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”Tell me what you eat, and I will tell you what you are”

Anthelme Brillant-Savarin, The Physiology of Taste, 1825.
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ABSTRACT

Diet is a major factor in the maintenance of health and the onset of many diseases of
public health importance. Choice of food composing the diet is known to be largely
influenced by sensory preferences. However, in many cases, it is unclear whether
these preferences and dietary behaviors are innate or acquired.

The aim of this work was to determine the extent to which individual differences in
dietary responses, especially in liking for sweet taste, are influenced by genetic
factors. Several traits measuring the responses to sweetness and eating behavior
were examined in four populations: in British (TwinsUK) and Finnish (FinnTwin12
and FinnTwin16) twin cohorts and in a Finnish migraine family study. All subjects
were adults and they participated in chemosensory measurements and filled in food
behavior questionnaires. Further, it was evaluated, whether the correlations among
variables are mediated by genetic or environmental factors and where in the genome
the genes influencing heritable traits are located.

A study of young adult Finnish twins (FinnTwinl6, n=4388) revealed that around
40% of food use is attributable to genetic factors and that the common childhood
environment does not affect food use even briefly after moving out from the
parental home. Both the family study (n=146) and the twin studies (British twins,
n=663) showed that around half of the variation in the liking for sweetness is
inherited. The same result was obtained by both the chemosensory measurements
(heritability 41-49%) and questionnaire variables (heritability 31-54%). By contrast,
the intensity perception of sweetness or the responses to saltiness were uninfluenced
by genetic factors. Further, a locus influencing the use-frequency of sweet foods was
identified on chromosome 16p. A closer examination of the relationships among the
variables based on 663 British twins revealed that several genetic and environmental
correlations exist among the different measures of liking for sweetness. However,
these correlations were not very strong (range 0.06-0.55), implying that the
instruments used measure slightly different aspects of the phenomenon. In addition,
the assessment of the associations among responses to fatty foods, dieting behaviors,
and body mass index in twin populations (TwinsUK n=1027 and FinnTwinl2
n=299) showed that dieting behaviors (cognitive restraint, uncontrolled eating, and
emotional eating) mediate the relationship between obesity and diet.



In conclusion, this work contributed to the understanding of the factors underlying
human eating behavior. Genetic effects were shown to underlie the variation of
many dietary traits, such as liking for sweet taste, use of sweet foods, and dieting
behaviors. However, responses to salty taste were revealed to be mainly determined
by environmental factors and thus should more easily be modifiable by dietary
education, exposure, and learning than sweet taste preferences. Although additional
studies are needed to characterize the genetic element located on chromosome 16
that influences the use-frequency of sweet foods, these results underline the
importance of inherited factors on human eating behavior.

Keywords: sweet taste, eating behavior, genetics, twins, family study, heritability
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TIIVISTELMA

Ruokavalio on tirked terveyteen ja monien kansanterveyden kannalta tirkeiden
sairauksien puhkeamiseen vaikuttava tekijd. Ruokavalinnat méadrdytyvat pitkalti
makumieltymysten perusteella. Kuitenkin monissa tapauksissa on epéselvii, ovatko
makumieltymykset ja syomiskayttdytymismallit synnynnéisid vai opittuja.

Tdméin tutkimuksen tavoitteena oli selvittdd, kuinka suurelta osin makean
mieltymykset ja muut ruokaorientaatiota kuvaavat tekijét periytyvit. Useita makean
maun kokemista ja ruokakdyttdytymistd mittaavia testejd kdaytettiin neljassd
tutkimuksessa: suomalaisessa migreeniperhetutkimuksessa sekd  brittildisessd
(TwinsUK) ja suomalaisissa (FinnTwinl2 ja FinnTwinl6) kaksostutkimuksissa.
Tutkimusten koehenkildt olivat aikuisia ja he sekéd osallistuivat aistitutkimuksiin etti
tayttivit syomiskéyttaytymiskyselyitd.  Jatkoanalyyseissa tutkittiin, johtuivatko
mittareiden viliset korrelaatiot geneettisistd vai ympéaristotekijoistd sekd pyrittiin
paikantamaan periytyviin ominaisuuksiin vaikuttavia tekijoitd genomissa.

Suomalaisia nuoria aikuisia (FinnTwin16, n=4388) kasitellyt tutkimus osoitti, ettd n.
40 % eroista ruokien kaytossd selittyi perinnollisilla tekij6illd ja ettd lapsuuden
perheympiristd ei vaikuta ruokien Kkéyttoon tilanteessa, jossa suurin osa
koehenkiloistd oli vastikddn muuttanut pois vanhempiensa luota. Seké
perhetutkimus (n=146) ettd kaksostutkimukset (brittikaksoset, n=663) osoittivat, ettd
noin puolet eroista makean mieltymyksissé johtui geneettisistd tekijoistd. Sama tulos
saatiin sekd aistitestauksilla ettd kyselylomakkeilla. Sen sijaan suolaisen maun
aistimukset ja mieltymykset eivdt olleet periytyvid. Lisdksi saatiin selville, ettd
kromosomissa 16 sijaitsee geneettinen tekijd, joka vaikuttaa makeiden ruokien
kdyton useuteen. Muuttujien yhteyksien tarkempi tarkastelu 663 brittikaksosen
aineistossa osoitti, ettd samat geneettiset ja ympéristotekijat vaikuttavat eri makean
mittareilla saatuihin tuloksiin. N#méi korrelaatiot eividt olleet kovin suuria
(vaihteluvéli 0.06-0.55), joten eri makean mieltymysten testit mittaavat ilmioté
hieman eri nikékulmasta. Kun edelleen tarkasteltiin rasvaisten ruokien arvioiden,
ruokakdyttdytymisen ja painoindeksin vilisid yhteyksid kaksospopulaatiossa
(TwinsUK n=1027 ja FinnTwinl2 n=299) havaittiin, ettd yhteys ruokavalion ja
lihavuuden wvélilld kulkee ruokakdyttdytymismallien (syomisen rajoittaminen,
kontrolloimaton syéminen, tunnesydminen) kautta.



Yhteenvetona voidaan todeta, ettd tyo lisdsi tietdmystd ihmisten syOmis-
kayttdytymisen taustasta. Perimidlld osoitettiin olevan suuri vaikutus moniin
ravitsemuksellisiin tekijéihin, kuten makean mieltymyksin, makeiden ruokien
kayttoon ja ruokakdyttdytymiseen. Toisaalta mieltymys suolaiseen makuun
osoitettiin olevan pddosin ympariston madrddmai ja suolamieltymysten tulisikin siis
olla muokattavissa ravitsemuskoulutuksen, altistuksen ja oppimisen avulla
helpommin kuin makean mieltymysten. Kromosomissa 16 sijaitsevan geneettisen
tekijan havaittiin vaikuttavan makeiden elintarvikkeiden kéytt6on.  Vaikka
lisdtutkimuksia tarvitaan, jotta vaikuttava geeni ja sen yhteydet muihin
ominaisuuksiin saadaan selville, tutkimuksen tulokset wviittaavat siithen, ettd
periytyvilld tekij6illd on merkitystd ihmisten ruokakayttdytymiseen.

Asiasanat: makeus, ruokakiyttdytyminen, genetiikka, kaksoset, perhetutkimus,
perinnollisyys
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1 INTRODUCTION

Humans have an innate preference for sweet taste (Desor et al., 1973). Naturally
sweet foods, such as fruits and berries, are good and safe sources of nutrients.
Assumingly, this has resulted in an evolutionary development to prefer them (Rozin
& Vollmecke, 1986), and these sweet foods still form an important part of a healthy
diet. However, many sweet foods available today also have adverse health effects.
Consumption of foods with refined sugar may lead to intake of extra calories and
increased risk of dental caries. Thus, dietary guidelines generally discourage the
consumption of added sugar (e.g. Dietary Guidelines for Americans, 2005; Finnish
Nutrition Recommendations, 2005).

Though sweet taste is universally liked, great differences between individuals exist
in the degree of liking for sweet foods (Pangborn, 1981). These individual
differences have both environmental (e.g. experience, attitudes) and genetic (e.g.
genetic liability to like sweet taste) determinants. The genetic predisposition to like
sweetness at birth is modified by experience with sweet taste already during the first
six months of life (Beauchamp & Moran, 1982). Taste preferences, in general, are a
major determinant of food choices in modern societies (Drewnowski, 1997a). Food
choice, in turn, has an effect on the development of many diseases of public health
importance, such as obesity, diabetes, and cardiovascular diseases. In children,
sweetness and familiarity are often the main determinants of food preferences
(Benton, 2004). However, adults' food choices are also affected by attitudinal,
cultural, situational, physiological, and economic factors.

Genetic studies on taste preferences have, until recently, mostly concentrated on
bitter taste perception and on the effect of the bitter taste receptor gene TAS2R38 on
various phenotypes. The genes encoding the two subunits of the human sweet taste
receptor, first discovered in mice, are located on human chromosome 1p36. The
dimer of the two subunits, taste receptor family 1, members 2 and 3 (TAS1R2 &
TAS1R3) reacts with a range of different sweet tastants, from sugars to proteins.
The effect of polymorphisms in the 7as/r3 gene on the sweetness perception of
mice has been investigated widely. In humans, no studies evaluating the effect of the
variations in these genes on sweetness perception have been carried out.

Degree of liking for sweetness can be measured by several methods, divided into
taste tests (chemosensory measurements) and questionnaire instruments.
Chemosensory methods usually include rating of the intensity of and liking for
sweet samples or ranking samples with varying sweetness levels. Aqueous solutions
most often serve as the stimulus, but sweet foods can also be used. Questionnaire
instruments measure the use-frequency of, liking for, or attitudes towards sweet
foods. The intake of sugar, reflecting the amount of sweet foods consumed, can be
obtained using food intake diaries or other dietary research methods. All of these
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measures give slightly different estimates of sweet taste preference, but the
outcomes are often correlated (Mattes & Mela, 1986).

The following literature review discusses the determinants and health consequences
of a preference for sweetness. In addition, methods to measure hedonic responses to
sweetness and to investigate quantitative genetic traits are described. The four
original publications focus on the genetic background of sweet taste perception and
the associations between dietary and chemosensory variables.
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2 REVIEW OF THE LITERATURE

2.1 Mechanisms for perceiving sweet taste

2.1.1 Anatomy of tasting: taste buds and papillae

Human can perceive five tastes: sweet, sour, bitter, salty, and umami (or savory).
Taste perception begins when a tastant encounters the taste receptor cells in the
mouth. The taste receptor cells are located in taste buds (Figure 1C), each bud
containing 50-150 taste receptors.

B c
8 Taste bud Tastgpore 1298
Vallate
papilla&
Foliate i

papilla

Fungiform
papillae

Figure 1. Location of papillae on the tongue (A), a fungiform papilla (B), and a taste
bud (C). The tastant encounters the taste receptor cells through the taste
pore (modified from Chandrashekar et al., 2006).

Taste buds are located in the gustatory taste papillae of the tongue. There are three
types of gustatory papillae: vallate, foliate, and fungiform papillae (Witt et al.,
2003). The locations of different types of gustatory papillae on the tongue are
presented in Figure 1A. Contrary to common belief, all areas of the tongue are
responsive to all five tastes (e.g. Chandrashekar et al., 2006).

Vallate papillae, also known as circumvallate papillae, are located at the back of the
tongue, forming a V-shaped line across the root of the tongue. They are round and 2-
8 mm in diameter. The human tongue has, on average, nine vallate papillae (range 4-
18), each containing over 200 taste buds. Foliate papillae lie along the sides of the
tongue, next to the lower molar teeth, and consist of ridges and valleys. On average,
they contain a total of more than 1300 taste buds per tongue. The foliate papillae are
hard to see, as they flatten out when the tongue is extruded.

Fungiform papillae, by contrast, can be seen as pink elevations of ~0.5 mm in
diameter at the front of the tongue. The distribution of fungiform papillae differs
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markedly among individuals, as does the number of taste buds in them. Fungiform
papillae density has been shown to be related to the perceived intensity (Miller &
Reedy, 1990) and liking (Yeomans et al., 2007) of sweetness.

Taste buds can also be detected "extralingually" in the oral, pharyngeal, and
laryngeal cavities. It is not clear whether these extralingual taste buds are sensitive
to tastes. The taste buds of the epiglottis and/or uvula, for example, do not directly
function in taste perception, but may be involved in the pharyngolaryngeal water
response. In addition to gustatory papillae, two types of papillae, filiform and
conical are nongustatory, meaning that they do not contain taste buds. These cone-
shaped papillae are located on the dorsal surface of the tongue (Witt et al., 2003).

Differences exist between individuals in taste sensitivity. However, ageusia, a
disorder of complete inability to taste, is very rare, presumably because taste
information is carried by three different nerves. A few cases of aglycogeusia
(inability to taste the sweetness of sucrose) have been reported. Two cases described
by Henkin and Shallenberger (1970) both had congenital idiopathic
hypoparathyroidism and low in calcium concentrations. The patients had normal
detection and recognition thresholds for sour, bitter, salty, and sweet tastes, but
neither of the patients could recognize sucrose solutions as sweet. From the sweet
substances tasted, fructose and sucrose were perceived as sour, xylose as salty, and
glucose, galactose, and cyclamate as bitter. Based on the follow-up of the patients,
Henkin and Shallenberger suggested that the aglycogeusia was associated with
hypoparathyroidism.

