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ABSTRACT

The Influence of Early Learning Environments on Sour Taste Development in the

First Year of Life

Aileen Kennedy

A mother’s diet during pregnancy and lactation influences the infant’s taste development as
eatly exposure to flavour in amniotic fluid and breast milk can modify innate taste preferences
in infants. Infants are born with an innate preference for sweet flavours while rejecting bitter
and sour tastes. Sour taste preference in infants is linked to high fruit intake and given the
increase in childhood obesity it is important we maximise the chances that children developing
healthy food preferences. This study examined the relationship between maternal fruit intake
during pregnancy and lactation and the development of sour taste preference during the first
year of life. Mothers completed a 7-day food diary during the 3 trimester of pregnancy and at
12 weeks post-partum. Infant feeding practices were recorded at birth, 3, 6 and 12 months and
infant food intake was assessed at 12 months using a 3-day food dairy.

At 6 and 12 months sour taste acceptance in infants was examined by offering a base drink
with increasing molar concentration (M) of citric acid (0.00M, 0.013M, 0.029M and 0.065M).
The infant was allowed to consume these solutions ad /ibitum over 60 seconds. Sour taste
acceptance was measured using three methods, amount ingested by the infant, the mother’s
perception of the infants acceptance and the frequency of the negative responses by the infant
to the solutions as measured by video analysis.

In general, infants rejected extreme sour tastes at 6 and 12 months. However, a large
variability within the group was observed, with some accepting these tastes. Fruit
consumption by mothers during pregnancy, gender and the length of exclusive breastfeeding
were positively associated with acceptance of sour tastes at 6 months (p<<0.05). At 12 months,
only an infant’s own fruit consumption was positively associated with sour taste acceptance
(p<0.05). This study also provided insights into mothers’ diet during pregnancy and lactation.
While in general their diet was adequate, participants had higher than recommended fat,
saturated fat and salt intakes and lower than recommended intakes of folate vitamin D.
Infants’ diet at 12 months also had poor intakes of vitamin D. This study sheds light on the
relationship between early exposure to fruit and sour taste acceptance infants, which could be
exploited to improve fruit intake from infancy.
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“I will add that formerly it looked to me as if the sense of taste, at least with my own children when they were
still very young, was different from the adult sense of taste; this shows itself by the fact that they did not refuse
rhubarb with some sugar and milk which is for us an abominable disgusting miscture and by the fact that
they strongly preferred the most sour and tart fruits, as for instance unripe gooseberries and Holz apples.”

Charles Darwin, 1877
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THESIS SUMMARY

Everyone wants to do the best for their child, to maximise their health, happiness and
success in life. David Barker’s ‘Foetal Origins Hypothesis® (Barker, 1997) hypothesises that
the origins of many of the common diseases in today’s society can be tracked back to the
responses of the baby or toddler to under or over-nutrition during the first 1000 days of
life (from conception through to a child’s 2™ birthday). In fact, right up until the child’s
2nd birthday, nutrition can have a long term impact on health, predicting a child’s risk of
developing coronary heart disease, hypertension, type 2 diabetes, certain cancers and even
obesity. Therefore nutrition, from early conception right through until the second year of
life, is vitally important for any infants’ long term health. Infants have an innate preference
for sweet, salty and fatty tastes and an innate rejection of bitter and sour tastes. However,
these innate rejections can be overcome and infants can develop a liking for these flavours.
Darwin reported this liking for sourness, as early as 1877, in his own children. The aim of
this thesis to examine the relationship between diet during pregnancy and lactation and the

development of sour taste preference during the first year of life.

This thesis is comprised of eight chapters.

Chapter 1 comprises of a detailed review of the existing literature and gives an overview of
the many factors that may shape infants’ food acceptance patterns during the first year of
life. The review is divided into 9 subsections covering the ontogeny of flavour perception

and its function in infants, exposure to volatiles in milk sources, a discussion of potential

XXVi



determinants of transfer of compounds into mothers’ milk, a review of early infant feeding
practices including weaning and finally a review of preference learning and a discussion of
the possible links to later obesity. Finally, it outlines the purpose of the present study, as

well as its specific aims, objectives and hypotheses.

Chapter 2 provides an in-depth description of the methodologies used in this thesis. It
includes a description of the research design, participants, measures, procedures, and

statistical analyses employed in the present study.

Chapter 3 focuses on the diets of women during the third trimester of pregnancy. It
reports on macro- and micro- nutrient intakes and compares these intakes for the group

with the government recommendations and the national surveys.

Chapter 4 cvaluates the diets of women at approximately 12 weeks post-pregnancy. It
reports on macro- and micro- nutrient intakes and compares these intakes for the group

with the government recommendations and the national surveys.

Chapter 5 focuses on early infant feeding practices of the infants in this study. Detailed
information on breastfeeding initiation and prevalence rates, using specific well-defined

breastfeeding definitions were collected and reported in this chapter. Detailed information

XXVii



regarding the introduction of complementary foods to the infants’ diets is also discussed.
Data are also presented on the weaning practices of mothers specifically pertaining to the

timing of weaning,.

Chapter 6 cvaluates the diets of 12 month old infants. It reports on macro- and micro-
nutrient intakes and compares these intakes for the group with the government

recommendations and the latest national infant surveys.

The results of the acceptance of sour taste of infants at 6 months and 12 months are
reported in Chapter 7. A subsequent analysis was undertaken to identify predictors of sour

tastes acceptance at both ages.

Finally, Chapter 8 provides a general discussion of the present study, exploring its
strengths and limitations, the practical and theoretical implications of its findings, and

suggestions for potential future research.

XXviii



CHAPTER 1. LITERATURE REVIEW

11 Introduction

The 1,000 days from conception until the infant’s 2nd birthday offer a unique window of
opportunity to shape a healthier future for the infant. The nutritional requirements of
infants are very high and change rapidly, making optimal nutrition during this time not only
critical for a child’s ability to grow, learn, and develop, but also in influencing the long term
health of the infant into adulthood (Barker, 2000). During the first year of life, infants triple
their birth weight and increase their length by 50%, a growth that is unmatched at any
other time during their lives (Thomas & Bishop, 2007). During this time, patterns of food
intake also change dramatically. By the time infants are half-way through their first year of
life, they can no longer obtain sufficient nutritional requirements from milk alone and
require a transition to a variety of solid foods for their continued growth and development.
This transition occurs over a period of several months, during which infants are exposed to

a variety of foods and combinations of tastes and flavours (Birch, 1998).

Research has demonstrated that children’s food consumption patterns are predominantly
determined by their food preferences (Baxter, Thompson, & Davis, 2000; Pérez-Rodrigo,
Ribas, Serra-Majem, & Aranceta, 2003). These preferences can be strongly tracked over
time, with regards to fat, carbohydrates and protein (Stein, Shea, Basch, Contento, &
Zybert, 1991; Wang, Bentley, Zhai, & Popkin, 2002), higher fruit and vegetable

consumption (Resnicow ¢ al, 1997) and overall food preferences (Skinner, Carruth,



Bounds, & Ziegler, 2002a). Evidence suggests that dietary experience and patterns have
their origins before the child is born, as foetuses in the third trimester can taste the flavours
from their mother’s food in utero and this can influence later food preferences (Skinner,
Ziegler, Pac, & Devaney, 2004). Given the early development of dietary patterns, it is of
key public health importance to understand how food preference develops from the third

trimester into early infancy.

To better understand food preference, a basic knowledge of the five primary tastes which
are perceived by humans viz. bitter, sweet, salty, sour and umami, is important. Evidence
has linked exposure to these tastes in utero or in early infancy to the development of
particular food preferences in later life (Mennella & Beauchamp, 2009). This thesis
examines sour taste preference at an early age and its link to the development of healthy
food consumption patterns among children. This focus on sour taste is due to its
association with low energy density foods such as fruit (Liem, Bogers, Dagnelie, & de
Graaf, 20006). Few studies have examined the link between sour taste acceptance and fruit
consumption and it has been shown that the acceptance of fruit by children is important as
high fruit consumption is linked to decreased weight gain (Buijsse e a/, 2009). Given the
growth in childhood obesity and associated co-morbidities seen in the past few decades, a

better understanding of food preference and patterns may play a role in promoting future

health.



There exists a continuum of opportunities for early exposure to flavour of fruits during
infancy. Infants learn about flavours prior to their first taste of solid food via amniotic fluid
and breast milk. Maternal and family diet plays a critical role in the timing and variety of
flavours and types of complementary foods proffered to the child. This study will examine
sour taste preference development in young infants, exploring whether early learning
environments, viz. uterine and through breast milk; and the introduction of solid food
influences the acceptance of sour tastes. This study will also afford us an opportunity to
examine the mothers’ diet during the third trimester of pregnancy and post-pregnancy.

Furthermore, it will also provide an opportunity to examine weaning practices in Ireland.

1.2 Nutritional Requirements of Infants from Conception to 1 year

It is important that mothers have adequate nutrition to meet the demands of their
developing foetus, thus allowing the foetus to grow and develop physically and mentally to
its full potential (Van Teijlingen ez a/, 1998). Sufficient nutrition helps to protect against
premature birth, congenital malformations and low birth-weight (Ortega, 2001). Once
born, the infants receive all of their nutrition from milk initially - either from breast or
formula milk. As infants grow, solid food is introduced into the diet (known as weaning)
to make up the increasing shortfall between their growing nutritional requirements and
what they are getting from breast or formula milk. Initially the nutrient content from solid
food is small but as weaning progresses the infant becomes more reliant on solid food to

meet their nutritional requirements. The following sections will discuss the nutritional



requirements from pregnancy through the first year of life for the infant and its mother. It

will try to elucidate on some of the issues that occur during this period.

