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Preface

Global demand for livestock products is expanding and the role of developing coun-
tries in meeting this demand is increasing. Nutrition of the reproductive female in
livestock production systems in developed and developing countries is a key to sat-
isfying this increased demand because it influences the number, size and survival
of offspring, and the frequency with which they are produced. One field of research
that is attracting increasing attention is in utero nutrition of the fetus because of
evidence that it influences postnatal productivity and health in the long-term.

Livestock in the developing world endure unique challenges from their environ-
ments, which are generally harsher and less managed than those faced by livestock
in the developed countries. A feature of livestock production systems in developing
countries is the fluctuation in the amount and quality of feed resources accessible
to livestock. The fetus, therefore, is exposed to various challenges that are mostly,
but not exclusively, of nutritional origin and that may influence its lifetime per-
formance. The local genotypes within developing countries are unique in that they
often have evolved, been selected for, or been exposed to trans-generational envi-
ronmental effects, which dictate that survival is the overriding production objective.
Often, little or no knowledge exists on whether the maternal environment influences
the subsequent productive performance of offspring from these genotypes. A better
understanding of how fetal development can be enhanced to improve lifetime perfor-
mance in local genotypes will provide more opportunities to satisfy the increasing
demand for livestock products.

The concept and outline for this publication were developed at a Consultants
Meeting entitled “Improvement of animal productivity in developing countries by
manipulation of nutrition in utero and indentification of future areas of research
in animal nutrition” organized by the Animal Production and Health Section of
the Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture. The
meeting was held in Vienna in October 2005 and participants included seven experts
on in utero development and nutrition and on fetal programming from agricultural
research organisations and universities in France (Prof. Jean-François Hocquette),
New Zealand (Prof. Peter Gluckman), Australia (Prof. Dennis Poppi and Dr. Paul
Greenwood), USA (Prof. Stephen Ford) and Denmark (Dr. Mette Olaf Nielsen and
Dr. Mario Acquarone), as well as IAEA staff with expertise in livestock production
(Harinder Makkar, coordinating Technical Officer). The participants addressed the
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extent to which nutritional challenges influence fetal development and subsequent
health, growth, reproductive and lactational characteristics of offspring. The main
objective of the meeting was to determine the value and scope of a new Coordi-
nated Research Project in the field of fetal programming, focussing on nutrition-
gene interactions. The goal of such a project would be to enhance livestock pro-
ductivity and, within its scope, propose specific areas of research of importance to
developing countries.

The consultants focussed their discussions on measurement of short- and
long-term effects of challenges during pregnancy in genotypes within developing
countries. They also discussed the development of production systems aimed at
alleviating these constraints for instance, by supplementation, and to improve the
amount and quality of outputs from production systems. A framework for a pro-
posal highlighting the research and technical training needs required for this pro-
gramme to succeed within developing countries was developed. However, it was
clear from the outset that a comprehensive review of the literature for a range of
livestock species was needed to support the technical training and research needs of
the programme.

This book should serve as a text for any researcher with an interest in fetal
programming and developmental plasticity, although it will be of most use for
researchers in Member States who need a basis from which they can initiate a pro-
gramme of research in this field.

Armidale, NSW Paul L. Greenwood
St Lucia, QLD Alan W. Bell
Crawley, WA Philip E. Vercoe
Wien, Austria Gerrit J. Viljoen
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Introduction

Prenatal life is the period of maximal development of organ systems and tissues in
animals, and it is well recognised that factors that interfere with development can
have profound effects on the embryonic, fetal and postnatal animal. However, the
extent to which such factors influence the maternal, embryonic and fetal environ-
ment and how this impacts on the performance of livestock in postnatal life, requires
continued research to improve both our level of understanding and our capacity to
enhance productivity, health and reproductive efficiency.

In recent years, there has been a rapid increase in interest in how to manage pre-
natal development to enhance livestock productivity and health. To a large extent,
this interest has grown as a result of the Fetal Origins Hypothesis, which is based on
studies that show that human health in later life can be influenced by events during
prenatal life. More recently, the Thrifty Phenotype Hypothesis has also emerged
from human and animal studies, and suggests altered postnatal metabolism and
responses to nutrition as a result of limited nutrient supply during prenatal devel-
opment. It should be recognised, however, that scientists involved in research on
livestock production have reported postnatal consequences of fetal development on
aspects of productivity for decades prior to the more formal establishment of the
Fetal Origins and Thrifty Phenotype Hypotheses.

Improved understanding of the mechanistic basis of postnatal consequences of
prenatal development requires a synthesis of methodologies applied to the study
of fetal and postnatal development. This synthesis is required at the nutritional,
endocrine, metabolic, cellular and molecular levels. Many studies during fetal life
and on postnatal consequences of fetal development still use radioisotopic tech-
niques, or techniques that have evolved from radioisotopic methods.

Applications of the radioisotopic and related methodologies in developmental
studies are numerous and have had a profound influence on our understanding
of fetal and postnatal development. For example, radiolabelled tracers have been
extensively used to study whole body or tissue specific energy and protein kinet-
ics and metabolism, prior to the advent of stable isotopic techniques. Radioisotopic
labelling and detection systems have also allowed DNA-protein interactions and
tissue-specific gene and protein expression to be studied, which has expanded our
understanding of the regulation of development of all organ and tissue systems.
Furthermore, our understanding of endocrine regulation of development and of cell
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xii Introduction

cycle activity and tissue hyperplasia in fetal and postnatal animals could not have
evolved to where it is today without the advent and use of the radiolabelling tech-
niques. Hence, it has been through the use of radiolabelling technologies that we
have been able to make such positive advances in this field.

This book, Managing the Prenatal Environment to Enhance Livestock Productiv-
ity, is intended to provide a detailed account of phenotypic consequences of prenatal
development and the mechanisms that underpin these effects in ruminants, pigs and
poultry. The chapters have been divided into three parts covering fetal development
and its consequences for postnatal productivity, health and efficiency. Part I deals
with the quantification of prenatal effects on postnatal productivity across species;
Part II is dedicated to the mechanistic bases of postnatal consequences of prena-
tal development in meat and fibre production in ruminants as well growth, health
and carcass quality in pigs; and Part III is focused on the regulators of fetal and
neonatal nutrient supply, in regard to the importance of placental vascularity as well
mammary gland development and milk production.

Within the chapters, readers are provided with a comprehensive review of the
literature published in this area for ruminants, pigs and poultry, an insight into the
gaps in our knowledge, and an outlook into future areas of research that need to
be addressed. Implicit in this is the significance of radioisotopic methodologies in
enhancing our understanding of prenatal and postnatal development.

Managing the Prenatal Environment to Enhance Livestock Productivity provides
a reference from which future research in developing and developed countries will
evolve. It is our hope that this book will play a prominent role in helping to guide
the direction of future research in this field of study that is so important to enhancing
productivity, health and efficiency in livestock species.



Part I
Quantifying the Magnitude of Prenatal

Effects on Productivity



Chapter 1
Postnatal Consequences of the Maternal
Environment and of Growth During Prenatal
Life for Productivity of Ruminants

Paul L. Greenwood, Andrew N. Thompson, and Stephen P. Ford

Introduction

There has been a recent explosion in the amount of research on consequences of
fetal development for postnatal health in humans, and in the use of the sheep as a
model to understand postnatal consequences of altering the prenatal environment
(for review see [87]). However, there is an important need for a review that quanti-
fies consequences of prenatal nutrition for postnatal productivity in ruminants, par-
ticularly on the extent to which traits of economic importance can be influenced or
programmed by variations in the maternal and fetal environment within production
systems.

Influences on growth and development can be classified according to the extent,
source and type of environmental variation, and potential for permanent or transient
affects on productivity traits. Consequences of development during fetal life also
need to be viewed in the context of the length of the productive life of an animal
which, at the extremes, varies from young animals used for meat within weeks or
months of birth, to breeding animals that remain in the flock or herd until they are
no longer reproductively or functionally sound. Often, it is impossible to determine
whether postnatal consequences of prenatal development are permanent or transient
due to the need for a prolonged “recovery” period following prenatal and/or pre-
weaning influences. Despite this, research on consequences of fetal development
conducted within relatively short postnatal time-frames may be of immense practi-
cal significance for agricultural production.

In the strictest sense, prenatal or fetal programming in the context of livestock
production refers to events specific to the embryo or fetus, independent of postna-
tal maternal or other confounding influences, that result in permanent alterations to
efficiency and outputs within the animal’s productive life. However, in ruminants
few studies to date have removed postnatal maternal influences on offspring by

P.L. Greenwood (B)
NSW Department of Primary Industries, Beef Industry Centre of Excellence
University of New England Armidale, NSW 2351, Australia
e-mail: paul.greenwood@industry.nsw.gov.au
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4 P.L. Greenwood et al.

rearing them in isolation from their dams under controlled conditions [49, 115, 120].
Clearly, within production systems it is impossible to uncouple influences of fetal
life from those during early postnatal life when offspring remain on their dam and
are subject to maternal influences that may also be altered by the environment dur-
ing pregnancy. For example, the environment encountered during pregnancy may
affect the subsequent capacity of the dam to synthesise colostrum and milk, to con-
sume or mobilise nutrients in support of nutritional requirements in later pregnancy
or during lactation, and may alter maternal behaviour.

Similarly, differences in postnatal consequences of altered fetal development
may exist between field and pen studies because of the apparent importance of the
environment into which the young ruminant is born in determining long-term con-
sequences of fetal development. This is particularly important because of emerg-
ing evidence in other species relating to establishment of the so-called “thrifty-
phenotype” following restricted nutrition and growth during gestation which is
believed to allow animals nutritionally restricted in utero to adapt metabolically
to a scarcer postnatal nutritional environment [60]. Hence, where appropriate, dif-
ferences in outcomes between studies conducted under pen and field conditions are
reviewed in a further attempt to identify the extent to which the postnatal environ-
ment has influenced outcomes of prenatal development in ruminants.

Therefore, in this Chapter we review the literature on and quantify consequences
of the fetal and maternal environment for factors relating to productivity of ruminant
livestock, and attempt to determine the extent to which postnatal sources of variation
and experimental conditions may exacerbate or ameliorate these effects. The reader
is also referred to earlier reviews of research relating to productive outcomes of fetal
development in ruminant livestock [6, 10, 11, 22, 31, 46, 48].

1.1 Managing the Prenatal Environment

A Brief Overview of Sources of Variation in Fetal Growth and Development

Factors that influence fetal growth and development include nutrition, toxins and
teratogens, parity, age, live weight, stress and well-being, genotype, and prolificacy
of the dam, and the thermal environment during pregnancy, which may also relate
to fetal growth responses to shearing during pregnancy. Genotype of the fetus also
regulates fetal growth, particularly during early- to mid-gestation prior to increasing
influences of the maternal genotype [33] and the external environment. It is also
important to recognise that the placenta is a powerful regulator of fetal growth and
development, and plays a major role in mediating maternal influences including
those of litter size on fetal growth. A comprehensive review of sources of variation
that contribute to fetal growth and development is beyond the scope of this Chapter,
however, the reader is referred to other Chapters within this book and earlier reviews
[12, 38, 43, 48, 68, 106] for further information and references on this subject in
ruminant livestock. Similarly, consequences of nutrition during pregnancy and of
fetal growth for survival of ruminants have been comprehensively studied and are
reviewed elsewhere [1–2, 28, 80, 90, 91].
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1.2 Postnatal Consequences of the Prenatal Environment

1.2.1 Postnatal Growth and Size

Growth and mature size are of importance for animals that remain within the flock
as breeding stock, and also in relation to animals slaughtered at younger ages for
meat given that growth trajectories influence the time to reach market weight and,
potentially, the characteristics of marketable products.

Most research on consequences of prenatal development in ruminants has been
undertaken in sheep, with early research (23 studies from 1932 to 1979) on rela-
tionships between birth weight and postnatal growth of sheep reviewed by Villette
and Theriez [129]. These studies showed that birth weight was correlated positively
with growth to weaning, but less so or not at all with growth after weaning. In all
but one study, low birth weight resulted in sheep that were smaller at ages ranging
from 4 months to 3 years of age, and these findings applied whether birth weight
was reduced due to litter size (singletons vs. twins), as a result of nutritional treat-
ments during late-pregnancy, or as a result of normal variation in birth weight within
flocks.

Since the Australian studies in the 1950s and 1960s on long-term consequences
of severely reduced prenatal nutrition [31, 115, 116], there have been on-going
attempts to elucidate influences on postnatal growth that emanate during pregnancy.
While these studies initially related to agricultural production, within the last decade
or so many studies have used sheep as an experimental model of fetal program-
ming, following widespread recognition that fetal development may have long-term
health implications in humans [7, 8]. Increasingly, these studies have focussed on
implications of maternal nutrition during early- to mid-pregnancy when organo-
genesis of tissues occurs, including those of commercial importance to livestock
producers.

However, it has long been recognised [30, 115, 120] that it is difficult during
postnatal life to isolate specific effects on the developing fetus from those due to
postnatal maternal effects in offspring suckled by their dams. Hence, cumulative
effects of pregnancy and lactation on lamb growth are implicated, and artificial rear-
ing on a standardised regimen is required to isolate influences of nutrition during
pregnancy per se. This is particularly important in developing an understanding spe-
cific to influences on the fetus because of the magnitude of effects of the postnatal
environment, particularly the supply of nutrients, on performance and health of the
neonatal lamb.

Therefore, in the next section, we have reviewed studies that involve either arti-
ficial rearing, or rearing on the dam within pastoral and intensive systems, in an
attempt to establish the extent to which environmental manipulations during preg-
nancy impact directly on the fetus and/or as a result of indirect effects mediated via
the dam or other factors during early-postnatal life. The reader is also referred to
other reviews of postnatal consequences of nutrition of ruminants during pregnancy
and of fetal growth-retardation [4, 10, 11, 31, 46–48].
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1.2.1.1 Studies of Sheep Reared Artificially to Weaning

Postnatal Growth Is Generally Reduced by Severe, Chronic Fetal
Growth-Retardation

In sheep, it was recognised in the 1960s that postnatal growth to mature size is com-
promised when severe, chronic nutritional restriction is imposed throughout ges-
tation [115] or from mid- to late-gestation until term, but not as a specific conse-
quence of early-gestational nutritional restriction [30]. When lambs varying in birth
weight are removed from their dams at or near birth and reared artificially, postnatal
growth is generally reduced among small compared to larger newborns [49, 103,
115, 120, 129].

Timing, Duration and Severity of the Nutritional Insult Influence Postnatal Growth

Effects of adverse ewe nutrition during early- to mid-gestation on postnatal growth
can be overcome by adequate maternal nutrition during mid- to late-gestation.
In the study of [120], reduced fetal growth due to severely restricted mater-
nal nutrition from birth to 90 days of gestation (490 vs. 548 g) [29] was com-
pletely overcome (4.2 vs. 4.3 kg birth weight) by high nutrient availability to
ewes from 90 days to term. Postnatal growth during artificial rearing of lambs to
20 weeks of age was unaffected, provided that the inadequate ewe nutrition ear-
lier in gestation was followed by adequate nutrition from 90 days of gestation to
term [120].

The magnitude of postnatal effects on growth are greater due to severe maternal
nutritional restriction and fetal growth retardation during late- than during early-
gestation, and are greater among lambs of ewes whose nutrition is compromised
throughout all of gestation. Differences in live weight due to nutrition from 90 days
of pregnancy to term persisted to 20 weeks of age among artificially-reared lambs,
with the magnitude of this mid- to late-gestational effect greater in lambs of ewes
also undernourished during the first 90 days of pregnancy (approximately a 6 kg
reduction) compared to those well-nourished during the same period (approximately
a 1.5 kg difference) [120].

Further to the above findings, in comparing twins and singles that differed less
in birth weight (3.5 vs. 4.6 kg) than the above study, differences in live weight were
no longer evident by about 40 days of age among lambs artificially reared to day 70
of postnatal life [36].

The Magnitude of Effects of Prenatal Nutrition and Growth-Restriction
for Postnatal Growth Vary with Postnatal Environment

There are additive long-term effects of inadequate prenatal nutrition throughout
pregnancy and during artificial rearing to weaning on long-term growth which
resulted in approximately 12 kg difference in live weight at 180 weeks of age com-
pared to lambs well-nourished during both periods [115]. Differences of approxi-
mately 6 kg in live weight were attributable to either prenatal nutrition or postnatal
nutrition alone.
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Effects of fetal growth retardation on live weight at birth may be magnified by
the time of weaning. For example, a 1 kg difference in birth weight of lambs reared
on their dams for two days then artificially-reared resulted in a 2.6 kg difference in
weaning weight at 6 weeks of age, with growth rate correlated with birth weight
until 10 weeks of age following artificial rearing, but not thereafter [129]. In this
study, differences in postnatal growth due to birth weight were greatest (66 g/kg
birth weight/day) during the first week postpartum, and were lower over the entire
period to weaning (39 g/kg birth weight/day).

Despite this, when environmental conditions from birth to weaning are opti-
mised by ensuring adequate body weight-specific intake of high quality colostrum
and thermoneutrality in a controlled environment throughout neonatal life, adverse
effects on neonatal lamb growth are small and were only apparent during the imme-
diate postpartum period [49]. These artificially-reared, severely growth-retarded
lambs (2.3 vs. 4.8 kg birth weight) grew more slowly (248 g/day) than their nor-
mal birth weight counterparts (353 g/day) during the first two weeks of postnatal
life, despite higher relative rates of gain. Thereafter, their absolute growth rates to
20 kg live weight (approximately 350 g/day) almost exactly matched those of the
normal birth weight lambs when both groups were fed unlimited amounts of a high
quality milk-replacer. In the context of fetal growth, it is also important to recognise
this placentally-mediated, fetal growth-retardation model [52] produced lambs that
diverged in fetal weight after 85 days of gestation [49, 50, 52].

Conclusions from Artificial Rearing Studies in Sheep

Taken overall, these findings suggest that prolonged, severe, chronic fetal growth
retardation is required to adversely influence postnatal growth. They indicate that
adverse effects of nutrition during early- to mid-pregnancy on growth can be over-
come by adequate nutrition during late-pregnancy, however, if severe, effects of
nutritional restriction and fetal growth retardation during late-pregnancy may per-
sist. Furthermore, it appears that direct prenatal effects on capacity for growth of
neonates are somewhat ameliorated or exacerbated depending upon the postnatal
environment into which they are born. Hence, when maternal, social and/or nutri-
tional and environmental disadvantages [90–91] are minimised, adverse effects of
prenatal growth restriction per se on postnatal whole body growth and live weight
may be minimised.

1.2.1.2 Studies of Sheep Reared to Weaning on Their Dams

Growth Rate of Lambs Reared to Weaning on Their Dams, but Not Thereafter,
Is Generally Correlated with Birth Weight

Lambs reared on their dams grew 46 g/day slower per kg reduction in birth weight
during the first week of postnatal life [131]. From birth to weaning at 6 weeks of
age, growth rate of singletons varied by 34 g/day/kg and of twins by 28 g/day/kg
difference in birth weight [129]. Weaning weight at 6 weeks of age was 2.4–2.7 kg
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lower per kg decline in birth weight among the singleton lambs reared on their
dams, but differences in live weight stabilised from weaning to 11 weeks of age due
to lambs of varying birth weight growing at equivalent rates (266 g/day) [129].

Similarly, in two studies on consequences of fetal growth retardation due to pla-
cental insufficiency, lambs of low birth weight (2.8 and 2.9 kg) reared on their dams
failed to catch up in body weight to their high birth weight (4.3 and 4.4 kg) coun-
terparts by 4 weeks (8.5 vs. 11.1 kg) or 8 weeks of age (12.7 and 12.9 vs. 15.8 and
16.4 kg) [85–86]. However, the lambs of low birth weight caught up to their high
birth weight counterparts post-weaning and remained at equivalent weights as the
high birth weight lambs to two years of age when they weighed 59.0 and 57.6 kg,
respectively [86].

Lambs of adolescent ewes overfed during pregnancy, which resulted in reduced
placental development and colostrum production, had lower birth weight (3.2 vs.
5.1 kg) and growth to weaning (weaning weight 29.3 vs. 33.9 kg) [25]. The adverse
effect in males of the prenatal nutritional treatment on birth weight (2.7 vs. 5.2 kg)
and pre-weaning growth rate (304 vs. 376 g/day) was more pronounced than in
females (3.4 vs. 5.0 kg and 311 vs. 343 g/day), and lamb birth weight was correlated
with weight at weaning irrespective of nutritional treatment. Interactions between
prenatal nutrition and growth with sex were also apparent for post-weaning growth.
Prenatally-growth restricted male lambs remained lighter or tended to be lighter
than their well-grown counterparts until conclusion of the study at 42 weeks of age,
whereas the females differed in live weight at 15, 20 and 25 weeks of age, but not
thereafter.

Moderate undernutrition of ewes at 0.7–0.8 of estimated requirements during the
last 6 weeks of pregnancy reduced birth weights compared to offspring of ewes fed
to estimated requirements [117]. In this study, differences in offspring live weights
due to nutrition of the ewe during pregnancy were evident at weaning and to one
year of age when ewes were fed at low levels during lactation, but not when they
received higher levels of nutriment during lactation. Post-weaning growth to 45 kg
live weight was reduced, however, in lambs of ewes fed a restricted level of energy
during the final third of pregnancy (198 vs. 257 g/day) compared to those of control
fed ewes [40], the lambs of restricted energy fed ewes also exhibiting slower growth
to weaning (200 vs. 162 g/day) [39]. Despite this, effects of nutrition during late-
pregnancy were not apparent beyond 12 months of age, and differences in body
condition score due to nutritional level in late-pregnancy were not evident at 12, 18
or 24 months of age [117].

Severely restricted nutrition during the final six weeks of gestation tended to
reduce birth weights, but did not influence live weights of lambs reared on their
dams or on foster dams to 33 weeks of age, whereas birth type and rearing type
significantly affected postnatal growth [93]. Similarly, severe undernutrition of ewes
for 20 days, but not for 10 days, during late-pregnancy reduced birth weights of
lambs, but neither treatment had significant effects on weight at weaning at 3 months
of age or at 5, 12, 22 or 30 months of age compared to lambs of ewes well-nourished
during the same periods [99–100]. Enhanced ewe nutrition during the final 100 days
of pregnancy increased birth weights of ewe lambs by 0.5 kg compared to those of
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control fed ewes. These lambs tended to be heavier at weaning, however, differences
in live weight and condition score due to prenatal nutrition were not evident at 18,
30 or 42 months of age [59].

Interestingly, repeated bouts of stress of ewes during the last third of gestation
increased lamb birth weights and tended to increase lamb weaning weights, but
did not affect lamb weight at 8 months of age [113]. This finding suggests that
conditions that result in ewes mobilising stored nutrients may enhance fetal growth,
provided adequate nutrition is available to the ewe.

Moderate Undernutrition During Mid- and Late-Pregnancy Has Little Long-Term
Effect on Growth, Unless Pre-weaning Growth Is Also Compromised

Sub-maintenance nutrition of ewes from days 50 to 140 of gestation resulting in
ewes being 12.1 kg lighter than control ewes reduced birth weight by 0.5 kg (5.0 vs.
5.5 kg) compared to control-fed ewes [74]. Lamb weights were significantly lower
to weaning at 12 weeks of age (30.9 vs. 32.5 kg) but were not significantly differ-
ent during growth to 6 years of age (80.5 vs. 81.4 kg). In a second experiment in
which ewes were fed at sub-maintenance levels during pregnancy and lactation [74],
lamb birth weights were again reduced by 0.5 kg relative to control-fed ewes (4.2 vs.
4.7 kg). In this case, weaning weights were substantially lower for lambs of ewes fed
at sub-maintenance levels (19.9 vs. 29.7 kg), and live weights remained significantly
lower during growth to 4 years of age (70.2 vs. 72.6 kg). At the same age within the
study specific to nutrition during pregnancy, live weights did not differ between
offspring of sub-maintenance and control-fed ewes (72.6 vs. 73.7 kg). As men-
tioned previously, post-weaning growth to 45 kg live weight was reduced in lambs
of ewes fed a restricted level of energy during the final third of pregnancy compared
to those of control fed ewes, and these lambs also grew more slowly to weaning
[39–40].

Nutrition During Early- to Mid-Pregnancy Has Little Direct Effect on Postnatal
Growth

Since the studies of Everitt [29–31], there have been numerous experiments on influ-
ences of nutrition during early- to mid-pregnancy. Effects may or may not be evident
during early postnatal growth when lambs are reared to weaning on their dams, and
in most instances adverse effects of restricted nutrition do not persist during later
postnatal life.

Lambs of ewes fed at 70% of nutritional requirements from 30 days prior to
mating until 100 days of pregnancy had higher neonatal mortality rates, averaged
0.6 kg lighter at birth and grew more slowly after weaning than those fed at 100% of
estimated requirements [97–98]. These factors, particularly reduced post-weaning
growth, contributed to lambs of restricted ewes taking 18 days longer to reach
the target weight of 58.5 kg. Pre-conception nutrition resulting in low maternal
body condition at conception (≤2 vs. ≥3) did not affect birth weight compared
to control ewes (3.8 vs. 3.5 kg), whereas restricted nutrition (50 vs. 100% of esti-
mated metabolisable energy requirements) during early- to mid-pregnancy resulted
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in heavier newborns than controls (4.7 vs. 3.5 kg) [45]. Postnatal growth rates and
weight at 6 months of age of these lambs did not differ significantly due to ewe pre-
mating condition score (29.4 kg) or early- to mid-pregnancy nutritional restriction
(31.4 kg) compared to lambs of control ewes (33.5 kg).

Nutritional supplementation for the first 50 days or from days 50 to 100 of preg-
nancy did not affect pre- or post-weaning growth to 60 days of age and to 30 kg
live weight [92, 142]. Lamb birth weights and postnatal growth rates to slaughter
at 35 kg live weight were not significantly affected in a series of experiments in
which ewes were severely undernourished or adequately fed from mating to day 70
of gestation [81]. Similarly, nutrition of ewes from mating to 95 days of gestation at
50% or 100% of estimated metabolisable energy requirements had no effect on birth
weight (4.0 vs. 4.4 kg, respectively) or weight at 3 years of age following growth at
pasture (75.6 vs. 75.0 kg) [44]. Furthermore, severe nutritional restriction at 50% of
estimated energy requirements from mating to 95 days of pregnancy did not signif-
icantly affect live weights of male or female lambs at birth, 6 weeks, or 20 months
of age, nor body condition score at 20 months of age within a pastoral system [105].
Nutrition of pregnant ewes at pasture to reduce ewe condition score from 3 to 2 or
to maintain condition score at 3 during the first 3 months of pregnancy had no affect
on birth weight and lamb live weight at 8 months of age [23].

Recent large-scale Australian experiments [121] established the effects of a con-
tinuum of ewe nutritional levels during early or late gestation on lamb birth weights
[32]. At sites in Victoria and Western Australia about 750 and 400 Merino ewes,
respectively were exposed to 10 nutritional treatments in each of two years and
their live weight profile during different stages of pregnancy was related to the birth
weight of their lambs. This work confirmed that the effects of poor nutrition up
until day 90 of pregnancy could be completely overcome by improving nutrition
during late pregnancy. A loss of 10 kg in ewe live weight between joining and day
90 of pregnancy reduced lamb birth weight by about 0.3 kg, whereas gaining 10 kg
from day 90 to lambing increased birth weight by about 450 g. The responses were
consistent across birth rank, experimental sites and years (Table 1.1). There was no
evidence that birth weight was consistently related to ewe live weight change dur-
ing critical ‘windows’ of a few weeks during pregnancy. Few studies have reported
the relative effects of ewe live weight change during different periods of pregnancy
on lamb birth weight. However, from data reported in 13 studies using a range of
breeds and nutritional interventions it is estimated that a 10 kg change in ewe live
weight during the entire pregnancy changes birth weight by about 0.5 kg.

In the experiments described by Thompson and Oldham [121], differences in
progeny live weight due to nutrition during early and mid-pregnancy or late preg-
nancy and lactation persisted to about 3.5 years of age (Table 1.2). When evident,
the effects on mature live weight of ewe nutrition to day 90 of pregnancy and
between day 90 and weaning were additive, as with earlier findings for sheep grown
to younger ages [120]. Effects of rearing type on live weight also disappeared at
older ages.

As with more chronic nutritional restriction during early pregnancy, acute, short-
term early-gestational nutritional restriction (between days 1 and 35) did not affect



1 Postnatal Consequences of the Maternal Environment and of Fetal Growth 11

Table 1.1 Regression coefficients (± s.e.) that predict lamb birth weight (kg) as affected by ewe
live weight at mating, ewe live weight change during early or late pregnancy (kg), birth type (single
or twin) and sex. Data represents a combined analysis for two years (2001 and 2002) at research
sites in Victoria and Western Australia (C.M. Oldham and A.N. Thompson unpublished results)

Birth weight (kg)

Factor
Victoria site
(n = 1995)

Western Australia site
(n = 688)

Constant 3.70 ± 0.16a 3.90 ±0.24b

Ewe live weight at mating (kg) 0.03 ± 0.003 0.03 ± 0.004
Ewe live weight change from mating to

90 days (kg)
0.03 ± 0.004 0.03 ± 0.007

Ewe live weight change from 90 days to
lambing (kg)

0.05 ± 0.004 0.05 ± 0.007

Twin lamb (kg) −1.10 ± 0.03
Female lamb (kg) −0.19 ± 0.031 −0.26 ± 0.050

aBirth weight constant is for singleton males.
bBirth weight constant is for males.

birth weights, post-weaning growth or weight of ewes and rams at two to three
years of age [102]. However, in lambs reared as twins, severe nutritional restriction
for 10-day periods during the first 30 days of pregnancy, reduced weaning weights
at 90 days of age by 4.7 kg (9.4 kg per ewe) compared to lambs of ewes better
nourished throughout the first 30 days of gestation [69]. This latter finding suggests
that nutrition during early pregnancy may be more important for postnatal growth of
offspring of ewes that have greater maternal nutrient requirements due to multiple
fetuses.

Nutrition of pregnant hoggets at pasture on low, medium or high levels of avail-
ability had no affect on lamb birth weight or survival to weaning, with live weight
at weaning reduced in the offspring of the ewes fed low levels of pasture by 1.6
and 1.7 kg compared to offspring of those fed medium or high levels, respectively
[95]. These findings, in which high levels of feeding did not adversely affect fetal
growth and lamb birth weight are in contrast to those of Wallace et al. [132–133]
who found that overfed pregnant adolescent ewes had retarded placental and fetal
growth. As discussed [95], the differences between the findings probably reflect dif-
ferences in the age and live weight of the ewes, maternal growth rates, pasture- vs.
concentrate-based nutrition, and the use of pre-pubertal ewes and embryo transfer
[95, 132–133].

Postnatal Growth Responses to Nutrition During Early- to Mid-Pregnancy May
Vary Depending Upon the Severity of the Nutritional Regimen, Subsequent
Nutrition, and Activity

In contrast to the above studies, ewes fed at 50% of estimated nutrient requirements
from days 28 to 78 of pregnancy produced wether lambs that did not differ in weight
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Table 1.2 Regression coefficients that predict live weight (kg) of progeny from weaning to 63
months of age as affected by ewe live weight at mating (kg), ewe live weight change (kg) during
early pregnancy, late pregnancy or lactation and rearing type. Data represents a combined analysis
for two years (2001 and 2002) at a research site in Victoria (A.N. Thompson and C.M. Oldham
unpublished results)

Age (months)

Factor Weaning 15 27 39 51 63

Number of offspring 1,324 1,103 1,021 768 608 380
Ewe live weight at mating (kg) 0.18 0.22 0.31 0.28 0.14 0.24
Ewe live weight change from

mating to day 90 (kg)
0.24 0.14 0.18 0.18 n.s. n.s.

Ewe live weight change from
day 90 to lambing (kg)

0.19 0.13 0.12 0.17 n.s. n.s.

Ewe live weight change from
lambing to weaning (kg)

0.08 n.s. n.s. n.s. n.s. n.s.

Twin reared as singletona −1.7 −0.6 −0.3 −1.2 n.s. n.s.
Twin reared as twina −4.8 −2.1 −2.1 −1.8 −1.6 n.s.

n.s. = not significant.
aComparison with singleton born reared as singleton.

at birth but which tended to be heavier at 63 days of age (20.8 vs. 17.0 kg) and were
significantly heavier at weaning at 120 days of age (26.6 vs. 21.8 kg) [34]. This
difference in weight was maintained to the conclusion of the study at 8 months of
age when the lambs weighed 61.7 and 56.8 kg, respectively [34, 141]. These studies
investigated the impacts of early gestational undernutrition and realimentation on
fetal and offspring growth and development under conditions of limited exercise, as
a model for the so-called “couch potato” effect that resulting in increased fatness.
The restricted nutrition resulted in the ewes losing approximately 10% of their body
weight from days 28 to 78 of gestation due to nutrient restriction, then compensatory
weight gain when ewes were realimented onto a control diet thereafter. The fact that
fetal weights on day 78 of gestation were approximately 30% less than those of
fetuses of control fed ewes, while birth weights of fetuses from nutrient restricted-
realimented ewes and control fed ewes were similar, indicates compensatory growth
of fetuses in utero in nutrient restricted ewes following realimentation, which may
have continued into postnatal life. The ewes were maintained in individual pens
throughout pregnancy which limited exercise and may also have contributed to their
compensatory weight gain. Further, the wether lambs were allowed to experience
maximal growth rates after weaning by allowing them unlimited access to creep feed
from birth to weaning while being reared in small pens, and ad libitum concentrate-
based feeding from 4 to 8 months of age.

Sheep Genotype May Influence the Postnatal Growth Response to Prenatal
Nutrition

Recent research has identified marked differences between sheep genotypes in the
postnatal response of their offspring to maternal nutrient restriction during early-
to mid-pregnancy. Whereas a sheep genotype selected within a modern intensive
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production environment exhibited altered prenatal and postnatal growth character-
istics [15, 34], those of similar breeding and subjected to a nomadic lifestyle that
survive under conditions of limited nutrition were not affected by restricted nutri-
tion from days 28 to 78 of pregnancy with respect to fetal growth and birth weight,
or growth to and weight at 12 months of age [15].

In further studies on interactions between genotype of the sire and ewe nutrition
during pregnancy, ewes mated to high growth or high meat production sires and
given a low level (60% below total energy intake of high nutrient level ewes) of
nutrients during late-gestation (day 105 to term) produced smaller lambs than those
fed high levels in two experiments (3.1 and 3.3 vs. 4.0 and 4.2 kg) [127]. How-
ever, only within one experiment were differences between sire-genotypes in birth
weight evident, and then only within ewes fed low nutrient levels, the high meat-
sired lambs weighing less than high growth-sired lambs (2.6 vs. 3.4 kg). Lambs
of ewes fed low levels of nutrient during late-gestation grew more slowly to and
weighed less to weaning (18.0 vs. 23.9 kg) at day 56 than those of well-nourished
ewes in both studies. However, they grew at similar rates from weaning to conclu-
sion of one study at day 130, resulting in a trend towards lighter lambs from the
poorly-nourished ewes (43.3 vs. 47.9 kg). In the other study, they exhibited some
compensation, resulting in lighter lambs at day 141 only within the high meat-sired
genotype.

Shearing During Early- to Mid-Pregnancy May Increase Birth Weight and Growth
to Weaning

In contrast to the generally limited effects of moderate nutritional restriction dur-
ing early to mid pregnancy on birth weight, shearing during early to mid gestation
enhances mobilisation of maternal body tissues [72], and has increased the birth
weight of single or twin lambs by up to 17%, although results have been incon-
sistent [72, 75, 94, 107–108]. This has led to the proposal that the fetal growth
response to shearing occurs in ewes that would otherwise give birth to a low birth
weight newborn, and the ewe must have adequate maternal reserves and/or be fed
adequately to support increased fetal growth [76]. More recent larger-scale studies
have supported this assertion and shown that mid-pregnancy shearing of ewes car-
rying multiple fetuses increased birth weights by 0.13–0.44 kg, lamb survival rates
to weaning by 5.5%, and weight at weaning by 1.07 kg [77]. By contrast, hoggets
shorn in mid-pregnancy produced 0.32 kg heavier newborn singleton lambs than
their unshorn counterparts, however, birth weight of multiple-born lambs was unaf-
fected [78]. In this latter study, neither mid-or late-pregnancy shearing influenced
live weight at or survival of lambs to weaning. To date, no published studies have
assessed longer-term impacts of shearing during pregnancy on performance of off-
spring.

Other Nutritional and Metabolic Treatments

Increasingly, studies are being conducted that seek to limit intrauterine growth retar-
dation by altering the uterine environment in which the embryo resides and by
increasing placental blood flow and/or the amount and quality of nutrients supplied
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to the fetus. These studies which have been recently reviewed [139] have included:
maternal supplementation with arginine and other factors that increase placental
blood flow and fetal growth; supplementation with selenium due to its antioxi-
dant properties; and administration of somatotropin and other growth promotants
or repartitioning agents to the pregnant dam, with a view to enhancing embryonic,
placental and fetal growth and muscle development. Supplementation with factors
that increase placental blood flow have had positive effects in utero however, post-
natal consequences have not been reported to date.

Treatment of ewes with somatotropin (i.m. injection of 25 mg of bovine GH) at
mating increased birth weight compared to lambs of control treated ewes (5.1 vs.
4.6 kg). Growth rate of singleton but not of multiple reared lambs of somatotropin
treated ewes was greater to 75 days compared to those of control ewes, suggesting
some capacity alter conceptus development by treatment of ewes at mating with
metabolic modifiers [21].

Conclusions from Studies Where Lambs Are Reared on Their Dam

Restricted fetal growth that results in low birth weight generally causes slower
growth to weaning, but not necessarily thereafter; however if the restriction in fetal
growth is chronic and severe, reduced mature size may result. Maternal nutrition
prior to and during early- to mid-pregnancy has variable effects on postnatal growth.
Differences between studies in the effects of maternal nutrition during early- to
mid-pregnancy on postnatal growth are difficult to reconcile. However, they proba-
bly relate to factors including the magnitude, timing and duration of the nutritional
restriction; the extent to which they impact on the dam and the fetus; nutrition dur-
ing the recovery period and potential for compensatory weight gain by the dam and
compensatory growth by the fetus; carry-over effects of the nutritional regimens dur-
ing pregnancy on lactational performance of the dams; the availability of pasture or
creep feed from birth to weaning; the extent of confinement under which the lambs
are reared; and potential for postnatal confounding because of factors such as litter
size. Interpretation in relation to consequences of fetal programming of studies in
which lambs are reared to weaning by their dams is difficult because of the potential
for confounding by effects such as post-treatment nutritional regimens during later
pregnancy, and because of postnatal factors such as milk supply and intake.

1.2.1.3 Studies of Cattle

Overall, birth weight of calves did not significantly influence live weight gain of
calves reared artificially to weaning on a high plane of nutrition [125]. However,
male calves of dams fed a low plane of nutrition during the final trimester had sig-
nificantly higher growth rates during artificial rearing to weaning than those born
to dams on a high plane during the same period, while the opposite occurred for
female calves [124–125]. It is not clear from these studies, whether calves differing
in birth weight and/or prenatal nutrition differed in their growth after weaning.
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Birth weight of calf is positively correlated with calf growth rate to weaning and
live weight at weaning when calves are reared on their dams [14, 17, 20, 54, 63–64,
114, 137]. For example, calves that had birth weights 5.4 and 5.9 kg lower than those
from cows well-nourished during late-pregnancy were 16.5 and 17.2 kg lighter at
weaning [63–64]. As with the sheep studies described previously, it is not possi-
ble to fully separate out consequences of nutrition during pregnancy on the fetus
when offspring remain on their dams to weaning due to carry-over effects on mater-
nal performance (see [49] for an example of a rearing system designed to uncou-
ple prenatal and postnatal influences). The extent to which reduced calf growth
to weaning is due to reduced calf growth capacity, or to factors including mater-
nal milk production as affected by prenatal nutrition and cow body composition
and, hence nutrient reserves, and differences in sucking stimulus and milk removal
between small and large newborns is unknown. However, the findings of Tudor et
al. [126] with artificially-reared calves, coupled with studies in which calves are
reared on their dams [17], show that the postnatal maternal contribution to pre-
weaning growth of calves is substantial. Irrespective, the net effects of maternal
nutrition during pregnancy on the calf remain of practical significance to livestock
producers.

Our recent studies have demonstrated that fetal growth restriction resulting in
10.2 kg or 26% lower birth weight (Table 1.3) may limit the capacity of cattle to
exhibit compensatory growth. Cattle significantly growth-retarded during fetal life
due to factors including severely restricted maternal nutrition from day 80 or so of
pregnancy to parturition remained smaller at any given postnatal age to 30 months
compared to their well-grown or better nourished counterparts (Table 1.3 and [53]).
Growth of very low birth weight cattle was significantly slower than that of high
birth weight cattle at all stages of postnatal growth, although pre-weaning growth
was influenced by maternal nutritional status during pregnancy [17]. Whether this
represents a permanent stunting or simply a delay of attainment of mature size of
cattle is open to conjecture.

It should also be noted that differences in weight of calves at birth following three
levels of maternal nutrition during late-pregnancy disappeared by weaning when
postnatal nutrition was of high quality and availability, although residual effects of
the previous years nutrition did influence calf growth [65]. Similarly, effects of vari-
able nutrition during mid and/or late pregnancy on weight at birth can be overcome
by adequate nutrition postpartum, and resulted in no differences in calf body weights
at 58 days of age [35].

Twin cattle are lighter at birth and grow more slowly on their dams to weaning
[62]. They may grow more slowly [56], at a similar rate [112], or more rapidly
[19, 62, 134] post-weaning than singletons, depending upon the rearing system and
subsequent nutrition. However, twin cattle tended to consume less feed in feedlot
than singletons, due primarily to their lower live weight [112].

It is concluded from the above studies in cattle, that severe, prolonged intra-
uterine growth retardation may result in slower growth throughout postnatal life,
resulting in smaller animals at any given postnatal age. However, provided the
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Table 1.3 Consequences of growth in utero for growth and live weight characteristics of beef
cattle to 30 months of age [from 48, 53]

Prenatal growth/birth weight

Variable
Low
(n = 120)

High
(n = 120)

Significance
of difference (P)

Birth weight (kg) 28.6 38.8 <0.001
Pre-weaning ADG (g) 670 759 <0.001
Weaning (7 months) weight (kg) 174 198 <0.001
Backgrounding ADG (g) 571 603 <0.001
At equivalent age (26–30 months)
Feedlot entry (26 months) weight

(kg)
481 520 <0.001

Feedlot ADG (g) 1,480 1,617 <0.001
Feedlot exit (30 months) weight

(kg)
647 703 <0.001

At equivalent feedlot entry live weight (500 kg)
Age at feedlot entry (day)a 797 715 <0.001
Feedlot ADG (g) 1,515 1,583 0.019
Feedlot exit weight (kg) 671 679 0.017
Age at feedlot exit (day)b 914 833 <0.001

Values are predicted means from REML analyses including effects of birth weight, pre-weaning
nutrition, sex/year cohort, sire-genotype and their interactions. Maternal nutritional treatments
commenced between days 30 and 90 of pregnancy (refer to [17, 15] for details of pasture-based
nutritional treatments and selection criteria for calves used to study long-term consequences of
growth early in life).
aPredicted from mean average daily gain (ADG) during backgrounding.
bPredicted from mean ADG during background and mean feedlotting period.

maternal nutritional insult during pregnancy does not limit the capacity of the dam to
lactate, restricted prenatal nutrition resulting in restricted fetal growth and low birth
weight may be overcome during growth to weaning by adequate nutrition during
lactation.

1.2.2 Nutrient Intake, Digestibility and Efficiency of Nutrient
Utilisation

The extent to which the prenatal environment and/or fetal growth retardation affects
nutrient intake, digestibility and efficiency of nutrient utilisation has received rela-
tively little attention, with most studies focussing on consequences of birth weight.
Total nutrient availability during the pre-weaning and post-weaning periods are
highly correlated with nutrient intake, digestibility and efficiency of nutrient utilisa-
tion, hence the potentially confounding role of variation in the supply of nutrients to
lambs fed on their dams is an important consideration for studies of prenatal impacts
on these parameters.
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Low birth weight lambs (2.3 kg) take longer to achieve positive weight bal-
ance and a net gain in weight takes than normal birth weight lambs (4.8 kg)
immediately postpartum, even when reared in an optimal environment [49]. Dur-
ing the early postpartum period, digestibility of feed and various feed compo-
nents are positively correlated with birth weight [66], although amounts and activ-
ity of digestive enzymes were not strongly associated with birth weight in young
ruminants [57].

Normal birth weight lambs consume more nutrients than those of low birth
weight to any given age during the pre-weaning period, primarily due to differ-
ences in weight at birth [49, 129]. However, low birth weight lambs consume more
nutrients to any given live weight because of the greater time required to reach a
given weight [39–40, 49]. Low birth weight lambs ate 13 and 20% more feed than
normal birth weight lambs, respectively, when reared rapidly or slowly to 20 kg live
weight [49].

Low birth weight lambs consumed 45 g more feed per kg live weight per day
which equated to 20% higher relative intake than normal birth weight lambs fed
ad libitum during the early postpartum period, and higher relative intakes were evi-
dent until about 25 days of age [49]. Furthermore, offspring of ewes with experi-
mental placental restriction feed more frequently than those of ewes with normal
placental development [26]. However, at equivalent live weights during ad libitum
or restricted feeding to 20 kg live weight, differences in relative feed intake due to
birth weight were not evident [49]. In contrast, others have found that relative intake
was not affected significantly by birth weight during the first five weeks of postna-
tal life, although birth weight and relative feed intake were correlated during week
six [129]. In contrast to the above findings in artificially reared lambs [49], relative
intake did not differ due to birth weight in lambs reared on their dams during the
first week of postnatal life [131].

Feed to gain ratios were lower and hence efficiency of utilisation of feed was
higher in small newborn lambs, overall, during milk-feeding to 20 kg live weight
than in normal birth weight lambs [49]. This was due at least in part, however, to
differences in efficiency during the early postpartum period when the ratio of gain to
maintenance was higher in the small compared to normal size lambs. Hence, feed to
gain ratios differed little from 10 to 20 kg live weight [49]. However lambs reared
on ewes fed low levels of nutrients for six weeks pre-partum were more efficient
(lower milk intake per g body gain) from days 14 to 21, but not days 0–14, postpar-
tum than those of ewes well-nourished during late-pregnancy [127]. Again, these
findings may relate to differing size of lambs at the same age. Retention of ingested
dry matter, nitrogen, lipid, ash and energy from birth to 20 kg live weight did not dif-
fer between low and normal birth weight lambs reared artificially, although slowly
reared low birth weight lambs tended to deposit more fat per unit of fat ingested than
the normal lambs [49]. Feed efficiency did not differ with birth weight during the
first week of life during rearing on the dam [131] or from birth to weaning during
artificial rearing [129].

During the period from weaning to 35 kg live weight, birth weight was not related
to feed intake and feed efficiency [129]. Furthermore, voluntary feed intake from
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weaning to 2 years of age was not affected by moderate maternal nutrient restriction
at 0.7–0.8 of estimated energy requirements during the final 6 weeks of pregnancy
that resulted in somewhat reduced birth weights (3.2 vs. 3.5 kg) compared to ewes
fed to requirements [117]. In lambs of ewes fed a restricted level of energy during
the final third of pregnancy, post-weaning feed intake per day was not affected com-
pared to lambs of control fed ewes (765 vs. 757 g/day, respectively) [40]. Similarly,
differences in feed intake and efficiency were not evident in lambs grown to 17 and
24 weeks of age following restricted nutrition of ewes to 50% of predicted require-
ments during early- to mid-pregnancy (days 30–70) [24].

Recently, feed intake and efficiency was measured in 24 adult Merino wethers
from ewes that experienced extreme differences in nutrition during pregnancy and
lactation [123]. The average condition score of the ‘Low’ and ‘High’ ewes was 2.7
vs. 2.6 at joining, 2.3 vs. 2.8 at day 90 of pregnancy, 2.4 vs. 3.4 at lambing and 2.1
vs. 3.1 at weaning. Single-born lambs from the ‘Low’ group were lighter at birth
(4.6 vs. 5.9 kg) and at weaning (14.7 vs. 22.2 kg) than those from the ‘High’ group.
Both groups grazed together after weaning and there were no significant differences
in live weight at 3.5 years of age when housed indoors and fed ad libitum for 8
weeks following an adaptation period. Those from poorly fed ewes tended to grow

Table 1.4 Consequences of growth in utero for feed intake and efficiency of beef cattle during
feedlotting from 26 to 30 months of age [48]

Prenatal growth/Birth weight

Variable
Low
(n = 77)

High
(n = 77)

Significance of
difference (P)

Birth weight (kg) 28.1 38.4 <0.001
At equivalent age (26–30 months)
Feedlot entry (26 month) weight (kg) 466 513 <0.001
Feedlot ADG (kg)a 1.279 1.396 0.004
Feed intake (kg/day)a 13.21 14.63 <0.001
Feed efficiency (Feed DM

intake/Feedlot ADG)
10.00 10.38 0.263

Residual Feed Intake (kg)b −0.005 0.003 0.986
At equivalent feedlot entry live weight (490 kg)
Feedlot ADG (kg)a 1.317 1.361 0.463
Feed intake (kg/day)a 13.86 14.01 0.546
Feed efficiency (Feed DM

intake/Feedlot ADG)
10.25 10.15 0.888

Values are predicted means from REML analyses including effects of birth weight, pre-weaning
nutrition, sex/year cohort, sire-genotype and their interactions, with feedlot entry weight as a
covariate (linear and, where significant, quadratic) to predict means at equivalent feedlot entry
weight. Difference in significance of feedlot average daily gain (ADG) between Tables 1.3 and
1.4 is due to the number of cohorts studied (three cohorts in Table 1.3 vs. two cohorts in Table
1.4) and the duration of the measurement period (average of 117 days in Table 1.3 vs. 70 days in
Table 1.4).
aDuring 70-day period in feed intake pens.
bAt mean metabolic live weight.
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more slowly (131 vs. 173 g/day), eat less (1.51 vs. 1.65 kg dry matter/day) and be
less efficient at converting feed into live weight gain (11.4 vs. 10.0 kg intake/kg
gain) over the 8-week period than those from well fed ewes, although these differ-
ences were not statistically significant [123]. While it was not possible from this
work to separate out the effects of late gestation versus lactation on nutrient intake
and utilisation, the potential for early life nutrition to influence appetite and feed
conversion efficiency during adulthood requires confirmation in sheep.

Feed intake and efficiency of cattle have also been recently measured at 26–30
months of age in a large study of heifers and steers sired by diverse genotypes
(Wagyu, lower birth weight and high intramuscular fat and Piedmontese, higher
birth weight and high muscling). Two cohorts comprising steers and heifers from
low and high nutritional pasture-based systems that were divergent in birth weight
and growth rate to weaning at 7 months were studied [48]. Differences in feed intake
and feed efficiency were not evident, nor were there differences in net feed intake
due to differences in growth during fetal life (Table 1.4), nor were there interactions
between prenatal growth and pre-weaning growth or sire-genotype. Similarly, dif-
ferences in post-weaning efficiency of utilisation of feed by offspring have not been
evident in studies of maternal supplementation during late pregnancy, or in twin
compared to singleton offspring (for review see [48]).

1.2.3 Body and Carcass Composition

1.2.3.1 Sheep

Severe fetal growth-retardation of lambs resulting in substantially reduced birth
weight results in increased fatness of lambs. During growth to 20 kg live weight,
low birth weight lambs (2.3 vs. 4.8 kg) accreted fat and energy at greater rates, and
ash, nitrogen and muscle at slower rates, than normal birth weight lambs, resulting in
greater fatness [49, 51]. This was due primarily to greater relative feed intakes dur-
ing the first 2–3 weeks of postnatal life coupled with continued accretion of fat at
greater rates during subsequent postnatal growth compared to normal birth weight
lambs. Consequently, low birth weight was associated with increased fatness and
reduced bone mass during postnatal growth to 35 kg live weight [130] and to 2.3
years of age [86].

Restricted energy supply to ewes during the final third of pregnancy resulted in
lambs with increased omental, mesenteric, perirenal and pelvic fat, but not inguinal
fat at 45 kg live weight, compared to lambs of control fed ewes [41]. Furthermore,
lambs of ewes restricted to 50% of requirement from day 110 of pregnancy to term
had significantly more perirenal and omental fat and relative fat mass at one year
of age compared to lambs of control ewes and those of ewes restricted to 50%
of requirements from days 0 to 30 of pregnancy [37]. These findings are consis-
tent with those following restriction of fetal growth due to placental insufficiency
[26]. In contrast, the effect of more acute maternal nutritional restriction during
late-pregnancy on fatness was not significant at 30 months of age, with female
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progeny of pregnant ewes undernourished for 20 days tending to weigh less and have
reduced subcutaneous fat depth [99]. Furthermore, there was no effect on fatness of
offspring at 30 months of age when ewes were undernourished for 10 days during
late-pregnancy [99].

In many instances, severe nutritional restriction during early pregnancy does not
adversely influence body composition during postnatal life. At 58 kg live weight
and 29 kg carcass weight, muscle mass and myofibre characteristics were not sig-
nificantly affected in offspring of ewes were undernourished from 30 days prior to
conception until 100 days post-conception [97–98]. Furthermore, in three experi-
ments in which ewes were undernourished for the first 70 days of pregnancy, effects
on size and other characteristics of muscle in offspring at 35 kg live weight and
15–16 kg carcass weight were not evident [81]. In these studies, postnatal growth
rate was not affected [81] or was slightly reduced [97–98] by adverse nutrition of
ewes. Similarly to these studies, various measures of fatness and body composition
of offspring during growth up to 3 years of age were not significantly affected by
severely restricted maternal nutrition during days 0–30 [37], days 28–80 [42, 45],
days 0–90 [101] and days 0–95 [44] of pregnancy. This is despite evidence indicat-
ing reduced myofibre number [30, 119] and altered secondary to primary myofibre
ratios in fetuses of ewes severely undernourished early in pregnancy [104, 140],
although effects on myofibre number, size and/or types were not evident at market
weights [81, 98]. In this regard, growth of sheep from birth to weaning has been
shown influence myofibre characteristics during the post-weaning period, although
these effects did not persist [55].

However, in studies in which growth to weaning and weaning weight were sub-
stantially greater in offspring of nutrient-restricted ewes from days 28 to 78 of ges-
tation, offspring remained heavier (61.7 vs. 56.8 kg) and had significantly greater
subcutaneous fat depth and more kidney and pelvic fat at 8 months of age [34, 141].
Similarly, evidence has been provided of a tendency towards a shift in the ratio of
fat to lean in lambs grown to 24 weeks of age, which was not evident at 17 weeks
of age, following severe maternal restriction from days 30 to 70 of pregnancy [24].
In contrast to the results of the above studies [34, 141], in this case lambs from
nutritionally-restricted ewes were lighter at 24 weeks of age [24]. An increase in
indices of fatness and poorer confirmation was observed in lambs from ewes fed at
60% of predicted metabolisable energy requirements compared to those from ewes
fed at 100 and 175% of requirements from days 0 to 39 of pregnancy, but not in
those from ewes that were undernourished from days 40 to 90 days of pregnancy
[96]. In this latter study, the lambs from all maternal nutritional treatments had sim-
ilar postnatal growth and carcass weights.

Prolonged maternal underfeeding during mid- to late-pregnancy and lactation
may also increase fatness of sheep in the long-term. Although little difference in eye
muscle and back fat depth were evident at about 30 kg live weight [101] or at 42–45
months of age [123] due to these factors, at maturity a sub-set of these lambs from
poorly fed ewes were significantly fatter than their counterparts from ewes well-
nourished during the same period [123]. While body composition of adult wethers
measured using dual energy x-ray absorptiometry was most closely related to their
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live weight, after correction for live weight the proportion of fat was greater (34.6
vs. 27.4%) and of lean was less (65.8 vs. 71.9%) for the low than the high mater-
nal nutritional groups, while there were no significant differences in bone mineral
content. In this work, more than 80% of the variance in the proportions of total fat
and lean was explained by differences in live weight of progeny, ewe live weight at
joining and changes in ewe live weight between joining and day 90 of pregnancy
and day 90 and lambing. The model coefficients suggested that a loss of 10 kg in
ewe live weight between joining and day 90 of pregnancy or between day 90 of
pregnancy and lambing increased fatness and reduced percentage lean by 5–7%.
As the effects on total body fat were not evident from measurements of back fat
depth measured by ultrasound, the extra fat that resulted from nutritional stresses
early in life may well have been located in the abdominal region, consistent with
findings in younger sheep [26, 37, 41], which is significant because central obe-
sity has been linked to increased incidence of metabolic, cardiovascular and other
diseases [87].

Despite the above findings, supplementation of pregnant ewes with corn and soy-
bean from days 1 to 50, days 51 to 100 or days 101 to term compared to ewes fed
pasture only throughout pregnancy had no effect on commercial carcass characteris-
tics, including yield and indices of conformation, of offspring reared in confinement
to approximately 30 kg live weight [142] although specific measures of fatness were
not reported.

It can be concluded from the above studies that prolonged, severe growth retarda-
tion resulting in low birth weight or prolonged, severe restricted maternal nutrition
during late pregnancy predisposes sheep to increased fatness during postnatal life.
As with effects on postnatal growth, maternal nutrition prior to and during early- to
mid-pregnancy often has little or no effect on body composition at equivalent post-
natal live or carcass weights. However, some studies have shown effects on adiposity
during postnatal life. These conflicting results are difficult to reconcile, and research
is required to determine whether they result from direct effects on the fetus during
or after the treatment period that may alter myogenesis and the potential for muscle
hypertrophy, or from indirect effects on adipocyte development mediated via the
dam between birth and weaning. In this regard, primary myogenesis occurs at days
32–38 in the sheep and myogenesis continues until about day 110, after which, mus-
cle hypertrophy commences [50, 88, 136]. Certainly, severe nutritional effects on
the fetus during myogenesis may influence subsequent muscle development; how-
ever, very severe maternal restriction is required to affect fetal growth during this
period compared to later pregnancy when fetal muscle satellite cell activity can be
markedly altered by maternal nutrition [50]. It is also worthy of note that the effect
on postnatal fatness and muscle mass of nutrition during the milk-feeding phase is
greater than the effect of prenatal growth restriction [49, 51], and it is possible that
the postnatal factors described previously may have contributed to affects on body
composition. Clearly, the importance of nutritionally mediated effects on early-life
programming of body composition during growth and adulthood in the context of
developing practical ewe feeding systems and marketing systems requires further
investigation.
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1.2.3.2 Cattle

Large reductions in birth weight due to factors including severe maternal nutritional
restriction did not influence indices of fatness, apart from P8 (rump) fat, in carcasses
of Wagyu- or Piedmontese-sired steers and heifers at 30 months of age, beyond that
normally attributable to differences in live or carcass weight (Table 1.5). Low birth
weight cattle had a similar retail yield, fat trim and bone content at equivalent carcass
weight, suggesting little overall difference in carcass composition than their high
birth weight counterparts. However, ossification score was higher in low compared
to high birth weight calves, suggesting an impact of prenatal growth on maturity
[54]. Among cattle less variable in birth weight, there were no effects of birth weight
on postnatal growth and carcass compositional characteristics at 30 months of
age [16].

Similarly, differences were not evident in dressing percentage, weight of organs,
hide, various anatomical muscles and bones, height, and in gross chemical com-
positional in the whole body or the carcass, of Hereford steers or heifers grown to
370–400 kg live weight following restricted or adequate nutrition of their dams from
180 days of pregnancy to parturition that resulted in a 22% or 6.8 kg difference in
calf birth weight [126].

The above findings are consistent with research on twin cattle which has demon-
strated that despite significantly lower birth weights and reduced pre-weaning
growth, compositional differences at equivalent slaughter weights or ages are small

Table 1.5 Consequences of growth in utero for carcass characteristics of beef cattle at 30 months
of age [48, 54]

Prenatal growth/Birth weight

Variable
Low
(n = 120)

High
(n = 120)

Significance
of difference (P)

At equivalent age (30 months):
Carcass weight (kg) 364 396 <0.001
Retail yield (kg) 239 257 <0.001
At equivalent carcass weight (380 kg):
Eye muscle area (mm2) 90.4 88.9 0.25
P8 fat depth (mm) 21.3 19.6 0.048
Rib fat depth (mm) 11.5 11.8 0.35
Aus-Meat marble score 1.83 1.86 0.56
USDA marble score 447 444 0.98
Ossification score 206 195 0.009
Retail yield (kg) 249 247 0.20
Bone (kg) 66.9 67.6 0.10
Fat trim (kg) 54.6 56.0 0.58

Values are predicted means from REML analyses including effects of birth weight, pre-weaning
nutrition, sex/year cohort, sire-genotype and their interactions, with carcass weight as a covariate
(linear and, where significant, quadratic) to predict means at equivalent carcass weight. Refer to
Table 1.3 for growth characteristics of the cattle.
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and not significant, with twins generally having similar or leaner carcasses than sin-
gletons [19, 56, 112, 134].

1.2.4 Meat Quality

Effects of nutritional restriction during early- to mid- or late-pregnancy on eating
quality of sheep meat and/or myofibre characteristics at market weights were not
evident [81, 98, 128]. Similarly, there were little or no effects on postnatal myofibre
characteristics observed following early- to mid-gestational undernutrition [24] or
following nutritional supplementation during early, mid or late gestation [92].

Consistent with the above findings, there were no adverse effects on objective
measurements of beef quality in the longissimus or semitendinosus muscles of cattle
or on myofibre characteristics at 30 months of age due to restricted growth in utero
from early pregnancy to parturition that resulted in low birth weights (Table 1.6)
[48, 54].

Table 1.6 Consequences of growth in utero for objective measurements of m. longissimus and m.
semitendinosus quality in beef cattle at 30 months of age [48, 54]

Prenatal growth/Birth weight

Variable
Low
(n = 120)

High
(n = 120)

Significance of
difference (P)

Longissimus
Peak force (Newtons)a 39.2 40.5 0.26
Compression (Newtons)a 13.9 14.4 0.19
Cooking loss (%) 21.6 21.7 0.57
Ultimate pH 5.47 5.48 0.50
Colour L (lightness) 39.5 40.0 0.21
Colour a (red/green) 26.3 26.7 0.20
Colour b (yellow/blue) 13.6 13.8 0.15
Semitendinosus
Peak force (Newtons)a 46.2 46.4 0.81
Compression (Newtons)a 22.6 22.7 0.97
Cooking loss (%) 21.5 21.3 0.52

Values are predicted means from REML analyses including effects of birth weight, pre-weaning
nutrition, sex, sire-genotype and their interactions. Refer to Tables 1.3 and 1.5 for growth and
carcass characteristics of the cattle.
aObjective measures of meat texture.

1.2.5 Wool Production and Quality

The quantity and quality of wool is related to characteristics of follicles in the skin
[67, 71]. The development of the follicle population is affected by nutrition of the
ewe during pregnancy and by lamb growth during the first few weeks following
birth [1, 30, 70, 115–116]. Mechanisms of fetal development relating to follicle
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formation and postnatal fibre production were reviewed by [9]. Formation of sec-
ondary wool follicles is initiated between days 80 and 135 of gestation. Secondary
follicles mature and commence fibre production just prior to birth until four to five
weeks after birth [61, 116]. Nutritional restriction during late pregnancy can restrict
secondary follicle initiation, and this effect is exacerbated by poor nutrition during
the early postnatal period [73–74, 115]. The general consensus is that it is more
difficult to influence the formation of primary follicles. Some studies have shown
that progeny born to underfed ewes grow less wool that has a greater fibre diameter
than that of progeny born to ewes fed adequately during pregnancy [27, 73] and that
these differences persist throughout the life of the animal [74]. This is consistent
with a reduction in the number of secondary follicles that are initiated and mature
to produce a wool fibre, and these effects are similar to differences between single-
and twin-born lambs [84].

Most studies of the effects of nutrition on fetal growth and development in rela-
tion to wool production have focused on late pregnancy or have considered a lim-
ited number of nutritional regimens, which may not be applicable to nutrition in
more practical situations. Recently, we studied the effects of a continuum of ewe
nutritional levels during early- to mid-pregnancy or late pregnancy and lactation on
the amount and quality of wool produced by the progeny (Table 1.7). At sites in
Victoria and Western Australia, between 400 and 750 Merino ewes were exposed
to 10 nutritional treatments in each of two years and their live weight profiles

Table 1.7 Regression coefficients (± s.e.) that predict progeny wool characteristics at second
shearing as affected by ewe live weight, rearing type and sex of progeny at research sites in Victoria
and Western Australian. Data represents a combined analysis for 2001 and 2002 (A.N. Thompson
and C.M. Oldham unpublished results)

Sites Factor Clean fleece weight (kg) Fibre diameter (μm)

Victoria Constant 2.87 ± 0.382 17.3 ± 0.52
(n = 1,100) Ewe live weight at mating (kg) 0.010 ± 0.0028 n.s.

Ewe live weight change from
mating to 90 days (kg)

0.019 ± 0.0039 −0.03 ± 0.009

Ewe live weight change from
90 days to lambing (kg)

0.019 ± 0.0035 −0.04 ± 0.009

Twin reared as singletona −0.143 ± 0.0396 0.13 ± 0.103
Twin reared as twina −0.274 ± 0.0316 0.48 ± 0.081
Femaleb 0.29 ± 0.071

Western Constant 3.77 ± 0.133 19.0 ± 0.61
Australia
(n = 460)

Ewe live weight change from
mating to 90 days (kg)

n.s. −0.04 ± 0.015

Ewe live weight change from
90 days to lambing (kg)

0.021 ± 0.0051 −0.04 ± 0.015

Femaleb −0.153 ± 0.0474 0.50 ± 0.120

aComparison with singleton born reared as singleton for clean fleece weight; Comparison with
male singleton reared as singleton for fibre diameter.
bComparison with male.
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during various stages of pregnancy and or lactation were related to the wool pro-
duction capacity of their lambs. The results showed that improving the nutrition
of Merino ewes during pregnancy and lactation increases the fleece weight and
reduces the fibre diameter of their progeny’s wool during their lifetime, and that
the effects of poor nutrition up to day 90 of pregnancy could be completely over-
come by improved nutrition during late pregnancy. A loss of 10 kg in ewe live
weight between joining and day 90 of pregnancy reduced fleece weight by 0.2 kg
and increased fibre diameter by 0.35 microns at the hogget shearing, whereas an
increase of 10 kg in ewe live weight from day 90 to lambing had the opposite effect.
The responses were consistent across birth rank, sire genotype, experimental site
and year (A.N. Thompson and C.M. Oldham unpublished results), and there was
no evidence that progeny wool production could be significantly manipulated by
managing ewe live weight during acute windows of a few weeks’ duration during
pregnancy.

1.2.6 Reproductive Performance

1.2.6.1 Female Reproductive Performance

Sheep

Potential mechanisms relating to reproductive performance as a result of altered
fetal development have recently been studied and reviewed [83, 109, 111] in sheep.
The concept that nutrition during prenatal life may influence reproductive perfor-
mance of offspring was investigated by Gunn [58], who demonstrated reduced num-
bers of lambs born, but not number of lambs marked, because of a low compared
to a high nutritional environment from 6 weeks pre-partum until 12 months of age.
Ovulation rate was reduced because of the low nutritional environment during this
period but only among ewes receiving a low level of nutrition during adulthood. In
a similar study [82], lifetime fertility was not affected in ewes from low (high avail-
able nutrition) and high (low available nutrition) stocking rate systems from con-
ception to 15 months of age, although those exposed to low stocking rates weaned
50% more lambs in total, but weaned less lambs per hectare grazed, than those in the
high stocking rate system. However, fecundity was affected by early-life nutrition.
Lambs of ewes grazed at low stocking rates from conception to weaning at 3 months
of age produced 15 more lambs per 100 ewes lambing compared to those of ewes
grazed at high stocking rates, but only within a low stocking rate adult environment
[82], which contrasts the earlier findings [58]. Although not specific to pregnancy,
these findings suggest that female reproductive performance may be altered by fetal
growth and development. Despite these results, there were no significant relation-
ships between nutrition of Merino ewes during pregnancy and lactation and repro-
ductive performance of the daughters at 5–6 years of age within the Lifetime Wool
study (A.N. Thompson and C.M. Oldham unpublished results).