2.1.2  Sweet taste receptors and signal transduction

The five different taste modalities are recognized either by G-protein-coupled
receptor (GPCR) dimers or through membrane channels. There are two taste
receptor GPCR families. Family 1 consists of only three members, which mediate
the perception of sweet and umami tastes. Family 2 is large, with around 30 different
GPCRs, and the dimers of these make up the receptors for different bitter-tasting
compounds. Salty and sour tastes have been suggested to be perceived by direct
entry of Nat+ and H+ through specialized membrane channels. However, the
mechanisms of sour taste perception are not fully known (Chandrashekar et al.,
2006).

Sweet taste is mediated by two class C GPCRs, members 2 and 3 of taste receptor
family 1 (TAS1R2/TAS1R3). Members 1 and 3 together form the umami receptor,
responding to amino acids and nucleotides (Chandrashekar et al., 2006). Human
family 1 taste receptor genes 1, 2, and 3 are all located within a small region on
chromosome 1p36 (Liao & Schultz, 2003).
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TAS1R2 TAS1TR3

Aspartame,
neoaspartame
EXTRACELLULAR
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DOMAIN
Cyclamate Brazzein
CYSTEINE-RICH
DOMAIN ;
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saccharin
TRANSMEMBRANE /
DOMAIN
INTRACELLULAR
CARBOXYL-
TERMINAL TAIL
Figure 2. Schematic representation of a sweet taste receptor and the binding sites of

different artificial sweet-tasting compounds (modified from Naim et al.,
2006, and Roper, 2007).

The heterodimeric combination of two proteins, TAS1R2 and TAS1R3, is needed to
form a functional sweet taste receptor. This receptor complex responds to all kinds
of sweet tastants, including sugars, artificial sweeteners (sucralose, saccharin),
amino acids, alcohols (sorbitol, xylitol), peptides (aspartame), and proteins
(brazzein, thaumatin), as well as to sweetness inhibitors (lactisole). The attempt to
find common features among sweet-tasting compounds has produced the concept of
"glycophore", which consists of an electronegative atom (A) that forms a hydrogen
bond (H) with another electronegative atom (B). AH-B is found in all sweet
compounds.

TAS1R2 and TAS1R3 have different functional roles in ligand recognition, and
multiple ligand binding pockets are present on sweet taste receptors (Xu et al., 2004;
Roper, 2007), as demonstrated in Figure 2. The large extracellular domain of the
sweet taste receptor (TASIR2/TASIR3) has a so-called Venus flytrap motif.
Binding sites for sugars have been found in both TAS1R2 and TAS1R3 extracellular
amino-termini.

Signal transduction of sweet taste comprises interaction of the ligand (sweet tastant)
with the GPCR and downstream intracellular second-messenger cascades. The taste



stimulation of GPRC initiates two cascades, a PLCP2-signaling stream, in which the
release of calcium opens a nonselective monovalent cation channel TRPMS, and a less
understood stream in which cAMP (cyclic adenosine monophosphate) stimulates PKA
(protein kinase A). After the signal transduction, the signal processing of the sweet
taste includes secretion of the neurotransmitter ATP (Roper, 2007).

Two cranial nerves transmit the signals of the taste perception from the tongue to the
brain. Chorda tympani, a branch of the facial nerve (cranial nerve VII), innervates
the anterior two-thirds of the tongue, and the glossopharyngeal nerve (cranial nerve
IX), the posterior one-third of the tongue. In addition, the vagus nerve (cranial nerve
X) carries sensations from the back of the oral cavity. The taste information is first
carried into the nucleus of the solitary tract in the brain stem. From there, the
second-order taste neurons project it to the thalamic nucleus, and from the thalamic
taste area (ventroposteromedial thalamic nucleus) to the primary taste cortex (frontal
operculum/insula). This area also receives input from vision, olfaction, and touch
(Rolls & Scott, 2003).

2.2 Determinants of liking for sweet taste

Sweet taste is generally liked by humans from birth (see Section 2.2.1). Naturally
sweet foods, like fruits and berries, are good and safe sources of energy and
nutrients (Rozin & Vollmecke, 1986). Thus, adaptive evolutionary development has
preferred their consumption. Although sweet taste is generally enjoyed, differences
exist among individuals in preference for and use of sweet foods (Pangborn, 1981;
Conner et al., 1988). The major influences on sweet taste preferences and sweetness
perception are presented in Figure 3 and reviewed in the following sections. Despite
interactions among the factors, each is discussed separately. Other factors, such as
socioeconomic status or psychological factors (e.g. depression: Scinska et al., 2004)
may also influence the degree of liking for sweetness, but no sound scientific
evidence of the contribution of these factors is available.
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Figure 3. Major determinants of sweet taste preference.
2.2.1 Age

Both ingestion and facial expression studies have shown that human newborns like
sweet taste. The former method was used by Desor et al. (1973a), who offered 1- to
3-day-old infants (n=192) two bottles: a water bottle and a sugar solution bottle
containing glucose, fructose, lactose, or sucrose. The infants ingested more sugar
solutions than water, and the sweeter sugars, fructose and sucrose, were more highly
preferred. These results were interpreted as evidence for a preference for sweet taste.
The observation of facial expressions of newborn infants after inserting 0.2-0.5 ml
of taste solution into the mouth confirms these findings (Steiner, 1977). Sweet
stimuli are associated with lip licking, rthythmic sucking, and relaxed face/smiling,
indicating pleasant perception (reviewed by Ganchrow & Mennella, 2003).

The strong preference for sweetness diminishes with age. Comparison of the taste
preferences of 9- to 15-year-olds (n=618) with those of adults (n=140) showed that
younger subjects preferred higher sweetness (sucrose and lactose) concentrations
than adults (Desor et al., 1975). The trend of diminishing sweet taste preference with
age was confirmed in a longitudinal study of 44 subjects whose sucrose preferences
were measured twice: first at adolescence (11-15 years) and then in young adulthood
(19-25 years). The concentration selected as most preferred decreased during the 9-
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to 10-year period significantly, and no sex or race differences were observed (Desor
& Beauchamp, 1987).

de Graaf & Zandstra (1999) compared the sweetness intensity and pleasantness ratings
of a sucrose and orange lemonade sample among three age groups: children (9-10
years), adolescents (14-16 years), and adults (20-25 years). The optimal sucrose level
and sensitivity for sweetness were shown to be lower in the older age groups, and the
age effects were similar for the water and lemonade samples. In another study,
Zandstra and de Graaf (1998) compared six age groups: children (6-12 years),
adolescents (13-18 years), young adults (19-34 years), adults (35-49 years), older
adults (50-65 years), and elderly (>65 years). The subjects rated the sweetness,
sourness, and orange flavor intensity and the pleasantness of orange beverage samples
with varying sucrose, citric acid, and orange flavor concentrations. In general, children
and the elderly preferred higher sucrose concentrations than young adults. In addition,
children and the elderly were less able to discriminate between sucrose concentrations
than young adults (i.e. had a lower slope for psychophysical function). Although the
results imply that the perception of sweetness is altered in the elderly, earlier studies
have demonstrated that the ability to perceive sweetness does not decrease as much as
the ability to perceive odors (Murphy, 1993) or bitter tastes (Gilmore & Murphy,
1989). In fact, Koskinen et al. (2003) found that elderly subjects (65-82 years)
identified on average more sucrose solutions (ranging from 0.1% to 3.4%) correctly as
sweet than young subjects (20-35 years), whereas for the other tastes tested (salty,
sour, and bitter) the trend was the opposite.

2.2.2 Sex

Male and female infants do not differ in the degree of liking for sweet solutions
(Desor et al., 1973; Beauchamp & Moran, 1984). However, in adults, males show a
higher preference for sweetness than females. Conner and Booth (1988) measured
the sweet taste preferences of 121 males and 223 females aged 6-65 years by
determining their ideal concentration of sugar in a lime drink and by asking about
their preferences for sweet versus nonsweet foods. Males expressed a liking for
higher sugar content in the lime drink than females. In addition, males showed a
greater tendency to add sugar to tea and coffee, interpreted by the authors as
reflecting "less concern in males about excessive sugar consumption". The
attitudinal differences, which will be discussed more detailed in the following
section (Section 2.2.3), may thus underlie the sex differences.

Sex hormones may also influence sweet taste perception and the preferences or
cravings for sweet foods. The recognition threshold of sucrose has been shown to be
influenced by menstrual cycle: females have lowered thresholds (higher sensitivity)
for sucrose before ovulation (Than et al., 1994). Bowen and Grunberg (1990)
reported higher sweet food preferences and consumption during the premenstrual
period. However, in their study, each of the 39 women participating was only tested
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once during the menstrual cycle. Frye et al. (1994) examined male (n=12) and
female (n=25) subjects who rated the pleasantness, sweetness, and fatness of 16
dairy products with varying fat and sucrose contents. The ratings were done over
four consecutive weeks. Males, more than females, liked the sweetest samples. The
preference ratings declined significantly over the four weeks of testing, but women
who started the testing during premenstrual or menstrual weeks had increased
preference ratings for the samples during this period. In addition, high degree of
dietary restraint was associated with lower preference ratings for the less sweet
samples in women.

2.2.3 Attitudes

In humans, attitudes towards food may also affect consumption. The relationship
between attitudes towards sugar and the liking for sweet drinks was assessed by
Tuorila-Ollikainen and Mahlaméki-Kultanen (1985) in a sample of 112 male and
112 female young adults. The participants rated the pleasantness of sweetness in
drink samples with two sweetness levels and their sugar attitudes were measured by
12 statements. In general, females had more negative attitudes towards sugar, but
reported a greater liking for sweet foods than males. The sugar attitudes were
unrelated to pleasantness ratings of the higher sweetness level corresponding to the
sweetness level generally found in commercial products. However, a positive
correlation between the negative sugar attitudes and pleasantness ratings of the drink
with a lower sucrose concentration was observed. The authors suggested that this
was due to the “activation of an attitude”; the normal sweetness level was not a
proper stimulus to activate cognitive processing, whereas an unusually low
sweetness activated the attitudinal background.

Grogan et al. (1997) further examined the sex differences in the consumption of and
attitudes towards sweet snacks in 65 women and 64 men aged 18-40 years by
behavioral questionnaires. In line with the results of Tuorila-Ollikainen and
Mahlaméki-Kultanen, females reported sweet snacks to be significantly less healthy,
especially due to the believed weight gain, and more pleasant than did males. The
males reported an intention to eat sweet snacks more often than females, but no sex
differences in use-frequency of 16 sweet snacks were observed. Intended and actual
use correlated significantly, although the intended frequency of consumption was
significantly lower than the actual use-frequency. Both attitude dimensions,
pleasantness and healthiness, correlated significantly with the intended use-
frequency of sweet snacks.

In a study of 136 women, both liking and use of sweet snacks was related to
attitudes towards the social and rewarding properties of sweetness (Lahteenmiki &
Tuorila, 1994). However, the liking and use of soft drinks were also influenced by
attitudes towards healthiness and restriction of eating. Based on the results of these
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studies, it appears that the effect of attitudes and social pressure on sweetness
preferences is complicated and clearly influenced by sex.

2.2.4 Experience

The innate preference for sweetness is modified already during the first months of
life according to the infant’s experiences with sweet foods. Beauchamp and Moran
(1982) studied the infants’ preferences for sucrose solutions and water after birth
(n=199) and re-tested them at 6 months of age (n=140). The amount ingested was
compared with infants’ consumption of sweet foods and drinks obtained from 7-day
diet records kept by their mothers. At 6 months of age, infants fed sugar-containing
water during the 7-day diet history maintained the same level of preference for
sucrose solution relative to water as they had at birth. By contrast, infants not fed
sugar-containing water diminished the intake of sucrose compared with plain water
during the 6 months.

Further, 63 of these children were tested again at 2 years of age (Beauchamp &
Moran, 1984). Similar to previous results, children fed sugar-containing water
during infancy ingested more sugar solutions than children never fed sugar-
containing water. The number of months that sugar-containing water had been fed to
an infant had no effect on the ingestion volume of the sugar solutions.

Experience and repeated exposure do have an effect on the sweetness preference, but
this effect may be very food-specific. The 2-year-old children participating in the
Beauchamp and Moran (1984) study were offered fruit-flavored drink (Kool-Aid).
The ingestion volume of sweetened or unsweetened Kool-Aid was unrelated to
sugar water feeding, but the effect of prior experience with Kool-Aid was
significant; children who had never tried Kool-Aid consumed less of it, regardless of
its sweetness level. Liem and Mennella (2002) also investigated the effects of food
experiences on 4- to 7-year-old children’s sweet taste preferences. The level of
sweetness preferred in a juice was related to the sugar content of the child’s favorite
cereal and to the routine of adding sugar to the child’s food, but not to the type of
formula fed during infancy.