12.1 Nutritional Requirements during Pregnancy

Energy intake during pregnancy is of particular concern, as food consumption must meet
the increased demands of the growing foetus, the increasing maternal tissues and fat stores
as well as the increase in maternal Basal Metabolic Rate (BMR), which is a result of being
pregnant. While there are wide variations between individuals’ energy requirements during
pregnancy, the total energy cost of pregnancy has been estimated as approximately 76,500
kilocaloties (kcal) (FAO/WHO/UNU, 1985). Many physiological adaptations occur to
help meet this increased requirement; better absorption, less energy expenditure and some
energy sparing adaptations allow the mother to meet increased energy demands. For
example, pregnant women make greater use of lipids as a source of energy for their own

needs, thus conserving their glucose stores for the needs of their foetus (Herrera, 2000).

The quality of maternal diet, both at conception and during gestation, is of great
importance due to its association with pregnancy outcomes. For example, a low folate
status peri-conceptionally can increase the risk of neural tube defects (MCR Vitamin Study
Research Group, 1991; Scholl & Johnson, 2000) or intrauterine exposure to low
concentrations of vitamin D is associated with less muscle mass and higher insulin

resistance in children (Krishnaveni ef @/, 2011). Adaptations to the muscular activity of the



intestine also occur, which lengthen the transit time of food in the gut. This increases the
efficiency of nutrient absorption from ingested food, especially with regard to nutrients like
calcium and iron (Barsai, 2003). Increasing evidence now suggests that maternal nutrition
might not only affect immediate pregnancy outcomes but may also have effects on infant

health in later life (Godfrey ez al, 1996; Godfrey & Barker, 2001; Krishnaveni ez al, 2011).

Often maternal increases in energy intake will involve an increase in many of the required
vitamins and minerals. The UK Dietary Reference Values (DRVs) for pregnancy
recommend small increases in energy intakes (Department of Health, 1991). None of their
recommendations include mineral intake increases, while the only increased requirements
for vitamins are for thiamin, riboflavin, folate and vitamins C, D & A. In Ireland, there are
similar changes to nutrient requirements along with added increases in several minerals -

particularly calcium, iron, vitamin B12 (Table 1.1).



Table 1-1 Recommended Dietary Allowances for non-pregnant women aged 18-64 in Ireland and aged 19-50 in
the UK as well as recommended increments during pregnancy for both Ireland and the UK (Department of
Health, 1991; Food Safety Authority of Ireland 1999)

Nutrient (units) Irish  Females  Irish  Pregnant UK  Females UK Pregnant
18-64 women™ 19-50 women
Energy (kcal/ day) 1900 +300%++* 1900 +200#x*
Protein  (g/ kg/ day) 0.75 +10g/d 45¢/day +10g/d
Thiamin (mg/ d) 1.0 0.9 0.8 0.9
Riboflavin (mg/ d) 1.3 1.6 1.1 1.4
Folate (ug/d) 300 500 200 300
Vitamin C (mg/ d) 60 8OHH* 40 50#%%
Vitamin D (ug/ d) 0-10 10 - 10
Vitamin A (ug/ d) 600 700 600 700
Calcinm mg/d 800 1200 700 700
Iron  mg/d 14 15 14.8 14.8
Viitamin B12 (ug/ d) 1.4 1.6 1.5 1.5

*#* For last trimester only

Pregnant women are advised to avoid certain foods in order to decrease potential risks for
both mother and child (Brundage, 2002; Gilbert, 2002), though these recommendations
change from country to country. In Ireland, women are recommended to avoid fish like
shark, marlin and swordfish as they may contain high levels of mercury (Food Safety
Authority of Ireland, 2004). In New Zealand, guidelines suggest that pregnant women can
consume these fish up to once a fortnight (Ministry of Health, 2008). Pregnant women face
the risk of infection viz. listeriosis, toxoplasmosis and salmonella through eating certain
foods such as raw or lightly cooked eggs, meat, fish and poultry, unpasteurised milk and
dairy products, pate as well as unwashed fresh produce. Infection of toxoplasmosis in early
pregnancy can lead to miscarriage or stillbirth and to hydrocephalus and retinochoroditis in
late pregnancy (Health Service Executive, 2010; Center for Disease Control and Prevention
2013). These dangers can lead to avoidance of certain foods during pregnancy (Health

Service Executive, 2010; Center for Disease Control and Prevention 2013).



Research has shown that the most significant change in women’s behaviour during
pregnancy occurs with regard to eating habits and food choices (Lewallen, 2004). Some
changes in food choices occur during pregnancy due to specific food cravings or aversions
experienced by the prospective mother (Bayley, Dye, Jones, DeBono, & Hill, 2002). One
study showed that pregnant women’s greatest aversions were to high protein foods such as
meats, fish, poultry and eggs (Flaxman & Sherman, 2000). It has been speculated that this
may be due to the effects of morning sickness, as recent research shows that during the
first trimester, prospective mothers’ intake of meat products were lower in those who
suffered from nausea and vomiting (Latva-Pukkila, Isolauri, & Laitinen, 2010). Fruit juice,
fruit and sweet foods were found to be the most commonly craved foods (Bowen, 1992;
Verbeke & De Bourdeaudhuij, 2007), with one study showing that women in their second

trimester of pregnancy had the highest cravings for sweet foods (Bowen, 1992).

12.2 Nutritional Requirements of Neonates and Infants to 1 year

Neonates and infants have a much higher requirement, relative to their size, for both
energy and nutrients in comparison to adults because of their high growth velocity and
their small gastric capacity, which cannot process large quantities of food. A nutritionally
dense diet is therefore essential for healthy infant growth (Thomas & Bishop, 2007). Table
1.2 details the macro- and micro- nutrient recommended allowances for infants from birth

to 12 months of age (Department of Health, 1991; Food Safety Authority of Ireland, 1999).



Table 1-2 Recommended Dietary Allowances for infants aged 0-12 months in Ireland (DoH 1991, FSAI 1999)

Nutrient (units) 0-3 months  4-6 months 7-9 months 10-12 months
Energy (M]/day)

Males 2.28 2.89 3.44 3.85
Females 2.16 2.69 3.20 3.61
Protein (g/day) 12.5 12.7 13.7 14.9
Vitamin A (ug/d) 350 350 350 350
Riboflavin (mg/d) 0.4 0.4 0.4 0.4
Vitamin C (mg/d) 25 25 25 25
Folate (ug/d) 50 50 50 50
Vitamin B12 (ug/d) 0.3 0.3 0.4 0.4
Vitamin D (ug/d) 8.5 8.5 7 7
Calcium mg/d 525 525 525 525
Iron mg/d 1.7 4.3 7.8 7.8
Zinc mg/d 4 4 5 5
Sodium 210 280 320 350
Mg 55 60 75 80
Vitamin B6 (mg/d) 0.2 0.2 0.3 0.4
Thiamin 0.2 0.2 0.2 0.3




1.2.2.1 Nutritional composition of breast milk

Breast milk meets an infant’s requirements for the first few months of life.

Table 1-3 Nutritional Composition of Mature Human Milk, unmodified cow’s milk and a cow’s milk whey
dominant infant formula.

Nutrient (units)per L. Human®" Cow Formuld
Milk Milk*"
Energy (M] 3.0 2.8 2.8
Total Carbohydrate (g) 74 49 73
Total Lipid (g) 42 38 36
Total Protein (g) 9 31 13
Casein (g) 2-3 27 4.7
Whey Proteins (g) 6.4 5.8 8.7
Non-protein Nitrogen 18-30 5 10
(% total N)
Sodium (mmol) 7 25 7
Potassium (mmol) 15 37 17
Calcium (mmol) 9 30 10.5
Magnesium (mmol) 1 5 3
Phosphate (mmol) 5 31 7.7
Chloride(mmol) 12 29 12
Iron (umol) 13 11 143
Zinc(umol) 48 63 92
Todine(umol) 0.6 1.2 0.8
Vitamin A (RE pg) 600 350 660
Vitamin E (mg) 3.5 1.4 7.4
Vitamin D (ug) 0.4 0.8 12
Vitamin C (mg) 41 18 90
Thiamin (mg) 0.2 0.4 1.0
Riboflavin (mg) 0.3 1.7 1.1
Niacin (NE mg) 7.2 8.2 9.0
Folic Acid (ug) 52 55 80
Vitamin B12 (ug) 0.1 4.5 1.8

3(McCance & Widdowson, 2002); >(Golden, 2000); ©(SMA, 2012)

The approximate concentrations of the constituents of breast milk are shown in Table 1.3,
but ranges are wide as its composition varies from mother to mother, with time of day, the

time into the feed and with the length of time post-partum. The composition of fat and the



amount of fat soluble vitamins in mature milk are particularly variable (Jensen, 1999;

Donovan, 2009).

