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Abstract

Vegetable consumption by young children does not meet national recommendations in either the United States or in Europe due in part to the bitter taste of
vegetables. Cruciferous vegetables contain natural bitter-tasting substances that share the same chemical structure as phenylthiocarbamide (PTC) and its chemical
derivative 6-n-propylthiouracil (PROP). The degree to which the bitter taste from PTC/PROP is perceived is genetically determined and individual food likes are
associated with this genetic trait, especially in children. The ability to taste calcium (Ca) influences the ability to taste the bitterness of vegetables in adults but this
influence has not yet been studied in young children. Therefore, a critical analysis of the impact of young children’s PTC/PROP taster status on their vegetable
acceptance is required. Furthermore, evidence that young children typically develop obesity because of their high consumption of high calorie content foods instead
of vegetables requires critical analysis of the same impact on young children’s body mass index (BMI). This two-fold analysis found conflicting results in studies that
have examined ad hoc the relationship between PTC/PROP taste sensitivity and young children’s vegetable acceptance and BMI. Genetic variation in the ability of
young children to taste Ca might modulate the relationship between PTC/PROP taste sensitivity and vegetable acceptance in young children while socioeconomic
status (SES) might modulate the relationship between PTC/PROP taste sensitivity and BML. Thus, further research on these possible modulations is recommended.

Abbreviations: AAIL Alanine, Alanine and Isoleucine; AAV: Ala-
nine, Alanine and Valine; AVI: Alanine, Valine and Isoleucine; BMI:
Body Mass Index; C: Calcium; CD36: Cluster of Differentiation 36;
Gpcrs: G-Protein Coupled Receptors; PAV: Proline, Alenine and Va-
line; PKD1L3: Polycystic Kidney Disease 1-Like 3; PKD2L1: Polycystic
Kidney Disease 2-Like 1; PRO: 6-N-Propylthiouracil; PTC: Phenylthio-
carbamide; PVI: Proline, Valine and Isoleucine; SES: Socio Economic
Status; TAS2R38: Taste Receptor 2 Member 38; TAS1R3: Taste Recep-
tor 1 Member 3

Introduction

The taste of a food is the main determinant of food likes and dislikes
in humans [1] and, especially in children, of food choices and food
consumption [2-5]. This principle is based on the strong correlations
between alimentary preferences and consumption that have been
found in research on human nutrition [6] and is of importance when
dealing with vegetable intake [7-9]. Indeed, it has been established that
humans are universally predisposed at birth to like sweet tastes and
reject bitter ones [10-12]. For newborns, sweetness is synonymous with
a “good” taste of food, while bitterness signifies a “bad” taste of food.
The differentiated pattern of intense facial expressions, already found in
preterm and full term newborns, in response to those different flavors
confirms this natural human characteristic [13-16]. Furthermore,
several authors have suggested that this natural liking for sweetness
and rejection for bitterness is a response that provides an evolutionary
advantage by favoring the satisfaction of two needs: an adequate intake
of calories from nutrient foods and a protection against food poisoning
derived from the ingestion of toxic substances which typically taste
bitter, such as some xenobiotica-related substances [17-20]. This bipolar
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taste-based food classification constitutes an instinctively programmed
criterion for food acceptance, which enhances satisfaction of both
mentioned needs [21] and thus promotes survival.

It has also been established that the extent to which a taste is
perceived as sweet or bitter depends, among other factors, on the
individually programmed genetic sensitivity to tastes, which influences
whether a food is liked or rejected [22]. That means that taste sensitivity
is a hereditary trait and that different individuals perceive tastes per
their differentiated inherited ability to taste gustatory stimuli [23].
Since there is genetic variation in taste sensitivity, the natural human
attraction to sweet, and withdrawal from bitter tastes is an issue of the
differentiated degree to which a person is genetically predisposed to
perceive a sweet or a bitter taste as “good” or “bad”, compared to other
persons, rather than a question of universal tendencies that characterize
human taste and affect all humans equally. Thus, individuals live
together in separate taste-related sensory worlds.

The most studied case of genetic variation in taste sensitivity
concerns the bitter taste of PTC and its derivate PROP [24]. Knowledge
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in this issue has been gained through in vitro studies and through the
Human Genome Project, which aimed to identify human structural
genes [25]. Indeed, both approaches have provided valuable information
regarding the possible genes that underly individual variability in bitter
gustatory perception and have led to the discovery of the TAS2R38
gene (and its high polymorphism degree) as the responsible gene for
that individual variability [26,27]. Meanwhile, genetic variation in
sensitivity to calcium (Ca) has been found with the taste receptor gene
TASIR3 explaining 7-13% of the phenotypic variation in the preference
for Ca and magnesium [28,29]. A strong correlation has been observed
between sensitivity to Ca and the perception of the bitter taste from
vegetables in animals and adult humans [30]. Furthermore, there is
genetic variation in human sweet and umami taste receptors, which is
associated with the taste receptor gene TASIR [31], while PKD1L3 and
PKD2L1 have been proposed as candidate sour taste receptors [32],
CD36 as a candidate fat taste receptor [33], and the amiloride-sensitive
epithelial sodium channel (EnaC) as a candidate salt taste receptor [34].

