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Abstract

The perceived bitterness intensity for bitter solutions of propylthiouracil (PROP), sucrose octa-acetate (SOA), quinine HCl and
caffeine were examined in a genetically informative sample of 392 females and 313 males (mean age of 17.8 ± 3.1 years),
including 62 monozygotic and 131 dizygotic twin pairs and 237 sib pairs. Broad-sense heritabilities were estimated at 0.72,
0.28, 0.34, and 0.30 for PROP, SOA, quinine, and caffeine, respectively, for perceived intensity measures. Modeling showed
1) a group factor which explained a large amount of the genetic variation in SOA, quinine, and caffeine (22–28% phenotypic
variation), 2) a factor responsible for all the genetic variation in PROP (72% phenotypic variation), which only accounted for
1% and 2% of the phenotypic variation in SOA and caffeine, respectively, and 3) a modest specific genetic factor for quinine
(12% phenotypic variation). Unique environmental influences for all four compounds were due to a single factor responsible
for 7–22% of phenotypic variation. The results suggest that the perception of PROP and the perception of SOA, quinine, and
caffeine are influenced by two distinct sets of genes.
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Introduction

The study of genetic influences on bitter taste perception orig-

inated from the discovery in the 1930s that some individuals

had taste blindness to phenylthiocarbamide (PTC), whereas

others found it extremely bitter (Anonymous, 1931). Subse-
quently, many studies were carried out (Guo and Reed,

2001) on PTC and the structurally related compound pro-

pylthiouracil (PROP) to assess this variability and to deter-

mine the root causes. Initial family studies (Snyder, 1931)

strongly suggested that PTCnontastingwas due to a recessive

allele in a single gene with early twin studies supporting this

(Levit and Soboleva, 1935). On this basis, PTC tasting was

used as a zygosity determinant for a time in twin studies
(Ardashnikov et al., 1936;Rife, 1938), but itwas soon realized

that twins could be indisputably monozygotic but discordant

forPTCtasting (Denckeretal., 1959). Subsequently,PTCand

PROPperception began to be studied as amore complex trait

in twin (Kaplan et al., 1967; Martin, 1975) and other studies.

Indeed, ithasnowbeenestablished thatPTCdetection thresh-

old is a genetically controlled trait with heritability estimated

at;0.5 (Morton et al., 1981; Drayna et al., 2003), with more

recent work showing that 55–85% of variation in PTC detec-

tion threshold isdue to three singlenucleotidepolymorphisms

(SNPs) (five haplotypes) in the bitter taste receptor gene
TAS2R38 (Kim et al., 2003) on chromosome 7.

In contrast, there has been little genetic investigation of

human sensitivities to other bitter compounds, notable excep-

tions being two studies of quinine detection threshold, which

estimated the heritability to be 0.55 and 0.85 for a twin and

family sample, respectively (Smith and Davies, 1973), and

also 0.11 using a twin sample (Krondl et al., 1983). Here,

we investigate the extent of genetic influence on the percep-
tion of bitter compounds sucrose octa-acetate (SOA), qui-

nine, and caffeine, in addition to PROP, and examine the

extent of genetic covariation among measures of sensitivity

to these four bitter compounds.

From the large body of work in murine models, it appears

that, generally, the perceptions of bitter compounds aremod-

erately heritable and are predominantly controlled by a few
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loci. Inmice and golden hamsters, heritability estimates of the

consumption of SOA, quinine, and caffeine range from 0.09

to 0.57, depending on solution concentration (Le Roy et al.,

1999; Frank et al., 2004). Early studies into SOA perception

of mice suggested monogenic control with complete domi-
nance of the taster phenotype (Whitney et al., 1989). Further

study of SOA perception identified a single locus, Soa, with

three alleles responsible for taster, nontaster, and intermedi-

ate taster phenotypes (Harder et al., 1992) and was local-

ized to a region on chromosome 6 (Capeless et al., 1992;

Bachmanov et al., 2001). The intake of quinine HCl is

suggested to be controlled by a gene, Qui, with three alleles

(Lush, 1984) causing the taster, intermediate taster, and non-
taster phenotypes (Bachmanov et al., 1996); however, unlike

SOA, quinine perception is considered to be polygenic

(Boughter et al., 1992; Harder and Whitney, 1998).

There is also some evidence from the murine work to sug-

gest moderate to strong associations among sensitivities to

some bitter compounds and that common loci may be re-

sponsible for this. For example, SOA perception has been

found to correlate with quinine and PROP but not with
caffeine and PTC (Harder et al., 1992; Whitney and Harder,

1994; Boughter and Whitney, 1998). The SOA locus con-

trols bitter perception of SOA (Whitney and Harder, 1994)

but also influences perception of quinine (Boughter and

Whitney, 1998) and PROP (Harder andWhitney, 1998), pro-

viding evidence that the observed phenotypic covariation

between sensitivity to these compounds is genetically influ-

enced. We must stress, however, that there are differences
between murine and human bitter taste perceptions. For

example, unlike in humans, PTC and PROP perceptions

are not correlated in mice (Harder et al., 1996; Harder and

Whitney, 1998), with the mouse T2R8 bitter taste receptor

responding to PROP but not to PTC (Chandrashekar

et al., 2000). In conjunction with the knowledge that there

are known species-specific differences in bitter taste receptor

repertoires (Shi et al., 2003), murine models should be used
only as a guide to human studies.