Table 1-4 Overview of the influence of Maternal Diet on milk composition (Donovan, 2009)

Level of effect of Maternal Diet Breast Milk Component

Little or no effect Lactose concentration
Marco-mineral concentration (e.g. Ca, P, Mg)
Some trace elements (e.g. Zn, Cu)
Electrolytes (Na, K, CI)

Minimal effect except in severe Protein concentration & composition

under-nutrition Non protein nitrogen composition and concentration

Influence Fatty acid content and composition -PUFA; Trans Fatty acids
Manganese, lodine and Selenium concentration
Water soluble vitamin concentration (e.g. vitamin C & B12; folate)

Fat soluble vitamin concentration (vit D, A, E & K)

Ca- Calcium; P- Phosphorous; Mg- Magnesium; Zn- Zinc; Cu —Copper; Na- Sodium; K — Potassium Cl —Chloride; PUFA- Polyunsaturated fatty acids

As breastfed infants are dependent on breast milk for their entire nutrient intake, the
nutritional composition of the milk is very important. This is dependent on the nutritional
status of the mother in some aspects (Table 1.4). For example, infants born to mothers
with low vitamin D status are at high risk of deficiency as they will have low stores and
their mothers’ breast milk will be low in vitamin D (Melgaard & Fleischer Michaelsen,
2003). The recommended nutrient intakes are set at higher levels than non-pregnant
women due to the increased nutritional demands on the mother during lactation. Table 1.5
shows the Irish and UK Recommended Dietary Allowances for non-lactating and lactating

women (Department of Health, 1991; Food Safety Authority of Ireland, 1999).

10



1.2.2.2 Nutritional Composition of Formula

Unmodified cow’s milk is very different from human milk (Table 1.3) and entirely
unsuitable for infants’ requirements (Table 1.2). The major reasons for this are that cow’s
milk contains high concentration of protein, sodium, calcium, phosphate and chloride.
Moreover, the concentrations of iron and copper in cow’s milk are too low. To address
these issues, the food industry started to develop modified milk, now known as formula in
the mid-19" century. The early 20" century saw the growth of modern day formula milks
and by the 1940s, formula milk was considered a safe substitute for breast milk (Stevens,
Patrick, & Pickler, 2009). In the US, the Infant Formula Act (1980) authorized the Food
and Drug Administration to assure quality control of infant formulas (Fomon, 2001) and
requires the following nutrients be present in all infant formulas: protein; fat; vitamins C,
A, D, E, K, Bl, B2, B6, and B12; niacin; folic acid; pantothenic acid; calcium;
phosphorous; magnesium; iron; zinc; manganese; copper; iodine; sodium; potassium; and
chloride. It was not until 2005 that global consensus was reached by an International
Expert Group on the composition of infant formula (Koletzko e# al, 2005). Although the
nutrients in synthetic formulas appear almost identical to the nutrients in breast milk on
labels, the bioavailability of these nutrients in formula varies significantly when compared
to breast milk (Stevens ez al, 2009). Moreover, infant formula does not change in
composition as the infant ages. Thus, formula is not responsive to a growing infant's

nutritional needs, which makes the digestive process more difficult (Lawrence, 1994).
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1.2.2.3 Nutritional Requirements of the Mother while Breastfeeding
As exclusively breastfed infants are dependent upon breast milk for their entire nutrient
intake, the nutritional composition of the milk is very important. This is dependent on the
nutritional status of the mother. The major determinant of extra energy required during
this time are the volume and energy content of the milk produced. Well-nourished women
produce approximately 750 ml/day for the first 4-6 months of lactation. After the
introduction of solid food, this tends to fall to approximately 600 ml/day (Garza &
Rasmussen, 2000). The recommended nutrient intakes for energy as well as for many
vitamin and minerals are set at higher levels than non-pregnant/lactating women due to the
increased nutritional demands on the mother during lactation. Table 1.3 summarises the
Irish and UK Recommended Dietary Allowances for non-lactating and lactating women

(Department of Health, 1991; Food Safety Authority of Ireland, 1999).

Table 1-5 Recommended Dietary Allowances for women aged 18-64 in Ireland and aged 19-50 in the UK as well
as recommended increments during lactation for both Ireland and the UK (DoH 1991, FSAI 1999).

Nutrient (units) Irish Irish Lactating UK UK
Females women Females 19-  Lactating
18-64 50 women
Energy (kcal/day) 1900 +430 1900 +325-425
Protein (g/kg/day) 0.75 0.75 +10 g/day 45 g/day 65 g/day
Vitamin A (ug/d) 600 950 600 1300
Riboflavin (mg/d) 1.3 1.7 1.1 1.8
Vitamin C (mg/d) 60 80 40 95
Folate (ng/d) 300 400 200 280
Vitamin B12 (ug/d) 1.4 1.9 1.5 2.6
Vitamin D (ug/d) 0-10 10 - 10
Calcium mg/d 800 1200 700 1200
Iron mg/d 14 15 14.8 15
Zinc mg/d 7 12 7 19
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12.2.4 Nutritional Requirements of Infant during Weaning
The significant change in dietary experience occurs with the introduction of solid food.
The introduction to solid feeding and the gradual replacement of milk by solid foods is
known as weaning (Foote & Marriott, 2003). The Committee on Medical Aspects of Food
and Nutrition Policy (COMA, 1994) defines weaning as “zhe process of expanding the diet to
include foods and drinks other than breast milk or formula milf’. The WHO (2001) describes
weaning in very narrow terms, viz. “zhe complete cessation of breastfeeding”. Instead the WHO
(1998) uses the term Complementary Feeding to describe the introduction of solid foods
and has defined the term as “@ process starting when breast milk alone is no longer sufficient to meet
the nutritional requirements of infants, and therefore other foods and liguids are needed, along with breast
milk” (WHO, 1998; pp128-167). In Ireland and the UK, the terms complementary feeding
and weaning are used synonymously to describe the introduction of solid foods to infants.
For the purpose of this thesis, the term weaning will be used to describe the process of

introducing solid foods to infants in tandem with either formula or breast milk.

The weaning period is associated with significant changes in both the macronutrient and
micronutrient composition of the infant’s diet. Table 1.2 shows how the increases in
nutritional requirements of the infants for many nutrients (e.g. energy, protein, iron, zinc,
magnesium) coincides with the age that solid foods are introduced - at 6 months
approximately. Yet compared to the vast amount of literature on breast and formula
feeding, little attention has been given to this period and its significance in later infant

health and development.
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Weaning is a very important event during an infant’s development. The total energy
requitements of breastfed infants have been estimated to be 615 kcal/day at 6-8 months,
0686 kcal/day at 9-11 months and 894 kcal/day at 12-23 months of age (Dewey & Brown,
2003). The values were slightly higher when based on a combined group of breastfed and
formula-fed infants (634, 701 and 999 kcal/d at 6-8 months, 9-11 months and 12-23
months respectively; Butte ef @/, 2000). This was explained by the higher resting metabolic
rate of formula-fed infants compared to breastfed infants. Butte et al. (1990) previously
suggested that energy digestibility and the composition of the newly synthesized tissues
may differ between formula-fed and breast-fed infants, accounting for this higher

resting metabolic rate among formula-fed infants.

By the time infants are 4 months old, their neonatal iron stores have been reduced by 50%,
while by the age of 6 months these stores have been further reduced. Sufficient iron is
required for development and low-iron status in infants may result in delayed psycho-
motor development and defects in cellular immunity. Therefore, it is very important that,
between 4-12 months of age, adequate dietary sources of iron are provided to maintain
haemoglobin levels (Thomas & Bishop, 2007). During this time, the UK and Irish
recommended reference intake values increase from 1.7 mg/day at 0-3 months to 7.8
mg/day at 7-12 months. Studies on iron status in infants are limited but research suggests
that in Europe (including Irish data) 7.2% of infants at 12 months old are iron deficient
with 2.3% having iron deficiency anaemia (Male, Persson, Freeman, Guerra, & Hof, 2001).

The National Preschool Nutrition Survey 2012 (Walton, 2012) found that 23% of one-
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year-olds, 10% of two-year-olds and 11% of three year- olds were estimated to have

inadequate iron intakes.

1.3 Current Infant Feeding Recommendations and Practice

There is a great deal of research which indicates the benefits of breastfeeding to both the
mother (Heinig, 1997) and the infant (Beaudry, Dufour, & Marcoux, 1995; Fewtrell, 2004;
Golding, Emmett, & Rogers, 1997a; Golding, Emmett, & Rogers, 1997b; Hamosh, 2001;
Kramer ez al, 2009; Oddy et al, 2003). Further research has indicated that maternal
breastfeeding has implications for later infant food acceptance (Birch, 1998; Sullivan, 1994).
A growing body of literature also suggests that breastfeeding affords a small, yet consistent,
protective effect against infant obesity (Owen ez a/, 2005; Owen, Martin, Whincup, Smith,
& Cook, 2005). However, contradictory findings have emerged in research by Kramer
(2009), who, in a large cluster-randomised trial of breastfeeding, found no relationship
between breastfeeding and adiposity at 6.5 years. Further research is needed to better

understand this relationship.

Despite widely reported benefits, worldwide breastfeeding rates are low, with less than 40%
of infants exclusively breastfed during the first six months of life (WHO, 2013b). Some
countries have excellent initiation rates, notably Canada 90.3% (Chalmers ez a/, 2009);
Sweden 98%; Iceland 98% and Norway 99% (Cattaneo, Yngve, Koletzko, & Guzman,

2005). In these countries, mothers also breastfed for longer. In Norway, 80% of mothers
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still breastfed infants at 6 months, while in Sweden 72% and Iceland 65% of mothers’
breastfed at six months (Cattaneo ¢ @/, 2005). In Canada, there was a higher decline in

breastfeeding rates at six months with 53.9% still breastfeeding (Chalmers ez a/., 2009).