Based on the genetic variation in bitter taste sensitivity, individuals
who are sensitive to PTC/PROP can be classified as being tasters,
medium tasters or even supertasters, while those not sensitive to
these substances can be classified as non-tasters [35]. Furthermore, a
heightened sensitivity to the chemical compounds PTC and PROP has
been associated with a reduced liking for bitter-tasting foods, such as
cruciferous, green and high glucosinolate content vegetables, high fat
content foods, green tea, soy products, alcohol and foods with a general
strong taste, such as sharp cheeses [36-40]. The contrary pattern ofliking
is observed in individuals with PTC and PROP insensitivity, as non-
tasters are more likely to prefer edibles with these sensory properties
[41]. Therefore, food intake and food choices may be influenced by this
inherited trait [38,42,43].

Taste ability decreases as individuals advance in age [44,45]. In the
specific case of the ability to taste PTC or PROP, changes throughout
the life span have been reported as a function of age. While it is high
in young children, it progressively diminishes as individuals become
mature and age [46-48]. Similarly, the association between PTC/
PROP sensitivity and food preferences has been shown to be more
pronounced in children than in adults [48,49], although experience
may modify children’s eating behavior patterns [50].

Children typically reject vegetables [9,51,52] and vegetables are
their least preferred kind of food [53,54]. This rejection has been mainly
attributed to the bitter taste from vegetables [55-57]. Indeed, natural
bitter substances from many cruciferous vegetables, which are usually
glucosinolates, isothiocyanates and goitrin, share the same chemical
group as PTC and PROP, namely N-C=S [58-60], and therefore
taste bitter. Furthermore, high correlations between low liking rates
for vegetables and low vegetable intake in young children have been
observed [61,62]. It is not surprising then that vegetable consumption
in young children does not meet national recommendations in the
United States [62-65]. This is especially worrying since vegetable
consumption in young children counteracts childhood obesity [66],
one of the most serious public health problems throughout the world
[67,68] and prevents development of cancer and vascular disease in
adulthood [69-71]. Furthermore, young childhood is the life phase in
which preferences for foods, including vegetables, and eating habits are
most likely to be established, and thus determines positive or negative
eating behavior at least until young adulthood [72,73].

Young children typically prefer, and tend to consume, sweet and
snack foods, instead of vegetables [74-76]. These eating habits have

Integr Food Nutr Metab, 2017 doi: 10.15761/IFNM.1000171

been observed to produce childhood obesity [77]. Children who prefer
fruits and vegetables are, in turn, less likely to become overweight [66].

Since perception of the bitter taste of foods is genetically determined
and since food preferences and eating habits are established in young
childhood and maintained in adulthood [72,73], a review of studies in
which the impact of young children’s PTC/PROP taste sensitivity on
their liking for vegetables has been examined ad hoc [78] is warranted.
On the other hand, since current young children’s eating behavior
typically leads to obesity [43], a review of studies investigating the same
impact on BMI (weight/height®) in young children is also warranted.
Therefore, the present review is mainly concerned with a critical
discussion of the involvement of genetic variation in PTC/PROP taster
status in both young children’s acceptance of vegetables and their BMI.
Based on Goldstein et al. [47], young children will be here considered as
being 6 years-old or younger. The studies reviewed here were published
at the latest in 2010. Firstly, however, a review of the history of research
on genetic variation in PTC/PROP sensitivity and its association with
human food likes and dislikes will be presented as well.

The discovery of genetic variation in PTC taste sensi-
tivity and the consequent research on genetic determi-
nants of taste

Bitter taste constitutes the original focus of the study of the genetic
variation in taste sensitivity and goes back to Fox’s discovery in 1931
that there is a universal bipolar distribution of individuals based on
their sensitivity to the bitter taste of the chemical compound PTC.
Specifically, he found that some persons perceived PTC as bitter,
while some others perceived it as tasteless [79]. This discovery was
serendipitous in nature in that Fox was preparing PTC in his laboratory
when the crystals spread through the air and were unavoidably tasted by
him and his colleague (Dr. C.R. Noller). Interestingly, the crystals tasted
bitter to Dr. Noller, while they had no taste for Dr. Fox. They knew that
PTC contained the chemical group N-C=S$ that had been previously
described by Berlinerblau [80] as being quite bitter. Dr. Fox then began
to explore this gustatory difference across different populations and
concluded that, regardless of any demographical variable, there was
a universal bimodal distribution of individuals in relation to their
perception of the bitter taste of the mentioned substances —tasters and
non-tasters or taste blinds-, and therefore concluded the genetic origin
of that distribution [79,81].