In humans, there is some work demonstrating phenotypic

associations between perceptions of various bitter com-

pounds (McBurney et al., 1972; Yokomukai et al., 1993;

Delwiche et al., 2001a). Delwiche et al. (2001a) examined

the correlations between individual bitter taste perceptions

to determine the possible number of bitter transductionmech-

anisms for the tested compounds. Data were analyzed from
26 individuals who rated and ranked the perceived intensity

of 11bitter compounds,withprinciple components and cluster

analyses suggesting four clusters. The first cluster contained

denatonium benzoate, tetralone, caffeine, SOA, and quinine;

the second contained urea, tryptophan, phenylalanine, and

epicatechin; and the third and fourth contained magnesium

sulfate and PROP, respectively. On examination of the

physical parameters of each compound, it was found that
all the compounds in cluster one had at least one methyl

group and that three of the four compounds in cluster two

contained at least one amine group, suggesting that there

could be two separate bitter perception pathways for these

types of compounds.

In the present study, we use a large genetically informative

twin and sibling sample to examine the extent to which asso-
ciations among the bitter compounds PROP, SOA, quinine,

and caffeine are genetically influenced. Using structural

equation modeling, variation of individual variables and co-

variation among phenotypes were partitioned into genetic

and environmental components, establishing the heritability

and the extent to which common genetic factors influence

variation in multiple bitter taste phenotypes.

Materials and methods

Participants

Participants were a subset of adolescent and young adult

twins and their singleton siblings (Wright and Martin,

2004) who have participated in previous studies of the genet-

ics of skin moles (e.g., Aitken et al., 1994; Zhu et al., 1999)

and cognition (e.g., Wright et al., 2001; Posthuma et al.,

2005). The sample for whom taste sensitivity results were
available consisted of 520 females and 409 males (mean

age 17.7 ± 3.1 years, range 12–26 years) and included 102

monozygotic (MZ) twin pairs, 201 dizygotic (DZ) pairs,

and 229 sib pairs (twin plus singleton sibling) (Table 1).

Zygosity for 93% of the same sex twin pairs had been typed

from DNA using a commercial kit (AmpF1STR Profiler

Plus Amplification Kit, ABI, Foster City, CA) that analyzed

nine independent highly polymorphic DNAmarkers plus the
amelogenin marker for sex (Wright and Martin, 2004). This

gives a probability less than 10�4 that a pair of DZ twins is

concordant at all nine markers. Where zygosity had not been

established by DNA, it was determined from phenotype

(height, hair, and eye color).

General procedure

The taste test battery was administered as part of a mail

and phone study that also assessed olfaction, health and

Table 1 Number of families before and after data screening and removal
of outliers

Family type Initial After data
screening

After outliers
removed

MZ twin pair 45 34 33

MZ twin pair + sib 57 29 29

DZ twin pair 126 93 92

DZ twin pair + sib 75 40 39

one twin + one sib 23 37a 36

aThe number of one twin+ one sib families increases after cleaning as some
twin pair + sib families lose one twin during the cleaning procedure.
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well-being, personality, laterality, reading, and spelling

(Wright and Martin, 2004). While the taste test took 30–

45 min, total testing time for all components of the study

was approximately two and a half hours. Participants were

contacted by letter and invited to participate; test materials
and instructions, including the taste test, were included in

a mail pack with the initial contact letter. Shortly after re-

ceiving the test pack, a research assistant telephoned the

twins/siblings to ascertain whether they had received the

pack, if they were willing to participate, and to answer

any questions. In addition, reminder calls were made to

maximize response rates. Participants returned completed

taste test score sheets along with the other test materials
and the signed consent form in a reply paid envelope pro-

vided. Two movie tickets were sent to those who completed

and returned their responses, in appreciation of the time

taken to complete the study. The study was approved by

the Queensland Institute of Medical Research (QIMR)

Human Research Ethics Committee.

Taste test

The tasting battery comprised 10 different solutions, of

which five were bitter, four were sweet, and one was neutral

(i.e., water). The five bitter-tasting solutions included 2.0 ·
10�4 M SOA, 1.81 · 10�4 M quinine HCl (quinine), 0.050 M

caffeine, 6.0 · 10�4M PROP, and 4.99 · 10�6M denatonium

benzoate. The four sweet solutions included 0.60 M glucose,

0.30 M fructose, 8.0 · 10�5 M neohesperidine dihydrochal-
cone (NHDC), and 1.4 · 10�3M aspartame. The battery was

selected so that responses to a range of structurally diverse

compounds could be tested and at concentrations to allow

a rough approximation of the average perceived intensity

for all solutions. Each solution and the water control were

presented twice (i.e., total of 20 solutions).

The solutions were presented in color-coded 2-ml poly-

propylene microcentrifuge tubes with flip tops (Thomas
Scientific, Swedesboro, NJ) and were numerically labeled

to accommodate participants who may be color blind.