Ireland has one of the lowest breastfeeding rates in Europe and the world. The latest
national data available indicates that 46% of mothers were exclusively breastfeeding on
discharge from hospital in 2011, compared to 44.3% in 2008, 42.5% in 2004 and 36% in
1999 (The Economic and Social Research Institute - Health Research and Information
Division, 2012). Studies in Ireland and the UK showed that women who initiated
breastfeeding often stopped after a few weeks (Williams e# @/, 2010; Tarrant, Younger,
Sheridan-Pereira, & Kearney, 2011; Williams, Murray, McCrory & McNally, 2013). The
recent Growing-Up in Ireland study showed that the mean cessation time point for
breastfeeding was at 11 weeks for Irish born mothers. Women who had been educated to
Leaving Certificate (final school examination at ~18 years) stopped breast-feeding after 10

weeks on average, in comparison to those who had completed third level education, who

ceased breastfeeding at 14 weeks (Williams e a/, 2010).

In 2001, the WHO recommended that all infants should be exclusively breastfed until 6
months and that breastfeeding should continue until the baby is at least 2 years old (WHO,
2001). Earlier WHO recommendations (1995) recommended that solid foods should be
introduced after the 4th but before the 6th month of life. This new recommendation was
based on the findings of a systematic review, which concluded that there was no significant

difference in growth between infants exclusively breastfed for 3-4 months compared to
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those breastfed exclusively for 6 months (Kramer & Kakuma, 2002). Moreover, research
had shown that early introduction of solid food before 4 months was associated with an
increased risk of obesity, gastrointestinal infection and risk of wheeze in developed
countries (Forsyth ef al, 1993; Wilson e al., 1998; Duijts, Jaddoe, Hofman, & Moll, 2010;
Huh ez al., 2011;). The rationale for the WHO policy change was to help reduce morbidity

in the developing world (WHO, 1995; Prescott et al., 2008).

Irish national recommendations have concurred with this new WHO recommendation that
all infants should be breastfed for the first six months of life (Department of Health and
Children, 2003). However, the evidence base supporting a major, population-wide change
in public health policy underwent surprisingly little scrutiny (Fewtrell, Wilson, Booth, &
Lucas, 2011). Recently, after a detailed review, commissioned by the FEuropean
Commission, the European Food Safety Authority’s panel on dietetic products, nutrition,
and allergies concluded that, for infants across the EU, complementary foods might be
introduced safely between four to six months, and six months of exclusive breast feeding
might not always provide sufficient nutrition for optimal growth and development
(European Food Safety Agency, Panel on Dietetic Products, Nutrition and Allergies, 2009).
This is similar to recent guidance issued by the British Dietetic Association Paediatric
Group (British Dietetic Association, 2013). Furthermore, a recent Swedish study has
shown the potential protective effect of introducing gluten-containing foods, gradually and
in small amounts whilst still breastfeeding, to increase the opportunity for the child to build

up an oral tolerance to coeliac disease (Ivarsson ez a/., 2013).
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It is, therefore, clear that there is much debate over the timing of the introduction of solid
foods. Moreover, despite the current recommendations of health authorities worldwide,
several countries show marked departures from official recommendations (Cattaneo ef 4/,
2009). In Italy, 34% of infants were reported to have received complementary foods before
4 months (Giovannini ef al., 2004), while in the UK the figure stood at 51% (McAndrew ez
al., 2012). The Euro-Growth Study found that the median age for solid-food introduction
was 19 weeks. About 7% of children were introduced to solid food before the end of the
third month of life and 77% of all infants were introduced to solid food by 21 weeks
(Grote et al, 2011). In Perth in Australia, 44% of infants were introduced to solid food,
before 17 weeks and 93% of infants had been introduced to solid foods before 26 weeks
(Scott, Binns, Graham, & Oddy, 2009). Similarly, in Ireland, a recent study (n=401) showed
that 70.5% of infants received solid foods before 16 weeks and that 99.7% had been
introduced to solid foods by 20 weeks (Tarrant ef a/, 2010). The finding that 5.1% of Irish
infants (Tarrant ez al,, 2010) had been introduced to solid foods by the age of 1 month is of

great concern.

Notwithstanding the timing of weaning, which may have negative effects on infant health,
the process itself is of importance for the development of the infant. Weaning, as well as
providing additional calories to meet the infant’s growing nutritional needs, provides an
opportunity for the infant to learn about food through exposure to novel tastes. There are
four key stages in this process, from smooth puree to soft finger foods, which are age-

specific and designed to meet the nutritional and developmental needs of the infant, which
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are described in detail in Appendix A. The timing of the introduction of solid foods to
infants is conditional on several developmental conditions being met. Infants must have
matured to the extent that they have sufficient neuromuscular coordination so that they are
able to lift their head, sit without support and take food from a spoon. The timing of this
development varies among infants but tends to occur between 4 and 6 months of age.
Developmental readiness is an important factor to consider with regard to the introduction
of complementary foods to infants. As an infant grows, it starts to develop the ability to
chew and starts to show an interest in food. Renal and gastrointestinal function need to be
mature in order to metabolise non-milk foods and this usually occurs by the age of 4

months (Ziegler ez al., 1990).

Oral motor development is also important in the transition to solid foods. At birth, an
infant has 5 oral reflexes present; reflex swallowing; reflex sucking; gag reflex; phasic bite
reflex and rooting. These reflexes fade or disappear over the first year of life and it is these
changes which allow the transition from liquid to semi-solid to solid foods to occur
(Naylor & Morrow, 2001). The ability to manipulate a bolus of food in the mouth and
swallow it, to coordinate a utensil and bring food to the mouth as well as drink from a cup,
all help in the development of muscles in the face. This muscle development is important
in the acquisition of speech, while eating finger food helps develop hand eye coordination

(Dunne, Farrell, & Kelly, 2011). These milestones are reached at different ages by infants.
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However, it has been noted that there are critical windows for introducing different
textures of foods. Studies show that those infants introduced to lumps in their food at a
relatively late stage (9 months or older) are more difficult to feed, have more definite likes
and dislikes, have long-term feeding problems and have reduced consumption of important
food groups such as fruit and vegetables (Northstone, Emmett, Nethersole & the ALSPAC

Study Team, 2001; Coulthard, Harris, & Emmett, 2009).

The WHO recommendation for 6 months of exclusive breastfeeding has caused much
professional debate because of the lack of scientific evidence to support these
recommendations. While the evidence is strong for the initiation of exclusive breastfeeding,
there is probably no definitive age at which all infants should be introduced to solid foods
but rather a range, somewhere between 4-6 months, depending on the individual
development of the infant. Further research is needed to provide evidence based guidelines
for weaning. The Scientific Advisory Committee (SACN) Subgroup on Maternal and Child
Nutrition (2011) is currently carrying out a review of the scientific evidence underpinning
the UK recommendations and will consider the need for updating these, though this will

not be completed until 2015.

1.4 Link between Early Nutrition and Disease

There is an increasing body of evidence which indicates that there are critical or sensitive

periods in life during which nutrition and growth may permanently influence dietary
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behaviour or “programme’ long-term development and disease in later life (Godfrey,
Lillycrop, Burdge, Gluckman, & Hanson, 2007; Gluckman, Hanson, Cooper, &
Thornburg, 2008; Gluckman, Hanson, Buklijas, Low, & Beedle, 2009; Hanson, Godfrey,
Lillycrop, Burdge, & Gluckman, 2011). The health and nutritional status of the mother
before conception, as well as the growth, energy and nutritional demands placed on her
during her pregnancy affect foetal growth. In recent decades, an emphasis has been put on
foetal nutrition and the potential impact it may have on an individual’s health during
childhood and adulthood. The Barker hypothesis (Barker, 1997) suggests a link between
prenatal, early life exposures and the development of a range of chronic diseases in later life
such as coronary heart disease (CHD), lung cancer and obesity through foetal
programming (Oken, Taveras, Kleinman, Rich-Edwards, & Gillman, 2007). This
hypothesis is based on the fact that under-nutrition during pregnancy can result in foetal
adaptive changes; including metabolic, circulatory and endocrine changes which last into

adulthood (De Boo & Harding, 2000).

The Dutch famine was a period of extreme food shortage in the west of the Netherlands
that occurred during the last 5-6 months of World War II. It is considered an important
historical cohort, which has been used to further investigate the Barker Hypothesis. Studies
have shown that those exposed to the famine in eatly gestation had a higher prevalence of
CHD (Roseboom e# al., 2000); were twice as likely to consume a high-fat diet (>39% of
energy from fat) and had a tendency to be less physically active (Lussana e al, 2008).

Stillbirths increased sharply during first trimester exposure to the famine, as did death in
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the first week of life (Susser & Stein, 1994). Prenatal exposure to the Dutch famine during

late gestation was found to be linked to impaired glucose tolerance in later adult life

Ravelli ez al,, 1998).

This growth restriction during gestation may be linked to programming later food
preferences and dietary patterns. Studies have shown that infants exposed to intrauterine
growth restriction tended to eat more foods rich in carbohydrates and fat upon reaching
adulthood than those who had not experienced such growth restriction (Lussana e al,
2008; Barbieri e al., 2009; Stein et al, 2009). Recently, Perild ez al. (2012) showed that small
body size at birth was associated with lower consumption of fruits and berries in

adulthood.