Numerous subsequent efforts aimed to ascertain the specific
genetic contribution to this variability in the perception of the bitter
taste. By means of family studies, it was soon proposed that taste
sensitivity or insensitivity to PTC was inherited as a two-allele trait
within a simple Mendelian model of inheritance, with these two alleles
being recessive in the case of the inherited insensitivity to PTC [82,83].
However, the responsible gene and its chromosomal location were
then unknown. The Mendelian model of taste sensitivity inheritance
proposes that PTC sensitivity relies on the dominant allele T, so that
tasters inherit their taste efficiency as one (tT/Tt) or two-dominant-
allele trait (TT), while non tasters inherit their taste deficiency as a
recessive insensitive allele trait (tt) [34,84]. Subsequent family studies
observed robust correlations between the sensitivity degree to PTC of
parents and that of their children [23,85,86], thus reinforcing Snyder’s
and Blakeslee’s hypothesis of a Mendelian model of inheritance of
bitter taste sensitivity.

However, the original simple Mendelian model of PTC-related
sensitivity inheritance could not explain the results of several other
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studies. For example, other genetic issues and non-genetic factors were
also demonstrated to have an impact on the inherited taste sensitivity to
PTC [27,84,87]. Furthermore, it was found that children of non-taster
parents were taster, which contradicts an explanation based in a one-
locus model [88] and is better explained by alternative models, such as
two-locus and multiple loci models [89]. In view of these conflicting
results, the search for the gene responsible for the variation in PTC taste
ability became the priority objective of the first linkage studies on this
trait, although these efforts added more conflicting results to the debate
[26,27]. For example, some of these studies demonstrated linkage to the
chromosome 7q [90,91], while a subsequent study didn’t replicate this
finding [92] and a third showed linkage to the chromosome 5q [93].

The controversy derived from those conflicting results stimulated
further research on the topic through linkage studies and resulted in
the publication of two significant discoveries. The Utah family linkage
study [94] found involvement of a single major locus in chromosome
7q, as the main candidate gene for the variation in PTC-related bitter
taste perception, although a second gene located on chromosome 16p
appeared to be responsible for that variation in some of the studied
families (n=26). Meanwhile, Kim et al. [95] reported the existence
of a gene within chromosome 7q, designated as TAS2R38, as being
responsible for individual variation in gustatory sensitivity to PTC [95].
Moreover, Kim ef al. [95] found the implication of three functional
alleles of TAS2R38 in the variation of PTC perception as a result of the
linkage analysis of the participating human families. These three alleles
configure two main different haplotypes (PAV and AVI), also called
genotypes. A haplotype consists of a group of alleles that tend to be
inherited together [96]. These haplotypes are different from each other
because of the polymorphic nature of their corresponding constituent
amino-acids, as these amino-acids vary at three positions: 49 (alanine
or proline), 262 (valine or alanine) and 296 (isoleucine or valine) [95].

The corresponding phenotype of the PAV haplotype is described
as the major taster form and the phenotype of the AVI haplotype is
described as the major non-taster form. Individuals carrying twice the
PAYV haplotype (PAV/PAV) are the most sensitive to PTC, individuals
who carry both kinds of haplotypes (PAV/AVI) have an intermediate
sensitivity [48,97], and those homozygous for AVI (AVI/AVI) are the
least sensitive. Furthermore, different combinations of amino acids
at those positions (haplotypes), such as AAI, AAV, and PVI yield a
greater range of PTC taste sensitivities [34,95,98] in addition to the two
most frequent combinations. The bitter-taste receptor gene TAS2R38
and its genotypes have also been found to be responsible for individual
variation in gustatory sensitivity to the bitter taste of glucosinolate-
containing cruciferous vegetables —a natural kind of food-, such as
turnip or broccoli [99], besides PTC, thus providing evidence to the
hypothesized natural selection of the sensitivity to the bitter taste as a
via to detect toxins within foods.

The TAS2R38 gene belongs to the TAS2Rs family, also referred as
Ht2Rs, of human bitter taste receptor genes [100]. “TAS” is associated
with a taste receptor gene while “2” indicates a bitter taste gene [101].
The human TAS2Rs family consists of 25 bitter taste receptor genes,
which are grouped within the chromosomes 5p, 7q and 12p, and with
TAS2R38 located on chromosome 7q [95,101].

It is assumed that each of the human TAS2Rs may be involved in
the recognition of a vast range of similarly structured bitter substances,
thus responding to a great diversity of potentially harmful compounds
[12], although there is also at least one bitter taste receptor, namely
hTAS2R14, which is activated in response to structurally diverse
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natural bitter compounds [20,102].