The flip tops cannot be lost due to their physical attachment

to the tube and will not open unless forced by the participant,

yet they are easily held in one hand and lids are flipped open

with a thumb. The tubes were inserted through small holes

cut into quarter-inch flexible antistatic polyethylene foam at

1-inch intervals along an inch wide sheet. This design allowed
for the distribution of all test stimuli simultaneously within

a single foam strip. The first 10 solutions in the strip con-

tained one presentation of each of the nine compounds plus

the water control. These 10 solutions were then presented

again but in a different order, with the ordering of the sol-

utions the same for all participants. The order of the 20

solutions was SOA, water, caffeine, glucose, quinine HCl,

fructose, NHDC, PROP, aspartame, denatonium benzoate,
fructose, glucose, PROP, aspartame, quinine HCl, NHDC,

caffeine, water, SOA, and denatonium benzoate. As 20 dif-

ferent colored tubes could not be obtained, 10 were used, one

for each different solution. This taste test resists destruction

under normal handling conditions and is easily sent by mail.

In the present study, the polyethylene strip containing the

tubes was loosely rolled, placed in a padded postbag, and

mailed by regular post to participants. In addition, a dry
PROP strip, which had been soaked in a saturated PROP

solution, was administered but was not examined in these

analyses given the primary focus was to investigate covari-

ation among different bitter compounds and not covariation

between different measures of the same compound.

Detailed written instructions, as well as a summary sheet

of the key points that participants could refer to while com-

pleting the test, were provided in the mail pack. Briefly,
participants were instructed on how to rate the perceived in-

tensity of a solution (and the PROP paper) relative to taste

and nontaste sensations. To this end, examples such as the

sweetness of cotton candy (fairy floss), the sourness of lemon

juice, the bitterness of tonic water, the warmth of lukewarm

water, the heat of a hot day, the pain from biting your

tongue, and other examples were given. On the score sheet

provided, perceived intensity was rated by marking a dash,
using a pencil, on a labeled magnitude scale (LMS) (Green

et al., 1993) with labels of no sensation, barely detectable,

weak, moderate, strong, very strong, and strongest imagin-

able placed at 0, 2, 7, 20, 40, 61, and 114 mm. The use of this

scale minimizes ceiling effects and provides a continuous

measure that is desirable for quantitative analysis. The

quality of the taste, whether it was salty, sweet, sour, bitter,

savory, or stinging, was also indicated. The procedure for
administering the taste test was described in five steps: 1)

open the tube, swish solution around in mouth for 5 s,

and spit out, 2) rate the perceived intensity of the solution,

3) rate the quality of the taste, 4) rinse mouth out four times

with tap water, and 5) repeat steps 1–4 for each tube. Par-

ticipants were also instructed not to complete the taste test

if suffering from a cold or flu until they had completely re-

covered, not to eat or smoke, and drink only water for at
least 1 h before the test.

In addition, participants answered questions relating to

previous head injury and otitis media (middle ear infection),

smoking behavior, and the use of cologne, perfume, or after-

shave, as it is conceivable that these could have an effect on

taste phenotypes (Bartoshuk et al., 1996). Responses to the

question ‘‘Have you ever suffered a head injury?’’ included

‘‘no,’’ ‘‘yes (but not seriously),’’ ‘‘yes (had either a concussion
or loss of consciousness),’’ and ‘‘yes (both concussion and

loss of consciousness).’’ Similarly, responses to ‘‘Have you

ever suffered from a middle ear infection?’’ included ‘‘no,’’

‘‘yes (but not serious),’’ ‘‘yes (required antibiotics more than

once),’’ and ‘‘yes (required tubes in ears).’’ The question

‘‘Do you currently smoke cigarettes?’’ required a ‘‘yes’’ or

‘‘no’’ response and ‘‘How many days a week do you use co-

logne, perfume, or aftershave?’’ included responses of ‘‘1–2
days a week,’’ ‘‘3–4 days a week,’’ ‘‘5–7 days a week,’’ and

‘‘do not use any.’’
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Preliminary data screening

Prior to analysis, the data were subjected to a screening

protocol. Firstly, participants who scored the perceived in-
tensity of the water tubes stronger than moderate (>20 mm)

on the LMSwere excluded as this probably indicated that the

testing protocol was not followed correctly (i.e., not rinsing

between stimuli). Secondly, participantswhose total score for

the 18 test solutions was below 200 mm or above 1800 mm

were removed as these participants were ageusic, hypogeusic,

or using the scale in a way that could not be compared to the

rest of the population. For those who did not complete all
stimuliwithin the test battery, the averageof completed scores

was calculated, and if this average, when applied across all

solutions, would have placed the individual outside the ac-

ceptable ranges, they were also removed. Thirdly, partici-

pants were removed if the scores for the two presentations

of the same compound differed by more than 80 mm as

the results were unreliable and may indicate that these sub-

jects’ ratings were highly influenced by stimulus order. This
screening procedure resulted in the removal of 24% of the

sample, with the new subsample comprising 705 individuals,

392 females and 313 males (mean age of 17.8 ± 3.1 years), in-

cluding 63 MZ twin pairs, 135 DZ pairs, and 237 sib pairs

(Table 1). It was the overly high scoring of water that resulted

in the removal of most of these individuals, which suggests

inadequate rinsing between presentations, an unfortunate

consequence of the study being performed at home without
direct supervision. All genetic modeling used the screened

sample.

The focus of the present study was on the four bitter com-

pounds PROP, SOA, quinine, and caffeine. The remaining

bitter compound, denatonium benzoate, was not included

as it showed a distinctly bimodal distribution that was resis-

tant to transformation and thus violated the assumption of

normality required for maximum likelihood (ML) analysis.
The four sweet compounds will be analyzed separately.