The timing of maternal nutritional treatments during pregnancy appears to influ-
ence reproductive performance of female offspring. Nutrition of pregnant ewes at
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0.5 and 1.5 times estimated maintenance requirements from day 1 to day 35 of
pregnancy did not affect ovulation rates during their first or second breeding sea-
sons [102]. Similarly, during the second breeding season, when ewes were treated
with pregnant mare serum gonadotropin, differences in ovulation rates because of
maternal nutrition during early pregnancy were not apparent [102]. However, under-
nutrition of ewes from mating to day 95 of pregnancy reduced ovulation rate in
female offspring at 20 months of age compared to offspring of ewes that were fed
adequately during the same period [105]. This regimen did not affect birth weight or
live weight, condition score or reproductive hormonal profiles of the 20 month old
offspring. The proportion of ewe offspring bearing multiple lambs was increased by
supplementary nutrition of their dams during the final 100 days of pregnancy [59].
This finding was attributed to differences in embryonic or fetal mortality because
ovulation rate and ewe live weight and condition score were unaffected by nutrition
during this phase of gestation. Despite these findings, fetal growth retardation of
ewe lambs as a result of overfeeding adolescent ewes throughout pregnancy had no
affect on live weight at puberty and time of onset of puberty, duration of the first
ovarian cycle, incidence and number of ovarian cycles, aberrant ovarian cycles and
duration of the first breeding season [25].

While some studies indicate that maternal nutrition during pregnancy affects
reproductive performance of offspring [59, 105], it is important to recognise that
nutritional restriction during the pre-weaning period may also influence reproduc-
tive performance of offspring [5, 59, 110] and may exacerbate the consequences
of prenatal nutrition on ewe reproductive performance. Again, however, significant
relationships between nutrition of Merino ewes during pregnancy and lactation and
reproductive performance of the daughters to 5–6 years of age were not evident
within the Lifetime Wool Project (A.N. Thompson and C.M. Oldham unpublished
results).

Cattle

Recently it has been shown pregnancy rate of heifers (93 vs. 80%) and percent-
age of heifers calving during the first 21 days of the calving season (77 vs. 49%)
were higher in heifers of dams supplemented with protein during the last trimester
of pregnancy [89]. However, the percentage of heifers cycling at the beginning of
the breeding season, calving dates, calf birth weights and percentage of unassisted
births were not affected by maternal nutritional treatment [89]. Furthermore, var-
ious aspects of reproductive performance in nulliparous heifers and primiparous
cows were not affected by birth weight [118]. These included services per concep-
tion, success at first service, age at and days to first service and to conception, and
conception rates.

We studied ovarian characteristics at slaughter in 30 month old heifers that had
undergone slow or rapid growth in utero following divergent nutritional treatments
commencing from days 30 to 90 of gestation until parturition (birth weights 27.3 vs.
35.9 kg) and/or slow or rapid growth from birth to weaning (average daily gain 501
vs. 806 g/d). Mean ovarian weight (16.6 vs.19.4 g) and mean size of large (>9 mm)
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follicles (14.0 vs. 16.7 mm) were lower among those cattle that had undergone
restricted growth in utero compared to their well-grown counterparts, while effects
on ovarian characteristics due to pre-weaning growth were non-significant and of
lesser magnitude than for prenatal growth [135]. The practical significance of these
findings remains to be established.

1.2.6.2 Male Reproductive Performance

There does not appear to be any published information on the effects of altered pre-
natal development of male ruminants on fertility rates. However, studies with sheep
suggest that adverse effects on reproductive performance of rams are possible after
chronic fetal growth retardation, but not as a result of maternal nutrient restriction
during early- to mid-pregnancy.

Undernutrition of ewes from mating until day 95 of pregnancy resulted in rams
with higher follicle-stimulating hormone concentrations and mean basal and lutein-
ising hormone-induced testosterone concentrations that tended to be higher at 20
months of age than those of well-nourished ewes [105]. Birth weight, live weight,
condition score, testes circumference, indices of semen quality and sex hormone
profiles in response to gonadotropin releasing hormone or luteinising hormone at
20 months of age were unaffected.

Male lambs restricted in growth during fetal life as a result of overfeeding ado-
lescent ewes throughout pregnancy had lower live weight, delayed age at puberty,
reduced testicular volume per unit live weight at 35 weeks of age, lower peak testos-
terone concentrations, and a delay in the timing of the seasonal increase in testos-
terone concentration compared to their counterparts that were well-nourished during
fetal life [25]. Furthermore, male lambs from ewes that maintained weight during
late pregnancy had a significantly lower number of sertoli cells at birth than lambs
from ewes that gained about 20% of their live weight during the same period [13].

1.2.7 Lactational Performance

The reader is referred to the Chapter within this book on management and environ-
mental influences on mammary gland development and milk production [18]. There
appear to be no studies on long-term effects of fetal growth and development on
lactational performance of sheep. However, while it has been suggested that mod-
ulation of early mammary-duct growth during fetal development could affect milk
production [79], birth weight did not influence subsequent lactational performance
of heifer cattle [118].

1.3 Conclusions

Severe, chronic growth retardation of sheep in utero resulting in very low birth
weight may reduce mature size and increase fatness of sheep. However, the effects of
moderate maternal nutritional restriction or fetal growth retardation may not persist
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in the long-term. Consequences of ovine fetal growth retardation may be exacer-
bated or ameliorated depending on the early-postnatal environment. Maternal nutri-
tion during early- to mid-pregnancy may or may not affect postnatal growth and
composition of lambs, and it remains unclear whether effects during this period of
pregnancy are caused entirely by effects on the fetus during or after the period of
altered nutrition, or whether postnatal activity of offspring and indirect effects medi-
ated via the dam during lactation also contribute. The results of a limited number
of studies with sheep have not shown long-term effects of nutrition during preg-
nancy, or of fetal growth, on postnatal efficiency of nutrient utilisation. Similarly,
long-term effects of altered maternal nutrition or fetal growth on meat quality have
not been demonstrated. However, it is well established that nutrition during preg-
nancy, particularly during late-pregnancy, can alter wool production characteristics.
Furthermore, there is some evidence that nutrition during early life may influence
subsequent reproductive performance. As yet, there does not appear to be evidence
to suggest that lactational performance of ruminant offspring is affected by maternal
nutrition during pregnancy or by fetal growth.

Hence, the practice of feeding ewes adequately during late pregnancy and lac-
tation to ensure that fetal and neonatal growth is not seriously compromised will
help to optimise lamb performance. However, the potential of nutritional and other
treatments during early pregnancy to enhance productivity has yet to be realised.

Severe, chronic growth retardation of cattle early in life is associated with
reduced growth potential, resulting in smaller animals at any given age. The capacity
for long-term compensatory growth appears to diminish as the age of onset of severe
nutritional restriction resulting in prolonged growth retardation declines, such that
more extreme intrauterine growth retardation can result in slower growth through-
out postnatal life. However, within the normal limits of beef production systems
restricted growth in utero does not appear to influence efficiency of nutrient utilisa-
tion later in life.

Retail yield from cattle severely restricted in growth during pregnancy is reduced
compared to cattle well grown early in life, when compared at the same age later
in life. However, retail yield and carcass composition of low and high birth weight
calves are similar when compared at the same carcass weight. Restricted prenatal
nutrition and growth have not adversely affected measures of beef quality includ-
ing shear force, compression, cooking loss and colour. Similarly, bovine myofibre
characteristics are little affected in the long-term by growth in utero, despite spe-
cific myofibre type-related effects at birth. Hence, economic benefits resulting from
adequate maternal nutrition during pregnancy, to optimise growth of offspring to
market weights are primarily due to advantages in carcass weight and retail beef
yield at a given age, reduced feed costs to reach a given market weight, stocking
rates and subsequent reproductive rates of breeding cows, but not due to differences
in beef quality characteristics [3].

We propose that within pasture-based production systems for beef cattle, at least,
the plasticity of the carcass tissues, particularly of muscle, allows animals that are
growth-retarded early in life to attain normal or near normal carcass composition
at equivalent weights in the long-term, albeit at older ages. This may well relate
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to regulation of nutrient intake to a level appropriate for the size and lean tissue
growth capacity of the animal, coupled with the capacity of the myosatellite cell
population to generate myonuclei in support of muscle growth over a prolonged
recovery period, as discussed previously for sheep [49–51]. However, the availabil-
ity of feed and quality of nutrition during recovery from severe growth retardation
early in life may be important in determining the subsequent composition of young,
lightweight ruminants relative to their heavier counterparts.

It also needs to be emphasised that further research on long-term consequences of
more specific, acute environmental and exogenous influences during specific stages
of embryonic, fetal and neonatal development is required. This need for further
research extends to consequences of nutrition and growth early in life for subsequent
reproductive and lactational performance. There is also a need for further research
on interactions between prenatal and pre-weaning growth and nutrition for subse-
quent growth, efficiency, carcass, yield and meat quality characteristics, although
these were not evident in cattle within our pasture-based production systems [48,
54]. Furthermore interactions between genotype and nutrition early in life require
further research, despite our studies using offspring of Piedmontese and Wagyu sires
mated to Hereford cows failing to identify interactions for growth, efficiency, car-
cass, yield and beef quality parameters [48, 54].

Finally, in managing the prenatal environment to enhance livestock productivity
the importance of economic [3, 122, 138] and social factors, and of the contribu-
tion of survival and health of offspring and the capacity of dams to re-breed to the
profitability of production systems, cannot be overemphasised.
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Chapter 2
Quantification of Prenatal Effects
on Productivity in Pigs

Pia M. Nissen and Niels Oksbjerg

Introduction

Pigs are a litter bearing species that give birth to an average between 9 and 13
pigs per litter depending on breed and country. The gestation length is 113–115
days. Early gestation ends at around day 40, and mid gestation at about day 80. In
conventional, indoor pig production the lactation period is 3–4 weeks, thus pigs are
weaned at around days 21–28 at a mean live body weight between 6 and 8 kg. In
most countries, pigs are slaughtered when they reach a live body weight between 90
and 120 kg, although production of heavier pigs is common in some counties.

Sow performance and daily gain, feed efficiency and carcass composition of the
offspring are important economic traits in pig production. Factors that affect these
traits are of high interest to pig producers. Birth weight is a good indicator of fetal
development, and is also highly related to postnatal growth performance, especially
in the early postnatal growth phases [26, 31, 54, 73]. Differences in fetal muscle
fibre development are also of great importance for postnatal growth performance,
as the number of muscle fibres is positively correlated to average daily gain [13,
47]. In recent years, as average litter size has increased, the intra-litter variation in
birth weight and postnatal growth performance has also increased. Consequently,
more pigs of low birth weight and reduced viability are born. This presents a great
challenge to the pig producer of today, and efforts to decrease this variation are
required.

Muscle is the most economically valuable tissue in the pig, and therefore the
development of muscle during fetal development has been the focus of many stud-
ies. In the pig, two major populations of muscle fibres develop during fetal life. The
first population, primary fibres, is formed from days 25 to 55 of gestation, and the
second population, secondary fibres, is formed from days 55 to 80–90 after which
the number of fibres is constant (for review see [44]). In several studies where the
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main focus has been to support fetal muscle development by nutrient supplementa-
tion via sow feeding, the periods during which primary and secondary muscle fibres
are formed provide the framework within which it is possible to manipulate muscle
fibre formation.

Fetal growth is dependent on nutrient transfer from the mother across the pla-
centa to the developing fetuses, and restricting sow nutrient intake may lead to per-
manent changes in postnatal growth and growth efficiency in pigs [15]. It is gen-
erally accepted that glucose is the major energy substrate for fetal growth. Fetal
uptake of glucose is a consequence of the glucose gradient between maternal and
fetal blood. In many countries gestating sows are fed restrictively (2–3 kg/day with
a diet containing 16–18% crude protein) or according to their condition, at 30–40%
of their voluntary feed intake. This low feed intake during gestation has led sev-
eral research groups to question whether this allowance is adequate to support fetal
muscle development in particular. However, increased maternal glucose can also be
obtained by treating gestating sows with porcine growth hormone (pGH), and fur-
thermore, dietary L-carnitine may be essential in the transportation of fatty acids
across the mitochondrial membrane for β-oxidation. Thus, various methods have
been evaluated in an attempt to support larger litters during gestation, and thereby
decrease the variation in birth weight, survival, muscle development and postnatal
growth performance.

In this chapter we describe quantitative aspects of the performance of sows and
their offspring in relation to (i) litter variability, (ii) increased sow feed intake, (iii)
sow protein intake, (iv) sow dietary supplementation with L-carnitine, and (v) sow
treatment with pGH.

2.1 Litter Variability

There is a large variation in birth weight within a litter of pigs. This variation is
believed to be partly caused by undernutrition in utero of the low birth weight pigs
[14], but also the influence of genetics on the growth of the fetuses in utero. Gener-
ally, pigs with a low birth weight grow more slowly during postnatal life than their
heavier littermates and therefore have a lower body weight when slaughtered at the
same age [29].

Within some litters of pigs, one or two pigs are observed to be much smaller
at birth than the rest of the litter. These pigs are called runts and are charac-
terised by having a birth weight 2.5 standard deviations below the mean of the
litter (i.e. < 0.8 kg). Runt pigs are thought to be a subpopulation within a lit-
ter, which has suffered from extreme undernutrition during fetal development [28,
30, 53]. They have a lower average postnatal daily gain, and when fed ad libi-
tum their feed intake is less than normal-sized pigs [10, 62]. Reference to ‘low
birth weight’ pigs in this chapter does not include runt pigs, unless otherwise
stated.
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2.1.1 Litter Size and Birth Weight

During the last 10–20 years genetic selection for increased litter size has increased
the number of pigs born by 0.3 pigs/litter/year under Danish conditions resulting in
an average litter size of approximately 13 in 2006 [68]. This increase in litter size has
caused the variation in pig body weight at birth to increase, with the consequence of
more pigs born with low birth weight. The negative relationship between litter size
and pig birth weights has been studied by Milligan et al. [38] and Quiniou et al. [54].
In the research by Milligan et al. [38], 52 sows were studied through eight parities,
and the litters were categorised into those below 9, between 9 and 11, and above
12 pigs per litter. The results from their study showed that the mean birth weight
of the smallest pigs decreased from 1.05 to 0.90 kg in litters with below 9 to those
above 12. The mean birth weight of the largest pigs decreased from 1.57 to 1.38 kg
in the same litters. Mean weaning weights also decreased when litter size increased.
Survival rate between birth and weaning decreased in low birth weight pigs from
83.6 to 63.1% and in high birth weight pigs from 92.3 to 91.9% in litters of less
than 9 and above 12, respectively. In the study by Quiniou et al. [54], the litters
were divided into four litter size classes: below 11, between 12 and 13, between 14
and 15, and above 16. In this study, the mean birth weight decreased from 1.59 to
1.26 kg in litters with less than 11 and above 16 pigs, respectively. The within litter
variation in birth weight increased with increasing litter size, and the percentage of
small pigs at birth increased from 7 to 23% in litters with less than 11 and above 16
pigs, respectively.

Birth weights of the lightest and the heaviest pigs within litters are presented for
several studies in Table 2.1. There are significant differences between the littermate
birth weights in all studies. The lowest birth weight was found to be 1.05 kg by
Gondret et al. [26] and the heaviest birth weight to be 1.9 kg by Poore and Fowden
[52]. Generally, it is difficult to compare birth weights between studies, as the def-
initions of birth weight classes differ. Thus, Gondret et al. [26] grouped their pigs
in two groups, where the low birth weight pigs were between 0.75 and 1.25 kg, and
pigs within the heavy birth weight group were between 1.75 and 2.05 kg. Poore and
Fowden [52] defined their low birth weight class as being below 1.47 kg, and the
heavy birth weight class as being above 1.53 kg. There are also large differences in
litter size between countries and breeds, and consequently between studies, which
influence birth weights as referred to previously.

Variation in litter size and birth weight among breeds has been the focus of
several studies. Comparison of Chinese Meishan pigs with commercial European
or U.S. pig breeds has revealed large differences in the efficiency of the placenta
to support fetal growth with subsequent impacts on litter size and birth weights.
Meishan sows farrow three to four more live pigs per litter than European and U.S.
sows [22]. The higher number of fetuses in the Meishan sows has consequences for
fetal weight, with the average weight at day 110 of gestation being 1.4 kg in York-
shire and 0.9 kg in Meishan breeds. In the European breeds the embryos develop
asynchronically during the early implantation period, which causes a high loss of
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Table 2.1 Intra-litter variation in birth weight and postnatal performance

Body
weight
class1

Birth
weight, kg Period

Feeding
strategy

Daily
gain,
g/day

Feed
intake,
kg/day

Feed:
Gain,
kg/kg

Meat
percentage References

LW
HW

1.05a

1.89b
Birth
to 100 kg

ad libitum 650a

690b
2.28
2.25

2.69a

2.49b
61.1a

63.0b
[26]

LW
MW
HW

1.47a

1.50a

1.71b

30 kg
to 104 kg

ad libitum 810a

935b

1,038b

60.0
60.1
59.5

[42]

LW
HW

1.13a

1.90b
Birth
to 3
months

ad libitum 249a

392b
[52]

LW
HW

1.27a

1.76b
25 kg
to 105 kg

Restrictive 800
810

1.87
1.87

2.33
2.33

59.8
59.7

[3]

LW
MW
HW

1.39a

1.55b

1.73c

30 kg
to 110 kg

Restrictive 813a

865b

869b

57.9a

58.8b

59.5b

[31]

LW
HW

1.32a

1.83b
6 kg to
110 kg

ad libitum 796a

851b
1.78a

1.87b
2.24
2.19

55.1
54.9

[73]

1LW = low weight; MW = middle weight; HW = heavy weight. Classes are birth weight classes
within litter in all papers except for [42] where the classes refer to slaughter weights within litter
at the same age.
a, b, cWithin study and column, numbers with different superscripts differ significantly (P < 0.05).

embryos at this stage, whereas in the Meishan breed embryos develop more syn-
chronously and less embryos are lost [22, 72]. This may be due to changes in the
uterine environment in the highly selected U.S. and European breeds, which may
have negative consequences for less developed fetuses. As the fetuses in the U.S.
and European breeds have higher fetal growth rates, continued placental growth to
support fetal growth is required, whereas the Meishan breed increases the density
of placental blood vessels and, thereby, the efficiency of nutrient transfer across the
placenta without increasing placental growth. Thus, placental growth and efficiency
are very important for litter size and birth weight and, therefore, for the overall out-
come of pregnancy.

Litter size in early gestation also affects the birth weight of the pigs. A larger
number of fetuses per litter in early gestation cause lighter pigs at birth, even if the
litter size is the same at birth as in litters with fewer fetuses in early gestation [48].
This may be due to a higher competition among fetuses during the implantation
period in large litters, which has a negative effect on early placental development
and growth, and thereby on placental capacity during later gestation. In support of
this notion, Père et al. [48] found the weight of placenta at day 112 of gestation to
be less for fetuses originating from litters with a larger number of fetuses in early
gestation. The position of the fetus within the uterus has also been suggested to
affect fetal growth and therefore birth weight [46], as fetuses positioned near the



2 Quantification of Prenatal Effects on Productivity in Pigs 41

ovaries are heavier than other fetuses. This may only be apparent in late gestation,
where the competition for nutrients becomes more important, as other studies have
not been able to show an association between fetal growth and uterine position in
mid gestation [2, 43].

The extent to which growth and development of individual fetuses is similar
between sexes has also been studied. Parfet et al. [46] found the average birth weight
of male pigs to be 5.5% higher than that of female pigs and the survival rate to be
equivalent. In contrast, Bee [3] did not find any significant difference in birth weight
between sexes. Furthermore, the sex of adjacent fetuses does not seem to influence
the birth weight of either males or females [46].

2.1.2 Postnatal Performance

Positive relationships between birth weight and postnatal growth rate have been
observed in several studies (Table 2.1). Generally, daily gain over different time peri-
ods from birth to slaughter shows that low birth weight pigs grow more slowly than
high birth weight pigs. When dividing the postnatal growth into growth phases, there
are contradictory results on the impact of birth weight on the growth rate within
these phases. The average daily gain during suckling has been found to be signifi-
cantly different between low and high birth weight pigs in most studies [3, 26–27,
31, 52, 54], whereas Wolter et al. [73] did not find this relationship to be significant.
In the growth phase between weaning and approximately 30 kg live body weight,
the average daily gain was found by several authors [26–27, 73] to be significantly
lower for pigs of low compared to high birth weight, although Bee [3] did not find
this relationship. In the final growth phase from approximately 30 kg until slaughter
at 100–110 kg, Bee [3] and Gondret et al. [27] did not find a significant difference in
average daily gain between low and high birth weight pigs, whereas Heyer et al. [31]
and Gondret et al. [26] did find a significant difference. Wolter et al. [73] divided
this latter growth phase in two and found a significant difference in daily gain from
65 to 110 kg between low and high birth weight pigs, but not between 25 and 65 kg.
Taking the overall average daily gain from birth until slaughter at about 100–110 kg
into consideration, the results from most studies show a significant positive rela-
tionship between birth weight and daily gain. Poore and Fowden [52] also studied
growth until the pigs reached 12 months of age. At 12 months the low birth weight
pigs weighed 152.8 kg, whereas the high birth weight pigs weighed 169.4 kg. In this
study the growth rate was found to be significantly different for low and high birth
weight pigs between birth and 1 month as well as to 3 months of age, whereas it
was not significant over the entire postnatal period from birth to 12 months of age.
Taken together, there appears to be a close relationship between birth weight and
postnatal growth during the early growth phases, whereas the relationship becomes
weaker as the pigs age.

When pigs with a large difference in birth weight compete for milk, those with
the highest weight have an initial advantage. The largest pigs generally find the
best teats and are more efficient in activating the teat to produce more milk. During
suckling it is therefore likely that the feed intake of the low birth weight pigs is less
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than that of the high birth weight pigs, and this difference in feed intake will affect
growth performance. In accordance with this, Campbell and Dunkin [7] showed
that high birth weight pigs consume more milk per suckle than low birth weight
pigs, although the relative milk consumption (kg milk/kg body weight) did not dif-
fer between birth weight classes. When supplementing pigs with milk replacer dur-
ing suckling, a significant difference in milk replacer intake between low and high
birth weight littermates was found, with the high birth weight pig having the high-
est intake [73]. Thus, even when pigs have the opportunity to increase their feed
intake by supplementation, low birth weight pigs consume less than their heavier
littermates during the suckling period.

The average daily feed intake from weaning until slaughter was found by Wolter
et al. [73] to be significantly higher for high than for low birth weight pigs when
fed ad libitum. When fed restrictively, the potential of the high birth weight pigs for
feed intake, feed utilisation and growth may not be reached, and therefore possible
differences in growth potential between low and high birth weight pigs may be lev-
elled out. Thus, the difference in growth potential between the low and high birth
weight pigs may depend on the feeding strategy. The ability of the pigs to utilise the
feed for growth, i.e. the feed-to-gain ratio, has been measured in some studies. Bee
[3] and Wolter et al. [73] did not find any difference in the feed-to-gain ratio of low
and high birth weight pigs from day 30 until slaughter or from weaning to slaughter.
Even though Gondret et al. [26] did not find a difference in feed intake, they did find
a significantly lower feed-to-gain ratio in high birth weight pigs than in low birth
weight pigs, which showed that pigs of higher birth weight grew more efficiently.

Variation in growth between the low and high birth weight littermates may also
be related to the number of muscle fibres developed during fetal life. Accordingly,
fewer fibres in various muscles were found in the low compared to the high birth
weight littermates selected at birth [26–28, 60] or at slaughter [42]. Significant cor-
relations have been found between the number of muscle fibres and growth perfor-
mance, with the number of muscle fibres formed during fetal development directly
related to postnatal daily gain (r = 0.42) [13, 47] and inversely related with feed-to-
gain ratio (r = –0.41) [13].

It is well known that gender affects postnatal growth in pigs. Poore and Fowden
[52] also found an interaction between birth weight and gender in relation to post-
natal growth rate. In this study, low birth weight entire male pigs exhibited catch-
up growth during the first 3 months of age, and this was not evident to the same
extent in low birth weight female pigs. This catch-up growth resulted in the weight
of low and high birth weight male pigs being equal at both 3 and 12 months of
age, whereas low birth weight female pigs continued to be smaller than high birth
weight female pigs at both 3 and 12 months. The gender of adjacent fetuses dur-
ing development may affect the postnatal growth rate of male but not female pigs,
depending on the feeding strategy. When pigs are fed a restricted diet during growth
and are kept in groups, male pigs that were positioned between two males in utero
exhibit significantly higher growth rates postnatally than males positioned between
females or between a male and a female [46]. The authors explain this as either
a direct effect of the environment in utero, or an indirect effect of the behaviour
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of the males postnatally dependent on the position in utero, as males positioned
between males generally behave more aggressively than males positioned next to a
female. This may favour the feed intake of the more aggressive males compared to
the other littermates under restrictive feeding conditions, and thereby enhance the
postnatal growth rate of these aggressive males. However, this difference in growth
rate between aggressive males positioned between two males in utero and other lit-
termates is not seen under ad libitum feeding postnatally, as the other littermates
have free access to feeding and therefore can feed at other times than the aggressive
males [46].

2.1.3 Carcass Composition

Factors such as genetics, nutrition and hormones that affect fetal growth may also
influence carcass composition at slaughter, as the development of different tissues
may not be equally affected. In pigs, the distribution of lean and fat tissue is of great
importance for the meat industry, and is a basis for payment to producers. Intra-
litter variation in carcass composition may therefore be of considerable importance
for both producers and for the meat and processing industry. In most countries a
lean meat percentage is estimated at the slaughterhouses, and this estimate provides
a general indicator of the distribution of meat and fat content in the carcass. There
are contradictory results regarding differences in lean meat percentage between low
and high birth weight pigs (Table 2.1). When the pigs are slaughtered at the same
weight, both Heyer et al. [31] and Gondret et al. [26] found a significant difference
in lean meat percentage, which was higher in high than in low birth weight pigs.
This is in contrast to Wolter et al. [73], Bee [3] and Gondret et al. [27], who did not
find any difference in lean meat percentage between birth weight categories. Also,
a comparison of the slowest and the fastest growing pig within a litter did not reveal
any differences in lean meat percentage at the same age [42]. The feeding strategy
used differed among these studies but did not explain the differing results.

Backfat thickness can be measured at different anatomical positions and may
therefore not be directly comparable between studies. Generally, backfat thickness is
measured between the third and fourth lumbar vertebra or just behind the last rib and
approximately 5 cm from the mid-line. When pigs within a litter are slaughtered at
the same weight, Gondret et al. [26] found a significantly higher backfat thickness in
low than in high birth weight pigs. When performing a carcass dissection into meat
and fat, Bee [3] also found a significantly higher adipose tissue yield in low than
in high birth weight pigs. In contrast to this, others have not found this difference
in backfat or adipose tissue yield between low and high birth weight pigs when
slaughtered at the same weight [27, 31, 73].

The different muscles in the body have their own specific function, and some
muscles are more vital than others. In the case where the low birth weight pigs have
suffered from undernutrition during fetal development, it may well be that more
vital muscles have developed normally, while other less vital muscles have been
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more influenced by undernutrition. In accordance with this, Heyer et al. [31] found
that the percentage of M. semimembranosus et adductor, M. gluteus and M. biceps
femoris in the ham was higher for high than for low birth weight pigs, whereas
M. psoas major, M. semitendinosus and M. quadriceps did not differ. Also, Bee
[3] and Gondret et al. [27] did not find the weight of M. semitendinosus differed
between low and high birth weight littermates. The percentage of ham in the car-
cass was also found to be higher in high than low birth weight pigs [26, 31]. The
percentage of loin in the carcass was found by Gondret et al. [26] to be higher in
high birth weight pigs, while Heyer et al. [31] did not find any difference between
different birth weight classes.

Gender is also known to affect the carcass composition in pigs and, as for post-
natal growth rate, Poore and Fowden [52] found an interaction between gender and
birth weight in relation to backfat thickness at 5 different anatomical locations along
the back. This interaction showed that low birth weight of female pigs resulted in
increased fat depth at 12 months, whereas fat depth was not related to birth weight
in male pigs at 12 months of age.

2.2 Feeding of the Sow During Gestation

Nutrient supply reaching the fetus is critical for fetal growth, and is largely affected
by the nutrients fed to the sow during gestation. Both the amount and the composi-
tion of the feed fed to the sow during pregnancy affect fetal growth as, to some
extent, the nutrients regulate nutrient uptake and utilisation by the placenta and
fetuses either directly or indirectly through hormonal mechanisms. The nutrient sup-
ply to the fetuses during late gestation, where most of the fetal growth takes place,
is of great importance, although the nutrient supply during early and mid gestation
may also affect fetal growth. Proliferation of progenitor cells and differentiation of
cells into specific tissues occur in early gestation, and differences in these processes
may have effects on later development [5, 63].

Requirements for energy during gestation vary to a certain degree during the
gestation period. Generally, pregnant sows are restrictively fed, and energy require-
ments during gestation are between 20 and 35 MJ ME per day (2–3 kg/day) [24, 41].

In this section, differences in sow feed intake, protein intake and supplementa-
tion with dietary L-carnitine in relation to sow and offspring performance will be
discussed. Reference to increased or decreased feed intake in the following section
equates with animals fed above or below requirements.

2.2.1 Sow Performance

2.2.1.1 Feed Intake

Several authors have investigated the influence of increased or decreased sow feed
intake on sow and litter performance (Table 2.2). However, the extent and timing of
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Table 2.2 The influence of sow feed intake during gestation on sow and litter performance

Treatment
window
during
gestation

Feed
intake,
kg/day

Fetal/pig
age Litter size

Litter
weight,
kg

Average
fetal/pig
weight, g

Sow weight
gain, kg References

Throughout 0.79
2.35

Birth 760
1,100

[6]

Throughout
Day 25–50
Day 50–80
Day 25–80

2.5
5.0
5.0
5.0

Birth 11.4
14.6
11.2
11.8

15.6
17.4
15.4
15.9

1,570
1,410
1,500
1,510

[15]

Throughout
Day 25–50
Day 25–70

2.0
ad lib
ad lib

Birth 12.1
12.5
12.9

1,500
1,500
1,500

50a

85b

104c

[41]

Throughout
Day 30–45
Throughout
Day 30–55

1.81
7.0
2.11
7.0

Day 46

Day 56

9.83
11.33
11.67
10.50

21.1
18.4
96.6
97.6

4.32
34.0
2.11
41.2

[39]

Throughout
Day 25–85
Day 25–85
Day 25–85

2.3
3.11
3.90
4.60

Birth 11.5
12.1
13.0
12.4

1,540
1,640
1,480
1,600

[31]

Throughout
Day 0–50
Day 0–50

2.8
4.0
1.7

Birth 1,580
1,420
1,540

20.4
24.3
18.6

[3]

Throughout
Day 25–50
Throughout
Day 25–70

2.0
ad lib
2.0
ad lib

Day 50

Day 70

14.0
16.3
13.4
12.8

0.594
0.641
3.322
3.390

45
44
262
290

[43]

a,b,cWithin study and column, numbers with different superscripts differ significantly (P < 0.05).

the increase or decrease in feed intake during gestation differs greatly among stud-
ies. Provision of sows with ad libitum access to feed during early to mid gestation
increases the feed intake during the period of ad libitum feeding from two to four
times compared with sows fed according to requirements [41, 39]. The weight gain
of these sows during gestation is significantly increased by ad libitum compared
with restrictive feeding. In other studies, the feed intake during gestation has been
doubled [15], increased by 30% [3, 24], or increased by 35, 70 or 100% [31] dur-
ing early to mid gestation. In most studies the increased feed intake in early to mid
gestation caused a significant increase in sow body weight gain. A 30% increase
in feed intake during early to mid gestation did not increase the backfat thickness
significantly although the body weight increased [3, 24]. However, a 40% reduction
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in feed intake during early to mid gestation compared with feeding to requirements
significantly reduced the sow body weight gain and backfat thickness [3].

Litter size measured as the total number of pigs born or the number of pigs born
alive was not affected by increased sow feed intake in most studies [3, 15, 24, 41].
In the study by Heyer et al. [31] a 70 or 100% increase in feed intake caused a ten-
dency towards increased total number of pigs born in the second, but not the first
parity, but the number of live-born pigs did not differ significantly despite a numer-
ical increase (from 11 in control sows, to 13.8 and 13.0 in sows offered 70 or 100%
additional feed, respectively). More pigs were weaned per litter when feed intake
was increased by 70 or 100% compared with control sows [31]. Taken together,
increased feed intake from around day 25 until mid gestation does not seem to sig-
nificantly affect the number of pigs born per litter. Even though sows are already
fed restrictively when fed to requirements, Bee [3] found no effect on litter size
at birth or at weaning after a 40% reduction in feed intake during early to mid
gestation.

Several authors have found that increased feed intake throughout or during stages
of gestation has a negative effect on sow feed intake during lactation [9, 12, 71],
which may influence milk yield. In the study by Nissen et al. [41] no effect of ad
libitum feed intake from day 25 to day 50 or 70 of gestation was found on estimated
milk yield over a 3-week lactation period. In this study, the feed intake during lac-
tation was also not affected by gestational feed intake, consistent with the findings
of Mahan [37].

2.2.1.2 Protein Intake

Besides overall feed intake, protein intake during gestation is also important for
fetal growth and development. To some extent, maternal tissues can buffer the
fetal demand for protein through tissue mobilisation, but in cases where the pro-
tein restriction is very severe or prolonged, this may be inadequate to support fetal
growth and development. In these latter cases, birth weights, postnatal performance
and carcass composition will be affected. A high degree of mobilisation of maternal
tissues during severe and prolonged protein restriction will affect maternal weight
and fat distribution, which may have consequences for milk production and the suc-
cess of the subsequent gestation.

Feeding protein-free diets (< 0.5% protein) either throughout or in specific
periods of gestation has far-reaching consequences for sow body weight gain and
backfat thickness during gestation. A protein-free diet throughout or within specific
periods of gestation reduces the body weight of the sow from breeding to parturi-
tion compared with sows fed a control diet [49–50]. This means that despite being
pregnant the sow actually loses weight during gestation, and that the weight loss is
influenced by duration during which the protein-free diet is fed to the sow. In a more
recent study the dietary intake of protein was either reduced or increased relative to
requirements from day 25 of gestation until parturition [35]. In this study, the body
weight gain of the sow was significantly influenced by protein level during gesta-
tion. A protein-free diet throughout gestation also reduced backfat thickness of the
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sow [50]. Reduced or increased protein intake from day 25 of gestation to parturi-
tion does not have any significant effect on backfat thickness compared with sows
fed according to requirements, but the backfat thickness was significantly reduced
in sows fed a low compared with a high protein diet [35]. Feeding a protein-free
diet over 2 successive parities showed that both body weight and backfat thickness
mainly decreases during the first parity, whereas in the second parity there is little
change [50]. Both body weight and backfat thickness are lower from the start of the
second parity on a protein-free diet compared with control fed sows.

The total number of pigs born and the number of pigs born alive are not affected
by protein level during gestation. Several authors have investigated the effect of
feeding either a protein-free diet throughout or during specific periods of gestation,
and of increased or decreased protein intake at different stages of gestation, and there
was no effect on litter size at birth found in any of these studies [23, 49–50, 65].

The established negative effects of sow protein intake on body weight and backfat
gain during gestation may have serious consequences for mammary gland develop-
ment, lactational performance and therefore on pig milk intake, survival and weight
gain during suckling. Unfortunately, this has not been the focus of most studies on
protein intake during gestation. The authors are only aware of one study in which
the milk yield has been measured after differences in protein intake during gesta-
tion. In this study, protein level from day 25 of gestation to parturition was either
decreased or increased compared with requirements [35]. The milk yield increased
significantly with increased protein intake, and this was evident at days 8 and 18 of
lactation.

2.2.1.3 Supplementation with L-Carnitine

The primary role of L-carnitine is to transport long and medium chain fatty acids
across the mitochondrial membrane for β-oxidation, although it is also involved in
protein synthesis and glucose homeostasis [11, 45]. Feeding L-carnitine to pigs dur-
ing growth enhances protein accretion and decreases backfat thickness, suggesting
an increased ability of the pigs to utilise fat as an energy source, and to use carbon
for amino acid synthesis and branched-chain amino acids for protein synthesis [45].
This change in metabolism upon supplementation with L-carnitine may be benefi-
cial for sow performance, and for fetal development and growth when supplemented
to sows during gestation. In most studies, L-carnitine is supplemented at 125 mg/day
per sow during gestation and at 250 mg/day per sow during lactation. Unless stated
otherwise, these levels of supplementation apply within the sections below concern-
ing L-carnitine. Results from research on L-carnitine supplementation of sows are
summarised in Table 2.4.

There seems to be controversy regarding the weight gain of sows during gestation
when L-carnitine is supplemented from mating until parturition. Ramanau et al.
[55, 57] found no effect of L-carnitine supplementation during gestation on sow
body weight gain, whereas Eder et al. [16] and Ramanau et al. [56] found an increase
in body weight gain from mating until day 85 of gestation, and Musser et al. [40]
found an increase in body weight from breeding until day 112 of gestation. In this
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latter study, the supplementation during gestation was 100 mg/day per sow. Also,
changes in backfat thickness with L-carnitine supplementation are reported in some
studies but not in others. Ramanau et al. [55, 57] found no effect of L-carnitine
supplementation during gestation on backfat thickness at parturition, whereas there
was an increase in backfat thickness from breeding until day 112 of gestation after
L-carnitine supplementation in the study of Musser et al. [40]. The reasons for these
differences are not obvious.

Litter size is related to ovulation rate and survival rate of embryos especially in
early period gestation. Changes in sow metabolism during gestation when supple-
mented with L-carnitine may well affect embryo survival and therefore the number
of pigs born. In support of this hypothesis, fetal litter size at approximately day 57
of gestation was found to be increased from 10.8 in control sows to 15.5 in sows
supplemented with 100 mg/day of L-carnitine from the day of breeding until day
57 of gestation [70]. Some authors have also found an increase in the total number
of pigs and number of live pigs born to sows supplemented with L-carnitine during
gestation [4, 57]. In contrast, several other studies have not found any difference in
total number of pigs and number of live pigs born to control or supplemented sows
[16, 40, 55–56].

Supplementation with L-carnitine during both gestation and lactation has a large
impact on milk yield. In two studies, milk production was measured at days 11 and
18 of lactation, and in both studies milk yield was increased significantly in sows
that were supplemented with L-carnitine [55, 57]. Concentrations of fat, protein,
lactose and gross energy did not differ between milk from supplemented and non-
supplemented sows in either of these two studies.

Thus, there are very conflicting results regarding sow performance when
L-carnitine is supplemented throughout gestation, although the positive effect
on milk yield of supplementation during both gestation and lactation are very
convincing.

2.2.2 Fetal Growth and Birth Weight

2.2.2.1 Feed Intake

An increased sow feed intake may increase the supply of nutrients to the fetuses,
and thereby influence fetal development and growth. A summary of the influence of
sow feed intake on fetal and birth weight is presented in Table 2.2. In two studies,
sows were fed either restrictively according to requirements or ad libitum during
early (from approximately day 25) to mid-gestation [39, 43]. After the period of ad
libitum feeding the sows were slaughtered, and the fetal weights recorded. There
was no difference in average fetal weight, average litter weight or number of fetuses
per litter between ad libitum and restrictively fed sows in either study. In the study by
Musser et al. [39] the relationship between number of fetuses per sow and average
fetal weight was examined separately for ad libitum- and control-fed sows. This
revealed that a negative relationship existed in control-fed sows, whereby average
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fetal weight decreased with increasing litter size, whereas in ad libitum-fed sows no
significant relationship was evident. Thus, variation in fetal weight seems to be less
in litters from ad libitum-fed than control-fed sows.

In most studies the birth weight of pigs has not been found to be greater as a
result of increased sow feed intake during gestation. In one study, Buitrago et al. [6]
found a difference of 30% in birth weight of pigs from dams fed either a low or high
feed intake throughout gestation, although this difference was not significant. This
is consistent with several other studies where increased feeding level was in early
to mid gestation only and no differences in birth weight were found among treat-
ments [3, 15, 24, 31, 41]. An increase in sow feed intake throughout or in specific
periods of gestation does not seem to have an effect on body weight of individual
fetuses nor on litter weight. Most studies have been conducted during the first two
thirds of gestation, when fetal growth rate is low compared with the last third. The
nutrient requirements to support fetal growth may well be met when sows are fed
according to requirements during this part of gestation, and therefore no beneficial
effect of increased nutrient supply on fetal growth occurs. Whether it has an effect
on development of the individual tissues however is discussed later.

2.2.2.2 Protein Intake

Results from some studies where sows have been fed different amounts of protein
during gestation on fetal growth and birth weights are summarised in Table 2.3.

Severe protein restriction during early gestation (days 0–63) tended to decrease
the fetal body weight at day 63, but there was no effect on crown-rump length
and heart girth [65]. In this same study, placental weight was significantly reduced
when sow protein intake was restricted, suggesting that the capacity of the placenta
to support continuous fetal growth during late gestation may be impaired. This is

Table 2.3 The influence of sow protein intake during gestation on sow and litter performance

Treatment
window
during
gestation

Protein
content
of feed Fetal/pig age

Number of
fetuses/pigs

Litter
weight, kg

Average
fetal/pig
weight, g References

Throughout
Day 0–16,
21 to term
Day 25 to
term

Control
0

0

Birth 10.7
11.0

9.2

1,120a

880b

1,090a

[49]

Throughout 0 10.0 750c

Throughout
Throughout

13%
0.5%

Birth 11.1
8.4

14.4a

8.3b
1,365a

1,000b
[50]

Day 0–63
Day 0–63

13%
0.5%

Day 63 10.5
12.2

155
145

[65]

a, b, cWithin study and column, numbers with different superscripts differ significantly (P < 0.05).
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supported by several other studies in which birth weight was significantly reduced
when the feed intake of sows was severely restricted or they were fed protein-free
diets either throughout or for periods of gestation [49–50, 66]. Less severe protein
restriction during gestation does not seem to have an effect on pig birth weight
or measurements of anatomical proportions such as crown-rump length, abdominal
circumference and skull width[23, 32].

2.2.2.3 Supplementation with L-Carnitine

Effects of L-carnitine supplementation on fetal growth and birth weights from dif-
ferent studies are shown in Table 2.4.

L-carnitine supplementation from the day of mating until approximately day 57
of gestation did not have any significant effect on individual fetal weight or crown-
rump length at day 57 of gestation compared with non-supplemented sows [70].
Although not significant (P = 0.07), total litter weight was numerically higher for
supplemented compared to non-supplemented sows (1,450 versus 989 g). This could
be explained by a significantly higher number of fetuses in supplemented sows, as
discussed earlier.

At birth, there are again conflicting results regarding the effect of L-carnitine
supplementation on individual and litter weights. Two studies showed that average
pig birth weight increased when sows were supplemented with L-carnitine during
gestation [40, 56], while another study found that birth weight decreased with sup-
plementation [57]. Total litter weight at birth was found by Ramanau et al. [56–57]
to be higher after supplementation. In contrast, neither Eder et al. [16], Birkenfeld
et al. [4] nor Ramanau et al. [55] found any significant effect of L-carnitine supple-
mentation on individual or litter birth weight, although a tendency (P = 0.055) for
an increase in birth weight of individuals after supplementation of sows was found
by Eder et al. [16].

The reason for the conflicting results regarding birth weight and litter size is not
obvious, but in some experiments the number of animals studied has been low and
may therefore not be suitable for investigations of litter traits. More and possibly
larger studies are needed to elucidate the effects of L-carnitine on litter performance.

2.2.3 Postnatal Growth

2.2.3.1 Feed Intake

The influence of increased sow feed intake during gestation on postnatal growth
performance of the offspring has been the focus of several studies, and some of the
results from these studies are summarised in Table 2.5.

Weaning weights are closely linked to birth weights and to the milk yield of the
sow from parturition until weaning. As discussed in the previous sections, birth
weights and milk yield were not found to be influenced by increased sow feed
intake throughout or in specific periods during early to mid gestation. In most of the
studies reviewed for this chapter, weaning weights were not affected by sow feed
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Table 2.5 The influence of sow feed intake during gestation on postnatal growth performance of
the offspring

Postnatal performance of offspring
Treatment
window
during
gestation

Sow feed
intake, kg/d

Feed
intake,
kg/day

Daily
gain,
g/day Feed:Gain

Meat
percentage References

Throughout
Day 25–50
Day 25–70

2 kg
ad libitum
ad libitum

ad libitum 924
893
967

59.9
59.9
59.9

[41]

Throughout
Day 0–50
Day 0–50

2.8
4.0
1.7

1.86
1.88
1.88

810a

790b

810a

2.27a

2.38b

2.33c

59.9
59.7
59.7

[3]

Throughout
Day 25–85
Day 25–85
Day 25–85

Throughout
Day 25–85
Day 25–85
Day 25–85

1st parity
2.3
3.11
3.90
4.60
2nd parity
2.3
3.11
3.90
4.60

Pigs were
scale fed
according
to Swedish
standards

830a

872b

819a

874b

880a

848ab

814b

815b

58.6
59.1
59.1
58.2

57.4
58.4
58.9
58.4

[31]

Throughout
Day 25–80

2.5
5.0

2.09
2.13

840a

924b
2.49a

2.31b
[15]

Throughout
Day 45–85

3.0
+50% or
+75%1

1.82
1.82

799
786

2.30
2.33

54.2
53.0

[8]

1+50% for 1st parity and +75% for 2nd parity.
a, b, cWithin study and column, numbers with different superscripts differ significantly (P < 0.05).

intake during gestation [3, 6, 15, 31, 41]. In contrast, Gatford et al. [24] did find an
increased weaning weight of pigs from sows with high feed intake from days 25 to
50 of gestation. As the birth weight of these pigs did not differ between sow feeding
strategies during gestation, the growth rate of pigs from sows fed a higher allowance
was increased from birth to weaning compared with pigs from sows fed according
to requirements. Whether this increase in growth rate during suckling was due to
greater milk production of the sow, better feed conversion efficiency of the pigs, or
whether the offspring were better at stimulating milk production, is not known.

With regard to the growth rate from weaning until slaughter of offspring from
sows fed different amounts of feed during specific periods of gestation, the results
are more contradictory. In two studies, where the sows were fed either 35, 70 or
100% above requirements from days 25 to 85 of gestation [31] or 30% above
requirements from days 0 to 50 of gestation [3], average daily gain was found to be
lower in offspring from sows fed above requirements except from first parity sows.
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For first parity sows the results were less clear, as the growth rate was increased in
offspring from sows fed 35 or 100% above requirements, whereas it was not dif-
ferent from controls in offspring from sows fed at 70% above requirements [31].
In contrast, studies by Nissen et al. [41] and Gatford et al. [24] showed no positive
effect of increasing the feed intake of sows from days 25 to 50 or 70 of gestation on
average daily gain of the offspring. A non-significant negative effect of higher feed
intake by sows from days 25 to 50 of gestation was found on average daily gain,
carcass weight and muscle deposition rate of the offspring. In this same study an
interaction showed that it was mainly the slow-growing pigs that were negatively
affected by increased sow feed intake during gestation. Thus, the slow-growing pigs
within a litter exhibited even slower growth postnatally following increased sow
feed intake compared to slow-growing pigs from control fed sows, whereas faster-
growing littermates were not affected by sow feed intake [41]. Cerisuelo et al. [8]
increased the feed intake of sows during mid gestation only (days 45–85). In one
of two replicates average daily gain was increased from weaning to day 62 of age
in offspring from supplemented sows, whereas no effect of increased feed intake
was found between days 63 and 184. When pigs were divided into weight groups
at weaning, only the lightest pigs showed an increase in growth rate [8]. In an ear-
lier study where sows were fed at double the requirement from days 25 to 80 of
gestation, the average daily gain of the offspring from weaning to day 70 of age
was not different between treatments, whereas offspring from sows fed double the
requirement had significantly faster growth from days70 to 130 [15].

Feed efficiency (feed-to-gain ratio) has only been measured in a few of the above
mentioned studies. In that of Bee [3], the feed-to-gain ratio was increased in off-
spring from sows fed increased amounts of feed during early gestation, meaning
that the amount of feed per weight gain was higher in these pigs. In contrast,
Dwyer et al. [15] found feed-to-gain ratio decreased in offspring from sows fed
double the amount normally fed in early to mid gestation. Accordingly, pigs from
sows fed increased amounts during early gestation had a slower rate of postnatal
growth in the study by Bee [3], whereas the growth rate was increased in the study
by Dwyer et al. [15].

There are inconsistent results with respect to the number of muscle fibres in the
offspring in response to increased sow nutrition in early to mid gestation. Dwyer
et al. [15] found that the smaller pigs within litters from sows with high intakes in
early and mid gestation had increased muscle fibre number. Also, Gatford et al. [24]
suggested that increased sow feed intake during early gestation increases muscle
fibre number. In contrast, pigs in the study by Nissen et al. [41] did not have an
increase in muscle fibre number in response to increased sow nutrition in early to
mid gestation.

In summary, the results regarding the effect of increased sow feed intake during
early to mid gestation on postnatal growth, feed efficiency and muscle fibre number
of the offspring are inconsistent and no clear conclusions can be drawn. However,
it should be stressed that interactions between feeding of the sow during gestation
and weight and growth rate of the offspring may be important for inclusion in future
studies.
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2.2.3.2 Protein Intake

Severe protein restriction has a considerable impact on growth performance of the
offspring from birth to slaughter, and results from various studies are summarised
in Table 2.6. Feeding a protein-free diet throughout gestation decreases the average
daily gain of the offspring from birth until weaning, resulting in a significantly lower
weaning weight [49–50, 66]. As the milk yield is negatively affected by decreased
protein intake during gestation [35], this difference in average daily gain during
suckling may well be related to the milk supply and intake of the pigs as well as
the protein supply to the fetuses during gestation. Unfortunately, in most studies it
is not possible to distinguish between the direct effect of decreased protein supply
during fetal life and the indirect effect on milk yield and therefore milk intake during
suckling on the postnatal growth performance of the offspring, as cross fostering
to sows with a different protein supply during gestation has not taken place. In the
study by Schoknecht et al. [66] this effect of cross fostering on weaning weights was
examined, and pigs that were bred and suckled by a protein-restricted sow tended
to weigh less than pigs bred and suckled by sows fed an adequate protein level and
pigs cross fostered between restricted and adequately fed sows.

This suggests that the decreased growth performance of offspring from protein
restricted sows during suckling is largely related to a decrease in milk yield of the
sow and to a lesser degree on fetal protein supply. Even in studies where the protein
restriction during gestation has been less severe, pig weight gain during suckling
remains affected, and an increase in protein intake causes increased weight gain
[32, 35]. In the study by Kusina et al. [35], high or low sow protein intake during
both gestation and lactation was studied, and protein intake during lactation also had
a significant positive impact on pig weight gain during suckling.

Table 2.6 The influence of sow protein intake during gestation on postnatal growth performance
of the offspring

Postnatal performance of offspring

Treatment window
during gestation

Protein content
of feed

Feed intake,
kg/day

Daily gain,
g/day Feed:Gain References

Throughout
Day 0–16, 21 to term
Day 25 to parturition
Throughout

Control
0
0
0

ad libitum 705a

657b

658b

568b

[49]

Throughout
Throughout

13%
0.5%

2.78a

2.43b
1,216a

948b
2.29a

2.56b
[50]

Throughout
Throughout
Day 1–44
Day 82 to term

13%
0.5%
0.5%
0.5%

ad libitum 560ab

530b

580b

610a

[66]

a, bWithin study and column, numbers with different superscripts differ significantly (P < 0.05).
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Fewer studies have examined the effect of protein intake during gestation on post-
natal growth from weaning to slaughter of the offspring. In studies in which a severe
protein restriction occurs throughout gestation, daily gain from weaning to slaughter
or from birth to slaughter is significantly decreased [49–50, 66]. Protein restriction
during various stages of gestation, but not throughout, either shows intermediate
weight gain between pigs from control sows and those restricted throughout [49],
or does not differ compared with controls [66]. The results of both these studies
imply that the sow protein intake during early gestation, when embryo implanta-
tion occurs, is of great importance for later development and growth. In one study,
the mature size of young gilts following protein restriction during gestation was
analysed, and revealed that both adult weight and length were decreased due to
sow protein restriction [51]. Also, backfat thickness was lower in mature gilts from
protein-restricted sows. Taken together, these results suggest that protein supply dur-
ing fetal life has long-lasting and probably permanent effects on weight and size in
adulthood.

2.2.3.3 Supplementation with L-Carnitine

As earlier discussed, milk yield seems to be positively affected by supplementation
with L-carnitine during gestation and lactation. Weight gain during suckling and
hence weaning weight are highly influenced by milk yield, and positive effects of L-
carnitine supplementation should be expected on litter performance during suckling.
This was also the case in some studies in which increased weight gain and weaning
weight of individual pigs have been found when sows were supplemented with L-
carnitine during gestation and lactation [40, 57]. In contrast, Ramanau et al. [56] did
not find any effect on individual pig weight gain during suckling, but increased litter
weight gain was evident upon supplementation. Higher litter weight gain was also
found by Eder et al. [16] and Ramanau et al. [55], whereas no effect was found by
Musser et al. [40].

Although the results for individual and litter weight gain during suckling provide
no clear conclusions, overall increases in either individual or litter weight gain upon
L-carnitine supplementation have been found in all studies.

The authors are only aware of one study in which offspring from sows sup-
plemented with L-carnitine have been examined for postnatal growth performance
beyond weaning. In this study pigs from supplemented sows were followed until day
35 post-weaning, reaching an approximate live body weight of 25 kg [4]. At wean-
ing, pigs from sows treated with L-carnitine were heavier than pigs from control
sows, but from weaning to the end of the experiment no effects of supplementation
with L-carnitine during gestation on postnatal growth performance of the off-
spring were observed, including feed intake and feed-to-gain ratio. The experimen-
tal design of this study, where pigs from sows with and without supplementation
were allotted into groups with an initial equal weigh at weaning, makes it difficult
to compare the results of post-weaning growth performance between offspring from
supplemented and non-supplemented sows, as these pigs do not represent all pigs
from the two experimental groups.
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2.2.4 Carcass Composition

Differences in sow feed intake may well affect the development of different tissues
of the fetuses, as feed intake influences the hormone levels and the metabolism
of the sow and thereby may influence fetal nutrient supply and/or fetal hormonal
levels. Dependent on the timing and the magnitude of the difference in sow feed
supply during gestation, fetal tissues which vary in the timing of their development
may be affected differently.

2.2.4.1 Feed Intake

With regard to the estimated relationship between lean and fat tissue in the carcass
at slaughter, neither Nissen et al. [41], Bee [3] nor Heyer et al. [31] found any
difference in lean meat percentage or lean tissue yield between offspring from sows
fed either according to or above energy requirements during early to mid gestation
(summarised in Table 2.5). Adipose tissue yield was found to be higher in offspring
from sows fed more during early gestation [3]. In contrast, Heyer et al. [31] found
no difference in backfat thickness in offspring from sows fed more during early to
mid gestation, either in the first or second parity.

Several authors have studied the effects of sow feed intake on the cross-sectional
area and/or weight of several muscles in the offspring at slaughter. The M. semi-
tendinosus has been most studied, as this muscle is commonly used when studying
muscle fibre development and growth. When sows were supplemented with feed
above requirements from days 0 to 50 [3], days 25 to 50 [24, 41] or from days 25
to 70 of gestation [41] no effect on the cross-sectional area of M. semitendinosus
of the offspring was found. When examining the weight of M. semitendinosus the
results are less clear, as Bee [3] and Nissen et al. [41] did not find a positive effect of
increased feed intake from days 0 to 50 or days 25 to 70. In contrast, increased feed
intake from days 25 to 50 revealed a significant decrease in the weight of M. semi-
tendinosus of the offspring [41]. Similarly, Heyer et al. [31] observed that the weight
of several different muscles (M. psoas major, M. semimembranosus et adductor,
M. semitendinosus, M. quadriceps, M. gluteus and M. biceps femoris) did not dif-
fer as a percent of carcass weight among offspring from sows fed greater amounts
from days 45 to 85 of gestation. The weight of M. longissimus and M. semimem-
branosus was also measured by Cerisuelo et al. [8], and in one of two experiments
they found a significant increase in the weight of M. semimembranosus but not of
M. longissimus.

Again, the results regarding effects of sow feed intake on carcass composition are
inconsistent although again it is important to be mindful that the time periods and
amounts of extra feed offered differ among these studies, making direct comparisons
difficult. Generally, increased sow feed supply during early to mid gestation does not
appear to have a large influence on offspring muscle weights at slaughter, although
supplementation within more specific time periods may cause differences.
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2.2.4.2 Protein Intake

There are only a few studies in which the consequences of protein restriction during
gestation on carcass composition of offspring have been examined. In two stud-
ies where carcass composition was examined at cold carcass weights of 60–80 kg,
backfat thickness of the offspring was not influenced by severe protein restriction
throughout gestation or during specific periods of gestation [50, 66]. The cross-
sectional area of M. longissimus dorsi was found to be significantly smaller in off-
spring from dams restricted throughout gestation compared with control animals
in one study [66], whereas this was not evident in another study [50]. Surprisingly,
protein restriction in specific periods of gestation actually caused the cross-sectional
area of M. longissimus dorsi to increase compared with control animals [66]. The
weight of trimmed ham and loin were also measured in these two studies, and both
cuts were significantly lighter in offspring from dams restricted in protein through-
out gestation [50, 66]. The weight of the cuts in offspring from sows that had been
protein-restricted during specific periods of gestation did not differ from controls.
The explanation for the greater weight of muscles and cuts of offspring from sows
that have been protein-restricted in specific time periods is not obvious, although
this may be a consequence of compensatory growth.

In mature female offspring (12 months-old) from sows that had been protein-
restricted throughout gestation, backfat thickness was significantly lower than in
offspring from sows fed adequate amounts of protein [51]. The cross-sectional
area of M. longissimus dorsi was also significantly smaller in offspring from
protein-restricted sows. These reductions in backfat thickness and muscle cross-
sectional area appear to be proportional to the reduction in mature body weight and
size.

2.3 Sow Porcine Growth Hormone Treatment During Gestation

A vast number of experiments have demonstrated that daily injections with porcine
growth hormone (pGH) increases muscle tissue growth rate and reduces fat accre-
tion rate in grower-finishing pigs in a dose-dependent manner [17]. This results in
increased lean and decreased fat content of the carcass [69]. The increase in muscle
growth is related to muscle fibre hypertrophy supported by increased satellite cell
proliferation. The response in muscle tissue growth rate varies among experiments,
and it was suggested that this variation was related to the cross-sectional area of
muscle fibres. Therefore Sørensen et al. [69] suggested an inverse relation between
the size of the response and the cross-sectional area of the muscle fibres. Thus, pig
populations with small muscle fibres would respond more than pig populations with
large muscle fibres. Growth hormone is produced in the pituitary gland and is regu-
lated mainly by two peptides in the hypothalamus; i.e., somatostatin, which inhibits
GH, and Growth Hormone-Releasing Hormone (GHRH), which stimulates the pro-
duction of GH. Besides its growth-promoting effects, GH also has a diabetogenic
effect, which results in hyperglycaemia and hyperinsulineamia [1, 19].
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Similar changes in blood metabolites were found in pregnant sows [24, 36, 61,
64]. Because glucose is the major energy substrate for the fetus, hyperglycaemia
following pGH may increase the maternal/fetal blood glucose gradient resulting in
higher fetal uptake of glucose and hence increased fetal growth. This hypothesis has
been tested in some studies, and the results on the influence of sow treatment with
pGH on sow and litter performance have been summarised in Table 2.7.

2.3.1 Sow Performance

In a study by Gatford et al. [25] pregnant sows were treated in the second quarter
of gestation with 0, 2 or 4 mg pGH/day and slaughtered at day 52. In this study the
sows gained weight in a dose-dependent manner with increasing levels of pGH. At
the same time the backfat thickness was reduced by pGH treatment. These data indi-
cate that muscle growth is responsible for the increase in weight gain. In agreement,
Rehfeldt et al. [59] found increased lean meat percentage of up to 4 percentage units
and unchanged body weight when sows were treated with 6 mg pGH/day in the first
quarter of gestation and slaughtered at days 28, 37 or 62 of gestation, again indicat-
ing increased muscle growth as a result of pGH treatment. However, when gestating
sows were treated with 2 or 4 mg pGH/day in the second quarter of gestation, body
gain was unaffected by pGH treatment at parturition, although sows treated with
2 mg pGH/day had increased backfat thickness compared with control and sows
treated with 4 mg pGH/day [23]. This indicates that compensation in sow adipose
tissue growth may occur following treatment with pGH early in gestation dependent
on the dose of pGH.

Long-term (days 25–100) treatment of gestating sows with 2 mg pGH/day was
found to affect sow body weight and backfat thickness both at day 100 and one
day after parturition, depending on the dietary protein content [23]. Porcine growth
hormone increased body weight and reduced backfat thickness when the diet con-
tained 22.2% protein compared with control sows and with sows fed a diet con-
taining 16.6% protein and treated with 0 or 2 mg pGH/day. This indicates that
pGH increases muscle growth and decreases fat growth at high dietary protein con-
centration. Etienne et al. [18] and Farmer et al. [20] treated pregnant sows late
in gestation with GHRH and found a numeric increase in sow body weight of 4
and 7 kg at parturition, and GHRH injection increased the plasma concentration
of GH [18].

In conclusion, it is most likely that treatment of pregnant sows in gestation with
pGH or GHRH during specific periods of gestation results in unchanged or increased
body weight and carcasses with a higher lean meat percentage at the end of the
treatment period. However, the influence of treatment with pGH in early gesta-
tion on carcass composition of sows is not maintained at parturition. In contrast,
long-term treatment with pGH increases body weight and lean meat percentage at
parturition.
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2.3.2 Litter Size

Embryo survival and number of live pigs at birth following treatment of sows with
pGH have been measured in several studies (Table 2.7). Kelley et al. [33] found
an increased embryo survival at day 41 of gestation following treatment of sows
with 30 μg pGH/day/kg body weight (approximately 3.9 mg pGH/day at breeding)
during the second quarter of gestation. In contrast, Sterle et al. [67] did not find
altered embryo survival at day 44 of gestation following treatment of sows with
5 mg of pGH/day in the second quarter of gestation. Furthermore, Sterle et al. [67]
found there was no effect of treatment with pGH (5 mg/day) from either days 0 to
30 or from days 30 to 64 in gestation on embryo survival at day 64 of gestation.
Similarly, Rehfeldt et al. [59] found no change in embryo or fetal survival at days
28, 37 and 62 of gestation following treatment with 5 mg pGH/day of sows during
the first quarter of gestation.

Although inconsistent results on embryo survival have been reported, no effects
of pGH treatment of the pregnant sow during specific periods of early gestation have
been found on the number of viable embryos/fetuses in the period from days 29 to
64. Likewise, total number of pigs and the number of live pigs per litter at birth were
unaffected by pGH treatment during specific periods of gestation [23, 36, 58–59].
Long-term treatment with pGH from days 25 to 100 also failed to alter the number
of live born pigs [23], and GHRH did not affect number of live pigs at birth [18, 20].

In conclusion, data from these experiments indicate that treatment of the pregnant
sow with either pGH or GHRH does not influence litter size. However, the studies
carried out so far have only been conducted on relatively few sows, and larger stud-
ies are needed to establish the relationship between pGH treatment of sows and litter
size.

2.3.3 Fetal Growth

Sow treatment with pGH may influence fetal growth and birth weight depending
on the treatment windows during gestation and on the dietary protein content fed to
sows. Sterle et al. [67] and Gatford et al. [25] found fetal weight increased approx-
imately 10% at days 44 and 51 following treatment of sows with pGH during the
second quarter of gestation. Also, Kelley et al. [33] found a 10% increase (non sig-
nificant) in fetal body weight at day 41 of gestation following treatment with pGH
during the second quarter and found a significant increase in the crown-rump length.
It seems that this increase in fetal body weight is not necessarily maintained at birth
as Rehfeldt et al. [58, 59], Kelley et al. [33] and Gatford et al. [23–24] found neither
increased litter weight nor increased average birth weight when sows were treated
with pGH in early gestation. The smallest pigs at birth within a litter may bene-
fit most from treatment of the sows with pGH. Rehfeldt et al. [59] reported that
the increase in pig birth weight (70 g) when dams had been treated with pGH in
early gestation, although non-significant, was more pronounced in small littermates
(+242 g) than in medium (+73 g) and larger littermates (+43 g).
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When sows are treated with pGH in late gestation birth weight may increase [36,
58]. Long-term treatment of gestating sows from days 25 to 100 increased mean
litter birth weight [23]. These researchers found that birth weight was increased in
the second, third and fourth quartiles of the birth weight groups within their litter
after pGH treatment regardless of the protein content of the sow diet. Pigs in the
first quartile also had increased birth weight after sows were treated with pGH, but
only when the sow diet contained a high level of protein (22.2%).

Treatment of sows with pGH during the final 21 days of gestation did not show
any effect on carcass weight of offspring at birth, or on dry matter and protein con-
centration, while a small but significant increase in lipid concentration of 10% was
evident [36]. Kelley et al. [33] showed that the cross-sectional areas of the M. longis-
simus dorsi muscle in neonatal offspring from sows treated with pGH were 23%
larger and the thickness of backfat at the 10th rib was 22% lower. Moreover, when
sows were treated with pGH in early gestation, the total protein, fat and ash content
in the empty body of the pigs increased compared with pigs born to control sows,
although on a body weight-specific basis the composition in these components did
not differ due to treatment [60]. In the same study there were no effects on the
weights of the M. psoas major and M. semitendinosus at day 62 of gestation and
at birth, although at birth the weight of the muscles of offspring from sows treated
with pGH were numerically larger (16–30%). Treatment of sows late in gestation
with GHRH did not affect the birth weight [18, 20].

In summary, treatment with pGH in early gestation leads to increased fetal
weight, an effect which does not persist to increase average birth weight. On the
other hand, treatment of pregnant sows late in gestation or long-term treatment with
pGH increases birth weights.

2.3.4 Postnatal Performance and Carcass Composition

The influence of treating sows with pGH during gestation on postnatal growth traits
of the offspring has also been investigated. Kelley et al. [33] did not find any effects
of treatment of sows with pGH in the second quarter of gestation on the body weight
of 7-day old pigs or on weaning weight of the offspring compared with those of con-
trol sows. In contrast, slaughter pigs tended to have M. longissimus dorsi muscles
with cross-sectional areas that were 8% larger due to pGH treatment. Kveragas et al.
[36] did not find any effect of sow treatment with pGH during late gestation on the
body weight of the offspring at day 14 and at weaning. Treatment of gestating sows
in the second quarter with pGH did not alter postnatal growth of the offspring until
day 61 of age [24], and finally, Kuhn et al. [34] found no difference in growth perfor-
mance from birth to slaughter due to pGH treatment of the sows in the first quarter
of gestation.

Possible effects on postnatal growth and carcass composition due to sow pGH
treatment may be related to changes in fetal muscle development. Rehfeldt et al.
[60] showed an increased number of muscle fibres in various muscles in the small
and medium body weight littermates, but not in the heaviest littermates, following
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treatment with pGH during early gestation compared with pigs born to control sows.
In contrast, Gatford et al. [24] did not find any change in muscle fibre number, but
did observe an increase in muscle fibre cross-sectional area in offspring from sows
treated with pGH in the second quarter of gestation. These two studies differed with
respect to the treatment window: Rehfeldt [60] treated the sows prior to formation of
primary fibres, whereas Gatford et al. [24] treated sows during the period where pri-
mary fibres are formed and proliferation of secondary myoblasts prior to secondary
fibre formation occurs.

