, Sharma & Kaur (121) studied
210 adolescent girls living in the Kangra Valley in India and showed that PTC tasters reported
lower preference of raw cruciferous vegetables and bitter gourd.

Few studies in children have examined the relationship between PROP taster status and veg-
etable intake. One exception is Bell & Tepper (15), who measured preschool children’s ad libitum
intake of bitter and nonbitter vegetables served raw at snack time. In comparison with tasters,
nontaster children consumed more total vegetables as well as more vegetables classified as bitter.
Additionally, when vegetables were analyzed separately, intake of raw broccoli was higher among
nontasters than tasters. In another study in a low-income Hispanic population of 3- to 5-year-olds,
Fisher and colleagues (54) found that children who were PROP tasters consumed 80% more raw
broccoli when it was offered with a dip or sauce (presumably because it masked the bitterness)
than when it was served plain. Nontasters ate just as much broccoli when it was served plain as
they did when it was offered with a full-fat dip. Other studies have assessed children’s intake by
parental self-report on food diaries or questionnaires. These methods have well-known biases but
are often the only practical means of estimating intake, particularly for large populations. In 323
children ages 4 to 6 from Japan, nontaster boys reported higher intake of soy-containing foods
on a three-day food record compared with taster boys, but only food neophobia, and not PROP
status, predicted vegetable intake in this cohort (134). In the Irish cohort from Feeney and col-
leagues (50), children who had the AVI/AVI nontaster genotype reported higher intake of folate, a
nutrient found in green leafy vegetables, compared to children who had taster haplotypes. More-
over, Sharma & Kaur (121) also reported a negative association between PTC taste sensitivity and
intake of raw cabbage and bitter foods (e.g., bitter gourd).

Not all studies in children support a relationship between PROP taster status or TAS2R38
genotype and acceptance or intake of bitter-tasting vegetables. For example, in one of the first
studies reported in children, Anliker et al. (2) found no differences as a function of PROP status
among 5- to 7-year-olds for their rated liking of raw or cooked broccoli. In addition, we did not
replicate our initial findings with raw broccoli in a subsequent study with preschool children (78).
Moreover, in a follow-up study of nearly 500 Irish school-age children, no differences were found
inreported dietary intake of fruits and/or vegetables as a function of PROP phenotype or TAS2R38
genotype (101). Other studies in ethnically diverse populations of lower-SES children have also
not reported associations between PROP status and liking or intake of cruciferous and/or bitter-
tasting vegetables (5, 89). Some of these inconsistencies could be due to the method of recording
dietary information via self-report. Both O’Brien and colleagues (101) and Baranowski’s group (5)
used three-day diet records in children, and given the low intake of dark green leafy vegetables in
this population, it is possible that assessing intake over three days was not sufficient to examine
the relationship to PROP phenotype. For example, in O’Brien et al. (101), only 0.4% and 0.6% of
children reported consuming bitter citrus fruits and bitter fruit juices, respectively, and no children
reported intake of bitter salad vegetables. An additional possibility is that differences in SES and
ethnicity of the cohorts explain some differences across studies. Further research is needed to
determine the impact of SES and ethnicity on the relationship between the PROP phenotype and
children’s diets.

The food environment plays a key role in driving food selection and dietary patterns, but most
studies have not systematically investigated how differences in food access and availability might
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impact the relationship between PROP status and eating behaviors. To address this question, we
conducted a secondary analysis with data from 120 children ages 4 to 6 who had participated in
studies at our feeding lab in New York City. We characterized the food environment by using
a geographical information system to determine the number of fruit and vegetable vendors as
well as stores selling high-energy-dense, low-nutrient foods within walking distance (defined by
a 0.5-mile radius) of where children lived. We used this information to create an index of the
number of healthy food establishments relative to the number of unhealthy food establishments
and then classified children’s food environments as primarily healthy or unhealthy based on a
median split. Children who were nontasters reported liking nearly twice as many vegetables as
tasters, but this was only true for children who lived in healthy food environments and presumably
had greater access and exposure to vegetables. PROP status did not impact vegetable liking for
children who lived in primarily unhealthy food environments with less access to vegetables (27).
These findings demonstrate the importance of the food environment in moderating the impact
of PROP status on eating behaviors, but additional research is needed to replicate these findings
in other geographical regions.