The effect of dietary experience on sweetness preferences of adults has not been
studied extensively. Tuorila-Ollikainen and Mahlamiki-Kultanen (1985) examined
the effect of experience on pleasantness ratings of soft drinks in young adults.
Present and childhood use-frequency of and liking for soft drinks were related to
pleasantness ratings of the sample soft drinks. However, the liking for or use-
frequency of other sweet foods (candies, delicacies, pastry) did not correlate
significantly with hedonic responses to the soft drink samples.
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2.2.5 Culture and ethnicity

Differences in preference for sweetness among cultures and races/ethnic groups
have been investigated by several studies. Some differences between races have
emerged: African Americans have higher (Schiffman et al., 2000) and Pima Indians
lower (Salbe et al., 2004) sweetness preference than European Americans. It is
noteworthy that greater liking for sweetness does not inevitably lead to higher use of
sucrose; in the study of Bertino and Chan (1986), Chinese subjects showed higher
preferences for sweetness in water and in cookies than European Americans, but no
differences in sugar intake were present. Often, racial differences are regarded as
evidence of genetic effects on phenotype. However, the human genetic variations
are structured by geographic origin rather than race (Jorde & Wooding, 2004). As
racial groups often are not defined according to shared genetic variations (but by
other, historical, criteria) and each individual’s genome may have multiple historical
sources, grouping by race frequently does not predict genetic similarities/differences
between the groups (Foster & Sharp, 2004).

Differences in sweetness preferences between populations may also be due to
environmental differences. These environmental factors include cultural differences,
which, in turn, are related to experienced sweetness levels of food items. Food
specificity of sweet taste preferences has been observed in many studies comparing two
cultures. A comparison between Taiwanese and European American students revealed
that while Taiwanese rated high sweetness in a water solution as more pleasant than
Americans, the trend was the opposite with cookies (Bertino et al., 1983).

Studies of Australian and Japanese subjects highlight the importance of familiarity
and experience with the product on the rating of its sensory properties, including
pleasantness (Prescott, 1998); although no differences in hedonic responses to
sucrose solutions or sweetness intensity ratings of foods were observed, the liking
for sweetness in foods was highly product-specific. A similar observation was made
by Holt et al. (2000) when they examined the difference between Australian and
Malaysian students for sweetness preference in water, orange juice, custard, and
biscuits, each with four different sucrose levels. Increasing sucrose levels provided
different response patterns for each product. Differences between Australian and
Malaysians were apparent, but very food-specific.

Differences between cultural groups may be also related to the lifestyle and
urbanization. Studies on the effect of urbanization on sweet taste preferences have
been conducted. Steiner et al. (1984) examined urban and rural adolescents among
Bedouin citizens in Israel and Jamel et al. (1996) in children, adolescents, and young
adults in Iraq. Both studies showed that individuals from the urban population have
a greater preference for sweetness.
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2.2.6 Satiety

The effect of satiety state on perception of and liking for sweetness is unclear.
Zverev (2004) investigated the recognition thresholds of salty, bitter, and sweet
tastes in 16 students after 14-16 h of fasting and 1 h after a meal. He found that the
sensitivity for sucrose and salt was increased after fasting (mean 0.79% and 0.63%,
respectively) compared with in the sated state (mean 1.36% and 1.12%,
respectively). However, Pasquet et al. (2006) observed no such effect. They
determined the recognition thresholds of sucrose, fructose, sodium chloride, quinine
sulphate, PORP, and liquorice with 24 students. No significant difference in mean
thresholds was noted between overnight fasting (for sucrose 1.42% and for NaCl
0.13%) and 1 h after a standard meal (for sucrose 1.37% and for NaCl 0.11%). The
difference between the results may be due to differences in the length of fasting or in
the method of recognition threshold determination. Zverev applied a two-alternative
forced-choice method in which eight pairs of water and sucrose solution were
presented in random order (concentration recognized twice correctly regarded as
threshold), whereas Pasquet et al. used the staircase method in which the solutions
were presented twice in an ascending order of concentration (threshold calculated as
mean of the lowest recognized concentrations). In addition, the sample size in both
studies was small.

The relationship between hedonic responses to sweetness and hunger was examined
by Pangborn (1959). She conducted a large (n=11 456) consumer study on
preferences for peaches with varying sweetness and acidity levels and compared
these ratings with self-rated hunger. The phenomenon was further examined in a
laboratory study of eight students in which preferences for apricot nectars varying in
sweetness were determined at two satiety states; in the afternoon 1) after having a
light lunch (not fasting) during the day and 2) after having only breakfast (fasting).
In both studies, the hunger/fasting had only a minimal effect on preference ratings of
the products.

The phenomenon was also investigated by Laeng et al. (1994). The 29 male and 28
female subjects were divided into sated and hungry groups based on whether they
had had a meal within 2 h of the test. They were requested to rate the intensity and
pleasantness of four lime drinks with varying sweetness. Contrary to the results of
Pangborn, the hungry group gave higher pleasantness ratings to the drinks than the
sated group. However, when the samples of males and females were separated, the
effect remained significant only for females. The difference from the results of
Pangborn may be due to rating of the degree of pleasantness of the samples instead
of the preference between two samples. In addition, classification of subjects to
hungry and sated groups was not done using similar criteria.

No studies on the effect of longer, controlled fasting on sweet taste preferences have
been conducted. Biologically, however, it appears logical that in a state of hunger
the hedonic response to foods with easily available energy, i.e. foods containing
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sugars, would be elevated. However, a comparison of the effect of a food-based low-
calorie diet and a supplement-based very-low-calorie diet on food cravings implied
that the cravings diminish with caloric restriction (Martin et al., 2006). After 12
weeks of dieting, the craving for sweets had decreased in both groups, but the
decrease in the very-low-calorie group was significantly greater than in the low-
calorie group.

2.2.7 Genetic factors

The contribution of genetic effects to sweet taste preference measured by
chemosensory testing had not been determined prior to our studies. However,
phenotypes that reflect the degree of sweet taste preference have been used in some
twin studies. de Castro (1998) reported a heritability of 42% for candy consumption
and 48% for ice cream consumption using 7-day food intake diaries. Hur et al.
(1998) found a heritability of 24% for intake of simple carbohydrates. Innate taste
preferences are strong evidence of genetic liability for sweet taste preference.
However, the genetic elements and the biology underlying the preference remain
unclear. Studies on the genetic background of sweet taste perception and preference
are reviewed herein.

2.2.7.1 Variations in sweet taste receptor genes

The effect of variations in sweet taste receptor genes TASIR2 and TASIR3 to
sweetness perception in humans has not yet been studied. However, the first step
towards estimating these variations has been taken; the occurrence of single
nucleotide polymorphisms (SNPs) in human taste receptor family 1 genes was
recently evaluated (Kim et al., 2006). Sequencing of the exons of the three genes of
88 individuals coming from eight different geographic locations (Cameroonians,
Northern Europeans, Russians, Pakistanis, Hungarians, Native Americans, Chinese,
and Japanese) revealed that the TAS/R2 gene, encoding a protein to form the sweet
taste receptor, has more polymorphic sites than the other two genes. The gene
responsible for formation of both sweet and umami receptor dimers, TASIR3, is the
most conserved of the taste receptor family 1 genes. The sequence conservation may
be due to the requirement of the protein product to be able to form a functional
dimer with both TASIRI and TASIR2.

The effect of polymorphisms in sweet taste receptor gene Tasir3, earlier known as a
Sac (saccharin preference) locus (Bachmanov et al., 2001a), on the sweetness
preferences of mice has been examined widely. Polymorphisms in the gene have
been shown to be associated with saccharin preference in 30 mice strains (Reed et
al., 2004). Several studies have compared mouse strain C57BL/6By;j (B6), referred
to as “high-sweetener preferring” with the “low-sweetener-preferring” strain
129P3/J (129), which have different alleles of Tas1r3. B6 mice have lower detection
thresholds and higher preferences for sugars, sweet-tasting amino acids, and some
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noncaloric sweeteners (Bachmanov et al., 2001b) and greater neural response to
sucrose (Inoue et al., 2001; McCaughey, 2007) than the 129 mice. However, the 129
mice are as much or even more motivated to obtain sucrose and more influenced by
prior experience with sugar (Sclafani, 2006).

The effects of polymorphisms in Tas/r2, the more polymorphic gene in humans, on
sweetness perception have not been examined extensively. The importance of the
other subunit of the receptor is highlighted both genes being required for the
sweetness perception (Zhao et al., 2003). Tas/r3 knockout mice’s sensitivity to
sucrose is similar to that of wild-type mice, and only sensitivity to artificial
sweeteners is affected by knockout of Tas/r3 (Damak et al., 2003; Delay et al.,
2006). In addition, the cat’s insensitivity to sweetness has been shown to be due to
pseudogenization (loss of expression) of Tas/r2 (Li et al., 2005).

2.2.7.2 Variations in other loci

Genome-wide scans to locate genes combined with measurement of an individual’s
degree of sweet taste preference have not been performed before our study (II). The
only related studies have concentrated on macronutrient intake, where intake of
sucrose might serve as an indicator of sweet food consumption. Two studies thus far
have performed genome-wide scans to identify quantitative trait loci (QTL)
determining sucrose intake in humans. Collaku et al. (2004) found a promising
linkage for sucrose intake on chromosome 1g43 (singlepoint p=0.002 and multipoint
p=0.0018) in a population of 313 black subjects belonging to 126 families. This
result was not obtained in the white population (n=514) of the same study. Another
study to locate QTLs affecting sucrose intake was performed by Cai et al. (2004) in
a population of 1431 subjects belonging to 42 Mexican American families. No
significant linkage results were found for sucrose intake, the maximum multipoint
LOD score being 1.60 at chromosome 2. In mice, QTLs influencing intake of energy
from carbohydrates (as opposed to fat) have been identified on mouse chromosomes
17, 6, and X (Smith Richards et al., 2002).

More extensive research on taste genetics has concentrated on bitter tasting ability;
several studies on the effect of the TAS2R38 taste receptor gene on various variables
have been conducted over the past few years. The receptor encoded by this gene
recognizes bitter compounds with N-C=S group such as phenylthiocarbamide (PTC)
and 6-n-propylthiouracil (PROP). The studies evaluating the relationship between the
tasting ability of mainly PROP and hedonic responses to sweet taste have yielded
controversial results. In the studies of Drewnowski et al. (1997b; 1997¢) and Ly and
Drewnowski (2001), no relationship between PROP taster status and hedonic
responses to sweetness was observed, but some studies have described an association
between the two variables (Looy & Weingarten, 1992; Yeomans et al., 2007).

Identification of the three main SNPs of TAS2R38 affecting PROP taster status (Kim
et al., 2003), enabled the classification of subjects based on genotype. Mennella et
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al. (2005) genotyped one of the variant SNPs, A49P (changing alanine to proline at
position 49), in 143 children aged 5-10 years and their mothers (n=114) and
determined their PROP sensitivity and sweet taste preferences. As expected, the
genotype was a good predictor of PROP tasting ability. However, the genotype was
related to sucrose preference only in children; children homozygous for the bitter-
insensitive allele (AA) preferred significantly higher sucrose concentrations than the
other children (with genotype AP or PP). Similarly, preferences for sweetness in
cereals and beverages were affected by the genotype in children, but not in their
mothers. In adults, the strongest determinant of sweet taste preferences in solutions
and in foods was race (black/white).

2.3 Measuring responses to sweetness

Several methods are used to measure responses to sweet taste. When interested in
the tasting ability for a certain compound, determination of subjects’ detection or
recognition threshold is most often used. However, in this section, the emphasis lies
on methods measuring hedonic responses to suprathreshold sweetness
concentrations and on behavioral responses to sweet foods.

The terms "liking" and "preference" are often used synonymously, although they
have separate meanings. “Preference” is used when comparing products, and it does
not always imply liking: when comparing two distasteful samples, a food may be
preferred to another, although it is not liked. “Liking”, by contrast, refers to hedonic
response and is more difficult to measure than preference. Thus, if the preference of
one food over other is measured, the results cannot be directly generalized to liking
(Rozin, 1979).

2.3.1 Chemosensory tests

The preference for sweet taste is often measured by rating of the liking for a sweet
water solution or a flavored drink. However, the strengths and weaknesses of such
samples lie in their simplicity. While the experiences with certain foods or situations
do not interfere with the ratings for an aqueous solution under laboratory conditions,
the results are no generalizable to real eating or food choice situations. Thus,
sometimes sweet foods are used as stimuli. Holt et al. (2000) performed a study in
which 122 Australian Caucasian and Malaysian students were requested to rate the
intensity of sweetness and the liking for the level of sweetness in a sucrose solution,
orange juice, custard, and shortbread biscuit. The hedonic response to the sucrose
solution was not a good predictor of liking for sweetness in the foods. As noted
before, the preferred level of sweetness appears to be food-specific and related to
experiences. In general, the predictive value of separate taste measurements in terms
of nutrient intake may be limited (Mattes & Mela, 1986)
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The methods to measure hedonic responses to sweetness in a sample vary according
to the study objective. Rating of an overall liking for the sample or for the sweetness
in the sample is common. Subjects are either asked to rate the liking using a scale or
to state which of the samples is preferred. The latter, the paired preference test, is
often used to determine the preferred sweetness level in a product and not so often
when investigating differences between individuals in hedonic response to
sweetness (Issanchou & Nicklaus, 2006).
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[l Like very much .
[l Like moderately — Like extremely
[l Like slightly .
0 Neither like nor dislike — Like very much
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Figure 4. Scales used for evaluation of liking: A) 9-point hedonic scale, B) labeled
affective magnitude scale, and C) just-about-right scale.

