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Background: Little research has focused on whether there are individual differences among children in their sensitivity to
sweet taste and, if so, the biological correlates of such differences.

Objectives: Our goal was to understand how variations in children’s sucrose detection thresholds relate to their age and gender,
taste genotype, body composition, and dietary intake of added sugars.

Methods: Sucrose detection thresholds in 7- to 14-year-old children were tested individually using a validated, two-alternative,
forced-choice, paired-comparison tracking method. Five genetic variants of taste genes were assayed: TAS1R3 and GNAT3
(sweet genes; one variant each) and the bitter receptor gene TAS2R38 (three variants). All children were measured for body
weight and height. A subset of these children were measured for the percentage of body fat and waist circumference and
provided added sugar intake by 24-hour dietary recall.

Results: Sucrose thresholds ranged from 0.23 to 153.8mMwithmost of the children completing the threshold task (216/235;
92%). Some children were biologically related (i.e., siblings), and for the genetic analysis, one sibling from each family was
studied. Variants in the bitter but not the sweet genes were related to sucrose threshold and sugar intake; children with two
bitter-sensitive alleles could detect sucrose at lower concentrations (F(2,165) = 4.55, p = .01; rs1726866) and reported
eating more added sugar (% kcal; F(2, 62) = 3.64, p = .03) than did children with less sensitive alleles. Age, gender, and
indices of obesity also were related to child-to-child differences in sucrose threshold; girls were more sensitive than boys
(t(214) = 2.0, p = .05), older children were more sensitive than younger children (r(214) = .16, p = .02), and fatter
(r(84) = .22, p = .05) or more centrally obese children (r(84) = .26, p = .02) were more sensitive relative to others.

Discussion: Inborn differences in bitter sensitivity may affect childhood dietary sugar intake with long-term health consequences.
There may be a more complex interplay between the developing bitter and sweet taste systems than previously understood.
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Sweetness as a sensation starts on the tongue and engages
several signaling proteins that are coded by specific
genes in the human genome. Sucrose stimulates a recep-

tor on taste cells; the resulting signal is conducted via G proteins
and eventually produces a signal interpreted centrally as sweet
taste (i.e., taste transduction). The sweet receptor has two parts:
the gene TAS1R2 encoding the first part was discovered in
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1999, and the second gene, TAS1R3, was discovered in 2001
(for a review, see Reed & McDaniel, 2006). The respective pro-
teins from these genes are T1R2 and T1R3. Among the G pro-
teins, the one associated with sweet signaling is gustducin (Gα

protein subunit), encoded by GNAT3 (McLaughlin, McKinnon,
& Margolskee, 1992).

In adult populations, variation in the TAS1R3 and GNAT3

genes relates to differences in the ability to perceive sweet tast-
ing stimuli. ForGNAT3, adults with twoC alleles (CC)were bet-
ter able to sort low concentrations of sucrose into the correct
order than those with two T alleles (TT; rs7792845; Fushan,
Simons, Slack, & Drayna, 2010). For TAS1R3, adults with one
or two copies of the T nucleotide (TT) were less sensitive to
the taste of sucrose than were those with two copies of the al-
ternative C allele (CC; rs35744183; Fushan, Simons, Slack,
Manichaikul, & Drayna, 2009). Adults with the TT genotype of
the TAS1R3 gene also preferred higher levels of sweetness
than those with the CC genotype (Mennella, Finkbeiner,
Lipchock, Hwang, & Reed, 2014; Mennella, Finkbeiner, &
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Reed, 2012; Mennella, Reed, Mathew, Roberts, & Mansfield,
2015), possibly because they need more sucrose to obtain
the same hedonic effect.

Children live in different sensoryworlds than adults when
it comes to sweet taste (Mennella, 2008): They prefer higher
levels than do adults (Mennella, Finkbeiner, et al., 2014), with
preferences declining to adult levels during adolescence, which
coincides with the cessation of physical growth (Coldwell,
Oswald, & Reed, 2009; Mennella, Finkbeiner, et al., 2014).
To date, whether genotype-related differences in sweet
taste sensitivity exist among children has not been investi-
gated. We do know, however, that variation in the TAS1R3
gene does not relate to differences in levels of sucrose most
preferred in children, like it does in adults (Mennella et al.,
2012, 2015; Mennella, Finkbeiner, et al., 2014).