Statistical analyses

Statistical analyses used structural equation modeling using

the statistical packageMx (Neale et al., 2002) andMLestima-

tion procedures. Models were assessed by comparing double

the negative log-likelihood (�2LL, the model fit statistic) be-

tweennestedmodelsas thisdifference isdistributedasymptot-
ically as a v2. Alternative models can then be assigned a

P-value, and if <0.05, the model is considered a significantly

worse fit. Data were screened for normality and for outliers in

both univariate and multivariate models. Outlying families

were detected and excluded byusing the%poption inMx that

uses a standardized Mahalanobis distance to compute a

z-score for each family,with values outside the�3 to+3 range

indicating excessive similarities or differences relative toother
families inthesampleandmodelexpectations(e.g.,excessively

differentMZ pairs or exceedingly similar DZ pairs relative to

other MZ and DZ pairs in the sample).

To establish regularity in sampling and measurement, the

homogeneity ofmeans and variances according to birth order

(first born, second born), zygosity, and sex were tested using

Mx (McGregor et al., 1999). The testing of assumptions

allows the mean and variance of each relative type (e.g., first
twin of MZ females) to be estimated separately; these esti-

mates are then steadily simplified while observing the change

in model fit. Covariates (age, sex, history of head injury, his-

tory of otitis media, smoking behavior, and use of cologne,

perfume, and aftershave) were modeled as fixed effects

(regressions and deviations from the mean) and assessed

for significance to establish whether they needed to be in-

cluded in themultivariate modeling. Equating covariance be-
tween MZ male and MZ female twin pairs and across same

sex and opposite sexDZpairs acts as a preliminary test for sex

differences in genetic and/or environmental variance compo-

nents of the measures. The twin sibling covariance was tested

for difference from that of twins by equating it to the DZ cor-

relation.MZandDZ twinpair covarianceswere then equated

to test whether there was a significant difference between

them, indicative of significant genetic influence.
The aim of variance components modeling is to estimate

how much of the residual variation in an observed trait is

due to genetic and environmental sources while simulta-

neously accounting for measured fixed effects. Using twins,

the proportion of variation due to each of these sources was

estimated by taking advantage of the differences in genetic

relatedness between MZ (share all genes) and DZ (share half

of genes) pairs. These known differences between MZ and
DZ pairs allow the estimation of additive genetic (A), non-

additive genetic (D), common environment (C), and unique

environment (E, includes experimental error) parameters in

a variance components model. Due to the fact that the twins

in this sample were reared together, the C and D parameters

are negatively confounded and, as such, cannot be simulta-

neously estimated on any one trait (Keller and Coventry,

2005). In choosing whether D parameters should be mod-
eled, the MZ and DZ correlations were examined. If the

MZ twin correlation is more than double the DZ twin cor-

relation, it is indicative of nonadditive genetic influence,

which can include dominance and epistasis. However, if

the MZ twin correlation is less than double the DZ twin cor-

relation, it is indicative of common environmental factors,

and C parameters are modeled.

As the perceptions of different bitter-tasting compounds
are moderately correlated, multivariate models were speci-

fied that utilized the additional information gained from

the cross-trait correlations to estimate common sources of

variation between these traits in addition to heritability.

Twin correlations indicated the importance of C factors

for one measure and the importance of D for the other

measures, thus a Cholesky decomposition of A, C, D, and

E factors was used as a starting point. Based on expecta-
tions formed by examining the phenotypic correlations

and the factor loadings of the Cholesky models, alternative
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independent pathway models were assessed. In the first

model, it was hypothesized that a common genetic bitter

taste factor may underlie the covariation between measures

and that the residual genetic variation would be due to

phenotype-specific factors. In the second, two group genetic
factors and two specific genetic factors were tested. In all

models (Cholesky and independent), the covariates were

modeled as regressions or deviation effects on the mean.

In addition, as there were two measurements for each com-

pound, these were examined in a repeated measures model in

which two presentations were treated as observations of the

one underlying score. In these models, the two presentations

are constrained to be equal with any consistent mean differ-
ences between the first and second presentation accounted

for by a presentation order effect which was modeled as an

additional covariate. All variance components (A, D, C, and

E) are then constrained to equally affect each presentation of

the same compound as both presentations are equally imper-

fect measures of the true underlying phenotype. The test un-

reliability (U) is then estimated from the variance that is not

shared between the first and second presentation.
The distributions of the PROP, SOA, quinine, and caffeine

scores were slightly positively skewed, so they were trans-

formed to improve normality of the distribution. The square

root transformation produced the most normal distribution

for all measures as determined by visual inspection of the

distributions. Three of the families were identified as bi-

variate outliers at the assumptions testing stage and two

additional families as multivariate outliers. All five families
were excluded from analyses. The composition of this final

sample is shown in Table 1.

Results

The phenotypic correlations between the perceived intensity

scores of the solutions are displayed in Table 2. The pattern
of correlations suggested a definite clustering between SOA,

quinine, and caffeine (0.34–0.56) as correlations were similar

to those between duplicate presentations of the same com-

pound (0.42–0.56). This was in contrast to PROP that

had lower correlations (0.12–0.28) with the other compounds

and a much higher correlation between presentations (0.80).

