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Abstract

Perceived intensities of sweetness and bitterness are correlated with one another and each is
influenced by genetics. The extent to which these correlations share common genetic variation,
however, remains unclear. In a mainly adolescent sample (n = 1901, mean age 16.2 years),
including 243 monozygotic (MZ) and 452 dizygotic (DZ) twin pairs, we estimated the covariance
among the perceived intensities of 4 bitter compounds (6-n-propylthiouracil [PROP], sucrose octa-
acetate, quinine, caffeine) and 4 sweeteners (the weighted mean ratings of glucose, fructose,
neohesperidine dihydrochalcone, aspartame) with multivariate genetic modeling. The sweetness
factor was moderately correlated with sucrose octa-acetate, quinine, and caffeine (rID = 0.35-0.40).
This was mainly due to a shared genetic factor (rg = 0.46-0.51) that accounted for 17-37% of the
variance in the 3 bitter compounds’ ratings and 8% of the variance in general sweetness ratings. In
contrast, an association between sweetness and PROP only became evident after adjusting for the
TAS2R38 diplotype (rp increased from 0.18 to 0.32) with the PROP genetic factor accounting for 6% of
variance in sweetness. These genetic associations were not inflated by scale use bias, as the cross-
trait correlations for both MZ and DZ twins were weak. There was also little evidence for mediation
by cognition or behavioral factors.This suggests an overlap of genetic variance between perceptions
of sweetness and bitterness from a variety of stimuli, which includes PROP when considering the
TAS2R38 diplotype. The most likely sources of shared variation are within genes encoding post-
receptor transduction mechanisms common to the various taste G protein-coupled receptors.

Key words: 1Q, personality, sweetener, taste, TAS2R38, twins

Introduction (PROP) have been used to distinguish an individual’s “bitter taster

. . g status” (Hayes and Keast 2011), with those rating it as extremely
Taste perception varies greatly among individuals. For over a dec- A ! ; . N
. . . . . . bitter sometimes described as “supertasters” (Bartoshuk et al. 1994).
ade, intensity ratings of the bitter compound 6-n-propylthiouracil . L .
Many studies suggested these individuals are also more sensitive
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to other taste stimuli (Bartoshuk 1979; Tepper and Nurse 1997;
Lucchina et al. 1998; Ly and Drewnowski 2001; Bajec and Pickering
2008; Fischer et al. 2014), whereas many others have failed to find
such associations (Schifferstein and Frijters 1991; Drewnowski et al.
1997; Drewnowski et al. 1998; Keast and Roper 2007; Lim et al.
2008). Therefore, whether individual differences in ratings of a sin-
gle compound can generalize to other taste stimuli has been ques-
tioned and, furthermore, whether there are pan-quality overarching
individual differences remains unclear (Lim et al. 2008; Hayes and
Keast 2011; Fischer et al. 2014).

Most of the perceptual variability in PROP is due to genetic varia-
tion within the bitter taste receptor TAS2R38 (Drayna et al. 2003; Bufe
et al. 2005; Reed et al. 2010). Genetic variation in TAS2R38 does not
appear to be associated with perceived intensity of other taste stimuli
(e.g. quinine, and sucrose) (Hayes et al. 2008), but some evidence shows
that the TAS2R38 diplotype may modify the association between
PROP and other tastes (Fischer et al. 2014). In addition, the PROP
response has been shown to be less predictive of overall perceived taste
intensity than are collective ratings of sucrose, sodium chloride, citric
acid, and quinine (Lim et al. 2008), suggesting that PROP ratings are
not a sole predictor for overall taste perception. Rather, a more com-
plex association across multiple taste classes, such as general differ-
ences in the “gain” of the taste system, appears to be at play.