Unlike the sweet-associated TAS1R3 gene, variation in
bitter receptor gene TAS2R38 can explain individual differences
in sweet preferences among children. TAS2R38 contains three
variant locations—best known for their association with the bit-
ter perception of thioureas—such as propylthiouracil (Bufe
et al., 2005; Kim et al., 2003). Foods containing thioureas are
cruciferous vegetables such as kale, cabbage, and broccoli.
Children with the bitter-sensitive genotypes (AP, PP; rs713598,
A49P) prefer significantly higher levels of sucrose than those
with the bitter-insensitive genotype (AA) both in laboratory-
based measures and in reported preferences of real-world foods
like cereal and beverages (Mennella et al., 2012; Mennella,
Pepino, & Reed, 2005). Other investigators also report that
childrenwho are bitter sensitive consume diets higher in sugar
than do bitter-insensitive children (Keller & Tepper, 2004).

With these points in mind, we examined the degree of var-
iation in children’s sucrose detection thresholds and whether
sweet- and bitter-related genotypes might partially be ac-
counted for such variation. Genotypes that were related to su-
crose threshold were examined for the propensity of children
to consume part of their calories as added sugars. Thus, esti-
mates of dietary intake of added sugars (mg) and daily caloric
intake (kcal/day) were obtained for a subset of the children.
We also hypothesized that if sweet taste sensitivity, diet, and
obesity share a common etiology, then sweet sensitivity could
potentially provide insights into obesity. To that end, we ex-
amined how sensitivity to sweet taste varies with anthropo-
metric measures of obesity: body mass index (BMI; a ratio of
height to weight with national norms by age), percentage of
body fat (an index of overall adiposity), and central obesity
(waist-to-height ratio [WHtR]).

METHODS

Participants

Mothers of healthy children 7–14 years of age were recruited
for a “taste study” from local advertisements and from a list of
past participants who asked to be notified of future studies.
Copyright © 2015 Wolters Kluwer Health, Inc. Unau
Only children who were healthy at the time of testing, with
no major medical illness such as diabetes, heart disease, or
asthma, were included. All procedures were approved by
the institutional review board, which is part of the Office of
Regulatory Affairs at the University of Pennsylvania. Before
study participation, written informed consent was obtained
from each mother and informed assent from each child. All
measures were collected during one test session, with anthro-
pometry collected at the beginning of the session.

Children’s Sucrose Taste Threshold Training
and Testing

Participants were tested after fasting for at least 1 hour and
acclimation to the study personnel and room for at least
15 minutes. Detection thresholds were measured by using a
two-alternative, forced-choice staircase procedure developed
at the Monell Center for adults (Cowart & Beauchamp, 1990;
Mennella, Lukasewycz, Griffith, & Beauchamp, 2011; Pribitkin,
Rosenthal, & Cowart, 2003) and later adapted for use among
pediatric populations (Bobowski & Mennella, 2015). Testing
took place in a private, comfortable room specifically de-
signed for sensory testing that was illuminated with red light
tomask any visual differences among samples. Prior to testing,
all children were trained to become familiar with the method
and to assess whether they understood the detection threshold
task, as follows. Children were presented with a pair of 30-ml
disposable medicine cups (Fisher Scientific, Pittsburgh, PA),
one containing distilled water and the other containing either
0.056 mM or 18 mM sucrose solution in random order (Pepino,
Finkbeiner, Beauchamp, & Mennella, 2010). Children were
asked to taste both solutions in the order presented and to point
to the solution that had a taste. The two pairs provided the chil-
dren with the experience of tasting a pair of solutions in which
they could not detect a difference (i.e., water vs. 0.056 mM su-
crose) and a pair that was easily discernible (i.e., water vs.
18mM sucrose)—conditions encountered during threshold test-
ing. This method eliminated the need for a verbal response and
has been shown to be an effective method for assessing both
taste and olfaction in children (Bobowski & Mennella, 2015;
Mennella, Finkbeiner, et al., 2014).

For testing and as shown in Figure 1, the 17 solutions
ranged from 1000 to 0.056 mM in quarter-log steps. The first
stimulus presented was near the middle of the concentration
series starting at 3.2 mM. During this and each subsequent
trial, participants were presented with pairs of solutions—
the distilled water and the taste stimulus. Participants were
instructed to taste the first solution presented within a pair,
swish the solution in their mouth for 5 seconds, and expecto-
rate and then to taste the second solution within a pair using
the same protocol; participants rinsed their mouths with wa-
ter once between solutions within a pair and twice between
successive pairs. After tasting both solutions within a pair, par-
ticipantswere asked to point to the solution that had a taste, as
thorized reproduction of this article is prohibited.