Bitter-Tasting Medications

Although not related to diet, several studies have looked at the impact of the PROP phenotype
and/or TAS2R38 genotype on the willingness to try and the rated acceptability of liquid medica-
tions. T'o facilitate ingestion, children are often given liquid forms of medication, but the palatabil-
ity of these formulations can be adversely impacted by their bitter taste. Lipchock and colleagues
(86) hypothesized that bitter-taste sensitivity might impact children’s willingness to accept liquid
forms of medications. Children who had at least one bitter-sensitive allele at TAS2R38 reported
being more likely to reject liquid medications (97) and were more likely to have consumed solid
medication forms (i.e., pills or capsules) (86) compared to children with bitter-insensitive geno-
types. Determining the most effective methods of blocking bitter taste in children’s medications
to improve palatability and compliance is a public health priority. Mennella and colleagues (96)
showed evidence to suggest that sucrose was the best method of blocking bitter taste in children
who were the most sensitive to PROP, although the effects did not reach significance. As this
research becomes more established, it is conceivable that different versions of medications might
be formulated to optimize palatability in tasters and nontasters.

Fat-Containing Foods

Excess consumption of dietary fat has been associated with the development of obesity (26),
and certain genetic variants may make some individuals more vulnerable to overconsuming this
nutrient than others (12, 33, 73, 114). The hypothesis that PROP status might be associated with
the perception and intake of dietary fat originated from studies by Tepper & Nurse (131), who
showed that adult nontasters were unable to accurately distinguish fat content in high- and low-fat
Italian salad dressings. Other studies in adults showed that relative to PROP tasters, nontasters
perceived less fat content and creaminess from a variety of foods (46, 65, 66, 110, 131, 132) despite
the fact that they reported liking higher-fat foods (65, 66, 132). The relationship between PROP
taster status and fat perception is thought to be mediated through fungiform papillae density.
PROP supertasters have a higher density of fungiform papillae on the anterior surface of the
tongue than do nontasters (47, 65, 92, 131). The fungiform papillae hold active taste cells and
are densely innervated by trigeminal (somatosensory) nerves that function to relay information
to the brain about textural sensations of food, including the oiliness, creaminess, and mouth-feel
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of fats. Polymorphisms in the gustin gene that are more commonly observed in PROP nontasters
(105) might provide a mechanistic link for the reduced papillae density and size observed in this
population (92). Regardless of PROP status, other studies have reported that reduced ability to
perceive dietary fat is associated with increased acceptance and intake of higher-fat foods (83,
125, 126). We have speculated that nontasters might compensate for reduced fat perception by
consuming higher-fat foods in the diet that provide additional oral stimulation and sensory input
(74). An alternative mechanism is also possible. Many fat-containing foods, such as dairy products,
also contain small amounts of free fatty acids that are unpleasant and pungent (31), and PROP
tasters are able to detect ice creams adulterated with linoleic acid whereas nontasters cannot (100).
Therefore, it is also possible that nontasters are better able to tolerate higher-fat foods compared
to tasters because they are less sensitive to the unpleasant chemosensory effects imparted by free
fatty acids.

Several studies have reported associations between PROP status and liking and/or intake of
fat-containing foods in children. Anliker and colleagues (2) reported that nontaster children liked
cheddar cheese more than did tasters, yet they liked full-fat milk less. We reported that nontaster
4- to S-year-olds gave higher liking ratings to American cheese than did tasters (77). In addition,
when we stratified children by sex, we found that in comparison with taster girls, nontaster girls
reported liking full-fat milk more, but no difference was found in boys. We also assessed intake
using a parentally reported food frequency questionnaire and found that nontasters reported
greater consumption of discretionary fats (i.e., butters, salad dressings, spreads); however, this
relationship was again driven by nontaster girls, who reported consuming two additional servings
per day of discretionary fats compared to taster girls (77). We speculated that these sex differences
could be due in part to differences in home environmental or parental feeding practices between
boys and girls that resulted in differences in how the PROP phenotype was expressed in the
two populations. In a follow-up study in a similar population, nontasters (both boys and girls)
reported higher consumption of high-fat meats, eggs, and nut butters compared to tasters (78).
However, in an ethnically diverse cohort of 4- to 6-year-olds from New York City, we did not
find that nontasters consumed more fat or fat-containing foods at an ad libitum test meal (76). In
addition, although nontaster preadolescents reported consuming almost 300 more kcal per day
than supertasters, no differences in fat intake or macronutrient selection were reported (60). Other
studies in children also have not found a relationship between the PROP phenotype and intake
of high-fat foods (89, 101, 102), suggesting that factors other than bitter-taste genetics might be
more influential at mediating intake of dietary fat in children.