When sows were treated with GHRH in early gestation, the offspring had reduced
daily gain and required 6.6 days more to reach slaughter weight. This was associated
with unaltered muscle fibre number after treatment with GHRH [21]. Similarly, Eti-
enne et al. [18] did not find any effect on daily gain from 24 to 100 kg body weight
or on carcass composition in pigs born to sows treated with GHRH during late ges-
tation. However, the feed-to-gain ratio was lower in offspring from sows treated
with GHRH. More studies are needed to clarify the effect of sow pGH and GHRH
treatment on postnatal growth potential of the offspring.

In summary, there is no convincing evidence that sow treatment with pGH in
early gestation leads to better performance of the offspring. However, the long-term
effects on postnatal growth need clarification.

2.4 Summary

The large variation in birth weight within litters and the increase in small pigs at
birth, which is a consequence of genetic selection, provides pig producers with a
great challenge. Pigs that are small at birth are weaker than large pigs, and therefore
have greater environmental requirements during early life in order to survive. These
requirements involve stable, high temperatures, feed supply, competition for feed,
and avoidance of parasites, bacteria and viruses that can cause illness. Results from
most studies show that pigs with low birth weights grow more slowly during the
postnatal period than high birth weight pigs, especially at time points closer to birth.
Also, carcass composition may differ depending on birth weight, although there
are contradictory results regarding lean meat percentage and backfat thickness. It is
possible that pigs that have developed differently during fetal life may need different
postnatal strategies to achieve the most efficient growth and develop optimal carcass
composition.

The gestating sow is normally fed a restricted diet in order to obtain nutrients
in accordance with requirements. Different alternative feeding strategies have been
studied to reduce litter variation in fetal development and thereby increase postnatal
performance of the offspring without compromising sow performance. The follow-
ing is a summary of results from studies where gestating sows have been fed either
increased or decreased total feed or protein, supplemented with dietary L-carnitine,
or treated with pGH.

Higher feed or protein intake will cause an increase in sow body weight and pos-
sibly backfat thickness, depending on the magnitude of the increase. In contrast,
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protein restriction will cause a decrease in body weight and backfat thickness,
depending on the degree and period of restriction. The results from studies in which
sows have been supplemented with L-carnitine in their diet during gestation vary:
some authors report an increase in sow body weight and backfat thickness, whereas
others do not. Litter size does not seem to be affected by increased or decreased
feed or protein intake during gestation, whereas supplementation of L-carnitine has
been reported by some authors to increase the number of total and live born pigs.
Milk production does not seem to be affected by an increased feed intake during
early to mid gestation, whereas it increases with increasing amount of protein in the
gestational diet. Supplementation with dietary L-carnitine during both gestation and
lactation has a positive impact on milk yield.

An increase in feed supply during gestation does not seem to affect average fetal
weight, average fetal litter weight, or birth weight. Severe protein restriction causes a
decrease in fetal as well as birth weights of pigs, whereas less severe protein restric-
tion has no effect. Studies which examined the effects of supplementing sows with
L-carnitine during gestation on offspring birth and litter weights are more confusing,
with unchanged, positive and negative effects all being reported.

Average daily gain during suckling is highly correlated with birth weight and
milk yield. In most studies, weaning weights are not affected by gestational feed
intake although there was a positive effect reported in one study. Protein restriction
reduces weight gain during suckling, possibly due to adverse effects of decreased
protein supply on both fetal development and milk yield of the sow. Although results
from sows supplemented with L-carnitine are not conclusive, a general increase in
average pig and/or litter weight after supplementation are evident in most studies.

Effects on growth rate and feed efficiency from weaning until slaughter of off-
spring from sows allowed increased amounts of feed during early to mid gestation
are not clear. Results differ with studies showing negative, positive or no effects.
Also, the influence of increased feed intake on muscle fibre formation in offspring
is variable among studies. Protein restriction throughout gestation seems to cause
reduced daily gain of the offspring, and the effects of protein restriction during
specific time periods vary. An adequate protein supply during embryonic implan-
tation in the uterus seems to be of greatest importance. In one study, the effect of
sow supplementation with L-carnitine on performance of offspring up to 25 kg was
investigated, and L-carnitine did not influence daily gain, feed intake or feed-to-gain
ratio.

Increased feed intake during gestation does not seem to affect the lean meat
percentage of the offspring. The cross-sectional areas and weights of muscles in
offspring from sows with an increased feed intake have been measured in several
studies, but in most cases there were no differences from control offspring. Restrict-
ing the sow’s intake of protein in early to mid gestation does not influence backfat
thickness of the offspring, although restriction throughout gestation causes muscle
weight and muscle cross-sectional area of several muscles to decrease. If the restric-
tion is only applied in more specific periods of gestation, there do not seem to be
effects on muscle weights or cross-sectional areas.
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It is most likely that treatment of pregnant sows in gestation with GHRH and
pGH within specific periods of gestation results in unchanged or increased body
weight and altered carcass composition in sows towards a higher lean meat percent-
age at the end of the treatment period. However, the influence of treatment with
pGH in early gestation on carcass composition of sows is not maintained at partu-
rition. In contrast, long-term treatment with pGH increases sow body weight and
lean meat percentage at parturition. Treating the pregnant sow with either pGH or
GHRH does not influence the litter size. Treatment with pGH in early gestation
leads to increased fetal weight, an effect which is not maintained at birth. On the
other hand, treatment of pregnant sows late in gestation or long-term treatment of
sows with pGH increases birth weights. From the data available, there is no evi-
dence of a beneficial effect of treating sows during early pregnancy with pGH, or in
early or mid gestation with GHRH, on growth performance or carcass quality of the
offspring. However, the effect of long-term treatment of gestating sows with pGH
on the growth performance of the offspring needs further research.

2.5 Future Perspectives

In this chapter we have reviewed studies in which the effects of sow feed and protein
intake, supplementation with dietary L-carnitine and treatment with pGH on sow
and litter performance have been examined. From the published work there seems
no obvious new strategy that could improve the existing strategy for sow manage-
ment during gestation, with the aim of reducing within-litter variation in birth weight
and muscle development, and ultimately of increasing postnatal growth performance
of the offspring. L-carnitine seems to have a positive effect on milk yield, but how
supplementation affects sow performance, litter variation and postnatal growth per-
formance of the offspring needs further investigation. A global increase in sow feed
intake during early to mid gestation does not seem to be of great benefit to the off-
spring. A better approach in the future may be to study the effects of increasing
single nutrients within the sow diet, with the intention of increasing the availability
of glucose to the fetuses without a marked increase in the growth of sow tissues such
as fat. An approach to decrease the litter variability in birth weight and thereby the
survival rate of all pigs within a litter would be of great economic benefit to the pig
farmer. As for the use of long-term pGH treatment of gestational sows, more work
may also be needed to clarify the effects on birth weight and offspring performance.
The use of hormone treatment in animal production is currently a much discussed
topic, and the possibility exists that bans may be imposed in the future in other parts
of the world beyond Europe where they are presently banned. This is an important
consideration before starting large and expensive experiments within this field of
study.
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Chapter 3
Managing Prenatal Development of Broiler
Chickens to Improve Productivity
and Thermotolerance

Zehava Uni and Shlomo Yahav

Introduction

In recent decades, the rate of weight gain of meat-type broiler chickens has increased
significantly [25, 26]. In the 1960s, a commercial broiler chicken reached the market
weight of 2.2 kg by 12 weeks of age; today, broilers attain this same market weight
at less than 6 weeks. This impressive improvement is due to the knowledge accu-
mulated by industry poultry managers and researchers from different disciplines –
geneticists, nutritionists, physiologists and veterinarians – who have contributed to
the optimisation of broiler performance.

Since the embryonic period (21 days in a hatchery) now represents half of the
broiler’s post-hatch life span, there is a need for research focused on the embryonic
phase. The rationale is that anything that hinders or promotes development during
this period will have a marked effect on poultry’s overall performance, resistance
and health.

Hence, this chapter focuses on:

a. The impact of pre-hatch nutritional manipulations by in-ovo feeding on gastro-
intestinal tract (GIT) development.

b. The effect of thermal manipulations during critical phases of the perinatal period
on improved acquisition of thermotolerance.

c. The improvement of broiler chicken performance resulting from different manip-
ulations during the prenatal or postnatal periods.
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3.1 The Complexity of the Transition from Embryo
to Independent Chick

The transition from embryo to an independent chick, which can optimise the bird’s
potential for rapid growth, is mediated by processes that occur during the crit-
ical period from a few days pre- to a few days post-hatch. During this period,
chicks undergo the metabolic and physiological transition from reliance on egg-
based nutrients in the yolk sac and amniotic fluid to reliance on exogenous feed.

In birds, one of the major physiological processes during prenatal embryonic
development is the maintenance of glucose homeostasis. This is dependent upon
the amount of glucose held in reserves, primarily as glycogen, in the liver and the
glycolytic muscles [25, 26, 35], and upon the degree of glucose generated by gluco-
neogenesis from glucogenic amino acids in protein [12–14].

Glycogen reserves are utilised as embryos progress through the hatching process
[6] and therefore, the late-term embryo (prenatal chick) depends on gluconeoge-
nesis from amino acids, first mobilised from the amnion albumen, then probably
from muscle [10, 22, 36]. Vieira and Moran [80] suggested that the gluconeogene-
sis occurring in the pre- to post-hatch period leads to the depletion of muscle protein
reserves, thereby limiting early growth and development [80, 81].

Although the pattern of glycogen utilisation as hatch approaches is similar in
embryos from breeding flocks of different ages, there are differences in glycogen
concentration: embryos from mature breeding flocks have greater glycogen reserves
in the embryonic liver than embryos from young breeding flocks (Fig. 3.1). These
glycogen reserves begin to be replenished when the newly hatched chick has full
access to feed and oxygen [57, 58].
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Fig. 3.1 Glycogen levels in the liver of late-term embryos from different ages of breeding flocks
(Cobb strain): 30 weeks (30 W), 41 weeks (41 W) and 54 weeks (54 W). Values are average ± SD
of 20 embryos for each breeding flock at each sampling day
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Immediately post-hatch, the chick draws from its limited body reserves and
undergoes rapid physical and functional development of the GIT in order to digest
feed and assimilate nutrients. Therefore, the sooner the GIT achieves full function-
ality, the sooner the young bird can utilise dietary nutrients and efficiently approach
its genetic growth potential, while resisting infectious and metabolic diseases.

An exploration of intestinal development shows that the GIT develops throughout
incubation, but the functional abilities of the small intestine only begin to develop
during the last quarter of incubation. Towards the end of incubation, extensive mor-
phological, cellular and molecular changes occur in the small intestine. Research
in broiler embryos has shown that during the last days of incubation there is a sig-
nificant increase in the weight of the intestine relative to embryonic weight: from
1.4% at 17 days of incubation to 3.4% at hatch [79]. Activity and mRNA expres-
sion of brush-border enzymes responsible for digestion of disaccharides (sucrase-
isomaltase) and small peptides (aminopeptidase), and of major transport proteins
(sodium-glucose transporter and ATPase), begin to increase a few days before hatch
and continue increasing on the day of hatch [79].

In the hatching chick, as in neonatal mammals, the small intestinal mucosa
appears immature. At birth, mammals exhibit proliferating enterocytes along the
villi and have a few well-defined crypts. Our studies with birds have indicated
a similar situation in the young chick. On day 4 post-hatch, the percentage of
proliferating-cell nuclear antigen (PCNA)-positive cells in the three regions of the
crypt-villus axis was 55% in the crypt, 32% in the mid-section and 8% in the upper
region [77]. In the post-hatch period, the intestinal mucosa exhibits organisation and
establishment of the crypt region, a several-fold increase in villus height and area,
an increase in the number and polarity of enterocytes, and maturation of the goblet
cells which are capable of producing both acidic and neutral mucins.

The immediate post-hatch period seems to be critical for intestinal development.
Intestinal development was retarded when chickens were fasted for 36–48 h post-
hatch. This “fasting” condition is common in the poultry industry. Since chicken
embryos have a wide “hatching window”, commercial hatcheries do not remove
birds until the maximum number of eggs have hatched; thus, chick age at exit from
the hatchery averages over 1 day-old [46]. Hatchery treatments such as sexing, vac-
cination and transport to farms result in an additional time lag before birds receive
first access to food and water. Thus, most chicks are fasted for 48 h or more before
first access to feed. The rationale underlying this procedure was the concept, adopted
by farmers and industry poultry managers alike, that the yolk sac can maintain the
hatching bird during the initial post-hatch period until stable feed intake is available.

However, it has been shown that fasting for 36–48 h immediately post-hatch
decreases enterocyte number, crypt size, the number of crypts per villus, crypt
proliferation, villus area, rate of enterocyte migration, goblet-cell size and mucin
dynamics [18, 78]. This withholding of feed also results in a decrease in growth
at an early age and reduced body weight and proportion of breast muscle at
marketing [52].

It can thus be surmised that during the last quarter of incubation embryos suf-
fer from low glycogen status. Insufficient glycogen and albumen forces the embryo
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to mobilise more muscle protein for gluconeogenesis, thus restricting early growth
and impacting productivity at market age. Furthermore, late access to external nutri-
ent sources, which delays development of small intestinal functionality, limits the
capacity to digest and absorb at an early age and, therefore, inhibits maximal chicken
growth.

3.2 “Feeding the Embryo” Before Hatch

In order to overcome the physiological limitations described above and to improve
intestinal functionality and nutritional status of hatchlings, a method for “feeding the
embryo before hatch” (in-ovo feeding) was developed. This method which involves
inserting nutrient solutions into the embryonic amniotic fluid was created for poul-
try, and it has been patented [73]. The method makes use of the knowledge that
neonatal birds naturally consume the amniotic fluids towards hatch (Fig. 3.2). There-
fore, addition of a nutrient solution into the embryonic amniotic fluid delivers essen-
tial nutrients to the embryos intestine.

Many potential nutrient supplements can be included in the in-ovo feeding solu-
tion. Carbohydrates can be used as a source for glucose, which is crucial for the
hatching process and hatchling development [45]. Na+ and Cl− ions play a major
role in the activity of apical and basolateral transporters and in the absorption of
glucose and amino acids. β-hydroxy-β-methylbutyrate (HMB), a leucine metabo-
lite which increases carcass yield [51], is a good candidate for the in-ovo feeding
solution, as are minerals, vitamins and enteric modulators which support the devel-
opment of the skeletal, immune and digestive systems in chickens.
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Fig. 3.2 Amniotic volume
and rate of amniotic uptake
during the last quarter of
incubation in broiler (Cobb
strain) embryos. The curve
shows that the optimal period
for the in-ovo feeding
procedure (described in the
text in section on “Feeding
the Embryo” Before Hatch) is
between days 17 E and 18 E
(E= Embryonic days)
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Studies have shown that the administration of 1 mL of in-ovo feeding solution
including dextrin (as a source of carbohydrates), Na+, Cl−, zinc-methionine and
HMB markedly enhances enteric development [64, 65]. Morphological evaluation
of enteric sections from embryos and hatchlings has revealed a significant accel-
eration of development 48 h after in-ovo feeding relative to non-injected controls.
The in-ovo-fed birds exhibited increased pancreatic capacity for carbohydrate diges-
tion, increased villus dimensions, higher levels of mRNA expression and activity of
brush-border digestive enzymes and transporters (leucine-aminopeptidase, sucrase-
isomaltase, sodium-glucose co-transporter, Na+K+-ATPase, zinc transporter). The
results indicate that provision of nutrients, including carbohydrates as an energy
source, to late-term embryos have trophic effects on the small intestine and enhances
goblet-cell development [62]. We have concluded that at the time of hatch, the small
intestine of in-ovo-fed birds is at a functional stage similar to that of conventionally
fed 2-day-old chicks.

Moreover, the hatchling’s nutritional status is improved by provision of nutrients
in the pre-hatch period by in-ovo feeding. Several experiments, in which glycogen
levels in the liver were determined as a measure of the nutritional status of embryos
and hatchlings, showed that administration of 1 mL of in-ovo feeding solution con-
taining dextrin, maltose and sucrose into the amnion of the broiler embryo leads to
increased total liver glycogen in the pre-hatch period (by 75% on the day before
hatch, and by 47% on the day of hatch – Fig. 3.3) compared to controls.
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Fig. 3.3 Glycogen
concentration in the liver of
late-term embryos (Ross)
from control and in-ovo-fed
(in-ovo) treatments [74]. The
in-ovo feeding solution
contained 50 g/L maltose,
200 g/L Dextrin and 1 g/L
β-hydroxy-β-methylbutyrate
(HMB), all dissolved in 5 g/L
NaCl. Within age, bars
followed by different letters
differ significantly (P ≤ 0.05)
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Table 3.1 Body weight and pectoral muscle weight of chickens (Ross strain) from control and
in-ovo fed treatments on day of hatch and 10 and 25 days of age

Age

Day of hatch Day 10 Day 25

Control In ovo fed Control In ovo fed Control In ovo fed

Body weight1 (g) 45.3±0.3b 47.0±0.3a 243±4b 254±3a 943±21b 997±20a

Body weight
difference (%)

+ 3.7 + 4.2 + 5.7

Pectoral weight2 (g) 0.86±0.03b 0.95±0.06a 27.9±0.8b 30.3±0.8a 114±3b 130±6a

Pectoral weight/
body weight (%)

1.93±0.06b 2.05±0.05a 11.4±0.3b 12.3±0.3a 12.0±0.4b 13.0±0.2a

Difference in
pectoral muscle
weight (%)

+ 6.2 + 5.2 + 8.3

1Body weight values are means ± SEM of 80–100 birds (equal numbers of males and females).
2Pectoral muscle weights are means ± SE of 10 birds for day of hatch, 10 birds for day 10, and 80
birds for day 25 (equal numbers of males and females). a,bWithin age, values followed by different
letters differ significantly (P ≤ 0.05).

Results from several experiments demonstrated that in-ovo feeding of embryos
from young breeding flocks on day 17 of incubation improves liver glycogen,
increases hatching weights by 5% over controls and elevates breast-muscle size on
a body weight-specific basis by 6%. These weight advantages (Table 3.1) were sus-
tained throughout the experiments, to 25 days of age [74].

It is reasonable to assume (Fig. 3.4) that the elevated glycogen levels in the in-
ovo treatment reduce the need to produce glucose via gluconeogenesis and therefore
contribute to less utilisation of muscle protein and higher pectoral muscle weight
on a body weight-specific basis in these birds. Furthermore, the chicks hatch with

“In ovo feeding”

Nutrient-Supplemented Amnion is 
Orally consumed by the embryo

Presented to Enteric Tissues

Enhance Intestinal Gene 
Expression & Function

Support Development and Growth

Elevate available energy  
( or stored)

Fig. 3.4 The in-ovo feeding model
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a more mature intestine which is beneficial during the transition from embryo to
independent chick.

In summary, the improved nutritional status and intestinal function of in-ovo-fed
birds support the embryo during its transition to independent chick. In-ovo feeding
also enables growth at an early age to better approach genetic potential. In-ovo feed-
ing is expected to yield several other advantages, among them: reduced post-hatch
mortality and morbidity; greater efficiency of feed-nutrient utilisation at an early
age; improved immune response to enteric antigens; reduced incidence of devel-
opmental skeletal disorders; and increased muscle development and breast-meat
yield.

In-ovo feeding offers the promise of sustaining progress in production efficiency
and welfare of commercial poultry. With in-ovo feeding, a new science of neonatal
nutrition can be established for birds, which is expected to yield a better under-
standing of the developmental transition from embryo to chick. In-ovo feeding can
be adapted for commercial practice by using existing automated systems for in-ovo
vaccination.

3.3 Coping with Extreme Environmental
Temperatures – Thermotolerance

In recent decades, significant strides have been made in the genetic selection of
fast-growing meat-type broiler chickens [25–27]. However, the progress of genetic
selection in broiler chickens, coupled with their high sensitivity to changes in envi-
ronmental conditions, contribute to difficulties in coping with conditions of heat or
cold stress.

Birds are homeotherms, that is, they are able to maintain their body temperature
(Tb) within a narrow range. An increase in Tb above or below the regulated range, as
a result of exposure to heat or cold stress, respectively, may initiate an irreversible
cascade of thermoregulatory events that can be lethal. It has been well documented
that the potential growth rate of broilers as a result of advances in genetic selec-
tion deteriorates during exposure to harsh environmental conditions [32, 92]. Fur-
thermore, the late twentieth and twenty-first centuries were both characterised by
increases in global mean surface temperature of 0.8–1.7◦C (U.S. National Climatic
Center, 2001). Scientists expect that the average global surface temperature will rise
by 0.6–2.5◦C over the next 50 years. This situation, in which growth rate (heat pro-
duction) improves on a yearly basis while the global surface temperature conditions
deteriorate, necessitates an efficient means of economically improving the acqui-
sition of thermotolerance by broiler chickens in order to retain the performance
potential obtained by the genetic-selection process.

In general, the assumption is that thermotolerance acquisition and performance
improvement are two conflicting processes [15]. Therefore, simultaneously improv-
ing both, particularly in domestic animals characterised by a high rate of production,
is considered difficult to impossible.
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Fig. 3.5 Schematic flow chart describing how environmental heat load is transformed to ther-
mal information by thermoreceptors and transferred (Tin) to the pre-optic anterior hypothalamus
(PO/AH) to elicit thermoregulatory responses by the animal (heat production and heat loss) medi-
ated by the endocrine system. Non-thermal inputs from the blood system can modify the response.
Tref = the set point temperature in the PO/AH; S.T. = shivering thermogenesis; N.S.T. = non-
shivering thermogenesis ∗Schematic figure of sensitive and non-sensitive neurons in the PO/AH [3]

3.4 Different Strategies for Improving Thermotolerance

To develop thermotolerance, three direct responses are employed by the bird: the
rapid thermal-shock response [53]; acclimation [30, 31, 61]; and epigenetic adapta-
tion [48, 70]. All three strategies are based mainly on the assumption that ambient
temperature (Ta) is a major factor affecting thermotolerance. However, the last two
strategies have a strong influence on the determination of the “set-point” for phys-
iological control systems [11]. Thermosensitive neurons located in the pre-optic
anterior hypothalamus (PO/AH) are able to sense core Tb and control physiological,
endocrinological, and behavioural responses in order to maintain core Tb relatively
constant [2, 3, 4] (Fig. 3.5). The thermoregulatory response is mediated mainly by
the level of metabolism induced or permitted by the thyroid hormones (thyroxine,
T4; triiodothyronin, T3) [28, 43] and the hydration status of the animal (non-thermal
input), which is mediated by arginine vasotocin (AVT) [59, 91]. Changing the sensi-
tivity of the warm- and/or cold-sensitive neurons located in the PO/AH may change
the threshold for heat production and/or heat loss in the animal.

The rapid thermal or heat-shock response (HSR) is mediated by the production
of heat-shock proteins (HSPs). The HSPs protect existing proteins and membranes
against heat stress and facilitate repair or degradation of damaged proteins [53], as
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well as protecting against protein translocation [5]. This response is universal [40],
and has been related to core Tb [89].

Acclimation has been defined as a physiological response that reduces the strain
or enhances endurance to the strain caused by experimental climatic factors (accli-
mation) or ambient climatic factors (acclimatisation) [33]. Heat acclimation in
broiler chickens is mediated by reduced metabolic rate, blood-volume expansion
[92, 93], reduced Tb [86, 93], reduced heart rate, reduced threshold for heat dissi-
pation, increased cardio-vascular reserves, and increased capacity for evaporative
heat loss [30, 31, 60, 61]. This process requires from 4 to 7 days for completion in
the domestic fowl [84]. Early marketing age coupled with: (a) the necessity to keep
the environmental temperature controlled up to the age of 21 days for brooding;
(b) the deleterious effect of heat acclimation on broiler chickens, and (c) the enor-
mous cost of temperature-controlled poultry houses, makes this process relatively
impractical.

3.5 The Epigenetic Response

3.5.1 Thermal Manipulations During the Postnatal Period

Epigenetic adaptation, which has been defined [50, 69, 71] as a lifelong adaptation
occurring during prenatal (embryogenesis) or early postnatal ontogeny within crit-
ical developmental phases that affect gene expression, seems suited to achieving
the goal of improved thermotolerance acquisition in broilers. During early develop-
ment, most functional systems evolve from an open-loop system without feedback
into a closed control system with feedback (“transformation rule”, [11]). Thermal
manipulations during the critical phases of development may induce alterations in
the thermoregulatory control system.

The epigenetic response has been successfully modulated by thermal manipula-
tion at an early age in postnatal chicks. Thermal manipulations of broilers on day 3
of life improved acquisition of thermotolerance, resulting in a significant reduction
in heat production during exposure to acute thermal challenge at market age [87].
This coincided with an alteration in sensible heat loss by convection and radiation
[90] and reduced stress levels in the thermally manipulated chickens, as evaluated by
monitoring plasma corticosterone concentration. These changes facilitated lower Tb
and thus dramatically reduced mortality. Thermal manipulation at day 3 of age also
induced compensatory growth, leading to improvement of performance and muscle
growth due to the proliferation of skeletal muscle satellite cells during the manipu-
lation [19]. In terms of the GIT, this treatment was performed at a critical period of
GIT development, when the main process in the developing tissue is hyperplasia and
before the tissue reaches an equilibrium state of continuous cell proliferation, migra-
tion and differentiation [72, 76]. This led to a positive effect on GIT growth and
function which modulated the GIT for compensatory growth [75]. Furthermore, in
chick PO/AH, a significant increase in R-Ras3 [39] and brain-derived neurotrophic
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factor (BDNH) gene expression [38] was detected during thermal manipulation,
suggesting involvement of these genes in thermal manipulation.

It is now well documented that despite the assumption of Emmans and Kyriazakis
[15] that thermotolerance acquisition and performance improvement are two con-
flicting processes, it is possible to improve both in broilers simultaneously. Never-
theless, uniform post-hatch temperature manipulation for the improvement of ther-
motolerance and performance is difficult to achieve, while the use of such manipu-
lations during incubation would likely be more efficient and uniform.

3.5.2 Thermal Manipulations During the Prenatal Period

Thermal manipulations during embryogenesis are based on the following assump-
tions:

a. During embryogenesis, it is possible to induce long-lasting physiological mem-
ory, based on epigenetic adaptation.

b. This long-lasting memory can be defined, most probably, as an alteration in the
hypothalamic threshold response to changes in the environment.

c. Thermal manipulations during sensitive periods in embryogenesis, by means of
a specific level and duration of heat exposure, will impart improved thermotol-
erance for the entire span of the bird’s life.

d. Improving thermotolerance throughout the bird’s life will reduce broiler morbid-
ity and mortality and may even contribute to the improvement of performance,
as was demonstrated in birds which were thermally manipulated post-hatch.

In general, the incubation temperature of domestic fowl is relatively constant. In
contrast to the uniform temperature of commercial incubation, in nature incubation
conditions are non-uniform as a result of the need to search for food and escape
from predators, and due to uneven nest insulation. This may be one of the rea-
sons why birds in the wild are better able to cope with extreme environmental
temperatures.

The optimum incubation temperature for the improvement of long-term thermo-
tolerance of broilers and its combination with timing (critical phases of embryo-
genesis) and duration are still unknown. Nevertheless, the exact timing for optimal
thermal manipulation should logically occur during periods of greatest gene activity.
According to Hamburger and Hamilton [21], chick embryogenesis can be divided
into three major phases: two early phases in which the organs and systems of the
body are formed; and the last phase, from 13 days of embryogenesis (E13) onward,
during which growth and maturation occur. Changes in the duration of increased
incubation Ta can affect embryos in different ways. A short-term increase in incu-
bation Ta has been found to activate the heat-loss mechanism in chick embryos
[29], whereas a long-term increase adversely affected embryo morphology [37],
increased the incidence of malpositions, and decreased hatchability [17, 56].
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The search for the optimal critical phase in embryogenesis for improving thermo-
tolerance can be based on the development of two major axes related to thermoregu-
lation; the hypothalamus-hypophysis-thyroid axis (HHTA), and the hypothalamus-
hypophysis-adrenal axis (HHAA).

Thyroid hormones are well known to affect the development of chick embryos
and to be responsible for the development of thermoregulation [43]. The thyroid
gland possesses a limited ability to synthesise hormones [66] until mid-incubation.
This period has been characterised by the synthesis of monoiodotyrosine on E8, of
diiodotyrosine on E9, and of T4 and thyroid-stimulating hormone (TSH) on E10
[54]. The hypothalamic-pituitary-thyroid axis is linked between E10.5 and E11.5
[67]. Levels of T3 start increasing on E12 [36] and increase significantly prior to
hatch in preparation for their role in the final maturation of many tissues and in the
physiological integration of hatching [1, 8, 42]. Therefore, thermal manipulation
during the sensitive development of this axis [55] may affect the “set-point” of the
heat-production threshold.

Corticosterone modulates peripheral conversion of T4 to T3 prenatally [9, 47] and
is the main stress hormone in the chick. Epple et al. [16] suggested that embryos
are susceptible to stress. Increasing incubation Ta during and/or after the HHAA
has been activated [82] may affect the stress response in the post-hatch chick, and it
may be possible to beneficially modify the stress response by using prenatal thermal
manipulation during this period.

Based on the development, maturation and function of the HHTA and HHAA
axes, the period between E8 and E18 has been used to evaluate the critical phase for
improvement of thermotolerance.

Thermal manipulation of embryos was performed during the critical period of
E16–E18 (that is, during the functional phase of the two axes) by subjecting the
embryos to 38.5◦C for 3 h/day, and was shown to significantly affect heat pro-
duction. Lower Tb coupled with lower plasma concentration of thyroid hormones
(Table 3.2) lent supporting evidence for the positive effect of thermal manipulation
on thermoregulation, which most probably resulted in reduced metabolic rate.

In a later study [85], E8–E10 (development phase) and E16–E18 (functioning
phase) were chosen as critical phases, and two manipulated temperatures applied
(39.5 and 41◦C) for 3 h/day. This study demonstrated a pronounced effect on

Table 3.2 Effects of thermal conditioning (TC) of embryos at 38.5◦C and 65% relative humidity
for 3 h on E16, E17 and E18 of incubation on body temperature (Tb) and plasma thyroid hormone
concentrations at hatch [88]

Variable Control TC

Tb (◦C) 39.37±0.06a 38.94±0.05b

T4 (ng/mL) 5.70±0.50a 4.41±0.37b

T3 (ng/mL) 2.51±0.16a 2.03±0.14b

aWithin rows, mean values ± SEM followed by different superscripts
differ significantly (P ≤ 0.05).
E – embryogenesis.
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Table 3.3 The effect of thermal manipulation during early (E8–E10; EE) and late (E16–E18; LE)
embryogenesis on hatchability, body weight and body temperature (Tb) of broiler chicks after hatch
and feather drying [85]

Variable

Treatment
control EE (39.5◦C) EE (41.0◦C) LE (39.5◦C) LE (41.0◦C)

Hatchability (%) 92.5b 89.9b 89.7b 97.9a 92.5b

Body weight (g) 46.8±0.3 47.3±0.3 47.0±0.3 47.0±0.3 47±0.3
Tb (◦C) 38.12±0.09ab 37.75±0.09b 37.97±0.09ab 37.72±0.09b 38.23±0.10a

aWithin rows, mean values ± SEM followed by different letters differ significantly (P ≤ 0.05).
E – embryogenesis; EE – early embryogenesis; LE – late embryogenesis.
n = 158–183, depending on the treatment.

hatchability of thermal manipulation during the later embryogenic phase (LE)
chicks treated at 39.5◦C, which coincided with the lowest Tb (Table 3.3).

Challenging the chicks at 3 days of age by exposing them to 41◦C for 6 h
(Table 3.4) demonstrated a dramatic difference in development of hyperthermia.
While the control chicks developed acute hyperthermia, those thermally manipu-
lated developed only moderate hyperthermia, and those belonging to the LE 39.5◦C
group had the lowest Tb. This phenomenon was coupled with significantly lower
plasma corticosterone concentration. Having both the lowest Tb and lowest plasma
corticosterone concentration indicates that thermal manipulation during the later
phase of embryogenesis when both the thyroid and adrenal axes are functional
reduces metabolic rate and stress response, thus enabling the organism to better
cope with heat stress.

Prolonged thermal manipulation (38.5◦C) has also been applied to laying-strain
chicken embryos from E18 until the end of incubation. On the final day of incu-
bation, the thermally manipulated embryos had significantly higher heat production
than controls [41]. Similar effects were found in Muscovy duck embryos subjected
to thermal manipulation from E29 until hatch. Furthermore, prolonged exposure
of Muscovy duck embryos to warm (38.5◦C) or cold (34.5◦C) conditions induced
changes in the thermosensitivity of PO/AH neurons [41] which persisted until 10

Table 3.4 The effect of thermal manipulation during early (E8–E10; EE) and late (E16–E18; LE)
embryogenesis on body temperature (Tb) and plasma concentrations of corticosterone (Cort) of
thermally challenged chicks at the age of 3 days [85]

Variables

Treatment
control EE(39.5◦C) EE(41.0◦C) LE(39.5◦C) LE(41.0◦C)

Tb (◦C) 44.04±0.16a 42.78±0.25b 43.01±0.20b 42.66±0.19b 42.96±0.20b

Cort (ng/mL) 34.3±3.4a 23.8±3.8ab 23.8±2.4ab 18.6±3.7b 35.7±5.0a

aWithin rows, mean values ± SEM followed by different superscripts differ significantly
(P ≤ 0.05).
E – embryogenesis; EE – early embryogenesis; LE – late embryogenesis.
n = 20 for Tb and n = 10 for corticosterone concentration.
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days post-hatch [69]. During the first 10 days post-hatch, Muscovy ducklings and
turkeys exposed to thermal manipulations during embryogenesis exhibited changes
in heat production and in their preferred ambient temperatures[49].

Exposure of layer embryos to high or low incubation temperatures (38.5 or
34.5◦C, respectively) on E18 and heat-stress on E20 resulted in altered expression
of c-Fos in the hypothalamus on the last day of incubation [34]. This suggests the
laying hens being under stress as a result of heat stress despite the previous thermal
treatment.

The response of chicks exposed to thermal manipulation during embryogenesis
and then raised to market age does not, however, reflect improved thermotolerance
[7, 68]. In other words, thermal manipulations do not appear to create a long-lasting
“physiological memory” for improved thermotolerance. Most embryonic thermal
manipulation studies demonstrate an improvement in thermotolerance during the
first 10 days post-hatch [44, 49, 69, 85, 88]. However, in the study of Collin et
al. [7] presented in Fig. 3.6, immediately post-hatch the thermally treated chicks
exhibited lower to significantly lower Tb than controls, indicating these chicks had
a lower metabolic rate. However, chickens in the EL [early (E) E8–E10 and late (L)
E16–E18], L and E treatment groups “lost” their advantage of significantly lower
Tb after 28, 35 and 41 days of age, respectively (Fig. 3.6). A thermal challenge to
these chickens at the age of 42 days by exposure to 35◦C for 6 h did not result in
differences in development of hyperthermia or in mortality rate.

These results raise the question of whether a long-lasting thermal “memory” can
be imparted by thermal manipulation during embryogenesis at all, or whether it is
just a question of selecting the correct critical period. In mammals, it appears that
for different control systems, as well as for specific functions of a particular phys-
iological system (as exhibited, for example, in the development of the mammalian
visual system [24]), several different, partially overlapping “critical phases” can be
identified. Furthermore, species-specific differences have to be taken into consider-
ation. Therefore, in broilers, it may indeed be only a question of finding the correct
“critical phase”.
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Fig. 3.6 Effect of thermal manipulation during incubation [C = control; thermal manipulation
during early embryogenesis (E8–E10) = E, and during late embryogenesis (E16–E18) = L, or
during both periods = EL [7]. All manipulations were at 39.5◦C for 3 h/day. Body temperature
was recorded between days 14 and 41 post-hatch. ∗Significant difference compared to control
chickens of the same age (P < 0.05). E – embryogenesis
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Previous studies on thermal manipulation at 3 days of age have shown induc-
tion of compensatory growth, leading to improved growth performance and muscle
growth due to enhancement of proliferation and differentiation of skeletal muscle
satellite cells during and immediately after the thermal manipulation [19].

In the chick, embryonic myoblasts are most abundant on E5, whereas fetal
myoblasts are most abundant between E8 and E12 [63]. Individual myofibers
become encased in a basal lamina during late embryogenesis (E15 onwards), and
at this stage that it is possible to distinguish satellite cells by their morphology and
location between the basal lamina and the sarcolemma [23, 83].

The induction of muscle growth due to enhancement of skeletal muscle satellite
cell proliferation and differentiation in chicks, coupled with the fact that in embryos
skeletal muscle satellite cells appear from E15 onwards, led Halevy et al. [20] to
hypothesise that temperature manipulation at E16–E18 alters satellite cell prolifer-
ation and subsequently, enhances muscle growth in broiler chicks post-hatch.

In two separate experiments, body weight was significantly higher at 9 and 15
days of age in chicks thermally manipulated from E16 to E18 at 38.5◦C (Fig. 3.7A)
or at 9 days of age in chicks that had been manipulated at 39.5◦C (Fig. 3.7B). Similar
results were obtained for breast-muscle percentage of BW in chicks manipulated
from E16 to E18 at 38.5◦C (Fig. 3.8) and in females at market age [20]

These results suggest that thermal manipulations during the late stage of incu-
bation influence muscle growth in post-hatch broilers and may therefore improve
broiler performance.

In summary, there is accumulating evidence that the epigenetic adaptation
approach, and its association with changes in the environment in mammals and
birds, with an emphasis on fine tuning the level and duration of the stress to coincide
with the “critical phase”, can elicit an efficient epigenetic adaptive response. This

Fig. 3.7 Body weight (grams =g) of control and thermally manipulated (TC) male chicks at
various days post-hatch. Thermal manipulation was conducted at 38.5◦C (a) or 39.5◦C (b) on
embryonic days E16–E18 for 3 h/day. Results are means ± SE (n = 20 or n = 50 for a and b,
respectively). ∗P < 0.05 vs. control at the same age
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complex issue needs intensive study in order to shed light on epigenetic adaptation
in domestic fowl. It can be further concluded that thermal manipulations at different
stages of embryogenesis may induce alterations in developmental processes.

3.6 Conclusion

The embryonic period represents half of the chicken’s life span. This period is cru-
cial for determination of post-hatch performance and resistance to stressors. Today’s
rapid-growing strains have not achieved their genetic potential for growth as a result
of limitations in the pre- and post-hatch periods in available energy and intesti-
nal functionality, and in their ability to cope with hot environments. This chapter
describes two prenatal manipulations that enable broilers to overcome these limita-
tions. The first, addition of nutrients to the developing embryo, leads to increased
glycogen (energy) reserves and a more highly developed small intestine in the pre-
hatch period, which contributes to heavier body weight and greater muscle mass
post-hatch. The second, thermal manipulation, improves performance while increas-
ing acquisition of thermotolerance, at least during the earlier post-hatch period.

References

1. Black, B.L. 1978. Morphological development of the epithelium of the embryonic chick intes-
tine in culture: influence of thyroxine and hydrocortisone. Am. J. Anat. 153:573–600.

2. Boulant, J.A. 1980. Hypothalamic control of thermoregulation: Neurophysiological basis, p.
1–82. In P.J. Morgane, and J. Panksepp (eds.), Handbook of Hypothalamus, vol. 3, part A,
Marcel Dekker, New York.

3. Boulant, J.A. 1996. Hypothalamic neurons regulating body temperature, pp. 105–126. In M.J.
Fregly, and C.M. Blatteis (eds.), APS Handbook of Physiology. Section 4: Environmental
Physiology, Oxford Press, New York.

4. Boulant, J.A. and J.B. Dean. 1986. Temperature receptors in the central nervous system. Ann.
Rev. Physiol. 48:639–654.



86 Z. Uni and S. Yahav

5. Burel, C., V. Mezger, M. Rallu, S. Trigon, and M. Morange. 1992. Mammalian heat shock
protein families. Expression and function. Experientia 48:629–634.

6. Christensen, V.L., M.J. Wineland, G.M. Fasenko, and W.E. Donaldson. 2001. Egg storage
effects on plasma glucose and supply and demand tissue glycogen concentrations of broiler
embryos. Poult. Sci. 80:1729–1735.

7. Collin, A., C. Berri, S. Tesseraud, F. Requena, S. Cassy, S. Crochet, M.J. Duclos, N. Rideau,
K. Tona, J. Buyse, V. Bruggemann, E. Decuypere, M. Picard, and S. Yahav. 2007. Effects
of thermal manipulation during early and late embryogenesis on thermotolerance and breast
muscle characteristics in broiler chickens. Poult. Sci. 86:795–800.

8. Decuypere, E., E. Dewil, and E.R. Kuhn. 1992. The hatching process and the role of hor-
mones, p. 239–255. In S.G. Tullett (ed.), Avian Incubation, Butterworth-Heinemann, London.

9. Decuypere, E., C.G. Scanes, and E.R. Kühn. 1983. Effect of glucocorticoids on circulating
concentrations of thyroxine (T4) and triiodothyronine (T3) and on the peripheral monodeiod-
ination in pre and post-hatching chickens. Horm. Metab. Res. 15:233–236.

10. Dickson, A.J. and D.R. Langslow. 1978. Hepatic gluconeogenesis in chickens. Mol. Cell.
Biochem. 22:167–181.

11. Dörner, G. 1974. Environment-dependent brain differentiation and fundamental process of
life. Acta Biol. Med. Germ. 33:129–148.

12. Elwyn, D.H. and S. Bursztein. 1993. Carbohydrate metabolism and requirements for nutri-
tional support: Part I. Nutrition 9:50–66.

13. Elwyn, D.H. and S. Bursztein. 1993. Carbohydrate metabolism and requirements for nutri-
tional support: Part II. Nutrition 9:164–177.

14. Elwyn, D.H. and S. Bursztein. 1993. Carbohydrate metabolism and requirements for nutri-
tional support: Part III. Nutrition 9:255–267.

15. Emmans, G.C. and I. Kyriazakis. 2000. Issues arising from genetic selection for growth and
body composition characteristics in poultry and pigs, p. 39–53. In The Challenge of Genetic
Changes in Animal Production, Occasional Publication No. 27. British Society of Animal
Science, Edinburgh.

16. Epple, A., B. Gower, M.T. Busch, T. Gill, L. Milakofsky, R. Piechotta, B. Nibbio, T. Hare,
and M.H. Stetson. 1997. Stress responses in avian embryos. Am. Zool. 37:536–545.

17. French, N.A. 1994. Effect of incubation temperature on the gross pathology of turkey
embryos. Br. Poult. Sci. 35:363–371.

18. Geyra, A., Z. Uni, and D. Sklan. 2001. The effect of fasting at different ages on growth and
tissue dynamics in the small intestine of the young chick. Br. Poult. Sci. 86:53–61.

19. Halevy, O., A. Krispin, Y. Leshem, J.F. McMurtry, and S. Yahav. 2001. Early age heat stress
accelerates skeletal muscle satellite cell proliferation and differentiation in chicks. Am. J.
Physiol. 281:R302–R317.

20. Halevy, O., M. Lavi, and S. Yahav. 2006. Enhancement of meat production by thermal manip-
ulations during embryogenesis of broilers, pp. 77–88. In S. Yahav, and B. Tzschentke (eds.),
New Insights into Fundamental Physiology and Perinatal Adaptation of Domestic Fowl, Not-
tingham University Press, UK.

21. Hamburger, V. and H.L. Hamilton. 1992. A series of normal stages in the development of the
chick embryo. Dev. Dyn. 195:232–272.

22. Hamer, M.J. and A.J. Dickson. 1989. Influence of developmental stage on glycogenolysis and
glycolysis in hepatocytes isolated from chick embryos and neonates. Biochem. Soc. Trans.
17:1107–1108.

23. Hartely, R., S. Bandman, and Z. Yablonka-Reuveni. 1992. Skeletal muscle satellite cells
appear during late chicken embryogenesis. Dev. Biol. 153:206–216.

24. Harwerth, R.S., L. Smith, G.C. Duncan, M.L. Crawford, and G.K. von Noorden. 1986. Mul-
tiple sensitive periods in the development of the primate visual system. Science 232:235–238.

25. Havenstein, G.B., P.R. Ferket, and M.A. Qureshi. 2003. Growth, livability, and feed conver-
sion of 1957 versus 2001 broilers when fed representative 1957 and 2001 broiler diets. Poult.
Sci. 82:1500–1508.



3 Broiler Chickens to Improve Productivity and Thermotolerance 87

26. Havenstein, G.B., P.R. Ferket, and M.A. Qureshi. 2003. Carcass composition and yield of
1957 versus 2001 broilers when fed representative 1957 and 2001 broiler diets. Poult. Sci.
82:1509–1518.

27. Havenstein, G.B., P.R. Ferket, S.E. Scheideler, and B.T. Larson. 1994. Growth, livability, and
feed conversion of 1991 versus 1957 broilers when fed “typical” 1957 and 1991 broiler diets.
Poult. Sci. 73:1785–1794.

28. Hillman, P.E., N.R. Scott, and A. van Tienhoven. 1985. Physiological responses and adap-
tations to hot and cold environments, p. 27–71. In M.K. Yousef (ed.), Stress Physiology in
Livestock, Vol. 3, Poultry. CRC Press, Inc., Boca Raton, FL.

29. Holland, S., M. Nichelmann, and J. Höchel. 1997. Development in heat loss mechanisms in
avian embryos. Verh. Dtsch. Zool. Ges. 90:105.

30. Horowitz, M. 1998. Do cellular heat acclimation responses modulate central thermoregulatory
activity? News Physiol. Sci. 13:218–225.

31. Horowitz, M. 2002. From molecular and cellular to integrative heat defense during exposure
to chronic heat. Comp. Biochem. Physiol. 131A:475–483.

32. Hurwitz, S., M. Weiselberg, U. Eisner, I. Bartov, G. Riesenfeld, M. Sharvit, A. Niv, and S.
Bornstein. 1980. The energy requirements of growing chickens and turkeys as affected by
environmental temperature. Poult. Sci. 59:2290–2299.

33. IUPS Thermal Commission. 2001. Glossary of terms for thermal physiology. Jap. J. Physiol.
51:245–280.

34. Janke, O. and B. Tzschentke. 2006. Hypothalamic c-fos expression of temperature experi-
enced chick embryos after acute heat exposure, p. 109–115. In S. Yahav, and B. Tzschen-
tke (eds.), New Insights into Fundamental Physiology and Perinatal Adaptation of Domestic
Fowl, Nottingham University Press, UK.

35. John, T.M., J.C. George, and E.T. Moran, Jr. 1988. Metabolic changes in pectoral muscle and
liver of turkey embryos in relation to hatching: influence of glucose and antibiotic-treatment
of eggs. Poult. Sci. 67:463–469.

36. Kameda, Y., K. Udatsu, M. Horino, and T. Tagawa. 1986. Localization and development of
immunoreactive triiodothyronine in thyroid glands of dogs and chickens. Anat. Res. 214:
168–176.

37. Kaplan, S., G. L. Kolesari, and J. P. Bahr. 1978. Temperature dynamics of the fertile chicken
eggs. Am. J. Physiol. 234:R183–187.

38. Katz, A. and N. Meiri. 2006. Brain-derived neurotrophic factor is critically involved in
thermal-experience-dependent developmental plasticity. J. Neurosci. 12:3899–3907.

39. Labunsky, G. and N. Meiri. 2006. R-Ras3/(M-Ras) is involved in thermal adaptation in the
critical period of thermal control establishment. J. Neurobiol. 66:56–70.

40. Lindquist, S. 1986. The heat shock response. Ann. Rev. Biochem. 55:1151–1191.
41. Loh, B., I. Maier, A. Winar, O. Janke, and B. Tzschentke. 2004. Prenatal development of epi-

genetic adaptation processes in poultry: changes in metabolic and neuronal thermoregulatory
mechanisms. Avian Poultry Biol. Rev. 15:119–128.

42. Mallon, D.L. and T.W. Betz. 1982. The effects of hydrocortisone and thyroxine treatments on
duodenal morphology, alkaline phosphatase and sugar transport in chicken (Gallus domesti-
cus) embryos. Can. J. Zool. 60:3447–3455.

43. McNabb, F.M.A. and D.B. King. 1993. Thyroid hormones effects on growth development
and metabolism, p. 393–417. In M.P. Schreibman, C.G. Scanes, and P.K.T. Pang (eds.), The
Endocrinology of Growth Development and Metabolism in Vertebrates, Academic Press,
New York.

44. Moraes, V.M.B., D. Malehiros, V. Bruggemann, A. Collin, K. Tona, P. Van As, O.M. Onagbe-
san, J. Buyse, E. Decuypere, and M. Macari. 2004. Effect of thermal conditioning during
embryonic development on aspects of physiological responses of broilers to heat stress. J.
Thermal Biol. 28:133–140.

45. Moran, E.T. 1985. Digestion and absorption in fowl and events through perinatal development.
J. Nutr. 115:665–674.



88 Z. Uni and S. Yahav

46. Moran, E.T. and B.S. Reinhart. 1980. Poult yolk amount and composition upon placement:
effect of breeder age, egg weight, sex and subsequent change with feeding or fasting. Poult.
Sci. 59:1521–1528.

47. Neeuwis, R., R. Michielsen, and E. Decuypere. 1989. Thyrotrophic activity of the ovine
corticotrophin-releasing factor in the chick embryo. Gen. Comp. Endocrinol. 76:357–363.

48. Nichelmann, M., J. Höchel, and B. Tzschentke. 1999. Biological rhythms in birds—
development, insights and perspectives. Comp. Biochem. Physiol. A 124:437–439.

49. Nichelmann, M., B. Lange, R. Pirow, J. Langbein, and S. Herrmann. 1994. Avian thermoreg-
ulation during the perinatal period, p. 167–173. In E. Zeisberger, E. Schönbaum, and P.
Lomax (eds.), Thermal Balance in Health and Disease. Advances in Pharmacological Sci-
ence, Birkhäuser Verlag, Basel.

50. Nichelmann, M. and B. Tzschentke. 2002. Ontogeny of thermoregulation in precocial birds.
Comp. Biochem. Physiol. A 131:751–763.

51. Nissen, S., J.C. Fuller, Jr., J. Sell, P.R. Ferket, and D.V. Rives. 1994. The effect of beta-
hydroxy-beta-methylbutyrate on growth, mortality, and carcass qualities of broiler chickens.
Poult. Sci. 73:137–155.

52. Noy, Y. and D. Sklan. 1998. Yolk utilisation in the newly hatched poult. Br. Poult. Sci. 39:
446–451.

53. Parsell, D.A. and S. Lindquist 1994. Heat shock proteins and stress tolerance, p. 457–494. In
R.I. Morimoto, A. Tissieres, and C. Georgopoulos (eds.), Biology of Heat Shock Proteins and
Molecular Chaperones, Cold Spring Harbor Laboratory Press, New York.

54. Prati, M., R. Calvo, and G. Morreale de Escobar 1992. L-thyroxine and 3,5,3’-triiodothyronine
concentrations in the chicken egg and in the embryo before and after the onset of thyroid
function. Endocrinology 130:2651–2659.

55. Reynes, G.E., K. Venken, G. Morreale de Escobar, E.R. Kühn, and V.M. Darras. 2003.
Dynamics and regulation of intracellular thyroid hormone concentrations in embryonic
chicken liver, kidney, brain and blood. Gen. Comp. Physiol. 134:80–87.

56. Romanoff, A.L. 1972. Pathogenesis of the Avian Embryo. John Wiley and Sons, New York.
57. Rosebrough, R.W., E. Geis, K. Henderson, and L.T. Frobish. 1978. Glycogen depletion and

repletion in the chick. Poult. Sci. 57:1460–1462.
58. Rosebrough, R.W., E. Geis, K. Henderson, and L.T. Frobish. 1978. Glycogen metabolism in

the turkey embryo and poult. Poult. Sci. 57:747–751.
59. Saito, N. and R.Grossmann. 1998. Effect of short-term dehydration on plasma osmolality,

levels of arginine vasotocin and its hypothalamic gene expression in the laying hen. Comp.
Biochem. Physiol. A 121:235–239.

60. Sawaka, M.N., C.B. Wenger, and K.B. Pandolf. 1996. Thermoregulatory responses to acute
exercise-heat stress and heat acclimation, p. 157–187. In M.J. Fregly, and C.M. Blatteis (eds.),
Handbook of Physiology, Section 4: Environmental Physiology, Vol. 1., Oxford University
Press, Oxford.

61. Shido, O., Y. Yoneda, and T. Nagasaka. 1989. Changes of body temperatures in rats acclimated
to heat with different acclimated schedule. J. Appl. Physiol. 67:2154.

62. Smirnov, A., E. Tako, P.R. Ferket, and Z. Uni. 2006. Mucin gene expression and mucin content
in the chicken intestinal goblet cells are affected by in ovo feeding of carbohydrates. Poult.
Sci. 85:669–673.

63. Stockdale, F.E. 1992. Myogenic cell lineages. Dev. Biol. 154:284–298.
64. Tako, E., P.R. Ferket, and Z. Uni. 2004. The effects of In Ovo feeding of carbohydrates

and beta-hydroxy-beta-methylbutyrate on the development of chicken intestine. Poult. Sci.
83:2023–2028.

65. Tako, E., P.R. Ferket, and Z. Uni. 2005. Changes in chicken intestinal zinc exporter
(ZnT1) mRNA expression and small intestine functionality following an intra amniotic zinc-
methionine (ZnMet) administration. J. Nutr. Biochem. 16:339–346.

66. Thommes, R.C. 1987. Ontogenesis of thyroid function and regulation in the developing chick
embryo. J. Exp. Zool. Suppl. 1:273–279.



3 Broiler Chickens to Improve Productivity and Thermotolerance 89

67. Thommes, R.C., N.B. Clark, L.L.S. Mok, and S. Malone. 1984. Hypothalamo-
adenohypophyseal-thyroid interrelationships in the chick embryo. V. The effects of thyroidec-
tomy on T4 levels in blood plasma. Gen. Comp. Endocrinol. 54:324–327.

68. Tona, K., O. Onagbesan, V. Bruggeman, A. Collin, C. Berri, M. Duclos, S. Tesseraud, J.
Buyse, E. Decuypere, and S. Yahav. 2007. Effects of heat conditioning at d 16 to 18 of incu-
bation or during early broiler rearing on embryo physiology, post-hatch growth performance
and heat tolerance. Br. Poult. Sci. Arch. Geflügelk 72(2):75–83.

69. Tzschentke, B. and D. Basta. 2002. Early development of neuronal hypothalamic sensitivity
in birds: influence of epigenetic temperature adaptation. Comp. Biochem. Physiol. A 131:
825–832.

70. Tzschentke, B., D. Basta, and M. Nichelmann. 2001. Epigenetic temperature adaptation in
birds: peculiarities and similarities in comparison to acclimation. News Biomed. Sci. 1:26–31.

71. Tzschentke, B., J. Basta, O. Janke, and I. Maier. 2004. Characteristics of early development
of body functions and epigenetic adaptation to the environment in poultry: focused on devel-
opment of central nervous mechanisms. Avian Poult. Biol. Rev. 15:107–118.

72. Uni, Z. 1999. Functional development of the small intestine: cellular and molecular aspects.
Avian Poult. Biol. Rev. 10:167–179.

73. Uni, Z. and P.R. Ferket, inventors. 2003. Enhancement of development of oviparous species
by in ovo feeding. US patent number 6,592,878. Issued: Jul 15, 2003.

74. Uni, Z., P.R. Ferket, E. Tako, and O. Kedar. 2005. In ovo feeding improves energy status of
late term chicken embryos. Poult. Sci. 84:764–770.

75. Uni, Z., O. Gal-Garber, A. Geyra, D. Sklan, and S. Yahav. 2001. Changes in growth and
function of chick small intestine epithelium due to early thermal conditioning. Poult. Sci.
80:438–445.

76. Uni, Z., Y. Noy, and D. Sklan. 1996. Developmental parameters of the small intestines in
heavy and light strain chicks pre- and post-hatch. Br. Poult. Sci. 36:63–71.

77. Uni, Z., R. Platin, and D. Sklan. 1998. Cell proliferation in chicken intestinal epithelium
occurs both in the crypt and along the villus. J. Comp. Physiol. B 168:241–247.

78. Uni, Z., A. Smirnov, and D. Sklan. 2003. Pre- and posthatch development of goblet cells in
the broiler small intestine: effect of delayed access to feed. Poult. Sci. 82:320–327.

79. Uni, Z., E. Tako, O. Gal-Garber, and D. Sklan. 2003. Morphological, molecular, and func-
tional changes in the chicken small intestine of the late-term embryo. Poult. Sci. 82:
1747–1754.

80. Vieira, S.L. and E.T. Moran. 1999. Effect of egg origin and chick post-hatch nutrition on
broiler live performance and meat yields. World’s Poult. Sci. J. 56:125–142.

81. Vieira, S.L. and E.T. Moran. 1999. Effects of delayed placement and used litter on broiler
yields. J. Appl. Poult. Res. 8:75–81

82. Wise, P.M. and B.E. Frye. 1975. Functional development of the hypothalamo-hypophyseal-
adrenal cortex axis in chick embryo, Gallus domesticus. J. Exp. Zool. 185:277–292.

83. Yablonka-Reuveni, Z. 1995. Myogenesis in the chicken: the onset of differentiation of adult
myoblasts is influenced by tissue factors. Basic Appl. Myol. 5:33–41.

84. Yahav, S. 2000. Domestic fowl—strategies to confront environmental conditions. Avian Poult.
Biol. Rev. 11:81–95.

85. Yahav, S., A. Collin, D. Shinder, and M. Picard. 2004. Thermal manipulations during broiler
chick’s embryogenesis—the effect of timing and temperature. Poult. Sci. 83:1959–1963.

86. Yahav, S., S. Goldfeld, I. Plavnik, and S. Hurwitz. 1995. Physiological responses of chickens
and turkeys to relative humidity during exposure to high ambient temperature. J. Thermal
Biol. 20:245–253.

87. Yahav, S. and S. Hurwitz. 1996. Induction of thermotolerance in male broiler chickens by
temperature conditioning at an early age. Poult. Sci. 75:402–406.

88. Yahav, S., R. Sasson Rath, and D. Shinder. 2004. The effect of thermal manipulations dur-
ing embryogenesis of broiler chicks (Gallus domesticus) on hatchability, performance and
thermoregulation after hatch. J. Thermal Biol. 29:245–250.



90 Z. Uni and S. Yahav

89. Yahav, S., A. Shamay, G. Horev, D. Bar-Ilan, O. Genina, and M. Friedman-Einat. 1997. Effect
of acquisition of improved thermotolerance on the induction of heat shock proteins in broiler
chickens. Poult. Sci. 76:1428–1434.

90. Yahav, S., D. Shinder, J. Tanny, and S. Cohen. 2005. Sensible heat loss—the broiler’s paradox.
World’s Poult. Sci. J. 61:419–435.

91. Yahav, S., A. Straschnow, D. Luger, D. Shinder, J. Tanny, and S. Cohen. 2004. Ventilation,
sensible heat loss, broiler energy and water balance under harsh environmental conditions.
Poult. Sci. 83:253–258.

92. Yahav, S., A. Straschnow, I. Plavnik, and S. Hurwitz. 1996. Effect of diurnal cyclic versus
constant temperatures on chicken growth and food intake. Br. Poult. Sci. 37:43–54.

93. Yahav, S., A. Straschnow, I. Plavnik, and S. Hurwitz. 1997. Blood system response of chickens
to changes in environmental temperature. Poult. Sci. 76:627–633.



Part II
Mechanistic Basis of Postnatal

Consequences of Fetal Development



Chapter 4
Biological Mechanisms of Fetal Development
Relating to Postnatal Growth, Efficiency and
Carcass Characteristics in Ruminants

John M. Brameld, Paul L. Greenwood, and Alan W. Bell

Introduction

Over recent years there has been a lot of interest in the effects of prenatal environ-
ment on subsequent development of tissues and the postnatal consequences. In farm
animal species this has particularly related to muscle and fat development and the
later consequences in terms of body composition at slaughter. Studies have been
carried out in a variety of species, including rats, guinea pigs, pigs, sheep and, more
recently, cattle. This chapter will concentrate on the evidence for effects of prenatal
environment on development of muscle and adipose cells in ruminant species, the
possible mechanisms for these effects and the long-term consequences relating to
postnatal growth and body composition.

4.1 Prenatal Development of Carcass Tissues

All tissues within the body develop from the single cell formed when the ovum
is fertilised by a sperm. That single cell goes through thousands of cell cycles in
order to replicate (proliferate) and form the thousands of cells within each tissue
in the developing fetus and resulting offspring. The rates of cell proliferation are
dependent upon the balance between factors that stimulate and those that inhibit cell
proliferation. Often those factors are proteins and include hormones (e.g. insulin)
and growth factors (e.g. epidermal growth factor (EGF) and platelet derived growth
factor (PDGF)). Hence cell proliferation is needed to produce the numbers of cells
required to make up a whole organism, but the specialisation of those cells into
specific, functional cell types involves the process of cell differentiation. In order for
cells to terminally differentiate they must exit the cell cycle and therefore, in general,
factors that stimulate proliferation will inhibit differentiation and vice versa. The
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majority of differentiated cell types (e.g. hepatocyte, adipocyte and muscle fibre) are
therefore unable to proliferate unless they are able to de-differentiate into a precursor
cell type. The process of differentiation always involves the switching on of cell- or
tissue-specific genes via activation of transcription factors that induce the molecular
and morphological changes that result in that cell becoming a specific cell-type.
As for proliferation, a variety of factors regulate differentiation, both positively and
negatively. Again various hormones (e.g. insulin, thyroid hormones) and growth
factors (e.g. Transforming Growth Factor β, insulin-like growth factors I and II)
are involved, but also some nutrients (e.g. vitamin A), act as ligands for nuclear
hormone receptors and thereby regulate gene transcription in a similar manner to
transcription factors [111].

4.1.1 Skeletal Muscle Development (Myogenesis)

Probably the best studied cell type in terms of regulation of proliferation and differ-
entiation is muscle cell lineage. Commitment or determination of cells to the muscle
cell lineage is mainly via a group of muscle-specific transcription factors, collec-
tively known as the muscle or myogenic regulatory factors (MRFs). These include
myf-5, myoD, myogenin and MRF4, with the first two shown to be important for
the commitment to muscle cell type and early stages of differentiation and the lat-
ter two more important for inducing formation of muscle fibres and later stages of
differentiation (for reviews see [6, 17, 21, 26, 28, 88, 96]). Skeletal muscle starts
to develop at a very early stage of embryonic development, with all muscle cells
initially located in the myotome and dermomyotome regions of the somite. Com-
mitment to the muscle cell lineage appears to be initiated by wnt and shh signalling
peptides [121], which result in the switching on of gene expression for one of the
two MRFs, MyoD and myf-5. The expression of one or other of these is enough
to induce the cell to commit to muscle-lineage, resulting in the cell becoming a
myoblast. At this stage the cells are still mononuclear and are able to migrate to
other sites within the embryo and proliferate in response to various growth factors
[17, 26]. Initiation of gene expression for a third MRF, myogenin, results in the
alignment and fusion of the myoblasts and their differentiation into myotubes and,
later, into muscle fibres. The latter stages of differentiation also involve the fourth
MRF (MRF4), require some degree of innervation, and result in the formation of
large multinuclear cells. Hence, myogenesis involves combinations of four mus-
cle specific transcription factors regulating commitment to become a myoblast and
subsequently differentiation into muscle fibres. Recent in vitro studies [67] indi-
cate that various unsaturated fatty acids are able to dose-dependently stimulate or
inhibit muscle cell differentiation, by an as yet unidentified mechanism. The mono-
unsaturated fatty acid, oleic acid, and the polyunsaturated fatty acids, linoleic acid
and the cis9, trans11 isomer of conjugated linoleic acid (CLA), all stimulated differ-
entiation; whereas the trans10, cis12 isomer of CLA inhibited differentiation. This
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1° fibre (slow)2° fibres (fast)

Fig. 4.1 Schematic
representation of the
formation of secondary (2◦)
muscle fibres on the surface
of primary (1◦) myofibres
(myotubes) during fetal life

indicates one possible mechanism for the direct effects of diet on muscle develop-
ment and fibre formation.

The numbers of muscle fibres within a specific muscle are thought to be set at
around the time of birth in most mammals. Rodents are the exception in this with
muscle fibre formation continuing through the neonatal period, with the numbers of
fibres apparently fixed from the time of weaning at around 4 weeks of age [122].
Postnatal growth of muscle therefore involves increases in fibre size (hypertrophy)
rather than numbers of fibres. Hence the processes of myogenesis predominantly
take place in utero. The formation of muscle fibres takes place in two main waves,
with primary fibres being formed first and secondary fibres developing around the
primaries (Fig. 4.1) [88, 96, 121]. There may be specific myoblast precursors for
these different populations of fibres; with embryonic myoblasts appearing to form
primary muscle fibres in early to mid gestation and fetal myoblasts forming sec-
ondary muscle fibres in mid to late gestation (Table 4.1). In general, the primary
fibres tend to become slow oxidative (type I) muscle fibres, while the secondary
fibres tend to become faster fibre types (types IIA, IIB, etc.). However, some degree
of plasticity is seen prenatally as maturation of muscle occurs in preparation for
postnatal life [55, 86, 105], and postnatally, such that primary fibres can become fast
fibres in “fast” muscles and secondary fibres can become slow fibres in “slow” mus-
cles [88, 96]. In some species, tertiary muscle fibre formation has been described
either during mid to late gestation or the early postnatal period [88, 123]. Initially,
these fibres are closely associated with secondary fibres and appear to form both fast
and slow fibre types, possibly being derived from different populations of satellite
cells [74].

Although postnatal muscle growth mainly relates to an increase in fibre size and
protein content, this is dependent upon an increase in the number of myonuclei
and DNA content, which results from another population of muscle precursor cells

Table 4.1 Stages of gestation when different generations of muscle fibres appear in various mam-
malian species [adapted from 21, 96]

Species Primary Secondary Tertiary Length of gestation References

Rat 14–16 df 17–19 df – 22 days [123]
Guinea pig 30 df 30–35 df – 68 days [37]
Pig 35 df 55 df 0–15 dpn 114 days [81]
Sheep 32 df 38 df 62–76 df 145 days [124]
Cattle <47 df 90 df 110 df 278–283 days [50, 104]

df: days of fetal life; dpn: days of postnatal life.
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Fig. 4.2 Electron micrograph
of a transverse section of
85 day fetal ovine M. soleus,
showing a myofibre and
myonucleus (M), and an
associated cell with the
morphology of a satellite cell
(S). The basal lamina
surrounding the myofibre and
presumptive satellite cell is
indicated by an arrow.
Magnification approximately
10,000 ×. [56]

called satellite cells (for reviews see [6, 21, 26, 28, 88, 96]). Satellite cells can be
considered as myoblasts that did not fuse to form fibres and survive into adulthood.
They reside between the basal or external lamina and the sarcolemma (Fig. 4.2) and
are able to proliferate and fuse with existing fibres during late prenatal and postnatal
growth (fibre hypertrophy) in livestock or in response to muscle damage. Activity
of muscle satellite cells and rate of increase in myonuclei and DNA in muscle is
regulated by nutrient supply and growth of the fetus during late gestation [56] and
during postnatal life [57]. These satellite cells might also relate to the myoblast
population that forms the tertiary fibres in some species. The numbers present under
the basement membrane of adult muscle fibres gradually decrease with age, so that
the capacity for muscle growth or regeneration declines with age.