FIGURE 1. The tracking grid used in the paired comparisonmethod to determine sucrose detection thresholds. The order of presentation of pairs of solutions
was determined at random (presentation order 1 signifies water is presented first within that particular pair, whereas 2 signifies the solution with a tastant
[sucrose] is presented first within that particular pair). Testing began at Step 10, which corresponded to a concentration of 3.2 mM sucrose. Participants
were presented with a pair of solutions, asked to taste each solution following the test protocol, and to point to the solution that had a taste. The tracking grid
was used to record whether a participant correctly (+) or incorrectly (−) identified the solution with a taste; the concentration of the tastant in the solution
presented in the subsequent pair was increased after a single incorrect response and decreased after two consecutive correct responses. Testing continued
until the participant attained four reversals in performance (circled andmarked with arrows to indicate the direction of reversal); a participant’s threshold for
a tastant was calculated as themean of the log values of the last four reversals. In this example, the participant’smolar concentrations for each reversal were
10, 3.2, 5.6, and 1.8 mM. Thus, the calculation is [((−2.00) + (−2.49) + (−2.25) + (−2.74)/4)] = −2.37. We computed the antilog, which is ~4.2 mM.
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in the training task. The concentration of the tastant in the so-
lution presented in the subsequent pair was increased after a
single incorrect response and decreased after two consecu-
tive correct responses. A reversal occurred when the concen-
tration sequence changed direction (i.e., an incorrect
response followed by a correct response or vice versa). A
tracking grid was used to record participants’ responses
(Figure 1). The testing procedure ended after four reversals
occurred, provided that therewere nomore than two dilution
steps between two consecutive reversals and the reversals did
not form an ascending pattern such that positive and negative
reversals were achieved at successively higher concentra-
tions. The participants’ detection threshold for sucrose was
the mean of the log values of the last four reversals.
Demographics, Anthropometry, and Diet

Demographic data were collected by maternal interview. All
but three children were weighed (kg; Model 439 physical
scale; Detecto, Webb City, MO) and measured for height
(cm) wearing light clothing and no shoes. BMI (kg/m2) was
determined, after which age- and gender-specific BMI z scores
were calculated using EpiInfo 3.5 (www.cdc.gov/epiinfo).
Participants were placed into one of four BMI categories
(underweight, healthyweight, overweight, and obese) according
to Centers for Disease Control and Prevention’s pediatric growth
charts (Kuczmarski et al., 2002).
Copyright © 2015 Wolters Kluwer Health, Inc. Unaut
For a subset of the subjects tested (n = 96), we obtained
additional anthropometric measures and dietary intake data.
First, we determined WHtR: Participants stood with their
weight evenly distributed on both feet, with their feet about
25–30 cm apart, and their abdominal circumference was mea-
sured to the nearest 0.1 cm. Children with WHtR ≥ 0.5 were
considered to have central obesity based on criteria previ-
ously established (Mokha et al., 2010). We also determined
the percentage of body fat on all but one of these children
(n = 95) by bioelectrical impedance analysis (Chumlea et al.,
2002) using the Quantum X instrument (RJL Systems, Clinton
Township, MI).

Dietary intake data using the Automated Self-Administered
24-Hour Recall system (ASA24), developed by the National
Cancer Institute (2014). On testing day, mothers and children
sat side by side as the mother reported 24-hour dietary recall
for her child to a trained researcher. Children were asked to re-
port on snacks or foods eaten outside the home (e.g., school;
Kirkpatrick et al., 2014). After a participant reported a specific
food or beverage, ASA24 provided visual depiction of the item
in an appropriate dish,which allowed participants to accurately
estimate portion sizes. From the data collected, we focused on
daily added sugar intake relative to daily total caloric intake
(kcal/total kcal). The Goldberg cutoff was applied to eliminate
low-energy reporters prior to analyses (Goldberg et al., 1991).
Low-energy reporters are those individuals who report less cal-
ories consumed than is plausible based on their body size.
horized reproduction of this article is prohibited.
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TABLE 1. Participant Demographics

All (N = 235) Subseta (n = 96)

Demographic n (%) n (%)

Gender (female) 124 (52.8 ) 53 (55.2)
Race

Black 136 (57.8) 49 (51.0)

White 46 (19.6) 16 (16.7)
Asian 2 (0.9) 2 (2.1)
Other/more than one 51 (21.7) 29 (30.2)

Ethnicity (non-Hispanic) 219 (93.2) 84 (87.5)
M (SD) M (SD)

Age (years) 10.4 (1.9) 10.4 (10.4)

Note. SD = standard deviation. aIn addition to body weight and height, children
in the subset were measured for percentage of body fat, waist circumference,
and provided added sugar intake by 24-hour dietary recall.
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Taste Genotyping