While TAS2Rs genes produce bitter receptors, TASIRs produce
sweet and umami receptors [27]. Salty and sour tastes are mediated
by ion channels serving as receptors [12]. In humans, TAS2Rs and
TASIRs constitute the two most known gene families for encoding
gustatory receptors residing on the surface of taste cells within the
taste buds of the tongue, called GPCRs) [100,103]. GPCRs mediate the
sweet, bitter and umami tastes by means of their expression in taste
cells within taste buds [27]. Once GPCRs come into contact with water-
soluble taste molecules, taste cells are activated and taste transduction
takes place, which is followed by neural taste processing and taste
perception [12,104]. There are multiple bitter taste receptors, through
which humans can identify multiple bitter compounds, so that bitter
taste transduction is dependent on the specific bitter compounds [105].

The existence of the two main forms of phenotypic expression of
the TAS2R38 gene, namely the major taster form and the major non-
taster form, has been consistently observed throughout the world.
Indeed, several studies have examined the ratio of tasters to non-tasters
worldwide [24] yielding the conclusion that 75% of the population
perceive bitterness intensively, while the remainding percentage of the
population is less sensitive to it [26,43]. Furthermore, there are some
differences in such proportions between regions. For example, while in
the United States and Europe, 30% of the adult caucasian population
is insensitive [106-109], in West Africa only 3% of the population is
insensitive [43], and in Japan, China and Sub-Saharan Africa, 10-
20% is insensitive [24]. In India, 40% or more of the population is
insensitive [43,106], although this proportion varies between Indian
regions [110]. Interestingly, there is an absence of bitter non-tasters in
a small community of Brazilian Indians [111].

Other TAS2Rs genes show a similar variation to that of TAS2R38,
although variation is regional rather than worldwide [29]. This is the
case, for example, of the human bitter taste receptor TAS2R16, which
encodes GPCRs in response to amygdalin, salicin and many bitter
B-glucopyranosides, which was the first bitter taste receptor gene
to be identified as being responsible for sensitivity to natural bitter
compounds [112-114]. Specifically, while both its alleles, namely the
less sensitive and the more sensitive, coexist with high frequency in
African populations, only the more sensitive allele is observed in most
other populations [20,113].

This regional diversification of bitterness sensitivity and insensitive
might be the product of Darwinian adaptation to the regionally
differentiated existing vegetation [115]. That means that genes
would have evolved that favor adaptation to regional conditions that
are specifically related to the presence of toxins in vegetables [22].
Moreover, balancing natural selection of the two previously mentioned
main forms of genetic variation of bitter taste sensitivity (PAV for
tasters and AVI for non-tasters) appears to be the most convincing
mechanism through which that genetic variation can be explained
[27,34,98,116]. The main evidence supporting this mechanism refers
to the demonstrated fact that the non-taster allele doesn’t derive from
mutation of the normal taster allele [27]. At the same time, this fact has
yielded the hypothesis that the AVI allele might encode a functional
receptor for other, yet to be identified toxic bitter substances [34] that
may be present in the surrounding environment. Alternatively, the
other two proposed explanatory mechanisms for the high frequency
of the non-taster allele are genetic drift, on the one hand, and
population subdivision, on the other [27]. While genetic drift refers
to hypothesized random fluctuations as a cause of variation in gene
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frequencies, population subdivision refers to the hypothesis that the
high frequency of the non-taster allele is limited to one population.
However, both of these proposals have been scientifically ruled out
because the two major bitter taste haplotypes are too common in all
populations [27].

The identification of TAS2R38 as the single gene responsible for
the phenotypic variation in PTC sensitivity confirmed the Mendelian
model of inheritance for most of the bimodal phenotypic expression
of PTC-related bitter perception, although not as a simple recessive
model for the PTC-related [27]. Nevertheless, the finding from Drayna
et al. [94] that chromosome 16p is implicated in variation in bitter taste
sensitivity, in addition to chromosome 7q, has led several authors to
suggest that PTC’s genetics can be explained by a mixed model, based
on a Mendelian and a complex trait [26,27]. However, recent research
has found a robust correlation between the calcium (Ca) content of
certain vegetables and the perception of their bitter taste in humans
(r=0.93). This has been supported through animal research with rats
of different genetically determined sensitivity to Ca and choice tests
between vegetables with a high Ca content and vegetables with low Ca
content [30]. Furthermore, it has been shown that the taste receptor
TASI1R3 explains a 7-13% of the phenotypic variation in the preference
for Ca and magnesium [28,29]. Thus, individual variation in bitter taste
perception might be due to a combination of genes, rather than one
gene, although more research is needed to establish the role of genetic
variation in Ca sensitivity on bitter perception.