Sweet Foods

Both the PROP phenotype and PTC genotype have also been associated with liking and intake of
sweet foods. Bitter and sweet taste perception share similarities in that the taste receptors for these
compounds are both G protein—coupled receptors (115). Early studies in this area suggested that
PROP tasters tended to dislike intensely sweet solutions (87, 88, 107). Yet, more recent studies
by Dufty & Bartoshuk (43) showed that adult women who were PROP tasters had higher liking
for sweet-fats (e.g., brownies, cookies, cakes), honey, and fruits, whereas the opposite pattern was
seen in men. Therefore, studies in adults have shown contradictory findings with respect to PROP
status and liking for sweets.

There is reason to think that the relationship between PROP status and sweet liking might
differ between children and adults. Liking for sweet taste is highest in childhood and declines over
time (34), and sweetness is a strong driver of palatability and food acceptance in children. Because
children are so attracted to sweets, we hypothesized that those who were PROP tasters might
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actually have higher liking for sweet foods simply because the sweetness is more pronounced.
Several lines of evidence support this. First, we found that 4- to 5-year-old PROP tasters reported
greater intake of sweet-fats and total dietary sugars compared to nontasters (78). In a doctoral
thesis published from this same cohort, PROP tasters also reported higher intake of sweetened
cereals (72). Additionally, in an ethnically diverse sample of 4- to 6-year-olds, we observed that
PROP tasters consumed more energy from sweet foods (e.g., juices, fruit candies) at an ad libitum
palatable buffet (75). Also, Sharma & Kaur (121) reported a positive relationship between taste
sensitivity to PTC and reported intake of sweet-tasting foods among adolescent girls from India.

In addition to relationships between bitter-taste phenotypes and intake and liking of sweets, re-
lationships have also been reported with T74S2R38 genotype. Mennella and colleagues (95) showed
in an ethnically diverse cohort that children who were homozygous for bitter-sensitive alleles pre-
ferred sweeter sucrose solutions and reported liking beverages and cereals with higher sugar con-
tent compared to children who were genetically bitter insensitive. A similar relationship between
TAS2R38 genotype and sucrose preference was reported in a follow-up study (96). Given the health
implications of consuming excess dietary sugars, additional studies are warranted to understand
the relationships between PROP phenotype, TAS2R38 genotype, and dietary sugar consumption.

Somewhat contradictory to observations that PROP tasters consume a sweeter diet, several
studies have found that there is an inverse correlation between PROP sensitivity and incidence
of dental caries (68, 84, 108, 119, 122). In addition, 3- to 6-year-old PROP nontasters from
India had higher levels of salivary Streptococcus mutans, the primary microbe that contributes to
tooth decay, compared to tasters (109). Higher S. mutans could be due to higher carbohydrate
intake among PROP nontasters but could also be attributed to biological or genetic differences
associated with variants of TAS2R38. Studies are needed to determine whether these relationships
are generalizable across populations.

PROP STATUS, TAS2R38, AND BODY WEIGHT

PROP/PTC sensitivity has also been hypothesized to play a role in growth and the regulation
of body size. Several theories support this relationship. Thyroid hormones are necessary for
growth, and because PROP/PTC sensitivity is thought to be involved in avoidance of antithyroid
compounds in the diet, one hypothesis is that PROP status is associated with body size through
thyroid function as a mediator. One could speculate that tasters might be taller than nontasters
because they avoid consumption of dietary goitrogens that might impair thyroid function. Limited
evidence for this notion can be found in early studies that related PTC taste sensitivity to growth.
For example, Johnson and colleagues (71) found that PTC tasters tended to be taller and to have
more mature skeletons, but no relationships were found with body weight. Others showed that
PTC sensitivity was correlated with visual-motor maturation in children (61).

In addition to growth patterns, more recent studies have hypothesized a link between PROP
taste sensitivity and body weight (128). Because of reported links between PROP status and liking
of high-fat foods (132), Tepper first suggested that PROP taste blindness might be a marker
for higher body weights (127, 128). In adults, these relationships have been more pronounced in
Caucasian women, with some studies suggesting that nontasters had average body mass indices
(BMIs) over six units higher than those of supertasters (59). Additionally, Stewart and colleagues
(125, 126) and our own group (83) have also found that adults who have reduced oral sensitivity
to fatty acids or dietary triglycerides reported higher dietary fat intake and had higher BMIs.
These studies suggest that PROP status might be a marker of obesity mediated by its associations
with fat perception, liking, and intake. Notably, not all studies are in support of these findings
(37,38, 41).
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A third, more speculative, mechanism linking PROP status to body weight could be through
the expression of TAS2R3§ receptors in the gastrointestinal tract. Taste receptors for bitter and
sweet compounds are expressed in the gut of humans and other mammals (16, 69, 91, 116, 117).
These receptors likely play critical roles in nutrient detection. For example, bitter-taste receptors
have been found to mediate glucose homeostasis (35) and secretion of the appetite-stimulating
hormone ghrelin (70). Therefore, it is possible that variants in TAS2R genes could modulate
appetite, food intake, and body weight through their functional roles in the gut.