Participants provided DNA samples extracted from cheek
swabs or saliva (BuccalAmp, Epicenter, Madison, WI, or
Genotek, Kanata, Canada), which were used as templates in
Taqman assays (Applied Biosystems, Foster City, CA) and
assayed in duplicate using previously established methods
(Mennella et al., 2012). The genes and their variants selected
for studywere TAS1R3 (rs35744813; CC, CT, and TT),GNAT3
(rs7792845; CC, CT, and TT), and TAS2R38 (rs713598 AA, AP,
and PP; rs1726866 VV, AV, and AA; and rs10246939 II, IV, and
VV). For TAS1R3, of three genotypes at this locus, TT is asso-
ciated with a poorer ability to distinguish among low concen-
trations of sucrose than is the CC genotype. For GNAT3, the
CC genotype is associated with the poorest taste ability com-
pared with the TT genotype. For TAS2R38, the variant sites
were expected to change amino acids in the proteins as fol-
lows: A49P, V262A, and I296V. For A49P, the PP genotype
is associated with higher sucrose preference in children
than is the AA genotype (Mennella et al., 2005). Because
of the tendency for closely linked alleles to be coinherited,
the V allele of rs1726866 and the I allele of rs10246939would
be similar in effect to the A allele of A49P.

For the polymerase chain reaction, the extracted DNA
samples were diluted to 5 ng/μl. For the two variant sites
within regulatory regions TAS1R3 (rs35744813) and GNAT3

(rs7792845), genotyping results are shown as nucleotides
(i.e., CC, CT or TT). For variant sites within protein-coding re-
gions, genotyping results are shown as single amino acid
codes (e.g., AA for rs713598 A49P). As quality assurance, the
allele frequencies were compared against earlier studies from
similar populations of children (Mennella et al., 2005, 2012;
Mennella, Reed, Roberts, Mathew, & Mansfield, 2014), and
we established that the observed genotypes were in Hardy–
Weinberg equilibrium.

Data Analyses

The primary outcomemeasures were sucrose detection thresh-
olds and taste genotypes of five variant sites. Prior to statisti-
cal analyses, the distribution of sucrose detection threshold
values was evaluated by the Kolmogorov–Smirnov test for
normality (d = 0.187, p < .01), and the values were square
root-transformed to approximate a normal distribution. In
line with study hypotheses, t-tests were used to examine the
relationship between sucrose detection thresholds and gen-
der. Pearson’s correlations were used to examine the relation-
ship between thresholds and age, anthropometric measures
(z-scores for BMI, weight for age, height for age, percentage
of body fat, WHtR), and dietary intake (total daily kcal, and
added sugars as kcal/total kcal and kcal/kg body weight). To
explore the relationship sucrose thresholds with diet and an-
thropometry, we examined its correlation with age, added
sugar (mg and as a percentage of total calories), percentage
of body fat, and WHtR using Pearson’s correlations and
Copyright © 2015 Wolters Kluwer Health, Inc. Unau
whether there were gender differences in these measures
using the t test.

Separate one-way ANOVAs using genotype (TAS1R3, one
variant site; GNAT3, one variant site; and TAS2R38, three var-
iant sites) were conducted. If more than one child from a fam-
ily participated in the study, only one child (n = 175) was
picked at random to be included in the genetic analyses
(Mennella et al., 2012). Each genotype was assayed in dupli-
cate, and values agreed in each case. All alleles were in Hardy–
Weinberg equilibrium (p > .05). Genotypes that were asso-
ciated with sucrose threshold were evaluated for their rela-
tionship with the percentage of added sugar (kcal) in the
child’s diet.

Drawing on the conclusions from the separate analyses
described above, those outcome measures related to sucrose
detection thresholds were included in a general linear (multi-
variate) model to establish the effect size of each. The crite-
rion for statistical significance for the omnibus statistical tests
and the least square difference post hoc tests was p < .05. All
analyses were conducted with Statistica, Version 12 (StatSoft,
Tulsa, OK), with p-values significant at alpha ≤ .05.

RESULTS

Participant Characteristics

As shown in Table 1, the study population consisted of 235
children whose race/ethnicity, family income, maternal edu-
cation, and prevalence of obesity reflected the diversity of
the City of Philadelphia (Pew Charitable Trust, 2011, 2014).
More than half (57.8%) of the children were Black (n = 136),
19.6% were White (n = 46), and 21.7% were of more than
one race. The vast majority of children (93.2%, n = 219) were
non-Hispanic. Female participants made up 52.8% (n = 124),
and male participants accounted for 47.2% (n = 111) of the
study population. Most children were unrelated (n = 122),
but the sample included 46 two-sibling pairs (n = 92) and
seven families of three siblings (n = 21).
thorized reproduction of this article is prohibited.