There were no birth order or zygosity effects for intensity

ratings of any of the compounds. Additionally, history of
head injury and use of cologne, perfume, and aftershave

did not have a significant effect on any of the phenotypes

and were not included in further analyses. The remaining

fixed effects of age, sex, history of otitis media, and the pre-

sentation effect significantly influenced some measures and

were included in the multivariate models. The magnitudes

of these fixed effects on the square root–transformed meas-

ures in the final model are shown in Table 3. There was a con-
sistent negative effect of age on the perceived intensity of all

four solutions, demonstrating decreased sensitivity to bitter

compounds as children get older. A significant sex effect on

the SOA and quinine measures were also indicated, males

found SOA more intense and females found quinine more

intense. History of otitis media had a consistent positive

effect but was only significant for the SOA measure. Also,

the second presentation of SOA was, on average, scored

higher than the first, and the second presentation of PROP

was scored lower. This may reflect the differing order of pre-
sentation of the initial and duplicate samples.

Sibling correlations were shown not to differ from their

respective DZ twin correlations, so the composite DZ/sib

correlation was used in place of the DZ twin correlation

in subsequent modeling. MZ twin correlations were signifi-

cantly higher than the DZ/sib correlations for each of the

bitter taste phenotypes suggesting genetic influence. MZ cor-

relations for SOA, quinine, and caffeine weremore than dou-
ble the DZ correlations, whereas theMZ twin correlations of

the PROP measures were less than double the DZ twin cor-

relations. Table 4 shows the mean and standard deviations

by sex and MZ and DZ/sib correlations (with 95% confi-

dence intervals).

Variance components modeling of bitter taste

Given the magnitudes of MZ and DZ twin correlations, an

atheoretical Cholesky model was specified in which A, C, E,

and U components of variance contributed to PROP and

A, D, E, and U components of variance contributed to

SOA, quinine, and caffeine. The significance of the C and
D parameter estimates was assessed by dropping them from

the model. There was no significant worsening of model fit

after removal of the PROP-specific C factor (D�2LL = 1.17,

Table 2 Phenotypic correlations among perceived intensity measures for
PROP, SOA, quinine, and caffeine and the two presentations (1 and 2)
of each compound

PROP SOA Quinine Caffeine

1 2 1 2 1 2 1 2

PROP

1 —

2 0.80 —

SOA

1 0.21 0.15 —

2 0.23 0.26 0.42 —

Quinine

1 0.21 0.22 0.44 0.41 —

2 0.12 0.17 0.35 0.46 0.56 —

Caffeine

1 0.30 0.28 0.57 0.44 0.51 0.42 —

2 0.19 0.28 0.34 0.56 0.40 0.52 0.48 —
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1 df, P = 0.28) or any of the three D factors (D�2LL =

0, 1 df, P = 1; D�2LL = 0, 2 df, P = 1; D�2LL = 2.14, 3 df,

P = 0.54). However, we note that the estimates for the

specific C factor (PROP) and the shared D factor (SOA,

quinine, and caffeine) were moderately large and that the

confidence intervals were wide indicating low power to de-

tect C and to discriminate A and D factors. All subsequent

models only estimated A, E, and U factors.
The final independent pathway model drew on results of

the Cholesky solution and included a genetic factor structure

that was based on the parameter/factor structure of the AEU

Cholesky model. It contained four genetic factors: a group

factor loading on SOA, quinine, and caffeine; a second group

factor that loaded on PROP, SOA, and caffeine; and two

specific factors, one for PROP and one for quinine. This

model showed a good fit to the data (D�2LL = 2.08, 2 df,
P = 0.35) and was progressively simplified by reducing the

E factor structure (D�2LL = 0, 1 df, P = 1; D�2LL = 0,

2 df, P = 1; D�2LL = 0.22, 3 df, P = 1) and dropping of

the nonsignificant PROP-specific genetic factor (D�2LL =

0, 1 df, P = 1). An alternate independent pathway model

was also tested that included one common additive genetic

factor and specific additive genetic factors for each of the

PROP, SOA, quinine, and caffeine measures with E param-

eters kept as a Cholesky structure. The fit of this model was

significantly worse than the Cholesky base model (D�2LL =

6.52, 2 df, P = 0.04) and was not examined further.
The final model is shown as a path diagram in Figure 1 with

the estimated fixed effects of the covariates shown in Table 3.

The model comprised a group genetic factor (A1) that

explained 27%, 22%, and 28% of variation in SOA, quinine,

and caffeine, respectively; a second group factor (A2)

explaining 72% of the variation in PROP, 1% of variation

in SOA, and 2% of the variation in caffeine; and a specific

genetic factor (A3) that explained 12% of variation in qui-
nine. Test unreliability (U) explained a further 21% of var-

iation in PROP and 59%, 45%, and 50% of variation in the

SOA, quinine, and caffeine, respectively. This is a significant

Table 3 Estimates of covariate effects for age, sex, history of otitis media, and order of presentation in the most parsimonious model (from Figure 1)

Age Sex Otitis media Presentation

PROP �0.13 (�0.20, �0.06)a 0.23 (�0.17, 0.63) 0.11 (�0.08, 0.30) �0.29 (�0.44, �0.15)

SOA �0.08 (�0.12, �0.04) 0.30 (0.04, 0.55) 0.21 (0.07, 0.35) 0.52 (0.36, 0.69)

Quinine �0.05 (�0.10, �0.00) �0.28 (�0.56, 0.00) 0.11 (�0.04, 0.26) 0.06 (�0.09, 0.21)

Caffeine �0.09 (�0.13, �0.05) �0.06 (�0.31, 0.20) 0.12 (�0.02, 0.25) 0.13 (�0.02, 0.27)

The regression and deviations were applied to the means of the transformed variables. Nonsignificant estimates italicized and 95% confidence intervals in
parentheses.
aFor example, if respondent is aged 16, transformed PROP score would on average be reduced by 2.08 (�0.13 · 16).