A parallel body of work reveals that genetics plays a significant
role in the perception of different taste qualities, accounting for over
30% of the variance in sweetness, sourness, and bitterness (Hansen
et al. 2006; Wise et al. 2007; Knaapila et al. 2012; Hwang et al.
2015). Our previous studies identified a shared genetic pathway for
taste perception across different bitter compounds, excluding PROP
(Hansen et al. 2006), and more recently a common genetic factor for
the perception of both sugars and non-caloric sweeteners (Hwang
et al. 2015). Although the perception of sweetness has been weakly-
to-moderately correlated with bitterness (Lim et al. 2008; Knaapila
et al. 2012; Fischer et al. 2014), whether this association is due to
shared genes has not been determined in humans. In addition, there
is evidence that non-receptor based factors may contribute to the
correlation between sweet and bitter taste perceptions. For example,
prosocial (e.g. agreeableness) and antisocial (e.g. psychopathy) per-
sonalities are associated with elevated sweet and bitter taste prefer-
ences, respectively (Meier et al. 2012; Sagioglou and Greitemeyer
2016). Further, other concerns, such as psychometric properties of
scale use (e.g. a tendency to rate at one side of the scale [Jewell and
McCourt 2000]) and even intelligence [e.g. higher IQ is associated
with less extreme rating styles (Light et al. 1965)] need to be raised
when studying weak sensory associations.

The present study investigated the sources of association between
multiple taste qualities using a large adolescent and young adult twin
sample. Genetic covariances between perceived intensity of 4 sweet
(glucose, fructose, neohesperidine dihydrochalcone [NHDC], and
aspartame) and 4 bitter solutions (PROP, SOA, quinine HCI [qui-
nine], and caffeine) were estimated using multivariate genetic mod-
eling. In addition, this study examined the impact of the TAS2R38
diplotype on the genetic covariances, and potential confounding
effects of scale use bias, general cognitive ability, and behavioral
factors.

Materials and methods

Participants
Participants were adolescent and young adult Caucasian twins
and their singleton siblings from the Brisbane Adolescent Twin

Study (Wright and Martin 2004), also referred to as the Brisbane
Longitudinal Twin Study (BLTS). They were originally recruited for
a study on melanoma (Zhu et al. 2007), a common form of can-
cer among light-skinned people. The taste data reported here were
collected between August 2002 and July 2014. The sample com-
prised 243 monozygotic (MZ) and 452 dizygotic (DZ) twin pairs,
including 126 pairs with 1-2 singleton siblings, and 320 unpaired
individuals (mean age of 16.2+2.8 years; 1023 females, 878 males)
(Supplementary Table 1). This is the same sample as used previously
(Hwang et al. 2015). Zygosity was determined from genotyping (92%
of same sex twin pairs) or from self-report. The Queensland Institute
of Medical Research Human Research Ethics Committee approved
the study. Written consent was obtained from both the participants
and their parents (the latter not required for those 18 years and over).

Taste test

The taste test battery has been described in detail elsewhere (Hansen
et al. 2006; Hwang et al. 2015). Briefly, participants rated the inten-
sity of 5 bitter (6.0x 10~ M PROP, 2.0x10* M SOA, 1.81x10* M
quinine, 0.05M caffeine, and 4.99x10° M denatonium benzoate)
and 4 sweet (0.60 M glucose, 0.30M fructose, 8.0x 10~ M NHDC,
and 1.4x 1073 M aspartame) solutions using a general labeled mag-
nitude scale (gLMS) (Green et al. 1993). Mean intensity ratings
from duplicate presentations for each of PROP, SOA, Quinine and
Caffeine were used in all analyses. For the 4 sweet compounds, a
weighted mean general sweet (gSweet) factor was used, as perceived
intensity of the sweeteners is highly correlated at the genetic level
(r,= 0.78-0.89) and most of the variance (71% for glucose, 77% for
fructose, 64% for NHDC, and 59% for aspartame) is accounted for
by a common genetic factor (Hwang et al. 2015). Denatonium ben-
zoate was not included due to the violation of the normality assump-
tion, a criterion for twin modeling (Neale et al. 2002) (see Statistical
Analyses). Statistical transformation failed to overcome this prob-
lem because of its distinct bimodal distribution (Supplementary
Figure 1). In addition, the mean intensity rating for denatonium
benzoate was double that of other stimuli, with the most common
rating being the strongest imaginable on the scale, suggesting that
the concentration may have been too high to detect variation (also
known as a “ceiling effect”). The intensity rating characteristics for
denatonium benzoate are summarized in Supplementary Table 2.