Evidence suggests that maternal hydration levels during pregnancy may be important in
determining salt intake and a preference for salty foods in humans (Crystal & Bernstein,
1995; Crystal & Berstein, 1998; Shirazki, Weintraub, Reich, Gershon, & Leshem, 2007).
Evidence shows that infants who had experience of moderate to severe mineral loss during
gestation or in early infancy, through illness or dehydration, displayed an increase in salt
preference in later childhood (Leshem, Maroun, & Weintraub, 1998; Shirazki ez al., 2007).
Furthermore, there is evidence that suggests that salt sensitivity is negatively correlated to
systolic blood pressure (SBP) in healthy and normotensive adolescents whose mothers
reported significant vomiting in the first trimester of gestation (Malaga e7 a/, 2005). These

individual differences can have significant implications for health outcomes. Several studies
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have shown that higher sodium intakes are associated with increased incidence of mortality
from cardiovascular disease (CVD), particularly from stroke (He ¢z a/, 1999; Umesawa ez al.,
2008). Ikehara (2012) recently showed, in a large prospective cohort study of middle-aged
men and women that a high salt preference was associated with a 20% increased risk of
mortality from stroke compared with a low salt preference. These associations did not
significantly change after adjustment was made for other cardiovascular risk factors

including a participant’s history of hypertension.

In addition to the effects of maternal—foetal nutrition, the impact of postnatal growth and
infant feeding on long-term human health has also been investigated (Singhal & ILucas,
2004). Breast feeding, when compared with formula feeding, has been shown to have long-
term beneficial effects on CVD risk factors such as blood pressure (Owen, Whincup, Gilg,
& Cook, 2003; Martin, Gunnell, & Smith, 2005), insulin resistance (Owen, Martin,
Whincup, Smith, & Cook, 20006), dyslipidaemia (Owen ez al., 2006; Owen et al., 2008) and
obesity (Owen e# al., 2005). Two systematic reviews (of twenty-six studies) have shown that
both systolic and diastolic blood pressure are lower (effect size 0-5—1-5 mmHg) in breast-
fed infants compared with formula-fed infants (Owen ef al, 2003; Martin et al, 2005).
However, this is a very modest effect and further research is needed to establish the role of
duration of feeding on blood pressure. Any effect seen may be modest given the overall
difference between those breastfed and formula-fed and questions would have to be raised

as to whether these results would have any long-term clinical significance.
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As infants move from an exclusive milk diet to a diet of mixed foods, the research focus on
the impact of weaning and toddler diets on long-term human health has continued. The
timing of the introduction of solid foods into the infant’s diet is important for long-term
health. The early introduction of solid food (before 15 weeks) is associated with heavier
bodyweight and a greater percentage body fat at 7 years of age (Wilson ez al, 1998).
However this study is an observational study thus making causation difficult to establish.
Delaying the introduction of solid foods may also have long term consequences,
contributing to the development of food allergies and altering food preferences (Harris,

2008).

The eatly years represent a pivotal time, during which long-term dietary habits are
established, with potential life-long effects on appetite, obesity and other risk factors for
CVD (Nicklas e al., 1988; Carnell & Wardle, 2008). An eatlier age of adiposity rebound,
which is often established before the age of 5 years, and faster weight gain in pre-school
children is a risk factor for later adiposity (Gardner e# al, 2009). These risks were found to
track into later life (Nader ez 4/, 2006). The composition of the infant’s diet during the early
years is also important, as high intakes of protein and saturated fat can contribute to later
obesity (Cowin & Emmett, 2000). A higher protein intake in the pre-school years is
particularly associated with an increased risk of later obesity (Gunther, Buyken, & Kroke,

2007).
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Optimising the diets of women during pregnancy, infants and pre-school children could,
therefore, be critical to the prevention of later diseases in adulthood. Much of the literature
focuses on the nutritional quality of diets during these times. However, there is a growing
body of evidence suggesting that the food choices a mother makes during her pregnancy
may affect an infant’s later acceptance of solid foods. It has been shown that flavours in
the mother’s diet can serve to heighten the acceptability of those flavours during weaning,
(Mennella, Turnbull, Ziegler, & Martinez, 2005). Furthermore, a recent review found
moderate tracking of eating behaviours from infancy to childhood, suggesting that certain
aspects of eating behaviour are fairly stable for a given individual during childhood
(Nicklaus & Remy, 2013). Therefore, an understanding of human taste, its development
and its relationship with food preferences is vital for our understanding of current dietary

patterns in society.

1.5 Physiology of Human Taste

What is referred to as taste in everyday language actually refers to mixture of taste, smell,
irritation or feel that is perceived in the oral and nasal cavities. This thesis will focus upon
the taste aspect only. A person can perceive thousands of different tastes, which are
believed to be combinations of the 5 primary taste sensations: umami, salty, sweet, bitter
and sour. Each of these sensations excites different taste receptors and has different
recognition thresholds (Table 1.6). Taste occurs when the tastant activates the taste
receptors and an afferent signal, using electrical impulses is sent to gustatory processing

regions of the brain. At low concentrations, the afferent signal may be too weak and unable
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to produce a noticeable difference from a similar solution with the tastant. As the
concentration of the tastant increases, the afferent signal strength will increase and will
reach a level where it is discriminated from a solution of water but it is still not possible to
identify the taste quality. This is known as the detection threshold. Actual identification of
the tastant occurs when the concentration increases to a level that is high enough not only
to activate the taste receptors but will also produce electrical impulses which can be carried
via sensory neurons to the brain where they decoded and after which the taste quality can

be identified (Liem, Miremadi, & Keast, 2011).

Table 1-6 Examples of Stimuli and molar Thresholds for tasting the Primary Taste Sensations

Taste Substance Taste Receptors Detection Threshold
Salt NaClI** EnaC 0.01 M

Sweet Sucrose T1R2, T1R3 0.01 M

Umami Glutamate T1R2, T1R3, mGluR4 0.0007 M

Bitter Quinine T2Rs 0.000008 M

Sour HCI* PKD Channels 0.0009 M

*HCI- Hydrochloric Acid ** NcCl- Sodium Chloride ENaC-Epithelial Sodium channels T1R2-Taste receptor type 1 member 2; TIR3-Taste receptor

type 1 member 3; mGluR4= metabotropic glutamate receptor 4; PKD Channel-polycystic kidney disease-like ion channel.

The identities of the specific chemicals that excite different taste receptors are still not fully
known. One of the most common misconceptions about taste is the concept of a taste map
where sensitivity to different tastes is thought to correspond to specific areas of the tongue.
In reality, there are little regional differences in taste sensitivity. In mammals, taste buds
(Figure 1.1) are located throughout the oral cavity, in the pharynx, the laryngeal epiglottis
and at the entrance of the oesophagus. Most taste receptor cells are components of taste

buds, which are clustered on three types of papillae (i.e., fungiform, foliate, and
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circumvallate) located on the tongue (Chandrashekar, Hoon, Ryba, & Zuker, 2006). More
recently taste receptors have been found in other parts of the body such as the stomach,
intestine and pancreas, where it is believed that they aid the digestive process by influencing
appetite and regulating insulin production, as well as in the trachea and sperm, where their

actions are pootly understood (Trivedi, 2012; Li, 2013).

outer taste pore

epithelial cells

synapses

Figure 1-1 Drawing of a cross-section through a taste bud showing the different cells. Supporting cells - contain
microvilli that appear to secrete substances into lumen of taste bud. Sensory receptor cells - has peg-like
extensions projecting into lumen. At the base of the taste bud, afferent taste nerve axons invade the bud with
each fibre typically synapsing with multiple receptor cells within the taste bud (Source: Tim Jacob, Cardiff
University).

The taste receptors at the apical end of the taste receptor cells are exposed to the internal
environment in the oral cavity (Figure 1.1). When food or drink enters the mouth,
chemicals from those foods activate taste receptors. The chemical signal is converted to an
electrical signal and sent via the seventh, ninth and tenth cranial afferent nerve fibres to the
primary gustatory processing regions of the brain, the medulla. From there, information is

relayed (1) to the somatosensory cortex for the conscious perception of taste and (2) to the
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hypothalamus, amygdala and insula, giving the so-called "affective" component of taste.
This is responsible for the behavioural response, e.g. aversion, gastric secretion and feeding
behaviour (Figure 1.2) It is not fully understood how the brain interprets the input from

these signals and tells us what we are tasting (Lodish e a/, 2013).

TASTE RECEPTOR TASTE SENSORY
CELLS ON — HEURONSIN
TONGUE THE BRAINSTEM

—

BRAINSTEM TASTE
RELAY CELLS
(GUSTATORY NUCLEUS)

SOMATOSENSORY AND AMYGDALA HIPPOC AMPUS
FRONTAL CORTEX HYPOTHALAMUS
(Conscious perception (Emotional quality ({Memories of
of taste) of taste) taste)

Figure 1-2 The pathway of taste molecules from taste receptor cells on the tongue to the specific sections of the
brain showing the different parts involved in the conscious perception of taste as well as the emotion and
memories often attached to tastes. (Source: Tim Jacob Cardiff University)

1.5.1 Salt Taste

Salty tastes are elicited by ionized salts. The quality of the taste varies somewhat from one
salt to another as salts elicit other taste sensations besides saltiness. The cations of the salts
are mainly responsible for the salty taste, but anions can also contribute to this taste to a
lesser extent. When Na® (Sodium) ions enter the receptor cells via amiloride-sensitive
epithelial Na" channels, ENaC (Lindemann, 2001), it causes a depolarisation of the cell and

Ca?" enters through voltage-sensitive Ca?" channels. This causes transmitters to be released
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and results in increased firing in the gustatory nerve (Figure 1.2). This has been confirmed
in recent studies where knocking out critical ENaC sub-units in taste buds impaired salt

taste detection in mice (Chandrashekar ez al., 2010).
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Figure 1-3. Drawing of a cross section through a taste receptor cell. It also shows how taste transduction occurs
for each of the five basic tastes- salt, sour, sweet bitter and umami. Taste molecules fit into receptors on the
microvilli at the top of the cell, causing electrical changes that release transmitters onto the nerve endings at the
bottom of the cell. The nerve carries these taste messages to the brain. (Source: Tim Jacob Cardiff University).