4.1.2 Adipose Cell Development (Adipogenesis)

Interestingly there are strong links between muscle and fat cell development. Strik-
ing evidence for such a developmental association comes from gene knockout stud-
ies to identify the roles of the myogenic regulatory factors (MRF), MyoD and myf-
5 [102]. Mice carrying null mutations for both these genes were born alive, but
were immobile and died soon after birth. Immunohistochemical analysis showed a
complete lack of muscle (both myoblast precursor cells and muscle fibres), but “the
spaces normally occupied by skeletal muscle contained either amorphous loose con-
nective tissues or expanded areas of adipose tissue” [102]. This suggests that if cells
are not committed to become muscle cells then they default to adipose cells. Fat
cells (adipocytes) therefore share a common mesenchymal origin with skeletal mus-
cle cells [23, 61, 64, 106]. Unlike muscle cells, it is a lack of exposure to signalling
factors (e.g. wnts [101]) that appears to result in that cell becoming a fat cell. Hence
it might be postulated that the adipocyte lineage is the default, if the cell is not com-
mitted to some other cell type. Adipogenesis involves determination of the stem-like
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precursor cell to become an adipoblast, followed by sequential differentiation steps
to become a preadipocyte and then an adipocyte. The adipoblast and preadipocyte
stages are associated with the capacity to proliferate and therefore increase in num-
ber. However, terminal differentiation into an adipocyte is associated with exit from
the cell cycle and therefore loss of the capacity to increase in number. Once formed,
adipocytes appear not to be lost (although this is a contentious issue) and are able to
increase (or decrease) in size according to energy intake and expenditure, but with
limits to the degree of hypertrophy possible. The molecular regulation of adipogene-
sis involves a cascade of transcription factors, switching on gene expression of each
other and the various genes involved in nutrient uptake, and lipogenesis and lipol-
ysis. The most important amongst these, in terms of differentiation of preadipocyte
into adipocyte, are believed to be two CCAAT enhancer binding proteins (CEBP
alpha and beta) and PPAR gamma [23, 61, 65, 106]. Unlike muscle, where the num-
ber of muscle fibres is set at birth, the capacity for preadipocytes to proliferate and
form adipocytes appears to persist throughout life (although this is very difficult to
prove). Hence there appears to be a limitless capacity to store fat. The effects of hor-
mones, growth factors and nutrients in regulating adipogenesis have been reviewed
previously [23, 61, 64–65, 106].

4.2 Factors Affecting Fetal Tissue Development

A variety of genetic and environmental factors have been found to affect devel-
opment of tissues in the fetus and the interplay between all these factors will be
important in determining the phenotype of the resulting offspring.

4.2.1 Maternal and Fetal Genotype

In a general sense, fetal genotype is most important in determining fetal growth dur-
ing early and mid pregnancy, whereas maternal genotype is more important in deter-
mining fetal growth during late pregnancy when most fetal growth normally occurs
and is increasingly subject to external influences mediated via the dam. The effect
of fetal and maternal genotype on fetal growth has been most convincingly demon-
strated in cattle by Ferrell [43] who implanted Charolais (heavier birth weight) or
Brahman (lighter birth weight) embryos into Charolais (large frame size) and Brah-
man (small frame size) cows. At 232 days of pregnancy each fetal genotype was
similar in size, irrespective of dam breed. However, by 274 days of gestation Charo-
lais fetuses in Brahman cows were 7 kg lighter than those in Charolais cows. In
contrast, Brahman fetuses in Charolais cows were only 2 kg heavier than those in
Brahman cows. In relation to muscle development, weight of semitendinosus muscle
was affected to a similar extent as was fetal weight by fetal and maternal genotype.

One of the most striking indications of the genetic regulation of muscle fibre
number is the phenomenon of double muscling in cattle [6, 17, 21, 26]. The Belgian
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Blue breed is a classic example and studies have demonstrated that the increase in
numbers of muscle fibres is related to increased levels of mitogenic growth factors in
the fetal circulation, resulting in increased rates of myoblast proliferation. The time
period during gestation when myoblast proliferation occurs is also extended, along
with a delay in the timing of differentiation. The delay in differentiation is associ-
ated with a delay in local expression of IGF-II [51], an important local regulator
of myoblast differentiation via its positive effects on myogenin gene expression.
Disruption in the gene for myostatin, a member of the transforming growth factor
beta (TGF β) family, has been demonstrated in these cattle [6]. Myostatin (GDF-8)
was originally identified in mice [92] and like other TGF β family members has
been shown to decrease both proliferation and differentiation of myoblasts in vitro.
Hence, the gene mutation results in loss of functional myostatin protein, eliminating
a local inhibitor of myoblast proliferation and resulting in increased myoblast pro-
liferation, and thereby increased numbers of muscle fibres. Interestingly, a number
of gene mutations have been described in cattle and more recently pigs, with vary-
ing effects on muscling, including no effect on muscle fibre number in some cattle
[107] and all the porcine studies to date [72–73]. This suggests that the lack of myo-
statin is not the only factor responsible for double muscling, as recently evidenced
by, for example, studies on the over-expression of the myostatin binding protein,
follistatin [80].

The Callipyge locus on chromosome 18 [30, 48] is associated with extreme
hypertrophy of hind-quarter muscles and reduced fatness in sheep [49, 70–71, 76],
improved feed efficiency [69], but markedly increased toughness in affected muscles
[36, 49, 70, 76]. The callipyge phenotype is expressed during postnatal growth [36,
69] in all heterozygote offspring when the allele responsible for muscle hypertro-
phy is inherited from the sire, a mode of inheritance known as polar over-dominance
[31, 52]. In callipyge lambs, muscle hypertrophy is associated with an increase in
the average size of myofibres, but not in the number of myofibres in affected muscles
[76]. In these sheep, increased myofibre size is due to a greater proportion and size
of type 2B/2X (fast glycolytic) muscle fibres, and there is a reduction in the percent-
age of type 1 (slow oxidative) and 2A (fast oxidative-glycolytic) myofibres and an
increase in size of type 2A myofibres present [27, 76, 82]. According to Koohmaraie
et al. [76], hypertrophic muscles in these sheep also have an increased concentra-
tion of RNA, greater mass of DNA, RNA and protein, increased RNA to DNA, and
reduced protein to RNA in affected muscles at equivalent carcass weights compared
to non-callipyge lambs, suggesting increased muscle satellite cell number and/or
activity and greater transcriptional and translational capacity and/or efficiency in
callipyge lambs.

Molecular regulation of the callipyge phenotype has been postulated to involve
an important role for Dlk1, one of a cluster of paternally imprinted genes located in
the region of the causative single-nucleotide polymorphism (SNP) on ovine chro-
mosome 18 [120]. In support of their postulate, these authors reported spatial and
temporal concordance of overexpression of DLK1 with emergence of hypertrophy
in callipyge-affected muscles. They also observed that the DLK1 protein was associ-
ated with putative satellite cells during prenatal and early postnatal development pre-
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ceding appearance of the callipyge phenotype at 12 weeks post partum. Microarray-
based transcriptional profiling has identified numerous genes that are differentially
expressed in longissimus dorsi muscle from callipyge lambs at birth and/or 12 weeks
of age, of which eight, including Dlk1, were over- or underexpressed at both stages
of development [116]. These findings were integrated into a proposed network of
genes and histone epigenetic modifications thought to underpin the changes in mus-
cle fibre type and hypertrophy characteristic of the callipyge phenotype, with Dlk1
ascribed a primary effector role [116].

4.2.2 Ontogeny of Endocrine Regulation

Major differences in endocrine status are found when comparing the circulat-
ing hormone levels in the fetus with those in neonatal and adult animals. One
of the main hormonal systems that undergo dramatic changes is the growth
hormone-insulin like growth factor (GH-IGF) axis (for review see [22]). Although
the circulating levels of GH in the fetus are high, prenatal or fetal growth
has long been considered to be largely independent of the influence of GH.
This is because the expression of the GH-receptor (GHR) is very low, result-
ing in a loss of GH sensitivity, particularly in relation to its stimulation of IGF-
I expression in the liver. Hence it has been suggested that the main growth fac-
tor for fetal growth is IGF-II, which is GH-independent. Humoral IGF-I there-
fore appears to have little effect on fetal growth, being more important in post-
natal, GH-dependent growth [22]. However, this view is now being questioned.
Loss of either IGF-I or IGF-II via gene knockout technologies results in impaired
fetal growth and growth retarded offspring at birth [25], while only the loss of
IGF-I has any effect on postnatal growth. The growth-regulatory effects of both
IGFs is via the IGF type 1 receptor (IGF1R) and knockout of the IGF1R gene
results in extreme growth retardation and death. The role of IGF-I in postna-
tal growth has been investigated further, and loss of liver-specific IGF-I expres-
sion (via cre-lox technology) results in reduced circulating IGF-I levels, but has
no effect on postnatal growth rates [25]. Interestingly, the loss of hepatic and,
thereby, circulating IGF-I, results in increased plasma GH levels, presumably
due to the loss of negative feedback of IGF-I on GH production by the pitu-
itary, and also results in mice developing insulin resistance [125]. Hence, the
role of hepatic-derived IGF-I in the fetus is being questioned and brings in the
possibility that other tissue sources (e.g. adipose tissue or skeletal muscle) may
either compensate for the lack of circulating IGF-I or may be more important
contributors.

The apparent GH-independence of fetal growth might also be questioned, since
this has normally been assumed because of the lack of GHR expression by
the fetal liver, but we do not know what the levels of GHR expression are in
many other tissues [22]. For example, hypophysectomy of fetal sheep retarded
bone growth [93] and substantially increased fat deposition in late pregnancy
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[109]. The latter response was readily abolished with physiological replacement
of GH, implying that the late-gestation sheep fetus possesses functional GH
receptors in adipose tissue. There is certainly plenty of GH and IGF-II in fetal
blood, as well as some IGF-I. We have studied changes in IGF-I and IGF-II
mRNA expression in developing skeletal muscle, both in vivo [40] and in vitro
[19]. Both genes are expressed at low levels when myoblasts are proliferating.
Expression of IGF-II increases and peaks at the same time as early markers of
myoblast differentiation (myogenin or creatine kinase), suggesting that it might
be involved in inducing early differentiation [19, 40]. In contrast, IGF-I expres-
sion increases slightly later than IGF-II and appears to be a consequence of mus-
cle fibre formation rather than an inducer of it. Once myofibres are formed, the
level of IGF-I expression remains relatively constant thereafter, including dur-
ing postnatal life [15]. This skeletal muscle IGF-I expression may then have
an impact on postnatal growth rates, since the numbers of muscle fibres corre-
lates strongly with postnatal growth rates in a variety of breeds of pig: we have
found reduced skeletal muscle IGF-I expression in the slower growing breeds of
pig [16].

There is increasing evidence that the GH-IGF axis is affected by nutritional
manipulation in a similar manner in both the fetus and the pregnant mother [7].
Hence, reduced levels of nutrition are associated with increased GH and decreased
IGF-I in the blood of both, at least during mid-to-late pregnancy in sheep [21]. We
have shown reduced expression of both GHR and IGF-I mRNA in mid-gestation
fetal sheep liver after a period of reduced nutrition to the mother [20]. Hence, there
appears to be a functional GH-IGF axis in fetal life; however major changes do
take place during late fetal and early neonatal life that result in the switching from
relative GH-independence to GH-dependence, which may be somewhat delayed in
severely growth-retarded fetuses and newborns [58, 99–100]. The cortisol surge has
been shown to result in a coordinated induction of GHR and IGF-I and a reduction
in IGF-II expression in the fetal liver [22]. This may also involve thyroid hormones,
since the cortisol surge also induces hepatic expression of the iodothyronine deiodi-
nase activating enzymes. This also agrees with our in vitro studies that demonstrated
stimulatory effects of T3 and dexamethasone on GHR mRNA, which resulted in an
increased response of IGF-I to GH [14]. At the time of birth there are relatively low
levels of GHR and IGF-I expression in the liver, while blood GH concentrations are
high. There is then a rapid decrease in GH production by the pituitary and a gradual
increase in both GHR and IGF-I expression by the liver. These gradual changes in
hepatic GHR are matched by increased responsiveness in GH-stimulated IGF-I [22]
associated with increased hepatic expression of the acid-labile subunit (ALS) [99]
which, with IGFBP-3, is necessary for formation of the ternary binding complex that
accounts for most of circulating IGF-1 in postnatal life [13]. Just prior to weaning in
pigs, hepatic IGF-I expression starts to plateau [15], whereas GHR expression and
plasma IGF-I levels continue to rise, the latter probably as a result of increased
IGFBP-3 production by the liver, which increases the half-life of IGF-I in the
blood.
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4.2.3 Maternal Under- or Over-Nutrition at Different Stages
of Pregnancy

The fetal origins hypothesis [5] initially was based on human epidemiological evi-
dence that exposure to different levels of nutrition during fetal development might
alter the risk of developing various chronic diseases in later life. This has resulted
in numerous animal studies, mostly on rodents, investigating the effects of under-
or over-feeding of pregnant animals on the resulting offspring [77]. Most studies
have tended to measure gene expression in a variety of tissues, but mainly in young
offspring. The magnitude and significance of any effect appears to depend upon the
level of nutritional insult to the mother, the timing of that insult in terms of stage of
development of the fetus and the age or stage of development at which the offspring
are studied. It is only recently that studies have been carried out aimed at testing
hypotheses for mechanisms relating to development of specific tissues. It appears
that the closer to the timing of the insult the offspring are studied, the greater the
likelihood of observing an effect, which is why most studies are in relatively young
offspring. However, recent studies on livestock species have investigated longer-
term effects of maternal diet on the offspring and resulted in fewer, much more
subtle differences than previously expected, suggesting that real (i.e. long-term)
fetal programming might be less of an issue. Examples of effects of maternal nutri-
tion on development of muscle fibres and other cell types will be given in the next
section.

4.2.4 Placental Insufficiency

Placental weight and associated capacity for maternal-fetal nutrient transfer are
powerful determinants of fetal growth during late gestation in all species studied.
This has been most persuasively demonstrated by controlled manipulation of pla-
cental size and/or functional capacity using pre-mating carunclectomy [1], heat-
induced placental stunting [2], or uteroplacental vascular embolisation [32] in sheep.
Natural variations in fetal weight due to varying litter size in prolific ewes are
strongly correlated with placental mass per fetus [58, 98]. In addition, the quite pro-
found growth retardation of fetuses in overfed, primiparous ewes has been attributed
to a primary reduction in placental growth [117]. Placental weight and birth weight
are also highly correlated in cattle [4, 38, 125].

The probably common aetiology of intrauterine growth retardation (IUGR) in
experimentally-induced and natural cases of placental insufficiency is illustrated by
the similar patterns of association between fetal and placental weights in pregnant
ewes with varying conceptus weights due to carunclectomy, heat stress, litter size,
and overfeeding of primiparous dams [9]. In each case, severe growth retardation
was associated with chronic fetal hypoxaemia and hypoglycaemia during late ges-
tation [8, 32, 63, 118]. A detailed assessment of influences on placental transport of
nutrients is beyond the scope of this review, but is provided by Bell et al. [9].
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Nutritional manipulations during early-mid pregnancy have produced variable
changes in placental growth and structure (for reviewed see [75]). For example,
severe undernutrition of ewes from mating to day 90 of gestation caused placental
and fetal stunting at day 90 [39] while feeding 50–60% of ME requirements between
days 28 and 80 resulted in restricted placentome growth and a smaller placenta,
but had no effect on fetal weight at either mid- or late-gestation [29]. On the other
hand, moderate underfeeding during early-mid pregnancy increased [42] or had little
effect [41] on placental growth. In addition to effects of severity of undernutrition,
these discrepancies in response may be reconciled by variations in the dam’s body
condition at mating and capacity to later draw on body reserves as a compensatory
mechanism to protect or enhance placental growth [91].

4.3 Prenatal Effects on Postnatal Tissue Growth
and Development

4.3.1 Effects on Muscle Fibre Development

Nutrition of the pregnant mother has been shown to affect the numbers of sec-
ondary fibres in the muscles of resulting offspring in a variety of species, including
rats, guinea pigs, pigs and sheep [21]. The variability in response is thought to be
dependent upon the timing and magnitude of the nutritional insult, as well as the
age at which the offspring are studied. A 70% maternal nutrient restriction (rela-
tive to controls) in sheep from 30 days prior to breeding until day 100 of gestation
tended to reduce numbers of muscle fibres (at 140 days of gestation), but this puta-
tive effect did not reach statistical significance [95]. A study comparing muscles of
single or twin lambs and lambs born in the spring or autumn [90] indicated possi-
ble effects of nutrition. Single lambs born in the autumn had reduced numbers and
cross-sectional area of fibres in semitendinosus muscle compared with spring born
lambs, but there was no effect in plantaris muscle [90]. The comparison of singles
and twins indicated no effects on numbers of fibres, but reduced cross-sectional
area of fibres in semitendinosus, plantaris and gastrocnemius muscles from twins
[90]. This may relate to a greater degree of undernutrition in the twins during
late gestation, after muscle fibre formation, but when fibre hypertrophy is taking
place.

More severe, chronic fetal growth retardation commencing during mid to late
gestation as a result of placental insufficiency results in profound differences in
muscle weights of late fetal and newborn lambs and down-regulates muscle satel-
lite cell activity and accumulation of myonuclei and muscle DNA (Figs. 4.3 and
4.4) [56–57]. Similarly, severe acute maternal nutritional restriction also reduces
fetal muscle satellite cell activity [56]. By contrast, significant effects on number
of muscle fibres in various anatomical muscles were not observed in these lambs,
consistent with the notion that severe nutritional restriction during early to mid ges-
tation is required to reduce myofibre number (see below). During postnatal growth,
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Fig. 4.3 Accretion of DNA and ratio of protein to DNA in normal (H-, solid circles, 4.8 kg) and
low (L-, open circles, 2.2 kg) birth weight sheep semitendinosus muscle during postnatal growth
to 20 kg live weight, demonstrating reduced muscle cellularity in the severely growth-retarded
newborns [from 57]. Results are presented relative to weight of M. semitendinosus

the amount of DNA was reduced in the IUGR compared to normal lambs (Fig. 4.3),
and the ratio of protein to DNA, indicative of cell size in syncytial tissue such as
muscle, was greater in the IUGR lambs [57] which were also fatter at equivalent
postnatal live weights [55].

Hence, it appears that a prolonged delay in the commencement of true muscle
hypertrophy, as indicated by a rapid increase in the ratio of protein to DNA which
commences around day 115 of gestation in normal fetal sheep (Fig. 4.4) [56], may
have adverse postnatal consequences for muscle growth potential.

On the other hand, in IUGR cattle grown to 30 months of age within a pasture-
based system, at equivalent weights during postnatal life differences in muscle mass
were not evident [54, 60]. This finding suggests that activity of muscle satellite cells
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Fig. 4.4 DNA accretion and ratio of protein to DNA in normal (solid circles) and growth-retarded
(open circles) fetal sheep semimembranosus muscle during growth from 85 to 130 days of preg-
nancy, demonstrating the commencement of muscle hypertrophy at ~115 days of age [from 56]
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may help animals attain normal, or near normal, muscle mass and body composition,
albeit at older ages.

A few studies have investigated the effects of manipulations during the peri-
conception period and very early pregnancy on muscle development in lambs. A
dramatic increase in numbers and sizes of muscle fibres and an increase in the
secondary to primary myofibre ratio has been demonstrated in late gestation fetal
lambs that underwent short-term embryo culture prior to implantation [88]. Embryo
culture in serum-supplemented media appears to significantly stimulate growth and
this growth advantage is retained throughout gestation. Singleton sheep fetuses (day
75 of gestation) resulting from superovulated donor ewes which had been fed at
high or low intake (150% or 50% of maintenance) from 18 days before until 6
days after ovulation showed no differences in the numbers of primary muscle fibres
formed, but the numbers of secondaries and the secondary to primary fibre ratio
were increased in the fetuses of high intake ewes [97].

Studies at Nottingham set out to determine the timing for major muscle fibre for-
mation in the fetal sheep and then test the hypothesis that maternal undernutrition
during the myoblast proliferation stage, immediately before differentiation and the
period of major fibre formation, would reduce the numbers of fibres formed. The
first study [40] demonstrated a peak of myogenin and IGF-II mRNA expression
at day 85 of gestation (Fig. 4.5) which, together with the histochemical analyses,
indicated that the majority of fibres in the leg muscles were being formed at this
time. This would agree with previous sheep studies (Table 4.1), suggesting that sec-
ondary/tertiary fibres are the major fibres being formed at this time. We then tested
the hypothesis by comparing offspring from adequately-fed, control ewes with those
from ewes that were nutrient restricted (50% of intake of controls) before (days
30–70), during (days 55–95) or after (days 85–115) the peak for fibre formation.
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Fig. 4.5 Changes in gene
expression during fetal sheep
muscle development [data
from 40]. The peaks in
myogenin and IGF-II mRNA
expression indicate when the
majority of muscle fibres are
being formed and were
confirmed by histochemical
analyses
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In agreement with our hypothesis, reduced proportions of fast fibres and increased
proportions of slow fibres, indicating a reduction in the number of secondary fibres,
were observed only in neonatal lambs (14 days post partum) whose mothers were
restricted immediately prior to major fibre formation (days 30–75) [41]. The inter-
pretation of a reduction in the number of fast fibres is due to the combination of a
reduction in proportion and increase in size of fast fibres, together with an increase
in proportion but no change in size of slow fibres. A similar 50% maternal nutrient
restriction [126] over a similar time period (days 28–78) also has been shown to
reduce the numbers of secondary fibres in fetal sheep muscle at day 78 of gestation.
We have subsequently [87] tested our hypothesis further in young rats in which the
timing for fibre formation is very different to that for other mammals (Table 4.1).
In agreement with our hypothesis, the timing for the nutritional insult (maternal
low protein intake in this study) that mainly resulted in reduced secondary fibre
formation at weaning was days 8–14 (mid-gestation) of the 22 day gestation [87],
immediately before secondary fibre formation, which starts around days 17–19 in
the rat (Table 4.1). Interestingly, there were no effects of feeding a maternal low
protein diet throughout pregnancy [87]. However, there were differences between
muscles in the fibre types affected, since the total number and density of fast and
glycolytic fibres were reduced in soleus muscle; whereas it was the density of oxida-
tive fibres that was reduced in the gastrocnemius muscle. We hypothesized that the
muscle adapts such that any changes relate to the fibre types that are least important
for the function of the muscle being studied. In both the sheep and rat studies at Not-
tingham, the magnitude of the effect differed between different muscles, indicating
that different muscles develop at slightly different times and therefore the timing of
when they are susceptible to nutritional manipulation is also slightly different. All
these observed effects of nutrition are dependent upon the nutritional manipulation
taking place prior to major fibre formation, which differs between species (Table
4.1). These effects are not normally associated with changes in muscle weights,
which tend to be affected by nutritional manipulations at later stages of gestation,
when fetal growth rate is greatest.

Recent studies have investigated the long-term consequences of maternal nutri-
tional manipulations on muscle development in sheep. Despite the fact that previous
studies targeting the period immediately before major fibre formation have shown
effects on muscle fibre development in fetal [126] or neonatal lambs [41], when
sheep are grown to conventional slaughter weights (40–45 kg or 17 weeks of age
[34]) or beyond (24 wks [34] or 280 days [127]) those differences are lost and even
a slight increase in proportions of fast glycolytic (IIB) fibres are observed, espe-
cially in older animals (24 weeks [34]; and 280 days [127]). Although the plasticity
of muscle fibre type composition appears to be able to overcome the early effects
of targeted maternal nutrient restriction on muscle fibre development, there may be
long term effects on postnatal growth and body composition, that may or may not
be related to the muscle development (see later).

Further to the above findings in sheep, longissimus myofibre characteristics
of low birth weight cattle (28.6 vs. 38.8 kg) from cows severely undernourished
from early gestation to parturition, differed at birth (reduced percentage of type 1,
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increased percentage of type 2A, and smaller cross-sectional area of type 2X myofi-
bres) compared to high birth weight cattle (38.8 kg) from well-nourished dams.
However, there was no apparent effect of prenatal growth on myofibre number, and
effects on other myofibre characteristics due to prenatal growth were not evident at
weaning at 7 months of age or at 30 months of age [54]. These findings were con-
sistent with a general lack of effect of prenatal growth of cattle on carcass and yield
characteristics at equivalent carcass weights (380 kg), or on meat quality character-
istics [54, 60], although the low birth weight cattle were significantly smaller (647
vs. 703 kg live weight) at 30 months of age.

4.3.2 Effects on Nephron Number

As for numbers of muscle fibres, the numbers of nephrons within the kidneys are
thought to be fixed around the time of birth. Interestingly, sheep studies also indi-
cated that the numbers of nephrons in the kidneys of 4 week old sheep were reduced
when the pregnant mothers were undernourished (50% of control intake) from days
30 to 75 of gestation, but not at other times [79]. Studies in rats to which a maternal
low protein diet was fed at different stages of pregnancy have shown the critical
timing for effects on nephron numbers is mid-late gestation [78], suggesting that
the critical timing for nephrogenesis is very similar to that for myogenesis in both
sheep and rats.

4.3.3 Effects on Adipose Tissue Development

Unlike muscle fibres and nephrons, there is no evidence that the number of
adipocytes is fixed at any stage of life. This is consistent with the relatively unlimited
capacity of adipose tissue to store fat during periods of energy excess and the need
to prevent toxic accumulation of non-esterified fatty acids (NEFA) in the circulation.
However, a number of studies have shown effects of maternal nutrition on amounts
of adipose tissue in the resulting offspring, mainly in younger animals. Although the
mechanisms for the effects are far from clear, studies in rats have shown that either
undernutrition throughout pregnancy or overnutrition during late pregnancy result in
increased adiposity of resulting offspring compared to ad libitum fed controls [44].
Malnutrition (30% of controls) throughout pregnancy in rats, followed by adequate
nourishment before weaning, also has been shown to result in increased adiposity of
offspring, particularly when they were exposed to a hypercaloric diet after weaning
[112]. This is at least partly due to the malnourished offspring being hyperphagic,
which might indicate an effect on development of the hypothalamus and its major
role in the regulation of appetite and energy expenditure (see later).

In sheep severely growth restricted before birth due to placental insufficiency,
relative feed intake during the first 2 weeks after birth exceeds that of normal birth
weight sheep, as measured during artificial rearing under ideal conditions [55].
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These lambs also exhibited relative immaturity of the GH-IGF system during the
periparturient period [59, 99–100], and had lower maintenance energy requirements
but used energy less efficiently for tissue deposition during the initial weeks follow-
ing birth compared to normal newborns [55]. Despite their slower absolute rates of
growth during the first 2 weeks post-partum, the low birth weight lambs had greater
rates of fat deposition compared to normal lambs, and remained fatter at any given
liveweight up to 20 kg [55]. Similar increases in fatness also have resulted at heavier
weights due to placental insufficiency and low birth weight in lambs [83, 114].

The protein content of the maternal diet (or possibly the balance of nutrients)
appears to be important, since prenatal exposure to a high (40%) protein diet (com-
pared to an adequate, 20% protein diet) throughout pregnancy results in increased
adiposity of young rat offspring [33]. This was associated with a reduction in energy
expenditure and not food intake, since the rats were pair-fed. Rats subjected to a
mild protein restriction (9% protein vs. 18% protein in controls) throughout ges-
tation exhibit increased central fat deposition as adults [10–11] and this is associ-
ated with changes in food preference, with early gestation appearing to be a critical
period.

Some studies in ruminants have investigated the effects of maternal nutrition on
adiposity of offspring, with most being in fetal or neonatal lambs. A 70% nutrient
restriction of ewes from 30 days before breeding until 100 days gestation had no
effect on any of the measures of adiposity used at slaughter (58.5 kg) of the progeny
[95]. A greater nutrient restriction (50% of control) throughout pregnancy increased
perirenal adipose tissue weights at 110 days gestation [53], with no effect on fetal or
placental weights. There appears to be a marked difference relating to the timing of
the restriction, since undernutrition (50% of control) during early-to-mid gestation
(28–80 days gestation) results in increased perirenal adipose tissue weights at 145
days gestation [12], whereas a 50% restriction during late gestation (from 115 days
gestation) results in decreased perirenal adipose tissue weights at the same age [24].
However this reduction of fat with reduced nutrition in late pregnancy may simply
be because all the energy is utilised for fetal growth rather than being deposited in
adipose tissue.

A few studies have investigated effects of maternal undernutrition on adipose
tissue development in older offspring. Studies at Nottingham showed that a 50%
maternal nutrient restriction in early gestation (days 30–70) resulted in small but
significant increases in intramuscular fat in semitendinosus and longissimus dorsi
muscles at 24 weeks of age, particularly in male lambs [34]. The mean diameter of
adipocytes in perirenal fat was also increased and the weight of perirenal fat (relative
to body weight) tended to be increased at 24 weeks of age [34]. In general, small
non-significant increases in many of the measures of adiposity were observed in the
nutrient restricted offspring, particularly in the older (24 week old) lambs. Similar
findings have been described by the Wyoming group, with the triglyceride content of
the longissimus dorsi [127] and the weight of kidney and pelvic fat [46] being higher
in maternal nutrient restricted wether lambs at 280 days. As in the Nottingham stud-
ies, most measures of adiposity tended to be higher in nutrient restricted lambs,
although the effects were not always statistically significant. Hence, undernutrition
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during early pregnancy in sheep appears to be associated with long-term increases
in adiposity of the offspring. The limited data available appears to suggest that the
older the animals are, the greater the effect. This is the same critical period for
muscle fibre development (and nephron development) and therefore the question of
whether the effects are inter-related needs further investigation. One possible expla-
nation is that a reduction in the numbers of muscle fibres formed might result in a
small reduction in basal metabolic rate and thereby result in the excess energy need-
ing to be stored and therefore more or larger adipocytes being formed. This would
be predicted to accumulate with age and the magnitude of the effect to be greater in
older animals.

4.3.4 Effects on Hypothalamic Cell (Neuron) Development

Work mainly in rodents has appeared to indicate effects of prenatal nutritional sta-
tus on the regulation of appetite, possibly via effects on neuronal development in
the hypothalamus. Severe malnutrition (30% of controls) throughout pregnancy
in rats, followed by adequate nourishment before weaning, resulted in increased
food intake (hyperphagia) of offspring, particularly when they were exposed to a
hypercaloric diet after weaning [112]. Exposure to a maternal low protein diet (9%
vs. 18% dietary protein) throughout pregnancy increased energy intake in rats at
12 weeks of age, due to an increased preference for high fat and reduced pref-
erence for high carbohydrate foods, but this effect was lost by 30 weeks of age
[10]. Induction of gestational diabetes by the administration of a single dose of
streptozotocin to rats on day 1 of pregnancy results in maternal and fetal hyper-
glycaemia, until countered by the transplantation of pancreatic islets into the moth-
ers on day 15 of pregnancy [47]. Offspring from sham-transplanted diabetic moth-
ers (i.e. hyperglycaemic throughout pregnancy) had reduced body weights and
body lengths at 21 days of age, despite no differences in birth weight, and devel-
oped what the authors described as “hypothalamic malorganisation” [47]. This
included increased immunostaining for the orexigenic neuropeptides, neuropep-
tide Y (NPY) and agouti-related peptide (AgRP), decreased immunostaining for
the anorexigenic neuropeptide, alpha-melanocyte stimulating hormone (MSH) and
no change in the MSH precursor protein, proopiomelanocortin (POMC). Whether
these changes really represent changes in development of neuropeptide-specific neu-
rons or simply reflect a response to reduced body weight and/or food intake is
unclear.

A study in sheep [94] investigated effects of a high level of nutrition (160%
vs. 100% of maintenance) during late gestation (day 115 to parturition) on adi-
posity and hypothalamic gene expression in 30 day old offspring. The-well fed
offspring had similar birth weights and body weights at 30 days, but increased
weights of subcutaneous and perirenal fat, particularly in females. This was asso-
ciated with increased relative milk intake during the first 3 of the 4 weeks before
slaughter, although there was no difference in the last week before slaughter. Anal-
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yses of hypothalamic expression of neuropeptides at 30 days showed an increased
expression of the anorexigenic precursor, POMC, but no effect on the orexigenic
neuropeptides, cocaine and amphetamine regulated transcript (CART), NPY and
AgRP. Once again, whether these changes really represent changes in development
of neuropeptide-specific neurons or simply reflect a response to the increased fat
mass or previously increased food (milk) intake, needs further study.

4.3.5 Effects on Pituitary Cell and Liver Development

Alterations in the GH-IGF axis have been suggested as a mechanism for the long-
term effects of IUGR or prenatal environment on reduced growth rates [84] and
therefore a few studies have investigated effects on cells expressing components of
the GH-IGF axis. Somatotropes are the cells within the pituitary that produce GH
and therefore are important in regulating growth. At 135 days of gestation, fetal
lambs exposed to a 50% maternal nutrient restriction from days 28 to 78 of ges-
tation were found to have reduced densities and proportions of somatotropes rel-
ative to controls [84], but there was no effect on the density of all pituitary cells.
This suggests a decrease in the proportion of pituitary cells that differentiated into
somatotropes (or an increase in differentiation into another cell type), rather than
an effect on pituitary cell proliferation per se. The same group [85] then demon-
strated that this effect was not due to differences in the numbers of hypothala-
mic neurons expressing the GH-stimulatory factor, growth hormone releasing hor-
mone (GHRH), nor on the density and percentage of somatotropes expressing the
GHRH-receptor. The GH produced by the somatotropes regulates circulating IGF-I
levels by binding to GH-receptors present on hepatocytes in the liver and stimu-
lating IGF-I expression and secretion [14]. Liver weights and hepatic expression
of GHR, but not IGF-I and IGF-II mRNA, were reduced in 3 year old offspring
from ewes nutrient restricted (50% of maintenance) from conception to day 95 of
gestation [68]. However, a similar nutrient restriction (50% from days 30 to 70 or
days 30 to 85) had no effect on liver weights in younger lambs (24 and 17 weeks
respectively [34]).

4.3.6 Effects on Feed Intake and Growth Patterns in Sheep

It has long been recognised that total nutrient availability during the pre-weaning
and post-weaning periods are highly correlated with nutrient intake, digestibility and
efficiency of nutrient utilisation. However, the extent to which the prenatal environ-
ment and variation in fetal growth affects these parameters has received relatively
little attention, with most studies focussing on consequences of birth weight until
relatively recently, as detailed below.

Positive weight balance and a net gain in weight takes longer to achieve in low
birth weight lambs (2.3 kg) compared to those of normal birth weight (4.8 kg)
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immediately postpartum, even when reared in an optimal environment [55]. Dur-
ing the early postpartum period, digestibility of dry matter, organic matter, energy,
crude protein, calcium and inorganic phosphorus is positively correlated with birth
weight [66]. Birth weight is also correlated with digestibility of C16:0 and C18:0
fatty acids, suggesting lipids comprising medium-chain fatty acids may be more
suitable for low birth weight lambs than those with long-chain fatty acids [66]. How-
ever, amounts and activity of digestive enzymes were not strongly associated with
birth weight in lambs or calves, although there were some associations [62].

Relative feed intake was greater by about 20% (45 g/kg live weight per day) for
low birth weight compared to normal birth weight lambs ad libitum fed during the
early postpartum period, and remained higher until about 25 days of age [55]. How-
ever, at equivalent live weights during ad libitum or restricted feeding to 20 kg live
weight, there were no differences due to birth weight in relative feed intake [55].
In the studies of Villette and Theriez [113], relative intake was not affected signif-
icantly by birth weight during the first five weeks of postnatal life, although was
positively correlated with birth weight during week six of postnatal life. Relative
intake did not differ due to birth weight in lambs reared on their dams during the
first week of postnatal life [115].

Low birth weight lambs had lower feed to gain ratios (higher efficiency), overall,
during milk-feeding to 20 kg live weight than normal birth weight lambs. However,
this was due, at least in part, to differences in efficiency during the early postpartum
period when the ratio of gain to maintenance was higher in the small compared to
normal size lambs. Feed to gain ratios differed little from 10 to 20 kg live weight
[55]. Retention of ingested dry matter, nitrogen, lipid, ash and energy from birth
to 20 kg live weight did not differ between low and normal birth weight lambs,
although slowly reared low birth weight lambs tended to deposit more fat per unit
of fat ingested than the normal lambs [55]. Feed efficiency did not differ with birth
weight during the first week of life during rearing on the dam [115] or from birth to
weaning during artificial rearing [113].

Estimated maintenance energy requirements are lower from birth to 10 kg live
weight in very low compared to normal birth weight lambs, however, no difference
in maintenance energy requirements due to birth weight were apparent by 20 kg
[55]. In contrast, low birth weight lambs utilised energy less efficiently for protein
and fat deposition to 10 kg live weight although, again, differences due to birth
weight were no longer evident by 20 kg [55].

During the post-weaning period, birth weight was not related to feed intake and
feed efficiency to 35 kg live weight [113]. Furthermore, voluntary feed intake from
weaning to 2 years of age was not affected by moderate maternal nutrient restric-
tion at 0.7–0.8 of estimated energy requirements during the final 6 weeks of preg-
nancy that resulted in reduced birth weights (3.2 vs.3.5 kg) compared to ewes fed to
requirements [104].

Recent studies in sheep indicate that the maternal nutrient restriction during early
gestation, aimed at altering muscle fibre development, had variable effects on rates
of growth, food intake and/or feed efficiency. In a study by the Wyoming group [46]
male lambs (wethers) from nutrient restricted ewes (days 28–78 of gestation) were
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heavier than controls from around 16 weeks of age through to slaughter at 280 days,
with body weights increasing with age in parallel. This is despite no differences
being observed in birth weights or weight at 8 weeks of age [46]. No data for food
intake or feed efficiency are included [46], so the mechanism for this very early dif-
ference in growth rates, which results in increased body weight in nutrient restricted
wethers at 35 weeks of age, is unclear, although may be due to some imbalance in
litter size between experimental groups. Similar studies at Nottingham in which only
twin lambs were studied are in contrast to the Wyoming study. At 24 weeks of age,
both male and female lambs exposed to maternal nutrient restriction (50%) during
early pregnancy (days 30–70) weighed less at slaughter, despite no difference from
controls in birth weights. The nutrient restricted lambs therefore had reduced growth
rates [34], but there were no significant differences in feed intake or feed efficiency
between 12 and 24 weeks of age [34], suggesting the effects must be much earlier.
In contrast, a similar study in lambs grown to 17 weeks showed no differences in
birth or slaughter weights, growth rates, feed intake or feed efficiency [34]. Thus
the effects on growth rates are variable, but seem to suggest that the neonatal period
before weaning is an important time if any effects are to be observed. Whether this
relates to nutrition of the ewe during lactation and/or milk composition is unclear.

In cattle, differences in feed efficiency and net feed intake were not evident in
feedlot at 26–30 months of age, following divergent growth during gestation result-
ing in low and high birth weights nor were there interactions between prenatal
growth and pre-weaning growth or sire-genotype [54]. The low birth weight cat-
tle which were smaller at feedlot entry than their high birth weight counterparts
consumed less feed, although when the data were adjusted for differences in feed-
lot entry weight, no difference due to birth weight was evident. This latter find-
ing is consistent with studies on twin cattle which tended to consume less feed in
feedlot than singletons, due primarily to their lower live weight, [35]. Similarly,
provision of supplement to cows for three months prepartum had no significant
post-weaning effects on ADG, feed intake and feed efficiency in steers [108] or
heifers [89] that were individually fed following weaning, although the heifers of
supplemented cows tended to have greater absolute and residual feed intakes during
individual feeding for 84 days post-weaning.

4.4 Physiological Mechanisms

Throughout the review we have tried to identify mechanisms that might be involved
in the responses described. Studies at Nottingham [34, 40–41] have obviously
related to the hypothesis that prenatal effects on muscle fibre development are via
the regulation of muscle cell proliferation and/or differentiation. Hence factors that
increase myoblast proliferation and/or inhibit or delay differentiation are predicted
to result in increased formation of muscle fibres. However, this will be limited by the
genetic potential of the animal, so that there will be a maximum number of fibres
that can be formed related to the genotype of the animal. In contrast, factors that
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decrease myoblast proliferation and/or stimulate or induce early differentiation are
predicted to result in decreased formation of muscle fibres.

There are a number of hormones and growth factors known to regulate myoblast
proliferation and differentiation (for reviews see [6, 17, 21, 26, 88, 96]). Impor-
tantly, myostatin is a known inhibitor of muscle cell proliferation and differenti-
ation; whereas the IGFs (IGF-I and -II) stimulate both proliferation and differen-
tiation [45]. Recent studies indicate that the adipocyte produced hormone, leptin,
stimulates muscle cell proliferation at physiological concentrations (Brameld et al.,
unpublished data) and insulin is known to have similar effects to the IGFs, albeit at
much higher concentrations [17]. Nutrients have also been shown to directly reg-
ulate muscle cell differentiation, with vitamin A (retinoic acid) stimulating dif-
ferentiation [17, 26] and unsaturated fatty acids stimulating (oleic, linoleic and
c9,t11 CLA) or inhibiting (t10, c12 CLA) differentiation [3, 67]. Another mech-
anism whereby nutrition might regulate muscle cell proliferation and differentia-
tion, particularly the carbohydrate and protein components of the diet, is via their
effects on the GH-IGF axis. It has long been recognised that high levels of dietary
energy and protein increase growth. Molecular mechanisms for these effects have
been identified, including stimulatory effects of glucose and specific amino acids on
expression of GH-receptor and IGF-I mRNA respectively in cultured pig hepato-
cytes [14, 18]. This work was carried out in the pig, in which dietary manipulation
is easier, but similar studies using cultured sheep hepatocytes have also shown stim-
ulatory effects of amino acids on IGF-I expression [111, 119], suggesting similar
mechanisms.

The mechanisms responsible for the prenatal regulation of development of other
tissues by maternal nutritional status are not as well understood, although the crit-
ical times during gestation appear to be very similar to those for myogenesis. This
suggests that the factors that regulate proliferation and differentiation of those cell
types might be similar to those that regulate muscle cells. In relation to long-term
effects on adipose tissue development, the effects of prenatal environment are likely
to be indirect via effects on development of tissues that play a key role in regulating
appetite or energy expenditure. The latter could even relate to the observed effects
on muscle.

4.5 Conclusions

We have summarised compelling evidence for prenatal effects on early postnatal
development of tissues in ruminants, particularly sheep, with emphasis on muscle
fibres and amounts of body fat in young offspring. Nevertheless, the research to date
suggests that, given enough time, the animal is able to overcome or compensate for
most of these early differences, resulting in only small (if any) residual effects on
body composition at later stages of growth. Postnatal plane of nutrition may be an
important influencing factor in later muting of prenatal and early postnatal carryover
effects on carcass tissue growth and development. Most studies thus far of prenatal
effects on older offspring have been on animals that were well fed during postna-
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tal development. However, we have demonstrated that adverse effects of prenatal
growth restriction of lambs on postnatal muscle mass at the same weaning weight
are exacerbated by restricted nutrition from birth to weaning [55], and have observed
additive effects of prenatal and pre-weaning nutrition and growth on subsequent live
and carcass weights and meat yield characteristics in cattle [54, 60]. Therefore, there
is a need for further investigation of the extent to which an animal can compensate
later in life following variable maternal nutrition and/or growth during prenatal life
if subjected to additional nutritional insults or other stresses during postnatal life.
However, since most ruminants are slaughtered for meat at relatively young ages,
there appear to be few serious consequences of concern to the meat producer or pro-
cessor. Hence, such studies may be of more importance for breeding livestock that
remain in the flock or herd for longer periods and as models for animals with longer
lives, particularly humans.
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Chapter 5
Mechanistic Aspects of Fetal Development
Relating to Postnatal Fibre Production and
Follicle Development in Ruminants

C. Simon Bawden, David O. Kleemann, Clive J. McLaughlan, Gregory
S. Nattrass, and Stephanie M. Dunn

Introduction

More than 50 years ago, it was noted that wool follicle development in sheep fetuses
suffering growth restriction in utero (e.g. twin lambs or single lambs born to maiden
ewes) was significantly impaired [105]. A little later, observations of the postna-
tal wool production performance in lambs from ewes undernourished during ges-
tation indicated that restriction of fetal development had permanent effects upon
wool follicle development and long-lasting effects upon postnatal wool fibre pro-
duction [107]. Though not described in this way at the time, these were early indi-
cators that programming of the fetus for development takes cues from the “mater-
nal environment” during gestation. The cues can be in operation as early as the
first few days in embryonic life and possibly earlier [69, 120]. Fetal program-
ming, and influences on gene expression and ultimately development imposed upon
the fetus in utero, has become a topic of increasing interest over the last decade.
This is especially so since lifetime consequences of such programming have been
demonstrated in humans [6, 73]. Perturbed fetal programming can occur through
different mechanisms and the effects of one such mechanism, intra-uterine growth
retardation (IUGR), on development of the progeny have been reported in many
publications. Further, experiments in animals have defined many of the conse-
quences of IUGR related to subsequent growth and development of the progeny
(for review see [45]) and the endocrine system has emerged as a major determi-
nant of intra-uterine programming [37]. Reported effects on the progeny include
restriction of the growth of fetal organs and tissues including impaired develop-
ment of tissues at the cellular level. As the physiological processes leading to life-
time consequences for the organism have been discussed in detail elsewhere (and
in other sections of this same volume), they will only be given cursory attention
here.
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While features such as postnatal cardiovascular and respiratory fitness [7, 24] and
general growth are known to be casualties of perturbed fetal programming in many
species, production animals suffer defects in the development of tissues that deter-
mine economically important traits. For example, skeletal muscle and wool follicle
development in sheep are each affected by prenatal growth restrictions imposed by
the uterine environment during gestation [46, 47, 107] with significant impacts upon
postnatal productivity. Clearly, altered development of other fetal organs, tissues
and systems in the prenatal period will have a bearing upon development of the skin
and follicles and on subsequent productivity of the follicles. In this case, it is cur-
rently believed that the prenatal and postnatal effects reported are mediated through
either alteration of blood and nutrient supply or endocrine inputs, or by develop-
mental manipulation of other metabolic events that result in altered physiology in
the individual as a juvenile and adult (e.g. modified partitioning of protein synthesis
between the muscle and skin compartments [75]). However, research of the mech-
anisms of fetal development relating to follicle formation and postnatal fibre pro-
duction in ruminants lags behind that of other production species. Despite a paucity
of data from intra-uterine growth restriction experiments that document gestational
morphometric and physiological effects on hair and wool growth, research that has
made definitive findings of prenatal and postnatal effects upon follicle development
and subsequent fibre production in the progeny is discussed in detail in this chapter.
In addition, other developmental impositions provided to the fetus by the “maternal
environment” during gestation and known to have an impact on fibre production are
summarised. Finally, current studies on gene expression associated with fetal skin
development are discussed and the potential to define the prenatal mechanisms that
have most impact on postnatal wool production is canvassed.

5.1 Fibre Production in Ruminants

In ruminants, the hair or wool follicle population is created in a number of stages.
Some of the follicles begin to develop (initiate) early in gestation and some late. In
addition, while all of the follicles are formed prenatally, some do not begin to pro-
duce a fibre (mature) until after birth, in the early postnatal period. Thus between
wool follicle initiation and maturation, there are points in both prenatal and early
postnatal development where these processes are subject to environmental influ-
ences and can be perturbed. Given the data gathered over many decades in relation
to fibre production in the ovine compared to other fibre-producing ruminant species,
the text below will focus on wool production in sheep. It will first detail the cellular
and molecular events that result in formation of wool follicles producing wool fibres,
then will give examples of ways in which these events have been shown to be sus-
ceptible to environmental influences, specifically via the fetus’ and lambs’ “maternal
environment”. Lastly, examples of attempts to define the lifetime production issues
resulting from perturbation of the normal prenatal and postnatal processes involved
in follicle development and maturation will be discussed.
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5.1.1 Wool Growth in Sheep

Three parameters have a major impact upon the returns from wool growth in adult
sheep. First is the size of the wool follicle population in wool-bearing areas of the
sheep’s skin, which affects overall yield and qualities of the fibres, including fibre
diameter. Second is the efficiency of maturation of the follicles in the population,
which determines the number of follicles producing emergent wool fibres for har-
vesting. Third is the number of developing follicle cells that become committed to
a fibre fate that is to be used to produce either wool fibre cortex or cuticle cells.
Interestingly, all of these parameters are determined prior to adulthood. While the
entire wool follicle population is established prior to birth in a process that takes a
substantial part of gestation, follicle maturation spans a significant portion of late
gestation and the early postnatal period. Hence there are opportunities for extensive
prenatal and some postnatal management of follicle development to alter production
of wool. This fact was realised in quite early studies of wool follicle development
in which lifetime performance of lamb progeny was found to be affected by poor
nutrition of the pregnant ewe during gestation [107]. The findings from these studies
and more recent research will be presented here.

Discussion throughout this text is predominantly of sheep that produce large
quantities of fine wool fibres, which are destined for use at the top end of the
market. Indeed, of greatest interest are the Merino and Merino crossbreeds, which
have larger follicle populations, including many more of the so-called secondary
fibres (S) than primary fibres (P) accompanied by minimal difference between
the diameter of S and P fibres [22]. The difference between formation of the pri-
mary and secondary wool follicles and their maturation to produce wool fibres
will be described in detail below. In general, sheep other than Merinos (sheep
with coarser wool) have far fewer secondary wool fibres. As a result of develop-
mental differences and subsequent interfollicular competition for keratin-forming
substrates, primary fibres of significantly higher diameter than the secondary fibres
are formed. In such cases, the combination of higher mean fibre diameter and the
large diameter difference between primary and secondary fibres reduces the value
of the fleeces, that are more often used in processes at the lower end of the pro-
duction market (e.g. for carpet vs. fine wool suit manufacture). With this in mind,
one could expect that depending upon the particular constitution of primary and
secondary follicles in the skin, the results discussed in the examples of Merino
and other breed manipulations below would be applicable to most wool-producing
sheep breeds. While literature describing gestational manipulations of follicle devel-
opment in other major fibre-producing ruminants, namely Angora and Cashmere
goats, is virtually non-existent, it would be of interest to determine whether the
principles of treatments known to affect the ovine also apply to these caprine
breeds.

To begin to discuss the topic, a full understanding of the developmental progres-
sion of establishment of the Merino wool follicle population during gestation and
follicle maturation for fibre production in gestation and the early postnatal period,
is required. This follows below.
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5.1.2 Establishment of the Wool Follicle Population During
Gestation

We have recently undertaken a comprehensive analysis of the morphological
changes occurring in skin and follicles of Merino sheep throughout gestation, specif-
ically to define the temporal boundaries of establishment of the wool follicle popu-
lation. This will be published in detail elsewhere. However, our observations are in
accord with earlier published work [41, 50, 106, 111]. As is the case in other mam-
mals including mouse and humans, establishment of the follicle population in sheep
proceeds in multiple stages, involving the production of distinctly different follicle
types, in a wave of growth that begins anteriorly and ends posteriorly. Apart from
formation of the large follicles that become the vibrissae and eyelashes in skin of
the head region, formation of the follicle population in the true wool-bearing regions
of the sheep occurs in three stages. Between days 50–60 of gestation, development
of the first group of follicles, termed the primary follicles is initiated, and proceeds
for some 15 days. During this period, successive addition of the so-called primary
central X, primary central Y and primary lateral X (2 per central X follicle) and lat-
eral Y follicles (2 per central Y follicle), form follicle trios that denote the primary
margins of follicle groups. Beyond this point, all primary follicles develop a sweat
gland first, then a bilobed sebaceous gland and later a contractile muscle band, the
arrector pili muscle. Following maturation of the primary follicles to produce cell
layers including the hardened cortex and cuticle, the first wool fibres emerge from
the skin surface at around day 100 of gestation.

The wool follicle population is expanded in two further inter-related developmen-
tal stages. From day 80–85 of gestation, development of wool follicles termed the
secondary original follicles is initiated, whilst from day 100 onwards, expansion of
the follicle population is continued through branching of the secondary original fol-
licles to form secondary-derived follicles. Follicle branching is a phenomenon more
prevalent in highly prolific wool producers such as the Merino, while in some sheep
breeds it is virtually non-existent. Secondary follicles are readily distinguished from
primary follicles in that while they feature a sebaceous gland, neither a sweat gland
nor an arrector pili muscle are formed. Similar to primary follicles, maturation of
secondary original follicles proceeds over approximately 40 days. While most of the
secondary-derived follicles are initiated by day 135 of gestation [19] the remainder
are initiated before birth. Interestingly, maturation of the secondary follicles occurs
in two waves; through late gestation and the early postnatal period, reflecting the
staged formation of secondary original and secondary-derived wool follicles [41].
Indeed, a small number of wool follicles do not produce emergent fibres until 6
months after birth.

The timing of formation of the primary (10), secondary (20) and secondary-
derived (2d) follicles and their appendages is illustrated diagrammatically in
Fig. 5.1. Considering that before birth, all follicles have been initiated, the ratio
of secondary follicles to primary follicles (S/P ratio) is maximal at birth. Moreover,
in the Merino, the total number of primary fibres is fairly constant at different ages
and between individuals but the total number of secondary follicles is quite variable
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between strains and individuals. Hence the S/P fibre ratio is commonly used to ascer-
tain differences in fibre number and degree of maturation of the secondary follicle
population. This method of measurement will be referred to frequently in the dis-
cussion of data to follow.

5.1.3 Cellular and Molecular Activity During Follicle Formation

A detailed description of the nature and timing of cellular and molecular events
that occur in sheep skin during wool follicle development follows, with reference
to the findings made in other species in which epithelial-mesenchymal interactions
dictate formation of similar epidermal appendages. This discussion illustrates the
complexity of the events involved in production of wool follicles and wool fibres
and identifies the genes/gene pathways that may be involved in developmental fetal
programming events that alter follicle formation and fibre production during gesta-
tion and the early postnatal period.
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Fig. 5.1 Timing of the development of Merino wool follicles

5.1.3.1 Formation of the Primary Follicles

From day 35 to 50 of gestation, the skin is comprised of quite thin epidermal and
dermal layers. The epidermis layer is only one to two cells thick and nuclei of
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fibroblasts in the dermis are sparsely arranged, with no sign of collagen formation.
In this period, the dermis thickens somewhat, with the overall density of fibrob-
last nuclei also visibly increasing. At day 50, three epithelial cell layers are vis-
ible in some regions and the basal layer becomes quite distinct. The first sign of
establishment of the sites of initiation of primary follicles is visible at around day
55 of gestation, as very infrequent thickenings in the basal layer of the epidermis
(Fig. 5.2, panel a). In zones of remodelling at the initiation sites, the close prox-
imity of nuclei in neighbouring cells indicates some compaction of the epithelium
and the commencement of formation of structures termed epidermal placodes. In
other systems in which epidermal placode formation has been well characterised,
notably in the developing hair follicle (for reviews see [12, 83, 108]) the activ-
ity of cells in the epithelium has been found to be dictated by molecular signals
from the underlying dermis (mesenchyme). Signalling reportedly involves both Wnt

Fig. 5.2 Initiation and down-growth of a primary wool follicle in Merino fetal skin. Shown are
photomicrographs of Merino fetal skin sections prepared in the longitudinal orientation and stained
with Haematoxylin and Eosin, with the epidermal layer uppermost (pink-stained cells, top) and der-
mal layer beneath (diffuse purple-stained nuclei, bottom). Arrows indicate the position of an initial
epithelial thickening (panel a; day 55 of gestation), the commencement of aggregation of dermal
cells beneath the developing epithelial placode (panel b; day 57 of gestation), further aggregation
of dermal cells to produce the dermal condensate (panel c; day 60 of gestation) and down-growth
of the epidermal bud into the dermis, pushing the dermal condensate ahead of it (panel d; day 65
of gestation). The scale bar indicates a length of 50 μm
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[Wingless/Int] and FGF [Fibroblast Growth Factor] molecules produced in the der-
mis, acting either sequentially or in concert. In the chicken, development of the
dorsal feather-inducing dermis has been shown to be reliant upon a signal from the
dorsal neural tube and the signal can be substituted by Wnt-1 [93]. Further, initiation
of the epidermal placodes that precede chick feather formation has recently been
demonstrated to require FGF-10 [77, 116] and FGF-10 is known to be required for
whisker development in mouse [90]. The result of Wnt and FGF action is induction
of other molecules in both the dermis and epidermis that promote epidermal placode
formation. These include Wnt6 and the Tumour Necrosis Factor family signalling
molecules (Ectodysplasin [EDA] and the Ectodysplasin Receptor [EDAR]; [74]),
additional Wnt molecules (Wnt 10a, 10b; [103]), members of the TGFß superfam-
ily of factors (i.e. the Bone Morphogenetic Proteins BMP-2, -4, -7; [14, 57]) and
their regulators (e.g. Noggin) and members of the cell fate-determining Notch sig-
nalling pathway (Notch-1, -2, Delta-like, Jagged-1, -2, Lunatic Fringe; [32, 100,
119]). Without exception, we have demonstrated the presence of transcripts encod-
ing molecules in each of these molecular signalling pathways in developing Merino
midside fetal skin via quantitative RT-PCR.

Within the next day, distinct aggregations of dermal cells begin to form in the
dermis underlying the epithelial thickenings, evidenced by readily visible clusters
of dermal cell nuclei (Fig. 5.2, panel b). Dermal cell clustering occurs in response
to new molecular signals from the epidermis, including further Wnt and growth
factor signals (Platelet-derived growth factor alpha; PDGF-α; [64]). Where epithe-
lial placodes are forming, a basement membrane layer produced predominantly by
the epithelium, provides a distinct separation between epithelial and dermal cells.
Despite the vigorous communication that occurs between the epidermis and der-
mis throughout further development of the follicle, separation of these cell types
by interposition of the basement membrane is maintained. By day 60, condensation
of epithelial cells to form distinct placodes is accompanied by even closer aggrega-
tion of the dermal cells immediately beneath the placode structures (Fig. 5.2, panel
c). These form dermal condensates, precursors to the dermal papillae found in the
mature follicles.

Initiation of new primary follicles, indicated by the formation of new epithelial
thickenings/placodes continues until about day 70 of gestation. All initiated primary
follicles proceed from the placode stage to the “germ” or “epithelial bud” stage, in
which the rounded mass of epithelial cells pushes down into the dermis, bounded on
the dermal surface by a dermal condensate. Down-growth of the epithelial portion
of the bud into the dermis, pushing the dermal condensate ahead of it, is first visible
from day 65 for primary follicles (Fig. 5.2, panel d) and by day 75, all follicles have
proceeded to this stage of bud down-growth. This process is promoted by a mem-
ber of the Hedgehog signalling factor family (Sonic Hedgehog; Shh; [114]) that
supports both condensation of the dermal cells and formation of the dermal papilla
of the follicle by induction of another of the Wnt factors (Wnt5a; [103]). The pro-
cess of follicle down-growth is also directed by additional signals from the dermis,
provided by another TGFß family molecule induced by Shh (ActivinβA; [89]) and
the cytokine Hepatocyte Growth Factor/Scatter Factor (HGF/SF; [76]). Elongation
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of the primary follicles by additional proliferation in the epithelium continues until
late in follicle development, when invagination of the epithelium at the growing
follicle base encloses cells of the dermal condensate to complete formation of the
dermal papilla (Fig. 5.4).

During the early period of primary follicle formation, another notable feature
is an increase in circulatory capacity of the dermis. The frequency of capillaries
in the dermis increases up until day 60 and soon after, the first signs of arteriole
formation near the base of the dermal layer are visible. Subsequently, the metabolic
needs of the epidermis and dermis layer are served by an ever-expanding network
of interfollicular capillaries (upper dermis) and arterioles (lower dermis). This is of
some consequence considering that the synthetic capacity of the expanding follicle
population increases substantially as development proceeds. In our own study of
wool follicle development, the expression of genes with known effects in circulatory
development (vascular endothelial growth factor A (VEGFA) and hypoxia inducible
factor-1 (HIF-1); [101]) has recently been detected in sheep skin samples spanning
the entire gestational period and RNA in situ hybridisation will soon be used to
spatially map activity of the genes.

As well as a complex circulatory system, the developing hair follicle is supplied
with significant input from the peripheral nervous system. In mouse, it has been
shown that neurotrophin receptors in the epidermal placode (TrkC; [16]) and der-
mal condensate (p75 neurotrophin receptor; [15]) and the ligand neurotrophin-3 [13]
affect the rate of hair follicle morphogenesis in the earliest stages. Further, by the
time follicles have matured, three dermal nerve plexi (the subepidermal, deep cuta-
neous and subcutaneous plexi) feed into two different perifollicular nerve bundles
that are in close contact with the follicle [97].

5.1.3.2 Sweat and Sebaceous Glands

A defining feature of primary follicle development is the formation of both sweat
glands and sebaceous glands associated with the follicle structure. The timing of
formation of sweat glands is described here in consideration of the problems posed
by fleece rot and fly strike and the potential for perturbation of sweat gland devel-
opment by gestational intervention treatments. After day 75, the initiation of sweat
gland formation is visible as very small protrusions of cells from the necks of devel-
oping primary follicles. These protrusions lead to the expanded sweat gland buds
seen by day 80 (Fig. 5.3a). In samples from subsequent gestational time points,
elongation of the sweat gland bud is evident, with the most advanced approaching
half the length of their originating primary follicles at day 85 (Fig. 5.3c). After this
point, no new sweat glands are formed. A few days later, the first evidence of seba-
ceous gland formation is visible in some primary follicles, as bilateral bulges in the
follicle neck region (Fig. 5.3d). Expansion of the sebaceous glands as bilobed struc-
tures is obvious by day 95 and in the same period, many sweat glands have under-
gone rapid elongation to be nearly the length of their respective follicles. Within
two days, extended ducts of the more developed sweat glands end in visible lumen
structures (Fig. 5.3e).
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5.1.3.3 Formation of Secondary Follicles

The first sign of secondary original follicle initiation is the formation of new epi-
dermal thickenings/placodes at sites between existing primary follicles in fetal skin,
around day 80 of gestation (Fig. 5.3b). Further placode formation is evident up until
day 85 and follicle development then proceeds through the bud down-growth stage
in a fashion similar to the events described for primary follicle formation. The sec-
ondary follicles do not form sweat glands, only sebaceous glands, but the similarities
between the early stages of formation of the primary and secondary original folli-
cles suggest strongly that many of the molecules responsible for the development
of these two wool follicle populations in sheep are in common. While this has gen-
erally been shown to be the case in multi-stage hair follicle development in other
species, with some specific molecular differences between primary and secondary
follicle formation identified in mouse [14, 108], it is yet to be determined for sheep.
After day 90, evidence of secondary original follicle formation is only visible as
early peg stage follicles.

Formation of secondary-derived follicles, visible as budding of the epithelium
very high up on the neck of developing secondary original follicles, occurs at about
day 100 of gestation (Fig. 5.3f). At this stage, the secondary original follicles them-
selves are only two thirds of the length of adjacent primary follicles and quite narrow

Fig. 5.3 Formation of the sweat and sebaceous glands and secondary original and secondary-
derived follicles in Merino fetal skin. Shown are photomicrographs of Merino fetal skin sections
prepared in the longitudinal orientation and stained with Haematoxylin and Eosin, with the epi-
dermal layer uppermost (skin surface) and dermal layer beneath. Arrows indicate the positions of
sweat gland buds developing in two primary follicles (panel a; day 80 of gestation), an initiating
secondary original follicle (panel b; day 81 of gestation), an elongating sweat gland with associ-
ated primary follicle (panel c; day 85 of gestation), bilobed sebaceous gland buds developing in a
primary follicle (panel d; day 88 of gestation), a well developed primary follicle sweat gland duct
with lumen (panel e; day 97 of gestation) and a secondary-derived follicle initiating on the neck
of a secondary original follicle (panel f; day 103 of gestation). The scale bar indicates a length
of 50 μm
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by comparison. Given that the process of formation of secondary-derived wool fol-
licles proceeds via a morphological branching mechanism, the molecular events
involved are likely to be somewhat different to those involved in formation of the
primary and secondary original follicles. Considering the importance of formation
of secondary-derived follicles to the overall follicle density achieved (see below),
the molecular mechanisms required for wool follicle branching are currently attract-
ing extensive investigation.

5.1.4 Issues Related to Establishment of the Wool Follicle
Population

A number of issues of importance to the production of wool in sheep arise from a
consideration of the developmental progression of establishment of the wool follicle
population itself. First, the size of the wool follicle population determines follicle
density, which in turn influences both clean fleece weight and fibre diameter [17, 18,
19]. In the earliest stages of development in skin, commitment of cells to epidermal
and dermal fates, then subsequently to follicular or interfollicular fates has a bearing
upon the total wool follicle population size. So it would appear that the cell fate
decisions made very early in gestation, prior to the formation of follicles themselves,
will have a bearing upon the total size of the wool follicle population. In this regard,
one might expect that for any given sheep breed, there may be a propensity to form
a certain number of follicle precursor cells, both of epidermal and dermal origin,
that will then dictate the ultimate follicle forming capacity of the breed.

This exact notion has been expressed in a theory termed the “founder cell theory”
[84, 85] that attempts to explain the different follicle densities and fibre diameters
evident in different sheep breeds. The theory focuses on the dermal follicle precur-
sor cell component and takes into account the fact that the number of cells in the
dermal papilla (dermal papilla volume) determines hair volume [59]. It proposes
that even for a fixed population of follicle forming dermal stem cells in the skin of
one breed, the skin could incorporate either a large number of the precursor cells
into a small number of formed follicles (in which case follicle density would be low
and fibre diameter high) or a small number of precursor cells into a large number
of follicles (in which case follicle density would be high and fibre diameter low).
Extending this, in breeds able to make greater numbers of finer fibres, once forma-
tion of the primary follicle population has concluded, there are larger numbers of
follicle precursor cells remaining in the dermis able to be recruited for formation
of secondary original and secondary-derived follicles. Hence this theory proposes
interdependence between follicle density and fibre diameter and also between the
formation of primary follicles and secondary follicles. Further, it indicates a poten-
tial role for the self-aggregation ability of dermal precursor cells in determination of
follicle size and fibre diameter, where breeds whose precursor cells can form larger
aggregates will ultimately have fewer, coarser wool fibres.

Interestingly, contrary to the notion of papilla cell numbers being fixed at the
time of follicle initiation, an increase in dermal papilla cell number after initiation
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has been observed [1]. An approximate doubling of cells, by cell division, occurs
between the first and last stages of primary follicle development. Following this
finding, close analysis of follicle attributes in skin from individual sheep across
prenatal and postnatal development found that the bulk of the inverse correlation
between follicle density and fibre diameter in an adult sheep was actually established
in the gestational period after follicle initiation [2]. Overall, whether determined at
follicle initiation or later, follicle size could clearly be influenced by any constraints
upon development.

Another important consideration is the timing of formation of different compo-
nents of the wool follicle population in gestation, in relation to consolidation of
fetal support systems and to the formation of other fetal tissues and organ systems.
As will become apparent later, from the limited data available, it appears that it
may be more difficult to perturb the early stages of establishment of the wool fol-
licle population, specifically formation of the primary follicles, though this clearly
requires further investigation. Results to date suggest the multiplicity of differenti-
ation events combined with the sheer magnitude of synthetic activity later in gesta-
tion allow more ready manipulation of later stage formation and maturation of the
follicle population, namely the secondary follicles.

5.2 Maturation of the Follicle Population for Fibre Production

Once formed in the skin, the primary, secondary original and secondary-derived
follicles that have grown down into the dermis each progress through a maturation
phase that culminates in fibre production. The efficiency of maturation in these dif-
ferent follicle types is governed by both genetics and environment. In this section we
describe the cellular events and molecular inputs critical for wool follicle maturation
and fibre production and the timing of follicle maturation in all follicle types.

5.2.1 Cellular Correlates of Follicle Maturation

Mature wool follicles in Merino sheep are highly complex structures formed from
many unique cell layers, that exhibit cell-specific and tightly regulated gene expres-
sion patterns (for review see [99]; see Fig. 5.4). Arising from an epithelial down-
growth into the dermis as previously described, the mature fibre-producing wool
follicle includes both a dermal and an epidermal component. The dermal component
consists of two parts; (i) the dermal papilla, a body of specialised dermal fibroblasts
derived from the initial dermal condensate, that resides within the base of the fol-
licle and acts as a control centre for follicle activity, and (ii) the dermal sheath, a
connective tissue layer that is contiguous with the dermal papilla, lies immediately
beneath the basal epidermal layer and encases the follicle. The epidermal compo-
nent can include up to nine different cell types. From the outermost to the innermost
layer, these are cells of the outer root sheath and companion layer, inner root sheath
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Fig. 5.4 Cell compartments of the mature hair follicle. Diagrammatic representation of a hair
follicle, including cell compartments comprising the follicle and ancillary structures associated
with the follicle. Regions delineating the epidermis, dermis and zones in which specific cellular
activities occur are indicated on the right (adapted from [99])

(Henle, Huxley and cuticle layers), fibre cuticle, fibre cortex (orthocortex, mesocor-
tex, paracortex) and medulla (not present in fine wool Merino fibres).