TABLE 2. Sucrose Detection Thresholds, Anthropometry, and Dietary Intake for Children

All (N = 235) Subset (n = 96)a

Characteristic n (%) M (SD ) n (%) M (SD)

Sucrose detection thresholds
Children who completed the task 216 (91.9) 86 (89.6)
Detection threshold (mM) 216 12.0 (12.9) 86 10.6 (8.4)

Anthropometric measures
Children who agreed to be measured 232 (98.7) 96 (100.0)
Weight-for-age z scores 232 0.84 (1.14) 96 0.94 (1.21)
Height-for-age z scores 232 0.54 (1.09) 96 0.63 (1.07)
BMI z scores 232 0.77 (1.07) 96 0.83 (1.18)

BMI categories (%)
Underweight: BMI percentile <5% 5 (2.2) 3 (3.1)
Healthy weight: BMI percentile 5%–85% 125 (53.8) 46 (47.9)
Overweight: BMI percentile 85%–95% 52 (22.4) 20 (20.9)
Obese: BMI percentile >95% 50 (21.6) 27 (28.1)

Percentage of body fat 95 32.9 (11.6)
WHtR 96 0.5 (0.07)

Dietary intakeb

Total (kcal) 73 2,284 (779)
Relative to body weight (kcal/kg) 73 57 (27)

Daily added sugars

Total (mg) 73 81,427 (48,185)
Added sugar (% of kcal) 73 14 (7)

Note. SD = standard deviation; WHtR = waist-to-height ratio; BMI = bodymass index. aIn this subset of children (n = 96),
further anthropomorphic and dietary measures were added later in the study. bDietary records for 23 of the 96 children
were excluded based on the Goldberg cutoff.

TABLE 3. Correlations Between Sucrose Detection Thresholds
and Age, Anthropometric Measures, and Dietary Measures

All (N = 235) Subset (n = 96)

Trait r n p r n p

Age of child (years) −.16 216 .02 −.28 86 .009
Heighta .08 214 .26 .00 86 .99

Weighta −.03 214 .70 −.15 86 .18
BMIa −.07 214 .32 −.15 86 .17
Waist-to-height ratio NK NK NK −.26 86 .02
Percentage of body fat NK NK NK −.22 86 .05
Daily calories
Total calories (kcal) NK NK NK −.13 65 .27
Relative to body weightb NK NK NK .09 65 .44

Added sugarc NK NK NK −.05 65 .72

Note.Sucrose thresholdwasmeasured inmM.BMI=bodymass index;NK=not
known because these measures were obtained only on the subset of children;
r = Pearson’s correlation coefficient. aValues are z scores adjusted for the child’s
age and gender. bkcal/kg. cPercentage of total calories.
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Regarding anthropometric measures, 21.6% of children
were obese, 22.4% were overweight, 53.8% were normal
weight, and 2.2%were underweight. In the subset of children
for whomwe had data on percentage of body fat (n = 95) and
WHtR (n = 96; Table 2), 38.5% were classified as having cen-
tral obesity; percentage of body fat averaged 32.9% (range,
9.8–60.8%).

Sucrose Detection Threshold by Age and Gender

Most of the children (n = 216/235, 91.9%) completed the psy-
chophysical taste task. The remaining children did not comply
with the procedures, got tired, or refused to continue to par-
ticipate. Sucrose detection thresholds were, on average,
12.0 mM and ranged from 0.23 mM to 153.8 mM sucrose. As
children got older, they had significantly lower thresholds
(were more sensitive) than did younger children (r(214) = −.16,
p = .02; Table 3), and girls had significantly lower thresholds
than boys (M = 10.5, SD = 8.6 mM vs.M =13.9, SD = 16.6mM;
t(214) = 2.0, p = .05).

Sucrose Detection Threshold and Added Sugar Intake
by Genotype

Of the 175 unrelated children, 168 had valid sucrose detection
thresholds and were included in genotype analyses. A few ge-
nomic DNA samples were refractory to genotyping: 6 for
TAS1R3 and 10 for GNAT3. Of the subset of unrelated chil-
dren (n = 96) for whom we had dietary records, 23 were
Copyright © 2015 Wolters Kluwer Health, Inc. Unaut
identified as low-energy reporters by the Goldberg cutoff
and, thus, were excluded from genotype–dietary analysis.