Table 4 Means± SD of untransformed perceived intensities of PROP, SOA, quinine, and caffeine for females and males plus MZ and DZ/sib twin correlations
(ML) with 95% confidence intervals

Females (N) Males (N) MZr DZ/sibr
a

PROP

1 35.1 ± 31.0 (383) 37.2 ± 31.7 (308) 0.78 (0.67, 0.85) 0.56 (0.47, 0.63)

2 30.5 ± 28.1 (381) 34.4 ± 30.0 (305) 0.68 (0.53, 0.78) 0.36 (0.28, 0 .44)

SOA

1 41.3 ± 23.3 (386) 45.5 ± 25.0 (311) 0.49 (0.26, 0.64) 0.13 (0.00, 0.25)

2 49.9 ± 23.3 (381) 52.3 ± 29.1 (304) 0.29 (0.07, 0.48) 0.18 (0.06, 0 .30)

Quinine

1 41.9 ± 25.5 (383) 38.3 ± 23.7 (310) 0.46 (0.23, 0.62) 0.10 (�0.02, 0.23)

2 43.0 ± 25.3 (380) 39.2 ± 25.1 (302) 0.54 (0.35, 0.68) 0.16 (0.03, 0.29)

Caffeine

1 45.9 ± 24.6 (386) 47.4 ± 26.3 (308) 0.51 (0.28, 0.66) 0.14 (0.03, 0.25)

2 50.1 ± 27.1 (376) 47.2 ± 26.9 (304) 0.45 (0.24, 0.61) 0.20 (0.08, 0.32)

The number of participants changes between presentations as not all participants completed the entire test. Italicized values are 95% confidence intervals.
aThe DZ twin correlations could be equated to the sibling correlations to give a single DZ/sib correlation.
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issue that can greatly decrease the estimations of heritability.

The remaining variance was attributed to a general unique

environmental factor (E1) that was responsible for 7%,

14%, 22%, and 19% of variation in the PROP, SOA, quinine,

and caffeine phenotypes, respectively. Heritability was calcu-

lated by summing the square of the genetic path coefficients

leading to each phenotype and was 0.72, 0.28, 0.34, and
0.30 for the PROP, SOA, quinine, and caffeine perceived in-

tensity measures, respectively.

Discussion

This is the first study to examine the heritability of the per-

ceived intensity of four structurally diverse bitter com-
pounds, PROP, SOA, quinine HCl, and caffeine. A high

heritability was found for PROP (0.72) with more modest

heritabilities estimated for SOA, quinine, and caffeine

(0.28, 0.34, and 0.30, respectively). Multivariate modeling in-

dicated that no general (common) genetic factor influenced

all four compounds. A common genetic group factor was re-

sponsible for the majority of the genetic variation in SOA,

quinine, and caffeine, accounting for 27%, 22%, and 28%

of the phenotypic variation, respectively. This is consistent

with Delwiche et al. (2001a) who found a common factor
for individual differences to these compounds. A genetic fac-

tor that was responsible for all the genetic variation in PROP

only accounted for 1% and 2% of variation in SOA and caf-

feine. A large genetic factor is expected as Bufe et al. (2005)

had found that the TAS2R38 gene haplotypes accounted for

most of the perceptual variability to PROP. There was also

a specific genetic factor responsible for a modest 12% of var-

iation in the perceived intensity of quinine. In contrast, a
single common factor explained all the unique environmen-

tal variance for all four bitter taste phenotypes, accounting

0.09
(.02, .16)

0.47 

 (.34, .57)

0.77 
(.73, .80)

0.52 
(.40, .60)

  0.46 
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0.44 
(.33, .56) 

0.37 
  (.24, .49)  
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Figure 1 Standardized path diagram depicting the additive genetic (A) and unique environmental (E) variation in perceived intensity of PROP, SOA, quinine,
and caffeine solutions and covariance betweenmeasures.U represents the test unreliability of each compound. Standardized path coefficients (which should be
squared to get percentage of variance accounted for) are shown, with 95% confidence intervals in parentheses.
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for 7–22% of the variation, and unreliability explained the

remainder of the variance (21–59%). This is consistent with

others (Lawless, 1979; Delwiche et al., 2001a) who suggest

a factor that impacted perception of all bitters; that is, the

gain of the bitter taste system appears to be manipulated
in all bitter compounds across the board.

The heritability of the perceived intensity of suprathres-

hold PROP solution used in this study is higher, but com-

parable to heritability estimates from detection threshold

measures of the related compound PTC, for which heritabil-

ity has been estimated at 0.5 (Drayna et al., 2003) and 0.55

(Morton et al., 1981), and a genetic association study which

has shown 55–85% of variation in PTC is attributable to
three SNPs in the bitter taste receptor TAS2R38 (Kim

et al., 2003). Our higher heritability estimate may be due

to a number of factors. Firstly, the relationship between

PTC intensity ratings and TAS2R38 genotype is orderly,

but the genotype relationship to PROP is much less so, es-

pecially at high PROP concentrations (Bufe et al., 2005).