The hedonic scales are used to assess the degree of liking for a sample and to idetify
individual difference. However, the type of scale selected may affect the quality of
the data. The traditional 9-point hedonic scale (Peryam & Pilgrim, 1957), presented
in Figure 4A, is often applied, probably because it is easy for consumers to
understand and use. Disadvantages of this scale are that it does not produce truly
continuous data and that it may not separate the extreme ratings sufficiently well
(ceiling effect). However, the largest problem is that the distances between the
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categories are not equal which can be demonstrated by comparing the results with
those obtained by magnitude estimation (Issanchou & Nicklaus, 2006). In magnitude
estimation, an attribute (e.g. sweetness) of a sample is compared with that of a
reference sample, which is given a value, e.g. 1. If the subject thinks that the sample
is ten times sweeter than the references sample, he gives a value of 10. The results
show that the distance between words at the ends of the 9-point hedonic scale is
larger than the distance between words in the middle of the scale (Schutz &
Cardello, 2000). Though providing continuous data with no ceiling or end-use-
avoidance effects, magnitude estimation is rarely used, as it is difficult to use and
thus requires training.

To combine the good properties of the 9-point hedonic scale and magnitude
estimation, Schutz and Cardello (2001; Cardello & Schutz, 2004) developed a labeled
affective magnitude (LAM) scale (Figure 4B). It corresponds to the labeled scale
developed for rating of intensity (LMS, Green et al., 1993). The positions of the verbal
labels were decided by magnitude estimation of the words describing liking. LAM is a
semistructured scale with verbal labels making the rating easier than with magnitude
estimation or unlabeled scales, while still producing continuous data.

Another method to study individual differences in sweet taste preferences is to ask
the subjects to assess how far a sample is from ideal sweetness using just-about-right
(JAR) response scales (Figure 4C). The JAR scales lead to lower optimal sweetness
levels than the other methods (Issanchou & Nicklaus, 2006). A widely used method
to evaluate the differences between individuals is to divide subjects into sweetness
“likers” and “dislikers” by the shape of the relationship between concentration of a
sweetener and liking (e.g. Yeomans et al., 2007), as described in Figure 5.
Sweetness likers show an increasing liking for the sample with increasing
concentration, whereas the sweetness dislikers show an increase in liking up to a
certain concentration, with liking decreasing after this point.

A B
(®)] (®)]
= =
= =
- -
Sweetness Sweetness
intensity intensity
Figure 5. Relationship between sweetness intensity and liking for sweetness likers (4)
and dislikers (B).
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2.3.2 Food behavior questionnaires

In addition to chemosensory testing, information about taste preferences and eating
behavior can be obtained using postal or electronic questionnaires. To ascertain
sweet taste preferences, questionnaires measuring the consumption of and/or liking
for sweet food items are commonly used. For many foods, including sweet foods,
the use-frequency and liking ratings of a food item are usually correlated
(Lahteenméki & Tuorila, 1994; Tuorila et al., 2008). However, for foods that are
consumed very rarely or are highly preferred, the correlations between self-reported
likings and use-frequencies are sometimes non-significant (Drewnowski & Hann,
1999). The ability of use-frequency and liking questionnaires to predict the actual
intake of foods may be of limited value. In the study of Drewnowski et al. (1999),
the liking ratings for sweet desserts were unrelated to intake of carbohydrates, fiber,
or B-carotene, but the presumed main nutritional outcome of eating sweet foods,
sucrose intake, was not measured. Sometimes the nonsweet counterparts of the food
items are also included in the questionnaires (e.g. Conner & Booth, 1988). However,
finding a sufficient number of pairs of sweet and nonsweet foods, with which most
of the subjects are familiar, may be difficult.

Many questionnaires related to craving for sweet foods and attitudes towards sweet
foods have also been developed. The “Craving for sweet foods” questionnaire is a
subscale of the Health and Taste Attitude Scales (Roininen et al., 1999). It measures
the tendency to crave sweet foods with 6 statements, each of which is evaluated
using 7-point Likert scale (from strongly disagree to strongly agree). The ratings of
the questionnaire have been shown to correlate with use-frequency and pleasantness
of chocolate bars and pleasantness of soft drinks (Roininen et al., 2001). “Attitudes
to Chocolate Questionnaire”, developed by Benton et al. (1998), measures three
dimensions of chocolate use 1) craving for chocolate and the tendency to seek
comfort from chocolate under emotional stress (“craving”), 2) negative feelings
associated with eating chocolate and dissatisfaction with weight and body image
(“guilt”), and 3) the purpose of eating chocolate (“functional approach”). The
craving factor was shown to be strongly associated with the number of chocolate
bars consumed weekly.

A more general measure of attitudes towards sweetness was developed by
Lahteenmiki and Tuorila (1994). Five dimensions of attitudes were composed:
“social”, “reward”, “guilt”, “health”, and “restriction”. The ratings on the social,
health, and restriction scales were associated with sweetness ratings of strawberry-
flavored yoghurts, highlighting the importance of social factors in food preferences.

2.4 Health effects of sweet taste preference

The sweet taste preference itself probably does not have any health effects, but as
noted before, the liking for sweet foods is correlated with their use-frequency.
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Dietary guidelines generally discourage the use of refined sugar (e.g. Dietary
Guidelines for Americans, 2005; Finnish Nutrition Recommendations, 2005), and
thus, many artificial sweeteners have been developed. The presumed consequences
of consumption of sugar-containing foods are reviewed below.

2.4.1 Body weight

Consumption of sweet foods containing refined sugar may lead to extra caloric
intake from carbohydrates. As an increase in body weight is regarded as a
consequence of ingesting more energy than is expended, the consumption of sweet
foods is often thought to underlie weight gain. However, the relationship between
energy intake and body mass index is not so simple. Several groups have examined
the effect of diet composition on increased body weight (reviewed by Hill &
Prentice, 1995). Metabolic responsiveness is greater with carbohydrates than with
fat; thus, if a meal containing carbohydrates and fats is ingested, the carbohydrates
are oxidized first. The use of sugars therefore leads to a positive fat balance rather
than to carbohydrates stored as fat (de novo lipogenesis), which is energetically a
very expensive process.

Consequently, excess energy from fats results in higher fat storages, whereas excess
energy from carbohydrates increases carbohydrate oxidation. De novo lipogenesis is
expected to occur in humans only if the diet is very low in fat and rich in
carbohydrates or in an exceptional state of carbohydrate intake exceeding oxidation
capacity. As a result, it has been suggested that the carbohydrate-rich diet is not a
major contributor to the development of obesity compared with a diet rich in fat
(Hill & Prentice, 1995). However, it is noteworthy that foods that are both sweet and
fatty are commonly preferred, and intakes of sugar and fat are generally associated.
The excessive ingestion of these foods together with insufficient physical activity
may lead to obesity which is linked to many diseases, such as type II diabetes and
cardiovascular diseases.

Several studies have actually found a negative association between use of sugars and
body weight. However, as Hill and Prentice note in their review, this correlation
may be influenced by energy underreporting or a tendency to avoid consumption of
sugars by overweight subjects. However, a review by Malik et al. (2006) concluded
that intake of sugar-sweetened beverages is associated with weight gain in both
children and adults. This is probably due to the body’s incapability to estimate
calories from fluids; if the same amount of energy is ingested from solid foods, the
compensation for calories consumed would occur during subsequent meals, whereas
fluids do not produce a similar feeling of satiety.
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2.4.2 Dental caries

The relationship between the intake of sugars and the number of cariogenic
microorganisms in the oral cavity is rather clear (Sheiham, 2001). Dental caries is
one of the most common diseases and can seriously damage the teeth. In fact,
Barkeling et al. (2001) used the counts of mutans streptococci and lactobacilli in
saliva of obese and normal-weight women as an indirect measure of the intake of
sweet foods. However, sugar consumption is not the only risk factor of dental caries.
Meal frequency, education, motivation, socioeconomic group, ethnicity, oral
hygiene, and use of fluoride and other preventive methods also play a role in the
development of dental caries (Harel-Raviv et al., 1996), but were not considered by
Barkeling et al.

2.4.3 Mood

Mood changes have been discussed both as a cause and a consequence of consuming
sweet foods. However, the relationship between mood and sweet foods remains
unclear. In the study by Reid and Hammersley (1995), no relationship between
ingestion of a sucrose drink (with 40 g of cane sugar) and mood state measured
using the Profile of Mood States form 30 and 60 min after intake was observed in a
population of 31 males and 29 females. Yet, Kampov-Polevoy et al. (2006), who
examined the associations between hedonic response to sweetness and the mood-
altering effect of sweet foods, showed an association between liking for sweetness
and expected mood improvements following the consumption of sweet foods. The
participants (n=163) in their study rated the sweetness intensity of and liking for five
sucrose solutions and filled in a questionnaire measuring two factors: 1) the mood
altering effect of and 2) impaired control over eating sweet foods. Based on the
liking ratings of the solutions, subjects were divided into sweetness-likers and -
dislikers, the former rating higher on both factors. These studies were conducted by
different methods and study designs, but their contradictory results warrant
additional research on the relationship between mood and sweetness.

2.5 Genetic methods for investigating complex traits

2.5.1 Human genome

Genome refers to the total genetic information carried by an organism. The human
genome consists of approximately 3 billion base pairs carried in 23 chromosomes in
the nucleus of each cell. The exact number of genes in the human genome remains
unknown, but the latest estimate is between 20 000 and 25 000 (International Human
Genome Sequencing Consortium, 2004). Only 1.3% of the genome appears to code
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for proteins, while the function of the rest of the DNA is less clear; a significant part
of the noncoding sequences may have a functional role (Bejerano et al., 2004).

The human genome is diploid, meaning that it consists of 23 chromosome pairs,
including 22 autosome pairs and the sex chromosome pair XY (males) or XX
(females). Each chromosome has two arms: the shorter arm of the chromosome is
denoted p (derived from "petit", small in French), and the longer q (next letter in
alphabet after p). Further, each chromosomal arm can be divided into bands when
stained, and these bands are numbered from the centromere, a region at which the
chromosomal pairs appear to be attached to each other during cell division. Often
the genetic location in the genome is labeled as the chromosome number, arm, and
the band, e.g. 1p36. In addition to the chromosomes of the nucleus, humans carry
DNA in the mitochondria. The mitochondrial DNA is circular and is always
inherited maternally.

2.5.2 Inheritance and genetic variability

Genetic variability among individuals is based on human inheriting genetic material
in the form of DNA from both parents. Humans inherit one of the homologs of each
chromosome from the mother and one from the father. The diploid zygote, a cell
from which all cells in a human are derived, is formed from two gametes: a mother's
egg cell and a father's sperm cell. The gametes are haploid, i.e. that they contain
only one copy of each chromosome: 22 autosomes and one sex chromosome. In egg
cells, the sex chromosome is always X, but in sperm either X or Y.

The gametes are formed in meiosis, which is a special form of cell division. In
mitosis, a normal form of the cell division, two daughter cells with identical, diploid
genomes are produced. Whereas mitosis occurs in all tissues, meiosis occurs only in
the primary spermatocytes of the testis and primary oocytes of the ovary. Meiosis
produces haploid sperm and egg cells, and thus, only half of the genetic material of
the diploid cell is passed on to daughter cells. The homologs of each chromosome
are independently assorted to gametes, allowing 2 (8.4 x 10° different
combinations of parental chromosomes by one person. In addition, the genetic
material of the chromatids is exchanged in a process called recombination, or
crossing over (Figure 6). As a product, a recombinant chromatid, containing genetic
material from both homologs of a chromosome is formed. Owing to both
independent inheritance of homologous chromosomes and recombination, an
individual is able to produce a virtually unlimited number of different gametes
(Strachan & Read, 2004).

The probability of recombination of two loci is known as the recombination fraction,
0. Loci on different chromosomes are inherited independently of each other (6=0.5),
but loci that are near each other on the same chromosome are co-inherited more
often than in half of the meioses (0 < 0.5) as the occurrence of crossover between
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these loci during meiosis is less probable. Recombination fraction is used when
calculating genetic distances between two loci. The unit of the genetic distance is
Morgan (M). It is defined as the length of the DNA in which, on average, one
crossover per meiosis is expected to occur. The recombination fraction is translated
to Morgan units using a map function, such as the Haldane or Kosambi map
function. The relationship of genetic distance to physical distance between two loci,
measured in base pairs (bp), varies thorough the genome, as crossovers occur more
often in some parts of the genome than in others. On average, a genetic distance of 1
centiMorgan (cM, i.e. 1% probability of recombination) corresponds to 1 million bp
(Strachan & Read, 2004).
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2.5.3 Heritability analysis

Heritability is the proportion of variation of a trait attributable to genetic effects.
Thus, the aim of the heritability analysis is to separate phenotypic variance into
genetic and environmental components, expressed as an equation

Var(P) = Var(G) + Var(E)

in which Var(P) refers to phenotypic (total) variation, Var(G) to variation due to
genetic factors, and Var(E) to variation due to environmental factors. According to
the definition, heritability, h?, can be expressed as

h? = Var(G)/Var(P)

Heritability refers to two different measures. Broad-sense heritability refers to the
effect of all the genetic components, including epistasis, additive, and dominance
genetic effects. Additive genetic variance consists of the sum of the allelic effects
over all relevant loci, whereas dominance genetic variance includes interaction of
alleles in the same locus. Epistasis, in turn, refers to interaction between genes. The
other measure of heritability, narrow-sense heritability, includes only the additive
genetic variance. Both of these measures are generally called heritability (Sham,
1998). The environmental and genetic factors may also interact, a phenomenon
called gene-environment interaction (GxE). The gene-environment interaction
means that individuals with different genotypes respond to the environment
differently. Thus, decomposing the variation into genetic and environmental
components may be an oversimplification.