As shown in Table 4, sucrose detection thresholds were
not related to the genotype of the sweet-related genes TAS1R3
(F(2,159) = 1.01, p = .36) and GNAT3(F (2,155) = 1.04, p = .36)
or to the bitter receptor gene TAS2R38 variant rs713598
(F(2,165) = 2.45, p = .09). However, TAS2R38 variants
rs1726866 and rs10246939 were related to sucrose
horized reproduction of this article is prohibited.



TABLE 4. Sucrose Detection Thresholds in Children Grouped by Taste Genotype

Gene Varianta Genotypeb nc

Sucrose

thresholds

(mM)

F df p Post hocM (SD)

Unadjusted thresholds
TAS1R3 rs35744183 CC 52 9.6 (5.9) 1.01 2,159 .36 CC = CT = TT

CT 70 12.4 (9.8)

TT 40 10.9 (8.6)
GNAT3 rs7792845 CC 82 10.6 (8.4) 1.04 2,155 .36 CC = CT = TT

CT 64 12.3 (9.1)
TT 12 11.2 (6.8)

TAS2R38 rs713598 AA 52 13.1 (9.8) 2.45 2,165 .09 AA = AP = PP
AP 86 10.7 (8.3)
PP 30 8.9 (6.2)

rs1726866 VV 34 15.3 (10.7) 4.55 2,165 .01 VV > AV, AA
AV 73 10.1 (7.7)
AA 61 10.1 (7.6)

rs10246939 II 49 13.4 (9.9) 3.14 2,165 .05 II, IV > VV

IV 85 10.9 (8.3)
VV 34 8.6 (6.1)

Thresholds adjusted for age and gender
TAS1R3 rs35744183 CC 52 9.6 (5.9) 1.08 2,157 .34 CC = CT = TT

CT 70 12.4 (9.8)
TT 40 10.9 (8.6)

GNAT3 rs7792845 CC 82 10.6 (8.4) 1.29 2,153 .28 CC = CT = TT
CT 64 12.3 (9.1)
TT 12 11.2 (6.8)

TAS2R38 rs713598 AA 52 13.1 (9.8) 3.18 2,163 .04 AA > PP,
AA = AP,
PPA = AP

AP 86 10.7 (8.3)
PP 30 8.9 (6.2)

rs1726866 VV 34 15.3 (10.7) 5.07 2,163 .007 VV > AV,AA
AV 73 10.1 (7.7)
AA 61 10.1 (7.6)

rs10246939 II 49 13.4 (9.9) 3.92 2,163 .02 II > VV,II = IV,
IV = VV

IV 85 10.9 (8.3)
VV 34 8.6 (6.1)

ars = reference single nucleotide polymorphism; rs numbers are publicly cataloged in dbSNP (http://www.ncbi.nlm.nih
.gov/SNP/). bVariants are presented as nucleotides if they reside in regulatory regions (e.g., C or T); those in protein-coding
regions are presented as amino acid substitutions (e.g., A or P, alanine to proline). n = number of children of each genotype.
cAlleles were tested for Hardy–Weinberg equilibrium; all p-values > .05 in the assessment of Hardy–Weinberg equilibrium.
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threshold (F(2,165) = 4.55, p = .01; F(2,165) = 3.14, p = .05).
Children with one or two bitter-sensitive alleles (the A allele
of rs1726866 V262A and/or the V allele of rs10246939
I296V) had lower detection thresholds (i.e., were more sen-
sitive to the taste of sucrose). After age and gender adjust-
ment, the TAS2R38 variant rs713598 also met statistical
threshold (F(2,163) = 3.18, p = .04), with the bitter-sensitive al-
lele (P allele of A49P) being more common in children with
lower sucrose thresholds (Figure 2).

TAS2R38 genotypes were also related to added sugars as
a percentage of total calories consumed by the children.
Copyright © 2015 Wolters Kluwer Health, Inc. Unau
There was no relationship of genotype with total calories
(F(2,65) = 0.80, p = .45), but the diet of children with the
bitter-sensitive genotype (AA, rs1726866, A262V) contained
more added sugar per kcal (M = 16, SD = 6 % of kcal as added
sugars) than did children with one or two copies of the insen-
sitive allele (AV, M = 11, SD = 6 and VV, M = 13, SD = 8%;
F(2,62) = 3.64, p = .03). The results were specific to TAS2R38
variant sites of this gene, and this effect was not apparent for
the remaining two variants, rs713598 (F(2, 62) = 0.40, p = .67)
and rs10246939 (F(2, 62) = 0.85, p = .43). Overall, added
sugar intake was high, and only 5% of children (n = 4) who
thorized reproduction of this article is prohibited.
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FIGURE 2. Box plots of sucrose detection threshold by genotype group
(median, upper and lower quartile, and minimum and maximum values).
For each variant, groups that differ significantly by post hoc testing do not
share a superscript.
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provided valid dietary data met World Health Organization
guidelines.