Apart from PTG, its derivative PROP has also been described as
showing a differentiated distribution within and across populations
[116]. PROP, like PTC, contains the typical chemical structure of
“thioureas” -N-C=S-, which tastes bitter [104,116]. Furthermore,
PROP taster status was found to be significantly correlated with PTC
taster status [117,118]. The question that then emerged was whether
PROP and other substances with the same chemical structure and with
bimodal distribution were also perceived through the operation of the
same taste receptor [34]. In this sense, it was confirmed via in vivo and
in vitro studies that the taste receptor TAS2R38 also mediates responses
to PROP, although it has been found that PTC matches with it better
[27,100]. Thus, the TAS2R38 receptor responds to all bitter substances
if they belong to the thioureas.

Genetic studies on taste then began to use PROP frequently as
a substitute for the potentially toxic effects and the sulfur odorous
PTC [119,120], and therefore most of the worldwide observations
regarding genetic variation in bitter taste sensitivity have been derived
from studies in which PROP has been used, instead of PTC. However,
humans do not perceive both compounds identically and they are not
interchangeable. For example, bitterness perception thresholds for
PTC are lower than for PROP and the PTC’s perceptive spectrum is
more extensive than is PROP’s [101]. Additionally, the distribution
of the phenotypic expression of bitterness sensitivity to PROP within
the population is “tri-modal” rather than bimodal, as cases of PROP
supertasters have been found [35,121,122]. Furthermore, it has been
shown that the density of taste receptors in the tongue —taste buds
contained within fungiform papillae- correlates significantly with
the perceived bitterness intensity of PROP [27,96,101] with PROP
supertasters showing the highest rates of fungiform papillae and thus
perceiving the most extreme degree of bitterness [123,124]. Supertasters
also perceive the most intense thermal and tactile sensations derived
from foods, such as food creaminess, viscosity or burn within the
oral cavity because pain and touch neurons also innervate fungiform
papillae [125]. Interestingly, a gender effect on the density of taste buds
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has been observed with women having higher number of these papillae
and taste buds than men [35,121,122]. Consequently, most adult tasters
and supertasters are women [126]. This gender-related distribution of
tasters and non-tasters is not observed in young children [49,100,127],
but from the beginning of puberty onwards [41,128]. Thus, based on
Drayna [27], phenotypic distribution of taste sensitivity to PROP,
especially the supertaster phenotype, is influenced by other factors in
addition to genetic control.

Methodology for the evaluation Of PTC/PROP status

There is no standardized protocol for the evaluation of PTC/PROP
sensitivity status. On the contrary, a variety of methods have been
used across research work on the topic to obtain reliable measures of
individuals’ taste sensitivity to PTC/PROP compounds. A profound
analysis of the psychophysical methods is beyond the scope of this text,
and readers are recommended to review comprehensive publications
on this topic [125,129-131]. Furthermore, the work of Lawless [119]
shows an in-depth comparison of the effectiveness of different methods
in making that evaluation. A short description of the main methods
for the evaluation of PTC and PROP taster status will however be
presented.

Research protocols examining differences in bitter taste perception
and its genetic nature, prior to the discovery of the TAS2R38 gene,
have included twins as subject samples or have used PTC/PROP
screening tests [48]. The importance of twin designs relies on the a
priori assumption that twin pairs, either monozygotic or dizygotic,
live together under the same stimuli exposure conditions, so that any
difference in taste perception is potentially attributed to differences of
genetic nature [22]. Screening tests, on the other hand, can be classified
into two global categories: threshold and supra threshold methods
[100]. Both are aimed to establish individualized PTC/PROP detection
thresholds by exposing participants to these substances using PTC-
soaked filter papers placed on the tip of the tongue [132] or by them
swallowing PTC content liquid forms. Threshold methods measure
individuals’ bimodal variation in PTC/PROP sensitivity based on their
responses to single concentrations of these substances. Thus, subjects
have only to affirm whether they perceive the taste solution or not, and
thus they can be classified as either tasters or non-tasters [133]. Supra-
threshold methods or Supra-threshold scaling techniques, introduced
by Stevens [134], are based on the serial presentation of different PTC
concentration samples and “forced choice blind tests” [26], so that
further subdivisions of the degree to which subjects perceive PTC or
PROP can be addressed and medium tasters and supertasters can be
classified [84,123].

The discovery of the TAS2R38 gene has led to the possibility of
measuring genetic variability in PTC/PROP sensitivity directly through
genomic DNA extraction and allele genotypification of the TAS2R38
gene [48,49]. All these PTC/PROP taster status-related measurement
techniques have been used with adults as well as with children as young
as 3 years old [135].