Furthermore, in a family material with no family members reared apart, the
heritability estimate represents all the variation that makes the family members more
similar to each other, also called familial correlation. The familial correlation
includes the effects of shared genes and common environment. In the case of food
use, for example, part of the correlation among individuals belonging to the same
family may be due to common eating habits and food culture, i.e. common
environmental effects.

Heritability analysis is usually used as a starting point of genetic studies. Before
laborious and expensive gene mapping experiments, it is worthwhile first to estimate
to which extent the trait studied is inherited. Most behavioral traits do not have a
direct measure, unlike measuring an individual’s height or blood pressure, and thus
several measures are generally used. These instruments may measure slightly
different aspects of the phenomenon, and knowing which aspects are inherited is
very useful.
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2.5.4 Classical twin design

Twins provide a special study group for epidemiologic research of genetic and
environmental factors. A twin pair shares their childhood environment even more
closely than normal siblings because they developed in the same uterus and are of
the same age. Genetic research of twins is based on differences between the two
types of twins; the monozygotic (MZ, identical) twins are genetic clones of one
another, sharing all segregating genes, while dizygotic (DZ, nonidentical, fraternal)
twins share, on average, half of their segregating genes, as do siblings in general. DZ
pairs can be either same- or opposite-sexed. The classical twin study compares the
covariance of MZ twins with that of DZ twins. Basically, all factors making MZ
pairs dissimilar are environmental, and thus if MZ twins resemble each other more
than DZ twins, the trait is influenced by genetic effects.

Twin analysis assumes that the environment influences MZ and DZ twins similarly
(i.e. equal environment assumption). The validity of this assumption in behavioral
traits has been questioned; the bonding between MZ twins has been speculated to be
more intense than between DZ twins. Tishler and Carey (2007) studied the validity
of the assumption by determining whether the smoking prevalence was similar in
MZ and DZ twins, considered as proof of equal environments. However, they
observed that prevalence of smoking was generally higher in DZ than in MZ twins,
and concluded that for subjective traits the environments of MZ and DZ twins may
be unequal. Kaprio (2007) noted in his commentary to Tishler and Carey that in the
re-analysis of one of the cohorts, taking into account intra-pair correlations, the
difference between MZ and DZ twins was no longer significant. In addition, the
results of Tishler and Carey were limited to one phenotype, and assessment of social
environment should be included in all twin studies to explore the mechanisms of the
zygosity difference.

In addition, epistatic effects, gene-environment interactions, and random mating
with respect to the trait are assumed to be absent in the basic twin model. On the
basis of these assumptions, the variance of a trait can be decomposed to genetic and
environmental factors. In twin studies, the genetic factors can be divided into
additive (A) and dominant (D) with the within-pair correlations for DZ twins being
0.5 and 0.25, respectively. As MZ twins share all their genes, their genetic
correlation is 1. The environmental factors can be divided into common
environmental effects (C), including all environmental effects making the twins in a
pair more similar to each other (such as family environment and common friends),
and specific environmental effects (E), including all effects making the twins in a
pair more dissimilar to each other (including measurement error). Thus, the
correlation of common environmental effects is 1 and of specific environmental
effects 0 for both DZ and MZ twins (Neale & Cardon, 1992).

However, in a study including only twins reared together and not other family
members, only three of these four variance components can be estimated. Thus, the
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starting point for univariate modeling is either ACE- or ADE-model, as a model
with a D component but without an A component is not biologically reasonable for
traits influenced by many genes (Neale & Cardon, 1992). The choice between these
is made according to the within-pair correlation patterns: if MZ correlations are
twice the DZ correlations, the genetic effects are assumed to be additive, and if MZ
correlations are more than half or less than half of the DZ correlations, the genetic
effects are assumed to be dominant. If MZ and DZ correlations are similar, the
resemblance of the twins is probably due to common environmental effects, and
genetic effects do not play a role. Additionally, if the within-pair correlation of
opposite-sexed DZ twins is much lower than that of same-sexed DZ twins, sex-
specific genetic effects may underlie the trait.

Raw estimates of A, C, D, and E can be made from within-pair correlations
(Posthuma et al., 2003):

Additive genetic influences, a’= 2(rmz — T pz)

Dominant genetic influences, &= 2rvz + 41pz

Common environmental influences, = 2rpz — 'z

Specific environmental influences, d=1- 'z

In the equations, ryz stands for MZ correlation and rpy for dizygotic correlation.

However, the estimation is not usually done by hand, but by computer program,
most often Mx (Neale et al., 1999), which also allows inclusion of covariates.

2.5.5 Marker maps

Locating loci influencing a trait requires the genotyping of markers with a known
location. Basically, any polymorphism in the genome with a known location and a
sufficient proportion of heterozygotes in the population can act as marker in a
mapping study. However, in practice, the marker has to be easy and inexpensive to
genotype from the available biological material. The number of markers selected is
based on the area scanned and the desired precision of the results. Generally,
mapping requires that markers not be located farther away than 10-20 cM from each
other to enable the genomic area to be scanned precisely and information from
adjacent markers to be used in multipoint analysis.

Four types of DNA markers are typically used in mapping studies: restriction
fragment length polymorphisms (RFLPs), minisatellites, macrosatellites, and single
nucleotide polymorphisms (SNPs). RFLPs are nowadays rarely used, as they only
have two alleles: present or absent. The minisatellites and microsatellites are
variable number tandem repeats and have many alleles. However, minisatellites are
too long to amplify well with standard PCR procedures, and thus, di-, tri-, or
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tetranucleotide microsatellites are used more often. The use of the fourth type of
polymorphisms, SNPs has become very popular in recent years due to the
development of genome-wide association studies (GWAS), including hundreds of
thousands of SNP markers. In linkage analysis, the disadvantage of SNPs is that
with usually only two alleles they are less informative than microsatellites.
However, with SNPs, a more dense marker map (<10 kB distances between
markers) can be created (Strachan & Read, 2004), resulting in high information
content for linkage analysis.

2.5.6 Linkage analysis to locate quantitative trait loci

The aim of linkage analysis is to locate genetic elements influencing a trait in the
genome by testing whether two loci tend to be co-inherited. As noted before, the
closer the two loci are to each other, the more often they are co-inherited. Linkage
analysis tests whether the recombination fraction between a marker locus with a
known position and a locus influencing the traits differs significantly from 0.5 (Ho:
0=0.5); two loci with a recombination fraction <0.5 are said to be linked. The
statistical estimate of probability used in the linkage analysis is the LOD score,
standing for logarithm of odds score. In the linkage analysis, the likelihood of two
alternative hypotheses, H, (6=0.5) and H, (0 estimated from the data), is calculated.
The LOD score (Z) is the logarithm base 10 of the ratio of these likelihoods:

Z = log(Le/Le~0.5)

where L is the likelihood and 6 the recombination fraction. A LOD score of 3,
corresponding roughly to a p-value of 0.0001, is most often regarded as significant.
However, this only applies to monogenic traits; the significance of the LOD score
for a complex trait is more ambiguous (Lander & Kruglyak, 1995).

Quantitative traits, which are inherited to some extent, such as the level of sweet
taste preference, are often influenced by more than one genetic element residing in
different genetic loci. These loci are called quantitative trait loci (QTL). As the name
suggests, the phenotypes are quantitative and are not divided into nominal classes,
e.g. into cases and controls. The variance component linkage analysis method was
developed for QTL linkage analysis. Its advantages over other methods include the
possibility to incorporate covariates, genotype-environment interactions, and other
confounding factors, and the ability to handle large pedigrees. It is a nonparametric
method, meaning that the mode of inheritance and other parameters do not need to
be specified. The variance component linkage method is based on correlation
between the expected allele sharing of family members (identity-by-descent, IBD
allele sharing), a locus, and their phenotypic covariance. The analysis can either use
the data of one marker at a time ("singlepoint” or "two-point" analysis) or the data of
more markers located near each other ("multipoint” analysis). The multipoint
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approach generally increases the power to detect true linkages and decreases the
false-positive rate (Almasy & Blangero, 1998).

2.5.7 Linkage disequilibrium

Linkage disequilibrium (LD) refers to a condition in which two loci do not occur
independently in the general population. Linkage disequilibrium is based on the
assumption that the study subjects comprise parts of a very large pedigree without
an explicitly known structure. The relationships between the individuals analyzed do
not need to be known though they are considered as being distant relatives
belonging to the same, large pedigree.

Going back far enough, large fractions of the current world population are ultimately
related to each others. Thus, apparently unrelated people with a given allele (e.g. an
allele modifying the susceptibility to a disease) inherited from their common
ancestor, also share alleles at a small region around the allele. The more generations
(meioses) to the common ancestor, the smaller the region shared. Thus, the
population history influences the LD between two loci with a given distance. In
addition, the ability of LD to identify genetic markers associated with a disease fails
if the phenotype is not due to common ancestral allele but is instead due to repeated
newer mutations (Strachan & Read, 2004). In an isolated population with a small
number of original founders, such as the Finnish population, a founder mutation
results in long LD intervals, facilitating the mapping of alleles of Finnish disease
heritage (Peltonen et al., 1999).

2.5.8 Association analysis

Genetic association refers to a co-occurrence of phenotypes and alleles. In a simplest
case, the association occurs because the allele directly influences the phenotype (e.g.
modifies the susceptibility to a disease) and usually the goal of association studies is
to discover associations due to LD between the marker and a phenotype. Other
causes of an observed association include natural selection (a certain an allele
improves the chances of a person with a given disease to survive and have children),
population stratification (existence of genetically different subgroups of different
ancestry in the study population), and false positives due to multiple testing.

Traditionally, association analysis has been used for case control analysis, in which
allele frequencies or genotypes of a sample of unrelated affected individuals and
matched controls are compared (Schulze & McMahon, 2002). Cases and controls
must be well-matched in terms of racial and ethnic background, age, sex, and other
factors to avoid false positives due to population stratification. Statistical methods
that take into account the population stratification have been developed. Falk and
Rubistein (1987) initially developed the haplotype relative risk (HRR) approach,
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which combines the two alleles that were not transmitted to the affected offspring
and creates a pseudocontrol group. However, the HRR method has been criticized
for not completely eliminating population stratification bias.

Another method, transmission/disequilibrium test (TDT), is based on the assumption
that in the absence of linkage and an association between a marker and a trait, the
marker alleles are transmitted to the offspring randomly (Spielman et al., 1993).
TDT is commonly used for tests of association in the presence of linkage in fine-
mapping studies. In the test for linkage, the pedigree structure of study populations
must naturally be known. TDT eliminates population stratification, but is less
powerful than HHR, as it can only use heterozygous parents. The basic TDT
compares the transmission and nontransmission of marker alleles of a biallelic
marker to affected offspring by chi-square statistics, but methods to study multiple
markers with more than two alleles and quantitative traits with covariates have been
also developed (reviewed by Schulze & McMahon, 2002).

Often, linkage and association analyses are seen as complementary. Linkage
analysis can be used to scan the entire genome with several hundred markers. Once
the candidate region displaying evidence of linkage has been localized, the region
may be narrowed down by association analysis (Strachan & Read, 2004). Recently,
several studies of genome-wide association of quantitative traits have been
published. The HapMap project (www.hapmap.org) is a “multi-country effort to
identify and catalog genetic similarities and differences in human beings” which has
enabled the studying of LD among common human SNPs online. Thus, “tag SNPs”,
SNPs residing in a region with high LD and thus providing information also from
the surrounding region, can be chosen as markers for association studies. The
development of modern microarray chips capable of assessing more than 500 000
SNPs per sample has produced an enormous increase in the resolution and amount
of data in genome-wide scans, posing challenges for the data analysis and
interpretation of the results. One of the biggest problems is the multiple testing;
false-positive results may arise, as investigating of a single phenotype comprises
more than 500 000 comparisons. A Bonferroni corrected p-value of
0.05°°%%°=0,0000001 has been proposed as the threshold for genome-wide
significance. However, with a limited sample size, a small p-value is often difficult
to achieve. Thus, the original finding often needs to be replicated in one or more
studies to ascertain the primary association. However, this approach has allowed the
discovery of several unexpected associations between genes of chromosomal
regions and diseases (Hunter & Kraft, 2007).
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3 AIMS OF THE STUDY

The aims of the study were the following:

e To examine whether food use patterns of young adults are influenced by
genetic or common environmental factors, and whether the proportional
contribution of these varies for different food items and between sexes (I).

e To estimate the heritability of sweet taste perception and behavioral traits
concerning sweet taste preferences (II, III), and to locate the influencing
genetic elements in the genome (II).

e To estimate whether the correlations among sweet taste preference
measures are due to genetic or environmental influences (I1I).

e To analyze the relationships between body weight and aspects of dieting
behavior and to determine whether these variables are linked to consumption
of and liking for fatty foods that are either sweet or salty foods (IV).
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4 MATERIALS AND METHODS

More detailed descriptions of the materials and methods used can be found in the
original publications.

4.1 Study populations

Characteristics of the populations are presented in Table 1.

4.1.1 FinnTwinl6 (I)

FinnTwinl6 is a consecutive and complete cohort of Finnish twins born in 1975-
1979 (Kaprio et al., 2002) and contains MZ and same-sex and opposite-sex DZ
twins. The data analyzed were from the fourth wave of the study conducted in 2000-
2002 and comprise replies to the food-frequency questionnaires of 4667 subjects
aged 22-27 years.