1.5.2 Sweet Taste

Sweet taste is not caused by any single class of chemicals. Some of the types of chemicals
that cause this taste include sugars, glycols, alcohols, aldehydes, ketones, amides, esters and
amino acids. In the taste pore membrane, there are receptors T1R2 and T1R3 that bind
glucose. By glucose binding to the receptors, a G-protein is activated, which in turn

activates phospholipase C (PLC-B2). Phospholipase C generates intracellular messengers
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which activate the TRPMb5 channel and cause cells to depolarise. The depolarisation causes
calcium to enter the cell and release transmitters, which cause the increases in the firing of

the gustatory nerve (Figure 1.3).

1.5.3 Umami Taste

The taste sensation known as umami is imparted by a number of amino acids and
ribonucleotides e.g. monosodium glutamate or MSG. It was first identified by Kikunae
Ikeda at the Imperial University of Tokyo in 1909. Its existence has been debated among
scientists for many years and its description was only translated into English in 2002 (Ikeda,
2002). Therefore, there has been a lack of research in this area until recently. Initially it was
thought that the metabotropic glutamate receptor (mGluR4) mediated umami taste by
binding to the receptor which activated a G-protein, increasing intracellular Ca2".
However, more recently it has been found that the binding to T1R1 and T1R3 receptors
mediate umami taste, by activating the non-selective cation channel TRPM5 and causing
cells to depolarise. This depolarisation causes calcium (Ca®) to enter the cell and release
transmitters which cause the increases in the firing of the gustatory nerve (Figure 1.2;
Nelson ¢t al, 2002). However, in studies where T1R3 have been knocked out in mice,
preference for umami has been detected (Yasumatsu ez a/, 2009), suggesting that umami
taste may be more complex and is likely to mediated through multiple types of taste
receptors. Other candidate umami receptors that have been identified are G protein-
coupled glutamate receptors (Nelson ef al, 2002; San Gabriel & Uneyama, 2012), though

understanding of the mechanisms is still in its infancy.
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1.5.4 Bitter Taste

Like sweet taste sensations, bitter tastes are not caused by any single type of chemical agent.
The substances that give rise to bitter tastes are almost entirely organic substances. Two
particular classes of substances are especially likely to cause bitter taste sensations viz.; (1)
long-chain organic substances that contain nitrogen and (2) alkaloids (Lindemann, 2001).
These alkaloids include many of the drugs used in medicines, such as quinine, caffeine,
strychnine and nicotine. Some substances that taste sweet at first have a bitter aftertaste.
This is true of saccharin, which makes this substance objectionable to some people. The
bitter taste, when it occurs in high intensity, usually causes the person or animal to reject
these foods. This was important in evolutionary terms as many deadly toxins found in
poisonous plants are alkaloids, which all cause an intensely bitter taste. Aversion to these
foods would have protected infants from eating dangerous substances (Drewnowski &
Rock, 1995). Research suggests that sweet, umami and bitter tastes converge on a common
transduction channel, the transient receptor potential channel TRPM5 (Chandrashekar ez
al., 2000) via phospholipase C (PLC). It has been shown that PLC and TRPM5 are co-
expressed with T1Rs and T2Rs and are vital for sweet, amino acid, and bitter taste
transduction. Activation of T1R or T2R receptors by their respective taste molecules would
stimulate G proteins, and in turn PLC (PLC-B2). The activation of PLC generates two
intracellular messengers inositol trisphosphate (IP3) and diacylglycerol (DAG) from the

hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2) and opens the TRPM5 channel,

31



resulting in the generation of a depolarising receptor potential (Figure 1.2; Zhang et al.,

2003).

1.5.5 Sour Taste

Acidic stimuli are the unique sources of sour taste. The intensity of the taste sensation is
approximately proportional to the logarithm of the hydrogen ion concentration i.e. the
more acidic the acid, the stronger the sour taste sensation. Initially, it was believed that the
mechanism for detecting sour taste was similar to that which detected the salty taste; with
either H" ions blocking K" channels causing a depolarisation, or with H" ions entering the
cell through epithelial Sodium (ENaC) channels. Additionally, two acid-sensing channels -
the PKD2L1 and PKD2L3 channels (Huang e a/, 2006; Ishimaru ez al, 2006) have been
proposed as possible sour taste receptors. These channels are members of the transient
receptor potential channel (TRP) family and are non-selective cation channels and are
permeable to both Na" and Ca?" (Figure 1.2). However, mice studies have shown that mice
lacking PKID2L.3 remain capable of detecting sour tastes (Nelson e a/, 2010). Chaudhari &
Roper (2010) suggest that Type III cells in taste buds, which are plasma membrane
channels that are modulated by cytoplasmic acidification such as certain K' channels, may
be more likely sour taste receptors. However, more research is needed to understand these

mechanisms further.

1.6 Ontogeny of Primary Tastes

In the human foetus, collections of cells resembling immature taste buds can be seen as
early as the seventh or eighth week of gestation. Between weeks twelve and fourteen, the

cells along these buds elongate and form taste pores. However, it is not until the second
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trimester (approximately weeks 13-15) that the adult form of the taste bud is recognisable.
As the second trimester progresses, these taste buds continue to develop in complexity.
From approximately week twenty onwards, no more changes in the morphology of the
taste buds occur while these taste buds are thought to be fully functional by the third

trimester (Bradley & Stern, 1967).

16.1 Evidence of Taste Preference in Infants.

In order to protect infants from ingesting harmful substances and to promote the
consumption of nutritious substances, they already have a sophisticated sense of taste at or
before birth (Cowart & Beauchamp, 1986; Rosenstein & Oster, 1988). Studies of
premature infants of gestational age between 6-9 months have also shown that they are
able to express differential responses to taste stimuli, particularly sweet and bitter tastes
(LeCanuet & Schaal, 2002). Newborn infants are responsive to taste stimuli. Infants have
an innate preference for sweet flavours, as demonstrated by positive facial expressions
upon tasting. By comparison, sour substances trigger negative facial reactions and infants
reject solutions that have sour tastes (Steiner, 1977). As they grow older this reaction is
modified. Schwartz ef al. (2009) showed a decrease in preference of sweet flavours and an
increase in preference for salt flavours over the first year of life. Furthermore, they looked
at infants aged 3, 6 and 12 months and found that at each age, sweet and salty tastes were
the most preferred tastes, reactions to umami was neutral and sour and bitter were the least
accepted tastes. However, during the first year, inter-individual variability increased for all

tastes except salt.
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Because infants cannot yet communicate verbally, sensory testing with them requires an
indirect approach. Methodologies for the measurement of food preferences or acceptance
in infants and toddlers have received little attention in the literature. Taste acceptance of
infants and toddlers have been studied using a variety of behavioural measures like facial
expressions (Ganchrow, Steiner, & Daher, 1983; Mennella, Jagnow, & Beauchamp, 2001;
Schwartz, Issanchou, & Nicklaus, 2009), suckling patterns (Crook & Lipsitt, 1976), intake
(Blossteld et al, 2007; Crystal & Berstein, 1998; Schwartz, Issanchou, & Nicklaus, 2009) or
their mother’s perception of their preferences (Blossfeld ez a/, 2007; Wallace, Inbar, &
Ernsthausen, 1992), whereby the primary caretaker (typically the mother) interpreted the
behaviour of the child as he/she tasted the food, and rated acceptance on a traditional
hedonic scale (Guinard, 2000). However, it is difficult to compare studies as methods vary
widely. Table 1.7 describes the cognitive ability of infants from birth to 18 month, showing
the difficulties in assessing taste preference in this age group and demonstrating how

researchers rely on indirect methods of assessment.
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Table 1-7 The Cognitive skills of infants adapted from the ASTM's Committee 18 on Sensory Evaluation (ASTM
International).

Skill/ Behaviour Birth -18 months

Language —Verbal, Reading, Pre-verbal. Rely of facial expressions. Cannot read. Cannot
Writing, Vocabulary write. Uses sounds. Very few words.

Attention Span Gauged by eye contact.

Reasoning Limited to pain and pleasure.

Decision making Does not make complex decisions.

Understanding scales Does not understand scales.

Motor skills Possesses some gross motor skills. No fine motor skills.
Recommended Evaluation Behaviour Observations. Diaries. Consumption or Duration
Techniques Measurements.

Adult involvement Primary Caregiver. Trained Observer. Experimenter.

Steiner (1977) was the first to publish photographs of newborns’ facial reactions to strong
solutions of sucrose, citric acid, quinine sulphate, sodium, glutamate or water (Figure 1.4)
and successfully demonstrated that infants can perceive tastes from birth and that taste
preferences are mostly innate. The following sections will discuss in detail these reactions

for all the basic tastes- salt; sweet; umami; bitter and sour.
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WATER SWEET

BITTER UMAMI

Figure 1-4 Examples of newborns’ facial reactions towards sweet solution (0.04M sucrose), sour solution (0.24M
citric acid), bitter solution (0.00007M quinine sulfate), and umami solution (0.5% monosodium or potassium
glutamate) in comparison to a neutral solution of distilled water. Taken from Steiner, 1977.