Genetic variation in PTC/PROP taster status and its as-
sociation with perception of different substances, other
tastes and other oral sensations

The main characteristic of PTC/PROP tasters is their ability to
perceive low concentrations (i.e., 0.001 M) of any bitter compound as

aversively bitter, as opposed to non-tasters, who either cannot taste the
bitterness of that substance or would need high concentrations of it
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to be able to recognize the bitter taste [136]. Medium tasters perceive
the bitterness of PTC/PROP with a lesser degree of aversion, than do
tasters [137] and super tasters perceive an extreme bitter taste from
PTC/PROP [100,137].

Examples of typically bitter-tasting substances, to which humans
may respond differently as a function of their sensitivity to PTC/PROP,
are: caffeine, urea and quinine [17,138-140], although Yokomukai,
Cowart and Beauchamp [141] found no correlation between PROP
sensitivity and urea or quinine. Furthermore, some authors have found
that the intensity of the bitter taste of potassium chloride, sodium
benzoate and potassium benzoate is also related to PROP taster status
[142-145].

On the other hand, PTC/PROP sensitivity has been shown to
be associated with sensitivity to other tastes. For example, PTC/
PROP tasters typically perceive the sweetness of low concentrations
of sucrose and saccharin as intensively sweeter than non-tasters
[11,17,142,146,147]. However, genetic sensitivity to PROP did not
predict sweetness intensity ratings or hedonic response to sweetness
for sucrose solutions in a subject sample of young females of different
ethnic origin [148]. Citric acid has also been shown to be perceived as
sourer by tasters than non-tasters [149] and sodium chloride as saltier
[42,150]. Although PTC and PROP are not natural bitter chemical
compounds of foods, genetic variability in perception of their tastes
has been shown to be strongly correlated with taste sensitivity to
other natural bitter and sweet compounds that are present in foods
[43,126,138,146]. Furthermore, sensitivity to fat and creaminess of
foods has also been observed to be correlated with PROP taster status
[151,152].

Several gustatory sensations, other than pure taste, have also been
shown to be correlated with PTC/PROP status. For example, oral pain
(78], oral irritation produced by citric acid [153] and the burning
sensation caused by the capsaicin in chili peppers have been also shown
to be perceived more intense by tasters than non-tasters [17,154,155].
Similarly, PROP tasters have been found to perceive the intensity of
ethyl alcohol more strongly than non-tasters [156]. The vast variety of
oral sensitivities which correlate with PTC/PROP taster status have led
several authors to attribute a role of general oral marker to the PTC/
PROP taster status [101,157].

Genetic variation of PTC/PROP taster status and its as-
sociation with food likes and dislikes: age effects

The importance of this genetically determined gustatory variability
relies on the manifest effects it has on individuals’ eating habits. The
main effect is the establishment of individualized patterns of nutritional
behavior, including food choices, preferences and intake patterns,
because individuals’ hedonic value of foods, and therefore food likes
and dislikes, vary as a function of PTC/PROP taster status [105,125].
Some of the products that have been shown to be more disliked and less
preferred by tasters than non-tasters are dairy products, such as milk or
cheese, cruciferous vegetables, such as spinach, broccoli, and brussels
sprouts alcohol [17,78,158], and high-fat-content foods, sweets and
meats [42,106]. Moreover, it has been shown that PTC/PROP tasters
tend to dislike strong tasting foods in general and exhibit more food
dislikes, while PTC/PROP non-tasters display higher acceptance of
a greater variety of foods in adults [159,160] as well as in children
(11,78,127,161,162].

Interestingly, the ability to taste PTC/PROP is heightened in
young children and progressively decreases as people become older
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[46,47] and the association between PTC/PROP taster status and food
likes and dislikes appears to be stronger in children than in adults
[49]. Specifically, Mennella et al. [49] reported that children with
high sensitivity to PROP, that is, with PAV/PAV genotypes, or with
moderate sensitivity to PROP, that is, with PAV/AVI genotypes, prefer
sweet beverages and foods more than children with less sensitivity to
PROP, while no correspondence between TAS2R38 genotypes and
sweet preferences was observed in adults. In agreement with these
findings, it has also been reported that use of bitter-tasting foods
increases with increasing age [48,163,164].

Taste ability, in general, has been shown to diminish as an
individual ages [44,45] and as consequence, taste perception of foods is
compromised in older subjects when compared to young adults [165].
Causes of the decrease in ability to taste have been attributed to use of
pharmaceuticals as well as to an age-related progressive lost of taste
receptors [48]. These findings, along with the lack of an association
between TAS2R38 genotypes and sweet preference in adults [49],
have led some authors to suggest that, as individuals mature, cultural
influences and physiological factors, such as the loss of taste receptors
as people age, exert a more important influence on food preferences
and intake than taste sensitivity-related genetic influences [48,49]. The
strong genetic impact of PTC/PROP sensitivity on young children’s
food preferences can be overcome if enough repeated exposure —at
least 8 days- to any food, including vegetables, is applied [166-169] and
may last until, at least, young adulthood [72].