4.1.2 Finnish family study (II)

The subjects of the Finnish family study were participants of a migraine family
study (Wessman et al., 2002). The sample comprises 146 adults, 83.6% of whom are
migraine patients and 16.4% their healthy family members. The subjects belong to
26 Finnish families, and the data contain 9 spousal, 63 parent-offspring, 137 sibling,
4 half-sibling, 127 avuncular, and 37 first-cousin pairs. Participants were genotyped
genome-widely with more than 360 microsatellite markers.

4.1.3 TwinsUK (III & IV)

The UK Adult Twin Registry (TwinsUK, Spector & Williams, 2006) consists of MZ
and same-sex DZ twins. The majority of the participants are female. The data were
collected during 2005. In study III, data for females only and in study IV data for
both sexes are used.

4.1.4 FinnTwinl2 (IV)

FinnTwin12 comprises five complete year-cohorts of Finnish twins born in 1983-
1987 (Kaprio et al., 2002) and contains MZ, and same-sex and opposite-sex DZ
twins. The data in study IV were collected during 2006 and 2007, and at the time of
the analysis, responses from 403 twin individuals were available.
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Table 1. Characteristics of study populations.

Original publication I I 11 v v
Finnish

Study population FinnTwinl6 family study TwinsUK TwinsUK FinnTwinl2

N 4667 146 663 1027 403

Sex distribution (%)

males 44.7 315 - 10.5 41.9

females 55.3 68.5 100 89.5 58.8

Age (years)

mean 24.4 49.0 55.6 55.6 229

SD (0.82) (14.8) (12.4) (12.7) 0.5)

range 22-27 18-78 17 - 81 17 - 82 22-24

Zygosity of twins (%)

Mz 32.1 - 45.7 46.2 43.9

same-sex DZ 335 - 543 53.8 31.1

opposite-sex DZ 34.4 - - - 25.1

4.1.5 Ethical aspects

The study protocols of each study were approved by the local ethics committees: the
Finnish family study and the FinnTwin studies by the Ethics Committee of Helsinki
University Central Hospital, Finland, and TwinsUK by Guy’s and St. Thomas’
Hospital Ethics Committee, United Kingdom.

4.1.6 Determination of zygosity and checking pedigrees

Zygosity of the twins was determined by questionnaire, in the TwinsUK study by
the “Peas in the Pod” questionnaire (Martin & Martin, 1975; Peeters et al., 1998)
and in FinnTwin studies by a deterministic algorithm using questions on physical
similarity during school age; this method has been shown to have high validity in
another Finnish twin cohort (Sarna et al., 1987). If zygosity remained uncertain, it
was checked by genotyping.

In the family study (study II), the pedigrees and the genotype data were checked by
the program PedCheck (O’Connell et al., 1998), and no pedigree structure errors
(level 0 errors) or Mendelian inconsistencies (level 1 or 2 errors) were detected. In
addition, the MERLIN program was used to screen for unlikely but Mendelian-
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consistent genotypes, and these were erased by the Pedwipe program, provided by
MERLIN (Abecasis et al., 2002).

4.2 Chemosensory measurements

Chemosensory measurements were conducted after overnight (12-h) fasting. The
instructions were given both orally and in written form, and the test administrator
was present throughout the testing procedure.

4.2.1 Tests for sweetness perception (II & III)

In the first study with chemosensory testing (II), three suprathreshold sucrose
solutions (Finnsugar Ltd., Kantvik, Finland) plus plain water were included as
samples. The sucrose concentrations of the solutions were 3.0%, 7.5%, and 18.75%
(weight/volume), ranging from mildly to extremely sweet. The subjects rated the
intensity and pleasantness of the sweet taste using a labeled magnitude scale (LMS,
Green et al., 1993) and a labeled affective magnitude scale (LAM, Schutz &
Cardello, 2001), respectively. Due to the lack an equivalent for the word "dislike",
like/dislike was replaced by pleasant/unpleasant (miellyttdva/epamiellyttivd) in the
Finnish translations of the LAM.

4.2.1.1 Development of a sweetness perception test

The use of several samples was impossible in the international studies, with limited
resources for sample preparation and in time for testing of subjects. Thus, based on
the results of the family study, a new test for sweet taste preference was developed.
Requirements for the test were 1) being easy and fast to prepare, 2) being easy to
perform and administer, 3) providing a measure of sweet taste preference
comparable with the strongest (18.75%) solution of the sample series used in the
study 11, and 4) providing sufficient variation and a significant heritability estimate.

At first, we tested whether an 18.75% sucrose solution was perceived similarly in a
single-stimulus condition and in a series of four samples. In addition, we tested
whether a 9-point hedonic scale instead of labeled magnitude scales could be used in
the ratings. A total of 31 participants, aged 20-58 years (mean age 29.3 years, SD
9.9) rated the intensity and pleasantness of the sample series with 0%, 3%, 7.5%,
and 18.75% sucrose on water in a randomized order and the 18.75% sample alone.
The ratings were done in two separate days with half of the participants rating one
20% sample on the first day and four samples on the second day, and vice versa. The
scatter plots of liking and intensity ratings of the sample in series and in a single-
stimulus condition are shown in Figure 7.
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Figure 7. Scatter plots of the intensity (a) and liking (b) ratings of the 18.75% (w/v)
sucrose solution in a series of four samples and as a single sample. The
ratings expressed as cm on the LMS (intensity) and LAM (liking) scales.

The sample was evaluated as less intense (mean 6.4 in series and 4.8 alone) and
more pleasant (mean 6.0 in series and 6.7 alone) when presented alone compared
with presentation in a series of three samples. The correlation between the ratings in
the series and in the single-sample condition was for both intensity and liking ratings
0.62 (Pearson correlation coefficient). The 9-point intensity and hedonic scales were
shown to inadequately separate between responses. We concluded that the condition
in which the stimulus is presented has an effect on the rating, but the ratings still
measure the same underlying variable. In further examination with a smaller group
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(n=5), the 20% sample was shown not to be distinguishable from the 18.75% sample
using paired comparison procedure. This was also expected from the Weber ratio
(just noticeable difference/reference concentration) of sucrose in water (~0.17 in
Laing et al., 1993).

We also tested whether the hedonic ratings of the aqueous solution predict the liking
for a sweet food. The sample chosen was orange juice. The level of sucrose addition
needed to obtain a sweetness level corresponding to that of the 20% water solution
was tested with 15 subjects using a paired comparison. The subjects were presented
a pair of 20% sucrose solution and orange juice with 7.5%, 20%, or 26% added
sucrose. All judges tasted all three pairs and were asked to evaluate which of the
samples was sweeter. The results of the test are shown in Figure 8.
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Figure 8. Results of the paired comparison between 20% sucrose in water and varying

concentrations of sucrose added to orange juice.

On the basis of the results, the sweetness of an orange juice corresponding to that of
20% sucrose solution (i.e. 50% of the judges' ratings were as sweeter than 20%
sucrose solution) was 16%. The subsequent test with 34 subjects (2 men, 32 women,
aged 18-43 years, mean age 23.9 years) included ratings for liking for and intensity
of three samples: 20% sucrose in water, pure orange juice (with 10% sugar
naturally), and orange juice with 16% added sugar. Each of the samples was rated on
a separate day using 11.5-cm-long labeled magnitude scales, and the samples were
presented in randomized order.
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The correlations among the ratings for the pure orange juice, the orange juice with
16% added sugar, and the aqueous sucrose solution (20%) are presented in Table 2.

Table 2. Pearson correlation coefficients for the liking for and intensity ratings of
samples
Liking Intensity
n=34 Juice with 20% Juice with 20%
Pure 16% added  sucrose Pure 16% added  sucrose
juice  sucrose in water juice  sucrose in water
o0 Pure juice 1
£ | Juice with 16% added
ﬁ sucrose 0.06 1
20% sucrose in water | -0.25 0.29 1
5. | Pure juice -0.11 0.37* 0.44* 1
Z | Juice with 16% added
g sucrose 0.20 0.29 0.07 0.45* 1
20% sucrose in water 0.26 0.17 0.10 0.05 0.23 1
* p<0.05

The results show that the liking for the sucrose solution poorly predicts liking for
sweetness in juice (r=0.29, p=0.091). However, the correlation coefficient is nearly
significant and can be interpreted as reflecting an underlying preference for sweet taste.

In addition, the subject rated the liking for and use-frequency of 16 sweet foods. The
sweet foods were categorized by factor analysis with a maximum likelihood method and
Varimax rotation. Three groups, fitting both liking and use-frequency data, were
identified: sweet snacks, sweet fruits, and foods sweetened with artificial sweeteners.
The internal consistency of the use-frequency and liking groups was evaluated with
Cronbach’s alpha values, which were between 0.604 and 0.851. The correlations
between the food groups and the ratings for the samples were mostly very low. The only
significant correlation was observed between the intensity rating for the orange juice
with 16% added sugar and liking for sweet fruits (r=0.36, p=0.04).

Based on these tests, the liking and intensity ratings of the 20% (w/v) sugar solution
were chosen as appropriate measures of sweetness perception and to correspond to
the 18.75% sample used in Study I in a series of four samples. A single solution with
a pre-packed sugar sachet (4 g) and a cup with a marked line for filling with water
further enabled a wide use of the sweet taste perception test in genetic studies. Most
importantly, the sample proved to be a good tool for research of genetic background
of sweet taste preference, as in a subsequent large study (II) it showed sufficient
variation and the liking for it using LAM provided a significant heritability estimate.
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4.2.2 Test for saltiness perception (II)

In Study II, the heritability of salty taste perceptions was also determined. The salty
taste series included three salty solutions (0.2%, 0.5%, and 1.25%) and plain water.
The intensity and pleasantness of salty taste was rated using a 12.5-cm-long LMS
and LAM, respectively.

4.2.3 Screening for PROP tasting ability (II, I1I)

The intensity rating of PROP (6-propyl-2-thiouracil, Sigma-Aldrich Chemie GmBH,
82460, Steinheim, Germany) was included in the study protocol as a positive control
for heritability (II, IIT). The taste sensitivity for PROP was screened by a filter paper
method (Zhao et al., 2003). The intensity of the filter paper containing 0.6 mg PROP
was rated using the LMS.

4.3 Use-frequency and food liking/disliking questionnaires (I-1V)

Food-frequency questionnaires (FFQs) were used in all studies (I-IV), and liking
ratings for the same foods were included in Studies II-IV. The questionnaires included
slightly different foods in different study populations. The foods of the use-frequency
and liking questionnaires were categorized using factor analysis with maximum
likelihood extraction and orthogonal Varimax rotation. The food groups were named
based on their essential content and the scores for the groups were calculated as factor
loadings (I) or as mean for the items loading to the group (IL, III, and IV).

4.4 Craving for sweet foods scale (11, III)

The "Craving for Sweet Foods" scale is a subscale of the Health and Taste Attitude
questionnaires (Roininen et al., 1999), which measures the tendency to crave sweet
foods with six statements. Each of the statements is evaluated using a 7-point Likert
scale and the scale score is calculated as the mean of ratings given for the
statements. The "Craving for Sweet Foods" scale was used in Studies II and III.

4.5 Three-factor eating questionnaire-R18 (IV)

The original "Three-Factor Eating Questionnaire" (TFEQ, Stunkard & Messick
1985) measures three dimensions of human eating behavior, namely “Restraint”,
“Disinhibition”, and “Hunger”. Karlsson et al. (2000) evaluated the construct
validity of the 51-item questionnaire in obese men and women, and the original
factor structure was not replicated. Instead, they constructed a revised 18-item
questionnaire (TFEQ-R18) based on the original items, and the new three factors
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were now named "Cognitive Restraint" (6 items), "Uncontrolled Eating" (9 items),
and "Emotional Eating" (3 items).

4.6 Quantitative genetic analysis (I-1V)

In the family study, the heritability and linkage analysis was performed using the
variance component method of MERLIN (Abecasis et al., 2002). The inclusion of
covariates in the linkage analysis was based on their significance in the heritability
analysis of the SOLAR program (Almasy & Blangero, 1998) assuming a polygenic
model. The linkage analysis was performed only for traits with a significant
heritability estimate.

The quantitative genetic analysis of twin data was performed using an Mx program
(Neale et al., 1995) version 1.5 (I) or 1.7 (IIl, IV). For multivariate analysis,
Cholesky decomposition was used (III, IV).
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5 RESULTS

5.1 Sweetness

5.1.1 Heritability of responses to sweetness (I-IV)

Heritability analysis of the intensity and liking ratings of three suprathreshold (3.0%,
7.5%, and 18.75%) sucrose solutions in the Finnish family study (II) revealed that
the hedonic response to sweetness is more heritable than the intensity perception.
Furthermore, the stronger the sweet taste in the solution, the higher the heritability
estimate: the heritability of the liking for the two milder, 3% and 7.5%, sucrose
solutions were 20% and 29%, respectively, whereas the liking for stronger solutions
produced a heritability of over 40 % (Table 3). The heritability estimates (%) of
variables measuring the degree of sweet taste preference in the four studies are
provided in Table 3.

Table 3. Heritability estimates (% of variation) of variables measuring hedonic
response to sweetness in the four studies.