TAS2R38 diplotype

The genotypes for the 3 TAS2R38 SNPs (rs713598, rs1726866, and
rs10246939), resulting in 3 amino acid substitutions (A49P, A262V,
and V296I), were available for 92% of the sample. Genotyping was
done using the Illumina 610-Quad BeadChip (1 = 1254) (Reed et al.
2010) or HumanCoreExome-12 v1.0 BeadChip. The frequencies of
the 3 diplotypes [PAV/PAV = 17%, PAV/AVI = 52% (including 34
participants with rare diplotypes of AAV/AVI or PAV/AAV, which
were shown to have similar effects on PROP perception as the PAV/
AVI diplotype [Bufe et al. 2005]), and AVI/AVI = 31%] were similar
to the frequencies reported previously for PROP sensitivity (i.e. a
distribution of 20% high: 50% medium: 30% low-sensitivity tasters
(Bartoshuk et al. 1994; Drewnowski et al. 2001).

Statistical analyses

The heritability and phenotypic correlations among the intensity
scores of gSweet and the 4 bitter substances were estimated using
univariate and bivariate variance components modeling. This twin
method partitions the phenotypic variance or covariance into addi-
tive genetic (A), common environment (C) and unique environment
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(E, includes experimental error) sources by taking advantage of the
differences in the genetic relatedness between MZ twins who share
100% of their genes and DZ pairs who share, on average, 50% of
their genes. This method can detect genetic effects by comparing
the correlations of MZ and DZ twins and without requiring the
investigation of specific genes. Variance components modeling was
performed using the structural equation modeling software pack-
age Mx, which utilises maximum likelihood estimation procedures
(Neale et al. 2002). Prior to modeling, a square root transforma-
tion was applied to each of the 5 intensity scores to obtain a more
normal distribution (Supplementary Figure 1 and Supplementary
Table 3). Covariates of age, sex, and otitis media were modeled as
regressions or deviation effects on the mean for all models. Damage
to the chorda tympani nerve resulting from an otitis media infection
can result in an increase in the number of taste buds (Bartoshuk
et al. 1996), and consequently may influence taste perception. Our
previous studies showed that the history of otitis media was associ-
ated with increased perceived intensity (4-9%) of the same 4 sweet
and bitter solutions (Hansen et al. 2006; Hwang et al. 2015). No
outlying families were identified using the %p option in Mx, which
uses the Mahalanobis distance to compute a z-score for each fam-
ily, with values outside the -3.5 to +3.5 range indicating excessive
similarities or differences relative to other families in the sample and
model expectation.

To estimate the covariance structure between the § traits, a mul-
tivariate Cholesky decomposition model (Neale and Cardon 1992)
was used as a starting point. A series of models, including drop-
ping A and C components, were tested to determine which pattern
of covariance best fitted the data. For nested models, we assessed
the comparative fit by calculating the difference in double the nega-
tive log-likelihood, which is distributed asymptotically as a . For
non-nested models, the Akaike’s Information Criterion (AIC), which
penalizes models for increasing complexity (Burnham and Anderson
2002), was used. The effect of the TAS2R38 diplotype on the covari-
ance structure was tested in a partial dominant model with 1 covari-
ate for the heterozygous effect (i.e. PAV/AVI = 1 and PAV/PAV = AVI/
AVI = 0) and a second covariate for the PAV homozygous effect (i.e.
PAV/PAV = 1 and AVI/AVI = PAV/AVI = 0). Consequently, the genetic
variance in PROP dropped from 0.72 to 0.20 (compared with an
additive or dominant model where PROP genetic variance reduced
to 0.25 and 0.24, respectively). This model was used to examine the
covariance structure when the TAS2R38 genetic effect on intensity
ratings was removed. A second model in which the low-sensitivity
tasters for PROP (30% of the genotyped sample) were excluded
from the analyses was also tested.