Based on these findings, we can conclude that the younger an
individual is, the higher the impact of PTC/PROP taster status on that
individual’s food likes and dislikes will be. Furthermore, the more
sensitive to the bitter taste a person is, the higher the proportion of
foods that are disliked will be, while those less sensitive will prefer a
wider spectrum of foods, and especially high-sugar- and high-fat-
content foods. However, see Drewnowski, Henderson and Cockroft
[170] for a contrary point of view.

Sensitivity to other tastes, such as salty or sour tastes has not been
found to be related to food likes or dislikes [17,171-173]. However,
human genetic variation in sweet taste perception has recently been
found, in addition to findings of strong correlations between the allelic
polymorphism of TAS1R3 and sweet taste sensitivity to sucrose [174].
Further research is needed to ascertain if there is genetic variation in
the perception status of other tastes, and therefore, its association with
the hedonic value of foods, as well as possible age-related modulations.

Impact degree of young children’s PROP taste sensitiv-
ity on their vegetable acceptance

Several studies have examined ad hoc the relationship between
PROP taste sensitivity and acceptance of bitter vegetables, such as
cruciferous and non-cruciferous vegetables, in young children. Anliker
et al. [78] conducted a study with children aged between five and seven
and found no significant difference between PROP tasters and non-
tasters with regard to their liking of raw broccoli, cooked broccoli and
raw spinach, which is a bitter-tasting vegetable from the chenopodiaceae
vegetable family [59]. Tasters however, stated a lower preference for
these vegetables than non-tasters in a food-preference questionnaire.
Turnbull and Matisoo-Smith [144] observed that sensitivity to PROP
predicted low acceptance of raw spinach in children aged between
three and six, although this relationship was not found for raw and
cooked broccoli. Another subsequent study conducted in four and five
year-old children [127] concluded that PROP taster children reported a
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lower acceptance of raw broccoli than did non-taster children. Tepper
and Steinmann [106] had previously observed this acceptance in
children, although the data remain unpublished. Similar findings were
replicated in a study of consumption of raw broccoli in three to four
year-old children [175]. Furthermore, non-tasters ate more vegetables,
including more raw bitter vegetables (cucumber, broccoli and black
olives) than did tasters and ate more bitter than non-bitter vegetables
(carrots and red peppers). These findings, taken as a whole, suggest an
inverse relationship between PROP taste sensitivity and acceptance of
vegetables in young children, although the strength of this relationship
appears to be weak. This lack of robustness might exist because other
genes as well as TAS2R38, such as TASIR3 which has been shown
to be responsible for variability in sensitivity to Ca, and therefore to
the bitter taste from vegetables in adults [28-30], might also influence
young children’s sensitivity to the bitter taste of vegetables. However,
this possible explanation has not yet been studied and the genetic
variability in sensitivity to Ca has not been taken into account in studies
that have examined the association between bitter taste sensitivity and
vegetable acceptance in young children. Since previous research points
to an association between both parameters in 18-66-year-old subjects
(r=0.93) as well as in rats [28-30], it would be interesting to examine the
role of genetic variation in Ca taste sensitivity in bitter taste perception
of vegetables in young children. A combination of both of these traits
might underlie the individualized pattern of responsiveness to the
bitter taste of vegetables.

Impact degree of young children’s PROP taste sensitiv-
ity on their BMI

Studies examining the suspected association between PROP and
BMI in young children have yielded conflicting results. Keller and
Tepper [107] reported contradictory relationships between BMI and
PROP status, according to gender, in four to five year-old children, as
non-taster boys showed higher BMIs than taster boys, and taster girls
showed higher BMIs than non-taster girls. Furthermore, in a sample of
low-income three to six year-old children, a correlation between PROP
taster status BMI z-scores was found and the prevalence of overweight
children was higher in the taster group [108]. On the other hand, other
studies have found no difference in weight or BMI as a function of
PTC/PROP sensitivity status in the same age range of four to five years
[127,175]. Goldstein et al. [41] in a study of pre-adolescent children
(age=7-11 years), examined the hypothesis that PROP sensitivity might
influence the eating behavior of young children, but that differences
in body weight emerge later in development, and concluded that
there was no association between PROP status and body weight in
their subject sample. These conflicting findings suggest the existence
of a confounding factor that might be exerting an influence on this
relationship. Although Keller and Tepper [107] found a gender
effect, this has never been replicated and gender is unlike to be such
a confounding factor. SES is however, a more likely candidate. The
rationale for this claim is offered by Lumeng et al. [108] who state that,
with the exception of their own work in which subjects were of low SES,
previous studies, such as those of Keller et al. [127], Keller and Tepper
[107], and Bel and Tepper [175] were conducted with children of above
average SES. Indeed, all children who participated in these studies were
enrolled in the Rutgers University Nutritional Sciences Preschool,
which is a very exclusive nutrition-related educational program of the
State University of New Jersey that is focused on preschool children.
Furthermore, Baranowski et al. [176] found a significant PROP
sensitivity by SES interaction term (P=0.010) in children aged between
nine and ten and adolescents aged between seventeen and eighteen,
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regardless any other demographical variable. Specifically, supertasters
showed the largest BMI percentile and Z-score, but only among the
children with highest SES. However, no study has yet considered SES
as an independent variable in order to examine wether the relationship
between PROP taster status and BMI could change as a function of an
individual’s SES in young children, that is, children aged 6-year-old
or younger. Thus, future research examining this possible influence in
young children is warranted.