I I I v
Variable males females combined females males females
Strong sucrose solution”
Intensity - - 0 33 - -
Liking - - 41 49 - -
Eating behaviors
Use-frequency of sweet
foods 42 43 50 53 47 43
Liking for sweet foods - - 40 54 39 46
Craving for sweet foods - - 31 38 - -

* concentration of the solution 18.75% in Study Il and 20% in Study IIT

As the heritability estimate in a family study includes the effects of both common
family environment and additive genetic effects, the estimation of contribution of
genetic factors to liking sweet taste was repeated with a twin study (III). A single
20% w/v sucrose solution was used, and the additive genetic effects and significant
heritability estimates for both liking and intensity were obtained. However, the
model in which within-pair correlation of the twins for the intensity rating was
designated common environmental provided an equal fit.
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Questionnaires measuring the degree of sweet taste preference included use-
frequency of sweet foods (I-1V), liking for sweet foods (II-1V), and the Craving for
Sweet Foods scale (II, III). The heritability estimates of the variables measuring
responses to sweetness in different studies are presented in Table 3.

5.1.2 Linkage analysis (II)

Multipoint linkage peak with LOD score of 3.5 (empirical p-value 0.07) was
identified on chromosome 16pl11.2 (marker D16S753) for the use-frequency of
sweet foods. In addition, the use-frequency of sweet foods was linked to loci on
chromosomes 9q32.1 (LOD=2.0), 3p26.3 (LOD=1.9), and 20q13.2 (LOD=1.9) and
liking for the 18.75% sucrose solution was linked to a marker on chromosome 1q41
(LOD=1.9).

5.1.3 Associations among measures of liking for sweetness (I1I)

The tetravariate modeling of measures of hedonic responses to sweetness revealed
several significant correlations. The phenotypic correlation (r=0.23) between liking
for the sweet solution and for sweet foods was explained by genetic factors (genetic
correlation between traits=0.27). The three correlations among the questionnaire
variables (r ranging from 0.30 to 0.55) were due to both genetic and environmental
factors, the genetic factors explaining, on average, 62% of the trait correlations.

5.2 Other dietary and chemosensory variables

5.2.1 Heritability analysis (I-1V)

Intensity or liking ratings of salty solutions were not inherited (II). The only
significant heritability of the NaCl solution ratings was obtained for the liking for
the 0.2% solution (33.1%). Heritability of PROP tasting ability was estimated in
Studies II and III using the filter paper method. The heritability estimates were 60%
in the Finnish family study and 65.5% in the UK female twins.

Variance in the food use of young adults was explained by additive genetic and
specific environmental factors. Four food groups were identified: “healthy” foods,
high-fat foods, sweet foods, and meats. Common childhood environment had no
significant influence on the use-frequency of 24 commonly used foods or on four
food use patterns based on these. On average, 40% of the variation in the use of
individual food items and 45% of the variation in the food use patterns was
explained by additive genetic effects. The proportional variance components of the
food groups are presented in Figure 9. In addition, sex differences were observed in
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the magnitude of variance components (for chocolate, other sweets, fried foods, and
meat) and in the genes underlying food use (for fresh vegetables, fruits, and
cheeses).

Variation of the three dieting behaviors measured by the Three-Factor Eating
Questionnaire-R18 (Cognitive Restraint, Uncontrolled Eating, and Emotional
Eating) was explained by additive genetic and specific environmental factors, and
the common environmental factors did not contribute to any variance in these. The
heritability of Cognitive Restraint (29% for males and 57% for females) and
Uncontrolled Eating (52% for males and 58% for females) was higher than that of
Emotional Eating (heritability for 0% males and for 43% females). The heritability
estimate obtained for BMI was 64% in females and 75% in males.
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Figure 9. Proportional estimates of additive genetic effects and specific environmental
effects on food use patterns in young adult twins (Study I).

5.2.2  Associations among dietary measurements and body mass index (IV)

Closer consideration of the phenotypic correlations among BMI, dieting behaviors,
and use and liking ratings for fatty foods revealed that BMI was genetically
correlated with all three dieting behaviors, which, in turn, were correlated with fatty
food use and liking ratings. However, no significant correlations between BMI and
the dietary measures were observed.
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6 DISCUSSION

6.1 Heritability of chemosensory measurements

6.1.1 Sweet taste perception

Studies II and III showed that the degree of liking for sweetness in an aqueous
solution is partly genetically determined. However, the intensity perception
appeared to be only weakly, if at all, inherited. These were the first studies to
determine the heritability of responses to sweet taste with data from chemosensory
measurements with suprathreshold concentrations. One earlier study, published in
1982 by Krondl et al., had estimated the genetic influences on recognition thresholds
with 13 MZ and 10 DZ pairs. A nonsignificant heritability estimate of 0.52 using the
Holzinger index of heritability:

(VarDz —Vaer)/ VarDz

where Var is the within-pair variance of the mean difference, was found for the
recognition threshold of sucrose. The estimate strongly suggests that MZ twins
resemble each other more than DZ twins, but the heritability estimate failed to reach
significance, probably because the statistical method was insufficiently sophisticated
to reveal genetic effects, the recognition threshold possibly was not a very relevant
measure (not easy to determine accurately and weak predictive value of the
perception of suprathreshold concentrations), or the sample size was too small.

As the hedonic response to sweetness varies between individuals due to genetic
differences, the degree of liking for sweet taste in adulthood is not entirely learned.
This finding is of major importance in understanding the background of human taste
preferences. Despite living in similar environmental conditions, individuals may
have differences in the liking for sweet taste. This should be considered when
suggesting changes to the diet, e.g. in dietary counseling; for some, the preference
for a variety of sweet foods may be learned and it may be easy to decrease their use
or reduce the level of added sucrose, but for others products containing less sugar
simply will not taste as palatable. Environmental factors, e.g. earlier experiences,
also influence the degree of liking for sweetness. For instance, a person with an
inherited low preference for sweet foods living within a family of sweet-likers
probably learns to like sweet foods if they are offered and tried continuously.
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6.1.2 Heritability of salty and bitter (PROP) taste perceptions

Earlier studies have shown that the familial correlation in the salty taste perception
is due to common environmental effects. Beauchamp et al. (1985) determined the
most preferred level of salt in soup (0.47-2.90%), the detection threshold of salt in
water, and the use of salt added to foods with 20 MZ and 24 DZ young adult (17-23
years) same-sex twins. None of the measures provided evidence of genetic effects
influencing salty taste perception. The pair-wise correlations of MZ twins were no
higher than those of DZ twins, suggesting that the correlations were due to shared
environmental factors. Similarly, a recent twin study (Wise et al., 2007) found that
the recognition threshold for NaCl was not genetically determined, but partly
influenced by common environmental effects (22% of variation). Thus, the
heritability estimate obtained in our study is likely not due to shared genes, but to
common environmental effects.

Heritability estimates obtained for the intensity rating of PROP filter paper (11, III)
were similar to those reported earlier. Hansen et al. (2006a) found a heritability of
72% for 0.01% PROP solution in a sample of twins (102 MZ pairs, 210 DZ pairs)
and their singleton siblings (n=229). The high sensitivity to PROP has been
associated with reduced acceptance of some bitter foods (reviewed by Drewnowski
& Rock, 1995), and the effect of PROP tasting on other dietary habits, body weight,
and other variables is still under wide discussion (Prescott & Tepper, 2004).
However, studies on sensitivity to PROP and its implications have encouraged
additional research on taste genetics by suggesting that genetic differences between
individuals can influence food habits.

6.2 Heritability of other dietary measurements

6.2.1 Reported responses to sweet foods

Small differences were present between heritability estimates of questionnaire
measures of hedonic responses to sweet foods obtained in different studies. These
differences are most probably due to variations in the questionnaires of use-
frequency and liking (slightly different foods in different studies, slightly different
meaning due to translation) and differences between the size, age, and sex
distributions of the populations. However, all of the studies clearly indicate that
these traits are partly genetically determined and that the heritability of the use-
frequency is slightly greater than that of liking for sweet foods. The reason for this
difference may be that the evaluation of a use-frequency of a food item is easier for
subjects than the evaluation of liking. In addition, variation in liking scores may
arise because in our questionnaires many of the food names refer to several types of
foods. For example, sweet desserts, a variable often used, includes numerous
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different dishes for which liking may vary greatly. However, by combining all sweet
desserts, the use-frequency estimate may reflect reality.

The heritability of food preferences was also determined in the study of Krondl et al.
(1982). Food preferences were measured by rating foods (stimuli presented as a list
of food names) using a 5-point hedonic scale. The sweet foods included were honey,
jam, ice cream, and doughnut. Using the Holzinger index, heritability estimates of
0.49, 0.44, and 0.16 were obtained for honey, ice cream, and doughnuts,
respectively, but all three estimates were nonsignificant. For jam, DZ twins
resembled each other more than MZ twins, and the heritability estimate was thus not
calculated.

Other related studies have exploited slightly different instrument such as sugar
intake or food intake diaries. The intake of macronutrients and of 13 food items,
among these two sweet food items (candy and ice cream), was measured by de
Castro (1998) using food intake diaries. Data from male and female twins provided
results very similar to ours; the heritability estimate for intake of candy was 42%
and for intake of ice cream 48%. Hur et al. (1998) studied macronutrient intakes of
twins reared apart and their spouses, and thus, had an extraordinary study design.
They reported a heritability of 24% for intake of simple carbohydrates. In general,
they found that around 30% of the variance in diet is genetically determined, which
is a strong confirmation of the results of ordinary twin studies with only twins reared
together.

6.2.2 Age and sex differences in variance of food use patterns

Several earlier studies have evaluated the contribution of genetic and environmental
factors to food (Heitmann et al., 1999; Krondl et al., 1983; van den Bree et al., 1999)
and nutrient (Hur et al., 1998; de Castro, 1993; Heller et al., 1988) intake of adults,
and all data have indicated that childhood family environment does not affect food
use in adulthood. However, in 4- to 5-year-old children, family environment has
been shown to influence food preferences (Breen et al., 2006). Family resemblance
for food preferences is surprisingly low among adults. For example, Rozin (1991)
found that whereas parent-child correlations for values (e.g. conservativeness,
religiosity, homosexuality, and abortion) were high among 118 students and their
parents (mean r=0.54), the correlations for food preferences were very low (mean
r=0.17). A possible explanation of this "family paradox" is that the parents originally
have different food preferences (due to genetic and environmental differences) and
thus give "mixed messages" to the child on whether to like a food or not.
Supposedly this also implies to the child that it is acceptable to disagree on taste
preferences, allowing more variation within the family.

Based on previous studies, whether family environment plays a role in food use of
young adults who have just recently left their parents' home was unknown. Study (I)

57



showed that the effect of family environment ceases after childhood, implying that
proportional contributions of environmental and genetic effects change with age. If
transition periods exist during which the determinants of variance in food use
change within a couple of years, special attention should be paid to development or
maintenance of healthy eating patterns during these phases. Otherwise, the resulting
change in food habits may lead to worsening of dietary patterns. Comparing our
results with those of Breen et al. (2006) suggests that such a transition period occurs
between childhood and young adulthood. This hypothesis is supported by the
increase in body weight that often takes place during young adulthood (Pietildinen et
al., 2004), although other factors, such as growth cessation and diminishing physical
activity, may also contribute to the weight gain at this age. However, no longitudinal
studies to confirm changes in variance components of food use along age have been
performed.

Studies I, II, and IV all included both males and females, but the most similar
proportions of the sexes were in Study I. In addition, special attention was focused
on sex differences in the analyses. The sex-specific genetic effects, i.e. different
genes influencing a trait in males and females (based on lower within-pair
correlations among opposite-sex than same-sex DZ twins) were significant for three
of four patterns of food use: “healthy foods”, high-fat foods, and sweet foods. The
only food use pattern unaffected by sex-specific genetic effects was that related to
meat, which was instead influenced by common environmental factors. These results
encourage consideration of sex effects whenever studying variation in dietary
phenotypes. The identification of genetic elements influencing traits may be easier,
if considering that different genes may influence the traits in males and females.

6.2.3 Dieting behaviors and body mass index

In Study IV, we considered three dieting behaviors measured by the TFEQ-R18.
This was the first time that the heritability of these factors was determined. Tholin et
al. (2005) had examined the heritability of the factors of a very similar instrument,
the TFEQ-R21 (with 21 items), in male twins. Both our findings and their results
suggest that the heritability of Cognitive Restraint and Uncontrolled Eating is higher
than that of Emotional Eating. The proportional contribution of genetic effects to the
variance (heritability) of Cognitive Restraint was significantly higher in females
(57%) than in males (29%). Steinle et al. (2002), who applied the original TFEQ
with 51 items and a different factor structure, observed a heritability of 28% for
Restraint. It is noteworthy that although the name of the trait refers to a cognitive
decision, the variance in the trait is to a large extent determined by genetic factors,
especially in females.

Another interesting finding regarding sex differences was that while the heritability
of Emotional Eating was 43% in females, it was nonsignificant in males. Females
also rated higher on this scale. For Uncontrolled Eating, the heritability estimates for
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the sexes were quite similar (52% for males, 58% for females), but males had higher
mean on this trait than females. Thus, males appear to have higher tendency towards
loss of control over eating, but disinhibition in emotional situations is more typical
of females. The heritability obtained for BMI was very similar to findings in other
European studies (Schousboe et al., 2003), namely that variation in obesity is largely
genetically determined, and to lesser extent by environmental factors.

6.3 Genetic and environmental associations among variables

Several correlations were observed among the measures for hedonic responses to
sweetness (III). The tetravariate Cholesky modeling showed that the correlation
(r=0.23) between the liking rating for the 20% sucrose solution and the reported
liking for sweet foods was due to genetic effects (genetic r=0.27). This result implies
that these traits are influenced by the same genetic elements and further validates the
sweet taste perception test. The variables are associated although the measurements
were taken in different situations: the questionnaire was filled in at home and the
sweet taste perception test was completed during the clinic visit.