In addition, this study investigated whether intensity ratings
were associated with general cognitive ability (Verbal IQ), assessed
with the Multidimensional Aptitude Battery (Jackson 1998), and
personality (neuroticism, extraversion, openness to experience,
agreeableness, and conscientiousness) assessed with the NEO Five-
Factor Inventory (FFI) (Costa and McCrae 1992). Both cognition
and personality were assessed at age 16, which for the majority of
twins were 2 years after assessment for sweet and bitter taste. Verbal
IQ and personality were available for 1282 and 1277 participants,
respectively (Loehlin et al. 2015). Further, to assure that the asso-
ciations were estimated from taste perception and were not inflated
by scale use bias, an emphasis score: 0 = neutral, 1 = somewhat,
2 = strongly was calculated by folding the 5-point Likert scale of the
60 responses from the NEO-FFI: strongly agree = 5, agree = 4, neu-
tral = 3, disagree = 2, strongly disagree = 1. We tested these scale bias
scores for relation with the taste ratings. Where an association was

indicated, the measure was included as a covariate in the multivari-
ate model to examine whether the genetic architecture was changed.
Lastly, cross-correlations were calculated between the intensity rat-
ings of PROP for the first born twin with those of their co-twin’s
ratings for the other 4 traits, for both MZ and DZ pairs, to examine
any genetic effect on scale use rather than taste perception.

Results

Mean ratings, standard deviations, twin correlations, and heritability
estimates for the perceived intensity of PROP, SOA, quinine, caffeine,
and gSweet are shown in Table 1. The mean rating was lower for
PROP, and the variance was slightly larger, compared with the other
bitter compounds. This was due to the distinct differences in PROP
response between the 3 TAS2R38 diplotype groups and 31% of
the participants being low-intensity tasters who could barely detect
the bitterness in PROP (Figure 1). In contrast, there was no effect
of the TAS2R38 diplotype on SOA, quinine, caffeine, or gSweet.
Heritability for PROP (h* = 0.73) was significantly higher than that
for SOA, quinine, and caffeine (h* = 0.35-0.4), in line with prior
work (Hansen et al. 2006). The mean and heritability (h* = 0.36)
estimates for the gSweet factor are the same as those reported previ-
ously (Hwang et al. 2015).

Perceived intensity for gSweet was moderately correlated with
those for SOA, quinine, and caffeine (rp = 0.35-0.40) and more
weakly associated with PROP (rp = 0.22) (Table 1). Multivariate
model-fitting showed that the common environmental components
(C) could be dropped without loss of fit (Supplementary Table 4).
Multivariate AE modeling identified a genetic factor (A2 factor in
Figure 2) accounting for 8% of the variance in gSweet and 17-37%
of the variance in SOA, quinine, and caffeine. Only 1% of the vari-
ance in gSweet was genetically shared with PROP (A1 factor in
Figure 2). There was also little shared genetic variance between
PROP and the other 3 bitter compounds (i.e. 1-3%, A1 in Figure 2).
Further, the association between gSweet and PROP was largely due
to an environmental “PROP” factor (E1), accounting for 27% of
the variance in PROP and 6% in gSweet. This environmental factor
also accounted for a small amount of the variance (9-12%) in SOA,
quinine, and caffeine.

When the model was adjusted for the TAS2R38 diplotype
(i.e. the TAS2R38 genetic effect was removed), the correlation
between gSweet and PROP increased (r,=0.32),as did the correla-
tion between PROP and the other bitter compounds (r, increased
from 0.25-0.31 to 0.37-0.44) (Table 1). The stronger associa-
tion was due to an increase in shared genetic variance with 6%
of variance in gSweet now overlapping with the genetic variance
for PROP (A1 in Figure 3a; h> of PROP decreased to 0.40 after
adjustment). Similarly, after adjusting for TAS2R38, there was
an increase in shared genetic variance for SOA, quinine, and caf-
feine with PROP. Notably, no increase in the environmental vari-
ance (E1) shared with PROP was found for gSweet, SOA, Caffeine,
or Quinine. Adjusting for TAS2R38 reduces the absolute genetic
variance in PROP, with environmental variance for PROP and the
genetic and environmental variances of other tastes remaining the
same (Supplementary Table 5). In addition, removing PROP low-
sensitivity tasters, rather than adjusting for TAS2R38, produced
a similar covariance structure, even though the sample size was
reduced (Figure 3b; Supplementary Table Sc). This increase in the
genetic correlations after adjustment for TAS2R38 or removal of
PROP low-sensitivity tasters (Table 2) contrasts with the environ-
mental correlations that remained the same. In terms of genetic
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Table 1. Taste intensity characteristics.