Following reports of a relationship between the PROP phenotype and body weight status
in adult women (59, 133), we also found a relationship between PROP status and BMI-for-
age percentiles in 4- to 5-year-old children (78). Sex moderated the relationship, with nontaster
boys having higher BMI-for-age percentiles than taster boys. Unexpectedly, the opposite pattern
was observed in girls (i.e., taster girls had higher BMIs than nontaster girls). When these same
children were tested at a six-year follow-up (ages 7 to 13 years), the interaction between PROP
status and gender explained a significant amount of variance in children’s BMI percentile, and a
trend suggested an inverse relationship between PROP taste sensitivity and weight status again
in boys but not in girls (102). We found a similar interaction between PROP status and sex on
weight status in a follow-up study with ethnically diverse 4- to 6-year-olds (76). However, when
we included children’s TAS2R38 genotype in the analyses, we observed a three-way interaction
between PROP phenotype, PTC genotype, and sex. Overall, PROP nontasters who were also
homozygous for the bitter-insensitive allele at TAS2R3§ (i.e., who genetically were nontasters)
had average BMI-for-age percentiles over the 95th percentile (i.e., in the obese range), and this
was greater than BMI percentiles for tasters who had the same genotype. These findings suggest
that the PROP phenotype and PTC genotype interact to influence child body weight status, with
children who are nontasters by both phenotype and genotype carrying the highest risk for obesity.
These findings should be interpreted with caution, however, because small cohorts were tested
in the aforementioned studies, and future investigations should be adequately powered to detect
interactions among PROP status, PTC genotype, and sex.

Not all studies support a relationship between bitter-taste insensitivity and BMI. Goldstein
and colleagues (60) did not find a relationship between PROP status and BMI percentile in pread-
olescent children, even though nontasters in this study reported consuming more daily energy
compared with supertasters. In addition, no relationship was found between PROP taster status
and BMI in a sample of 120 Filipino adolescents ages 13 to 17 (22), but null results may be due
to ethnic and cultural differences. Other studies conducted in ethnically and socioeconomically
diverse cohorts also dispute the notion that PROP insensitivity is a marker for higher body weights
in children. Baranowski and colleagues (4) reported an interaction between PROP status and SES
in a sample of 813 children ages 9 to 10 and 17 to 18 in which supertasters in the highest SES
category actually had higher BMI z-scores than did nontasters. However, the effects in this study
were small, with the interaction of PROP status and SES explaining only 1% of the variance in
the model predicting child BMI z-score. In addition, Lumeng and colleagues (89) reported higher
BMI percentiles among PROP tasters compared to nontasters in a sample of low-income Mexican
American children ages 3 to 6. These results suggest that factors such as SES and ethnicity may
influence the relationship between bitter-taste insensitivity and obesity, and additional studies are
needed to understand these complex associations.

Two recent studies have advanced our understanding of the relationship between bitter-taste
sensitivity and body weight in children and may provide some insight for the design of future
studies. First, Burd and colleagues (27) found that nontaster children living in unhealthy food en-
vironments, with ready access to high-energy-dense, low-nutrient foods, had higher BMI z-scores
in comparison with nontasters living in healthy food environments and taster children regardless
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of environment. This difference was significant even after adjusting for income, ethnicity, and
measures of fruit and vegetable acceptance. Nontaster children living in unhealthy food environ-
ments had average BMIs that were above the 95th percentile, which places them in the obese range.
These results suggest that healthier food environments may act as a protective factor for nontaster
children. However, children’s food intake and home food environment were not reported in this
study; therefore, future studies should include these measures to determine the extent to which
they mediate the relationships between PROP status and obesity.