As follicle maturation proceeds, cells of the epidermal layers, notably the cortex,
cuticle and inner root sheath (IRS), undergo a process of terminal differentiation,
in which the fibre is produced. Continuous cell division in the base of the folli-
cle (follicle bulb region) supports movement of the concentrically arranged inner
root sheath, cuticle and cortical cell layers upwards toward the skin surface. Dur-
ing this upward movement, cells of the inner root sheath become filled with protein
and begin to harden, via covalent cross-linking of the deposited proteins. A similar
process occurs in the cuticle and cortex but cross-linking of the proteins and cell
hardening does not occur until somewhat later, when cells have progressed higher
up in the follicle. While not part of the final fibre, the result of early hardening of
the IRS is that it acts as a rigid mould in which the fibre is formed. Cells of the cuti-
cle and cortex harden, move upwards while encased within the IRS and are finally
extruded from the skin surface, as the mature wool fibre. Cells of the IRS become
detached from the fibre as it nears the skin surface and are ultimately degraded.

5.2.2 Stem Cell Compartments in the Mature Follicle

Adding to the complexity described, it has recently been shown that both the
dermal and epidermal components of mammalian hair follicles contain stem cell
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populations able to contribute to establishment of entirely new follicles (and other
tissues) under the right conditions [10, 61, 88]. While it is known that follicle neo-
genesis is an extremely involved process, both at the cellular and molecular level,
a question remains as to the ability of Merino skin to form even larger numbers of
wool follicles, via use of available stem cells resident in the epidermis, dermis and
follicle structures described. Hair follicle densities achieved in other species suggest
it may be possible though this would depend on the ability of sheep skin to support
additional wool follicles. In addition, similar to the proposed programmed use of
the follicle epidermal and dermal stem cells for follicle initiation [85], it is possible
that stem cell populations required to supply the follicle for other aspects of devel-
opment or normal wool growth may be diverted to other activities by inappropriate
environmental cues. Along these lines, given the fate of the IRS described above,
and that in Merinos as much as 75–90% of the cells of the follicle bulb are commit-
ted to production of this layer [9], there is potential for a great improvement in wool
fibre protein output from the follicle if more cells in the developing follicle could be
diverted to a fibre cell (cortex or cuticle cell) fate.

5.2.3 Molecular Determinants of Follicle Maturation

Similar to the molecular processes leading to follicle initiation, many regulatory
molecules are known to be involved in maturation (terminal differentiation) of hair
follicles. In the early stages, the Notch signalling pathway is involved in determin-
ing the fate paths of cells that leave the follicle bulb region and differentiate into
specific cell types of the follicle and yet another of the Wnts [Wnt3a] directs termi-
nal differentiation of cells destined to become the fibre cortex and cuticle. Further,
transcription factors GATA3 and TCF-3 play an early role in formation of the IRS,
while BMP-2 and -4 [72, 123] regulate the expression of other transcription factors
including those that control expression of the keratin intermediate filament (KIF)
genes (e.g. FoxN1; winged helix-forkhead) and keratin-associated proteins (KAPs)
genes (e.g. HoxC13; Homeobox factor C13). While previous RNA in situ experi-
ments have defined the expression zones of many of these molecules in adult mouse
and sheep skin [11, 44, 48, 62, 78], we have recently confirmed the presence of
transcripts encoding some of these molecules in fetal sheep skin during gestation by
quantitative RT-PCR [Bawden et al., unpublished].

5.2.4 Timing of Maturation of Primary, Secondary Original
and Secondary-Derived Follicles

In the most developed primary follicles just prior to day 100 of gestation, the first
signs of terminal differentiation within the follicles appear, namely formation of
the IRS layer and development of some hardening fibre cells. As developing layers
of the IRS make their way upwards in the follicle, within the bounding outer root
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sheath (ORS), an advancing and widening conical structure termed the “hair cone”
is seen. The hair cone is comprised of developing IRS and contains the precursors
of cuticle and cortical cells. As cell movement proceeds upwards, the apex of the
hair cone eventually “opens” within the upper region of the follicle neck to form a
hardened cylindrical structure within which the cuticle and cortical cells continue to
develop. Terminal differentiation of cells in the cuticle and cortex, involving synthe-
sis and cross-linking of the KIF proteins and KAPs leads to formation of a hardened
fibre. Within two to three days of formation of the first visible hair cones, wool fibre
tips are seen emerging from the skin surface for a small proportion of the primary
follicles while by day 110 of gestation, fibre production is evident in the majority of
primary follicles.

In later gestational samples, maturation of the secondary original follicles pro-
ceeds as for the primary follicles and earlier reports suggest that most are fully
mature and producing fibre prior to birth [50]. In contrast, the majority of secondary-
derived follicles, initiated from approximately day 100 until day 135 of gestation,
are reported to complete the maturation process in the first four to five weeks after
birth [41], with a small number only fully maturing after that, even as late as 6
months of age.

5.3 Follicle Behaviour Late in Gestation and the Early
Postnatal Period

Production of the hardened wool fibre requires constant and rapid cell division in the
follicle bulb region, terminal differentiation including synthesis and cross-linking of
KIF and KAP proteins of the cortex and cuticle and production of the IRS. In the
process, there is a large expenditure of energy and raw materials. Given that the hair
follicle is one of the most metabolically active sites in the body, it is one that is log-
ically most sensitive to environmentally imposed limitations in these commodities.
This will become obvious as the effects of experimentally determined influences on
follicle development during gestation and the postnatal period are described. How-
ever, a description of some of the expected behaviours of sheep wool follicles under
normal conditions is given first.

5.3.1 Competition Between Follicle Types During Development

In Romney Marsh sheep, that are of the “long wool” variety, where lengths of the
primary and secondary original fibres are comparable, the annual fleece features
fibres of some 17.5 cm in length with a regular staple crimp and only rare medul-
lation. Two separate mutations, designated N and nr, were identified by Dry in the
Romney breed [29] that alter development of the primary follicles. The mutations
result in primary follicles that develop faster and that attain a greater terminal size
than the primary follicles of normal Romney sheep. Interestingly, the mutations
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do not affect the general timing of development of the follicle population, the fre-
quencies of the different follicle types, the ratios of secondary to primary follicles
measured in newborn lambs (S/P ratio; 2:1 for N, nr and normal sheep) nor the
density of the follicle population [39]. However, concomitant with the increase in
growth rate (38%) and size of the primary follicles, decreases of similar magni-
tude in growth rate (28%) and size of the secondary-derived follicles are found in
the mutant sheep [39]. Clearly the N and nr mutations act by increasing the com-
petitive efficiency of the primary follicles. At the same time, the size and activ-
ity of the secondary original follicles is unaffected. Indeed, the situation in these
mutants is reminiscent of the case for wool follicles and fibres in the “carpet” variety
sheep.

These findings illustrate two important points in relation to establishment and
maturation of the wool follicle population. The first is that genetic mechanisms exist
that are able to define the fibre length and diameter distribution of the fleece. This is
significant given the different uses to which fibre and fleeces of the long wool and
carpet sheep varieties are put, and that in the Merino, minimal differences in fibre
diameter across the fleece are desirable. Second, it illustrates clearly the competition
that exists between developing wool follicles during gestation. It is apparent that the
nature (size and activity) of primary follicles laid down early in gestation can have
a measurable influence on the development and subsequent productivity of follicles
initiated later in gestation, specifically the secondary-derived follicles. The effect of
enlarged and more highly active primary follicles is thought to be restricted largely
to the secondary-derived follicles as these are initiated in skin between the primary
and secondary original follicles, where the competition for growth substrates is max-
imal. One final finding of interest is that in this study, no consistent difference in
fleece weight (mean greasy fleece weight) was measured for the differing N, nr and
wild-type genotypes.

An additional study of the diameter and spatial relationships of follicles in the
skin of sheep breeds with contrasting fibre and fleece characteristics (Lincoln, Rye-
land and medium strong Merino; [43]) supports the notion that competition exists
between neighbouring wool follicles. Indeed, there is a strong relationship between
the diameter of any single fibre and those fibres in the skin surrounding it. In exam-
ination of skin cross-sections from all three breeds, it was shown that for any single
fibre (denoted the “central” fibre), there is a negative correlation between the diam-
eter of the fibre and the number, diameter and displacement distance of the fibres
adjacent to it. Further, this correlation was shown to hold for a maximum distance
defined by the diameter of the central fibre. Given the average diameter of cen-
tral fibres measured for the different sheep (Lincoln 43.8 μm, Ryeland 36.3 μm,
Merino 26.2 μm), the maximum distances over which the competitive effect oper-
ated were determined to be 283, 173 and 147 μm respectively. That is, the distance
over which a follicle effectively competes with surrounding follicles decreases as
the size/diameter of that follicle/fibre decreases.

These results again highlight the potential for developmental advantage of fol-
licles that are formed first and which may compete more successfully for fibre-
forming substrates. Follicles that compete more effectively for substrates early in
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development may indeed go on to be more productive, more efficient follicles in
later life, to the preclusion of activity in neighbouring follicles. Evidence that such
competition actually operates during development has come from examination of
follicle development in varieties with extremely coarse wool [42]. In comparison
to many other breeds with carpet-type fleeces, it was noted that a significantly
lower proportion of the secondary follicles develop completely in Scottish Mountain
Blackface sheep, a breed that features very large primary follicles. A similar effect
was determined for two other carpet breeds, the Welsh Mountain and Swedish Lan-
drace sheep, where a negative correlation between primary fibre diameter and the
frequency of secondary follicles was evident. In the latter case, the result of the com-
parison of mean primary fibre diameter to S/P follicle ratio suggests that as primary
follicle size is increased, fewer secondary follicles are initiated during development.
In contrast to this situation, a most desirable feature of the Merino breed is its abil-
ity, through a precise developmental regime, to minimise differences between the
size and growth efficiencies of the primary, secondary and secondary-derived wool
follicles that produce the fleece. Indeed it is likely that developmental competition
between primary and secondary follicles in Merino strains producing very fine wool
is minimal or virtually non-existent.

5.3.2 Development of Follicles to Produce Fibres – Before
and After Birth

As described previously, all primary follicles in the wool follicle population are
fully mature and produce a wool fibre before birth of the lamb. In stark con-
trast, while some secondary follicles reach this level of maturity during ges-
tation, the majority produce a wool fibre only after birth. This was shown to
vary between breeds, with higher levels of maturation of secondary follicles
after birth occurring in Merino than in coarse wool sheep [41, 42]. Compari-
son of S/P fibre ratios in the Merino with some British breeds at birth (Merino
3.05; British 2.2) and as adults (Merino 12–40; British 4.5–8) showed that while
S/P fibre ratios at birth are not very different between breeds, there is a large
difference in adulthood, with 75–95% of Merino secondary follicles estimated
to mature to produce fibre after birth, compared to 60–80% for the British
breeds.

In an effort to define the critical features of secondary follicle maturation (i.e.
follicle maturation to produce a wool fibre), sampling and histological examina-
tion of midside skin from Merino lambs was carried out over a 22 week period
from birth [41]. Changing S/P fibre ratios revealed that maturation of the secondary
follicles occurs rapidly in the first 5 weeks then slows dramatically. Indeed it is
evident that the majority of the adult secondary follicle population reaches matu-
rity in the period from birth to 28–35 days postnatally. In earlier research, it was
reported that maturation of the secondary follicle population could be influenced
by adverse nutrition (imposed naturally by twinning; [105]). On the basis of this
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observation and characterisation of secondary follicle maturation, the author rightly
suggested “it is feasible that manipulation of the level of nutrition for a short period
could have a marked effect on the adult follicle population” [41]. Further, a sugges-
tion this manipulation could either be prenatal, during the period of initiation of the
secondary follicles, or postnatal, during the period of maturation of the secondary
follicles, was made. This was based on earlier observations of potential S/P ratios
in late gestation. Counts of total mature and immature primary and secondary wool
follicles in late gestation Merino fetal skin [19] determined potential S/P ratios of
7.0 (day 125), 10.5 (day 135) and 19.0 (day145) that indicated the majority of sec-
ondary follicles had been formed before birth. Combined with the fact that by far
the largest proportion of wool follicles in the follicle population of Merinos are
secondary follicles, the suggestion that an opportunity exists for manipulation of
development of the wool follicle population was insightful.

5.4 Investigation of Influences on the Mechanisms of Prenatal
and Postnatal Development of the Wool Follicle Population
and Postnatal Wool Fibre Production

Considerable information exists about development of the wool follicle population,
including detailed characterisation of the morphological events involved in initia-
tion and maturation of the primary, secondary original and secondary-derived wool
follicles [19, 39–41, 43, 50, 105]. Armed with this information, researchers over the
preceding five decades have investigated the effects of environmental influences,
notably those imposed on the developing fetus and lamb by the ewe during preg-
nancy and lactation, on establishment and maturation of the wool follicle popula-
tion. Further, the effects of prenatal and postnatal environmental influences upon the
lifetime production of wool have also been investigated. A number of studies have
defined the short-term and long-term outcomes for wool production in experimental
lamb groups and these are described below. The duration and nature of treatments
applied in these investigations are depicted diagrammatically in Fig. 5.5. It should
be noted that depending upon the time of lambing and environmental conditions
including feed availability, many of the treatments applied to the test animal groups
bear close resemblance to field conditions in which they are normally found. Hence
these treatments provide valuable predictions of the likely developmental and pro-
duction outcomes.

5.4.1 Manipulation of Prenatal Development of the Wool Follicles

Knowledge of the nature and timing of the events of maturation of the wool folli-
cle population and realisation of the potential for manipulation of these events [41,
105] led to new research ultimately testing the plasticity of wool follicle develop-
ment. In Merino and Merino crosses, the early experiments were focussed upon
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Fig. 5.5 Maternal feed restriction experiment timelines. The timelines at the top and bottom of
the diagram represent the gestational period from the day of conception (0), through to birth (day
150) and weaning (W; between approximately 12 and 16 weeks postnatally) with completion of
the early, mid and late gestational periods marked (vertical dotted lines). The horizontal experi-
mental timelines in I to VII show the timing and duration of treatment periods and depict different
levels of maternal nutrition (maintenance nutrition: solid line; sub-maintenance [restricted] nutri-
tion: dotted and dashed lines) for the trial regimes described in the experiments of Short ([112]; I),
Schinckel and Short ([107]; II), Taplin and Everitt ([117]; III), Hutchison and Mellor ([58]; IV),
Kelly et al. ([65, 66]; V and VI) and Thompson and Oldham ([118]; VII). Where two levels of feed
were offered consecutively, lettering indicates low (L) and high (H) or sub-maintenance (SM) and
maintenance (M) feeding. In IV, lettering denotes experimental groups (A to F) while numbering
in VII denotes levels of feed-on-offer in kg of dry matter per hectare for the different treatment
groups

secondary wool follicle maturation, given that in even the least prolific wool pro-
duction strains, secondary follicles formed by far the greatest proportion of wool
follicles in the skin. In line with earlier findings that all secondary follicles that
produce a fibre had been formed before birth, examination of secondary follicle
development in the first six months postnatally showed that S/P follicle ratio at birth
was virtually equivalent to S/P fibre ratio at 6 months of age (correlation value, r =
0.97; [111]). In the same study, 65% of secondary follicles were found to mature by
postnatal day 28, with the maturation rate being greatest in the period from day 7 to
day 21, decreasing thereafter. Similar findings were reported elsewhere [106] and all
the observations suggested a clear postnatal time window in which secondary fol-
licle maturation would be most susceptible to environmental influences. However,
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from the data gathered, it was unclear whether secondary follicle development (i.e.
secondary follicle initiation itself) could be influenced via alteration of the prenatal
environment.

Consequently, the possibility that prenatal formation and postnatal maturation
of secondary wool follicles could each be influenced by environment, in this case
adverse maternal nutrition achieved by severe restriction of feed intake of ewes
throughout pregnancy (ad-lib feeding after the gestational period) was investigated
([112]; see Fig. 5.5, I). Comparison of ewes on an “intermediate” plane of nutrition
during gestation, that gained more than 3.0 kg in bodyweight, with ewes on the low
plane of nutrition throughout gestation that lost 3.5 kg in body weight and produced
less fleece (0.7 kg less) over the 10 month experimental period from pre-treatment
to lamb weaning, indicated the success of the nutritional restriction. At birth, lambs
born to the feed-restricted ewes had significantly lower mean body weights, S/P
fibre ratios and fibre densities (means ± S.D.; 2.8 ± 0.2 kg; 2.2 ± 0.2; 76.9 ±
6.1 fibres/mm2) than lambs born to the intermediate-fed ewes (3.8 ± 0.2 kg; 3.1 ±
0.2; 90.0 ± 4.9 fibres/mm2). However, S/P follicle ratios at birth were only slightly
lower for lambs from feed restricted ewes and not significantly different from the
S/P follicle ratio of lambs from intermediate-fed ewes (19.1 ± 0.1 vs. 21.2 ± 0.9).
While the lamb data cited above were derived from a combination of male and
female data, trends for the individual sexes were the same for all parameters. In the
early postnatal period and up to 56 days, weight gain in the “low” group lambs was
significantly lower than lambs in the “intermediate” group, most likely a carryover
effect of poor gestational nutrition of the ewes, leading to lower milk production [3].
Subsequently the difference in weight gain between the lamb groups was not signif-
icant. The S/P fibre ratio and follicle density of low group lambs (9.8 ± 1.0; 47.7
± 3.0 fibres/mm2) remained significantly lower than those in intermediate group
lambs (13.9 ± 0.9; 57.3 ± 2.2 fibres/mm2) throughout the measurement period (up
to postnatal day 168).

Overall these results indicate that adverse maternal nutrition imposed during the
entire gestational period has a significant effect upon postnatal maturation of the
secondary follicle population, which represents the majority of wool-producing fol-
licles in sheep. Further, while of lesser magnitude, the data suggest there is an effect
upon prenatal development of the follicle population, for despite similar S/P fol-
licle ratios at birth (slightly fewer secondary follicles formed in the low treatment
lambs), the resultant density of productive follicles in lambs as they matured was
significantly lower in the low treatment lamb group, for both males and females.
While the number of primary and secondary follicles in the skin of sheep is deter-
mined by developmental events that occur well before birth, one could argue that
any interference to these events during gestation could well reduce the subsequent
productive competency of wool follicles, by way of affecting development of any
one of the multiplicity of cellular structures and functions essential for wool synthe-
sis after birth. In this case, though the numbers of secondary follicles initiated in the
low treatment group lambs was counted as only slightly lower than in intermediate
treatment group lambs, it is likely that the development of far more of the secondary
follicles to full productive competence was compromised by the adverse prenatal
environment.
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In relation to the effects upon wool production of the lambs from the two different
treatment groups, it was determined that while the amount of wool produced by the
lambs was not significantly different over the first 200 days after birth (clean fleece
weights of 850 ± 78 g vs. 875 ± 75 g for low vs. intermediate lambs), fleeces of
low treatment group lambs featured both coarser and longer fibres (mean FD 22.9
± 0.6 μm; staple length 51 ± 2 mm) than the intermediate treatment group lambs
(mean FD 20.7 ± 0.4 μm; staple length 47 ± 1 mm).

Interestingly, the combined male and female data showed the mean diameter of
both primary and secondary fibres was higher in the low vs. intermediate treatment
group lambs. So in addition to measured effects upon development and maturation
of the secondary wool follicle population, these data indicate that economically sig-
nificant qualitative features of the wool produced, namely fibre diameter and staple
length, are also able to be influenced by the environment imposed upon the devel-
oping fetus, in this case through adverse maternal nutrition. Indeed, fibre diameter
measurements suggest that underfeeding the dam throughout the entire gestation
clearly affects development of the primary follicles as well as the secondary folli-
cles. Moreover, the data support the earlier contention that follicles in skin compete
for the available keratin-forming substrates, in that the changes in the follicle num-
ber and spatial relationships (i.e. fibre density) seen here affect the fibre diameter
and length but not the overall quantity of wool produced.

In a separate study, it was found that high birth weights were associated with
increased total numbers of primary follicles, that this was independent of skin area
at birth [106] but was correlated with differences in size (but not follicle density)
at day 90 of gestation. It was also noted that, while the S/P follicle ratio at birth
provides a ceiling to development of follicle number in the postnatal period, prenatal
growth conditions as judged from measured birth weight, can influence the number
of secondary follicles initiated and the number that mature. Further, it was conceded
that while the factors involved in determination of birth weight may also determine
the number of follicles initiated, additional factors could be operating. Finally it was
noted that lamb growth from birth to one month has a significant bearing upon the
proportion of immature follicles that will ultimately mature to produce a wool fibre.
This will be discussed further below.

5.4.2 Manipulation of Prenatal and Postnatal Development
of the Wool Follicles

In order to extend earlier findings, a comprehensive investigation of the effects of
prenatal and early postnatal nutrition on adult fleece and body characters was made
in Merinos of the Medium Peppin strain [107]. Similar to the earlier work, the nutri-
tional treatments included either high (H) or low (L) rations for ewes during the
entire gestation period. This was followed by either high or low nutrition for sin-
gleton lambs from birth until 16 weeks of age, to produce four different treatment
groups (HH, HL, LH, LL; Fig. 5.5, II). Postnatal nutritional treatments included
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hand rearing with a high or low allowance of cows’ milk plus supplements, from
three days after birth, combined with access to varying levels of dry feed supple-
ments from 2 weeks onwards. All lambs then underwent a “recovery period” from
16 weeks until 48 weeks of age, during which they were given the same nutritional
ration. Finally, production measurements were made between 48 weeks and the con-
clusion of the trial at 180 weeks, during which the nutritional ration, adjusted for
individual body weight, was the same for all sheep.

In addition to significant differences in mean birth weights between lambs from
ewes fed high and low nutrition rations (mean ± S.D.; H = 3910 ± 436 g; L =
2570 ± 294 g), mean body weights at 16 weeks also demonstrated large differences
(HH 18.6 kg; HL 10.3 kg; LH 15.8 kg; LL 8.6 kg) though by 108 weeks, these
differences represented a much lower proportion of total body weight (HH 53.2 kg;
HL 48.1 kg; LH 48.5 kg; LL 44.3 kg). Comparison of midside skin growth between
birth and 108 weeks showed expansion to be between 5-fold (H group) and 7-fold
(L group), with greater relative postnatal skin growth occurring in the animals that
were smaller at birth. Though not different statistically, the mean total number of
primary follicles in H and L lambs at birth (4.2 ± 0.2 million and 3.8 ± 0.2 million,
respectively) indicate that despite higher follicle densities, the smaller L lambs do
have fewer primary follicles. In agreement with previous data, lambs from H ewes
had significantly more mature fibre-producing secondary follicles (79.2/mm2 vs.
53.5/mm2) and a higher S/P fibre ratio at birth (3.86 vs. 2.05) than lambs from L
ewes. Estimates of the total number of follicles at birth suggested lambs from high
feed intake ewes had 15% more follicles than lambs from low feed intake ewes (89
± 4.7 million follicles vs. 76 ± 4.7 million follicles).

With respect to the ability to produce wool subsequent to the treatment period,
it is of great significance that up to 16 weeks, secondary follicle maturation in all
lambs maintained on low nutrition in this postnatal period was markedly reduced
(40% mature for LL lambs, 29% mature for HL lambs) in comparison to lambs
fed a high nutrition ration postnatally (75% mature for HH lambs, 70% mature for
LH lambs). Secondary follicle maturation increased substantially in all lamb groups
during the recovery period (weeks 16–48) and there was little additional increase
in S/P ratio in any group after 48 weeks. Notably, while S/P fibre ratios of HH, HL
and LH lambs were quite similar at 48 weeks of age and even more so at 108 weeks
of age (22.3 ± 1.8, 21.2 ± 0.9 and 23.0 ± 1.9, respectively), the S/P fibre ratio in
skin of LL lambs was significantly lower (16.5 ± 1.0 at 108 weeks of age). Given
a similarly high proportion of immature secondary follicles (Si) versus secondary
and primary follicles producing fibres (Sf and Pf) were present in the skin of LH
and LL lambs at birth (Si/Sf + Pf was 5.78 vs 5.23, respectively), it is evident that
the disadvantage imposed on follicle development in the fetus by low ewe nutrition
during gestation is exacerbated by poor nutrition in the early postnatal period. Fewer
of the immature secondary wool follicles present at birth are able to fully mature to
produce a fibre if early postnatal nutrition in the lamb is also poor.

The major effect of the prenatal low nutrition ewe treatment, a reduction in fetal
follicle numbers presumably through interference with follicle initiation, is ulti-
mately manifested as a lower number of wool fibres in the fleeces of the resulting
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LH and LL lambs (approximately 58 and 52 million fibres, respectively; average
55 million fibres) compared to their high nutrition HH and HL lamb counterparts
(approximately 64 and 69 million fibres, respectively; average approximately 67
million fibres). While daily wool growth measurements made at three separate inter-
vals (weeks 70–110, 145–155 and 165–180) after the nutritional treatments had con-
cluded consistently showed that HH sheep produce the most wool and LL sheep the
least, a highly significant association between body weight and daily wool growth
was evident. This lends weight to the previous assertion that follicle maturation is
closely linked with postnatal lamb growth in the first month [106] and indicates the
long-term nature of the effect on wool production.

It is of interest that in a similar study of the effects of pre and postnatal nutri-
ent deprivation in ewes on wool production in single born Merinos, it was reported
that despite a significant difference in greasy fleece weight produced in the first
year, there were no long-term effects on any characteristic of wool production as
a result of the treatments [26]. In this work, the pregnant and lactating ewe moth-
ers were offered high and low planes of nutrition from day 100 of gestation until
weaning (groups HH, HL, LH and LL; as described for Schinckel and Short above
[107]), and lambs were run together under commercial conditions after weaning.
First, prenatal nutrition deprivation had no significant influence on progeny birth
weight even though significant differences in weight gain in the ewes occurred. Sec-
ond, although low postnatal nutrition reduced S/P fibre ratio and total wool fibre
number up to weaning, these differences were not evident at 1 year of age. Finally,
greasy fleece weights at the year two and three shearings were not significantly dif-
ferent between the groups and there were no treatment effects on staple length, fibre
diameter or yield. Given the higher severity and longer duration of nutritional treat-
ments imposed by Schinckel and Short and that these caused larger differences in
ewe live weights, significant differences in lamb birth weights and permanent effects
on wool production, comparison of these studies highlights the need to bear in mind
nutritional impositions that may reasonably occur in the field. An illustration of this
point is given in a description of the effect of different pre-weaning farm environ-
ments on adult wool production in which it was concluded that poor pre-weaning
environmental conditions are unlikely to permanently reduce adult wool production
in the Merino [27].

Deleterious effects of prenatal and postnatal nutritional restriction on wool fol-
licle development were also reported for Scottish Blackface sheep carried either as
singles or twins, then reared either naturally or artificially as singles or twins in the
early postnatal period [28]. This included a reduction in the number of active sec-
ondary follicles at birth and consequent reduction in the S/P fibre ratio, attributed to
reduced prenatal nutrition of the ewe. However, the treatments used did not have a
permanent effect upon wool production if postnatal nutrition was adequate. While
this is different to findings in the Merino, it may be attributed to differences in
the duration and severity of treatments employed and to breed differences, both in
developmental timing of follicle formation and in response to seasonal influences.

In a variation of the experiment of Schinckel and Short [107], South Australian
Merino ewes in a moderate condition were joined with Merino rams, then subjected
to controlled grazing to provide either a high (H) or low (L) plane of nutrition for
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the first 90 days of gestation and either fed the same ration (HH and LL groups) or
allocated to a group receiving the opposite nutritional ration (HL and LH groups)
until day 140 of gestation [31, 117]. The maternal nutrition regime is summarised in
Fig. 5.5, III. Following this, all ewes were fed a supplementary concentrate offered
ad libitum and grazed together with their singleton progeny after lambing. Lambs
were weaned onto pasture at 12 weeks of age, with midside skin sampled at birth,
12 weeks and 18 months of age and fleeces collected by shearing at 2, 16, 24 and 33
months after weaning. As data presented by the author for male and female progeny
within treatment groups generally showed similar trends to data averaged over the
groups, only the latter is discussed below.

As a result of the nutritional differences of ewes between conception and day
90, H ewes were significantly heavier than L ewes (8.3 kg; p<0.001). Mean post-
partum body weights of HH, HL, LH and LL ewes (45.1, 38.8, 41.4 and 33.6 kg,
respectively) specifically highlighted the weight loss suffered by LL ewes. Sig-
nificantly reduced birth weights of lambs from underfed ewes indicated that both
early and late gestational underfeeding could influence birth weight and the effects
were cumulative. Interestingly, while a maternal nutritional deficit early in gestation
affected lamb growth in early postnatal life, the effect lessened with age and was not
significant 18 weeks after weaning. By contrast, maternal nutritional deficit in late
pregnancy had a much greater impact on lamb growth that persisted throughout the
experiment (up to approximately 3 years). Finally, as previously reported, the effects
of maternal undernutrition on lamb birth weight and subsequent lamb growth were
accompanied by commensurate changes in the wool follicle population and wool
production. First, primary follicle density at birth was significantly greater in lambs
born to ewes undernourished either early or late in gestation (and was accounted
for by differential lamb size) while the density of mature secondary wool follicles
was lower only in lambs born to ewes undernourished late in gestation. In addi-
tion, lambs from ewes on a low nutritional plane in late gestation had fewer mature
primary and secondary follicles at birth and the difference persisted until the last
midside sampling, when the estimated total follicle population in progeny from HH
and LH ewes (averages of 62.6 and 61.8 million follicles, respectively) was signifi-
cantly higher than progeny from HL and LL ewes (averages of 57.8 and 48.3 million
follicles, respectively). Finally, it was noted that production of wool over the trial
period was markedly reduced in lambs born to ewes undernourished for 140 days
of gestation, with a smaller clean fleece weight measured for the LL lambs at each
shearing and that the effect of undernutrition late in gestation played the most sig-
nificant role in reduced wool production.

5.4.3 Manipulation of Follicle Development by Timed Prenatal
Intervention

With evidence that prenatal nutritional restriction could influence secondary fol-
licle initiation, it was then pertinent to determine distinct gestational periods in
which such restrictions could influence follicle formation most dramatically. One
such experiment conducted in the Scottish Blackface breed compared the effects
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of moderate and severe underfeeding of pregnant ewes on the initiation of sec-
ondary follicles in the fetuses [58]. In comparison to a well fed pregnant ewe control
group (A), periods of nutritional stress imposed on other pregnant ewes varied and
included short term severe underfeeding (B: days 112–142, C: days 112–131 with
control feed levels from days 132–142; D : days 95–116 with control feed levels
from days 117–142) and long term moderate underfeeding (E : days 35–142, F
: days 35–119 with near control feed levels from days 120–142). Before the gesta-
tional underfeeding treatment periods began, ewes in groups B, C and D were fed the
same nutritional ration as control ewes in group A. The maternal nutrition regime
is summarised in Fig. 5.5, IV. Though no other detail is given, the authors state
that each treatment group was homogenous with respect to the sex of the fetuses.
According to our current knowledge of follicle initiation in Merinos, we would
expect that in sheep, the earliest primary follicles initiate at around day 50–60 of
gestation (completed by day 70), secondary original follicles initiate at around day
80 (completed by day 85) and secondary-derived follicles initiate at around day 100
(completed by day 135). Hence the periods of nutritional restriction in groups E and
F encompass nearly the entire follicle initiation period (see Fig. 5.1), while group
D encompasses the early-mid period of formation of secondary-derived follicles,
and groups B and C the mid-late period of formation of secondary-derived follicles.
It should be remembered that maturation of primary and secondary follicles also
occurs during the timeframes covered by these nutritional impositions. As above,
maturation of the follicles to produce fibre occurs between initiation and approxi-
mately day 100 of gestation for the earliest primary follicles and between initiation
and until many weeks after birth for secondary and secondary-derived follicles.

In addition to significantly lower weights in fetuses from all nutritionally
restricted ewes compared with fetuses from control ewes, sacrifice of lambs at day
142 and determination of skin S/P follicle ratios (total of mature and immature fol-
licles) showed significantly lower S/P ratios in groups where moderate or severe
underfeeding occurred in late gestation. Fetuses from groups B, C and E (days 112–
131) had lower S/P follicle ratios (1.71, 1.42, 1.79, respectively) than control group
A fetuses (2.42). Further, where feed levels were restored to those of control ewes,
rescue of S/P ratios was only possible if the feed restriction was lifted between days
117–120 of gestation (groups D and F). Restoration of feed to ewes from day 132
of gestation (group C) was unable to avert the effect upon S/P ratio. This is not
surprising, as the initiation of secondary follicles has been reported to be complete
in many breeds, including the Romney, Drysdale, Wiltshire, Merino and Merino-
Romney cross by around 130 days of gestation [52, 113]. It should be added that
despite the pooling of data from singleton and twin fetuses, all S/P results go against
a trend that might be expected if parity effects were operating. In light of this data
and the information above, the following may be concluded. First, it is not possible
to say whether primary follicle initiation or subsequent development was affected
by any of the prenatal nutrition treatments imposed. Second, given the timing of the
treatments, it is likely that formation of the secondary follicles was most affected
in the experimental groups B, C and E, where lamb skin S/P follicle ratios were
significantly lower than in control lambs. An interesting addition to this experiment
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would have been a severe feed restriction imposed on some pregnant ewes from day
50, with and without restoration of feed levels from day 75 onwards, to determine
the influence of attempted interference to formation of the primary follicles upon
subsequent S/P ratios in the fetuses.

Apart from measurement of fetal weights at day 142, some fetal morphometry
was undertaken during the treatment periods, from day 90 until late gestation. Using
crown-rump length growth rate as a measure of fetal growth, fetuses from ewes
given short-term severe feed-restrictions (treatments B, C and D) exhibited slower
growth rates (3.7 mm per day at day 115) compared to fetuses from well-fed control
ewes (6.5 mm per day even at day 120; [80]). In treatment group B (ewes underfed
from day 112 until day 142) fetal growth continued to decline to only 2.9 mm per
day at day 132 (c.f. 3.7 mm per day for fetuses from control group A). The crown-
rump length of fetuses in treatment group C (ewes underfed from day 112 until day
132) reduced to 3.6 mm per day but followed fetus controls from there onwards.
Similarly, group D fetuses (ewes underfed from day 95 until day 116) showed imme-
diate growth rate increases upon return of ewes to normal rations [81]. For fetuses
from long-term underfed ewes (treatments E and F), measurement of fetal growth
rates from day 90 to day 130 showed a reduction in crown-rump length growth from
5.9 mm per day (days 90–111) to only 3.6 mm per day (day 130). Lastly, as for
fetal weight, by day 142, placental weight and fetal crown-rump length were each
significantly lower in fetuses from feed-restricted ewes than in fetuses from mainte-
nance fed ewes [82]. Though rudimentary in comparison to measurements that have
been made previously, the data here indicate the nutritional restrictions imposed on
the ewes in this study were of a magnitude to provide genuine intra-uterine growth
restriction to the developing fetuses, with proportionate effects upon development
of tissues, organs and systems in the developing fetuses being likely [4; 79].

5.4.4 Observations of the Long-Term Effects of Prenatal and
Postnatal Manipulation of Wool Follicle Development

A more recent experiment in Merinos has defined the effects of strict maternal
undernutrition for a prolonged period during gestation on the quantity and qual-
ity of wool production in the resulting lambs, initially up to 1.4 years of age [65].
Ewes were provided either maintenance (M; grain supplement in addition to avail-
able pasture) or sub-maintenance (SM; pasture only) nutrition from day 50 of ges-
tation until 10 days before lambing (day 140), that created a mean weight loss of
some 12.1 kg in the latter. Eleven days prior to lambing, all ewes were run together
and given an equivalent grain supplement throughout the lambing period and until
weaning at 12 weeks postnatal. Run in the same group, lambs were given no nutri-
tional restriction, with access to their mothers and available grain until weaning.
A summary of the maternal nutrition regime is given in Fig. 5.5, V. In order to
minimise between-animal variation, lambs analysed in the study were clones, pro-
duced through transfer of bisected day 6 embryos. Ewes carrying paired clones were
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assigned to appropriate M and SM groups to allow comparison of effects on geneti-
cally identical siblings.

More sophisticated measurements than had been made previously gave a supe-
rior account of the effects of undernutrition on the nutritional status of both the ewes
and fetuses during the treatment period. Measurement of placental development by
determination of (i) average cotyledon diameters using ultrasound scanning, and
(ii) blood flow resistance in maternal and umbilical arteries, indicated no signifi-
cant differences between M and SM ewes at day 98. However, determinations of
plasma metabolites in late pregnancy (day 133) were consistent with underfeeding
of the pregnant ewes; significantly lower glucose and protein concentrations in SM
ewes and their fetuses and higher ß-hydroxybutyrate concentrations in SM ewes.
As seen in earlier such trials, mean SM lamb birth weights were significantly lower
(5.0 vs. 5.5 kg [s.e.d. = 0.13 kg; p<0.01]) and weights remained significantly lower
until lamb shearing (1.6–1.7 kg lower; p<0.01) and were still lower at hogget shear-
ing (1.3–2.0 kg lower; p<0.1). In regard to wool production and again like earlier
results, mean birth S/P fibre ratios for SM vs. M lambs were significantly lower
(midside ratio 4.1 vs. 5.5 [s.e.d. = 0.24; p<0.01]) and this was also maintained as
the animals aged (20.0 vs. 21.5 [s.e.d = 0.45; p<0.01] at day 150 [lamb shearing]
and 21.2 vs. 19.1 [s.e.d. = 0.37; p<0.01] at hogget shearing). Further, lower S/P
fibre ratios measured in SM lambs at the midside and other body sites (shoulder and
hind leg) were borne out in lower clean fleece weights obtained at lamb shearing
(0.1 kg less; p<0.01) and hogget shearing (0.14 kg less; p<0.1). Lastly, while there
were no significant differences in staple length, staple strength, yield or percentage
of fibres greater than 30 μm in diameter as a result of maternal undernutrition, mea-
surements made at 5 sites determined the mean fibre diameter for SM hogget lambs
to be 0.1 μm greater than for M hogget lambs. Interestingly, the higher mean fibre
diameter for SM lambs included growth of slightly finer fibres (midside 18.3 vs.
18.5 μm [s.e.d. = 0.28; p<0.1]) when feed quality was low (December) and growth
of much coarser fibres (midside 22.4 vs. 20.3 μm [s.e.d. = 0.5; p<0.01]) when feed
quality was high (June). Whether the result of establishment of follicle populations
with different metabolic capacities and support systems, the differential operation
of epigenetic effects or a combination of both, the treatment has created a lasting
difference in the way the mature follicles of SM lambs respond to environmental
changes during later life, when compared to the mature follicles of their genetically
identical M lamb counterparts. Given the lower clean fleece weights achieved and
penalties applied to higher diameter fibres in general, while measurement of wool
quality and quantity produced by lambs from underfed ewes was reported until the
lambs reached the hogget stage in the study to this point, the early data made a strong
case for management of ewe nutrition during mid to late pregnancy to prevent ewe
weight loss and maximise progeny performance.

An even clearer picture of the long-term effects of maternal undernutrition dur-
ing gestation has been presented in a most recent publication of the extension of
this work [66]. In addition to presentation of the production data collected from
the M and SM lambs described above over another 5 years (a total of 6.4 years;
Experiment 1), long term production data (3.4–4.4 years) from additional M and SM
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lamb groups (Experiment 2) are presented. Lambs in the second experiment were
produced essentially as described for the first experiment but with maternal under-
nutrition continuing until lamb weaning at 12 weeks postnatal. Comparison of the
maternal nutritional regimes used in Experiments 1 and 2 can be made in Fig. 5.5,
V and VI. In Experiment 2, most findings for ewes and their progeny up until lambs
were 1.4 years of age mirrored those from Experiment 1, with the exception that the
difference between mean weaning liveweights of M and SM lambs at 12 weeks was
far greater (25.0 vs. 14.0 kg; p<0.001) where maternal undernutrition was continued
until weaning. In Experiment 1, weaning liveweights for M and SM lambs were sig-
nificantly different but quite similar by comparison (25.9 vs. 24.2 kg; p<0.01). As
a result, throughout the rest of the trial period in Experiment 2, SM animals were
on average 3.2 kg lighter than M animals. Further, as might be expected from the
birth weight and all subsequent liveweight data, midside S/P fibre ratios were also
lower for SM than M animals at birth (3.8 vs. 4.9), weaning (14.9 vs. 18.7) and at
3.4 years (18.4 vs. 20.9) with an overall lower average adult S/P ratio (16.9 vs. 19.5;
s.e.d. = 0.41; p<0.001). As for lamb shearing data described in Experiment 1, SM
lamb clean fleece weights were also significantly lower than for M lambs in Exper-
iment 2 (0.4 kg less; p<0.001). In both experiments, mean annual adult clean fleece
weights were significantly lower for SM than M animals (0.17 kg less [Experiment
1] and 0.24 kg less [Experiment 2]; p<0.05). Lastly, while most other wool quality
traits measured in SM and M progeny as adults were not significantly different over
the trial period, analysis of combined data for mean fibre diameters measured in the
two experiments revealed that on average, wool fibres from SM animals were 0.3
μm broader than their M counterparts. From these data, the authors conclude that
sub-maintenance feeding of ewes during gestation can affect fetal formation of the
wool follicle population and have permanent effects on liveweight, wool production
and wool quality of the progeny.

On the basis of ample evidence that ewe nutrition during pregnancy can have
substantial impacts upon the production performance of the progeny, a long-term
program to monitor effects upon wool quality and quantity, in addition to reproduc-
tive performance and body composition was established in 2001 by Thompson and
Oldham [118]. In an effort to establish optimal performance in both medium wool
Merino ewes and their progeny, the investigation sought to identify critical win-
dows during the reproductive cycle of breeding ewes when the impacts of nutrition
on fetal growth and development would maximise the production of meat and wool
and per hectare returns for producers. In early pilot scale trials, adult Merino ewes
(condition score 3) were split into two groups following AI and fed to either lose or
maintain weight during early and mid pregnancy (achievement of condition scores
of either 2 or 3 by day 90 of gestation). Each separate flock was then subdivided into
groups that grazed different levels of pasture through late pregnancy and lactation.
In this case, ewes were allocated one of five different levels of feed on offer (800,
1100, 1400, 2000 and 3000 kg green DM/ha) between day 90 and lamb weaning
[33]. At lamb weaning, the nutritional treatment ceased and ewes were run as a sin-
gle flock. The feeding regime for different ewe groups in this trial is summarised in
Fig. 5.5, VII.



148 C.S. Bawden et al.

Preliminary data from this program indicates first that birth weight in single-
ton lambs was not affected by the plane of nutrition of ewes in the first 90 days
of gestation [34], though progeny growth rates to 12 months benefited from higher
ewe nutrition during this period [94]. In addition to higher clean fleece weights,
staple strengths [95] and fecundity [91] for ewes fed at higher planes of nutrition
between day 90 and lamb weaning, a significant increase in lamb birth weight was
evident (0.2 kg increase per 1 unit increase in ewe condition score; p<0.01; [34]).
Further, the level of feed on offer to ewes during lactation had a marked effect on
progeny growth rates, with a large range in weaning liveweights achieved at two
different trial sites (16–22 kg and 14–28 kg; [94]). At 12 months of age, differences
in progeny liveweights still remained, though they were much lower (less than 3
and 4 kg at the sites, respectively). Earlier research has suggested that such lower
lamb weights may well reduce subsequent wool production and quality [65]. Pre-
liminary analysis of wool production in the progeny as hoggets has confirmed this,
with progeny from ewes grazed at higher levels of food on offer producing more
wool and finer wool [35]. It is expected that the impending publication of more
detailed data from the Lifetime Wool program will reveal more on the ultimate long
term effects of maternal undernutrition on wool production in the progeny in larger
scale trials that are currently in progress [92].

5.5 Responses of the Developing Fetuses and Fetal Follicles
to Other Influences

5.5.1 Lactation and Shearing of the Ewe

It is known that other short-term or long-term stresses imposed on the pregnant ewe
either as a result of routine management practises (e.g. shearing) or of pregnancy
itself (e.g. the birth process, lactation) have an effect upon development of fetal
follicles. While the impact of lactation on lamb performance is more obvious and
has been considered briefly in the context of ewe nutrition in the postnatal period
until weaning [31, 65, 107, 118] studies of the effects of mid-pregnancy shearing
on follicle characteristics in the lambs at birth have made contrasting findings in
relation to wool follicle characteristics and wool production in the resultant lambs.
In singleton and twin lambs of ewes shorn mid-pregnancy (day 70 of gestation)
Revell et al. [104] reported that birth weights were on average 0.5 kg higher (p<0.01)
than for lambs born to unshorn ewes. This finding is similar to those made by others
[63, 86]. In addition, in near-term (day 140) fetuses from shorn ewes, there was an
increase in the ratio of secondary to primary follicles in midside skin, commanding
a 9% increase in secondary follicle density in each case. This is also consistent
with the earlier finding of association between birth weight and S/P ratio in the skin
[31, 107, 112]. Further, fleece data suggested a trend towards reduced mean fibre
diameters in lambs from mid-pregnancy shorn ewes.
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In other studies of the effects of mid-pregnancy shearing, Sherlock et al. [110]
reported lower secondary follicle numbers and higher fibre diameters, while Kenyon
et al. have separately reported higher numbers of secondary follicles with no change
in fibre diameter [67] and also no effect on either lamb wool follicle characteris-
tics or fibre diameter [68]. Interestingly, while timing, duration and magnitude of
a maternal thyroid hormone response associated with mid-pregnancy shearing [87,
115] may be sufficient to alter the ratio of secondary to primary follicles, the con-
flicting findings described above suggest this is not directly responsible for changes
in the follicle population observed in the lambs born [68].

5.5.2 Fetal Endocrine Mechanisms – Thyroid Hormone
and Cortisol

Given the known importance of the fetal thyroid gland in maturation of the fetal
wool follicle population [23, 56] and a possible role in initiation of the secondary
follicles [122] it may be significant that in the experiment described by Revell et
al. [104], weight of the thyroid gland in near-term fetuses extracted from mid-
pregnancy shorn ewes was 67% greater than those of fetuses from unshorn ewes.
Whether increased maternal thyroid hormones have an effect, the likely increased
fetal thyroid gland function could itself account for the larger number of secondary
follicles in fetuses from shorn ewes. This possibility is entirely consistent with the
previous evidence that maternal nutritional restriction during gestation, which is
known to cause retardation in development of the fetal thyroid gland, also causes
a significant (and permanent) reduction in the size of the secondary wool follicle
population of the resultant lamb.

An analysis of the effects of cortisol in late gestation sheep fetuses has shown that
while fetal plasma cortisol levels usually increase approximately 9-fold in the period
from 25 days prepartum to 5 days prepartum [38], administration of repeated doses
of the cortisol analogue beta-methasone between days 104 and 124 of gestation, a
period preceding the natural surge, causes a reduction in the ratio of secondary to
primary follicles [53].

5.5.3 Maternal Heat Stress

It has been demonstrated in many studies that high ambient temperatures for ewes
during gestation can result in low lamb birth weights [5, 109, 124]. Cartwright and
Thwaites [20] described “fetal stunting” in progeny of ewes maintained under condi-
tions of heat stress for the last two thirds of pregnancy and ascertained that despite
appetite loss in the ewes, fetal undernutrition was not due to lower maternal feed
intake per se, as pair-fed controls run at ambient temperatures produced lambs with
normal birth weights. Analysis of the effects of heat stress on wool follicle devel-
opment revealed a drastic reduction in the number of wool follicles in lambs from
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heat-stressed ewes, primarily the result of impaired development and maturation
of the secondary wool follicles [21]. A more recent investigation of the effects of
maternal heat stress imposed for the last two and a half months of gestation in sheep
(day 64 until approximately day 141) has found a large reduction in placental weight
in heat stressed ewes and in the weight of the developing fetuses (42 and 27% reduc-
tions, respectively; [8, 30]). In addition, the plasma concentration of cortisol was
significantly reduced in heat-stressed ewes late in pregnancy, while triiodothyronine
levels were markedly lower at all stages of pregnancy. It is clear from these studies
that heat stress-induced fetal growth retardation, resulting from gross underdevel-
opment of the placenta and associated effects on maternal endocrine status, can
impact heavily upon development of wool follicles during gestation and is likely to
have significant effects on postnatal wool production.

5.5.4 Hypoxia

As an adjunct to what might be expected from other experiments that induce intra-
uterine growth retardation, the effects of hypoxia on development of the wool fol-
licle population was studied, after long-term (day 30 – day 135 of gestation) and
short-term (day 120 – day 140 of gestation) hypoxia treatments were applied to
ewes carrying singleton fetuses [60]. While long-term hypoxia resulted in signifi-
cantly reduced fetal weights at day 140, fetal weights were not affected by the short-
term treatment. Interestingly, analysis of skin sections revealed that the secondary to
primary follicle ratio (S/P) was lower in both groups of fetuses subjected to hypoxic
conditions than in the respective control fetuses. While the effect on primary folli-
cle formation is unclear, it may be concluded that the initiation of secondary wool
follicles between days 120 and 140 of gestation is reduced by hypoxia. The reduced
oxygen levels accompanied by reduced levels of fetal plasma thyroid hormones [49]
imply a role for altered fetal thyroid function.

5.6 Summary

Follicle Development and Postnatal Fibre Production

As an example of follicle formation and fibre production in ruminants, we have
described the essential features of wool follicle formation and maturation in the
Merino sheep – that it is a three-stage process spanning all of gestation and the
early postnatal period and produces distinct wool follicle populations, the primary
and secondary follicles. Nomination of follicle initiation sites occurs at some time
prior to day 50 while primary, secondary original and secondary-derived follicles
begin to form at approximately day 55, day 80 and day 100 of gestation, respec-
tively. We described that during development, competition exists between follicles,
that there appear to be a finite number of follicle stem cell precursors that can be
distributed in different proportions between the follicle types and that this has a
bearing upon both the number of follicles formed, thus the follicle density and in



5 Postnatal Fibre Production and Follicle Development in Ruminants 151

turn, the diameter of resultant fibres. Further, we have highlighted the molecular
complexity of follicle formation and maturation. Lastly, the critical genes facilitat-
ing epithelial-mesenchymal interactions required to establish the follicle population
(Wnts) and cell fate determination (Notch pathway molecules) and the key regu-
latory morphogens (TGFß family members) and growth factors (FGFs) utilised in
morphogenic processes required for follicle establishment and fibre synthesis func-
tions, have been described.

Manipulation of Follicle Development and Postnatal Fibre Production

The outcomes of short-term and long-term sheep trials focussing upon effects of the
“maternal environment” upon development of wool follicles and wool fibre produc-
tion have been presented. While most have not illuminated the specific physiolog-
ical mechanisms involved, these experiments undoubtedly provide early examples
of the effects of intra-uterine growth retardation (IUGR). In the work discussed, it
is more than likely that the physiological consequences of IUGR, as described for
sheep in more recent publications [54, 55, others] have adversely impacted on devel-
opment of the wool follicle population. The outcomes of manipulation of mecha-
nisms governing both prenatal and postnatal development of the wool follicle pop-
ulation and postnatal wool fibre production have indicated the plasticity of these
processes, defined some of the gestational and early postnatal periods within which
these effects can act and quantified the ultimate effects they can have upon wool
production.

Many of the experiments described have determined the effect of prenatal and
postnatal maternal nutritional treatments upon the most economically significant
traits of wool produced by the lamb progeny, namely clean fleece weight (decreased)
and fibre diameter (increased). The effect of these treatments on another economi-
cally important trait, staple strength, has been found to be insignificant to date (but
see below) and the same is true for staple length, yield and the proportion of fibres
with diameters greater than 30 μm [65, 66]. Fibre crimp can change over time
(i.e. reduces with age), can be influenced postnatally (e.g. by diet) and may ulti-
mately depend more on genotype than environment, with recent proteomic evidence
of an association of specific cysteine-rich keratin associated proteins with crimp
frequency [98]. Staple strength can also be influenced postnatally and proteomic
analysis of wool from different sheep strains and breeds [36] may shed light on the
proteins that contribute to individual differences in this important trait. Nonetheless,
considering the dependence of staple strength on low variability in fibre diameters
(i.e. fleeces with a lower coefficient of variation in fibre diameter have higher staple
strength) it would be surprising if follicle development, that includes the establish-
ment of diameter, has no bearing upon staple strength.

Future Work

From the summary of research findings, it is obvious that a more systematic study
of the influences of developmental aberrations on the processes of wool follicle
development and wool fibre production is required. Although treatment periods have
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sometimes spanned the whole of gestation, experiments to date have been designed
to assess the effects of maternal manipulations on later gestational and early post-
natal events, predominantly the formation and maturation of the secondary wool
follicle population. Experiments enabling determination of ultimate production out-
comes have been especially valuable where the manipulations employed closely
mimic field conditions facing the sheep. However, analysis of effects on fetal wool
follicle development and subsequent productivity, via manipulations targeted to spe-
cific “windows” of the gestational period, has been neglected to this point. This
applies especially to the early parts of gestation and to the gestational periods where
initiation of the different wool follicle types is known to occur.

To this point, too few and insufficiently discrete gestational time windows have
been assessed using manipulative treatments. Further, too few fetal samples have
been extracted and analysed across gestation during the treatment periods reported
to date to ascertain wool follicle-specific developmental consequences. By con-
trast, to date, ample organ and tissue samples have been collected from growth-
restricted/growth-enhanced fetuses generated via multiple mechanisms and the
morphometric and physiological consequences of the aberrant growth have been
described in great detail. While there is no value in repeating such efforts per se,
there is sufficient known of the molecular biology of follicle formation, from our
own research and that of others in the hair research field, such that the skin (and
other tissues) of fetal samples thus obtained could be scrutinised to determine the
exact impacts of targeted gestational manipulations on wool follicle development
at the molecular level. While we know of effects of some of the major endocrine
pathways (for review see [121]) and growth factor molecules on wool growth in
the adult, and a little about the influences of these on wool follicle development
[23, 56, 122], a comprehensive gene expression profiling analysis similar to one we
are currently undertaking in skin samples collected from Merino fetuses throughout
gestation (day 35 until day 143) would identify key molecular targets of the par-
ticular gestational manipulations applied. An immediate priority in our own work
is spatio-temporal characterisation of expression of the receptors for thyroid hor-
mone and glucocorticoids in developing fetal sheep skin. If related to what is already
known of the molecules responsible for initiation and maturation of the wool folli-
cle, the findings would identify the likely windows of action of these key endocrine
components and precisely define the developmental mechanisms with most impact
upon wool follicle development and postnatal fibre production.

In an earlier consideration of the variation of wool growth in relation to physi-
ological state, many of the observations described above, concerning prenatal and
postnatal influences on lifetime wool production of the developing lamb are dis-
cussed, along with the effects of subsequent age, sex and reproduction on wool
growth [25]. Interestingly, the author suggests that formation of the primary folli-
cles early in gestation may not be prone to the effects of an adverse maternal envi-
ronment. This is quite contentious for even though some of the periods of maternal
undernutrition used in the studies described up until that time, and even more since,
have included early gestation, the results in relation to primary follicle develop-
ment are equivocal. This is because no fetal skin samples from consecutive early
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gestational time points have been collected or analysed in order to assess effects of
manipulations on primary follicle development in real time. A study of fetal devel-
opment and postnatal wool production in lambs from Merino ewes undernourished
from mating until day 35 of gestation showed significantly lower fetal weights and
sizes at day 35 but no significant differences in lamb fleece weights at the first and
second shearings [96]. While the possibility of compensatory growth and develop-
ment in late gestation may explain the apparent lack of effect of this early treatment
on postnatal wool production, data with which to ascertain the exact effects upon
wool follicle development are not available.

More recently, an investigation of the effects of maternal nutrient restriction
early in gestation (days 20–77) on fetal and placental morphometry at term has
been undertaken [51]. With nutrition-restricted and control ewes fed at maintenance
from day 77 until term, final morphometry showed no differences in fetal weights
or fetal organ weights between the groups, but larger placentae in feed-restricted
ewes that featured a smaller fetal component in relation to placentae from controls.
No data pertaining to wool follicle development was collected, though considering
the correlation between fetal weight and total weight of the fetal component of the
placentae reported for fetuses from feed-restricted ewes, it would be surprising if
absolutely no wool follicle-related effects occurred. In another study, the effects of
maternal nutrient restriction during early pregnancy (from mating to day 70 of ges-
tation) on muscle development and meat quality in lambs were investigated [71].
This and many studies cited in other sections of this volume have described multi-
ple effects of early maternal undernutrition on muscle development. As suggested
above, considering the timing of the treatment in these cases and given the interre-
lationships between primary and secondary wool follicle formation, similar investi-
gations including collection of consecutive fetal, as well as early postnatal, juvenile
and adult skin samples, followed by analysis of postnatal wool fibre production,
would be a most informative exercise. Other experiments that have perturbed the
environment of embryos as early as the start of gestation (days 0–6) have also indi-
cated downstream consequences for fetal development [69, 70, 102, 120]. While it
is possible that such early intervention could ultimately impact upon wool follicle
development in utero, these are the types of experiments required if all of the effects
of gestational manipulation of fetal wool follicle development are to be unravelled.
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Chapter 6
Mechanistic Aspects of Fetal Development
Relating to Postnatal Health and Metabolism
in Pigs

Matthew E. Wilson and Lloyd L. Anderson

Introduction

The productivity of the pig ranks high when compared with the other classes of farm
mammals. Reproductive potential is the most important factor contributing to total
meat production from this species. The high rate of productivity in the pig is depen-
dent upon early sexual maturity, a comparatively high ovulation rate, relatively short
periods of gestation and lactation, as well as the capability of repeating the preg-
nancy cycle soon after weaning a litter. Some important limitations affecting this
production potential are ovulation rate, embryonic death, and perinatal and neonatal
losses. This review focuses on (1) the roles of maternal nutrition and ovarian func-
tion on fetal development, (2) genotype of the dam affecting fetal development and
litter size, (3) maternal circulating hormone concentrations during different stages of
gestation as related to fetal development and litter size, (4) effects of specific nutri-
ents and hormones for the dam on fetal development, and (5) maternal reproductive
diseases affecting fetal development.

During a gestation period of approximately 115 days, the sow loses about half the
potential litter size because of embryonic and fetal death. Most of this loss occurs
during the first third of pregnancy. Thus, in sows which ovulate 15–20 ova at estrus,
more than 95% of those eggs are fertilised by interaction with spermatozoa, but
approximately 7–10 of the developing embryos perish at some stage during the preg-
nancy. At parturition, litter size often is reduced to approximately 8–11 or 12 living
pigs. Thus, these losses may result primarily from a uterine environment that is less
than optimal at the time of implantation and during early embryonic development.

After mating, the ovulated eggs are fertilised by spermatozoa migrating to upper
regions of the oviducts, and the embryos are usually in the 4-cell stage when they
enter the uterus. Within the lumen of the uterus, the embryos develop rapidly into
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blastocysts and then form extremely elongated (e.g., 30–100 cm) filamentous mem-
branes. Each of these embryos is arranged end-to-end with no overlap of the mem-
branes. This process results in an even distribution of the embryos throughout the
uterine horns; intrauterine spacing of them is virtually complete by day 13 with
implantation occurring later (day 14–18). The conceptus (embryo and its placental
membranes and fluids) develops rapidly after implantation, but uterine capacity does
not become a major limiting factor to embryonic or fetal survival until late stages
of the gestation. Successful completion of the pregnancy depends upon functional
corpora lutea. Ovariectomy as late as day 110 results in abortion within a few hours.
Pregnancy in swine depends upon continued secretion of adequate circulating con-
centrations of ovarian progestin and oestrogen. During late stages of the pregnancy,
the corpora lutea produce increasing amounts of a protein hormone, relaxin, which
may play a role in preparation for the process of parturition. Our previous inves-
tigations indicated that pregnancy and a high embryo survival rate were sustained
after ovariectomising pigs by providing optimal daily levels of exogenous sources
of progesterone (80 mg/100 kg body wt) and small amounts of oestradiol benzoate
(500 μg/100 kg body wt).

6.1 Effects of Maternal Dietary Restriction and Inanition
on Fetal Development

Although pigs lose approximately 40% of their embryos during a gestation period of
about 115 days [41, 88, 156] a role for maternal diet intake on survival and develop-
ment of the conceptuses is less clear. Under conditions of optimal food intake, preg-
nancy is an anabolic process, benefiting the development of the conceptuses, as well
as the dam [3, 10, 178, 216, 217]. The roles of maternal nutrition and ovarian hor-
mones in fetal development were investigated in Yorkshire gilts (5–7 months old and
approximately 125 kg body wt) [5]. Pigs were laparotomised to confirm pregnancy
and ovulation rate (number of corpora lutea) at day 30. A bilateral ovariectomy
(Ov) was performed in half the animals at this time and progesterone (80 mg/100 kg
body wt) and oestradiol benzoate (500 μg/100 kg body wt) were given daily by
IM injection thereafter. Laparotomised controls were given injections of sesame oil.
The pigs were hysterectomised or ovariohysterectomised at day 70 or 110. All ani-
mals were fed a ration of 1.82 kg/day (20.95 MJ/day) until laparotomy at day 30
and then either remained on this level of intake as diet controls (1.82 kg/day) or
were given a restricted diet (0.80 kg/day; 9.24 MJ/day). The calculated analysis of
the diet was: protein 15.92%; calcium 0.99%; phosphorus 0.72%; lysine 0.84%;
methionine 0.26%; cystine 0.26%; tryptophan 0.20%; mineral premix; vitamin pre-
mix; and metabolisable energy 11.55 MJ/kg DM. The animals were fed individually
once daily in small pens in the postoperative room. Abbreviations were designated
for pigs laparotomised for the control groups as (Lp control), and for those ovariec-
tomised and given daily intra-muscular (IM) injections of progesterone and oestra-
diol benzoate as (Ov + P & OE). Pregnancy was confirmed at laparotomy in the
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Table 6.1 Fetal survival, and uterus and conceptus growth during dietary restriction in pig

No. of fetuses
Days after
mating MJ/day

No. of
pregnant pigs Living Degenerating

Fetal
survival (%)

Lp control 70 20.95 5 10 ± 1.1 1 ± 0.5 73
Lp control 70 9.24 7 10 ± 1.6 1 ± 0.6 62
Ov + P & OE 70 20.95 6 9 ± 1.5 1 ± 0.6 57
Ov + P & OE 70 9.24 7 8 ± 1.4 3 ± 1.0 47
Lp control 110 20.95 6 10 ± 1.1 2 ± 0.9 62
Lp control 110 9.24 5 7 ± 1.4 3 ± 2.6 45
Ov + P & OE 110 20.95 5 10 ± 0.9 <1 ± 0.2 67
Ov + P & OE 110 9.24 6 8 ± 1.2 1 ± 0.7 54

Values are means ± SE.; Lp control = Laparotomy control, Ov + P & OE = Ovariectomy +
Progesterone & Oestradiol Benzoate.

51 pigs at day 30 after mating. These animals were allotted to eight experimental
groups of 6 or 7 each, and 47 (92%) of them remained pregnant with one or more
living fetuses to day 70 or 110 (Table 6.1). Pregnancy failed in only one pig by day
70 and in three others by day 110. Ovulation rate, as indicated by the number of cor-
pora lutea on day 30, was similar (mean of 14–16 per dam; P>0.05) among groups.

Pigs on a restricted diet weighed less at day 70 (P<0.001) and day 110 (P<0.001)
than those receiving 1.82 kg/day. Body weight declined from day 30 to 110 in Ov +
P & OE (−3.50 kg) and Lp control (−6.97 kg) pigs given the low level of dietary
intake, whereas animals given the control diet gained 24.2 kg after Ov + P & OE
and 32.0 kg after laparotomy. Maternal weight gain or loss was accentuated after
eliminating the weight of the uterus and developing conceptuses. The mean number
of fetuses surviving to day 70 remained similar (P>0.05) in laparotomised controls
and in the Ov + P & OE animals given either level of diet (Table 6.1). The percentage
of fetal survival was greater (P<0.01) at this time in the Lp control as compared to
the Ov + P & OE animals, regardless of level of dietary intake. By day 110, the
number of living fetuses was reduced (P<0.001) as well as the percentage survival
(P<0.01) in those dams given only 0.80 kg feed daily as compared with full-fed
controls. The number of degenerating fetuses (1.2 ± 0.59) was similar (P>0.05) for
all groups at day 70 and 110. There was an approximately fourfold increase in fetal
growth between day 70 and 110. Fetal wet weight was reduced in both Lp controls
and Ov + P & OE, receiving a restricted diet, at both day 70 (P<0.01) and 110
(P<0.01) (Table 6.1). Placental wet weight increased less than twofold between day
70 and 110, regardless of level of diet or gonadal steroid status.

6.1.1 Fetal Development

Brain growth was unaffected by level of diet or hormone treatment to day 70, but
by day 110 it was reduced (P<0.05) in Ov + P & OE dams given a restricted diet.
The proportion of brain per unit fetus was greater in dams given a restricted diet
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to day 70 or 110, indicating preferential sparing of the brain as compared with
other organs and muscles during adverse conditions for the dam. Thymus weight
increased approximately sevenfold between day 70 and 110. There was no effect of
maternal diet or gonadal steroid status upon thymus development to day 70; by day
110, however, the thymus was smaller (P<0.001) in fetuses from Ov + P & OE dams
when effects of diet were held constant. Thyroid gland weight increased approxi-
mately threefold from day 70 to 110. Lung weight was unaffected by level of diet or
hormone treatment to day 70, but by day 110, lungs were smaller in Ov + P & OE
pigs (P < 0.001) as well as in animals on a restricted diet (P<0.001). Dietary restric-
tion resulted in reduced fetal heart weight at day 70 (P<0.001) and 110 (P<0.001).
Fetal liver weight was reduced markedly by restricting dietary intake of the dams
to day 70 (P<0.001) or 110 (P<0.001) as compared with controls. Maternal dietary
restriction resulted in smaller gastrocnemius at day 70 (P<0.02) as well as at day
110 (P<0.001). There were no dietary or hormonal effects on the proportion of gas-
trocnemius per unit of fetus at day 70, but by day 110 fetal muscle development
was decreased (P<0.01) in all dams given a restricted diet. Similar relationships
were found in growth of the psoas major. Growth of ovaries, uterus, testes, and epi-
didymides was expressed as a proportion of fetal weight. Ovarian weight declined,
whereas uterine weight increased from day 70 to 110. Testes and epididymides
increased from day 70 to 110. It was only at day 110 that a restricted maternal diet
resulted in a proportionate increase in uterine (P<0.01) and epididymal (P<0.001)
development.

Fetal brain development was adversely affected only after prolonged dietary
restriction of 80 days (day 30–110). Similar detrimental effects of maternal diet
on brain development have been found in the fetal pig [57], fetal rat [216], and fetal
lamb [1] and during postnatal growth in the pig [39, 89, 92]. Under these adverse
dietary conditions, the brain was least affected as compared with other fetal organs,
endocrine glands, and muscles. The development of fetal thymus and thyroid glands
was limited only after day 80, and exogenous progesterone and oestradiol benzoate
did not improve their growth. Although the proportions of heart and lung to fetal
weight remained consistent regardless of level of diet or hormone treatment, those
of liver declined by late pregnancy.