Sucrose Detection Thresholds by Anthropometry

We found no significant relationships between sucrose detec-
tion thresholds and z scores for height-for-age (r(214) = .08,
p = .26), weight-for-age (r(214) = −.03, p = .70), or BMI (r
(214) = −.07, p = .32). However, the greater the percentage
of body fat (as measured by bioelectrical impedance) or WHtR,
the lower the sucrose thresholds (r(84) = −.22, p = .05 and r

(84) = −.26, p = .02, respectively; Table 3). Correlation coeffi-
cients among all variables, not only sucrose thresholds, are
shown (see Table, Supplemental Digital Content 1, http://links
.lww.com/NRES/A165).

Model

We created a statistical model to explore the independent de-
terminants of sucrose detection threshold, with variables that
were influential in the univariate analysis: age, gender, and
TAS2R38 genotype. The general linear model included gen-
der (male vs. female) and genotype (rs10246939, II, IV, or
VV) as categorical factors and age as a continuous (quantita-
tive) covariate. This model explained 7% of the total vari-
ance among children in their sucrose detection thresholds
[F(2,163) = 3.9, p = .02]. Genotype ( p = .02, η2 = .05), age
( p = .07, η2 = .02) and sex ( p = .12, η2 = .01) independently
contributed to variance in sucrose thresholds.
DISCUSSION

Like adults, children between the ages of 7 and 14 differed
markedly in their ability to detect sucrose at low concentra-
tions. Thresholds for sucrose detection ranged from 0.23 to
153.8 mM, with an average of 12.0 mM, which approximates
thresholds previously reported for both adults (Pepino et al.,
2010; Pepino & Mennella, 2007; Pribitkin et al., 2003) and
Copyright © 2015 Wolters Kluwer Health, Inc. Unaut
children (James, Laing, & Oram, 1997; Overberg, Hummel, Krude,
&Wiegand, 2012).

Age and gender were determinants of sucrose detection
threshold—on a continuum even within this narrow age
range—with younger children less sensitive than older chil-
dren and boys less sensitive than girls; the latter finding is con-
sistent with prior work (James et al., 1997). To further
establish the dynamics of changes with age, research that as-
sesses detection thresholds of children and adults of varying
ages within the same study and using identical methodologies
is needed (Pepino et al., 2010; Pepino & Mennella, 2007).

The age- and gender-related effects during childhood and
early adolescence may be specific to sweet taste, as suggested
by a recent study that found no such relationships for detection
thresholds for two other basic tastes (the saltiness of sodium
chloride and the umami or savory taste of monosodium gluta-
mate; Bobowski & Mennella, 2015). That study used the same
psychophysical taste method used here in children of the same
age range, sowe can conclude that the higher detection thresh-
olds for sucrose we found among younger children and boys
were not due to differences in cognition or the ability to com-
plete the task. Both age and gender of the child reflect underly-
ing hormonal and developmental processes thatmay shape this
sensory system (Posner, Rothbart, Sheese, & Voelker, 2012).
Gender-related differences may be due to girls undergoing
puberty at earlier ages than boys.

Children are born with different taste genotypes, and our
results suggest that some, but not all, genetic variants affect
the sensory experience of the child. Unlike adults (Fushan
et al., 2009), we found no relationship between a variant in
the TAS1R3 gene and sucrose detection thresholds in these
children. Similarly, a variant in GNAT3 is related to taste sensi-
tivity in adults (Fushan et al., 2010) but had no measurable ef-
fect in the children studied here. One explanation is that the
psychophysical methods tomeasure sucrose detection thresh-
olds used in the Fushan studies of GNAT3 and TAS1R3

(Fushan et al., 2009, 2010) were slightly different than those
we used here, which may account for the difference in the re-
sults. Another explanation may be age-related effects: This
particular genetic variant is in a regulatory region. Regulatory
regions affect how much messenger ribonucleic acid is pro-
duced, which often affects the abundance of function pro-
teins in a given cell, and in this specific case, the result
suggests that this regulatory effect may be more potent in
adults than in children. Race may also play a role because
one of the alleles (T) is rare in Whites. Overall, this lack of
genetic association with these two taste genes is reminiscent
of its effect on sweet preference, detectable in adults, but less
apparent in children (Mennella et al., 2012, 2015).