PROP SOA Quinine Caffeine gSweet

Mean = SD* 36.7+29.6 51.6+22.6 45.6+22.9 52.2+23.3 31.2+15.2
Twin correlations®

71, (95% CI) 0.72 (0.65,0.78) 0.34 (0.23, 0.45) 0.40 (0.29, 0.50) 0.29 (0.17, 0.41) 0.36 (0.24, 0.46)

7, (95% CI) 0.34 (0.26, 0.42) 0.25 (0.10, 0.34) 0.18 (0.09, 0.27) 0.21 (0.12, 0.30) 0.20 (0.17, 0.34)
Heritability (95% CI) 0.73 (0.67,0.77) 0.40 (0.31, 0.49) 0.40 (0.31, 0.49) 0.34 (0.24, 0.43) 0.36 (0.27, 0.45)
Phenotypic correlations (95% CI)

Full sample

SOA 0.29 (0.25,0.34) — — — —

Quinine 0.25 (0.20, 0.29) 0.59 (0.56, 0.62) — — —

Caffeine 0.31 (0.26,0.35) 0.64 (0.62,0.67) 0.63 (0.60, 0.65) — —

gSweet 0.22 (0.18,0.27) 0.35(0.30, 0.39) 0.40 (0.37, 0.44) 0.40 (0.36, 0.43) —
TAS2R38 adjusted®

SOA 0.37 (0.33, 0.41) — — — —

Quinine 0.44 (0.40, 0.47) 0.60 (0.57,0.63) — — —

Caffeine 0.42 (0.38, 0.46) 0.64 (0.61, 0.67) 0.63 (0.61, 0.66) — —

gSweet 0.32(0.27,0.36) 0.35 (0.30, 0.39) 0.41 (0.36, 0.45) 0.39 (0.35, 0.43) —
AVI/AVI excluded!

SOA 0.44 (0.39, 0.48) — — — —

Quinine 0.48 (0.43, 0.52) 0.60 (0.56, 0.63) — — —

Caffeine 0.46 (0.41,0.51) 0.63 (0.60, 0.66) 0.62 (0.59, 0.66) — —

gSweet 0.31(0.26, 0.36) 0.33 (0.28, 0.38) 0.37 (0.32, 0.42) 0.37 (0.32, 0.42) —

Means and standard deviations, MZ and DZ twin correlations, heritability estimates and phenotypic correlations for perceived intensity ratings (millimeters on

a labeled magnitude scale) of PROP, SOA, quinine, caffeine, and a general sweetness factor (gSweet).

an = 1881 - 1892. The sample size (N) varies as not all participants completed the entire test.
238-240 MZ and 446-449 DZ twin pairs; all estimates are from univariate AE models.
“TAS2R38 diplotype, available for 7 = 1756, was tested in a partial dominant model.

N reduced to 1229 when TAS2R38 AVI/AVI diplotype excluded.

80 1 . %

OAVI/AVI

NPAV/AVI

60 - HPAV/PAV
Z 40 1 §
g \
: .
: |
20 A §
\
.

PROP SOA Quinine Caffeine gSweet

Figure 1. Perceived intensity ratings (mean + standard error) for 4 bitter
solutions and the general sweetness factor (a weighted mean ratings of
glucose, fructose, NHDC, and aspartame). Participants grouped by TAS2R38
diplotypes (n = 527 for AVI/AVI, n = 916 for PAV/AVI, n = 313 for PAV/PAV).
* indicates significant differences (Student’s t-test, P < 0.001).

variance as a proportion of the heritability (Supplementary Table 6),
23% of the genetic variance in gSweet (8% of the variance divided
by the heritability of 0.36) overlapped with 46% of genetic vari-
ance in quinine, 49% in caffeine, and 94% in SOA, whereas only
3% of the genetic variance in gSweet overlapped with PROP, which
increased to 15% after adjusting for the TAS2R38 diplotype.