This observation, in conjunction with several other lines

of evidence, suggests that additional genotype and/or envi-
ronmental effects influence PROP intensity ratings. Sec-

ondly, detection threshold has been shown not always to

predict or be associated with suprathreshold response (e.g.,

Bartoshuk, 1978, 2000; Mojet et al., 2005) and, therefore,

these measures may represent distinct phenotypes with dif-

ferent proportions of genetic and environmental influences.

Thirdly, the evidence frommice and the golden hamster dem-

onstrates that heritability estimates vary with the concentra-
tion of the compound used in the measure, suggesting that

either the magnitude of the genetic effect changes or addi-

tional genetic effects arise as the concentrations are altered.

Finally, the heritability estimate for PROP obtained in this

study could be slightly inflated (;10%) by the potential com-

mon environmental influence, which was found to be nonsig-

nificant in preliminary Choleskymodels due to the low power

to detect C and D parameters.
Heritability estimates of SOA, quinine, and caffeine (0.28,

0.34, and 0.30, respectively), while lower than PROP, are

reasonable when compared to those from murine studies.

For example, in mice, the heritability of SOA consumption

at two different concentrations was estimated at 0.27 and

0.40 (Le Roy et al., 1999), and for two concentrations of

SOA intake in golden hamsters, the narrow sense heritability

has been estimated at 0.08 and 0.57 (Frank et al., 2004).
Similarly, for quinine and caffeine perception, heritability

is concentration dependent in the golden hamster, with her-

itabilities of 0.11 and 0.31 for quinine and 0.41 and 0.55 for

caffeine (Frank et al., 2004).Moreover, while our heritability

estimate of 0.34 for quinine is lower than the estimates 0.55

and 0.85 for a quinine detection threshold obtained from

twin and family samples, respectively (Smith and Davies,

1973), this early study had a relatively small sample (N =

134 individuals) and large standard errors. Additionally,

as perceived intensity measures do not necessarily corre-

spond with detection threshold measures (e.g., Bartoshuk,

1978, 2000; Mojet et al., 2005), we can expect heritability dif-

ferences between these two quinine perception phenotypes.

Our heritability estimates would likely be higher if methods

were employed to increase test–retest reliability with SOA,
quinine, and caffeine. For example, using the same battery

in the laboratory under supervision and ensuring proper

rinsing with deionized water increase the test–retest reliabil-

ity of the SOA and caffeine measures from 0.42 and 0.48,

respectively, to approximately 0.63 for both (Breslin et al.,

unpublished data).

SOA and quinine perceptions in mice are predominantly

controlled by single loci (Soa andQui) each with three alleles
behaving dominantly (taster allele dominant over interme-

diate taster allele which is in turn dominant over nontaster

allele) (Bachmanov et al., 1996; Harder et al., 1996). In con-

junction with the knowledge that human PROP and PTC

detection threshold is predominantly controlled by domi-

nance of the taster haplotype in the bitter taste receptor

TAS2R38, it would be reasonable to hypothesize that dom-

inant genetic factors could influence other human bitter taste
perception measures. Observing that MZ twin correlations

were more than double that of DZ twin pairs for SOA, qui-

nine, and caffeine measures would tend to support dominant

genes, but the PROP twin correlations suggested additive

genetic influences and common environment as more likely

than dominance. Our preliminary Cholesky models did es-

timatemoderate dominance effects on SOA, quinine, and caf-

feine sensitivities, but these estimates were not significant at
P = 0.05. Rather than suggesting that dominant genetic fac-

tors do not significantly affect these perception measures, the

results simply highlight that very large sample sizes are

needed to discriminate additive and dominant genetic para-

meters in twins. Therefore, the heritabilities reported should

be interpreted as broad-sense genetic heritabilities encom-

passing the sum of additive and dominant acting genetic

factors.
The pattern of phenotypic correlations was consistent

with the observations of others (McBurney et al., 1972;

Yokomukai et al., 1993; Delwiche et al., 2001a). There was

a definite clustering for SOA, quinine, and caffeine percep-

tion (0.34–0.56), and all three of these compounds correlated

to a lesser degree with PROP (0.12–0.28). Modeling demon-

strated that a large proportion of this phenotypic covaria-

tion between SOA, quinine, and caffeine was due to a
group genetic factor (22–28% phenotypic variation; 65–96%

genetic variance), suggesting that variation in the percep-

tion of these three compounds is influenced by common

genes. A common genetic factor is not unexpected as in mice

it has been shown that a single locus, Soa, can affect the per-

ception of multiple bitter compounds (Whitney and Harder,

1994; Boughter and Whitney, 1998; Harder and Whitney,

1998), and as such, there could be a similar situation in
humans. Also, given the suggestion by Delwiche et al.

(2001a) that the covariation between sensitivities of SOA,
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quinine, and caffeine is due to the presence of methyl groups,

it may be that the group genetic factor could include genes

that influence the pathway involved in the detection of

methyl-containing compounds.

While variation in the perceived intensity of SOA, quinine,
and caffeine is predominantly controlled by the same set of

genetic factors, there was a modest genetic influence for qui-

nine that accounted for 12% of variation, suggesting that

quinine perception is influenced by additional genetic fac-

tors, that is, an additional pathway that affects quinine per-

ception only. A quinine-specific genetic factor is reasonable,

considering that quinine perception in mice has been sug-

gested to be under control of at least three distinct loci
(Boughter and Whitney, 1998), a quinine-specific locus

Qui (Bachmanov et al., 1996), the Soa locus that affects mul-

tiple bitter tastes, and an additional unidentified locus.