1.6.2 Salt Taste

There has been much discussion and variability encountered in the literature regarding
infant salt preference (Crystal & Berstein, 1998). Salt taste preference has not been linked
to any specific gene; therefore varying exposure to salt appears to provide a convincing
explanation for wide variations in salt preferences (Wise, Hansen, Reed, & Breslin, 2007).
At birth, salt does not reliably elicit either a consistent distinctive facial expression (Steiner,
1977) or a differential intake that would indicate that salty substances are distinguished
from water or that salt is a preferred taste. Indeed, no reliable preference for the salt taste
appears until approximately 4 months post-partum (Beauchamp, Cowart, Mennella, &
Marsh, 1994). The relatively late appearance of the preferential response for salt has been
interpreted by some as evidence that salt preference is due to previous exposure to salt in

foods. However, other research has questioned that interpretation. Harris (1990a) found
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that 4 month old infants had a preference for salt in food, which could not have been
based on experience as all infants up to that had been exclusively breastfed (human milk
has a relatively low sodium content). The author suggested that infants may have an innate

preference for salt that only appears on sensory maturation.

Stein ez al. (2006) showed a relationship between birth weight and salty taste acceptance in
infants and young children and found a significant association between lower birth weight
and higher salt taste acceptance at 2 months. They found that 2 month old infants
manifested a wide range of responses to salt taste stimuli, ranging from high acceptance to
strong rejection. While authors suggest that such differences could conceivably be
attributed to random variation, the strong inverse association of salt acceptance with birth
weight is consistent with an impact of unidentified prenatal or early postnatal events
influencing development of salt taste sensitivity, avidity or both (Stein, Cowart, &

Beauchamp, 20006).

16.3 Sweet Taste

The sensory appeal of sweetness is both innate and universal. There are good adaptive
reasons why humans may have evolved innate preferences for sweet tastes, as sweetness
usually signals energy dense foods. Newborn infants, without any prior exposure to tastes,
have shown a preference for sugar solutions compared to water (Steiner, 1977), with the

facial response being described as one of facial relaxation and sucking (Rosenstein & Oster,
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1988). They can also discriminate between different kinds of sugars (for example glucose
and fructose), as well as different concentrations of the same sugars (Desor, Maller, &
Turner, 1973). Interestingly, sucrose is used for pain management in infants and children as
it is thought to have an anaesthetic effect. It is not fully understood how it works but it is
thought to have a similar pathway to opioids, as it was shown in rat models that Naloxone,

an opioid antagonist, actually blocked the effect of sucrose (Zempsky & Schechter, 2003).

Children’s food preferences are often guided by taste alone and studies have shown that in
pre-school children food preferences are determined by two factors — familiarity and
sweetness (Birch, 1992; Birch, 1979; Aldridge, Dovey, & Halford, 2009). Although this
preference is innate, it is soon modified by experience and becomes increasingly context
specific. Very young infants show a preference for sweetened water; however, this
preference was only maintained several months later among infants whose mothers
continued to feed them sweetened water. This effect was specific to water and did not
generalise to other beverages (Beauchamp & Moran, 1982). Experience can also teach
children that some foods are appropriate contexts for sweetness whereas others are not.
Pre-school children repeatedly given tofu - either plain, salted, or sweetened, came to prefer
the version that was most familiar to them (Sullivan & Birch, 1990). This would suggest

that sweet tastes are preferred in children - but only in familiar food contexts.

The preference for sweet tastes remains high during childhood but reduces as children
mature (Desor & Beauchamp, 1987). There are also individual differences in the degree of

sweetness preferred (Desor ef al, 1973). These differences may reflect differences in
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experience and may or may not correspond to dietary recommendations. Furthermore,
experience may modify preference as children get older. Liem ef 4/ (2004) demonstrated
that repeated short-term exposure to orangeade with high concentrations of sucrose
significantly increased children’s preference for this orangeade while no increase in
preference was detected in adults. Other research has shown that children whose mothers
routinely added sugar to their diet preferred higher levels of sugar in apple juice compared
to children whose mothers reported never adding sugar (Liem e /., 2004). This shows the
importance of introducing healthy foods and flavours to children at a young age to increase
exposure to these foods and indicates the important influence mothers have on their child’s

diet.

16.4 Umami Taste

Umami substances have a subtle taste even at high concentrations and can also be difficult
to distinguish from salty tastes, as sodium is also found in monosodium glutamate (MSG)
(Lindemann, 2001; Kim, Breslin, Reed, & Drayna, 2004). Research has shown that, in
adults and children, MSG solutions are unpalatable but the addition of MSG to foods
increases their palatability. It appears that umami must be experienced in the context of
other flavours to be liked i.e. it is a flavour enhancer rather than a pleasant flavour itself
(Wardle & Cooke, 2008), though further research to understand this flavour is needed. To
date, very little is known about the variability in umami taste perception among humans.
The complete DNA sequence of T1R1 and T1R3 receptor genes suggests there may be

some variation between populations but the relationship between possible polymorphism
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and umami taste perception has not yet been explored (Garcia-Bailo, Toguri, Eny, & El-

Sohemy, 2009).

16.5 Bitter Taste

Infants show negative facial expressions to bitter tastes. Newborn infants react to bitter
stimuli by mouth gaping, which is often accompanied by an elevation of the tongue in the
back of the mouth (Rosenstein & Oster, 1988). These actions block swallowing and allow
the liquid to drain from the mouth. It was also the strongest rated response given by
infants compared to those given for sweet, salty and sour. However, bitter taste may also
be modified through experience. Kajiura ez a/. (1992) showed that while newborn infants
did not reliably reject bitter tastes, these rejections were evident in older infants (14-180 day

old infants).

Genetic differences also contribute to the variability in human perception of bitter
substances. Duffy & Bartoshuk (19906), in a review of existing evidence on bitter taste
reactions, showed that among adults, there are individual differences in sensitivity to the
bitter substances 6-n-Propylthiouracil (PROP) and phenylthiocarbamide (PTC), which can
be explained by genetic differences. Those who have the two recessive alleles are
considered as non-tasters (approximately 30% of a population) and those who have one or
both dominant alleles are considered as tasters. Tasters were also shown to have a greater

number of fungiform papillae on the tongue compared to non-tasters.
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Adult PROP tasters perceive stronger bitterness in caffeine (Hall, Bartoshuk, Cain, &
Stevens, 1975) and potassium chloride, the salt substitute, (Bartoshuk, Rifkin, Marks, &
Hooper, 1988) when compared to non-tasters. Many vegetables are bitter tasting and are
disliked for this reason. Taste sensitivity to PROP has been shown to influence food
preference and reported intake in young children, with PROP tasters showing lower
acceptance of raw broccoli (Keller, Steinmann, Nurse, & Tepper, 2002) and spinach
(Turnbull & Matisoo-Smith, 2002). One study showed that non-taster children consume
more vegetables overall, particularly the vegetables that are bitter tasting, compared to
taster children (Bell & Tepper, 2006). These studies suggest that the PROP bitter-taste
phenotype contributes to the development of vegetable acceptance and consumption

patterns during early childhood.

16.6 Sour Taste

Little is known about inter-individual variation in sour taste perception (Garcia-Bailo ez al,
2009). An eatly genetic study of twins failed to show any evidence of heritability for the
threshold at which individual could detect sourness (Kaplan ez a/, 1967). However, in more
recent years, another twin study has shown that genetic factors do play a role in recognition
thresholds for sour tastes (Wise ez a/, 2007). This suggests that genetics do play a role in
sour taste perception but that any potential relationship between polymorphisms in these

genes and sour taste perception needs to be investigated further.
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There is a lack of research into the area of sour taste development and preference and little
is known about the ontogeny of sour taste preferences. Negative gusto facial reactions to
sour substances have been reported in infants (Steiner, 1977) and they reject solutions
having sour tastes (Desor es al. 1973). Newborns with no taste experience respond
differentially to sour and bitter stimuli, demonstrating that they can discriminate between
these two taste sensations. Lip pursing and rapid sucking movements are the most
commonly elicited facial response made by infants in reaction to sour flavours (Rosenstein
& Oster, 1988). It is suggested that the reason for these movements is to compress the
cheeks against the gums, thus increasing salivation in the mouth. This would dilute the sour
solution, making it more palatable, as naturally occurring sour substances, like sweet

substances, are likely to be nutritious and not toxic (Birch, 1999).

It is only in the last decade that researchers have started to examine links between
perception of sour taste and food preferences, specifically if these preferences change with
experience during the early years of life. Research by Liem & Mennella (2002) and
Mennella & Beauchamp (2002) suggests that experience with sour tasting hydrolysed
protein formula during infancy can modify the natural aversive reaction to sour taste
amongst infants. Hydrolysed protein formula is given to babies who have an intolerance or
allergy to cow’s milk. It is described as having a bitter and sour taste as well as an
unpleasant odour, due to the presence of free amino acids. Children aged between 4-5
years, who were fed hydrolysate formulas as infants, were more likely to prefer the odour

and flavour of the hydrolysed formula and were less likely to make negative facial
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expressions during testing. Additionally, those children with experience of the sour tasting
formula also had a higher preference for sour flavoured juices when compared to children

without experience of the hydrolysed formula (Mennella & Beauchamp, 2002).