Since a commonly based definition of sweet taste is the oral per-
ception of natural sugars, we used the intensity rating for glucose
and fructose instead of gSweet to remove any possible bias of a
weighted mean intensity rating of both the sugars and high-potency
sweeteners; the results were similar (Supplementary Table 7).

Further, there was little evidence of the effect of scale use bias,
IQ, or personality on intensity ratings. While some weak associa-
tions were observed (Supplementary Table 8), there was no change
in the covariance structure when the emphasis score, IQ, and per-
sonality were included as covariates in the multivariate model
(Supplementary Table 9). In addition, scale use had no effect on the
genetic estimates; the cross-trait (e.g. PROP for twin 1 with gSweet
for twin 2) correlations for both MZ and DZ twins were low and
of similar magnitude (r,, = 0-0.10, r,, = 0.03-0.11; Supplementary
Table 10).

Discussion

This study examined whether there is heritable genetic overlap
between the perception of sweetness and bitterness of 8 different
compounds. Using multivariate genetic modeling, we showed that
up to a quarter of the genetic variance in sweet perception is shared
with at least half, or more, of the genetic variance in SOA, quinine,
and caffeine. Further, after adjustment of the TAS2R38 diplotype,
15% of genetic variance in sweetness is also in common with PROP
perception. These results suggest that human perceptions of sweet-
ness and bitterness are linked through shared genes and the extent of
overlap depends on the specific taste stimuli.

Confirming prior work, intensity ratings for sweetness were
weakly-to-moderately associated with bitterness ratings (Lim et al.
2008;Knaapila et al. 2012; Fischer et al. 2014). Although Lim et al.
(2008) only found an association between sucrose and quinine and
not between sucrose and PROP, their sample size was small (1 = 83)
compared to Fischer’s and ours (7 = 1670 and 1901, respectively).
This suggests that a bigger sample size is required to detect weak
associations with PROP. Our finding that the associations between
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Figure 2. The Cholesky AE model showing estimates of standardized path coefficients (can be squared to get the variance) and percentage of variance with
95% Cls and covariation between perceived intensity of PROP, SOA, quinine, caffeine, and gSweet. The boxes and the circles represent observed variables
(phenotypes) and latent variables, respectively. A and E are the additive genetic and non-shared environmental factors. Dash lines are insignificant estimates.
See Supplementary Table 5 for absolute variance.

(a) TAS2R38 adjusted

63 22 6 26 39 4 29 37 1 35 024 .25 5
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PROP SOA Quinine Caffeine gSweet*

(b) AVI/AVI removed
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Figure 3. The conditioned Cholesky AE models showing estimates of standardized path coefficients (can be squared to get the variance) and percentage of
variance with 95% Cls and covariation between perceived intensity of PROP, SOA, quinine, caffeine, and gSweet. The boxes and the circles represent observed
variables (phenotypes) and latent variables, respectively. Only additive genetic factors (A) are shown here because estimates of environmental factors (E) are
not different from those estimated from the full sample (n = 1901). Dashed lines are insignificant estimates. (a) Adjusting for TAS2R38 diplotype (n = 1756). *
Modelling results with gSweet replaced by glucose and fructose are shown in Supplementary Table 7. (b) Participants with TAS2R38 AVI/AVI diplotype removed
(n=1229). (See SupplementaryTable 5 for absolute variance.)
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Table 2. Genetic (lower triangle) and environmental (upper triangle) correlations (95% confidence intervals) between perceived intensities

of 4 bitter compounds and the general sweet intensity estimated from bivariate AE models.

Genetic correlations

Environmental correlations

PROP SOA Quinine Caffeine gSweet

Full sample
PROP — 0.38 (0.28,0.48) 0.45 (0.35,0.54) 0.36 (0.26,0.45) 0.32 (0.21, 0.41)
SOA 0.26 (0.15,0.37) — 0.52 (0.44,0.59) 0.58 (0.51, 0.64) 0.24 (0.14, 0.33)
Quinine 0.12 (0,0.23) 0.70 (0.58, 0.80) — 0.60 (0.53, 0.66) 0.35 (0.25, 0.44)
Caffeine 0.31(0.19, 0.42) 0.76 (0.65, 0.86) 0.68 (0.55,0.79) — 0.36 (0.27, 0.45)
gSweet 0.18 (0.05, 0.29) 0.51(0.35,0.67) 0.50(0.33,0.65) 0.46 0.27,0.62) —