Second, Bouthoorn and colleagues (23) used Mendelian randomization to testa potential causal
pathway linking PROP status to body weight. In this design, randomly assorted genes are used as
instrumental variables between phenotype and outcome based on the assumption that genes are
not as susceptible to confounding from factors such as lifestyle, ethnicity, and demographics. This
type of design also eliminates the potential of reverse causation, which is particularly important
in this case because obesity has been reported to impact taste perception. They tested 3,778 six-
year-olds from a prospective birth cohort study from the Netherlands and found that nontaster
girls had higher BMI z-scores and percent body fat than taster girls. No PROP-related differences
were found in boys. These results remained after adjusting for parental BMI, SES, ethnicity, and
reported hours of outside play.

It is likely that taste blindness to PROP serves as a marker for obesity in some populations but
notin others. Differences in ethnicity and SES across cohorts may explain some of the discrepancies
across studies. Findings from primarily lower-SES, ethnically diverse cohorts either have suggested
no relationship (4) or have found higher weight status in tasters but not in nontasters (89). It is
possible that the influence of SES on body weight overwhelms any potential effect of PROP
status. Alternatively, as suggested by Bouthoorn and colleagues (23), the impact of PROP status
on body weight could be mediated by the diet of the population tested. Perhaps the effects across
population are truly heterogeneous. The findings from Burd and colleagues (27) are in support of
this, as the interaction between PROP status and the food environment had a greater influence
on food acceptance and weight status than either measure did when tested alone. Future studies
in this area should systematically consider the dietary environment of the population tested to
clarify the associations between PROP status and chronic health.

CONCLUSIONS AND DIRECTIONS FOR FUTURE STUDIES

We have summarized outcomes from the pertinent studies we discuss in this review in Tables 1,
2, and 3. Across studies, some themes in the literature emerge. In the case of food acceptance and
intake, the most common foods to show a relationship with PROP status in children are mildly bit-
ter cruciferous vegetables (e.g., raw spinach and broccoli) and fat-containing foods such as cheese
and milk. Only one study has reported associations between PROP status and intake of highly
bitter foods, and this was conducted with adolescent girls from India who were presumably con-
suming diets that were substantially different from most Northern European, primarily Caucasian,
samples (121). The majority of studies that have shown effects of PROP phenotype on liking and
intake have been conducted with higher-SES cohorts of primarily Caucasian background. An ex-
ception was the study by Fisher and colleagues (54), who reported that PROP-sensitive Hispanic
children from Head Start consumed more raw broccoli when it was paired with a dip or sauce,
whereas PROP-insensitive children consumed similar amounts of broccoli with or without dip.
These findings suggest important differences in the relationship among PROP status, ethnicity,
and customary diet that need to be addressed in future studies.

With respect to the studies that have looked at intake (Table 2), some inconsistencies across
studies might be explained by the methodology used to capture diet. The majority of studies that
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Table 1 Influence of PROP phenotype and/or PTC genotype on food liking and preference

Cohort sample
size, age, and

Reference primary ethnicity
(year or place of Bitter-taste
published) residence Methods BMI assessment Outcomes
2 (1991) n=730 Preference ranking Yes PROP thresholds NT ranked cheddar cheese
5-7 years of 8 sampled foods higher than T
Ethnicity not Liking ratings of 60 NT ranked full-fat milk lower
reported foods from survey than T
No difference in cooked/raw
brocceoli and spinach
73 (2002) n=67 Liking ratings of 10 | Yes PROP forced-choice NT liked American cheese and
4-5 years tasted foods screening raw broccoli more than T
97% Caucasian No eftect for cooked broccoli,
orange-grapefruit mixture
NT girls liked full-fat milk more
than T girls
135(2002) | n=42 Preference ranking No PROP thresholds and NT more likely to like the taste
3-6 years and liking of 7 suprathresholds of raw spinach than T
Ethnicity not sampled foods
reported Liking of 30 foods
from a
questionnaire
96 (2005) n=143 Optimally preferred | No PROP forced-choice Children with bitter-sensitive
5-10 years sucrose screening and alleles preferred higher-sucrose
African American, concentration TAS2R38 concentrations and sweetened
Caucasian Child self-report of cereals compared to N'T
favorite cereals
15 (2006) n=065 Liking ratings for 5 | Yes PROP forced-choice NT gave higher liking ratings to
3—4 years sampled vegetables screening raw broccoli than T
Majority Caucasian
49 (2014) n=>525 Liking ratings of Yes Perceived intensity of PROP status, age, and sex
7-13 years foods from pictures PROP filter paper and | explained 1% of children’s
Irish TAS2R38 vegetable liking
TAS2R38 did not influence
vegetable liking
22(2012) n=120 Liking ratings of 88 | Yes Perceived intensity of T rated liking of umami-rich
13-17 years foods on checklist PROP solutions on condiments higher than NT
Filipino LMS
54(2012) n=15 Liking ratings of 6 Yes PROP forced-choice Children’s rated liking of
23-5 years vegetables screening brocceoli increased following
Hispanic repeated exposure but did not
vary by taster status
27 (2013) n=120 Liking/disliking Yes PROP forced-choice NT living in healthy food
4-6 years ratings of 36 screening environments liked more