Additional work by Liem ez a/. (2004) revealed that, at 5-9 years of age, some children
display heightened sour preferences independent of their experiences with hydrolysed
formula. Researchers suggest that a preference for strong sour stimuli is related to
children’s willingness to try unfamiliar foods (Liem & Mennella, 2003; Liem e al, 2004)
and their fruit consumption (Liem & Mennella, 2003; Blossfeld e a/, 2007). Liem &
Mennella (2003) demonstrated that sour taste preferences are heightened during childhood
and that these preferences are related to children’s food preference and habits. They found
that those children who preferred extremely sour tastes tended to experience a greater
variety of fruits when compared to other children. Liem e a/ (2004) observed that
preference for sour taste was not related to differences in rated sour intensity. However,

those who preferred sour taste had a higher salivary flow.

Blossfeld ez al. (2007) found a positive relationship between 18 month old infants who
accepted highly sour tastes and a diet high in fruit intake and variety. Infants who accepted
the sourest solutions also had a higher fruit intake at 6 months and a significantly higher
increase in their fruit intake from 12 to 18 months (Blossfeld ez @/, 2007). This study
offered the first evidence that variations in sour taste acceptance exist between older

infants. Furthermore, it suggested that some older infants do not automatically reject sour
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tastes. Since newborns appear to have a negative reaction to sour tastes, research is needed
into possible critical periods in the development of these variations in sour taste
preference. Through repeated exposure to predominately sour flavoured foods during
these periods, it might be possible to overcome the child’s innate aversive reaction to sour
stimuli and thus improve fruit intake. Such a change, we will see, may yield many benefits

for the child, and for society.

1.7 Development of Food Preferences

The maternal diet provides a great deal of knowledge to the foetus about available foods in
the outside environment. After the birth of her infant, maternal choice with regard to early
infant feeding practices (for example, breast feeding versus formula feeding) will impact on
an infant’s development and health. Moreover, decisions regarding the timing of weaning
and, in turn, the foods introduced will also impact on the infant’s development. Figure 1.5
gives an overview of the types of learning that can occur during various stages of infant
development, viz. prenatal, neonatal and weaning. The next sections will consider each of

these stages and explore how eatly learning experiences can affect food preference.
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Figure 1-5 Types of flavour learning that can occur during various stages of infant development: prenatal,
neonatal and weaning periods. Adapted from (Mennella & Ventura, 2010)

17.1 Prenatal Learning

The foetus develops surrounded by amniotic fluid, which is a rich source of sensory
exposure. Amniotic fluid has been shown to contain flavours that resemble the flavour of
the food previously eaten by the mother. Studies have shown that garlic (Mennella,
Johnson, & Beauchamp, 1995), cumin, fenugreek and curry (Hauser, Chitayat, Berns,
Braver, & Mubhlbauer, 1985) odours have been identified by adult researchers in the
amniotic fluid of pregnant women after they ingested oil of garlic capsules and spicy foods.
Furthermore, experiences with flavours prior to birth have led to increased enjoyment and
preference for these flavours at birth and weaning. For example, exposure to dietary
transmitted flavours such as garlic or anise in amniotic fluid has been shown to influence
the newborn’s facial, mouthing, and orienting responses to those odours immediately post-

partum (Hepper, 1988; Schaal, Matlier, & Soussignan, 2000).

45



Whilst in the womb, the foetus ingests almost one litre of amniotic fluid per day and it is
suggested that the first experiences of flavour occur prior to birth. Early experiments
demonstrated that foetuses swallowed more amniotic fluid following an injection of
saccharin into the amniotic cavity (DeSnoo 1937, as cited by Saliba, Wragg, & Richardson,
2009). Later, Lilley (1972) reported that injections of bitter tasting poppy seed oil (a
Lipiodol-radio-opaque substance) reduced foetal swallowing in foetuses aged 34-39 weeks.
These studies suggest that taste buds in the human foetus may be functional prior to birth,
particularly in the third trimester, allowing the foetus to taste flavours in utero. Mennella ez
al. (2001) examined the influence of repeated prenatal exposure to carrot juice on infant
taste preference and found that women who consumed carrot juice for three consecutive
weeks during their third trimester of pregnancy gave birth to infants who exhibited fewer
negative facial expressions when first introduced to carrot-flavoured cereal in comparison

to those who had no prenatal exposure to carrots.

Overall, this evidence suggests that the human foetus has the ability to detect and
remember flavour information from the pregnant mother’s diet during the third trimester.
Furthermore, it provides strong evidence that prenatal flavours experienced by the foetus
can improve the acceptance and enjoyment of similarly flavoured foods during weaning.
This evidence raises the possibility that a pregnant mother’s diet during late gestation may
have a role in the acquisition of food and flavour preferences in infants as it has been

established that experience with dietary flavour begins before birth.
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17.2 Neonatal Learning

1.7.2.1 Breast Milk
Studies of human milk report that its flavour is predominately sweet and contains volatile
food odours, which vary from mother to mother (Mennella ez a/, 2001; Forestell &
Mennella, 2007). Amniotic fluid and breast milk are regarded as sharing a commonality in
their flavour profiles with the foods, spices and beverages eaten by the mother (Mennella ez
al., 2005). It is thought that “breast milk may bridge the experiences with flavours in utero to those in
solid foods” and may enhance acceptance of these foods during the weaning period
(Mennella ez al., 2005). Forestell & Mennella (2007) found that breastfeeding only conferred
an advantage in initial acceptance of a food - if mothers ate the food regularly.
Furthermore, breastfed infants’ acceptance of cereal was enhanced when it was prepared
with their mothers’ milk, while their willingness to accept the flavoured cereal correlated to
their mothers’ reported willingness to try novel foods and flavours (Mennella &

Beauchamp, 1997; Mennella & Beauchamp, 1999).

Breastfeeding is associated with higher intakes of new foods. The combination of
breastfeeding and high variety feeding experiences were associated with the greatest intake
of new foods (Maier, Chabanet, Schaal, Leathwood, & Issanchou, 2008). A recent review
by Remy e al. (2013) found moderate but significant associations between mode of milk
feeding, complementary feeding practices and later eating patterns. Breastfeeding duration
is positively associated with food variety later: it is associated with variety of free food

choices among 2 to 3 year-old children (Nicklaus, Boggio, & Issanchou, 2005), with healthy
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eating habits at 2 years (Abraham, Godwin, Sherriff, & Armstrong, 2012), with food variety
at 2 years (Scott, Chih, & Oddy, 2012), with fruit consumption at 6—8 years (Skinner,
Carruth, Bounds, Ziegler, & Reidy, 2002b) and with a healthy eating patterns (consumption
of meat, fruits and vegetables) at 2—8 years (Grieger, Scott, & Cobiac, 2011). Exclusive
breastfeeding for at least 3 months is associated with a higher consumption of vegetables at

4 years (Burnier, Dubois, & Girard, 2010).

1.7.2.2 Infant Formula
In direct contrast to breast milk, formula milk has a consistent, unchanging flavour. Most
mothers who use formula often feed their infant one type of formula milk and, therefore,
these infants are exposed only to one constant flavour. The influence of the infant’s milk
feeding regimen on the acceptance of an infant’s first pureed vegetable has been examined.
Although breastfed and formula-fed infants initially had similar levels of intake of novel
vegetables, after several exposures, breastfed infants increased their intake much more
dramatically than formula-fed infants (Sullivan, 1994). Formula flavours are due to the
composition and processing involved and can range in flavour depending on the product.
Studies show that the type of formula consumed by infants can affect taste preferences
(Mennella & Beauchamp, 1996; Gerrish & Mennella, 2001; Mennella & Beauchamp, 2002;
Mennella, Forestell, Morgan, & Beauchamp, 2009). One particular study showed that
infants with experience of a vanilla flavoured formula showed a greater preference for

vanilla flavoured foods as adults (Mennella & Beauchamp, 1996).

48



Formulas made from hydrolysed casein, consumed by formula fed infants who cannot
tolerate cow’s milk protein and other intact proteins, differ greatly in taste compared to
usual infant formulas. Mennella ¢# a/. (2005) reported that infants fed on one or another
brand of hydrolysate formula significantly preferred the formula that was familiar to them.
Other studies have shown these preferences can be long lived. Children aged 4-10 years,
who were exposed to hydrolysates during their infancy, exhibited more positive responses
to the sensory attributes associated with them (sour taste and aroma) than infants without
such experiences (Liem & Mennella, 2002; Mennella & Beauchamp, 2002; Sausenthaler e7
al., 2010). Infants aged between 4-9 months of age, who consumed hydrolysed casein
formulas ate significantly more savoury, bitter and sour tasting cereals than those who were
consuming breast milk or cow based formula (Mennella & Beauchamp, 2009). The balance
of research indicates that taste experiences in milk feeding affect future taste preferences.
Furthermore, breast milk has been shown to offer a rich source of sensory experience for
the infant. Since the flavours of all types of formulae are constant and unchanging and lack
the sensory information from a mother’s diet, formula fed infants are deprived of an
important learning experience prior to weaning. The impact of this loss upon later food
habits and flavour preference is yet to be determined but has the potential to have a
profound effect on obesity. The thesis will now explore the next stepping stone in the

development of the infant and its taste preferences.
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17.3 Learning during Weaning

Weaning usually begins with the introduction of smooth pureed foods (Stage 1). Infants
who are typically 6 months old will progress to thicker purees, soft lumps and soft finger
foods (Stage 2). At 9 months, infants will progress to mashed and chopped foods with
finger foods (Stage 3) and by the age of one year they will typically be eating a diet
comprised of family food (Stage 4). Appendix A has a detailed description of these four
stages. The introduction of pureed foods accusto