TAS2R38 adjusted
PROP — 0.37(0.27,0.47) 0.44 (0.34,0.52) 0.38 (0.28, 0.46) 0.27 (0.16, 0.37)
SOA 0.36 (0.19, 0.52) — 0.51(0.42,0.58) 0.58 (0.50, 0.64) 0.24 (0.14, 0.33)
Quinine 0.43 (0.26,0.58) 0.74 (0.62, 0.85) — 0.60 (0.52, 0.66) 0.37 (0.27, 0.46)
Caffeine 0.50 (0.32,0.65) 0.76 (0.64, 0.85) 0.70 (0.57,0.81) — 0.36 (0.27, 0.45)
gSweet 0.40 (0.22, 0.56) 0.52 (0.36,0.67) 0.47 (0.29, 0.62) 0.45 (0.26,0.61) —

TAS2R38 AVI/AVI excluded

PROP — 0.46 (0.34, 0.56) 0.53 (0.42, 0.62) 0.43 (0.32, 0.54) 0.29 (0.16, 0.41)
SOA 0.44 (0.27, 0.57) — 0.50 (0.40, 0.59) 0.60 (0.52, 0.68) 0.19 (0.07, 0.31)
Quinine 0.44 (0.27,0.57) 0.75 (0.60, 0.88) — 0.60 (0.51, 0.68) 0.36 (0.24, 0.47)
Caffeine 0.52 (0.36, 0.66) 0.68 (0.51, 0.80) 0.66 (0.48, 0.79) — 0.34 (0.22, 0.45)
gSweet 0.34 (0.17, 0.50) 0.55 (0.36, 0.74) 0.39 (0.17, 0.58) 0.42 (0.19, 0.62) —

n=1229.n=1756. TAS2R38 diplotype was tested in a partial dominant model.

gSweet and SOA, quinine, and caffeine were mainly due to a shared
genetic factor supports the current understanding that, in humans,
the perception of both sweetness and bitterness is mediated via G
protein-coupled receptors (GPCR) and other shared transduction
proteins in the oral cavity (Reed et al. 2006; Temussi 2009). Genetic
variation in these taste genes has been shown to link to individual
differences in the perception of both sweetness (Fushan et al. 2009;
Fushan et al. 2010) and bitterness (Reed et al. 2010; Ledda et al.
2014). Evidence from animal models also shows that knocking out
common genes in their downstream signaling pathways, including
genes that encode the G-protein alpha-gustducin, Ggammal3, the
lipid enzyme phospholipase C beta2, and transient receptor poten-
tial ion channel TRPMS, leads to a reduced response to both sweet
and bitter tastes (Taruno et al. 2013; Wong et al. 1996; Zhang et al.
2003).

Our prior work showed that the perception of PROP was weakly
associated with the perception of other bitter compounds at the
genetic level (Hansen et al. 2006). Here, using a greatly expanded
sample, this study confirmed this lack of strong association, but
also identified, after adjusting for the TAS2R38 diplotype, a shared
genetic factor accounting for some of the genetic variance in the per-
ception of PROP as along with other bitter and sweet tastes. This
finding supports the 2-locus model (Olson et al. 1989) of the per-
ception of TAS2R38 associated bitter compounds [i.e. PROP and
its structurally related chemical propylthiocarboamide (Bufe et al.
2005)], with 1 locus controlling compound-specific tasting and the
other locus controlling general taste responsiveness. This shared
genetic factor (A1 factor in Figure 3) may correspond to a shared
pathway at the peripheral level because the perception of PROP is
believed to go through the same GPCR-based signaling elements
as other bitter and sweet tastes (Margolskee 2002; Chaudhari and
Roper 2010). Alternatively, shared genetic variation could also
involve a shared pathway at the central neural level, supporting the
hypothesis (Green and George 2004) that a central nervous system
mechanism influences general responsiveness to tastes. In that study,
the ability to perceive thermally induced taste predicted higher taste

responses to sweet and bitter stimuli, including PROP, as well as
salty, sour, and umami taste stimuli. They eliminated the potential
confounders of papillae density and gustatory afferents used in sig-
nal transduction and concluded that the overall control of gain in the
orosensory system is likely centrally determined.