Although there was no relationship with sweet taste ge-
notypes, sucrose detection thresholds were related to varia-
tion in the bitter taste receptor gene TAS2R38 among
children. Children differ in their ability to perceive the bitter
horized reproduction of this article is prohibited.
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compound propylthiouracil, and these differences are due in
large part to alleles of this gene (Mennella et al., 2005;
Mennella, Pepino, Duke, & Reed, 2010b; Mennella, Reed,
et al., 2014). As discussed earlier, alleles of this bitter taste re-
ceptor TAS2R38 gene also partially explained individual differ-
ences in children’s sweet preferences (Mennella et al., 2005).
Moreover, several studies in adults have linked the perception
of the bitter ligands of this receptor to sucrose or sweet
thresholds in adults (Chang, Chung, Kim, Chung, & Kho,
2006; Hong et al., 2005). Taken together, these studies point
to a role of this bitter taste receptor gene in sweet perception
and suggest that the sweet and bitter taste systems are more
tightly linked than previously understood (Mennella et al.,
2015).

Four hypotheses, not mutually exclusive, might account
for the observed relationship between variation in the TAS2R38
gene and heightened sweet preferences and reduced sweet sen-
sitivity among children. First, TAS2R38 alleles could lead to pro-
teins with different capacities to bind sucrose directly. Other
sweet substances, like saccharin, bind members of the bitter re-
ceptor family (Pronin et al., 2007), so this hypothesis has some
experimental support. The results were mostly marked for
one variant within the protein, which might point to the place
in the receptor that binds sucrose (i.e., V262A). Second, the
TAS2R38 genes and its alleles could be in linkage disequilibrium
with nearby genes that might influence sweet taste perception
and sensitivity (referring to the tendency for genes physically
close on the chromosome to be coinherited during meiosis).
Third, TAS2R38 allele frequency may be an especially sensi-
tive genetic marker of racial ancestry (Guo & Reed, 2001), a
variable with large and reliable effect on sweet preference
(Mennella et al., 2005) and bitter taste thresholds (Guo &
Reed, 2001; Mennella et al., 2010b; Mennella, Pepino, Duke,
& Reed, 2010a). Fourth, differences in diet may affect sucrose
threshold via changes in gene expression (Lipchock, Mennella,
Spielman, & Reed, 2013).

In this study, children with a bitter-sensitive allele of
TAS2R38 also reported consuming more added sugar than
did those with the less sensitive allele, a finding consistent
with previous reports that children with a bitter-sensitive al-
lele preferred cereal and beverages with high-sugar content
than those without (Mennella et al., 2005). These results are
similar to a recent study that measured added sugar (e.g.,
candy) consumption in children (Hoppu, Laitinen, Jaakkola,
& Sandell, 2015). Children in the study herein consumed, on
average, 14% of total calories as added sugar, almost three
times the 5% recommendation of international experts in pub-
lic health (World Health Organization, 2015), and over the
recommended 10% from the 2015 Dietary Guidelines for
Americans (Dietary Guidelines Advisory Committee, 2015).
In fact, of the 73 children in this study that provided valid die-
tary data, only four did not exceed the dietary recommenda-
tion. These reports of added sugar in this study, while not in
Copyright © 2015 Wolters Kluwer Health, Inc. Unau
compliance with public health recommendations, are typical
and remarkably consistent with intake data obtained from
larger-scale epidemiological studies (Ervin, Kit, Carroll, &
Ogden, 2012).

Conclusions

In this study, we examined the relationships between sweet
taste threshold and body weight, central adiposity, and per-
centage of body fat. We found that BMI was not related to su-
crose thresholds, but when more direct measures of obesity
were examined, children who were fatter and those with
larger waistlines relative to their height had lower thresholds.
This result is consistent with those of another study which
measured sucrose threshold in obese and lean adolescents
(Pasquet, Frelut, Simmen, Hladik, & Monneuse, 2007) but dif-
fers from another study which reports that obese adolescents,
as measured by BMI, are less sensitive to low-sucrose concen-
trations than lean adolescents (Overberg et al., 2012). Differ-
ences in methods especially the reliance on insensitive
measures of childhood obesity like BMI (Demerath et al.,
2006) rather than more direct measures like percentage of
body fat or WHtR may account for the inconsistencies across
studies. New knowledge about the age-related and molecular
basis of individual differences in taste and the use of method-
ologies that are validated and appropriate for children
(Mennella, Spector, Reed, & Coldwell, 2013)—a generation
who will struggle with obesity and diabetes—may suggest
strategies to overcome diet-induced disease.
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