Modeling also indicated that all the genetic variation in

PROP (72% phenotypic variation) was accounted for by

a single factor, which only contributed 1% and 2% to vari-

ation in SOA and caffeine, respectively. Considering that

a single gene, TAS2R38, accounts for 55–85% of the pheno-
typic variation in the detection threshold of the related com-

pound PTC (Kim et al., 2003) and that Bufe et al. (2005) has

shown that TAS2R38 haplotypes influence both PTC and

PROP perception, we suggest that the TAS2R38 gene could

be included in, and responsible for, a large component of the

PROP genetic factor. If this is the case, we suggest that the

TAS2R38 gene would also have a small effect on the varia-

tion in SOA and caffeine perception.
It has been suggested by others that there is a general

genetic factor that affects variation in the perception of all

bitter compounds (Olson et al., 1989). This would tend to

be supported by the observation that larger numbers of

fungiform papillae and higher taste pore densities of these

papillae can result in more intense bitter perceptions

(Miller and Reedy, 1990; Delwiche et al., 2001b), although

it was noted that differences in papillae number and taste
pore densities could adequately predict differences within

but not between individuals (Delwiche et al., 2001b). How-

ever, we found no evidence to support a general bitter taste

factor across all four of our perceived intensity measures,

with the above pattern of group factors providing the best

fitting model. This does not preclude the existence of a gen-

eral bitter taste factor, but these results would suggest that

the influence of this factor, at least on perceived intensity
measures, would be quite small compared with other group

and specific genetic factors.

Unique environmental factors specific to each compound

were entirely due to measurement error or unreliability (U).

An environmental common factor affected the perception

of all four compounds and accounted for 7%, 14%, 22%,

and 19% of variation in PROP, SOA, quinine, and caffeine,

respectively. This factor is systemic to all four compounds
but unique to individuals and represents either, genuine

environmental differences, for example, diet and state of

health, or correlated experimental error, for example, not

rinsing between solutions.

Test unreliability accounted for 21% of the variation in

PROP and 45–59% of the variation in SOA, quinine, and

caffeine phenotypes, with no obvious reason for observing
better reliability in the PROP measure compared with the

other three compounds. These unreliability estimates are

in line with past work that has found the test–retest correla-

tion of suprathreshold PROP intensity to be 0.69 (Tepper

et al., 2001) and only 0.54 for detection threshold measures

of SOA collected under supervision (Boughter and Whitney,

1993). However, in our test, the unreliability estimate could

include variation from other sources such as sensory adap-
tation, that is, participants’ bitter taste perception could

change throughout the test, and unspecified ordering effects,

that is, the first time a solution is presented it may follow

a bitter compound and the second time a sweet. True unre-

liability in the present study may be due to lack of compli-

ance because the tests were sent in the mail and completed at

home. For example, if participants do not rinse thoroughly

between each presentation, this can cause contrast or bleed-
through effects across the different test solutions. The unreli-

ability puts a ceiling on heritability estimates, and therefore,

the heritability for the perceived intensity of these bitter

compounds may in fact be higher.

The finding of a negative effect of age (�0.05 to �0.13) on

the perception of bitter taste (significant for all but quinine)

is in line with previous studies that have reported decreasing

sensitivity with age for the perception of PTC (Schiffman
et al., 1994; Guo and Reed, 2001; Mojet et al., 2003), quinine

(Cowart et al., 1994), caffeine (Hyde and Feller, 1981), as

well as other compounds (Mojet et al., 2003). The age effect

may be particularly pronounced in this adolescent and young

adult twin sample when taste preferences of many are chang-

ing from childish (e.g., sugar) to adult (e.g., beer and olives).

In addition to an age effect, history of otitis media signifi-

cantly increased the perceived bitterness of SOA, and there
was a nonsignificant trend observed with the other three

compounds. A mechanism for this increase was proposed

(Bartoshuk et al., 1996) in which the response of the chorda

tympani to otitis media infection results in the increase of

the numbers of taste buds per fungiform papillae. The more

taste buds, the more taste receptor cells, and consequently,

the more bitter a compound may be perceived. Sex differen-

ces found for the adolescent sample are mostly in line with
other studies (Smith and Davies, 1973; Hyde and Feller,

1981; Boughter and Whitney, 1993) except for SOA, with

males finding the transformed score of SOA 0.3 more in-

tense, contrasting with a previous report suggesting no sex

difference in detection thresholds of SOA (Boughter and

Whitney, 1993).

In conclusion, this study has examined the perceived inten-

sity phenotypes of four structurally diverse bitter compounds,
PROP, SOA, quinine HCl, and caffeine and established that

a substantial amount of variation in these traits is due to
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genetic factors. It was also shown that a substantial amount of

the observed phenotypic covariation between SOA, quinine,

and caffeine perception was due to shared genetic influences

and that the genetic influences on PROP perception had very

little influence on the perception of the other three bitter com-
pounds. This suggests that there are two distinct pathways

responsible for the perception of these four compounds,

one for PROP and another for the perception of SOA, qui-

nine, and caffeine.
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