Conclusions and future research

This review has aimed to critically discuss the role of genetic
variation in bitter taste sensitivity in young children’s vegetable
acceptance and BMI and to achieve this aim, it was necessary to
review the history of the study of genetic variation in PTC/PROP
sensitivity and its association with with human food preferences. The
scientific consensus is that genetic variation in PTC/PROP sensitivity
determines human food likes and dislikes [157], and that this genetic
determination is modulated by age. Specifically, a stronger genetic
determination of food likes has been observed in young children than
in adults and older individuals [48,49], which suggests that experience
with foods modifies children’s eating behavioral patterns [50]. Cultural
and physiological conditions, combined with a negative correlation
between age and chemo-sensitivity and taste sensitivity in particular
[48,84], may explain the lower impact of taste genetics on food
preferences in mature and older subjects than in younger subjects.

The present review revealed that several reports conclude that
young children’s acceptance or rejection for vegetables depends on
their genetically determined sensitivity to the bitter taste, which is
indicated by the participants’ PROP taster status. In these studies,
young children characterized by a low PROP taste sensitivity accepted
vegetables, especially raw broccoli and raw spinach, more readily than
did children characterized by higher PROP taste sensitivity [135,175].
However, the strength of this dependency appears to be relative, in
view of the conflicting results that have been observed. For example,
while Keller et al. [127] found such a positive relationship regarding
raw broccoli, Turnbull and Matisoo-Smith [135] did not. Furthermore,
Anliker et al. [78] observed no differences between the liking ratings
from tasters and non-tasters for individual vegetables (raw broccoli,
cooked broccoli and spinach), although tasters ranked vegetables lower
in an ordered preference ranking.

Apart from genetic variation in PROP taster status, genetic
variation in Ca taster status has also been shown to exert an influence
on the degree to which the bitterness from vegetables is perceived, and
to explain individual differences in preference for vegetables in rats
as well as adult humans [28-30]. However, this association has not
been studied in young children. Therefore, it would be interesting to
examine the association between young children’s Ca taster status and
their vegetable acceptance. The confirmation of this association would
also confirm the claim that a probable combination of at least both of
these genetic traits, instead of one unique genetic trait, may underlie the
individualized pattern of responsiveness —sensitive vs. insensitive- to
the bitter taste of vegetables, and therefore of preference for vegetables.

Since the bitter taste is the main determinant for rejection of
consumption of vegetables in young children [56,57] and since the
process of debittering vegetables through different mechanisms
is possible [177,178], food science would be well advised to make
vegetables less bitter if young children are to increase their vegetable
consumption. This recommendation is independent of the influence of
genetic variation in bitter taste sensitivity on young children’s vegetable
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intake. However, natural bitter compounds occurring in vegetables,
such as glucosinates are important cancer-preventive substances
[179,180], a solution to this dilemma is needed. Another strategy that
can be applied to improve young children’s vegetable consumption
is the experience-related strategy of repeated exposure —without any
reinforcement- to vegetables. Indeed, it has been shown that repeated
exposure of young children to particular foods induces long lasting
preferences for them [72,167,169].

Conflicting results have been observed when examining the
relationship between PROP taster status and BMI in young children.
While some studies have found positive correlations, others have found
negative correlations, gender-related contradictions, or have found no
relationships at all. It has been suggested that confounding variables,
such as SES might exert an influence on the mentioned relationship
in old children, that is, children aged nine-year-old or older and
adolescents [176]. However, SES has never been used as independent
variable in studies examining the relationship between PROP and BMI
in young children and all young children in whom that relationship
has been studied have been of high SES. The exception is the study of
Lumeng et al. [107], which examined the relationship between PROP
taster status and BMI in a sample of low-income three to six year-old
children. Thus, further research on SES as a possible factor modulating
that in young children, is needed.
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