6.1.2 Maternal Nutrition and Litter Size

Although litter size increases by about two piglets between the first and third ges-
tation, this is unrelated to nutritional status of the dam. Restricting metabolisable
energy intake (e.g., <20.92 MJ/day) throughout gestation has no detrimental effect
on fetal survival rate, and only a slight decrease occurs in birth weight. Numer-
ous experiments have indicated that high energy diets (e.g., >31.38 MJ/day) given
throughout gestation reduce litter size whereas piglet birth weight increases [10,
161, 219]. High energy intake stimulates ovulation rate but it also increases fetal
mortality; thus, fetal survival rates remain equivalent to those in dams fed normal
levels of caloric intake.
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Fetal survival rates remain unaltered by marked shifts in caloric or protein intake
of the dam at all stages of gestation in this species. Severe protein restriction of the
dam, however, reduces both birth weight and postnatal development [130, 162].
Although there is considerable information concerning quantitative protein and
energy requirements for pregnant gilts and sows, little is known about the long-term
effects of prenatal malnutrition on the development of the progeny.

6.1.3 Embryonic Development During First Third of Pregnancy

Experiments were designed to determine whether gilts can provide an adequate uter-
ine environment for the survival and growth of embryos when the food intake of the
dam is limited, and whether supplemental ovarian steroids ensure continued embry-
onic and placental development under these conditions [2]. Yorkshire gilts were
given water only (0 MJ/day, inanition) beginning 10 days before mating and contin-
uing for varying periods after mating. The uterus and conceptuses were recovered
by hysterectomy in the experimental animals and full-diet (29.40 MJ/day controls).
In one group of gilts subjected to inanition, the ovaries were surgically removed on
day 22 and these animals were given daily IM injections of progesterone (0.8 mg/kg
body wt) and oestradiol benzoate (5 μg/kg body wt) from day 22 to 34 of inanition.
In unmated pigs subjected to inanition, oestrous cycles ceased and ovarian follicles
were completely regressed by day 34 (Table 6.2).

Table 6.2 Effect of inanition on embryonic survival in the pig

No. of pigs
Days after
mating

Days of
inanition Mated

Remaining
pregnant

Mean no. of
living embryos

Embryonic
survival (%)

Full fed
14 0 6 6 8.7 82
18 0 6 6 11.1 91
22 0 6 6 11.0 86
26 0 6 6 9.8 87
30 0 6 6 10.8 90
34 0 6 6 10.5 96

Inanition
14 25 6 6 6.5 81
18 29 6 5 8.6 92
22 33 6 4 9.3 96
26 37 6 4 9.0 89
30 41 6 2 10.0 94
34 45 6 1 10.0 83

Inanition plus progesterone and oestradiol benzoate
34 45 6 6 9.0 87
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Fig. 6.1 Nitrogen content of embryos and placental membranes in pigs given a full diet (•, solid
line), in animals subjected to inanition 25–45 day (�, dashed line), and in pigs given exogenous
progesterone and oestradiol benzoate during 45 day inanition (◦) [2]. Number of conceptuses in
pigs given a full diet was 52, 67, 66, 59, 65, and 63 at days 14, 18, 22, 26, 30, and 34, respectively;
in animals subjected to inanition, number of conceptuses was 39, 43, 37, 36, 20, and 10 at days
14, 18, 22, 26, 30, and 34, respectively; and in those given exogenous progesterone and oestradiol
benzoate, number of conceptuses was 54 at day 34. Values are means ± SE

Embryonic and placental development were determined on the basis of nitrogen
content (Fig. 6.1). Nitrogen content of the embryo increased exponentially between
day 14 and 34 in gilts on a full diet and in those subjected to inanition. By day
30, nitrogen content was less (P<0.05) in embryos from nutritionally deprived gilts
than in embryos from the control animals; this difference increased (P<0.01) by day
34. During prolonged inanition, exogenous progesterone and oestrogen from day
22 to 34 increased (P<0.01) nitrogen content in embryos; this increase was similar
(P>0.05) to that found in control dams.

Nitrogen content of the placenta increased in a similar pattern (P>0.05) between
day 14 and 30 in animals on a full diet and in those on inanition (Fig. 6.1). Con-
tinuation of inanition to day 34 resulted in a severe limitation (P<0.01) in placen-
tal nitrogen deposition as compared with that in controls. Exogenous progesterone
and oestrogen given between day 22 and 34 resulted in placental nitrogen content
similar (P>0.05) to that found in gilts on a full diet. These results indicate that
with adequate progesterone and oestrogen, maternal components are made avail-
able for development of the conceptuses in spite of nutrient deprivation of dams
during early pregnancy. When corpora lutea fail under these adverse conditions for
the dam, the pregnancy is lost quickly. Furthermore, an adequate uterine environ-
ment permitting transfer of maternal nutrients across the placentas to the embryos
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for their continued normal development can be maintained by experimental treat-
ment with progesterone and oestrogen in nutritionally deprived gilts during early
stages of embryonic development.

6.1.4 Effect of Nutrient Deprivation During Middle Third and Last
Third of Pregnancy on Fetal Survival

Yorkshire gilts were subjected to caloric restriction (0 kcal/day; water only) during
either the middle third or last third of pregnancy, and fetoplacental development was
compared with that in full-fed controls (29.40 MJ/day; 2.72 kg ration/day) [7]. Preg-
nancies were maintained in 81% of the gilts subjected to inanition during either the
middle third or last third of gestation as compared with 100% in full-fed controls
(Table 6.3). The average number of living fetuses in nutritionally deprived gilts was
similar to that in full-fed controls. Fetal survival rates also were similar in experi-
mental and control animals. Fetal weight increased four-fold between days 70 and
110 (Table 6.3). Fetal growth was limited (P<0.05) by prolonged inanition to day
70 compared with the growth in full-diet controls. In starved dams given oestradiol
benzoate, fetal development was further reduced (P<0.01) in comparison with con-
trols. At day 110, fetal growth in dams subjected to inanition was similar (P>0.05)
to that found in controls; in those starved gilts given oestradiol benzoate; however,
the fetuses were limited severely (P<0.01). Placental insufficiency was the primary
cause of reduced fetal growth and resulted in abortion in only a few of the dams.
Progesterone concentrations in peripheral blood serum of the gilts subjected to ina-
nition during either the middle third or last third of pregnancy were maintained at
levels (18–25 ng/mL) similar (P>0.05) to those found in full-fed controls.

Table 6.3 Fetal survival during prolonged inanition in the pig

Energy
MJ/day

Inanition
days of
pregnancy No. mated

No.
pregnant %

Mean no.
of living
fetuses

Fetal
survival
(%)

Mean
fetal wt, g

0 30–70 4 3 75 9.3 64 215
0 30–70 4 3 75 11.7 70 211
0 30–70 4 3 75 7.3 47 177
29.40 7 7 100 10.9 72 234
0 70–90 4 4 100 11.3 79 542
0 70–90 4 3 75 12.7 68 516
29.40 4 4 100 9.0 59 526
0 70–110 4 2 50 10.0 83 913
0 70–110 4 3 75 8.0 46 717
0 90–110 4 4 100 11.0 68 998
0 90–110 4 4 100 8.3 58 879
29.40 0 8 8 100 8.9 58 984
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6.1.5 Effect of Nutrition Deprivation During Middle or Late
Pregnancy on Litter Size and Neonatal Growth

In a subsequent series of experiments, Yorkshire gilts were subjected to caloric
restriction either during the middle third (days 30–70) or last third (days 50–90)
of pregnancy and then gradually realimentated to a full diet and allowed to advance
to parturition [89–92]. The full-diet controls received 29.40 MJ/day throughout ges-
tation and those animals subjected to inanition (0 MJ/day) received water only. Preg-
nancies were maintained in 83% of the gilts calorically restricted in the middle third
of pregnancy and in 64% of those dams restricted in the last third as compared with
100% in the controls (Table 6.4). At parturition, average litter size of living pigs in
starved dams (9.4) was similar (P>0.05) to that found in full-fed controls (8.0).

Maternal blood serum levels of progesterone in starved gilts were maintained at
concentrations similar to those in full-fed controls. Progesterone concentrations in
the controls remained at a level of 18–25 ng/mL from day 30 until approximately
day 105, when the concentrations began to decline, reaching basal levels at par-
turition and remaining at these levels through day 130 after mating. The proges-
terone concentrations of the dams starved during the middle third of pregnancy were
similar (P>0.05) to those in full-fed dams during the 40 day inanition period end-
ing day 70. From day 72 to 99, however, progesterone levels of these dams were
reduced (P<0.01) to a mean value of 14.5 ng/mL. This reduction in serum steroid
levels occurred after the starvation period and during gradual realimentation and
full-feeding. By day 100, progesterone levels in this group were again similar to the
levels in controls and remained so through day 113. Progesterone levels of dams
starved during the last third of pregnancy remained similar to those of full-fed con-
trols throughout gestation. Thus, progesterone concentrations in both experimental
groups remained at levels sufficient to sustain pregnancy. These experimental results
indicated that maternal nutrient deprivation during the middle third or last third of
gestation has little effect on ovarian progesterone secretion and is not a major lim-
itation to fetal survival in this litter-bearing species. Prolonged starvation in these
gilts markedly reduced birth weight of living neonates (Table 6.4). Growth of the

Table 6.4 Reproduction in pigs subjected to inanition during middle or late pregnancy on litter
size, birth weight and neonatal growth

Energy
MJ/day

No. of pigs
mated/delivery∗

Litter size at
birth

Piglet birth wt,
kg

Litter wt
at birth,
kg

Body wt at
80 day of
age, kg

29.40 6/6 8±1.5† 1.6±0.05† 12.4±1.9† 27±1.7§
0 [day 30–70] 12/10 9±0.9† 1.2±0.03† 9.5±0.9† 20±1.7†
0 [day 50–90] 11/7 10±0.8† 1.0±0.03§ 10.7±0.8† 20±1.7†

Values are means ± SE. Means within column with different superscript are different at P<0.05
level of significance.
∗Chi-square = 3.317, df = 2, (P<0.05).
†a significant difference at p<0.005.
§a significant difference at p<0.005.
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neonates also was reduced to 80 days of age, when they weighed 7 kg less, on
average, than the offspring of the control dams. Body weight at 150 days of age,
however, was similar (P>0.05) in all experimental and control groups. Litter weight
of live piglets at birth was similar among all treatments, primarily as a result of the
larger litters born to the starved dams.

6.1.6 Reproduction in Yorkshire Gilts Born to Dams Starved
During Pregnancy

After weaning, gilts born to dams that had been starved during the middle third or
last third of gestation and gilts born to full-fed control dams were raised in the same
outdoor lot. At approximately 150 days of age these gilts were checked for oestrous
behavior by a fertile boar and allowed to mate at the third confirmed oestrus. Repro-
ductive performance through the first two gestations was evaluated in a random
selection of gilts born to each experimental and control group [92]. Age at pubertal
oestrus was reduced (P<0.01) in gilts born to dams starved during pregnancy. Con-
trol gilts exhibited first oestrus at an average age of 250 days whereas gilts born to
dams starved during the middle or last third of pregnancy displayed pubertal estrus
at 208 and 219 days, respectively. Fifteen of 18 gilts born to starved dams from both
experimental groups, mated at the third post-pubertal oestrus, remained pregnant to
term. First-parity birth weight of living neonates from gilts born to dams starved
during pregnancy was similar to birth weights from gilts born to control dams.

Luteolytic capacity is defined as the ability of corpora lutea (CL) to undergo lute-
olysis after prostaglandin (PG) F2α treatment [56]. Luteolysis in pigs is initiated by
secretion of PGF2α from the uterus. In this species a single treatment with PGF2α

causes luteolysis in pregnant, hysterectomised, or cycling animals after day 13 but
not before this time [142]. Luteolysis results in a rapid decrease in progesterone
production by the CL and programmed luteal cell death [21–22]. In vivo treatment
with PGF2α decreases protein for the luteinising hormone (LH) receptor in porcine
CL [26]. The finding that hypophysectomy leads to a rapid decrease in progesterone
secretion from CL is consistent with the idea that inhibition of the LH stimulatory
pathway may be important for changes in progesterone production during luteolysis
[6]. Progesterone biosynthesis is regulated not only by PGF2α but also inhibition of
the LH stimulatory pathway, steroidogenic enzymes, and cholesterol transport [56].
Luteolytic capacity involves a critical change in responsiveness of transcriptional
factor (DAX-1), steroidogenic acute regulatory protein (StAR), and LH receptor to
PGF2α that results in differential inhibition of luteal progesterone biosynthesis by
day 9 and 17 porcine luteal cells in culture [44, 56]. Prolactin is luteotropic dur-
ing later pregnancy in this species. Prolactin maintains progesterone and relaxin
secretion by aging corpora lutea after hypophyseal stalk transection or hypophysec-
tomy in the pig [119]. Peripherial plasma concentrations of prolactin remained ele-
vated in stalk-transected gilts from day 110 to 120 and maintained both progesterone
and peak relaxin secretion. In hypophysectomised animals daily IV administration
of purified porcine prolactin maintained both progesterone and relaxin secretion
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whereas in hypophysectomised animals given phosphate buffer saline circulating
concentrations of these two hormones rapidly decreased to undetectable levels by
day 120.

6.2 Maternal Energy Intake and Fetal Development and Survival

Leptin is produced by adipose tissue and is implicated in reproductive and immune
function, as well as in feed intake regulation [24–25]. In gilts fed a high-
(28.79 MJ/day) or lower- (21.84 MJ/day) energy diet beginning at day 45 and
continuing throughout pregnancy, serum concentrations of leptin remained simi-
lar; however, during lactation, both serum and milk concentrations of leptin were
greater in animals on the high- versus lower-energy diet [68].

A systematic restricted section of uterine length available to each potential pig
embryo was examined at day 20, 25 or 50 [220]. When embryos were restricted to
5 cm, the proportion of surviving fetuses at day 20, 25 and 50 was 61, 12 and 8%,
respectively whereas in combined nonrestricted section controls was 82%. Each
fetus surviving at day 50 in restricted sections was associated with 36 cm of initial
uterine length.

It is clear that the gonadotropin releasing hormone (GnRH) pulse generator sys-
tem and gonadotropin release are inhibited by undernutrition [209], thus compro-
mising gonadotropin support of folliculogenesis. Metabolic mediators (i.e., hor-
mones, metabolites) also may act at the ovarian level and amplify the gonadotropin-
mediated effects of nutrition [166]. The period corresponding to the initiation of
preovulatory growth and differentiation seems to be the most sensitive to the influ-
ence of undernutrition, and thus a decrease in ovulation rate or delay in ovulation
is often observed in prepubertal gilts and weaned sows [167]. Thus, metabolic hor-
mones such as insulin, growth hormone (GH) and IGF-I can play a role in control-
ling activity of follicular cells of the ovary in a positive way under conditions of
optimal nutrition or in a detrimental way during undernutrition in the pig.

LH is essential for maintenance of CL and early pregnancy in the pig [6, 110].
Thus, any factor, including nutrition which affects LH secretion during early preg-
nancy, may have implications for embryonic survival and maintenance of early preg-
nancy [152–153]. Environmental factors involved in seasonal infertility and level of
reproductive activity in summer-autumn include housing, high ambient temperature,
social stress, and boar exposure. In pigs, the European wild boar is a true seasonal
breeder with a breeding season occurring in early winter with piglets born once a
year in late spring [45, 128]. An important cue affecting onset of sexual activity in
the European wild boar is availability of feed [155]. Although domesticated pigs
are not classified as seasonal breeders, seasonal infertility may be manifested by
reduced farrowing rate, delayed puberty of gilts, prolonged weaning to oestrus inter-
val, and reduced behavioral sexual activity in sows and boars during late summer
and autumn resulting in decreased litter size [154]. The nocturnal rise in circulat-
ing melatonin concentration in European wild boars is more robust and predictable
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as compared with that seen in domesticated pigs [154, 190], which do not appear
to exhibit a nocturnal rise in melatonin [33]. An important aspect in optimising
embryonic survival is to generate an increased number of embryos by a high-plane
of nutrition before mating, followed by restricted feeding during the post-mating
period that further supports developing embryos [10, 17–18]. To exert nutritional
effects on embryonic survival, the progesterone-mediated mechanism is thought to
be effective for 3–4 days after mating [76]. Insulin, glucose, free fatty acids (FFA),
and amino acids provide metabolic signals to the brain that influence food intake,
energy balance and body weight regulation [9, 72]. Feed-restricted pregnant gilts
tend to show higher preprandial FFA concentrations, lower preprandial insulin con-
centrations, and a greater pre- vs. post-prandial difference than in ad libitum fed
animals [152]. Seasonally reduced LH secretion in summer and autumn, a time
of reduced fertility, is further suppressed by applying feed restriction after mat-
ing. Regarding the influence of lactation length (12 vs. 21 days) and feed intake
(high, 54.72 MJ/day vs. low, 25.99 MJ/day) on reproductive performance in prim-
iparous sows, greater circulating concentrations of insulin prior to weaning were
associated only with level of feed intake treatment [109]. Greater feed intake dur-
ing lactation was associated with greater circulating concentrations of insulin and
glucose, greater LH pulse frequency before weaning and a shorter farrowing-to-
oestrous interval in both lactation length treatments. Thus, greater feed intake dur-
ing lactation improves farrowing-to-oestrous interval through LH release regardless
of duration of lactation.

Food deprivation in sows around implantation induced an increase in maternal
circulating plasma concentrations of cortisol, PGF2α metabolite and progesterone
[193]. A focus on the effect of 48 h food deprivation of inseminated sows soon
after ovulation revealed a decrease in cleavage rate of their embryos, decreased
sperm numbers in the oviduct reservoir, as reflected by the number of sperm in
the zona pellucida [129]. The decreased sperm numbers in the zona pellucida in
food deprived animals may result from reduced sperm viability or their elimina-
tion through the oviduct to the peritoneum. This brief period of food depriva-
tion also resulted in increased circulating concentrations of progesterone, corti-
sol and PGF2α metabolite as compared with that seen in the control sows. Ani-
mals experiencing stress express many behavioral and physiological responses, such
as anorexia, aggression, altered motor activity, immunosuppression, and activation
of the hypothalamic-pituitary-adrenal axis [115, 191]. Corticotropin-releasing hor-
mone (CRH) has been implicated as an important mediator of behavior, immune,
and neuroendocrine systems in animals experiencing stress. In pigs, intracere-
broventricular injection of CRH induces immediate dose-dependent behavioral and
physiological responses [98]. In addition, intracerebroventricular administration of
CRH dose-dependently increased plasma ACTH concentration and elicited hyper-
activity and vocalisation, and immune suppression. These acute responses to cen-
tral administration of CRH showed differences in onset, maintenance and cessation
of these behavioral and physiological responses indicate that they are differentially
regulated. In sows given repeated ACTH-stimulation during early pregnancy (day 2)
circulating concentrations of cortisol and progesterone were significantly increased
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while PGF2α metabolite levels decreased [170]. These hormonal changes had no
significant effect on ova transport rate, but a negative impact on the oviductal milieu
as revealed by fewer spermatozoa attached to the zona pellucida and a decrease in
the cleavage-rate of embryos compared with that seen in control animals.

Sows losing excessive bodyweight during lactation can experience extended
weaning-to-oestrus intervals and an increase in duration of anoestrus [62]. Feed
intake and tissue losses during lactation have a greater effect on weaning-to-oestrus
intervals in primiparous compared with multiparous sows [77]. The weaning-to-
oestrus intervals in primiparous and multiparous (parities 4–7) Camborough sows
in relation to bodyweight, changes to back-fat thickness and circulating serum hor-
mone concentrations (insulin, GH, and cortisol) were examined at the end of ges-
tation and during lactation [87]. Primiparous sows lost a greater amount of back-
fat thickness than multiparous sows (–20 and –9%, respectively) during this time.
The weaning-to-oestrus intervals also were greater (5.5 and 4.2 days, respectively)
in the primiparous compared with multiparous sows. Changes in serum GH con-
centrations appeared to be a better hormone imbalance indicator to explain differ-
ences in weaning-to-oestrus intervals between primiparous and multiparous sows
than change in body condition.

Fetal mortality in healthy gilts of a segregating F2 cross of Large White and
Meishan pigs was examined on the basis of the length distribution of mummified
fetuses and the frequency of non-fresh stillborn piglets to establish whether criti-
cal periods of fetal mortality exist [205]. Average fetal mortality rate per gilt was
8.7%. Mummified fetuses averaged 0.84 per litter and ranged in length from 0.4 to
33.0 cm thus indicating a range in fetal age at death of approximately 35–100 days.
Non-fresh stillborn piglets averaged 0.30 per litter. Fetal mortality in this popula-
tion occurred throughout the fetal stage of gestation but seemed to be clustered in
three distinct periods which coincided with periods of evident changes in porcine
placental growth.

A major limitation for increasing litter size in swine is embryonic loss that occurs
during the initial 20 days of gestation. This early embryonic loss can occur dur-
ing pre-elongation development, trophoblastic elongation and placental attachment
[3, 83–85]. Competitive acquisition of adequate uterine space among littermate
embryos is established during conceptus elongation on day 12, a brief period of
rapid morphological change. Progressive changes in the uterine microenvironment
between days 10–16 play a major role in embryonic survival following trophoblast
elongation and placental attachment [85].

6.3 Genotype of Dam Affecting Fetal Development
and Litter Size

It is believed that the majority of the pig breeds descended from the Eurasian Wild
Boar (Sus scrofa scrofa). Through natural selection for favorable genotypic and phe-
notypic traits, more than 70 breeds currently exist worldwide [149]. This does not
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(Babyrousa babyrussa)
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(Hippopotamus amphibious)
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(Tayassu tajacu)

Fig. 6.2 Phylogenetic relationships of MC4R variation in the suborder Suiformes drawn with the
UPGMA method. The length of branches is not necessarily proportional to real time and genetic
distances between taxons

include commercial pig companies that produce lines with traits focused on repro-
ductive efficiency and meat quality. A phylogenetic analysis of the melanocortin-
4 receptor gene (MC4R) in diverse families of Suiformes from the UPGMA tree
showed that all Suidae families cluster together and the H. amphibious showed a
closer relationship to the Suidae species than the P. tajacu (Fig. 6.2) [104]. Main-
taining high levels of reproductive efficiency is essential to modern pork production.
Litter size is a critical component to efficient pork production. The structure of the
swine industry has changed dramatically in the past 10 years. Tools to efficiently
identify important genetic variation for litter size and fetal survival are not yet suffi-
ciently developed to maximise the use of the vast information available from human
and mouse genome sequencing efforts [171, 172].

Several reproductive traits such as ovulation rate, embryo survival, number born,
number weaned and age at puberty in the female and testicular size and libido in
the male are important [174]. Litter size is a major determinant of efficiency in
swine production. Folate is a vitamin that is important for protein and DNA syn-
thesis in cells, especially for red blood cells and for the appropriate development
of the porcine fetus [69, 202]. Folate is delivered to the developing pig fetus bound
to an intrauterine secreted folate binding protein (sFBP). DNA sequence variation
in porcine sFBP was associated with differences in uterine capacity, number of ova
shed per reproductive cycle and the percentage of embryos that die before day 11 of
pregnancy. Because sequence variation in the sFBP affected multiple factors influ-
encing litter size, the overall effect of variation in the sequence of the sFBP on litter
size was negligible.
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The use of the prolific Meishan breed to investigate the control of litter size in
the pig has led to a greater understanding of the influence of maternal genotype on
conceptus growth and development [73, 74]. Meishan gilts give birth to 3–5 more
pigs per litter than do Yorkshire gilts of a similar reproductive age, with no differ-
ence in ovulation rate or uterine length [27, 30, 216]. From a number of studies
(for review see [215]) the overwhelming evidence has led to the suggestion that the
Meishan embryo is smaller prior to and after elongation and as a result develops
a smaller, but more vascular placenta. Reciprocal embryo transfer between Meis-
han and Yorkshire females leads to a breed specific pattern of fetal development
(Yorkshire fetuses grow at an accelerated rate), but the genotype of the uterine envi-
ronment has a significant impact with either Meishan or Yorkshire fetuses weighing
considerably less when gestated in a Meishan recipient than if they had been ges-
tated in a Yorkshire recipient [73]. However, when Meishan and Yorkshire embryos
were co-transferred to either a Meishan or Yorkshire recipient, the littermate pigs
were born at the same weight, although overall lighter if gestated in a Meishan uter-
ine environment than in a Yorkshire uterine environment [216].

The role of oestrogen and the oestrogen receptor (ESR) in porcine reproduction
has been well studied. Studies using the prolific Meishan breed and Meishan crosses
with the Large White breed revealed a positive additive effect on total number born
and number born alive [176, 182]. They showed a positive association between
a favorable ESR locus and a specific allele (B allele) and reproductive traits that
ranged from 1.25 pigs/litter in Meishan crosses to 0.4–0.6 pigs/litter in Large White
and Large White crosses. That the ESR gene influences traits such as litter size and
other reproductive components was demonstrated by examining the ESR genotype
in >300 Yorkshire, Large White and crossbreds as AA, AB or BB genotype [95].
Adding copies of the ESR B allele appears to increase fetal survival, total number
of fetuses, total fetal weight, and number of fetuses per uterine horn with the over-
all effect of the B allele being an increase in reproductive performance. However,
others have failed to detect any advantage of the B allele [206].

Uterine capacity in pigs is influenced by both the uterine environment and the
ability of the fetuses to survive a crowded uterine environment [203]. A single base
change was discovered in the DNA sequence of the erythropoietin receptor (EPOR)
gene (EPOR) which controls red blood cell development in pigs. The difference in
the sequence of the EPOR affected the uterine capacity, and was associated with a
2.5 pig difference in litter size. The effect on litter size was due to EPOR sequence
variation in the piglet rather than the dam. This genetic marker based on the dif-
ference in the DNA sequence of the pig EPOR could be useful for marker assisted
selection of gilts for litter size.

Certain swine major histocompatibility complex genotypes have been associ-
ated with increased or decreased testicular size and hormone concentrations with
1.5–5% of the phenotypic variation of these traits explained by the pig major his-
tocompatibility complex [210]. Major histocompatibility complex in the female has
been linked to ovulation rate, litter size, number born alive and birth and weaning
weight [75, 197, 210]. Mean heritability estimates (h2) for reproductive traits in
boars are: testis size 0.40; sperm quantity 0.30; and libido 0.20 [174]. In sows these
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h2 estimates are: age at puberty 0.32; ovulation rate 0.39; embryo survival 0.30;
litter size 0.10; litter birth weight 0.29; number born alive 0.07; number weaned
0.06; piglet survival to weaning 0.05; weaning-to-oestrus interval 0.23; and farrow-
ing interval 0.20. Selection for ovulation rate is high but low for litter size. Litter
size in the U.S. national pig herd has increased at the rate of approximately 0.052
pigs per year from 1980 to 2000 [96, 157]. The total change is approximately 13%.
Improved feed efficiency of growing pigs during this period is evident by a decrease
at the rate of approximately –24 g of feed per kg of live weight marketed. Reproduc-
tive rate of the U.S. national pig herd during this 20-year period increased 0.0085
in litters per sow per year and 0.052 pigs per litter resulting in an increase of 0.165
pigs per sow per year, a total change of approximately 25% [96].

A selection experiment on pigs randomly split into a “control” group and a
“select” or index line originating from a base genetic line traced back to 50% PIC
Large Whites and 50% Landrace was carried out over 14 generations at the Uni-
versity of Nebraska [97]. Line I was selected on an index of ovulation rate and
embryonic survival for 11 generations, and then it was selected for increased lit-
ter size at birth. Line C is the control line. Response in Line I was an increase
of 0.19 pigs per generation and the total response after 19 generations is approxi-
mately 3.6 pigs per litter [96, 157]. In later generations of this long-term selection
experiment, litter size averaged between 13 and 14 pigs or an increase of 0.29 pigs
per generation. This response was only 40–50% of the increase in ovulation rate.
Embryonic survival and ovulation rate were determined by laparotomy at day 50 of
gestation, but found to be an inadequate measure of uterine capacity. The ovulation
rate/uterine capacity model of litter size appears to be very effective, but not easily
implemented in livestock producer breeder herds. From these results, h2 of litter
size in all selection lines is 0.17, higher than the value of 0.10 reported for most
populations [96].

A selection experiment on litter size in the pig was carried on for 17 generations
in an INRA (Institut national de la recherché Agronomique) herd in France [32]. The
founder population consisted of 10 males and 120 females from the Large White
breed. The h2 estimates for ovulation rate were 0.43 and for number of live embryos
at day 30, 0.19, respectively. Total genetic gain was approximately 1.4 piglets at
birth per litter. Estimation of genetic parameters for litter size (i.e., number of piglets
born alive and number of piglets born) was analyzed from a total of 46,960 litters
of Swedish Landrace and Large White breeds [125]. Estimates for h2 were 0.14 and
0.12, and for repeatability in number born and number born alive were 0.20 and
0.18, respectively. Additive maternal crossbreeding parameter estimates were 0.09
and 0.36 piglets for number born and number born alive, respectively. Estimated
maternal heterosis was 0.7 piglets for both traits.

Application of porcine genetic maps in appropriate segregating populations
allows for identification of markers linked to quantitative trait loci (QTL) that
control components of growth, muscle quality, reproduction and health [63, 223].
Markers closely linked to the QTL can be used in combination with pheno-
typic information through marker-assisted selection to enhance rates of genetic
improvement. QTL discoveries for meat quality and litter size are being used in
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the pork industry. Progress has been made in identifying markers for genes with
major effects on production traits such as back fat [11, 225] and litter size [175].

Selected litter size (H) and a control line (C) were used to estimate correlated
responses to litter size in carcass, meat and fat quality traits [67]. No differences
were found between the two lines in carcass measurements except back fat depth,
which was significantly higher in line H (0.69 + 0.28 mm). Selection for litter size
reduced the lean content in the carcass but meat quality traits were not affected.
Effect of birth litter size, birth parity number, growth rate, back fat thickness and
age at first mating was determined in Swedish Landrace and Swedish Yorkshire gilts
and their subsequent reproductive performance in parities 2–5 that included 20,712
farrowing records [195]. Each additional piglet in the litter in which the gilt was
born was associated with an increase of her own litter size of between 0.07 and 0.10
piglets per litter (P<0.001). Gilts with a higher growth rate to 100 kg body weight for
parities 1–5 had a larger litter size (P<0.05), shorter weaning-to-first-service interval
(P<0.05) and higher farrowing rate (P<0.05) than gilts with a lower growth rate. A
10 day increase in age at first mating resulted in an increase in litter size of approx-
imately 0.1 piglet for primiparous sows (P<0.001) and a decrease (P<0.05) for par-
ities 4 and 5. The association between birth litter size, birth parity number, growth
traits and subsequent reproductive performance in sows implies that selection of
good replacement females to improve one trait may be associated with changes in
multiple traits as well as subsequent reproductive performance. Data were analyzed
on 7,040 sows about the association between repeat breeding in gilts/sows and their
subsequent reproductive performance [196]. Repeat breeding rate is an important
parameter in the measurement of efficiency of mating management. Fertilisation
failure and early embryonic loss are primary biological components causing repeat
breeding. Percentages of litters as a result of repeat breeding in sow parities 1–3
were 6.1, 12.0 and 6.3% for Swedish Landrace and 6.7, 13.1 and 7.4% for Swedish
Yorkshire. Among the sows removed from the herds, about 24% of Swedish
Landrace and 28% of Swedish Yorkshire were culled due to reproductive problems.

The physiological system governing energy storage in the form of fat might be
the most fundamentally adaptive system in humans and other animal species. Map-
ping of obesity-related genes on porcine chromosomes can be useful in breeding
programs for marker assisted selection of those performance traits. Evolutionarily,
the pig genome is more closely related to the human genome than laboratory ani-
mal species. The discovery of a polymorphism identified in the porcine MC4R gene
revealed a missense mutation that replaces aspartic acid with asparagine at amino
acid position 298 of the MC4R protein [102–104]. The Asn298 mutation occurs
within a highly conserved motif, NPLIY, of all members of G protein-coupled recep-
tors; whereas, Asp298 is conserved in all five melanocortin receptor subtypes. Func-
tional and phylogenetic analyses of the MC4R mutation in domestic pigs demon-
strated that Asp298 is required for normal MC4R signaling to adenylyl cyclase
[104]. Sequencing of the MC4R gene in seven diverse genera within the Suiformes
revealed 62 nucleotide variations in MC4R.

Pituitary hormones including GH and prolactin (PRL) are important in con-
trolling animal growth and reproduction, yet the control of expression of these
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hormones is poorly understood in pigs. GH is secreted from somatotrophs of the
anterior pituitary and has been implicated in regulation of porcine growth, lacta-
tion, reproduction [179, 184], and the immune system [48]. PRL is secreted from
lactotrophs and mammosomatotrophs of the anterior pituitary [79]. Prolactin has
been implicated in a diverse range of physiological processes, including osmoregu-
lation, reproduction, lactation growth [40], as well as immunoregulation [177]. PRL
blood concentrations increase markedly in Yorkshire and Meishan gilts during late
gestation and lactation [58, 118] and PRL administration maintains progesterone
secretion by aging corpora lutea in hypophysectomised pigs [118, 119]. GH plasma
concentrations increase prepartum and during early lactation in Meishan sows [58].
POU1F1 (also previously known as PIT-1 or GHF1) is a pituitary-specific factor
that binds elements required for pituitary-specific expression of the GH and PRL
genes [194]. The POU1F1 protein is also involved in regulating pituitary hormonal
gene expression of the TSHβ and GH-releasing hormone receptor (GHRHR) genes
[121, 122]. Multiple mRNAs are produced from the POU1F1 gene through alter-
native splicing. Genetic studies have shown a requirement of POU1F1 for normal
GH, PRL, and TSHβ gene expression. Polymorphisms at POU1F1 have been asso-
ciated with several performance traits in the pig [185, 225]. Pig POU1F1 protein
has also been shown to specifically recognise rat GH and PRL promoter sequences
required for transactivation [224]. Chinese Meishan pigs develop rapidly with onset
of puberty at less than 100 days of age, and have a smaller placental size and larger
litter size as compared with British/Continental breeds. Meishan (MS) pigs seg-
regating a MspI POU1F1 polymorphism were used to determine differences of GH
and PRL at both mRNA and circulating hormone concentrations. Animals from nine
litters were used to collect pituitary (n = 60) and/or blood samples (n = 80) at days
0, 15, and 30 after birth, and all animals were genotyped (CC, CD, DD) for the MspI
POU1F1 polymorphism. There was a significant effect of POU1F1 genotype on cir-
culating levels of both GH and PRL at birth, but not thereafter. The DD neonates
had lower levels of GH, but higher levels of PRL, than other genotypes. POU1F1-α
mRNA decreased (P < 0.05) from day 0 to 30, which paralleled decreases (P < 0.05)
in GH mRNA as well as PRL and GH plasma levels over the same period. POU1F1-
β mRNA levels did not significantly change over this period. Correlations were sig-
nificant between POU1F1-α mRNA and both GH mRNA and GH plasma concen-
tration levels, as well as between the two POU1F1 mRNA isoforms. This was the
first investigation of GH and PRL at both mRNA and circulating hormone levels
in Chinese Meishan pigs segregating the POU1F1 CD polymorphism [188]. The
main finding was that a significant POU1F1 genotype effect on both GH and PRL
plasma levels was observed, suggesting an association of POU1F1 genotypes with
gene expression of these two important pituitary hormones in the pig.

GH released from pituitary under direct control of hypothalamic releasing (i.e.,
GH-releasing hormone [GHRH]) and inhibiting (i.e., sst or SRIF) hormones is an
anabolic hormone that regulates metabolism of proteins, fats, sugars and miner-
als in mammals [8–9]. The discoveries of synthetic peptide and nonpeptide GH-
secretagogues (GHSs) that stimulate GH release, as well as a receptor(s) unique
from GHRH receptor revealed that GHRH and GHSs operate through distinct
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G protein-coupled receptors to release GH. Isolation and characterisation of ghrelin,
the natural ligand for GHS receptor, has opened a new era of understanding the phys-
iology of anabolism, feeding behavior, nutritional homeostasis for GH secretion
and gastrointestinal motility through gut-brain interactions. Amino acid sequence
of rat ghrelin-28, human ghrelin-28, and porcine ghrelin differs by 2 amino acid
changes in position 11 and 12 for human ghrelin and in positions 12, 22 and 26
for porcine ghrelin compared with rat ghrelin. Few studies are available on ghre-
lin affecting muscle accretion and long-term growth [9]. Myogenic expression vec-
tors containing the full length cDNA of swine ghrelin-28 (pGEM-wt-sGhln) and
truncated variant (pGEM-tmt-sGhln) consist of the first seven residues of ghrelin
(including Ser3 substituted with Trp3) with addition of a basic amino acid Lys (k)
at the C-terminus [221]. Secretion of GH is stimulated by GHRH and ghrelin (act-
ing via the GH secretagogue (GSH) receptor (GHSR), and inhibited by somatostatin
(SRIF)) [8]. Other peptides/proteins influence GH secretion, at least in some species.
The cellular mechanism by which the releasing hormones affect GH secretion by
the somatotrope requires specific signal transduction systems (cAMP and/or Ca2+

influx and/or mobilisation of intracellular Ca2+) and/or tyrosine kinase(s) and/or
nitric oxide (NO/cGMP). At the subcellular level, GH release in response to GHS
is accomplished by the following. The GH-containing secretory granules are moved
close to the cell surface. There is then transient fusion of the secretory granules with
the fusion pores in multiple secretory pits in the somatrope cell surface [4, 8, 43,
112, 113].

6.4 Maternal Circulating Hormone Concentrations During
Different Stages of Gestation as Related to Fetal
Development and Litter Size

Fetal growth and development is dramatically influenced by the number of concep-
tuses in the litter. Therefore, factors which influence fetal growth and development
can act directly on the fetus altering growth and development or indirectly altering
the survival of conceptuses that then leads to a more, or less, crowded uterine envi-
ronment which then alters growth and development. Historically, utilising a variety
of experimental approaches, there has been strong agreement that 30–40% of the
embryos in a litter will not survive to day 30 of gestation. At least a portion of this
embryonic loss is thought to result from the very dramatic changes in the hormonal
and histotrophic milieu to which the embryo is exposed [204]. In the first days fol-
lowing fertilisation there is a dramatic increase in serum concentrations of proges-
terone. This progesterone, of luteal origin, is thought to regulate the production of
histotrophic components by the endometrium. Vallet et al. [201] demonstrated that
advancing the timing of the increase in progesterone via exogenous administration
of progesterone on day 2 and 3 moderately increased total histotrophic protein secre-
tion between days 10 and 15 of gestation. This same treatment regimen resulted in
a 9% increase in fetal weight at 105 day of gestation; however, this treatment also
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reduced litter size by 19% potentially accounting for the difference in fetal weight
near term of gestation. Conversely, Vallet and Christenson [200] treated gilts with
the progesterone receptor antagonist mifepristone on day 2 of gestation, but they
were unable to ameliorate the negative impact of early treatment with progesterone.
The treatment with mifepristone on day 2 of gestation decreased litter size by 36%
at 105 day and consequently increased fetal weight by 6%. Furthermore, providing
exogenous progesterone from days 1.5 to 4 of gestation in an attempt to decrease
the negative impact of a low plane of nutrition prior to weaning also decreased litter
size by 35% [127]. Clearly, altering the pattern of progesterone by either advanc-
ing or delaying the normal increase can impact the growth and development of the
fetus, but the effect appears to be entirely a result of decreasing conceptus survival
and thereby increasing fetal weight late in gestation.

There is evidence that there is a moderate (r = 0.21) correlation between the
amount of progesterone removed from the uterine arterial circulation and the weight
of the fetus in that region of the uterus [101]. Supplementation with progesterone
from days 4 to 30 of gestation had no effect on the weight of fetuses harvested on
day 30, at the end of treatment [17]. Exogenous administration of progesterone and
oestradiol-17β daily from days 4 to 15 of gestation decreased the stature and weight
of fetuses by day 49, while at the same time increasing the length and weight of the
placenta. The authors claimed that these alterations were a result of progesterone
treatment, but included no progesterone only treatment group to delineate the steroid
was causing the effect [108]. In a follow up study, the administration of progesterone
and oestrone had no effect on fetal development when administered from days 4 to
20 of gestation, but increased fetal weight by 10% at day 50 when administered
from days 20 to 30 of gestation. Ironically, when these authors administered the
same progesterone and oestrone treatment from days 20 to 25 of gestation it led to a
12% reduction in fetal weight at day 50 [51]. Treatment of sows with a combination
of progesterone and oestradiol–17β on days 14–20 of gestation had no effect on
embryo survival by days 28–32 [29]. Taken together it appears that administration
of supplemental progesterone after day 4 of gestation has no consistent effect on the
growth and development of the fetus.

On approximately days 11–12 of gestation the embryo will begin synthesis-
ing and secreting vast quantities of oestradiol-17β that serves two main functions.
First, it serves as the signal for maternal recognition of pregnancy by increasing
the synthesis and secretion of prostaglandins from the endometrium, particularly
prostaglandin E2, and by increasing blood flow to the gravid uterine horn 400%,
both of which result in a decrease in the concentration of prostaglandin F2α and
an increase in the ratio of prostaglandin E2 to F2α leaving via the uterine drainage.
Second, embryonic oestradiol-17β triggers the secretion of a large number of the
histotrophic components that have been produced under progesterone stimulation.
This results in a very rapid and dramatic change in the uterine environment that is
believed to be detrimental to the least developed embryos in the litter. In the Meis-
han pig, which exhibits a reduced embryonic mortality, the embryo is smaller at
the time of oestradiol-17β production and triggers a less dramatic alteration in the
uterine environment. The Meishan embryo also elongates to a reduced length and
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has a smaller, more efficient placenta later in gestation. To test whether the reduced
size of the Meishan conceptus was related to the difference in the magnitude of
the oestradiol-17β signal triggering histotrophic secretion, we treated Meishan gilts
with exogenous oestradiol-17β at the time that the embryo would be synthesising
and secreting oestradiol-17β. Supplementing with additional exogenous oestradiol-
17β at the time of maternal recognition of pregnancy and embryonic elongation
resulted in a 40% increase in placental size at day 112 of gestation and a concomitant
decrease in placental efficiency. Recently, we have demonstrated that the increase in
growth of the placenta associated with exogenous oestradiol-17β supplementation at
the time of embryonic elongation appears to be mediated by a near doubling of the
proliferation rate of the trophectoderm immediately following the supplementation
[204, 211–214].

Implanting gilts with oestrone containing implants designed to release
5 mg/oestrone/day on day 30 of gestation resulted in nearly an order of magnitude
increase in plasma oestrone [198]. However, this dramatic increase in circulating
concentrations of oestrone only resulted in a 75% increase in endometrial content in
endometrial tissue and had no effect on fetal or placental weights at day 45 [198].
Although not reported by the authors, as a result of the lack of effect on fetal weight
and a reduction in placental weight there was a 15% increase in placental efficiency
as a result of the oestrone treatment. Implanting gilts with oestrone or oestradiol–
17β containing implants each designed to release 5 mg/day on day 30 again resulted
in nearly an order of magnitude increase in plasma oestrone and oestradiol-17β

[199]. In this experiment the authors left the gilts implanted until day 60 of ges-
tation, but not surprisingly, neither the oestrone nor the oestradiol-17β treatment
had any effect on the weight of the fetus or the placenta at day 60 [199]. It would
appear that although increasing the oestradiol-17β exposure to the peri-implantation
embryo can have dramatic effects on the conceptus later in gestation, there appears
to be no effect of mid-gestational administration of exogenous oestrogens on the
growth and development of the conceptus.

Exogenous treatment of pregnant gilts with GH (5 mg/day) from days 30 to 43
of gestation resulted in a 220% increase in maternal serum IGF-I while at the same
time a 30% decrease in maternal serum IGF-II [187]. Furthermore, this 13 day reg-
imen of GH supplementation resulted in a 10% increase in fetal weight and a 22%
increase in placental weight, with no increase in fetal or implantation site length. In
a similar experiment in which gilts were treated with exogenous GH (approximately
4 mg/day) from days 28 to 40 of gestation, there was no affect of GH treatment on
fetal weight at day 41 of gestation, but the length of the fetus on day 41 was 20%
greater [100]. This treatment with GH from days 28 to 40 had no affect on birth
weight, but at market (102 kg) pigs born to GH treated gilts had slightly (less than
2%) longer carcasses, but no difference in longissimus muscle cross sectional area
or backfat thickness [100]. Exogenous administration of GH (4 or 8 mg/day) to gilts
facing mild nutrient restriction altered a number of nutrient and metabolic hormone
concentrations in maternal serum, but had no affect on the number of pigs born
per litter, average birth weight, or a number of measures of muscle fiber develop-
ment [81]. Administration of exogenous GH (5 mg/day) to gilts early (days 0–30 of
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gestation) reduced fetal weight at day 65 of gestation by 15% compared to adminis-
tration later (days 30–64 of gestation), with pigs born to untreated controls weighing
intermediate between the two [186]. There is some evidence that the duration of GH
treatment influences the impact of fetal growth. Exogenous administration of GH
(2 mg/day) from days 25 to 100 of gestation resulted in a 17% increase in birth
weight and 4% increase in body length, while treatment from days 25 to 50 of ges-
tation had no effect on birth weight or body length [80]. Overall, there does not seem
to be a consistent affect of exogenous treatment during the first half of gestation, but
a substantial effect if the treatment continues beyond the middle of gestation, on the
growth or the development of the fetus.

6.5 Effects of Specific Nutrients and Hormones for the Dam
on Fetal Development

Historically, authors have surmised from the available literature that the sow has a
tremendous ability to draw on her body reserves to “buffer” the conceptuses from
dietary restrictions of either protein or energy [161]. However, very severe restric-
tions (i.e., inanition experiments described above) can have detrimental impacts on
birth weight of the progeny.

6.5.1 Energy

Restriction in energy intake clearly reduces pig birth weight (for review see [161]).
However, reducing energy intake by 50% from that of controls, while maintain-
ing the same intake of protein, vitamins and minerals from the day after breeding
until parturition, did not alter the number of pigs born per litter or the birth weights
of those pigs [14–15]. Reducing energy intake during the first two-thirds of gesta-
tion to one-third (8.37 MJ DE/day) of NRC recommendations (25.10 MJ DE/day)
did not reduce the number of pigs per litter nor the birth weight of pigs born and
does not appear to have a negative impact on postnatal growth performance [163].
Not all sows respond similarly to energy restriction. Pond et al. [164] utilised three
different genetic lines to examine the interaction between energy restriction and
genotype. The lines of pigs included a lean growth line, an obese line and a contem-
porary line. Gilts were assigned at days 30–40 of gestation to be fed either a control
(25.10 MJ DE/day) or restricted (8.37 MJ DE/day) diet for the remainder of gesta-
tion. The authors indicate that there were effects of genotype and genotype by diet
interactions, but do not report a means separation. However, in simply looking at the
means reported, pigs born to both obese and contemporary gilts were lighter when
the gilts had a restricted energy intake during the last 70% of gestation compared to
control fed, whereas, pigs born to lean gilts were actually heavier when they were
born to gilts that were energy restricted compared to those that were control fed. It
is important to note that unlike a number of other studies where energy restriction
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during gestation has been investigated, there were dramatic differences in litter size
observed among the six different genotype by diet combinations [164].

Reproductive performance in the sow is highly dependent on management during
previous pregnancies [59, 147] and therefore, recent work has focused on the impact
of additional energy during gestation on reproductive performance, especially over
several parities. It is worthy to note that approximately 5.02 MJ is deposited into the
gravid uterus during pregnancy [145, 146]. In a report from the southern regional
project on nutritional systems for swine to increase reproductive performance [47],
the authors cite Baker et al. [23] as evidence that pig birth weights increase with
increases in dietary energy. However, Baker et al. [23] fed varying levels (0.9–
3.0 kg/day) of a common diet containing 16% crude protein and 13.84 MJ ME/kg,
and so the effects observed can not be specifically attributed to variation in energy
intake in the diets. Nevertheless, increasing the energy content of the gestation diet
from 24.68 MJ/day to 30.96 MJ/day, while maintaining protein intake, resulted in a
small (3%), but detectable increase in birth weight with no difference in the number
of pigs born per litter [47]. The pigs born to sows fed the higher energy diet during
gestation did gain 6% more weight by day 21 than those born to control sows [46].
Sows fed isonitrogenous diets containing 18.41, 30.96 or 43.51 MJ DE/day for the
first 50 day of gestation followed by 30.96 MJ DE/day for the remainder of gestation
gave birth to progeny with similar birth weight, weaning weight, muscle fiber area,
or muscle fiber distribution [28]. The authors did report that the progeny of sows fed
43.51 MJ DE/day for the first 50 day of gestation had 6% greater carcass adiposity
at slaughter [28]. When compared to sows limit-fed throughout gestation, sows that
were fed ad libitum either from day 25 to 50 or day 25–70 of gestation gave birth
to pigs with the similar birth weights [144]. Furthermore, pigs born to sows from
all three groups had similar weaning weights, carcass weights, percent lean in the
carcass, total carcass muscle mass, drip loss and semitendinosus fiber number, sec-
ondary to primary fiber ratio and fiber area [144]. However, increasing intake 36%
(simply by feeding more of a common diet) has been reported to increase the density
of secondary muscle fibers and the ratio of secondary to primary fibres at 61 day of
age, in spite of a lack of effect on birth weight [81]. Overall, though there is some
ability to modify the growth of the fetus by altering simply the energy content of the
diet, the magnitude of the effect appears to be small.

6.5.2 Protein

Extreme restriction of protein intake during gestation appears to have a much greater
detrimental impact on fetal development than energy restriction and this is seen not
only as a decrease in birth weight, but negatively impacts postnatal growth [161].
In a series of experiments in which “protein-free” (approximately 9 g protein con-
sumed/day) diets were fed during different stages of gestation, only in those gilts
that were fed a protein-free diet throughout gestation or for all but days 16–20 of
gestation gave birth to pigs with reduced birth weights compared to gilts fed a con-
trol diet throughout gestation or from day 24 of gestation until parturition [162].
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Progeny of sows that were fed the protein-free diet exhibited reduced daily gains to
slaughter, regardless of whether the first 5 weeks are included or not [162]. In a sim-
ilar study conducted in second parity sows and continued through two pregnancies
(i.e., not during the intervening lactation), feeding sows a similar “protein-free” diet
also resulted in a reduced birth weight and daily weight gain compared to offspring
from control fed sows over both parities [163]. Clearly, the reduction in protein
intake, which leads to a very dramatic decrease in blood urea and serum protein
[14], not only limits the growth of the fetus, but alters its growth potential.

Much like energy intake during gestation, protein intake during gestation can
have profound effects on the subsequent performance of the sow, particularly during
lactation [158]. Efforts to delineate benefits of feeding high protein diets during
gestation have only had impacts on the milk production of the sow during lactation
[111]. Increasing dietary protein by 34% in an isocaloric diet had no effect on birth
weight, crown-rump length, abdominal circumference or skull width [80].

6.5.3 Vitamins

In 1967 Selke et al. published the vitamin A requirements of gestating swine. In
their report the authors indicate that over a wide range of vitamin A inclusion in
the diet (0–23,510 I.U. per kg) there were no differences in the number of pigs
born per litter or the weight of those pigs [181]. The pregnant sow has a consider-
able capacity to homeostatically maintain plasma vitamin A concentrations, even in
the face of dietary depletion or repletion [34, 126]. Therefore, efforts to investigate
the impact of additional vitamin A (and/or β-carotene, a precursor of vitamin A)
have relied on injection therapy [34, 46, 168]. It was reported that injection of β-
carotene (32.6 mg) with or without vitamin A (12,300 I.U.) increased litter size in
deficient animals without a negative impact on pig birth weight [34]. In a follow
up experiment, in which sows were either injected with β-carotene (0, 50, 100 or
200 mg) at weaning in a sustained release formulation or injected with either β-
carotene (200 mg) or vitamin A (50,000 I.U.) at weaning, breeding and 7 days after
breeding, the authors reported an increase in the number of live pigs per litter of
approximately 0.6 pigs with no detrimental affect on birth weight [46]. In a larger
study (approximately 1,000 litters) designed to identify the optimum time during
gestation for the administration of vitamin A (1,000,000 I.U.), the authors report
that they were unable to detect any effect of vitamin A administration, regardless
of when it was given during gestation [168]. Others have failed to detect any effect
of feeding sows 1 g/day of vitamin C from day 108 of gestation until parturition on
birth weight or litter size [222]. Supplementation of sows through three parities with
biotin (600–750 μg/day) resulted in an increase in litter size over those sows that
were not supplemented, but had no measurable affect on the size of the pigs born to
supplemented sows [117].

Folic acid supplementation has received considerable attention, in part because
it has been demonstrated to be required for normal embryo development in rodents
[189]. Furthermore, folic acid is required for nucleic acid and some amino acid
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synthesis, which both occur at a very high rate in the developing conceptus. How-
ever, it is quite difficult to induce a folic acid deficiency in practical pig diets (for
review see [123]). Dietary supplementation of gilts with 1 ppm in the diet increased
the number of pigs born per litter by 10%, but had no effect on birth weight of those
pigs [124]. When the folic acid supplementation was increased to 1.65 or 6.62 ppm
there was a quadratic increase in litter size with increasing folic acid inclusion,
again with no effect on pig birth weight [192]. However, no effect of folic acid sup-
plementation at 15 ppm was observed during the first 25 days of gestation [86].
Supplementation with a variety of folates at 2.1 ppm inclusion rate had no effect on
total pigs born, number born alive and birth weight [93].

6.5.4 Other Nutrients

The addition of copper to sow diets (15, 30, or 60 ppm) for four consecutive
gestation-lactation cycles has been reported to increase pig birth weight in a lin-
ear fashion [120]. More recently, the addition of 250 ppm of copper to the sow
diet resulted in an 8% increase in live pig birth weight and when adjusted for lit-
ter size the increase approached 9% [50]. Inclusion of 55 ppm (on an as fed basis)
of L-carnitine from mating until day 112 of gestation resulted in a 7% increase in
birth weight and a 50% decrease in the number of stillborn pigs [143]. However, in a
more in depth characterisation, supplementation of the sow diet with L-carnitine did
not alter the number, area, diameter or type of muscle fibers compared to offspring
born to sows that received no additional L-carnitine [169]. Maternal intake of long
chain n–3 polyunsaturated fatty acids can change tissue composition of the piglets
at birth [173].

Intrauterine growth retardation (IUGR), defined as impaired growth and devel-
opment of the mammalian embryo/fetus or its organs during pregnancy, is a major
concern in domestic animal production [226]. Knowledge of the underlying mech-
anisms has important implications for the prevention of IUGR and is crucial for
enhancing the efficiency of livestock production and animal health. Fetal growth
within the uterus is a complex biological event influenced by genetic, epigenetic,
and environmental factors, as well as maternal maturity. These factors impact
on the size and functional capacity of the placenta, uteroplacental blood flows,
transfer of nutrients and oxygen from mother to fetus, conceptus nutrient avail-
ability, the endocrine milieu, and metabolic pathways. Impaired placental synthe-
ses of nitric oxide (a major vasodilator and angiogenic factor) and polyamines
(key regulators of DNA and protein synthesis) may provide a unified explana-
tion for the etiology of IUGR in response to maternal undernutrition and over-
nutrition. There is growing evidence that maternal nutritional status can alter the
epigenetic state (stable alterations of gene expression through DNA methylation
and histone modifications) of the fetal genome. This may provide a molecular
mechanism for the role of maternal nutrition on fetal programming and genomic
imprinting.
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6.6 Maternal Reproductive Diseases Affecting
Fetal Development

6.6.1 Porcine Parvovirus (PPV)

PPV is a member of the family Parvoiridae, genus Parvovirus. Parvovirus virions
are nonenveloped, 25 nm in diameter, and have icosahedral symmetry. The struc-
ture of baculovirus-expressed PPV capsids was solved using x-ray crystallography
and found to be similar to the related canine CPV and minute virus of mice (MVM)
[183]. The PPV capsid protein has 57% and 49% amino acid sequence identity with
CPV and MVM, respectively. Although PPV is distinguishable from parvoviruses of
all other species, it is antigenically related to some [135]. PPV is ubiquitous in swine
throughout the world [133]. PPV is associated with reproductive problems, includ-
ing abortion, small litters, stillbirths, neonatal deaths and weak piglets. There is no
clinically apparent disease in non-pregnant pigs. Disease occurs when sero-negative
dams are infected in the first half of gestation and the virus crosses the placenta. At
the time of farrowing most gilts and sows are immune and impart a high level of
PPV antibody to their offspring via colostrum [133–136]. This passively acquired
antibody persists at progressively lower levels for 4–6 months, during which time
pigs are relatively refractory to infection [151]. If gilts or sows are infected any time
during the second half of gestation there is still likely to be transplacental infec-
tion. Horizontal transmission of PPV is thought to occur directly by contact among
acutely infected and naïve pigs, and indirectly by naïve pigs ingesting or inhal-
ing virus-laden secretions and excretions [133]. PPV-induced reproductive failure
is typically signaled by an unusually large number of mummified fetuses delivered
at or near term. Infection early in gestation results in litters being fewer in number,
embryonic death and resorption [134]. PPV-induced reproductive failure can be pre-
vented by ensuring that all females have developed an active immunity before they
conceive for the first time. Because infection is endemic in most herds, immunity is
often the result of natural exposure. To ensure immunity it is common practice to
vaccinate gilts once or twice before conception and at least once annually thereafter.
Inactivated vaccines are both safe and effective [132].

6.6.2 Porcine Respiratory and Reproductive Syndrome (PRRS)

PRRS is a virus-induced disease that is characterised clinically by reproductive fail-
ure of gilts and sows and respiratory tract illness severe in young pigs [13]. PRRS
is classified in the family Arteriviridae, genus Arterivirus; viruses of similar genus
are lactate dehydrogenase-elvating virus of mice, simian hemorrhagic fever virus,
and equine viral arteritis virus [138]. An infectious virion of PRRS is 50–65 nm
in diameter with a lipid-containing outer envelope and six structural proteins, four
glycoproteins (GP2, GP3, GP4 and GP5), a membrane protein and a nucleocapid
protein [139] – major structural proteins thought to include primary determinants
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for virus neutralisation. An epidemic of PRRS-induced reproductive failure is pre-
sented as a broad spectrum of clinical features including abortions, late-term dead
fetuses, stillborn pigs and weakborn pigs [133]. Abortions account for only some of
the reproductive losses after exposure to PRRS; fetuses are infected transplacentally
but can go to term or longer. Diagnosis of PRRS includes virus isolation and PCR
before virus neutralisation that occurs within 7–10 days after initial infection with
PRRS. There is a genetic variation in susceptibility to PRRS that exists in cross-bred
commercial pig populations [207]. Genetic variability in susceptibility between dis-
tinct lines of pigs, as assessed by an in vitro flow cytometry assay indicated that
the Large White line had significantly higher percentage positive monocyte-derived
macrophages over a Duroc-Pietrain synthetic line [208]. A combination of PRRS
and B. bronchiseptica leaves pigs more susceptible to pulmonary infection with
opportunistic bacteria such as a Pasteuralla multocida [35]. Attenuated-virus vac-
cines of PRRS are more efficacious than inactivated vaccines but the virus mutates
easily and thus it is advisable to separate vaccinated pigs from naïve pigs for several
weeks [133, 136].

6.6.3 Classical Swine Fever (Hog Cholera, Peste du Porc, Cholera
Porcine, Virusschweinepest)

Pigs and wild boar are the natural reservoir of this disease. Classical swine fever
is a serious and highly contagious viral disease (genus Pestivirus, family Fla-
viviridae) of pigs [16, 42]. Only one serotype has been found. Acute or chronic
infections occur, and both are usually fatal. Virus transmission is mainly oral
and often spread by feeding uncooked contaminated garbage. Incubation periods
range from 2 to 14 days. Herds infected with less virulent isolates may show
only symptoms of poor reproductive performance, stillbirths or mummification, or
a failure to thrive. Virulent strains can cause abortions or death of piglets soon
after birth. Some piglets are born with a congenital tremor or congenital mal-
formations of visceral organs and central nervous system. Other pigs are asymp-
tomatic but persistently infected. These animals remain viremic and become clin-
ically ill after several months [60]. Differential diagnosis includes African swine
fever, porcine dermatitis and nephropathy syndrome, erysipelas, epery throzoono-
sis, salmonellosis, actinobacillosis, Glasser’s disease (Haemophilus para suis infec-
tion), thrombocytopenic purpura, Aujeszky’s disease, heavy metal poisoning and
salt poisoning [218]. Pigs congenitally infected with bovine virus diarrhea (BVD)
virus may look very similar to pigs with classical swine fever virus. This virus
is moderately fragile in the environment being sensitive to drying and ultraviolet
light and is rapidly inactivated by a pH<3 [60]. Sodium hypochlorite and pheno-
lic compounds are effective disinfectants [31]. Vaccines can protect animals from
clinical disease, but do not prevent infections. Good vaccination programs can
eventually eliminate infections in herds [42]. Classical swine fever does not affect
humans.
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6.6.4 Aujeszky’s Disease-Pseudorabies Virus (AD or PRV)

AD is caused by porcine herpesvirus-1, which belongs to the Alphaherpesviri-
nae subfamily, Herpesviridae family. Herpesvirus virions are enveloped, approxi-
mately 150 nm in diameter, and contain an icosahedral nucleocapsid approximately
100 nm in diameter, composed of 162 capsomers [137, 180]. Replication occurs
in the nucleus with sequential transcription of immediate early (α), early (β) and
late (γ) genes producing α, β and γ proteins; the earlier genes and their products
regulate the transcription of later genes. DNA replication and encapsidation occur
in the nuclear envelope. Pigs (Sus scrofa domesticus and Sus scrofa scrofa) are
the main host; secondary hosts include cattle, sheep, goats, dogs, cats and many
feral species. Humans are refractory. The virus infects the central nervous system
and other organs such as the respiratory tract. AD spreads rapidly through newly
infected herds. In pigs <2 weeks old, prostration and death occurs within hours. In
older piglets fever, loss of appetite and depression, vomiting, respiratory difficulty,
incoordinate locomotion, drowsiness, muscular twitching, involuntary eye move-
ments and paralysis can be seen with a resulting mortality of 20–100%. Grower and
finisher pigs show respiratory distress with mortality rates of 1–10%, whereas in
adult pigs the disease is often mild or unapparent. The incubation period is approx-
imately 30 hours. In young piglets the course is typically 8 days but may be as
short as 4 days. AD frequently goes into latency with infected animals showing no
symptoms yet shed virus for a long time. The virus infection can be reactivated
from latency, causing re-shedding of virus and new outbreaks [20]. AD is highly
contagious and is principally spread via the respiratory route, oral and nasal secre-
tions being a potent source of virus. AD virus can be transmitted via semen, vaginal
secretions and transplacental infection, colostrum or milk, and via contaminated vet-
erinary instruments and equipment. Attenuated, inactivated (PRV) and gene-deleted
vaccines have been developed. Vaccines protect pigs from clinical disease, reduce
the amount and duration of virus excretion, but do not prevent latent infections
[82, 137, 180].

6.6.5 Porcine Brucellosis (Brucella suis)

Brucellosis is an infectious and contagious disease caused by the bacteria Brucella
suis mainly in pigs but it can affect other domestic livestock species and humans
[36, 37, 131, 160]. After an initial bacteraemia causes chronic inflammatory lesions
in reproductive organs of both sexes, it also can localise with lesions in other tis-
sues [150]. Brucella suis consists of five biovars, but the infection in pigs is caused
by biovars 1, 2, or 3. Biovar 2 is rarely pathogenic for humans, whereas biovars
1 and 3 are highly pathogenic, causing severe disease. Porcine brucellosis primar-
ily occurs in adults, but it does not always cause symptoms and therefore clinical
diagnosis is difficult. When endemic, common signs are: non-specific infertility,
reduced farrowing rate, irregular oestrous cycles, initial fever, testicular pain, reluc-
tance to mate and lameness. When recently introduced to a herd, dramatic signs
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are: increase in returns to service, abortions and stillbirths, weak piglets resulting
in increased pre-weaning mortality rate, abscesses, lameness caused by arthritis and
posterior paralysis. Porcine brucellosis is transmitted venereally and by ingestion.
Bacteria are excreted in semen, boar urine and in uterine discharges and milk and
can survive up to 6 weeks. There are no effective vaccines. Control of the disease
requires basic hygiene such as disposal of contaminated material (i.e., placentas),
thorough cleaning and disinfection, and quarantine.

6.6.6 Porcine Enterovirus Infection, Swine Vesicular
Disease (SVD)

SVD typically is a transient disease of pigs with vesicular lesions appearing in the
mouth and on the feet. SVD virus is a single-stranded RNA genome enclosed in
a capsid of icosohedral symmetry, and is a porcine enterovirus in the Picornaviri-
dae family [55, 61]. The virus can survive for long periods in the environment being
resistant to heat up to 69◦C, and pH ranging from 2.5 to 12. SVD virus infection does
not cause severe production losses, but it is of major economic importance because it
is difficult to distinguish from foot-and-mouth disease. The disease has not occurred
in North America or Australia, and as of 2003 SVD is found only in Italy and Por-
tugal. SVD is moderately contagious and morbidity is lower and lesions are less
severe than seen in foot-and-mouth disease. Pigs are most easily infected through
damaged skin or an ulcerated mucous membrane with an incubation period of 2–
7 days. Pigs can secrete the virus from nose or mouth, and excrete in feces about
48 h before clinical signs are evident. Pigs are the only species that are naturally
infected, but the virus may be present in sheep or cattle. Differential diagnosis for
SVD diseases include foot-and-mouth disease, vesicular stomatitis, vesicular exan-
thema of swine and chemical or thermal burns. Cell mediated responses in a porcine
enterovirus infection in pathogen-free piglets with infection are weak and localised
and not associated with significant antiviral activity [38]. This virus is not fatal to
humans. Strict quarantine by state or federal authorities should be imposed in farms
or areas suspected of having SVD. There are no inactivated vaccines against SVD
virus, none are commercially available.

6.6.7 Japanese Encephalitis Virus (JEV)

JEV, potentially severe viral disease that is spread by infected mosquitoes
(arbovirus), is a flaviviral (single-stranded RNA) neurologic infection closely
related to St. Louis encephalitis and West Nile virus [99]. The virus can infect
humans, most domestic animals, birds, bats, snakes and frogs. JEV has a com-
plex life cycle involving domestic pigs and a specific type of mosquito, Culex
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tritaemorhynchus, that lives in rural rice-growing and pig-farming regions. There
is no specific treatment for Japanese encephalitis [19].

6.6.8 Vesicular Stomatitis (VS)

VS is a viral disease characterised by fever, vesicles, and subsequent erosions in
the mouth and epithelium on the teats and feet. Horses, cattle and pigs are naturally
susceptible; sheep and goats are rarely affected. The vesicular stomatitis virus is a
genus Vesiculovirus in the family Rhaboviridae; major subtypes: New Jersey, Indi-
ana [148]. Animals are infected with the virus by eating or coming in contact with
contaminated saliva or fluid from lesions of infected animals, and can be transmit-
ted to humans. The incubation period to clinical signs ranges from 2 to 8 days, and
animals generally recover completely in 3–4 days. There is no specific treatment.
Antibiotics may avoid secondary infection of abraised tissues.

6.6.9 Foot-and-Mouth Disease (FMD)

FMD is a severe, highly communicable viral disease of cattle and swine. It also
affects sheep, goats, deer, and other cloven-hoofed ruminants [12]. The virus sur-
vives in lymph nodes and bone marrow at neutral pH but is destroyed in muscle at
pH <6.0. There are at least seven separate types and many subtypes of FMD virus.
Immunity to one type does not protect an animal against other types. FMD can be
confused with several similar, but less harmful, diseases such as vesicular stomati-
tis, bluetongue, bovine viral diarrhea, and foot rot in cattle, vesicular exanthema of
swine, and swine vesicular disease. FMD is one of the most difficult animal infec-
tions to control; livestock animals are highly susceptible to FMD viruses. If FMD
appears in animals, report immediately to begin an effective state and federal eradi-
cation program.