African American,
Hispanic,
Caucasian, Asian

common foods
from pictures

vegetables than T living in
healthy food environments

(Continued)
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Table 1 (Continued)

Cohort sample
size, age, and

Reference primary ethnicity

(year or place of Bitter-taste

published) residence Methods BMI assessment Outcomes

121 (2014) | n=210 Liking ratings of Yes PTC thresholds T had lower liking of bitter
11-18 years (girls) foods on gourd, raw cruciferous
Kangra Valley, India questionnaire vegetables, and sweets than N'T

Abbreviations: BMI, body mass index; LMS, labeled magnitude scale; N'T, nontasters; PROP, 6-z-propylthiouracil; PTC, phenylthiocarbamide;

T, tasters.

Table 2 Influence of PROP phenotype and/or PTC genotype on food intake

Reference Cohort sample
(year size, age, and Bitter-taste
published) primary ethnicity Methods BMI assessment Outcomes
73 (2002) n==67 Parental report food | Yes PROP forced-choice NT report greater intake of
4-5 years frequency screening discretionary fats than T
97% Caucasian Driven by NT girls
74 (2004) n=>53 Parental report food | Yes PROP forced-choice NT report higher intake from
4-5 years frequency screening protein (high-fat meats)
Majority Caucasian T report higher intake of
sweet-fats and total dietary
sugars
15 (2006) n==65 Ad libitum intake of | Yes PROP forced-choice NT ate more bitter and total
3—4 years 5 vegetables screening vegetables than T
Majority Caucasian NT ate more raw broccoli than T
60 (2007) n=065 Food diary for Yes Perceived intensity of NT report higher total daily
7-11 years 3 days PROP filter paper on intake (~300 kcal) than T
Majority Caucasian LMS No difference in macronutrient
selection
89 (2008) n=381 Maternal report on Yes PROP forced-choice No difference in dietary intake
3-6 years food frequency screening between groups
Hispanic, low
income
78 (2010) n=72 Ad libitum intake of | Yes PROP forced-choice No difference in test-meal intake
4-6 years multi-item test screening and by PROP or TAS2R38
African American, meal TAS2R38
Hispanic,
Caucasian, Asian
5(011) n=0665 Self-report 3-day Yes Perceived intensity of No difference in intake by PROP
9-10 years and dietary recall PROP filter paper on
17-18 years LMS
African American,
Hispanic,
Caucasian
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Table 2 (Continued)

Reference Cohort sample
(year size, age, and Bitter-taste
published) primary ethnicity Methods BMI assessment Outcomes
49 (2014) n=>525 Self-report 3-day Yes Perceived intensity of AVI/AVI females had higher
7-13 years diet history PROP filter paper; intake of thiamine, vitamin By,
Irish TAS2R38 and folate compared to
bitter-sensitive genotypes
22 (2012) n=120 Self-report 3-day Yes Perceived intensity of No difference in intake by PROP
13-17 years food record PROP solutions on
Filipino LMS
54 (2012) n=152 Ad libitum intake of | Yes PROP forced-choice T ate more raw broccoli when it
3-5 years broccoli plain, with screening was served with dip or sauce
Majority Hispanic, dip, or sauce across
low income 7 weeks
134(2012) | n=323 Self-report 3-day Yes PROP forced-choice NT boys reported higher soy
4-6 years diet history screening intake than T (except for those
Japanese BMI assessed by who had low food neophobia)
parental report
101 (2013) | »=483 Self-report 3-day Yes Perceived intensity of No difference in intake of fruits
7-13 years diet history PROP filter paper on and vegetables
Irish gLMS; TAS2R38
102 (2013) n="73 Three 24-hour Yes Perceived intensity of No difference in energy or
7-13 years dietary recalls PROP filter paper on macronutrient intake
Majority Caucasian LMS; TAS2R38
77 (2014) n=79 Ad libitum intake of | Yes PROP forced-choice T consumed more sweets
4-6 years palatable buffet of screening and than NT
African American, sweets, sweet-fats, TAS2R38 No difference in intake by
Hispanic, and savory-fats TAS2R38
Caucasian, Asian Weight status but not taster
status influenced intake of
savory-fats