In addition to the perception of sweetness and bitterness, the
shared genetic factors identified here could also link to the percep-
tion of umami taste, especially at the peripheral level, because a glu-
tamate taste receptor is also a member of the Class 1 Taste GPCR
family (Li et al. 2002; Temussi 2009). Animal studies have shown
that these taste qualities (sweetness, bitterness, and umami) are
encoded by common downstream transduction components that are
not believed to be used by ionic taste stimuli (sourness and saltiness)
(Zhang et al. 2003; Taruno et al. 2013). Future taste genetic stud-
ies involving glutamate, salts, and acids could test this hypothesis
in humans and would help tease apart which common genes are
involved.

To assure that the genetic overlap between sweetness and bitter-
ness was not due to confounding factors, we tested a series of alter-
native hypotheses. First, we found only subtle associations between
personality traits and taste ratings, in contrast to other studies (Meier
etal. 2012; Sagioglou and Greitemeyer 2016). This difference between
our weak personality influence and those previously observed may be
due to differences in measures of taste preference rather than taste
intensity in this study. Second, individuals with higher 1Q rated taste
solutions as less intense. There is some evidence that people with
higher IQ are less likely to give extreme ratings (Light et al. 1965)
and we also observed a negative correlation between IQ and emphasis
scores (r, = =0.24) in this study. Therefore, these people could be more
conservatlve in rating the intensity of taste solutions. Alternatively,
the association may be due to pleiotropic effects with shared genes
influencing both taste perception and the development of intelligence.
Nevertheless, neither personality traits nor IQ modifies the genetic
architecture between sweetness and bitterness. Third, the emphasis
scores were not associated with any taste ratings, so an individual’s
response style is not likely a concern. Lastly, scale use style is not
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influenced by genetics and did not inflate or deflate the estimates of
heritability or genetic covariances. The last test supports that a gLMS
can be a valid instrument to study taste genetics. These 4 tests of alter-
native hypotheses allow us to conclude more strongly that the genetic
correlation between sweetness and bitterness results from true corre-
lates of taste perception and that these estimates of genetic covariances
are valid rather than an artifact of scale use.

There are some limitations of this study. First, partitioning trait
variance using Cholesky decomposition is restricted by the trait
order in the model, with only the last trait in the model including
a trait specific factor. For all other traits, the trait-specific variance
is pushed to a group factor(s), which can, therefore, elevate covari-
ances between traits. We tested these models in different orders,
however, and obtained similar results. Second, although adjusting
for the TAS2R38 diplotype increased the shared genetic variance
between PROP and other taste stimuli, the increase was small and
the confidence intervals overlapped [e.g. gSweet increased from 3%
(confidence intervals: 0 and 9%) to 15% (confidence intervals: 5
and 30%)]. Future studies with larger samples could provide more
distinct results. Lastly, whether there is a common genetic pathway
for the overall taste perception cannot be answered from this study.
Although we showed a genetic factor for the perception of both
sweet and bitter tastes, even including PROP, it might simply be a
specific taste transduction factor that does not also account for the
perception of umami, sourness, and saltiness.

In conclusion, this study examined the associations among per-
ceived intensities of 4 bitter compounds—PROP, SOA, quinine, and
caffeine—and an average sweet factor from 4 sweeteners, and mod-
eling results identified 2 latent genetic factors suggesting 2 shared
genetic pathways. We speculate that there are genes responsible
for the recognition of a GPCR-taste signal or a general taste sig-
nal. Genetic covariation of downstream signaling elements could
involve peripheral and/or central mechanisms, including genes
encoding molecules that transduce information from the taste
receptors to the nerves and neural elements in the gustatory brain
circuits. Future genome-wide association analysis in humans could
identify common genes across different taste modalities, which
have implications for understanding the molecular mechanism of
GPCR-transduced taste perception as well as the taste-based meta-
bolic signals from the gastrointestinal tract, pancreas, liver, thyroid,
and elsewhere.
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