6.6.10 Menangle

Menangle is a newly emerged disease of swine, currently limited to one outbreak in
Menangle, New South Wales, Australia [105–107, 159]. This viral disease causes
mummified and stillborn piglets, reduced farrowing rates and reduced litter number
and size, as well as occasional abortions. The disease appears to be maintained and
spread by fruit bats (Pteropus sp.); however the route of transmission in swine is
currently unknown. Menangle is one of several recently discovered RNA viruses in
the family Paramyxoviridae. Molecular characterisation of the virus places it in the
genus Rubulavirus. The mode of transmission of Menangle virus from bats to pigs
is unknown, but fecal-oral or urinary-oral transmission is suspected.
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6.6.11 Porcine Erysipelas Polyarthritis (Erysipelothrix
rhusiopathiae)

Erysipelothrix rhusiopathiae is a natural pathogen of swine, causing a self-
sustaining, chronic polyarthritis, comparable in many ways to human arthritis [49,
114]. An outbreak of acute Erysipelas was diagnosed in sows housed in a single ges-
tation barn on a commercial 1000 sow farrow-to-finish farm. Erysipelas is a continu-
ing threat to intensively reared swine housed in entirely environmentally-controlled
housing. Clinical examination revealed polygonal dark red to purple, sometimes
raised lesions on the skin of the dorsum and hams. All animals were reluctant to
walk and favored one or more limbs when walking. In addition to Erysipelas, dia-
mond skin lesions have also been reported with septicemia caused by Actinobacil-
lussuis. The source of E. rhusiopathiae in outbreaks of Erysipelas was previously
thought to be persistence in the soil; however, recent research has shown that it can
remain viable in soil for only 35 days under optimal conditions. In healthy swine,
estimates of 30 to 50% are tonsillar carriers of E. rhusiopathiae. The organism can
be shed in oronasal secretions, urine and feces. Rodents and birds can also serve as
reservoirs. Spread of infection in a swine heard is by close contact or by contam-
inated water, feed or bedding. Chronic polyarthritis was induced in pigs by infec-
tion with Erysipelothrix rhusiopathiae (serovar 2, strain T28) and viable bacteria
could be isolated >5 months later from synovial fluid and from isolated chondro-
cytes [78]. The number of viable bacteria could be increased by hypotonic shock
of the chondrocytes indicating a substantial intracellular amount of bacteria; neither
viable bacteria nor bacterial antigen were detected in unaffected joints. In similarly
infected pigs the in vivo activation of chondrocytes by cytokines was investigated
in affected joints by immunocytochemistry [53]. The presence of interleukin 1 in
the inflammatory cells of the synovium was confirmed by major histocompatibility
complex (MHC) class II antigens that were detected as a marker of synovial acti-
vation. In contrast, cartilage removed from an unaffected joint in the same animal
showed no chondrocyte activation. In vivo expression and distribution of the porcine
homologues of the intercellular adhesion molecule-1 (ICAM-1) and MHC Class
II as markers of chondrocyte activation was examined in experimentally induced
infection via intra-articular injection of Erysipelothrix rhusiopathiae [52]. ICAM-
1 was found to be strongly expressed in vivo on chondrocytes and synovial cells
in arthritic joints but not in cartilage from unaffected joints. As the disease pro-
gressed 5 months post-infection, infiltration of CD4+ lymphocytes into damaged
cartilage was also apparent. Although ICAM-1 and MHC Class II are not expressed
on porcine chondrocytes they appear to be induced as arthritis progresses and their
detection serve as markers in arthritic pigs. Other tests include erysipelas serum
titration with sheep red blood cells passively sensitised with a cellular extract [165].
Diagnostic differential hemagglutination titrations may then be made with porcine
serum for erysipelas antibody. Vaccination of healthy breeding swine as an aid in
preventing reproductive failure caused by PPV, erysipelas caused by Erysipelothrix
rhusiopathiae, and leptospirosis antigens chemically inactivated provides a 26-week
duration of immunity against erysipelas.
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6.6.12 Porcine Leptospirosis (Leptospira Pomona, Leptospira
Interrogans)

Leptospirosis is an important bacterial disease of humans and many animal species.
It is of economic significance in swine worldwide, not only because of abortions and
stillbirths, but also because of the high death rates caused by the icterohaemorrha-
giae serovar [66, 94]. Losses caused by leptospirosis result from localisation of the
bacteria in the host that, during the leptospiremia period, diffuse throughout the ani-
mal organism, including the genital tract [65, 66]. During this phase, leptospira can
be found in liver, lungs, eyeballs and central nervous system. Leptospires are tightly
coiled helical spirochetes, usually 0.1 μm by 6–0.1 by 20 μm, but occasional cul-
tures may contain much longer cells [70, 116]. The genus Leptospira was divided
into two species L. interrogans with >200 serovars comprising all pathogenic
strains, and L. biflexa with >60 serovars containing the saprophytic strains iso-
lated from the environment [71]. In porcine kidney sections immunohistochemically
stained with polyvalent antisera (serovars canicola, grippotyphosa, hardjo, copen-
hageni, and pomona) numerous spiroid bacteria are seen within tubular lumens
resulting in interstitial nephritis and pyelonephritis [140–141]. The concept that the
kidney is the main location of persistent leptospira and the primary maintainer of the
chronic disease state was questioned by new findings in swine infected by bratislava
serovar, which was isolated from the oviduct and uterus of sows that aborted and
from the reproductive tract of boars [54, 64]. The natural reservoir of pathogenic
leptospires is the proximal convoluted tubule of the kidney and in certain main-
tenance hosts, the genital tract. Transmission can be direct through urine splash-
ing, in post-abortion discharges, venereally, through milk or transplacentally. Indi-
rect transmission is through contamination of the environment with infected urine.
Leptospires penetrate exposed mucous membranes or through abraded or water-
softened skin and then disseminate throughout the body. The principal clinically
significant aspects of the disease in swine are abortion and birth of weak piglets.
A usual pattern in sows is delivery 1–3 weeks prematurely, with some mummified
fetuses, some recently dead, and others born alive only to die soon afterward. Lep-
tospiria interrogans serovar pomona type kennewicki and serovar grippotyphosa
are the most frequent isolates in cases of porcine leptospirosis. Disease prevention
includes vaccination of breeding stock (including boars) twice, 4–6 weeks apart, and
then at 6-month intervals. Vaccination of sows about to farrow or with very young
litters, should be delayed a week. It is safe to vaccinate pregnant gilts or sows.
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Chapter 7
Regulatory Aspects of Fetal Growth and Muscle
Development Relating to Postnatal Growth
and Carcass Quality in Pigs

Charlotte Rehfeldt, Marcus Mau and Klaus Wimmers

Introduction

The phenotype of a newborn piglet is the result of its embryonic and fetal develop-
ment, which is a very complex and highly integrated process. Fetal growth retarda-
tion results in low birth weight, which has detrimental consequences for the piglets’
vitality, postnatal growth rate as well as carcass and meat quality [3, 38, 164]. There-
fore, understanding mechanisms that control fetal growth are essential to develop
successful strategies to reduce the incidence of fetal growth retardation.

Prenatal growth in the pig, as in other mammals, is determined by the genotype
of the conceptus, but largely depends on the maternal uterine milieu of hormones,
nutrients, and growth factors (Fig. 7.1). Feto-maternal interactions and fetal feed-
back mechanisms may also play a role. The supply of nutrients to the embryo/fetus
and its capacity to utilise the available substrates is of major importance for fetal
growth. Nutrient partitioning and utilisation in the feto-maternal unit are under the
control of hormones and growth factors although, conversely, nutrition may also
influence the hormonal status [11, 12, 170, 187, 197]. Maternal characteristics, as
determined by genetic (breed, genotype) and environmental (nutrition, housing, etc.)
factors, further modify these interactions. In the pig, about 18% of the phenotypic
variability in birth weight result from maternal genetic effects, and only 7% from
direct genetic effects (h2) as estimated from 20,000 Yorkshire piglets [178], with the
effects of maternal environment difficult to estimate. Conclusively, numerous other
factors contribute to variation in fetal growth and birth weight. In the pig, which is a
polytocous mammal, competition among littermates for nutrients in utero is a major
constraint of fetal growth, with the placenta being the main factor contributing to
maternal variation in nutrient supply [3, 5, 133, 198].

Prenatal skeletal muscle development (myogenesis) in pigs has an irreversible
impact on postnatal growth and muscle accretion, which are main constituents of

C. Rehfeldt (B)
Research Institute for the Biology of Farm Animals, 18196 Dummerstorf, Germany
e-mail: rehfeldt@fbn-dummerstorf.de

203P.L. Greenwood et al. (eds.), Managing the Prenatal Environment to Enhance
Livestock Productivity, DOI 10.1007/978-90-481-3135-8_7,
Copyright C© International Atomic Energy Agency 2010,
Published by Springer Science+Business Media B.V., Dordrecht 2010. All Rights Reserved.



204 C. Rehfeldt et al.

Fig. 7.1 Summary of
important influences on
porcine fetal growth and
development and the resulting
phenotype of newborn
piglets. The arrows indicate
the direction of effects. This
schematic neither includes
potential feedback by fetus to
the dam, nor interactions
among fetuses

carcass and meat quality [162, 164, 184]. As with fetal growth in general, myoge-
nesis is regulated by nutrient availability and is under the control of hormones and
growth factors which can alter metabolism at the level of transcription and transla-
tion of regulatory and structurally important genes. Therefore, the purpose of this
chapter is to explore aspects of physiological and genomic regulation of porcine
fetal growth and myogenesis.

7.1 Prenatal Muscle Development and Relation to Growth
and Carcass Quality

Skeletal myogenesis and its control has been the subject of numerous comprehen-
sive reviews [11, 13, 46, 115, 125, 153, 206]. The elementary events during myo-
genesis are stem cell commitment, proliferation and apoptosis of myoblasts, dif-
ferentiation and fusion of myoblasts to myotubes and, finally, their maturation into
muscle fibres. Myoblasts are precursors of muscle cells and have their origin early
in embryogenesis within specific somites. They do not contain any myofibrillar pro-
teins. Determined myoblasts are committed to a myogenic fate. They only differen-
tiate and express a muscle-specific phenotype after they have received appropriate
signals from the milieu within which they reside. Once proliferating myoblasts enter
the differentiation programme, they withdraw from the cell cycle and form post-
mitotic myofibres. This transformation is accompanied by muscle-specific gene
expression. Post-myogenic muscle growth is characterised by an increase in length
and diameter of myofibres, particularly during postnatal life. Once formed, the mult-
inucleated myofibres commence production of myofibrillar proteins. The myofi-
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bre types are distinguished by different isoforms of myofibrillar myosin associated
with different contractile and metabolic properties. Throughout life, the myofibres
remain in a state of dynamic adaptation in response to hormones, mechanical activ-
ity and innervation, which modulate differential gene expression during functional
acclimatisation.

Muscle tissue development in the pig, as in other mammals, includes at least
two phases. Muscle fibres that form during the initial stages of myoblast fusion into
primary myofibres provide a framework for a larger population of smaller secondary
fibres [9, 125]. These are formed from fetal myoblasts during a second wave of
differentiation. A further population of myoblasts do not form fibres, but locate on
the surface of myofibres between the sarcolemma and the basal lamina; these are
termed satellite cells and they are able to divide and serve as the source of new
myonuclei during postnatal growth [128, 176]. Satellite cells contribute to growth
of the myofibres and also participate in regeneration processes after injury or severe
nutritional and growth restriction, whereas myonuclei remain mitotically quiescent.

Porcine primary myofibres form between about days 35 and 60, and secondary
myofibres between about days 54 and 90 days of gestation [104, 207]. A third gen-
eration of very small diameter fibres forms shortly after birth [104], which may
explain increases in total fibre number observed in porcine muscle between birth
and 5 weeks of age [161]. About 20 secondary myofibres form around each pri-
mary fibre in the pig. Consequently, the adult muscle is composed mainly of fibres
originating from the secondary myofibres. The primary myotubes in turn play a
critical role in the formation of the secondary myofibres [206]. This relationship
is reflected by a high correlation between the primary and secondary fibre num-
ber in pigs [35, 137]. Thus, even though primary myotubes constitute only a minor
percentage of the total fibre number, they significantly influence muscle fibre num-
ber and, consequently, muscle size. The importance of the number of both primary
myotubes and secondary myofibres for muscle growth is underscored by a lower
number of primary fibres and lower secondary to primary fibre ratio in small com-
pared to large pig breeds [185]. Primary myofibres comprise slow myosin heavy
chain and exhibit slow myosin ATPase activity from about day 60 of gestation. Dur-
ing late gestation, some secondary fibres located adjacent to single primary fibres
convert to the slow type and thereby generate clusters of slow myofibres, which is
typical for porcine muscle [9, 62, 104, 163]. However, in the superficial region of
some muscles (e.g. semitendinosus), initially slow primary myofibres can convert
to the fast type, whereas adjacent secondary fibres do not convert to slow type as
in limb muscles from other mammalian species [206]. Initially, muscle fibre type
differentiation depends on different myoblast lineages, but later during myogene-
sis becomes more dependent on a series of extrinsic factors. The different stages of
porcine skeletal muscle development are shown in Fig. 7.2.

Muscle mass is mainly a result of the number and size of the constituent muscle
fibres. Muscle structure and functional properties affect an animal’s growth per-
formance and are constitutive factors influencing meat quality traits post mortem
[100, 106, 107, 161, 181]. Prenatal myogenesis is highly significant for postna-
tal growth, carcass and meat quality, because it determines the number of skeletal
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Fig. 7.2 Different stages of porcine muscle development: (a) day 62 of gestation, semitendinosus
muscle with primary (PF) and secondary (SF) muscle fibres; aniline blue/orange G staining; (b) day
of birth, semitendinosus muscle with type I (dark staining) and type II (light staining) myofibres;
myosin ATPase stain with acid pre-incubation at pH 4.2; (c) day 240 postnatal, longissimus muscle
with red (R), intermediate (I), and white (W) fibres; NADH tetrazolium reductase staining

muscle fibres, which remains constant after birth. The postnatal increase in skele-
tal muscle mass results mainly from an increase in muscle fibre size, which in
turn is limited by genetic and physiological factors [161]. Therefore, piglets with
more skeletal myofibres exhibit a higher potential for postnatal muscle accretion
(Fig. 7.3). In pigs, low birth weight resulting from prenatal undernutrition is related
to reduced muscle fibre and myonuclei numbers and lower DNA content [36, 61,
62, 164, 207, 208]. In addition, low birth weight pigs exhibit reduced growth and
accretion of lean tissues, but higher levels of fat deposition and tend to develop poor
meat quality at market weight [8, 57, 79, 157, 164, 168]. Reduced meat quality in
terms of tenderness scores, drip loss, pH value 45 min post mortem, and impedance
values have been recently reported, whereas intramuscular fat content was highest in
low birth weight pigs, consistent with their higher degree of fatness (57, 164, 168).

7.2 Nutritional and Hormonal Regulation

7.2.1 Regulation of Fetal Growth and Myogenesis
by Maternal Factors

The maternal diet controls fetal growth directly by providing glucose, amino acids,
and other essential nutrients and metabolites for the conceptus [170]. These are
transferred across the placenta by passive and active transport mechanisms. Thus,
the placenta is central to extrinsic regulation of fetal growth. Hence, maternal factors
that influence placental function, such as the contact area with the uterine wall, blood
flow and transplacental transport capacity, are of major importance for fetal growth
[3, 5].

Porcine fetal and birth weights are inversely correlated with litter size [5, 126,
151, 198], indicating competition for nutrients among littermates in utero. This
proposition is further supported by the relationship between fetal size and placen-
tal size [4, 124] or placental blood flow [215]. Placental function in the pig has, in
turn, been shown to be affected by maternal nutrition and hormonal status and their
interactions.
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Fig. 7.3 Growth, carcass and associated semitendinosus muscle fibre characteristics at slaughter
of different birth weight class German Landrace pigs: low (LW), mid (MW) and heavy (HW) birth
weight [164]. Significant differences between means are denoted by different letters (all P≤0.09)

The major substrates reaching the porcine fetus are glucose, placentally-derived
lactate and fructose, and amino acids, while transfer of fatty acids by the epithe-
liochorial placenta is very low in the pig [150]. The primary reason why mater-
nal undernutrition negatively influences fetal growth is the lack of these nutrients
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reaching the fetus. On the other hand, maternal nutrition also affects hormonal sta-
tus, especially circulating IGF-I, which is not known to cross the placental barrier
but could modify placental function [167].

7.2.1.1 Nutritional Regulatory Effects

Progeny of gilts or sows receiving a diet deficient in energy or protein have reduced
fetal and birth weight [15, 154, 155, 169, 174, 175]. Low energy diets are associ-
ated with a reduction in skeletal myofibre and myonuclear numbers. For low pro-
tein feeding, results for changes of skeletal muscle structure are not yet available.
Skeletal muscle protein, RNA, and DNA were reduced in total, while concentrations
remained unaffected [154, 156]. Studies on restricted protein feeding have revealed
decreases in placental growth [174], amino acid concentration in allantoic fluid and
fetal plasma [216], and in placental and endometrial synthesis of nitric oxide and
polyamines [217]. These results suggest that protein deficiency may impair placen-
tal transport of amino acids from the maternal to the fetal blood. From a recent
study, McPherson et al. [122] concluded that nutrient needs of pregnant gilts should
be based on dynamic compositional changes in individual fetal tissues during ges-
tation, which occurs at different rates.

Current evidence suggests that nutrition regulates hormones and growth factors
that control mammalian growth [5, 11, 12, 170, 187, 197]. An inadequate supply
of nutrients leads to consequential changes in fetal hormones. In particular, the reg-
ulatory proteins of the growth hormone (GH) – insulin-like growth factor (IGF)
axis have been shown to be modulated by nutrition. In young pigs, feed restriction
decreased the circulating concentration of IGF-I and increased that of GH [190],
changes that are similar to those seen in most mammalian species [187]. Similar
changes could be expected in pregnant sows. Thus, the GH peak amplitude was
increased in response to maternal feed restriction [155]. With regard to the offspring
a lower circulating IGF-I concentration has been observed in newborn piglets in
response to maternal protein restriction [23]. There have been several studies clearly
showing the negative effects of maternal feed restriction on fetal IGF-I concentra-
tions in sheep [167].

In addition to maternal feed restriction, maternal feed intake above standard
requirements also alters the endocrine and metabolic status in the feto-maternal
unit (Table 7.1). Feeding pregnant sows ad libitum resulted in significant increases
in circulating IGF-I and urea nitrogen concentrations. Maternal glucose concentra-
tions remained unchanged or even decreased, and increases in circulating insulin
were not consistently apparent. Thus, IGF-I, which is a pleiotropic growth factor,
seems to be a key controller in nutritional regulation of growth. Maternal serum
IGF-I may mediate the effects of nutrition on fetal growth by improving placen-
tal growth and function, thereby reducing maternal constraints in the pig and other
litter-bearing species. Fetuses of sows fed above requirements had greater or equal
circulating concentrations of IGF-I, increased urea nitrogen and lactate in umbilical
blood, while glucose concentration remained unchanged [167]. Circulating amino
acids and fructose concentrations were not measured in fetal blood, thus it remains
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Table 7.1 Changes in important endocrine and metabolic factors in maternal and fetal blood in
response to sow nutrition above standard nutritional requirements during gestation

Factor Mother Fetus References

IGF-I ↑ (=) ↑ = Gatford et al. [51], Musser et al. [133],
Nissen et al. [138]

Insulin ↑ = = Gatford et al. [51], Musser et al. [133],
Nissen et al. [138], Père et al. [152]

Glucose = (↓) = Gatford et al. [51], Musser et al. [133],
Nissen et al. [138], Père et al. [152]

Lactate = ↑ Gatford et al. [51], Musser et al. [133],
Nissen et al. [138]

Urea N ↑ ↑ Gatford et al. [51], Musser et al. [133]

↑ Increase; ↓ Decrease; = No change.

unclear whether transfer of these nutrients to fetuses was affected. As there is some
evidence that only small littermates may benefit from improved maternal nutrition,
it would be necessary to consider the effects on the individual feto-placental units.
Apart from one study where slight increases in birth weight occurred [222], no
changes in average birth weight have been observed in response to maternal feeding
above requirements in pigs. However, Dwyer et al. [37] found a reduced number
of piglets within litters exhibiting extremely low numbers of myofibres in response
to feeding pregnant sows 100% above standard requirements. Furthermore, after
ad libitum feeding of sows during early pregnancy, Musser et al. [133] no longer
observed an inverse correlation between fetal number and average fetal weight, as
occurred in offspring of control fed sows, and is commonly seen within pig litters.
In conclusion, maternal feeding above requirements seems to stimulate growth of
fetuses and development of their muscles in what would normally be small, dis-
advantaged littermates, thereby reducing variation between fetuses within litters.

7.2.1.2 Maternal Hormonal Regulation

There is increasing evidence that placental function and fetal growth are modified by
the maternal somatotropic axis, as shown previously in other species [5]. The GH-
IGF axis plays a major role in the control of growth and differentiation. Circulating
GH acts on the liver and other tissues and stimulates the expression of IGF-I and
IGF binding protein (IGFBP) genes (e.g. IGFBP-3), increasing their levels in the
circulation [46, 108]. The insulin-like growth factors (IGF-I and IGF-II) are single
chain proteins (7.5 kDa) of which about 99% are bound to high affinity IGFBPs
(IGFBP 1–6) that circulate in the blood [83]. The mitogenic and anabolic effects
of IGF-I and IGF-II on proliferation and differentiation are mediated by the type-1
IGF-receptor (IGF-1R).

Treatment of pregnant sows with porcine growth hormone (pGH) is associated
with substantial increases in circulating IGF-I and glucose [52, 165, 173, 183],



210 C. Rehfeldt et al.

and stimulates placental growth and alters mRNA expression of regulatory proteins
at the fetal-maternal interface. Regulatory proteins within the IGF system, such
as GH receptor (GH-R), IGF-1R, IGF-I, IGF-II and IGFBPs are expressed in
porcine endometrium and placenta and/or porcine embryos, suggesting autocrine
and paracrine actions of IGFs [49, 177, 179, 182]. In this regard, Kelley et al. [95]
observed a positive response in IGF-I mRNA expression in uterine endometrium
following maternal pGH treatment from day 28 to 40 of gestation. In a further
experiment, changes in the maternal (endometrium) and fetal (chorion) components
of the placenta were studied in response to pGH treatment at day 28 following treat-
ment from day 10 to day 27, and after cessation of treatment at day 37 and day 62
of gestation [49, 165]. The concentrations of RNA and protein in the endometrium
were increased by pGH treatment, suggesting greater capacity for endometrial pro-
tein synthesis. During prenatal life, the weight of the fetal placenta was unchanged;
however it was increased by 20% at birth and had a 30% increase in protein con-
centration. Treatment with pGH resulted in down-regulation of endometrial GH-R
mRNA and IGF-I mRNA at day 28. However, withdrawal of pGH was followed
by an over-compensatory increase at day 62 (Fig. 7.4). On the other hand, higher

Fig. 7.4 Maternal growth hormone treatment modifies the expression of important regulatory pro-
teins in the endometrium and placenta [49]. Sows were treated daily with 6 mg pGH or a placebo
(control) from days (d) 10–27 of gestation. (a) mRNA expression of growth hormone receptor
(GH-R) and IGF-I in endometrium; (b) ratios of the mRNA expression levels of IGF-II to IGFBP-
2 and IGF-II to IGFBP-3 in placental chorion determined at days 28, 37, and 62 of gestation.
∗ P<0.01; ∗∗ P<0.001; + P=0.08–0.12 for differences between pGH and control pigs
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ratios of IGF-II mRNA to IGFBP-2 or IGFBP-3 mRNA concentrations suggested
that more free IGF-II may have been available in placental tissue at the end of pGH
treatment (day 28) and after complete recovery from pGH withdrawal at day 62.
These changes may have positively influenced placental function and, indeed, were
related to observed signs of improved embryonic or fetal growth [165, 166].

Treatment with pGH has been found to influence myogenesis. Fetuses of treated
sows had greater numbers of primary and secondary myofibres, and this was asso-
ciated with increased expression of the myogenic regulatory factors MyoD and
Myf-5 during mid-gestation (day 62), indicating a higher proportion of proliferating
myoblasts [166]. Birth weight and total myofibre number were especially increased
by maternal GH treatment in small littermates more commonly disadvantaged by
insufficient nutrient supply.

Average fetal weight was only increased after long-term pGH treatment, from 25
to 100 days of gestation, with the effects being greatest in the largest litters, again
suggesting that maternal constraints to fetal growth were reduced [50]. By compari-
son, treatment with pGH or GH releasing factor during late gestation increased birth
weight and body lipid content, which was explained by the diabetogenic state of the
dam, but did not increase the number of muscle fibres [42, 99, 163].

Other data have also shown the importance of estrogens for placental and fetal
growth. Treatment of ovariectomised or cyclic gilts with estrogen increased IGF-
I expression in the uterus. Furthermore, research has indicated that estrogens, the
pregnancy recognition signal from the pig conceptus, increases uterine epithelial
fibroblast growth factor (FGF)-7 expression and, in turn, FGF-7 stimulates prolif-
eration and differentiation of conceptus trophoectoderm [88, 89, 180]. To date, it
has not been determined whether fetal myogenesis is influenced by the action of
estrogens.

7.2.1.3 Specific Micronutrients

Supplementation of the maternal diet with specific micronutrients may also be
significant for fetal growth, given they play a crucial role in the regulation of
metabolism, including muscle performance and energy utilisation [29]. Mahan and
Vallet [113] reviewed the knowledge on mineral and vitamin transfer to the devel-
oping pig and concluded that scientific research on vitamin and mineral nutrition of
pregnant pigs to optimise fetal and postnatal growth and development was still in
its infancy. Positive effects on porcine reproductive performance have been reported
for vitamin E and selenium, both of which exhibit antioxidant properties. A high
intake of riboflavin may increase transfer of riboflavin to the conceptus and improve
conception rate and or embryonic survival resulting in increased farrowing rates and
or litter size [113]. Supplementation of the maternal diet with folic acid, which plays
an important role in amino acid and nucleotide metabolism during early gestation
has increased litter size, particularly in multiparous sows [110]. However, no benefit
was demonstrated when diets for reproducing sows were supplemented with addi-
tional vitamin C. Iron deficiency in mothers has been shown to result in lower birth
weights in humans and in rodent models [118]. However, there were only marginal
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effects on the offspring when supplemental Fe was administered to pregnant sows
[34, 60, 140]. Fetal development is not greatly influenced by maternal dietary levels
of the minerals Ca and P, which suggests that mineral reserves are diverted from
maternal bone tissue to meet fetal needs when the sow is inadequately supplied.
Other minerals, such as K, Na, Cl, I, Zn, Mg and Cu, are clearly necessary to avoid
defects in the developing fetus. It has been suggested that Se and I interact to alter
thyroid function in the fetus of sheep, cattle, and rats [170], indicating they may
also be important in development of fetal pigs. Studies in humans and rodents also
provide evidence that specific micronutrients, such as Mg, K, and Zn influence the
IGF system [29]. However, no results on the effects of deficiency or oversupply on
fetal myogenesis have been explicitly reported for any of the vitamins and minerals
mentioned above.

Another specific nutrient that has more recently become a subject of interest is
the vitamin-like molecule L-carnitine, which is involved in protein synthesis [143],
glucose homeostasis [26], and ß-oxidation [120]. The supplementation of pregnant
sows with L-carnitine results in increased birth weight and/or litter weight [39, 135,
158, 203]. In addition, myogenesis was affected by L-carnitine supplementation,
resulting in an increase in the number of muscle fibres in the semitendinosus muscle
in piglets [134]. This is in contrast to the apparently unchanged numbers of muscle
fibres in response to L-carnitine supplementation reported by [159], although this
latter study only assessed number of fibres/unit area rather than the total number of
myofibres in the entire cross-section of the muscle. Waylan et al. [203] examined the
mRNA expression of IGF-I and -II as well as IGFBP-3 and -5 in response to mater-
nal L-carnitine supplementation at mid-gestation. No changes were observed in fetal
muscle, liver, uterus, and placenta, although there was reduced IGF-II, myogenin
and IGFBP-3 mRNA expression in porcine myoblasts from fetuses of L-carnitine
treated sows, following culture for 96 h under standard conditions [203] (Fig. 7.5).
The authors interpreted these changes to indicate delayed and prolonged prolifera-
tion, with potential for increased muscle fibre number at birth.

Fig. 7.5 L-carnitine supplemented to gestating sows modifies myoblast characteristics in devel-
oping fetuses. The columns represent growth factor mRNA abundance in porcine muscle cells
derived from fetuses (days 54–59) of sows supplemented with 100 mg L-carnitine per day or from
non-supplemented sows [198]. ∗ P<0.05 and + P=0.13 for differences between L-carnitine supple-
mented and control sows
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Of the various specific nutrients that may affect placental and fetal development,
conjugated linoleic acids (CLA) are also worthy of note. Bee [7] supplemented sow
diets with 2% of conjugated linoleic acids (CLA) or linoleic acid during gestation
and lactation and observed higher weight gain and carcass weight, as well as larger
loin eye areas and semitendinosus muscle weights in the progeny of CLA vs. linoleic
acid supplemented sows. The mechanisms of action remain to be elucidated.

7.2.2 Endocrine and Paracrine Factors Affecting Fetal Growth

7.2.2.1 Effects on the Whole Animal

Fetal hormones and growth factors are under the control of the uterine environ-
ment and fetal genotype, and affect growth and development in utero by altering
metabolism and gene expression in fetal tissues [3]. Many hormones and growth
factors have been implicated in mammalian fetal and muscle development and gene
expression (including thyroid hormones, GH, IGFs, the transforming growth factor
ß (TGF-ß) superfamily, glucocorticoids, insulin and steroid hormones), and interac-
tions between hormonal systems are also important [3, 22, 55, 68, 127].

Initially, fetal pituitary hormones (e.g. GH) were thought not to play any role in
development of the pig as a result of apparently normal growth and development of
decapitated fetuses [188]. Adipose and muscle tissue did not respond to the removal
of the pituitary before day 70 of gestation [73, 77]. However, other studies revealed
that hypophysectomy at 72–74 days of gestation alters tissue biochemistry and cyto-
chemistry [72, 74, 160] and lowers serum and tissue IGF-I, but not IGF-II concen-
trations [84, 101]. This, and other evidence [6, 33], suggest that fetal development is
increasingly influenced by pituitary hormones in the last third of gestation, whereas
during the earlier stages the supply of nutrients is the overriding regulator of fetal
growth.

Studies using fetal hypophysectomy in pigs have also shown that the influence of
thyroxine in enhancing tissue development may be mediated by increased circulat-
ing IGF-I and IGFBPs [76, 96, 101] (Fig. 7.6), and that the stimulating effect of thy-
roxine is counter-regulated by pituitary GH [69]. Hausman [70] concluded that fetal
obesity may be directly associated with elevated thyroid hormone levels and sup-
pressed GH levels, but not with elevated thyroxine levels alone. Other studies have
shown that hypophysectomy caused deficiencies in skeletal muscle vascularisation,
fibre type transformations and in oxidative capacity, as demonstrated by changes in
structure and enzyme histochemistry [72, 74, 78]. Evidence for the importance of
thyroid hormones for porcine fetal and muscle development has also been provided
by a reduction in the number of thyroid hormone receptors in small for gestational
age piglets [22].

It has been strongly suggested, from experimental studies using pigs and other
mammals, that various peptide growth factors are important endocrine and/or
paracrine regulators of fetal growth. In particular, IGF-I and IGF-II, the IGF-1 recep-
tor (IGF1-R), and IGFBPs seem to play a central role in development of the pig, as
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concluded from their presence, ontogeny in serum and/or tissues [53, 102, 111, 149],
and changes in their response to various experimental conditions (see above). Less
is known of the direct effects of IGFs and IGFBPs on porcine cellular growth and
differentiation in vivo or of the importance of other peptide growth factors in fetal
pig growth, but inference can be drawn from in vitro studies. Because skeletal mus-
cle is one of the most important tissues that determine postnatal growth and carcass
quality in pigs, the following section reviews the current knowledge on the effects
of hormones and growth factors on cultured porcine muscle cells.
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Fig. 7.7 Cell culture of porcine muscle satellite cells isolated from semitendinosus muscle of new-
born piglets. (a) Proliferating myoblasts at day 4 of cultivation in growth medium; (b) Immunoflu-
orescent staining of myotubes for desmin at day 7 of cultivation in serum-free differentiation
medium

7.2.2.2 Direct Effects on Cultured Porcine Muscle Cells

The control of cultured muscle cell growth and differentiation (Fig. 7.7) is under
very tight multi-factorial control, involving various metabolic and reproductive hor-
mones, growth factors and nutrients [11, 27, 63].

Significant effects of reproductive hormones like 17β-estradiol on rodent L6,
C2C12, Sol8 [90] and bovine muscle cell cultures [93] have been reported. However,
there is little information on their effects on growth and differentiation of porcine
satellite cell cultures. Mau et al. [116] observed slight decreases in DNA synthe-
sis rate in proliferating porcine myoblasts after incubation with 17β-estradiol and
estrone at supra-physiological concentrations (1 nM and 1 μM), but no changes at
physiological concentrations. Both the estrogen receptor α (ERα) and β (ERβ) have
recently shown to be expressed in porcine skeletal muscle satellite cells, which, con-
sequently, could be considered a target for estrogens or estrogen-like compounds
[91]. At high concentrations (≥10 μM), the isoflavonic phytoestrogens genistein
and daidzein were shown to act as toxins and inhibitors of porcine myoblast growth
[116], but the mechanisms of action remain to be investigated. On the other hand,
physiological concentrations of estrogens and selected concentrations of genistein
(0.1 μM) and daidzein (10 μM) were able to reduce protein degradation in differ-
entiating cultures (Mau and Rehfeldt, unpublished).

Testosterone up-regulated expression of androgen receptors (AR) in porcine
satellite cells and decreased fusion and subsequent expression of myosin and cre-
atine phosphokinase, markers of muscle differentiation [31, 123]. Although testos-
terone increased the expression of AR, it did not influence proliferation and pro-
tein accretion [1, 31]. This is not consistent with results showing positive effects of
testosterone on the mitotic activity of porcine skeletal muscle satellite cells in vivo
[129].

Metabolic hormones that are known to regulate muscle growth involve GH,
the thyroid hormones thyroxine (T4) and triiodothyronine (T3), glucocorticoids,
and insulin. Indications that GH might act directly on muscle are generally not
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supported by cell culture experiments [45]. For instance, Harper et al. [65] could
not find any effects of GH on the protein turnover of ovine muscle cells. How-
ever, these cell culture studies used muscle cells that correspond more closely to
embryonic than to adult muscle, and embryonic growth is relatively insensitive to
GH [139]. Studies on the direct effects of GH on cultured porcine muscle cells are
lacking. Sera from swine injected with porcine GH stimulated in vitro muscle cell
proliferation [97], which may not result solely from GH but, rather, from indirect
effects of the hormone. Data on the effects of thyroid hormones on cultured skeletal
muscle cells of farm animals is limited to cells derived from chicken. Thyroxine (T4)
increased protein synthesis rate and the amount of protein in cultured chick skeletal
muscle cells [201]. In serum-free medium, T3 suppressed both the differentiation
and proteolysis of muscle cells originating from the chicken embryo [28].

Cortisol and related steroids are generally regarded as hormones that result in
catabolism of protein in animals. Their effects in muscle cell culture appear to be
different from effects on differentiated post-mitotic muscle. Here, glucocorticoids
like dexamethasone are often components of serum-free media [18, 45, 67] as they
were shown to stimulate both proliferation and differentiation. Maximum stimu-
lation of growth by dexamethasone has been determined in the range of 10–8 to
10–7 M [48]. The direct effects of glucocorticoids on muscle cell proliferation and
differentiation involve increases in the IGF1-R signaling pathway [54] and decreases
in IGFBP expression [119]. On the other hand, recent studies imply that the addition
of medium containing 80 nM dexamethasone does not increase myotube formation
in myoblast cultures derived from porcine semitendinosus muscle, when cultivated
in laminin-coated dishes [75]. Like other steroid hormones, glucocorticoids are toxic
to cultured myoblasts at high concentrations.

Insulin has been shown to increase proliferation and differentiation of various
types of muscle cells. At supra-physiological concentrations, insulin caused mito-
genic or differentiative effects on muscle cells, reflecting its ability to bind to the
IGF-1R [11]. In cultured porcine myotubes, insulin stimulated protein synthesis
while it decreased protein degradation [32, 80].

Various peptide growth factors, such as IGF-I and IGF-II, basic FGF, and TGF-
β are also potent effectors of satellite cell proliferation and differentiation. Results
obtained from cell lines and primary cell cultures show that both IGF-I and IGF-II
stimulate cellular growth and differentiation in a time- and dose-dependent manner.
IGF-I stimulated proliferation in porcine satellite cell clones [30]. Further, the addi-
tion of 15 ng/ml IGF-I to differentiated porcine myogenic cultures increased protein
synthesis by 21% and decreased protein degradation by 18% [80]. The responses to
IGF-II were almost identical to those of IGF-I, but there was no additive response
when the IGFs were combined [30]. An example of the effects of IGF-I in serum-
free medium on porcine primary satellite cells in culture is presented in Fig. 7.8.

Effects of IGF-I and -II are controlled and regulated by the IGFBPs, which are
believed to protect the IGFs against proteolysis, stimulate or inhibit the biological
actions of IGF or, possibly, have IGF-independent actions [17]. It is known that
muscle cell cultures produce various amounts of IGFs and IGFBPs depending on
the origin (species and muscle type) and developmental state of these cells [141].
The production and secretion of IGFBPs, in turn, is under the control of IGFs and
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Fig. 7.8 Insulin-like growth factor I (IGF-I) and epidermal growth factor (EGF) stimulate the
growth of porcine satellite cells derived from semitendinosus muscle (117). The cells were exposed
to differing concentrations of IGF-I and EGF in serum-free medium for 26 h. DNA synthesis rate
(dpm/ng DNA) was measured during the final 6 h of the incubation period using incorporation of
3H-thymidine. Least squares means are represented by columns; SE = 0.6–0.8 dpm/ng DNA. Each
column represents the data from 12 microplate wells from two replicates. Least squares means for
all growth factor concentrations are significantly different from the control (P<0.05)

other growth factors such as bFGF and TGF-β [81, 221]. In porcine myogenic cell
cultures, IGFBPs, such as IGFBP-2 and IGFBP-4, are produced both by satellite
cells and fibroblasts [221]. However, in addition to IGFBP-2 and IGFBP-4, porcine
satellite cells produce and secrete IGFBP-3 [81, 86, 221] and IGFBP-5 [81, 146,
221]. In proliferating porcine satellite cell cultures, the addition of IGF-I increased
the concentrations of IGFBP-3 by 1.7-fold and IGFBP-5 by 2.5-fold in the condi-
tioned medium [221]. Protein and mRNA levels of IGFBP-3 were decreased with
differentiation then increased after differentiation concluded [81, 86]. Moreover,
IGFBP-2 and IGFBP-3 mRNA levels showed a three-fold increase in extensively
differentiated cultures of porcine embryonic myogenic cells after 144 h of incuba-
tion indicating that these IGFBPs play a role in differentiation [87]. Furthermore,
multiple passaging of cloned porcine satellite cells resulted in increased secretion
of IGFBP-2, which was associated with depressed cell proliferation and myotube
formation [44]. It is suggested this may have been caused by surplus IGFBP-2 that
specifically bound IGF-I and reduced its bioactivity. Overall, these results suggest
that the IGFBPs are important regulatory factors during myogenesis in the pig, in
particular, in the transition from proliferation to differentiation. With the recent
development of recombinant porcine (rp) IGFBPs [145, 146] the examination of
direct effects of specific IGFBPs on satellite cell growth has become realisable. The
IGF-I-stimulated proliferation of porcine embryonic myogenic cells was suppressed
by the addition of rpIGFBP-3 or rpIGFBP-5, both in an IGF-dependent (effective
IGF-I-binding limiting availability of IGF-I to the IGF-1R) and IGF-independent
manner [145, 146]. This suggests potential for IGFBP-3 and IGFBP-5 to affect
porcine muscle cell growth during critical periods of development and to impact
on the ultimate muscle mass in the postnatal animal.
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Epidermal growth factor (EGF), another peptide growth factor, was found to
stimulate growth [10, 64, 171] and differentiation [64] of muscle cells from various
species through its interaction with the EGF receptor (EGF-R) which is expressed
in porcine skeletal muscle [148]. Porcine primary satellite cell cultures express-
ing EGF-R increased DNA synthesis rate 4- to 5-fold (Fig. 7.8) when 10 nM EGF
were added to a basal serum-free medium [117]. In contrast, EGF did not stimulate
growth of clonal porcine satellite cells in serum-free culture medium of identical
composition [30].

Fibroblast growth factor (FGF) is one of the most potent mitogens, exerting its
effects at the sub-nanomolar concentrations. It stimulates proliferation but inhibits
differentiation of cultured muscle cells [11, 47]. The mitogenic effects of FGF have
been shown for pig [30], cattle, turkey and sheep satellite cell cultures [27]. The
bFGF-mediated increase of proliferation in porcine satellite cell clones was higher
with medium that contained 2% FBS (fetal bovine serum) than with basal serum-
free medium [30] suggesting that interactions with other serum factors play a role
(see below).

Platelet derived growth factor-BB (PDGF-BB) is another potent mitogenic com-
ponent of serum, and is released from platelets during the clotting of blood. Spe-
cific forms of PDGF might also be produced by somatic cells such as muscle cells.
PDGF-BB was found to promote proliferation of porcine satellite cells [30].

Finally, TGF-β and myostatin, which are members of the TGF-β superfamily,
also affect porcine muscle cell growth. Transforming growth factor-β suppressed
proliferation and differentiation of cultured porcine embryonic myoblasts [144] and
satellite cells [18]. In basal serum-free medium, TGF-β stimulated porcine satellite
cell proliferation by 25%, whereas in serum-containing medium it inhibited growth
by 58%. Consequently, TGF-β may affect cell cultures depending on whether serum
or other growth factors are present in the medium [30]. However, when added to
FGF-containing serum-free medium, TGF-β stimulated the proliferation of porcine
satellite cells [18]. Myostatin negatively regulates myogenic cell growth by sup-
pressing both proliferation and differentiation as shown using porcine myogenic
cell cultures [92]. Furthermore, treatment with either TGF-β or myostatin increased
the production of IGFBP-3 mRNA and protein [92].

Combinations of two or more growth factors typically result in synergistic
responses [30]. The combination of bFGF and IGF-I dramatically increases prolif-
eration, and IGF-I has been shown to synergise with EGF to increase proliferation
of porcine satellite cell clones. Interactions of IGF-I, EGF and bFGF with PDGF-
BB stimulated cell proliferation. Furthermore, a 5-fold increase in DNA occurred
in satellite cell clones grown in basal serum-free medium when they were simul-
taneously exposed to bFGF, PDGF-BB, EGF and IGF-I. Removal of IGF-I, bFGF
or PDGF-BB resulted a reduction in proliferation by 40, 20 and 10%, respectively,
indicating that all of these mitogens are physiological regulators of porcine satellite
cell growth. Moreover, the addition of bFGF in combination with IGF-I and EGF
in serum-free medium stimulated cellular proliferation to a level which indicated
synergistic effects of these mitogenic growth factors [30].

Although a variety of hormones and growth factors that have not yet been char-
acterised and incorporated into in vitro experiments are likely to exist in vivo, it is
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only a matter of time until they are described and researchable using muscle cell
cultures. According to Dodson et al. [27] the definition of extrinsic factors that reg-
ulate satellite cells is vital to the eventual development of practicable strategies for
exogenous manipulation of muscle satellite cell activity and muscle growth.

7.3 Genomic Regulation

It is well established that structural and functional properties of muscle fibres
are correlated with meat quality traits in pigs [105, 162]. Muscle fibre traits have
moderate to high heritabilities (h2=0.20–0.59), similar to growth traits, although
these are generally higher than those for meat quality traits (h2=0.15–0.32)
[43, 100]. Direct selection of pigs on high muscle fibre diameter and proportion of
the glycolytic fibre type increased stress susceptibility and had a negative impact
on meat quality [205]. Moreover, it has been demonstrated by simulated selection
using a large data set from pigs that selection responses in growth, carcass and
meat quality traits could be markedly improved if muscle structural traits were
included in selection indices [43]. Consequently, genes affecting fetal growth and
muscle development impact on postnatal growth as well as carcass and meat quality
traits. Hence, functional candidate genes may be derived from genes involved
in the prenatal muscle determination and formation of myoblasts, and in the
regulation of anabolic and catabolic processes in muscle. Also, genes encoding
muscle structural components are functional candidate genes for traits related to
muscularity and meat quality. In this regard, expression profiling of muscle tissue
at different prenatal stages enables new hypotheses on the genetic basis of variation
in growth and muscle traits to be developed, and new functional candidate genes to
be identified. Linkage QTL (quantitative trait locus) analysis can deliver positional
information on genes affecting growth, carcass, meat quality and muscle structural
traits without any prior hypothesis on the physiology of the trait, and complements
candidate gene and expression analyses. The following section highlights certain
regulatory genes involved in myogenesis, genes encoding components of muscle
structure, current progress in expression profiling of prenatal muscle, as well as
results of QTL analyses for traits associated with muscle structure.

7.3.1 Intrinsic Regulatory Genes of Myogenesis

Myogenesis depends on the strictly synchronised expression of a number of genes
and their interactions. These genes control delamination and migration, prolifera-
tion, as well as determination and differentiation. Within this interactive network,
myogenic regulatory factors (MRFs) play a key role and depend, themselves, on
activating and inhibitory factors. The network of signalling pathways leads through
the inhibition or stimulation of the MRFs to the formation of myogenic precursor
cells and myoblasts (for review see [13, 115]). An overview of genes whose roles
in myogenesis are well established is provided in Table 7.2. However, in addition
to these, a number of other genes, including cyclins, integrins and members of the
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FGF family, TGF family, and IGFs are known to influence myogenesis. While many
of these genes have been identified in the pig, only some have been considered as
candidate genes for postnatal growth and carcass quality.

The MRF gene family includes the genes Myogenin (MYOG or MYF4), myo-
genic determination factor 1 (MYOD1 or MYF3), myogenic factor 5 (MYF5) and
myogenic factor 6 (MYF6 or MRF4 or herculin). These are transcription factors
that activate stage-specific expression of genes during myogenesis (for review see
[194]). The expression of MYOD1 and MYF5 is necessary for initiation of myoblast
formation and satellite cell proliferation [142]. MYOG induces the differentiation
or fusion of myoblasts, and MYF6 is subsequently involved in the maintenance of
mature muscle fibres [56, 66, 142]. Porcine MYOG has been shown to be polymor-
phic, and association of variant forms with muscle mass and growth rate is proven
[195]. Myogenic factor 5 also exhibits a number of polymorphisms [186, 192, 199],
however no associations with growth, carcass and meat quality traits have been
found. Currently, there are known polymorphisms in MYOD1 and MYF6, although
associations with production traits have been mostly negative or not consistent
[41, 200, 218, 219].

Myostatin is a member of the TGF-β superfamily and a negative regulator of
myofibre formation [121]. Myostatin and its variants have been shown to have large
affects on muscle growth in several species. The gene in its non-functional form was
shown to be causative of the double muscling phenotype in cattle [58, 59, 94], and
a mutation was shown to cause the compact hypermuscular mutation in mice [189].
Porcine studies have shown that runt piglets have increased myostatin expression
compared to the more heavily muscled control piglets [85]. However, association of
variants in the coding region of Myostatin with muscle mass have not been shown
to date.

LIM domain proteins are essential regulators of muscle development, both
in embryos and adults [2, 112]. For some porcine genes encoding LIM domain
proteins, polymorphisms have been found as well as different allele frequencies
or differential expression in neonatal pigs of western commercial breeds and some
Chinese breeds [109, 202].

Current knowledge of the regulation of myogenesis has enabled various genes to
be analysed to assess effects of prenatal developmental events in relation to postnatal
growth and carcass quality in pigs.

7.3.2 Genes Encoding Structural Components of Muscle Tissue

Myofibrillar proteins exist as multiple isoforms that derive from multigene (iso-
gene) families. Additional isoforms can be generated from the same gene through
alternative splicing or use of alternative promoters. Major components of the
thick filaments are the myosin heavy chain and light chain proteins, and actin.
Tropomyosin and troponin are compounds of the thin filaments. Myofibrillar pro-
tein isogenes are differentially expressed in various muscle and fibre types, but can
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also be co-expressed within the same fibre. The variable expression of myofibrillar
protein isoforms is a major determinant of the contractile properties of skeletal
muscle fibres. These isoforms are related to the differences in the parameters
of chemo-mechanical-transduction, such as ATP hydrolysis rate and shortening
velocity. Expression of members of the myosin heavy chain (MYH) gene family
is temporally regulated during myogenesis. The porcine cardiac and skeletal MYH
genes are arranged in two clusters in the order MYH slow/β and α on porcine
chromosomes 7, and embryonic, 2a, 2x, 2b and perinatal on chromosome 12,
respectively, [20, 21, 25]. MYH slow/β and α are the only MYH isoforms expressed
in heart muscle. In terms of gene order, intergenic distances, and head-to-tail
orientation, these clusters are conserved in human, mouse and pig. In prenatal
mammalian muscles, the embryonic, perinatal and slow/β MYH isoforms represent
the three dominant skeletal muscle fibre types in the developing fetus. Shortly after
birth, the expression of embryonic and perinatal MYH genes is down-regulated.
In the pig, the postnatal MYH isoforms (2a, 2x and 2b) are already switched on at
least from day 35 of gestation, and postnatally there are four major MYH isoforms:
slow/β, 2a, 2x, and 2b. During myogenesis the transcript abundance of these
isoforms correlates with their arrangement within the gene cluster (2a>2x>2b)
[20, 21]. The four major muscle fibre types of adults are characterised by the
expression of the respective MYH isoform. These fibres differ in metabolic, bio-
chemical and biophysical characteristics, which may affect growth and meat quality
traits.

By combining real time RT-PCR and microscopic analysis of serial porcine
muscle sections to quantify and localise MYH isoforms and their transcripts within
its corresponding fibre type, it was shown that the relative fibre type-restricted
expression of each postnatal MYH gene showed wide spatial and temporal variation
within a given muscle and between muscles, as well as among pig breeds [19].
Significant correlations were found between fibre typing by ATPase staining and
quantitative RT-PCR assays of MYH isoforms for types I, IIa and IIx/IIb (r=0.71,
0.67 and 0.52, respectively) [212, 213]. However, MYH isoform transcript abun-
dance and histochemical fibre typing characterise muscle on different levels with
the first being a quantitative trait taking into account co-expression of the various
isoforms within a muscle fibre, while the second is a categorical trait assigning a
single fibre to a particular fibre type. Taking into account (1) the fact that the con-
ventional histochemical fibre typing into types I, IIA and IIB is not well adapted for
porcine skeletal muscles, with four fibre types present based on MYH isoforms, i.e.
types I, IIa, IIx and IIb [103] and (2) that considerable variation of mRNA expres-
sion of each MYH isoform among muscles even within the same animal which is
likely to reflect differences in the physiological state of individual muscles [19], the
abundance of transcripts of MYH isoforms has been proposed as a new more pre-
cise phenotype towards the elucidation of genetic background of variation in traits
related to growth and muscularity [212, 213]. In this regard, significant differences
in MYH transcript abundance depending on the m. longissimus cross-sectional
areas were shown [211], as was genomic variation for some MYH genes [24].
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Genes coding for sarcomeric proteins may also play a key role in muscle accre-
tion and meat quality. Troponin and tropomyosin isoforms are associated with sen-
sitivity to calcium, whereas titin isoforms dictate the elastic properties of muscle
fibres at rest. Myopalladin is a component of the sarcomere, which tethers nebu-
lin in skeletal muscle to alpha-actinin at the Z lines. Myosin and troponin isoforms
contribute to the differences in the resistance to fatigue of muscle fibres [172], while
myopalladin and titin are associated with carcass traits [211].

7.3.3 Temporal Changes in the Muscle Transcriptome During
Prenatal Development

In livestock research, several attempts to use gene expression profiling techniques
have been made to elucidate tissue-specific differential gene expression in relation
to particular stages of development and/or expression of certain phenotypes. The
results will significantly increase and refine the list of candidate genes for econom-
ically important traits including growth, carcass composition and meat quality, for
which muscle is the major target tissue.

Currently, there are several efforts to apply (micro-)array techniques to identify
porcine genes that are differentially expressed in muscle tissue, either among dif-
ferent developmental stages/ages, breeds, or housing and feeding conditions. Using
a porcine skeletal muscle cDNA macro-array containing 327 cDNAs derived from
whole embryo and skeletal muscle, 48 genes were identified as being differentially
expressed in muscle tissue derived from 75- and 105-day fetal hind limb muscles,
and in 1 and 7 week-old postnatal semitendinosus muscles [223]. Hybridisation of
a cDNA microarray of more than 700 clones of normalised skeletal muscle cDNA
libraries from hind limb muscle of pigs at 45 and 90 days of gestation, birth, 7 weeks
and 1 year of age with targets derived from total RNA of skeletal muscle of pigs at 60
days of gestation and 7 weeks of age revealed 55 clones that were over expressed by
at least 2-fold in 60-day fetal skeletal muscle as compared to 7-week postnatal mus-
cle [40, 220]. Furthermore, competitive heterologous hybridisation of human cDNA
arrays with longissimus muscle mRNA of neonatal pigs revealed higher expression
of genes encoding myofibrillar proteins, ribosomal proteins, transcription regula-
tion proteins and glycolytic metabolism enzymes in Duroc compared to Taoyuan
pigs [109]. These analyses mark the pathways that reflect genetic control of dif-
ferences in traits related to muscle growth. Using differential display techniques,
genes related to musculoskeletal growth, immune system function, and cellular reg-
ulation have also been shown to be differentially expressed at 21, 35, and 45 days
of gestation [204].

Prenatal differentially expressed muscle transcripts at seven ages (days 14, 21,
35, 49, 63, 77, 91) corresponding with key developmental stages in the Pietrain and
Duroc breeds pigs have been analysed in order to identify genes affecting postnatal
growth and postmortem meat quality (EU-Project PorDictor (QLK5_2000_01363)
[214]. Several techniques for expression profiling including cDNA-microarrays,



226 C. Rehfeldt et al.

Fig. 7.9 Example of a differential display and an application-specific-microarray used to compare
prenatal muscle expression between Duroc and Piétrain breeds of pigs. The differential display
represents an open system that allows comparison of multiple samples simultaneously, but requires
further analyses to identify differentially expressed genes. Bands representing genes differentially
expressed between breeds or expressed at specific developmental stages are marked. In microarray
analyses, two samples are competitively hybridized to known probes revealing information on the
expression levels that can immediately be used for bioinformatic analysis to elucidate key factors
and pathways controlling traits of interest

differential display-RT-PCR, construction of stage-specific muscle cDNA libraries,
and subtractive hybridisation were applied (Fig. 7.9). Application specific cDNA
microarrays covering more than 500 genes known to be involved in muscle devel-
opment, growth and structure were used for between breed comparisons at each of
the seven prenatal stages, and to provide a temporal expression profile of prenatal
muscle in the Duroc breed. Differential expression of genes regulating myogene-
sis, muscle structure, and energy metabolism suggests not only differential timing
of myogenesis between the two breeds, but also that the differences that contribute
to varying postnatal growth and carcass and meat quality between the Duroc and
Pietrain breeds, commence during early prenatal development [16, 191, 193, 196].
The changes in the muscle transcriptome expression profiles during prenatal muscle
development of the Duroc show a profile of waves of expression of: (i) myoblast
proliferation stimulating genes followed by; (ii) myoblast proliferation inhibiting
and differentiation stimulating genes during primary myotube development, which
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is repeated at a lower magnitude during secondary myofibre development. Further-
more, expression of energy metabolism genes reaches a nadir when differentiation
of myoblasts into myotubes takes place [191, 193, 196]. Differential display RT-
PCR expression profiles of each of the seven stages during myogenesis in both
Duroc and Pietrain breeds revealed 144 fragments differentially expressed between
breeds and 301 fragments differentially expressed between stages. Sequence anal-
ysis allowed assignment of the majority of differentially displayed bands to func-
tional groups including myogenesis regulating genes, muscle structural genes, and
energy metabolism genes. Furthermore, a number of unknown transcripts and/or
genes with unknown function were identified [130, 210]. Thus, differential display
RT-PCR complemented microarray analyses as an open system to enable new can-
didate genes to be identified. The majority of the genes showed one of three expres-
sion profiles associated with myogenesis, as shown by quantitative RT-PCR of a
number of selected genes: (1) up-regulation at the time points of the formation of
both the primary myotubes and the secondary myofibres; (2) up-regulation at the
time points of the formation of the primary fibres; and (3) steady up- or down-
regulation throughout myogenesis [131]. Together, the various expression profiling
approaches revealed more than 500 genes that are regulated during myogenesis.
A shortlist of 53 promising candidate genes was established taking into account
the significance of results, matching of results obtained with different methodolo-
gies, knowledge of gene function, and their mapping position in genomic regions of
known QTL for meat quality traits. For a subset of genes, the relationship between
expression level and breeding values were analysed. This provided evidence for
association of transcript levels and phenotypes. At the same time, some findings of
differences between breeds demonstrate the complexity of regulatory mechanisms
including cis- and trans-regulation and possible gene-gene and gene-environment
interactions. However, further identification of regulated genes and bioinformatic
analysis of these genes has revealed pathways involved in the genetic control of
muscle development. Finally, association with carcass and meat quality traits has
been demonstrated for ten of the genes [132, 210, 211].

7.3.4 Quantitative Trait Loci (QTL) for Muscle Fibre Traits

Genome scans are the most general approach to identifying genomic regions exhibit-
ing QTL without prior hypotheses of the physiological and genetic control of a trait.
Within pedigrees the co-segregation of trait phenotypes and marker genotypes is
observed. Among the number of markers distributed throughout the genome, at least
some will be linked to QTL for the trait of interest. QTL analysis depends on the
fact that where such linkage occurs, the marker locus and the QTL will not segregate
independently, but that linkage disequilibrium exists within the pedigrees examined.
Genome scans were conducted in different experimental and commercial pig popu-
lations and revealed QTL for traits related to growth, leanness and meat quality on
all 18 autosomes and on chromosome X, as summarised on the Pig Quantitative
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Trait Loci (QTL) database (PigQTLdb) (http://www.animalgenome.org/QTLdb/;
[82]). The power of QTL analyses depends largely on the size of the experiment
in terms of number of animals and markers used and also on the trait analysed,
with high heritability being preferable. Disentanglement of complex traits in their
constituent phenotypes facilitates the identification of QTL and elucidation of the
pleiotropic nature of QTL effects. Muscle fibre traits that largely depend on pre-
natal events but affect postnatal growth and muscularity are highly heritable. Thus
they explicitly allow for powerful QTL analysis. In the pig, QTL for myofibre traits
obtained by either electrophoretic discrimination of myosin isoforms or histochem-
ical fibre type differentiation have been shown to be governed by genetic variation
at many loci distributed throughout the genome [114, 136, 209]. Quantitative trait
loci with genome wide significance are summarised in Table 7.3.

In a Berkshire x Yorkshire crossbred population of pigs a QTL reaching
chromosome-wide significance for the proportion of type I (slow/β) myofibres was
detected on chromosome 8 (SSC8) [114]. Analyses conducted in Berlin Minia-
ture x Duroc experimental crossbred pigs also revealed a number of QTL at the
chromosome-wide level of significance, including those for total myofibre num-
ber on SSC2, 5, 11, 12, 14, and 15 and for proportion of giant muscle fibres on
SSC1, 3, 4, 12, 15, 16 and 18. Regions with either significant QTL for muscle fibre
traits or significant QTL for meat quality, muscularity, or both were detected on
SSC1, 2, 3, 4, 5, 13, 14, 15, and 16. Genomic regions affecting the complex traits
of muscularity and meat quality, as well as micro-structural properties, may point
to QTL that, in the first instance, affect muscle fibre traits and secondarily, meat
quality [209]. In particular, QTL for myofibre number and, to a lesser extent, for
muscle fibre types are likely to represent genes involved in myogenesis. A num-
ber of positional candidate genes for the QTL have been proposed. These include
genes of the calcineurin signalling pathway involved in muscle fibre type switching,
namely PPP3CC (protein phosphatase 3 catalytic subunit γ isoform, calcineurin A
γ), PPP3CB (protein phosphatase 3 catalytic subunit β isoform, calcineurin A β) and
NFAM1 (NFAT activation module 1), which all map to SSC14 [136]. Genes of the
myostatin axis, including MYOG (myogenin; SSC9), MYOD1 (myogenic determi-
nation factor 1; SSC2), MYF5 (myogenic factor 5; SSC5), MYF6 (myogenic factor
6, SSC5) and Myostatin (SSC15) also represent positional candidates. Other estab-
lished positional candidate genes are MEF2C (MADS box transcription enhancer
factor 2, polypeptide C; SSC2), MEF2D (MADS box transcription enhancer factor
2, polypeptide D; SSC4), PPARGC1A, (peroxisome proliferative activated receptor,
gamma, coactivator 1, alpha; SSC8) and PPARG (peroxisome proliferator-activated
receptor gamma 2; SSC13) [209]

7.3.5 Combining Results of QTL and Expression Analysis

The genome scans provide positional information of regions containing QTL for
meat quality that segregate within the resource populations analysed. The expression
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Table 7.3 Overview of quantitative trait loci (QTL) for muscle fibre traits detected in the pig

Trait
Position
SSC1 Close marker F-value2 Population References

Proportion of
number of type
I fibres [%]

1
14
X

SW970
SWR925
SW2588

10.3∗
10.6∗
90.4∗

Japanese Wild
Boar x Large
White

Nii et al.
[136]

Proportion of
relative area of
type I
fibres [%]

X SW2588 10.8∗∗

Proportion of
number of type
IIa fibres [%]

2
2
14

SW942
SW1879
SW1027–SW540

10.7∗∗
11.4∗∗
8.9∗

Proportion of
relative area of
type IIa
fibres [%]

2
6

SW942
SW2406

9.3∗
12.4∗∗

Proportion of
number of type
IIb fibres [%]

2
14
14

SW1879
SW1027
SWR925

10.4∗
12.4∗
11.7∗∗

Proportion of
relative area of
type IIb
fibres [%]

6
14
14

SW1329
SW1027–SW540
SW104–SWR925

12.6∗
12.0∗
11.1∗∗

Diameter of
angular
fibres [μm]

1 SW1515 8.4∗ Berlin Miniature
Pig x Duroc
(DUMI)

Wimmers
et al.[209]

Diameter of FTG
fibres [μm]

2
4

FTH1– SW240
S0214

9.4∗
8.6∗

Diameter of giant
fibres [μm]

12 S0143 7.4∗

Average fibre
diameter [μm]

2 FTH1-SW240 9.5∗

Diameter of white
fibres [μm]

14 VCL-SWC27 7.9∗

Number of fibres
per mm2

11 S0386 5.2∗

Proportion of
intermediate
fibres [%]

2
8

STS2-C3
SW2410

5.8∗
6.0∗

Proportion of
giant fibres [%]

4
12
15

S0214–S0097
S0143
S0355

6.2∗
10.3∗
12.7∗∗

1Chromosome
2∗∗ and ∗=1% and 5% genome-wide significance levels, respectively

analyses provide functional candidate genes for these traits based on their temporo-
spatial and/or phenotype-associated expression. The application of bioinformatic
tools and the use and generation of mapping information of differentially expressed
genes combined with QTL information reveals segregating functional positional
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candidate genes. These are highly valuable resources for further association and
molecular genetic analyses to provide statistical and functional evidence of their
impact on meat quality and carcass traits, and to elucidate prenatal events that affect
postnatal growth and meat quality.
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Chapter 8
Placental Vascularity: A Story of Survival

Stephen P. Ford

Introduction

In this review, I have been asked to provide insight into the structure and related
function of the chorioallantoic placentae of different livestock species, with empha-
sis on their role in mediating conceptus growth and survival. As there have been
many excellent books and reviews written on comparative placentation, I have
decided to focus this paper on a comparison of two livestock species with which
I have a long research history, namely the pig and the sheep, but will present com-
parisons with other species where appropriate and warranted. Further, I will stress
the importance of placental vascularity and blood flow in dictating normal growth,
development and survival of the fetus. Throughout my research career, I have con-
ducted studies aimed at gaining a better understanding of conceptus-uterine interac-
tions, in an attempt to understand how intrauterine and extrauterine events impact
the conceptus. Significant data have accumulated suggesting that negative impacts
on the fetus, occurring during critical periods of gestation, result in developmental
adaptations that can permanently change the growth, physiology and metabolism of
offspring [3, 28, 41, 49].

Regardless of species, the placenta is a highly specialised organ whose role is to
provide for physiological exchange between mother and fetus in the support of nor-
mal fetal growth and development [50, 72]. The importance of the utero-placental
vasculature in supporting normal pregnancy is emphasised by the close relation-
ships among fetal weight, placental weight, as well as uterine and placental blood
flows across many mammalian species [1, 73, 74]. Further, uterine and umbilical
flows increase exponentially throughout gestation, essentially keeping pace with
fetal growth and development [45, 51, 72]. On the basis of a number of studies, it
appears that increased blood flow is a primary determinant of transplacental nutrient
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and waste product exchange throughout gestation in livestock species [18, 20, 50,
51, 69, 72–74]. With these concepts in mind, I will now discuss placental growth
and development, first in the pig and then in the sheep, with emphasis on the impact
of changes in placental vascular development and blood flow on fetal growth, devel-
opment and survival.

8.1 Pig Placental Growth and Development

In the pig, the placenta is termed epitheliochorial and adeciduate, is minimally inva-
sive, and thus the uterine luminal epithelium remains intact with no marked alter-
ation in the morphology of the maternal tissue throughout gestation [4, 30, 44, 58,
59]. In this species the chorionic epithelium, the outermost tissue layer of the fetal
chorioallantoic membrane, is in direct contact with the uterine luminal epithelium
[52, 64], and nutrient transfer occurs over the entire surface of the chorionic sac.
The placenta is defined as diffuse, and the allantoic capillaries responsible for the
absorption of nutrients and oxygen and the expulsion of waste products including
carbon dioxide ramify throughout the entire surface of the placenta excluding the
necrotic tips [7, 44, 59]. The epitheliochorial placenta of the pig is comprised of six
tissue layers that separate the maternal and fetal blood streams: (1) endometrial cap-
illary endothelium, (2) connective tissues, (3) uterine luminal epithelium, (4) chori-
onic epithelium, (5) connective tissues and (6) placental capillary endothelium [29].
To facilitate maternal-fetal nutrient exchange, the surface area of the chorioallan-
toic membrane increases rapidly from day 35 to day 70 of gestation in the pig [37].
From day 70 to 100, there is little change in placental surface area [37], however,
sometime after day 100 there is a further marked and variable increase in the weight
and surface area of the pig placenta [61, 5, 91]. Additionally, beginning on day
35–40, there is folding of the chorionic membrane into the adjacent permanent folds
of the endometrium through macroscopic folds called plicae, of different orders, and
by microscopic folds or ridges called rugae, also of different orders [7, 12, 26, 43].
This degree of interdigitation of the chorion and associated uterine luminal surface
increases progressively with the advancement of gestation, markedly increasing the
area of fetal-maternal exchange. By days 60–70 of gestation, the chorionic and uter-
ine luminal epithelial cells are provided with interdigitating microvilli that further
increase the area of exchange by a factor of 10 [7]. Finally, by the end of gesta-
tion the effective placental barrier separating the fetal and maternal bloodstreams
has decreased from approximately 20 μm to 2 μm or less, which further facilitates
nutrient flux [26, 27].

In addition to the progressively increasing surface area of contact between the
placenta and the uterine wall, the number, density, orientation and distance separat-
ing chorioallantoic and adjacent uterine endometrial capillaries, is critical in deter-
mining the quantity of nutrients conveyed to the fetal-maternal interface and thus
to the rapidly growing fetus [5, 26, 43, 72]. By midgestation in the pig, placental
vascularity is relatively constant, averaging between 3 and 4% of the total volume
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of the chorioallantoic membrane, but by the end of gestation, placental size and
vascularity differ markedly between individual conceptuses both within and
between litters of U.S. commercial pig breeds and are highly negatively associated
[5, 94].