Abbreviations: BMI, body mass index; gLMS, general labeled magnitude scale; LMS, labeled magnitude scale; N'T, nontaster;
PROP, 6-n-propylthiouracil; PTC, phenylthiocarbamide; T, taster.

have found differences between dietary intake as a function of PROP status have utilized food
frequency questionnaires (77, 78) or measured ad libitum intake (15, 54, 75). Most studies that
have used self-report diet recalls or food diaries have not seen any relationship with PROP status (5,
22,50, 101, 102, 134). The biases inherent in methods for dietary reporting have been thoroughly
discussed, and all methods have obvious strengths and limitations. Although food diaries and

24-hour dietary recalls are considered more accurate for assessing total energy intake, they may
not capture sufficient variability in the foods that are likely to be influenced by PROP phenotypic
variation (especially in children). In addition, although test meals are limited in the foods they

can assess, they offer greater control over environmental conditions and can be designed to test

specific hypotheses about how PROP status influences ad libitum intake. For example, by offering

a highly palatable meal of sweets, sweet-fats, and savory-fats, we were able to detect differences
related to PROP status that might be difficult to capture with other methods (e.g., food frequency
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Table 3 Influence of PROP phenotype and/or PTC genotype on body weight status

Cohort sample
size, age, and

Reference primary ethnicity
(year or country of Bitter-taste
published) residence Methods BMI assessment Outcomes
73 (2002) n=067 Measured BMI Yes PROP forced-choice No relationship with BMI
4-5 years screening
97% Caucasian
74 (2004) n=>53 Measured BMI Yes PROP forced-choice NT boys had higher BMIz than
4-5 years screening T boys
Majority Caucasian T girls had higher BMIz than
NT girls
15 (2006) n==65 Measured BMI Yes PROP forced-choice No relationship with BMI
3—4 years screening
Majority Caucasian
60 (2007) n=065 Measured BMI Yes Perceived intensity of No relationship with BMI
7-11 years PROP filter paper on
Majority Caucasian LMS
58 (2009) n=>5,294 Measured BMI Yes Perceived intensity of No relationship with BMI
10-11 years PROP filter paper on
Southwest England 10 cm line
89 (2008) n=2381 Measured BMI Yes PROP forced-choice T had higher BMIz than N'T
3-6 years screening
Hispanic,
low-income
78 (2010) n=72 Measured BMI Yes PROP forced-choice NT boys had higher BMIz than
4-6 years screening; TAS2R38 T boys
African American, NT (boys and girls) with AVI
Hispanic, genotypes had higher BMIz
Caucasian, Asian than T with AVI
4 (2009) n=1,551 Measured BMI Yes Perceived intensity of T in highest SES had higher
9-10 years and PROP filter paper on BMIz than NT
17-18 years LMS
African American,
Hispanic,
Caucasian
22(2012) n=120 Measured BMI Yes Perceived intensity of No relationship with BMI
13-17 years PROP solutions on
Filipino LMS
101 (2013) | n=483 Measured BMI Yes Perceived intensity of No relationship with BMI
7-13 years PROP filter paper on
Irish gLMS; TAS2R38
102 2013) | =73 Measured BMI Yes Perceived intensity of No relationship with BMI
7-13 years PROP filter paper on | Trend for boy NT to have
Majority Caucasian LMS; TAS2R38 higher BMI% than T
(Continued)
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Table 3 (Continued)

Cohort sample
size, age, and
Reference primary ethnicity
(year or country of Bitter-taste
published) residence Methods BMI assessment Outcomes
27 (2013) n=120 Measured BMI Yes PROP forced-choice NT living in unhealthy food
4-6 years screening environments had higher BMIz
African American,
Hispanic,
Caucasian
121 (2014) n=210 Measured BMI and Yes PTC thresholds NT had higher stature
11-18 years (female) skinfolds to assess T had higher skinfolds and body
Kangra Valley India body fat and basal fat (age 14-16 years)
metabolic rate
23 (2014) n=3,773 Measured BMI and Yes PROP forced-choice NT girls had higher BMIz and
6 years DXA; Mendelian screening body fat than T girls
From Rotterdam randomization Evidence of a causal relationship
No relationship in boys
77 (2014) n=79 Measured BMI Yes PROP forced-choice No relationship with BMI and
4-6 years screening and PROP or TAS2R38
African American, TAS2R38
Hispanic,
Caucasian, Asian

Abbreviations: BMI, body mass index; BMIz, body mass index z-score; DXA, dual-energy X-ray absorptiometry; gLMS, general labeled magnitude scale;

LMS, labeled magnitude scale; N'T, nontasters; PROP, 6-n-propylthiouracil; PT'C, phenylthiocarbamide; T, tasters.

questionnaire, food diary) because these foods are all highly palatable and therefore usual intake
may not show much variance across children (75).