The questionnaire phenotypes measuring sweet taste preference, namely use-
frequency, liking, and craving for sweet foods, were all intercorrelated (r=0.30-
0.50), and, on average, 62% of the phenotypic variation was explained by a genetic
correlation. The rest of the trait correlations were explained by environmental
factors specific to a member of the twin pair. However, the relatively low
correlations imply that these commonly used measures of sweet taste preference
may measure different aspects of the phenomenon. Due to limited resources, we
were unable to measure twins’ sugar intake by food intake diaries or wider food-
frequency questionnaires, and thus, which of the measures predicts intake of sugar
remains unknown. Most probably only one test would be insufficient to predict
dietary choices (Mattes & Mela, 1986). The results warrant eludication of the
relationships among the different measures.

The relationship of liking and use-frequency of sweet foods to dieting behaviors and
BMI was further examined in Study IV. These results showed that BMI was
associated with dieting behaviors, but not with use of or liking for salty or sweet
fatty foods. However, the liking for sweet and fatty foods was associated with
Emotional Eating. The correlation was mediated through genetic factors, and as
genetic factors significantly explained the variation only in females, the results
suggest that women's impulses to eat in emotional situations are directed towards
sweet foods.

The relationship between BMI and use of fatty foods appears to be mediated through
dieting behaviors (Figure 10). The finding is very significant in terms of
background of obesity. Reported food intake as such is a poor predictor of BMI, an
observed in many studies (Hill & Prentice, 1995). Our results imply that the
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measurement of unhealthy dieting behaviors, instead of diet directly, may provide
valuable information when examining the determinants of body weight.

SN YT N

BMI Dieting Food use and
behaviors preferences

Figure 10.  Schematic representation of the relationships between BMI, dieting
behaviors, and diet.

6.4 Location of genetic elements influencing traits

The strongest linkage result was obtained for use-frequency of sweet foods on
chromosome 16p11.2. No obvious genes affecting sweet taste preferences were
identified in the area. However, in the other chromosomal arm (Chrl16ql2.2), a
variant predisposing to type 2 diabetes and affecting BMI has been identified in the
FTO gene (Frayling et al., 2007). The area had earlier been linked to taste-related
traits: Drayna et al. (2003) found a LOD score of 3.33 for PTC tasting ability at 14
c¢cM in a scan conditional for QTL on chromosome 7. Fine-mapping and
identification of influencing elements on chromosome 16 are underway.

None of the linkage peaks were found at the location of the sweet taste receptor
genes. This, in addition to liking ratings but not intensity ratings of the sweet
solution being inherited, implies that the hedonic and intensity responses of
sweetness are separate.

The PROP filter paper intensity ratings yielded no significant or suggestive linkage
results. Earlier studies have found linkages on chromosomes 5pl5 (Reed et al.,
1999), 7q (Drayna et al., 2003; Kim et al., 2003; Hansen et al., 2006b), and 16p
(Drayna et al., 2003). The discordance between the earlier findings and ours is
probably due to the method applied for the PROP sensitivity measurement. As
shown by Hansen et al. (2006b), the measurement of tasting ability using the filter
paper produces phenotypes that are only poorly associated with the TAS2R38 gene
on chromosome 7q.
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6.5 Methodological considerations

6.5.1 Subjects

Subjects recruited to the studies were not selected in terms of sensory performance
or food preferences. In twin studies, the selection criterion was being a twin of
certain age without selecting for particular disease of trait. Studies I, III, and IV
applied large, population based twin cohorts. FinnTwinl6 and FinnTwinl2 are
longitudinal studies of five consecutive birth cohorts of all twin pairs born in
Finland (Kaprio et al., 2002). With high response rates (>85%), they can be regarded
as representative sample of Finnish population of the certain age. The UK twin adult
registry consists of adult (16 to 85 years old) twins from all over the United
Kingdom and Ireland (Spector & Williams, 2006). However, the registry
predominantly consists of same sexed female twins, because the initial focus of the
study group was on diseases more common on females than males. Thus, the data
from this registry does not fully allow sex comparisons. In twin studies (I, III, IV)
the sample sizes are large and thus the analyses have strong statistical power.

In the Finnish family study (Study II), the sample size was significantly lower.
However, the heritability estimates obtained in this study can be regarded as highly
accurate as they were replicated within the larger twin studies. The marker
genotypes had high information content meaning that the data was well suited to
linkage analysis.

6.5.2 Chemosensory measurements

The aqueous sucrose and NaCl solutions are very simple stimuli which as such are
not part of a normal diet. However, presenting such stimuli prevented the effect of
cultural differences on hedonic responses. Holt et al. (2000) demonstrated that liking
for sweetness in a water solution is not strongly correlated with liking for sweetness
in different media (foods). In their study, the most preferred level of sucrose in
water did not predict the most preferred level of sucrose in foods. The correlation
between hedonic responses to sweetness in water and orange juice was low (r=0.14).
A similar result was obtained when we developed the test for sweetness perception
(r between liking ratings for similar levels of sweetness in water and in orange
juice=0.25)

However, as the goal was to develop a simple and easy measure that could be used
in international studies with limited time resources, this test proved to be useful. In
addition, the phenotype was required to measure the same underlying hedonic
response to sweetness as the 18.75% sucrose solution in a series and provide
sufficient variation in a general population (see Section 4.2.1.1). All of these
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requirements were met, and thus, we concluded that 20% sucrose in water is a useful
and rapid tool to screen for the degree of hedonic response to sweetness.

The decision to include PROP in the study protocols (II, III) was based PROP
tasting ability being the only taste-related trait known to be partly genetically
determined. Because time available for chemosensory testing of the subjects was
limited, application of more time-consuming methods, such as determination of taste
thresholds, was impossible. To quickly but reliably screen for individual differences
in PROP sensitivity, the filter paper method was chosen. Hansen et al. (2006b)
examined the relationship of this measure to intensity ratings of a PROP solution
(0.1%). They observed that partly different genes are responsible for the genetic
variation in the outcomes of the two methods. Thus, our measurement with the filter
paper method is not fully comparable with the results of solution tests. However,
PROP sensitivity screening was not the main focus of our studies, but instead acted
as a positive control for heritability. The filter paper method was suitable for this
purpose. In addition, high heritability estimate obtained for the PROP intensity
rating confirmed that the reason for the low heritability estimate of intensity ratings
of sweet or salty solutions was not difficulty in usage of the LMS instrument (Green
etal., 1993).

6.5.3 Food behavior questionnaires

When using behavioral questionnaires, it is noteworthy that the outcomes are
indirect measures of human behavior that can be affected by misreporting. The
misreporting may be caused by several factors. First, the questionnaire should be
validated carefully to ensure that it measures the desired trait. Often, the
questionnaires are validated only in their original language, then translated by the
researchers using them, without any further validation. The meaning of the items
may remain similar, but differences in the nuances, such as in the seriousness of the
situation, can be caused by language differences (Berkanovic, 1980).

For food items and dietary habits, differences between countries may be caused by
cultural differences. For example, if studying the liking for sweet foods, which
sweet foods are most frequently used in the population studied, should be
considered. If some of the most popular food items are left out, an essential part of
the variation among individuals may be missed. In our study, nearly the same food
items were presented to British and Finnish respondents. However, the British
collaborators thought that the sweet food items presented to Finnish respondents will
apply for the British population. In the case of salty and fatty foods, some
modifications to the questionnaires were made in each country to include specific
popular food items.
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6.5.4 Statistical methods

Heritability analysis in families is a measure of familial correlation. Thus, it may
include environmental variance that makes family members more similar to each
other. However, the heritability estimates obtained in our family study were very
similar to those in our twin studies.

The assumptions of a classical twin design: equal environment, random mating, and
the absence of gene-environment interactions, are the basis for the analysis and the
fulfillment of these for the trait being studied should be ensured. The equal
environment assumption means that a twin pair raised together experiences a similar
environment regardless of zygosity. Although it is difficult to estimate whether MZ
twins are treated more similarly than DZ twins, it has been suggested that the
environment (e.g. parent's) does not cause the phenotypic similarity of MZ twins or
the differences between DZ twins, but the environment merely responds to the
similarity of the MZ twins by treating them similarly (Kendler et al., 1993). If MZ
twins were treated more similarly than DZ twins, resulting in higher MZ pair-wise
correlations, it would cause an increase in the heritability estimates. Another
assumption of the classical twin design is random mating, meaning that individuals
do not choose partners based on similarity on the trait in question. In the case of
food habits, these two effects are highly unlikely to occur. However, the third
assumption, an absence of gene-environment interactions, may be relevant when
studying eating behavior. Gene-environment interactions mean that individuals with
different genetic make-up respond to the environment differently. If the
environmental factor is shared by the twin pair, the effect of gene-environment
interactions is estimated as part of the additive genetic variance. Thus, the estimate
of additive genetic effects may also include genetic differences in susceptibility to
environmental factors. If the environmental factor interacting with genetic factors is
not shared by the twins, it is included in the specific environmental variation (Neale
& Cardon, 1992).

In twin studies, we first decomposed the variation to additive genetic (A), common
environmental (C), and specific environmental effects (E). For each phenotype, it
was noted that the common environmental effects were not significant. Persons
living in the same household may consume the same foods, as they often sit down to
the same meals, and thus, the common environment should have a major effect. This
may have been the case had we been able to measure the family environment of the
twins at the time of the study. Instead, what we measured was the correlation
between co-twins. All of the twins in our studies were adults, and thus, often they
had not been living together for years. The measurement of the current family
environment of adult twins can be accomplished by measuring the traits in current
family members. Most often, the spouses of the twins are included. One study of
twins reared apart and nontwin individuals (mostly spouses) has concentrated on
dietary variables (Hur et al., 1998). In general, they found that approximately 20-
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30% of the variance in diet reported by a food-frequency questionnaire was
attributable to genetic factors. Spousal correlations for nutrient intakes were
moderate and positive (0.01-0.37, mean 0.22). However, the common
environmental effects were not significant in the final models.
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7 CONCLUSIONS AND FUTURE PROSPECTS

This study demonstrated that sweet taste preferences are partly inherited. This
finding was replicated in two populations using both chemosensory measurements
and behavioral questionnaires. When this study was initiated, investigations of taste
genetics had mainly concentrated on bitter taste. Contrary to bitter compounds, the
intensity perception of sucrose solution does not appear to be genetically
determined. By contrast, however, almost half of the variation in the liking for sweet
taste is inherited. If perceived intensity and liking/disliking are strongly associated,
as expected in the case of bitter tastes, the taste threshold or intensity rating of a
suprathreshold solution may be associated with food acceptance ratings. However, if
the two perceptions are not very strongly linked, as in case of sweetness perception,
the hedonic response to a stimulus likely provides a better aid than the intensity
ratings for predicting food acceptance.

Findings also revealed that the intensity perception of sweetness is only weakly, if at
all, inherited and that different measures of sweet taste preference partly reflect
different aspects of the phenomenon. Thus, when investigating the genetic factors
underlying sweet taste perception, the choice of the instrument(s) should be made
carefully. It is crucial to measure the hedonic responses in addition to the intensity
ratings or threshold determination, and even better measurement can be obtained by
implementing behavioral questionnaires to assess responses to sweet foods.
Inclusion of more than one instrument is recommended to obtain a more extensive
view of the study population’s response to sweetness.

A locus influencing the use-frequency of sweet foods was identified on chromosome
16. It is noteworthy that no linkage was found on chromosome 1, where the genes
encoding the subunits of the sweet taste receptor are located. This finding also implies
that factors apart from tasting ability determine behavior towards sweet foods in
humans. Studies on rodents, mostly mice, have demonstrated that polymorphisms in
the sweet taste receptor gene Tas/r3 influence behaviors towards sweetness. As food
choice in humans is more complicated than in mice, which are thought to eat any
acceptable food, the extrapolation of findings in mice to human eating behavior may
be of limited value. Although more laborious and expensive, the examination of
human subjects is highly encouraged when studying food behavior.

When examining taste or food preferences in humans, the effect of cultural and
attitudinal factors cannot be ignored. The role of social factors and dietary education in
the development of healthy dietary habits is very important. Young adulthood often
includes changes in dietary habits, unfortunately generally in an unhealthy direction,
and is a period in which the liability for weight gain is increased. However, this study
showed that the effect of family environment ceases soon after a child leaves the
parental home. Changes in the variance components of food behavior with age should
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be investigated in more detail in longitudinal studies. Identification of age-dependent
alterations in factors influencing food behavior and weight gain may reveal vulnerable
age groups to which dietary education should be targeted.

Although the link between diet and obesity is broadly recognized, many studies have
failed to establish correlations between food intake as measured by dietary
questionnaires and BMI. In a study examining the relationships between dieting
behaviors, BMI, and liking for and use of fatty foods, we also did not observe
correlation between BMI and responses to fatty foods. However, BMI was
positively correlated with dieting behaviors, which, in turn, were correlated with
fatty food traits. These results imply that the relationship between BMI and food use
is not straightforward, and individuals’ attitudes and conscious and unconscious
behaviors play a major role in the development of obesity.

In conclusion, this study broadened our understanding of the factors underlying
human eating behavior. Both genetic and environmental factors were shown to be
important in determining the degree of liking for sweetness. This study thus
provides information additional research on taste genetics as well as also for
epidemiologic studies on human nutrition in general.
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