In general, fewer studies have included assessments of both PROP phenotype and PTC geno-
type, and for those studies that have assessed TAS2R38, the majority have not found it to be
related to eating behaviors or body weight. A notable exception is Mennella and colleagues (95),
who found that children who were homozygous for bitter-sensitive alleles at the PT'C taste recep-
tor preferred higher-concentration sucrose solutions and reported liking sweeter cereals compared
with children who had bitter-insensitive genotypes. In Irish school children, Feeney and colleagues
(50) also reported higher intake of some nutrients commonly found in cruciferous vegetables in
the diets of those homozygous for bitter-insensitive alleles (i.e., AVI/AVI). In addition, a study by
Keller and colleagues (76) suggested an interaction between PROP phenotype and PTC genotype
on body weight, such that children who were nontasters both by phenotype and genotype might
be at higher risk for obesity. Future studies are needed that include measures of both PROP phe-
notype and PTC genotype, particularly because of recent studies that have pointed out potential
relationships between PROP status and other genes, such as gustin (29). PROP status is clearly
not just a phenotypic marker of the PTC genotype, and therefore one might expect associations
with eating behavior and chronic health to differ depending on what measure is included.

The relationship between PROP phenotype and body weight is highly discrepant across stud-
ies and depends on the population examined and the confounders accounted for in the analysis.
This discrepancy is not surprising given that diet likely mediates the relationship between PROP
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phenotype and body weight. Types of foods consumed, as well as the culturally acceptable ways
of preparing those foods, vary widely across different ethnicities and geographical regions. Most
cultures have developed preparation techniques intended to mask or dampen bitter and/or pun-
gent flavors (e.g., preparing bitter greens with fatback, preparing broccoli with cheese and/or
butter, frying green tomatoes). In Asian and Indian cuisine, bitter flavors are often balanced in
dishes with sweet, sour, salty, and umami flavors. Culture is thought to be the most important
influence on what people eat (118), and therefore to predict how PROP status will influence body
weight it is critical to account for the customary cuisine of the population. In the case of children,
parents also employ different methods to make bitter foods acceptable, such as the “stealth” ap-
proach of mixing them with other foods or by adding sauces and dips to bitter vegetables. The
success of these methods may vary depending upon children’s PROP status (54), and additional
insight is needed to understand how to tailor feeding practices to children who vary by bitter-taste
sensitivity.

Studies are also needed that account for variation in food access and availability to determine
how these factors mediate relationships among PROP status, diet, and health. Although access
to food in the environment is only a proxy for consumption, systematically measuring this vari-
able may clarify the relationship between PROP status and body weight. For example, Burd and
colleagues (27) found that nontaster children who had greater access to unhealthy foods in the
environment were at the greatest risk for obesity. Future studies in this area should include mea-
sures of food accessibility and availability, as they are likely to interact with bitter-taste phenotype
to influence body weight.

In addition to accounting for the customary diet of a population, future investigations should
also include other genetic markers of chemosensation to understand how they interact with
PROP status to influence eating behaviors. T4AS2R38 and PROP status are well studied, but
numerous other polymorphisms impact taste perception, with potential implications for dietary
intake (67). Additional studies are needed to understand how these polymorphisms interact
with TAS2R38 variation and the PROP phenotype to influence eating behaviors and chronic
health.

In conclusion, genetic variation in the ability to taste bitter thiourea compounds may have
important implications as a marker for dietary patterns and chronic health in children. The avail-
able literature suggests that some children who are sensitive to bitter taste may require additional
strategies to accept and consume bitter-tasting fruits and vegetables (e.g., using dips and sauces,
offering milder juice blends, and providing greater access to these foods in the environment).
Additionally, children who are insensitive to bitter thiourea may have greater intakes of high-fat
foods and excess body weight, but it is likely that this relationship is affected by factors such as sex,
age, culture, and access to foods in the environment. Future studies are needed to provide insight
on the relationships among PROP taster status, PTC genotype, and liking and intake of sweet-
tasting foods across childhood. In addition, future studies should include measures of the food
environment, cultural methods of food preparation, and other genetic markers of chemosensation

to understand the complex pathway linking bitter-taste variation to dietary patterns and chronic
health.
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