8.1.1 Periods of Conceptus Loss in the Pig

There are three main waves of conceptus mortality that occur during gestation in
U.S. commercial pig breeds [22]. The first wave of conceptus loss is thought to
be a result of littermate conceptus asynchrony, and occurs between days 11 and
18 of gestation when a relatively constant 30% loss occurs [10, 14, 15]. Further,
it appears that diversity in development within a litter is the culprit, as the least
developed littermate conceptuses are the ones lost [62, 63, 92]. Data suggest that
conceptus losses after day 18 are significant, and that variation in placental size and
vascularity may contribute to these losses [94–96]. Conceptus losses are particu-
larly critical in U.S. commercial crossbred sows, in which ovulation rates exceeding
26 oocytes have been reported [82]. Consistent with these observations, the num-
bers of conceptuses surviving to day 25 far exceeds the number of piglets farrowed
[25, 84, 96].

The second wave of conceptus mortality occurs between day 30 and day 40 of
gestation when the surface area of the chorioallantoic membrane of each concep-
tus begins to expand rapidly, forcing the conceptuses to compete for limited uterine
space [14, 17, 33]. This limitation of uterine space for implantation is referred to as
uterine capacity, and is generally considered to be the major limitation to increasing
litter size in the pig. During this interval, an additional 10–15% of the remaining
conceptuses are lost. The final wave of conceptus loss occurs between day 90 and
farrowing, when there is potential for an additional 5–10% conceptus loss [10, 35].
This loss results from the markedly increasing nutrient requirements of the exponen-
tially growing pig fetus, and is associated with as much as a doubling of placental
surface area, leading to an additional period of littermate competition [5, 91].

8.1.2 Use of the Chinese Meishan Pig in Understanding
the Limitations to Litter Size

To gain a better understanding of the controls of litter size, our group compared
the prolific Chinese Meishan pig with the American Yorkshire pig. In a series of
studies we determined that these two breeds had the same uterine size and ovula-
tion rate, but the Meishans farrowed 3–4 more piglets/litter than Yorkshire females
[19, 99]. These studies also demonstrated that the Meishan conceptus exhibited
reduced growth rates and less littermate asynchrony during early gestation when
compared to Yorkshire conceptuses [21, 75, 93, 99, 100], and possessed markedly
smaller and more vascular placenta in late gestation [5, 21, 94]. In addition, the
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increased placental vascularity of the Meishan versus that of the Yorkshire breed
was associated with an elevated placental expression of the potent angiogenic factor
vascular endothelial growth factor and its receptors [86]. To estimate placental effi-
ciency (PE) across these two breeds, we divided piglet weight by the weight of its
placenta at farrowing, which provides an estimate of the grams of piglet that could
be supported per gram of placenta. Interestingly, the PE of the Meishan breed was
over twice as great as that of the Yorkshire breed, averaging 8.7 ± 0.4 versus 3.4 ±
0.8, respectively [21].

8.1.3 Increasing Litter Size in an American Pig Breed

It was felt that because the Chinese had been selecting the Meishan breed for their
prolificacy for thousands of years [48, 60], this breed might have been selected
indirectly for smaller, more vascular placentae. To test this hypothesis, Wilson
et al. [95] determined within and between litter PE for a group of Yorkshire females.
The PE across all females in this study averaged 4.2, which was similar to that
reported previously for Yorkshire females [21]. More importantly, Wilson et al. [95]
reported that the variation in PE for individual conceptuses across all Yorkshire lit-
ters ranged from 2.7 to 7.4, and the PE within a single litter on that study ranged
from 3.8 to 7.4. Vonnahme et al. [84] used a large group (n = 190 litters) of commer-
cial sows (Camborough line 6–02, PIC) to study ovulation rate and PE in relation
to litter size. These researchers reported that ovulation rate was not limiting to lit-
ter size, and that the largest litters present on days 25, 36 and 44 of gestation in
this study were composed of fetuses of similar size to those of smaller litters, but
with significantly smaller placentae. It was determined in this study [84] and in other
studies [6, 95, 96] that PE was not determined by changes in fetal weight (prenatally)
or piglet weight (postnatally), but was dependent on changes in placental weight. In
fact, Vonnahme et al. [84] determined that the negative relationship between PE
and placental weight occurred as early as day 25 of gestation, a time point prior
to when the limitations of uterine capacity are exerted [14, 17, 33]. In support of
this concept, Leenhouwers [42] reported that an increase in estimated breeding val-
ues for piglet survival of 507 piglets from 46 litters (crossbred line D12, Nether-
lands) was significantly associated with a decrease in average placental weight and
within-litter variation in placental weight, but not piglet weight, with an increase in
average PE.

It was speculated that selection of Yorkshire boars and gilts for differences in PE
might alter litter size due to associated impacts in placental growth and vascularity
of littermate conceptuses. With this hypothesis in mind, Wilson et al. [95] selected
Yorkshire boars and gilts with above average and below average PE for study. It
is important to note that these researchers held piglet weight constant between the
above average and below average PE groups. In contrast, the placentae were approx-
imately 30% lighter for piglets selected in the high PE group than for the low PE
group and much more vascular. When boars and gilts from the high PE group were
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bred and allowed to farrow, they produced litters of greater than three more live
piglets than those resulting from matings of low PE boars and gilts (12.8 ± 0.7 ver-
sus 9.5 ± 0.5 piglets, respectively). Further, after four generations of selection on
PE, the litter size differences remained, as did differences in PE and vascularity [83].
Perhaps more importantly, while piglet weight was only reduced about 20% in the
high PE group when compared to the low PE group, placental weight was reduced
by approximately 40%. Further, the heritability of PE has been estimated at between
0.29 and 0.37% [80, 95] which is the highest heritability of any reproductive trait
yet determined in the pig. These data suggest that selection of individual piglets in
a litter on the basis of smaller and more efficient placentae may provide a useful
method for rapidly increasing litter size in the pig.

8.2 Sheep Placental Growth and Development

Except for differences in time and minor structural features, the development of the
fetal membranes of domesticated ruminants is similar. In ruminants, including the
cow, goat and sheep, the placenta is often called epitheliochorial, but can be further
categorised as a subset of this placental type called syndesmochorial to indicate that
the chorionic binucleate cells are fused with the uterine luminal epithelium to form
a feto-maternal syncytium at sites called placentomes [97]. The placentomes are
the sites of fetal-maternal nutrient and waste product exchange in ruminant species.
The placenta is defined as cotyledonary and is characterised by separate tufts of
chorionic villi called cotyledons, which are scattered widely over the surface of
the chorion. These localised dense areas of villi develop only on those parts of the
chorion that are adjacent to preexisting aglandular proliferations of connective tis-
sue on the uterine luminal mucosa called caruncles. There are between 75 and 120
caruncles in the cow and between 80 and 100 in the sheep [13, 53]. These caruncles
are arranged in two dorsal and two ventral rows throughout the length of the uter-
ine horns. When contacted by fetal membranes, they enlarge to form swellings with
a convex surface in cattle, and a concave surface in sheep. Each cotyledon devel-
ops highly branched villi which interdigitate with corresponding crypts that develop
in the proliferating caruncle. As previously stated, ruminant species exhibit a syn-
desmochorial placental type at the caruncular-cotyledonary interface, with only five
layers separating the fetal and maternal blood streams.

In the ewe major placentomal growth is complete by mid-gestation, before the
major period of fetal growth begins [2, 16, 73, 74, 88]. However, individual placen-
tomes may continue to undergo morphologic and functional transformations as fetal
demand for nutrients increases in the second half of gestation [32, 57]. A morpho-
logical classification system was developed for placentomal differentiation in the
sheep by Vatnick et al. [81], and reflects distinct differences in placentome appear-
ance as follows: (1) caruncular tissue completely surrounding the cotyledonary tis-
sue (Type A), (2) cotyledonary tissue beginning to grow over the surrounding carun-
cular tissue (Type B), (3) flat placentomes with caruncular tissue on one surface
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and cotyledonary tissue on the other (Type C), and (4) everted placentomes resem-
bling bovine placentomes (Type D). With the advancement of gestation, individual
placentomes may or may not progress from Type A to Type B, C or D, as the nutrient
requirements of the fetus progressively increase.

In the ewe, vascular growth of placentomal tissues has been reported to increase
throughout gestation. Stegeman [78] reported that vascular density of caruncular tis-
sues increases substantially from day 40 through mid-gestation, then more slowly
thereafter. In contrast, the vascular density of the cotyledonary bed remains rela-
tively constant until mid-gestation, then increases exponentially thereafter [2, 79].
These data are consistent with the observation that umbilical blood flow increases
more rapidly than uterine blood flow during the last half of gestation in the ewe [70,
76, 77]. Both vascular growth and the relaxation and dilation of existing vessels
are considered necessary to ensure adequate placental blood flow to support fetal
growth [20, 71].

Of the overall increase in utero-placental blood flow to the gravid ovine uterus
throughout gestation, an increasing proportion of the total uterine and umbilical
blood flows is directed toward the caruncular and cotyledonary vascular beds with
advancing gestation [46, 47, 50, 76]. This may help to explain the fact that while
placental growth slows at mid-gestation, placental nutrient transport capacity keeps
pace with fetal growth throughout gestation in a variety of species including the
sheep [31, 34, 90]. As previously mentioned, it seems that increased blood flow,
rather than increased extraction, is the primary mechanism of increased transpla-
cental exchange throughout gestation in ruminant species [18, 50, 51, 69].

The idea that the primary role of blood flow is determining fetal nutrient delivery
in the sheep is supported by the fact that uterine and/or umbilical blood flows have
been shown to decrease in virtually every case where fetal growth has been com-
promised [9, 39, 68, 89]. Further, the reduction in uterine blood flow and decreased
fetal growth is associated with an initial decrease in the expression of placental
angiogenic and vasodilatory factors, including vascular endothelial growth factor
and endothelial nitric oxide synthase [66, 67], and a later alteration of placental vas-
cular architecture [65, 67]. Thus, angiogenic and vasodilatory factors that stimulate
increased caruncular and/or cotyledonary vascularity and blood flow undoubtedly
have a tremendous impact on fetal growth and development as well as neonatal
growth and survival.

8.2.1 Divergent Ewe Selection, Placentomal Differentiation
and Fetal Growth

Results from several laboratories demonstrate an increased conversion of Type A
placentomes to Types B, C, or D in undernourished ewes when compared to their
well-fed counterparts, however, this conversion has been thought to occur only
in late gestation in association with an exponentially growing fetus [32, 56, 57].
Osgerby et al. [57] reported that the conversion of Type A placentomes to more
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advanced placentomal types was associated with a flattening of the placentome and
an increased ratio in the area of interdigitated maternal and fetal villi to unattached
fetal allantochorion. Further, these researchers speculated that this increase in sur-
face area of association may enhance nutrient delivery to the fetus. Hoet and Hansen
[32] suggested that the advancement in placentomal morphologic type may also be
associated with a compensatory increase in placentomal vascularisation in response
to nutrient restriction. We have indeed confirmed that as ovine placentomes progress
from Type A through Types B, C, or D, they increase in size and vascularity [23], as
well as blood flow per gram of tissue [24].

Data in rodents suggest that subtle genetic or environmental differences within
or between breed (or strain) may exist in the susceptability of the conceptus to a
variety of maternal stressors [8, 36, 38]. Several laboratories have evaluated the
impact of similar levels of nutrient restriction from early to mid-gestation on fetal
growth and development in the sheep [11, 55, 86] and have reported markedly dif-
ferent results. These divergent results may relate to differences in ewe breed, age, or
parity, but may also relate to differences in nutritional or environmental exposures
of experimental animals either before or after birth. Our laboratory compared two
divergent flocks of multiparous Rambouillet-Columbia cross ewes, to determine if
the pre-pregnancy environment under which ewes are selected altered their abil-
ity to protect their fetus against a bout of gestational nutrient restriction. The first
flock located near Baggs, Wyoming (Baggs ewes) was adapted for approximately 30
years to a nomadic existence, with very limited nutritional inputs. The second flock
was also selected for approximately 30 yr by the University of Wyoming, and in
contrast to the Baggs ewes had a relatively sedentary lifestyle and consumed a diet
from birth that met or exceeded National Research Council [54] recommendations
(UW ewes). From day 28 to day 78 of gestation, both Baggs and UW ewes were
divided into control (C, fed 100% of NRC requirements), and nutrient restricted
(NR, fed 50% of NRC requirements) groups, and necropsied on day 78 of gesta-
tion. Glucose and essential amino acid concentrations on day 78 were significantly
decreased in both maternal and fetal blood of NR UW ewes [40]. While there was
a significant decrease in the glucose and essential amino acid concentrations in the
blood of NR Baggs ewes on day 78, there was no corresponding decrease in the
blood of their fetuses [98]. Thus the fetuses of NR Baggs ewes were not subjected
to a reduction in glucose or essential amino acids during maternal undernutrition,
even though their mothers were. On day 78 fetal weight in the NR UW ewes was
about 30% lower than in the C UW ewes, and these fetuses exhibited enlarged hearts
[85], and reduced numbers of secondary skeletal muscle fibers when compared to
fetuses from C UW ewes [101]. Since muscle fiber numbers are set prenatally, this
suggests the possibility that offspring of NR UW ewes could exhibit a decreased
muscle mass in adulthood. Interestingly, in the Baggs ewes, there was absolutely
no effect of maternal undernutrition on fetal weight or composition [87]. It would
appear that the Baggs fetuses have been spared the negative impact of maternal
undernutrition on fetal growth and development. In evaluating PE, Vonnahme et al.
[87] reported that PE was significantly decreased in the NR UW ewes compared to
their adequately fed control group. In contrast, there was no change whatsoever in
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the PE of undernourished Baggs ewes when they were compared to their control-fed
group. These data suggested that the placentomes of the NR Baggs ewes were able
to carry on normal nutrient delivery to the fetus even in the face of a reduced glucose
and amino acid concentrations in maternal blood. One possibility for this mainte-
nance of fetal nutrient delivery is an increased blood flow through the cotyledonary
and/or caruncular components of the placentome. Vonnahme et al. [87] found no
difference in the types of placentomes (virtually all type A) in the uterus on day
78 between C and NR UW ewes. However, there was a significant decrease in the
numbers of Type A placentomes and a significant increase in the numbers of B, C,
and D placentomal types in the NR Baggs ewes when compared to C Baggs ewes on
day 78. These data suggest that there was a difference in the ability of these females
or their conceptuses to respond to a bout of early gestational nutrient restriction by
stimulating an early conversion of Type A placentomes to more efficient type B, C
and D placentomal types. Similar to the results obtained with nutrient restricted UW
ewes in our study, Osgerby et al. [56] reported that a less severe 30% global nutri-
ent restriction from day 26 of gestation in a group of multiparous Welsh mountain
ewes, which failed to alter placentomal growth or type by day 90, led to alterations
in fetal organ growth. Interestingly, when these researchers allowed a group of these
undernourished ewes to gestate their fetuses through to day 135 of gestation, they
exhibited greater numbers of Type C and D placentomes than adequately fed con-
trol ewes, but fetal body weight and fetal organ weights remained growth retarded.
These data are consistent with the concept that placentomal conversion must occur
before the period of exponential fetal growth to alleviate the impact of maternal
nutrient restriction on the fetus.

8.3 Summary

Both the pig and the sheep have adeciduate, minimally invasive placental types
which are often referred to as epitheliochorial. As previously discussed, placental
vascularity and blood flow are thought to be major determinants of maternal-fetal
nutrient exchange in these species. The pig has a diffuse placentation where the
chorionic epithelium is in direct contact with the uterine luminal epithelium, and
nutrient exchange takes place over the entire surface of the chorionic sac. In this
species, both the area of placental-endometrial attachment and placental vascularity
are important for nutrient and waste product exchange between a conceptus and its
mother. As early as day 25 of gestation, each conceptus appears to establish its own
fetal/placental weight ratio, previously referred to as PE, which is negatively cor-
related with placental size, and positively correlated with placental vascularity. Pla-
cental efficiency is an individual conceptus trait, where placental vascularity dictates
how large the placenta will have to grow to harvest adequate nutrients to support the
normal growth and development of a fetus. Thus, within a litter of pigs, there can be
a large variation in littermate PE, which results in some piglets being attached to rel-
atively large, less vascular placentae and some piglets being attached to proportion-
ally smaller and more vascular placentae. The prolific Chinese Meishan pig, which
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has been selected for thousands of years for increased litter size, experiences little
conceptus mortality, in association with small highly vascular placentae, which dif-
fer very little in size, resulting in little variation in littermate placental efficiencies.
In contrast, the American Yorkshire breed experiences high conceptus mortality,
with a marked variation in littermate placental sizes, vascularities, and efficiencies.
The fact that PE is an individual conceptus trait and is highly variable within lit-
ters in commercially relevant U. S. pig breeds, has prevented us from significantly
increasing litter size by simply selecting breeding stock from large litters. Perhaps
it is time for the swine industry to consider selecting for PE, a trait with is highly
associated with the capacity for producing larger litters. We are currently working
on establishing genetic markers for PE, which should make selection for this trait
considerably easier.

The sheep has a cotyledonary placentation where nutrient and waste product
exchange occurs at discrete sites called placentomes. While placentomal growth
is completed by mid-gestation, individual placentomes continue to exhibit morpho-
logical changes which result in increased size, vascularity and efficiency. Recent
research in our laboratory has indicated that the environment and/or nutrition under
which an individual is selected can alter their physiological responses to a bout
of maternal nutrient restriction. More specifically, ewes which were selected under
adverse environmental conditions and limited nutrition developed the ability to ini-
tiate placentomal conversion to more efficient forms, when subjected to a bout of
early gestational nutrient restriction. This conversion of Type A placentomes to
more efficient forms (Types B, C, and D) was associated with increased placen-
tomal vascularity, and the maintainence of normal amino acid and glucose deliv-
ery to the fetus, and a normal PE, in the face of reduced concentrations of these
nutrients in maternal blood. In contrast, ewes which were selected to a relatively
sedentary lifestyle, and more than adequate nutrition, failed to convert placentomes
to more efficient forms in response to a similar bout of nutrient restriction, resulting
in reduced amino acid and glucose concentration in fetal blood, as well as reduced
PE and fetal weights. An understanding of how these two flocks of ewes evolved
in approximately 30 years to be either “nutrient responsive” or “nutrient resistant”
could be critically relevant to our understanding of factors dictating nutrient require-
ments during gestation.

Thus, the pig conceptus appears to utilise and increase placental vascularity to
offset the need for continual placental growth throughout gestation, thereby reduc-
ing the constraints of uterine capacity, with a resultant increase in litter size. In
contrast, the sheep, which has established permanent sites of fetal-maternal nutri-
ent exchange by midgestation called placentomes, utilises morphologic conversion
and vascularisation of these sites to maintain nutrient delivery to the fetus at levels
which support normal growth and development. The variable ability of a conceptus
to initiate the proliferation of capillaries at the fetal-maternal interface in response
to a nutrient deficit appears to be the common thread between these two species,
and dictates the ability of the fetus to harvest adequate nutrients for normal growth
and development. An understanding of the factors which stimulate optimal placental
vascularity and thus efficiency in the face of maternal nutrient deficits is the focus
of ongoing investigations in our laboratory.
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Chapter 9
Management and Environmental Influences
on Mammary Gland Development and Milk
Production

Anthony V. Capuco and R. Michael Akers

Introduction

The vast majority of mammary growth occurs postnatally. For example, in dairy
cows mammary parenchymal mass increases approximately 10,000-fold, from less
than 0.5 g per gland at birth to approximately 5.5 kg during lactation, and the mam-
mary epithelium differentiates from a primitive branching ductal network to a fully
differentiated lobuloalveolar network that is capable of synthesising copious quan-
tities of milk. These growth and developmental processes are hormonally regulated,
but also involve extensive interactions among cell types (e.g. stromal, epithelial,
myoepithelial, stem and progenitor cells) and local regulation by paracrine/autocrine
factors. Appropriate nutrient intake and balance is important for mammary growth
and development, and these processes may be influenced by under- or over-nutrition.
Because of interactions between the environment and the endocrine system, mam-
mary development and differentiation can be influenced by additional factors such
as bioactive substances in feed and by photoperiod. Ultimately, milk yield is deter-
mined by the number of fully differentiated mammary epithelial cells and by
homeorhetic mechanisms that regulate functions of other organs to support milk
production.

Because mammary gland biology of the dairy cow has been more intensely stud-
ied than that of other livestock species, the primary focus of this chapter will be on
the dairy cow. This information will be supplemented with information derived from
rodent models, and pertinent information for other species will be provided as fea-
sible. This review addresses the nature of prenatal and postnatal mammary growth
and development, mammary epithelial stem cells, the impact of nutrition, bioactive
factors in the environment (including phytoestrogens, mycotoxins and endocrine
disruptors) and photoperiod.
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9.1 Fetal Mammary Development

Despite the lack of soft tissue fossils, a comparison of mammary development
among various mammals supports the idea that the ectoderm-derived mammary
gland arose from sweat or sebaceous glands. Reproductive secretions associated
with incubation and care of eggs were likely the precursors of nutritive milk-like
secretions produced by brood patches on the abdominal or inguinal surface of prim-
itive mammals. Such secretions, similar to mammary colostrum, may also contain
antibacterial substances such as lactoferrin, immunoglobulins, and other bacterici-
dal components [98, 99].

Hypotheses for the adaptive value of these proto-lacteal secretions include: ther-
moregulatory, antibiotic, behavioral, or nutritive functions. A reasonable conjecture
is that lactation arose in endothermic, oviparous ancestors that exhibited a degree of
maternal care. Early anatomists tried to define the origin of the mammary gland
by classifying the secretion mechanism for the alveolar cells. Sebaceous glands
exhibit a holocrine mode of secretion in which sloughed cells become a part of
the secretion. Sweat glands follow an apocrine mode of secretion in which a por-
tion of the cell is budded off with the secretion. Other common glands follow a
merocrine mode of secretion in which products are secreted but the secretory cells
remain intact. Mammary secretory cells utilize both apocrine and merocrine modes
of secretion. For example, as lipid droplets form in the cytoplasm of the cells they
progressively enlarge, migrate to the apical end of the cell, and protrude into the
alveolar lumen until the membrane bound droplets pinch off to become the butterfat
of milk. Because the membrane surrounding the lipid droplet comes from the plasma
membrane, secretion of milk lipid is apocrine in nature. Specific milk proteins and
milk sugar (lactose) are packaged into secretory vesicles in the Golgi apparatus.
These vesicles fuse with the apical plasma membrane and release their contents
via exocytosis. Because only the contents of the secretory vesicle are lost from the
cell, this is a merocrine mode of secretion. These details for secretion patterns of
mammary cells were not settled until the early 1960s, when mammary tissue from
lactating mammals was studied with transmission electron microscopy.

Evolution of a skin-gland product to provide support for a newly hatched off-
spring in addition to protecting the egg with antibacterial secretions prior to hatch-
ing seems logical and is intuitively appealing. For example, the primitive echidna
has two mammary glands on either side of the abdomen with each gland containing
clusters of secretory lobules, each of which has a separate duct that opens to the
surface of the skin in a small depression. But there are no teats or nipples. Thus it
seems likely that the primitive mammary glands arose from a hybrid combination
of both sebaceous and sweat glands [15].

The first signs of mammary development in the fetus appear as a slight thickening
of the ventro-lateral ectoderm in the embryo at about the time limb buds begin to
lengthen. These thickening areas are referred to as the mammary band, streak, or
line (Fig. 9.1, top panel). In mammals with mammary glands along the entire ventral
surface, e.g. rodents, a mammary line becomes apparent from the forelimb to hind
limbs. For mammals with pectoral glands, the mammary lines appear only in the



9 Mammary Gland Development and Milk Production 261

Fig. 9.1 Fetal and postnatal mammary gland development. Key stages of mammary develop-
ment are depicted, with the primary hormones and potential management parameters that influence
growth or differentiation. Micrographs shown are images of bovine mammary tissue. In the flow
diagram: E = estrogen, GH = growth hormone, PL = placental lactogen, P = progesterone, PRL
= prolactin. In the micrographs: F = fat droplet, L = alveolar lumen, N = nucleus, V = secretory
vesicle
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thoracic area. The cells of the mammary line begin to condense and progress through
a series of somewhat arbitrary stages typified by structures called the mammary
crest and mammary hillock. This culminates with the appearance of mammary buds,
each of which is the precursor for an individual mammary gland. In the mouse,
for example, each of five mammary buds on either side of the ventral midline is
positioned at the location of each of the future nipples.

The mammary epithelium arises from the germinal ectoderm and the primitive
mammary buds. The bovine mammary bud appears at about day 40 of gestation. By
day 80 of gestation the teat and primary sprout have formed. The primary sprout
subsequently produces the teat cistern (Fig. 9.1). Secondary sprouts occur by day
90 and by day 100 the primary and secondary spouts are believed to be canalized
by a combination of apoptosis and cell migration. At the time of birth, the teat, teat
cistern, and gland cistern have formed. In most species, mammary structure at birth
is similarly rudimentary. Regardless, the mammary cells that are present are capa-
ble of proliferation and a degree of mammary specific cytological differentiation.
Indeed, the endocrine changes at parturition are believed to be responsible for pre-
cocious development and fluid secretion (“witches milk”) sometimes observed in
human infants.

For mammals without mammary glands arranged into an udder, a teat or gland
cistern is absent but there is a nipple and a cluster of primary and secondary sprouts
for each individual mammary gland. Further growth of secondary sprouts yields
the major ducts that drain groups of alveoli (lobules) in the mature gland. In those
species studied, development of the alveoli is usually restricted to pregnancy. Mam-
mary glands are compound alveolar glands. However, clusters of alveoli and the
ducts that drain them are arranged into units called lobules. The ducts that drain
individual alveoli lead to progressive larger ducts, which connect with the nipple
or teat openings. Within the alveolus, lining epithelial cells are a single cell layer
thick (simple epithelium) but the non-secretory ducts are stratified with two or more
layers of cells. Creation of the lobuloalveolar structure during gestation does not
automatically lead to the onset of milk secretion by the alveolar cells. These cells
must undergo progressive biochemical and structural differentiation to prepare the
cells for onset of copious milk secretion at parturition [3].

A critical question is how early mammary development – fetal, neonatal, peripu-
bertal – can impact future lactational performance. Of course this question is impor-
tant to the dairy industry. In brief, can management decisions and choices, feeding
rate, ration composition, environment (photoperiod, housing, social setting, etc.),
exogenous treatments (GH, early induced lactation), impact either mammary devel-
opment or the functional capacity of the mature mammary gland? The short answer
is yes, but there are qualifiers.

For example, as outlined in several reviews [4, 8, 112, 125], changes in feed-
ing rate and/or diet composition, hormone treatments or endocrine alterations can
alter mammary growth and development in peripubertal heifers and some of these
effects involve alterations in GH- and IGF-I-related hormones, receptors or binding
proteins [9]. However, as discussed subsequently, many of these studies were con-
founded by comparing mammary growth at similar body weight, but differing ages.
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Additionally, it is true that many studies that have demonstrated impacts on mam-
mary development have not necessarily shown effects on subsequent lactational per-
formance. This reflects, in part, the fact that there are relatively few such longitu-
dinal studies and also that mammary development and functionality of the mature
gland may exhibit more plasticity than previously appreciated.

Unfortunately there are markedly less data in cattle compared with rodents to
evaluate impacts of fetal treatments or manipulation on subsequent mammary devel-
opment and function. Nonetheless, there is compelling evidence to indicate that
alterations or insults during fetal development can impact the subsequent develop-
ment of many organs and tissues. Indeed the human literature is replete with epi-
demiological studies linking exposure to various chemicals and subsequent malfor-
mation. In a 1999 review, Hilakivi-Clarke et al. [61] proposed that high fat diets in
human females may produce circumstances that raise maternal estrogen production
and thereby expose female fetuses to conditions that lead to an increased risk of
breast cancer in their daughters. Furthermore, they reviewed both epidemiological
and rat experimental data to support this hypothesis. Of course the focus of this
work was disease risk in humans but if inappropriate development can be produced,
why not mammary impacts that would be beneficial in farm animals?

Mellor [89] reviewed impacts of nutrition on fetal development and mammary
growth during pregnancy but the emphasis was mammary development in the preg-
nant animal. For example, in sheep, prenatal mammary growth in the dam and fetal
growth are linked because the mammary to lamb weight ratio is consistent across a
range of litter sizes and feeding levels. Especially for sheep, this effect is apparently
dependent on the placenta and is believed to be associated with secretion of ovine
placental lactogen (oPL). In sheep, oPL concentration in maternal serum increases
markedly during gestation with maximal sustained concentrations corresponding to
periods of greatest mammary development. Concentration at each stage of gesta-
tion is also positively correlated with placental weight. Placental lactogens (PLs)
have been identified in a number of mammals, including cows, goats, and sheep,
and they have been implicated in mammogenesis, fetal growth, and metabolic alter-
ations to support the fetus. However, as reviewed several years ago [2], the impact
of PLs especially related to mammary development (fetal or maternal) likely varies
markedly in the bovine compared with other ruminants.

Although it is reasonable to predict that nutrition (and other factors) during preg-
nancy impact fetal mammary development, data, especially for farm animals, is
lacking. On the other hand, fetal mammary tissue certainly can respond to known
mammogenic and/or lactogenic hormones. Ceriani [27] showed that fetal rat mam-
mary fragments, taken 17 days after conception and maintained in organ culture,
could be stimulated to produce mammary ducts and initiate mammary secretion.
Specifically, insulin induced growth of the primitive epithelium into the surround-
ing mesenchymal tissue and the effect was increased in the presence of prolactin.
Aldosterone enhanced duct formation and branching as well as appearance of secre-
tions and the effect was enhanced with further addition of prolactin. It is probable
that effects produced by the addition of insulin are actually dependent on IGF-I
in vivo [4]. However, progesterone added with insulin, prolactin, and aldosterone
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further increased growth and induced the appearance of profuse granular secretion.
Interestingly, growth hormone failed to replace prolactin in its growth promoting
capacity. Companion studies [28] demonstrated that secretions produced in response
to hormone additions were casein-like.

We are unaware of similar work with ruminant fetal mammary tissue, but it
is clear that this tissue expresses receptors to important mammogenic hormones.
Knabel et al. [74] provide convincing evidence using RT-PCR, in situ hybridisa-
tion, and immunohistochemistry for expression of growth hormone receptor (GHR)
in the fetal bovine gland. Specifically, GHR was detected beginning in the third
month of gestation through to the ninth month. Moreover, the pattern of distribu-
tion for GHR at the mRNA and protein level was similar. As early as three months
of gestation, GHR mRNA and protein were found in the ductal epithelium, stro-
mal cells, endothelial cells of the vascular system and the epidermis. Forsyth et al.
[49] used in situ hybridisation to characterize temporal and spatial expression of
mRNA for IGF-I, II and IGF-I receptor in female ovine fetal mammary tissue. At
all stages tested (between 10 and 20 weeks of intrauterine life), IGF-I and II mRNA
were expressed in stromal cells of the mammary parenchymal region but appeared
especially abundant in stromal cells adjacent to the epithelium. In contrast, expres-
sion of IGF-I receptor was abundant in the epithelial cells. Expression of IGF-I and
II significantly increased with gestational age and there was a tendency for greater
IGF-I receptor expression during late gestation than early gestation. These examples
suggest that various mammogenic hormones and growth factors normally influence
fetal mammary development. By extension, elements that modulate the endocrine
system have the potential to influence fetal mammary development.

Since the late 1980s, there has been increasing evidence that mechanisms other
than mutation and natural selection can impact gene expression and ultimately tis-
sue and cell development. As reviewed [115] some of these additional mechanisms
include: endosymbiosis, genetic and genomic duplication, polyploidy, hybridisa-
tion, horizontal gene transfer, metabolic imprinting and epigenetics. These seem-
ingly neo-Lamarckian ideas are collectively referred to as genomic creativity. In
part this reflects knowledge that the one-gene/one-protein model is overly simplis-
tic. Individual genes contain multiple exons disrupted by the noncoding introns. An
extreme example, cited by Ryan [115] is for the Drosophila Dscam gene, which
controls axon elongation. This gene has 24 exons, which theoretically can produce
38,000 protein splice variants. Utilisation of exons from one or more genes can also
produce protein isotypes due to alternative splicing. As Ryan concludes, “Evolution
derives from genomic (not solely genetic) novelty, under the influence of natural
selection . . .” As Crews and McLachlan summarize in a review focused on epigenet-
ics and endocrine disruptors [35], “a gene is not expressed in isolation but rather in
the context of other genes, and their products, cells, and tissues in a temporal/spatial
dimension.” In this case, epigenetic imprinting is a term used to describe how estro-
gen (or estrogen-like endocrine disruptors) during development can cause persistent,
long-lived alterations in gene expression and thereby reprogram cell fate as well as
gene silencing. These authors provide compelling arguments and examples to sup-
port the notion that epigenetic mechanisms explain the transgenerational effects of
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hormonally active chemicals linked to the steroid/retinoid/thyroid superfamily of
receptors, e.g. the impact of exposure to diethylstilbestrol during pregnancy on the
incidence of cancer in female offspring. That altered exposure to steroid hormones
during fetal development can impact subsequent development and function should
not be surprising to animal scientists or dairy producers. Problems with malforma-
tion of the reproductive system in females born twin to a male (freemartin) are well
known.

Multiple cellular modifications are known to impact the capacity of DNA (genes)
to be transcribed without altering the nucleotide sequence of the gene. These alter-
ations can include both changes in the DNA and/or changes in DNA-binding pro-
teins. Thus epigenetics is the study of heritable changes in gene expression that
occur without a change in DNA sequence. Examples of such alterations include:
methylation of DNA, active demethylation of DNA, biotinylation of histones, and
ADP-ribosylation of histones and other DNA-binding proteins [100, 116, 142].
It is logical to suggest that changes in histones that modify chromatin struc-
ture or methylation of the promoter region of a gene would likely dramatically
impact gene expression. The key to our discussion is the question of how the
“landscape” surrounding the genes in the developing mammary gland might be
modified to impact future development and lactational performance, as epigenetic
alterations in gene expression are critical events in organogenesis and tissue/cell
differentiation.

Many human diseases are apparently influenced by events during fetal devel-
opment. In Western societies, low birth weight is associated with increased risk
of cardiovascular disease, hypertension, type-two diabetes, and obesity. The devel-
oping concept is that the unfavorable prenatal conditions that produce low birth
weight trigger epigenetic changes that improve the odds of postnatal survival but
have the unfortunate consequence of increasing some disease susceptibility. Rats
treated during pregnancy with diethylstilbestrol exhibit multi-generational suscep-
tibility to uterine cancer, persistent uterine expression of the proto-oncogene c-fos,
lactoferrin, and permanent repression of the Hoxa-10 and 11 genes. Specifically,
CpG sites in the promoter and regulatory regions of the c-fos and lactoferrin genes
are hypomethylated [62]. Gluckman et al. [55] solidified the concept that early life
history directly impacts later disease risk in what they call a DOHaD (“develop-
mental origins of health and disease”) paradigm. The central idea is that DOHaD
reflects a subset of broader mechanism(s) whereby individual genotypic variation
is preserved during varying environmental (internal, external, social, etc.) changes.
Furthermore, signals to drive this plasticity are proposed to be especially promi-
nent in early development and can affect individual organs or systems, and, at least
indirectly, the entire organism.

Given the unique nature of mammary development, i.e. major postnatal develop-
mental milestones (peripubertal, pregnancy, parturition), it is logical that the mam-
mary gland (like other reproductive organs) is liable to have multiple windows of
opportunity to be impacted by “environmental” stimuli. Much of the evidence to
link epigenetics with mammary development or mammary function is focused, not
on variation in normal development and function, but on disease. Meta-analysis of
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multiple large studies has confirmed that human birthweight is positively correlated
with premenopausal incidence of breast cancer [93]. The underlying mechanism(s)
to explain the influence of birthweight on future breast cancer are unknown but is
believed to involve interactions between the number of stem cells in the mammary
gland, steroid hormones and growth factors, and epigenetic events. As a growth
factor example, IGF-II is an imprinted gene, i.e. normally expressed only by the
paternal allele and also expressed predominantly prenatally. Loss of imprinting, i.e.
both alleles active, potentially doubles IGF-II expression. In mice IGF-II impacts the
number of embryonic cells and over expression of IGF-II (transgenic mouse mod-
els) produces enhanced fetal growth and therefore placental development. Because
placental size and birthweight are correlated factors this likely increases placen-
tal steroid production. Thus the fetus is likely to be exposed to more estrogens,
which provides a possible functional link between fetal IGF-II production and birth
weight. Interestingly, biallelic expression of IGF-II is detected in most mammary
tumors (but not adjacent normal mammary tissue) [88].

Epigenetic reprogramming occurs normally during early development as
genome-wide demethylation occurs when germ cells and other specific cell lineages
are established [116]. Methylation markers on imprinted genes of germ cells are her-
itable in the usual sense, but clearly subject to failure.

Similar epigenetic markers on somatic cells are acquired and are likely tissue- or
niche-specific. Success of studies to identify and isolate mammary stem cells have
sparked even greater interest in how changes in the number and activity of these
cells might impact incidence or susceptibility to breast cancer [127, 133, 134, 139].
Logically, many proposed epigenetic mechanisms related to mammary cancer focus
on stem cells because it is hypothesized that many tumors have their origins in stem
cells that are supposed to be especially susceptible to transformation, or that sim-
ply changing the number of available stem cells alters susceptibility by increasing
the number of susceptible targets. Work on bovine mammary stem cells has lagged,
but Capuco and Ellis [24] provided initial putative evidence for morphologically
identifiable stem cells in the bovine mammary gland. A recent report [20], as well
as other unpublished data (Daniels et al.), confirm the existence of BrdU (bromod-
eoxyuridine, a thymidine analog) label retaining cells in the mammary glands of
prepubertal heifers. While it was initially supposed that mammary stem cells were
quiescent, i.e. in G0, it now seems that the long-term label retaining cells remain in
the cell cycle but that the cells divide asymmetrically so that template DNA stands
are retained by the stem cell. A similar phenomenon has been noted in the mouse
mammary gland [134].

From a dairy or animal science perspective is there evidence for epigenetic
involvement to explain differences in mammary development or function? Clearly,
environment of the animal in its broad sense e.g. management, feeding, treatments,
etc. can have an impact on mammary development and future performance but what
are the mechanisms? Park [101] provides an intriguing hypothesis that a long-term
effect of compensatory mammary growth produced by the stair-step nutritional
scheme that he developed (to improve lactational performance in dairy heifers) is
just such an example.
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9.2 Prepubertal Mammary Growth

9.2.1 Nature of Prepubertal Mammary Growth

The secretory and ductular tissues present in the mammary gland are epithelial
tissues collectively referred to as parenchyma. The connective tissues that support
the parenchyma are referred to as stroma, which contains cellular and noncellu-
lar (e.g., collagen, elastin) elements. Cells of the stroma are primarily fibroblasts
and, depending upon stage of development, may contain a considerable number of
adipocytes; however, stroma also contains immune cells that are resident or tran-
sitory, as well as cells of blood vessels and lymphatics. During mammary gland
development, the epithelial ducts grow into the surrounding stroma, which, from
birth until late in first pregnancy, contains many adipocytes and is referred to as the
mammary fat pad.

0

5

10

0 30 60 90 120

Age (days)

Fig. 9.2 Parenchymal tissue
development in Holstein
calves (Akers and Capuco,
unpublished)

Fig. 9.3 Gross bovine mammary gland development at day 45 (left panel) and day 75 (right). Note
the very thin strand of parenchymal tissue adjacent to the teat at day 45 (arrows). One month later
by day 75 there is a dense mass of very evident parenchymal tissue (dashed line). Note that most
of the surrounding stromal tissue has been removed (Akers, unpublished)

At birth, bovine mammary parenchyma consists of a rudimentary duct network
connected to a small cisternal cavity that connects to the teat cistern and ultimately
communicates with the teat duct. At 2–3 months of age, parenchymal growth in
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heifers has been shown to be positively allometric [25, 132], but rapid mammary
growth likely occurs at earlier postnatal stages [45, 91, 91]. The development of
bovine mammary parenchymal tissue between 30 and 90 days of age (n =2 per
stage) is shown in Fig. 9.2. At 30 days of age, it is difficult to detect parenchymal
tissue in the developing udder. The degree of tissue development at this time appears
similar to that observed in bulls [47]. In the region adjacent to each teat, mammary
ducts radiate toward the body wall in a thin arrangement that corresponds with
the future gland cistern. This small amount of parenchymal tissue averages about
150 mg per gland. By approximately 75 days of age, a rounded, walnut-like mass of
mammary parenchymal tissue becomes very evident on palpation (Fig. 9.3). By 90
days of age, this mass of tissue has grown to approximately 10 g (approximately 60-
fold). In relative terms this change does not simply reflect a change of body weight,
which only doubles during this time period.

After puberty, the number of mammary epithelial cells appears to remain rel-
atively stable in nonpregnant heifers, with cyclical changes in cell number and a
degree of lobuloalveolar development during the estrous cycle. Some cumulative
net isometric growth occurs during the first few cycles [132]. In contrast to the
long, infrequently branching ducts and terminal end buds (TEB) of the prepuber-
tal murine mammary gland, ruminant mammary ducts develop as compact, highly
arborescent structures within loose connective tissue. Ductal elongation is accom-
plished through the coordinated growth, branching and extension of terminal ductal
units (TDU) and growth of the loose connective tissue that surrounds the TDU as it
invades the mammary fat pad.

Bovine mammary TDU consist initially of solid cords of epithelial cells that pen-
etrate into the mammary stroma. As the primary cord of epithelial cells within the
TDU (and surrounding loose connective tissue) extends into the mammary fat pad,
the TDU contains 5–10 separate ductule outgrowths arranged around the central
epithelial cord. Each epithelial cord contains approximately 4–8 layers of epithelial
cells. The basal cell layer is populated by undifferentiated cells and presumptive
myoepithelial precursors [25]. These basal cells express cytokeratin-19, but little if
any α-smooth muscle actin. They form a nearly continuous stratum upon which 1–3
additional layers of epithelial cells are typically positioned. However, some of the
cells in the basal layer span the entire distance from the basement membrane to the
mid-line of the ductule [45]. Although the TDU consist primarily of solid epithelial
cords, the subtending ducts contain lumena that are formed by undefined mecha-
nisms. Whereas apoptosis in the trailing region of the terminal end bud seemingly
accounts for lumen formation in murine ducts [67], apoptosis does not account for
duct canalisation in the bovine mammary gland [25]. New TDU are formed as out-
growths from these small newly developed ducts while lumenal spaces enlarge to
form a mature ductal structure.

Mammary gland histology is similar in other ruminants. However, differences are
evident in the histological appearance of the prepubertal porcine mammary gland.
Although the mammary epithelium develops within a sheath of loose connective
tissue, as in the bovine, the developing ducts appear less branched than in rumi-
nant mammary gland. Similar to ruminants, allometric growth of the mammary



9 Mammary Gland Development and Milk Production 269

parenchyma occurs during the prepubertal period and during gestation. In contrast,
the first postnatal phase of allometric growth of the murine mammary gland occurs
peripubertally with onset of puberty at approximately 4 weeks of age and ends at
6–8 weeks of age [19]. Thus, as is the case with other aspects of mammary develop-
ment, rodents are likely to be of limited value as models for mammary development
in farm animals.

9.2.2 Hormonal Regulation of Prepubertal Mammary Growth

Regulation of prepubertal mammary growth is dependent upon a number of hor-
mones (Fig. 9.1) and growth factors, so that regulation is both systemic and
paracrine in nature. Early research indicated that mammary growth during the pre-
pubertal period is primarily influenced by estrogens and growth hormone (GH) or
somatotropin [34, 85, 153].

Estrogen secretion by the ovary is necessary for prepubertal mammary growth in
heifers. Ovariectomy of calves prevents mammary growth and normal mammary
growth can be restored by estrogen administration [153]. This estrogen effect
has been reinforced by studies in rodents, which extended the observation and
demonstrated that estrogens are required for growth and morphogenesis of mam-
mary ducts. Classical endocrine ablation/replacement studies in rats [85] and more
recent estrogen receptor knockout studies in mice [17] indicated that estrogens
are essential for the normal mammary ductal growth that occurs from birth to
sexual maturity. Two major forms of estrogen receptor (ER) exist, and the receptor
that mediates ductal growth and morphogenesis appears to be the ERα isoform
[17] rather than the ERβ isoform [33]. In prepubertal heifers, the predominant
isoform in mammary gland is ERα [25, 31]. ERα is expressed by a portion of
epithelial cells within the parenchymal region of the mammary gland. A small
percentage of cells in the stroma between lobules (i.e., not immediately adja-
cent to epithelial cells) may express ERα, but the stromal cells surrounding the
epithelium do not [25]. Within the mammary fat pad, roughly one-third of fibrob-
lasts and adipocytes express ERα, accounting for the ability of the fat pad to
synthesise IGF-I in response to estrogen stimulation [90]. After estrogen stimu-
lation of mammary growth, proliferating epithelial cells were almost exclusively
(>99%) ERα-negative [25]. Data suggest that epithelial proliferation in response
to estrogen is initiated within ERα-positive epithelial cells of the developing
mammary gland and that the signal was propagated in paracrine fashion to stro-
mal cells and ERα-negative epithelial cells. A paracrine mediation of estrogen-
induced mammary ductal growth is also indicated in mouse mammary gland,
where ERα is expressed in a portion of epithelial and stromal cells. Recent tissue
transplantation studies of epithelium and stromal elements between ERα knock-
out mice and wild-type mice support the conclusion that ERα-positive cells in
the epithelium stimulate growth of mammary epithelial cells through paracrine
mechanisms [86].
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Growth hormone is an essential hormone for normal mammary ductal growth in
rats and mice; the minimal hormone requirement for ductal growth being a combina-
tion of GH, estrogen and adrenal glucocorticoid [72, 85]. In ruminants, GH appears
to be similarly important because administration of exogenous GH stimulates pre-
pubertal mammary growth in heifers and ewes [111, 122]. Many effects of GH on
the mammary gland appear to be mediated by the insulin-like growth factors (IGF),
most prominently IGF-I. Insulin-like growth factor-I has mitogenic effects on mam-
mary epithelial cells of numerous species [9]. Rather than systemic IGF-I, locally
produced IGF-I may be of primary importance for paracrine regulation of mammary
gland function. Additionally, IGF-regulated functions are modulated by local pro-
duction of IGF-binding proteins. Six high-affinity IGF binding proteins (IGFBP-1
to 6) have been identified and nine low-affinity IGFBPs, also known as IGFBP-
related proteins (IGFBP-rp1 to 9), have been identified. Most IGFs are sequestered
into ternary complexes containing IGF, IGFBP-3 or IGFBP-5, and an acid-labile
subunit (ALS) that also serves to regulate IGF availability [18]. Depending upon the
specific IGFBP, the binding proteins may reduce IGF activity by competing with
IGF-receptors for ligand, increase IGF-activity by serving as delivery vehicles to
the target cell, or serve as a reservoir for IGFs, causing their slow release and reduc-
ing IGF turnover. Furthermore, IGFBPs may have activities that are independent of
their interaction with IGFs and are subject to enzymatic modifications that may alter
their various activities.

In addition to actions of estrogen and GH/IGF-I on prepubertal mammary
growth, a number of growth factors are likely to be modulating mammary growth.
Members of the epidermal growth factor (EGF) family are known to be key
regulators of rodent mammogenesis. Stromal cells produce EGF and it serves as
an important paracrine regulator of ductal elongation in mice, as indicated by the
fact that ductal elongation does not occur in EGF-receptor knockout mice [157].
Amphiregulin, an EGF-receptor ligand, is highly responsive to estrogen and has
been proposed as a paracrine mediator of ERα signaling [86, 138]. Other EGF
family members, such as TGFα and TGFβ appear to serve in various capacities to
stimulate or inhibit growth, ductal branching, and differentiation in rodents [42] and
heifers [106, 107]. Other growth factors, such as hepatocyte growth factor/scatter
factor (HGF), keratinocyte growth factor (KGF), may also regulate of mammogene-
sis in cattle [112]. The roles of these growth factors, their regulation and interactions
with other regulators of mammogenesis continue to be an area of intense research,
as it is clear that potentially important interactions occur. For example, there is evi-
dence for interactions between the GH/IGF-I and estrogen axes. Growth hormone
fails to stimulate ductal growth in ovariectomised heifers [111], estrogen enhances
GH-induced production of IGF-I by mammary stroma [72] and GH induces ERα

expression [46, 73] in rodents. Because of the importance of both GH and estrogens
in mammogenesis, greater understanding of these interactions is critical to a more
thorough understanding of mammary growth.

In a recent experiment, we identified estrogen-responsive genes in the prepubertal
bovine mammary gland [80]. After 54 hours of estrogen treatment, gene expression
was analyzed in the parenchymal tissue (but also containing stroma) and fat pad
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(stroma only) using a high-density oligonucleotide microarray representing approx-
imately 45,000 bovine unique sequences/genes. A total of 124 genes were noted to
be estrogen responsive, many of which were not previously categorised as estrogen-
responsive genes. Of particular note is the finding that the genes regulated in the
fat pad and parenchymal portions of the mammary gland were mostly distinct. Of
the 124 responsive genes only 16 were concomitantly regulated in both the fat pad
and the parenchyma. Data are consistent with the observed increase in epithelial
proliferation. The pattern of gene expression was consistent with a general turnover
of extracellular matrix (ECM) in the parenchymal region and deposition of ECM in
the fat pad. This would facilitate the penetration of mammary epithelium into the
fat pad, which occurs within a sheath of connective tissue. Data also demonstrate
that estrogen treatment induces expression of IGF-I transcripts in both the mammary
parenchyma and fat pad, with the greatest response in the fat pad [90]. This supports
the concept that IGF-I is intimately related to estrogen stimulation of cell prolifera-
tion within the mammary gland [9, 66] and that the fat pad modulates proliferation
of the neighboring epithelium [80, 90].

9.2.3 Mammary Stem Cells

It is generally accepted that mammary stem cells are responsible for mammary
growth and development, as well as the turnover and regeneration of mammary
epithelial cells for the life of the organism. Evidence for the existence of mam-
mary stem cells is largely derived from mouse studies. Transplantation experiments
have shown that isolated segments from any portion of the developing or lactating
mammary gland are capable of regenerating a complete mammary ductal and alve-
olar network [40, 64, 136]. Experiments by Kordon and Smith [75] showed that
an entire mammary gland could be regenerated with the progeny of a single cell.
Recently, multiparameter cell sorting techniques have been used to isolate murine
mammary stem cells, capable of regenerating the mammary gland from a single cell
[127, 139]. In human breast, the existence of mammary stem cells is supported by
the observations that entire mammary lobules are often comprised of cells show-
ing identical X-inactivation patterns [144] and from cancer studies where mammary
tumors comprised of a variety of cell types are frequently found to be of clonal
origin [44, 135, 143].

Epithelial stem cells have been shown to retain labeled DNA strands for extended
periods of time [14, 97, 108]. This retention of label was suggested to be due to
segregation and selective retention of template DNA strands by stem cells undergo-
ing asymmetric division [108, 109, 128, 134]. Division of a stem cell to produce a
stem cell and a more differentiated cell progeny is termed asymmetric division, and
division to form two stem cells is termed symmetric division. For example, selec-
tive retention of template DNA strands occurs during asymmetric division of adult
murine intestinal crypt cells.

Studies of stem cells and progenitor cells in bovine mammary gland have been
limited. We previously demonstrated that proliferative cells in prepubertal bovine
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mammary glands displayed light cytoplasmic staining and were ERα-negative
[25, 45]. We suggested that the most undifferentiated population of cells likely con-
tains mammary stem cells or primitive progenitor cells. However, because this pop-
ulation accounts for approximately 10% of mammary epithelial cells prepubertally,
it undoubtedly contains more than epithelial stem cells. Recently, we adapted a pro-
cedure to identify and characterise putative bovine mammary stem cells based upon
their ability to retain labeled DNA for extended periods. These label-retaining cells
were evident in the prepubertal bovine mammary gland. We showed that these cells
were cycling, both ERα-positive and ERα-negative and were of epithelial lineage
[20]. Data are consistent with identification of putative mammary ERα-negative
stem cells and ERα-positive progenitor cells. The methodology provides a mech-
anism to further characterise these putative stem cells and to evaluate factors and
physiological events that might alter stem cell number. However, additional research
is necessary to characterise the epithelial lineage in bovine and other livestock
species. In addition to stem cells, progenitor cells with more limited division and dif-
ferentiation capacity are evident [24]. Increased knowledge about the characteristics
of stem cells and progenitor cells during mammary development can lead to man-
agement schemes that enhance livestock productivity and profitability. The ability
to regulate mammary gland development has clear application to rearing heifers or
other livestock species in a manner that supports maximal lactational performance,
and ample renewal of mammary progenitor cells may be key to eliminating or short-
ening the dry period, and to achieving a more persistent lactation by promoting cell
turnover and maintenance of mammary epithelial number during lactation. [22, 24].

9.2.4 Effect of Prepubertal Level of Nutrition on Future Milk
Production

Rapid rearing of replacement dairy heifers has the potential to increase dairy
profitability by bringing heifers to puberty and milk production at an early age. This
reduces the time period during which the heifer produces no revenue. However,
rapid rearing during the prepubertal period can result in decreased milk production
[125] and calving difficulty [63]. Data indicate that overfeeding during the prepu-
bertal period causes deposition of mammary fat and reduced mammary epithelium
at puberty [124]. This has led to the hypothesis that impairment of prepubertal
mammary growth causes a lifetime reduction in the number of mammary secretory
cells and hence lactation potential. However, this hypothesis remains controversial
and recent evidence indicates that epithelial growth is not reduced by a high plane
of nutrition [91, 92]. It has also been suggested that prepubertal overfeeding may
cause a permanent adjustment in nutrient partitioning within the animal, resulting
in a propensity toward fat deposition rather than lactational performance [26, 51].
Finally, it has been suggested that lactational effects of prepubertal nutrition can
be largely attributed to effects on skeletal growth and body weight [30, 63, 87].
These hypotheses are not mutually exclusive and effects of prepubertal nutrition on
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lifetime production may be a consequence of more than one of these factors, which
in turn may be influenced by other management factors.

Because nearly one-third of dairy cows are replaced yearly at a cost that exceeds
four billion dollars, this area of research is of considerable interest to the dairy
cattle industry. Rapid rearing of other species used for milk and meat production
is a common management practice and implications of these rearing practices to
milk production and growth of suckling offspring are of similar interest. However,
because this research in domestic animals is costly, the time required lengthy and
the problem complex, a clear understanding of the relationship between prepubertal
rate of gain, mammary gland development and resulting milk production remains
elusive.

Compared with rates of gain and related body condition in many neonates, dairy
calves are reared on milk replacers and feeding rates that produce lean animals with
minimal body fat reserves. Some dairy nutritionists have questioned the wisdom
of this approach from an animal health and performance viewpoint. Although a
high rate of gain in the period closer to puberty may or may not have negative
impacts, there is increasing evidence that higher rates of gain and body condition
during the neonatal period prior to weaning may have a positive impact on mammary
development and subsequent lactation performance.

9.2.4.1 Prepubertal Mammary Growth and Future Milk Production

Milk production of heifers calving at an early age is low [50, 82, 141] and may be
related to high energy intake to permit early breeding [82]. Other studies indicated
that high energy consumption prepubertally, but not postpubertally, reduces growth
of mammary parenchyma [119, 124]. This prepubertal period of sensitivity appeared
to coincide with the phase of allometric mammary growth, suggesting a time-frame
of critical mammary development. Examination of a number of hormones that are
known to affect mammary growth and development led to the finding that serum
concentrations of growth hormone (GH) are reduced in prepubertal heifers on a
high plane of nutrition [124] and concentrations of plasma leptin increased [16].
GH is required for ductal growth in rodents and prepubertal administration of GH
increased the amount of mammary parenchyma in the bovine [122]. Intramammary
leptin infusions have blocked epithelial cell proliferation in the prepubertal bovine
mammary gland [130]. These observations have led to the hypotheses that elevated
nutrient intake reduces prepubertal mammary development by impairing epithelial
cell proliferation because of reduced circulating growth hormone [123, 126] or ele-
vated circulating levels of leptin [131].

It has been hypothesised that decreased parenchymal tissue at puberty equates to
reduced lifetime milk production. However, this relationship has not been tested rig-
orously. Although Harrison et al. [59] demonstrated a permanent reduction in mass
and morphology of mammary parenchyma as a consequence of rapid prepubertal
weight gain; only one study [26] has quantitatively assessed the influence of diet
on both prepubertal mammary development and on subsequent milk production. Of
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particular importance is the recent demonstration that that proliferation of prepu-
bertal bovine mammary epithelial cells and parenchymal DNA accretion rate are
not negatively impacted by elevated nutrient intake [91]. In fact, a trend towards
increased epithelial cell proliferation in response to elevated nutrient intake was
observed in first few months of life (i.e. before 3 months). The lack of effect of
elevated nutrient intake on these parameters of prepubertal mammary development
occurred despite increased plasma leptin and altered nutrient deposition [92]. These
data demonstrated that the developing mammary parenchyma is largely refractory
to subtle changes in homeorhetic signals involved in coordinating changes in nutri-
ent partitioning that are brought about by elevated nutrient intake. Finally, because
age at slaughter described most of the variation in parenchyma DNA observed in
this experiment, age at slaughter appears to be the single greatest determinant of
prepubertal mammary development and therefore appears to have been a confound-
ing factor in studies that evaluated the impact of nutrient intake at a constant body
weight (i.e. age differential across treatments).

Most studies dealing with effects of overfeeding dairy heifers prepubertally have
utilised high concentrate diets. Potential effects of diet composition during the pre-
pubertal period of mammary development have received limited attention [26, 113,
121, 151]. In addition to feed and energy intake, diet composition may alter energy
deposition, influence secretion of key hormones or tissue responsiveness, and pro-
duce permanent effects on development of mammary and adipose tissues.

Waldo and colleagues evaluated the impact of two diets and rates of gain on
mammary growth and first lactation milk yields [26, 151, 152]. The diets compared
were alfalfa or corn silage based diets, which differed in protein and energy con-
tent. The alfalfa silage diet contained 22% crude protein and 3.1 Mcal of digestible
energy/kg of DM, whereas the corn silage diet provided 16% crude protein and 3.4
Mcal of digestible energy/kg DM. Differences in fat deposition were clearly evident
in both carcass and mammary gland composition. More fattening occurred in corn
silage- than alfalfa silage-fed heifers and puberty was accelerated in the corn silage
group. Greatest fattening occurred in heifers fed the corn silage diet for acceler-
ated growth, and mammary parenchymal growth was reduced in this group. In the
study, slaughter was at a constant physiological age (second estrous cycle) rather
than chronological age. Decreased mammary parenchymal growth was correlated
with reduced concentrations of GH in the circulation. Concentrations of IGF-I in
the circulation were greatest in the group with reduced GH and parenchymal growth
(accelerated growth rate, corn silage-fed), arguing against IGF-I mediated regulation
of mammary ductal growth.

Although accelerated rearing of heifers on a corn silage-based diet caused
excessive body fattening and had a negative impact on mammary parenchymal
growth, there was no decline in first lactation milk yield. Assuming that impaired
mammary growth prepubertally accounts for the reduced milk production accom-
panying accelerated rearing on some experiments, one might hypothesise that there
was compensatory mammary growth in the Waldo study. This is possible, for the
mammary gland exhibits a degree of plasticity, as evidenced by the compensatory
growth and development of glands adjacent to a blind quarter (i.e., a quarter without
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a teat that connects to the lactiferous sinus, resulting in atrophy of that gland). In
fact, data indicate that a degree of compensation occurs even in those experiments
where a permanent effect on milk production has been observed. The inhibition of
mammary growth and cell number during the prepubertal period has been of greater
magnitude than the negative impact on milk production observed in later life. High
energy intake during the prepubertal period has been reported to reduce mammary
cell number at the end of the allometric phase of mammary growth by 30–45% [26,
121, 124], whereas the milk production deficit reported for non-contemporaneous
heifers reared with similar accelerated rates are in the order of 7–14% for recent
investigations using modern U.S. Holsteins [78, 113]. Although data are consistent
with the concept that accelerated rearing of dairy heifers can induce excessive fat-
tening and reduced mammary development at puberty, data relating to the impact
of these prepubertal events on mammary cell number and function during ensuing
lactations are needed.

It has been suggested that crude protein is a limiting factor for developing accel-
erated heifer rearing programs [147, 149]. By supplying a diet of high protein and
energy from 4 months of age until luteal phase of the fifth estrous cycle, Radcliff et
al. increased growth rate to 1200 g/d (controls at 800 g/d) without negatively impact-
ing mammary development, and reduced age at puberty without impact on BW or
skeletal size at puberty [114]. Administration of GH to heifers on either high-gain
or control diets increased BW, skeletal size and mammary growth (47%). In a sub-
sequent experiment [113], heifers were reared on analogous diets for BW gains of
800 vs. 1200 g/d. A third group of heifers reared on the high-gain diet were injected
daily with GH (25 μg/d). Heifers were bred after body weight exceeded 363 kg and
treatments (dietary and GH) were continued until pregnancy was confirmed. Heifers
in both high-gain groups were 90 days younger than control heifers at first breed-
ing and parturition. Postpartum body weight, body condition score and skeletal size
did not differ among treatments. Milk production of heifers reared for high rate of
gain produced 14% less milk than heifers reared at the standard rate of gain, even
though the diet was formulated for high protein content. However, GH treatment
prepubertally prevented the decline in milk production observed in the high-gain
group. These results were contrary to expectations. In light of results from their first
experiment, it was hypothesised that the high-gain group would not produce less
milk than heifers in the low gain group and that GH injection would increase milk
production beyond that of heifers on the standard diet.

Van Amburgh et al. [146] evaluated the impact of body weight gain and dif-
ferent sources of protein (fed at 18% crude protein) during the prepubertal period.
Three growth rates were employed from 90 to 320 kg of body weight: 600, 800
and 1000 g/d. Among diets, energy was balanced to achieve the target rates of
gain, and protein was formulated to meet ruminal nitrogen requirements and to
exceed the tissue requirements. Ages at first calving were 24.5, 22.0 and 21.3
months for heifers reared at 600, 800 and 1000 g/d, respectively. First insemination
occurred when heifers weighed 340 kg. Without regression analysis, heifers reared
at 1000 g/d produced 9% less milk than those reared at 600 g/d. However, when
calving weight was taken into account, there was no difference in milk production
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due to rate of gain or protein source. Post-treatment factors, such as postcalving
weight, accounted for more variation in milk yield than prepubertal body weight
gain. This of course emphasises the importance of postpubertal heifer management.
However, the impact of accelerated postpubertal body weight gain has provided con-
flicting results. Finally, no effects of prepubertal dietary treatments were detected for
milk yield of cows in second lactation.

Another recent study evaluated the effects of accelerated gain (700 vs. 1000 g/d)
and estrogen (estradiol) treatment prepubertally (4.5–9.5 months of age) on mam-
mary development and milk production [78, 79]. The experimental rationale was
to determine if estrogen treatment could be used to increase prepubertal mammary
growth and overcome potential negative effects of accelerated body growth on milk
production. Only indirect, non-invasive measurements of mammary development
were employed. Although data suggested that estrogen treatment enhanced mam-
mary development during the treatment period, the effects were subsequently lost.
Consistent with its apparent increase in mammary gland growth, estrogen treat-
ment increased circulating concentrations of GH and IGF-I during the treatment
period. However, both accelerated rate of gain and estrogen treatment prepubertally
decreased first lactation milk yield (7.1 and 5.2%, respectively), with heifers being
of similar body weight at calving regardless of treatment.

Knowledge of the interactions between rate of gain, the GH/IGF axis and
estrogen axis are essential to our understanding of prepubertal development. We
and others have hypothesised that a negative impact of accelerated heifer rearing on
mammary development may be partly mediated by estrogen. As summarised ear-
lier, GH stimulates ERα expression. Consequently, decreased GH concentrations
in high-gain heifers may cause decreased expression of ERα in epithelial cells and
a reduction in epithelial sensitivity to the mitogenic effects of estrogen. A recent
study evaluating the impact of GH treatment on ERα expression, found no change
in the percentage of cells expressing ERα by immunohistochemistry, but protein
and transcript levels were not evaluated [13]. In another recent study, ERα tran-
script abundance and immunohistochemical staining were consistent with the drop
in mammary epithelial cell proliferation and parenchymal accretion observed over
development, but did not support a negative effect of nutrition on parenchymal
growth [91, 92].

If underlying changes by which alterations in mammary growth prepubertally
exert effects on subsequent lactation are subtle, perhaps greater insight can be gained
by knowledge of the underlying proliferative population in the prepubertal bovine
mammary gland. We recently characterised the proliferative epithelial populations
on the basis of BrdU labeling and differential staining characteristics [45]. The
proliferative populations in the prepubertal bovine gland consist of two classes of
lightly staining cells in histological sections that may reflect adult stem cells and
their progeny of progenitor cells. Total number or lineage of these cells may be
altered by nutritional “overfeeding” so that their ability to fully populate or main-
tain a cohort of fully differentiated secretory cells in the mammary gland throughout
lactation is impaired. Further characterisation of these progenitor cells and their reg-
ulatory mechanisms may provide opportunities to alter proliferation and cell renewal
in prepubertal and mature cattle [24].
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9.2.4.2 Body Growth and Milk Production

A goal of rearing replacement dairy heifers is to decrease the interval from birth
to first calving, but to do so while promoting skeletal growth and minimising neg-
ative impacts on lactation potential. It is well established that there is a positive
relationship between body weight at calving and milk production in first lactation
dairy cows [30, 58, 63]. First lactation milk yield appears to be maximal for Hol-
stein heifers weighing between 590 and 635 kg at calving [70]. Furthermore, ade-
quate skeleton size is needed to minimise dystocia during the first parturition and is
more positively related to first lactation milk yield than body weight [87, 129]. The
majority of skeletal growth occurs during the prepubertal period [60] when rates
of withers and hip height growth are as much as 3-fold greater than after puberty
[12]. Relative rates of skeletal growth as measured by changes in withers or hip
height decrease gradually over time from as much as 5 cm/month at 2 months of age
to around 1 cm/month during the post-pubertal period [60]. This suggests that the
greatest opportunity for enhancing skeletal growth is during the prepubertal period.
Increases in rates of skeletal and body weight in prepubertal dairy heifers can be
achieved by increasing the energy density of diets. However increasing body weight
gain above 1 kg/d reduces mammary parenchymal tissue and increases mammary
fat deposition [26, 124], and both factors are associated with lower milk production
during the first lactation. Thus methods to increase skeletal growth rates without
increasing fat deposition might provide appropriate strategies to accelerate growth
without potential implications of accelerated growth on mammary development.

Somatotropin, particularly when used in the presence of increased intestinal pro-
tein such as abomasal infusion of casein [65], has been shown to enhance N retention
in Holstein steers, suggesting that lean tissue and possibly skeletal deposition may
be enhanced by combined treatment with recombinant bovine somatotropin (bST)
and dietary rumen undegradeable protein (RUP). Previous studies demonstrated that
prepubertal treatment with bST enhances mammary growth [81, 120] and increases
withers height at puberty [56, 114]. Thus, bST in combination with added RUP
might provide a practical means to optimise skeletal growth rates during the prepu-
bertal period without having negative impact on mammary development.

This provided the objective of a study to test effects of dietary rumen-
undegradable protein (RUP) and administration of recombinant bovine soma-
totropin (bST) during the prepubertal period on mammary growth, skeletal growth
and milk yield of dairy heifers [23, 95, 96]. Seventy-two Holstein heifers were
used in the experiment. At 90 days of age, 8 heifers were slaughtered before initia-
tion of treatment. Remaining heifers were assigned randomly to 1 of 4 treatments.
Treatments consisted of a control diet (5.9% RUP, 14.9% CP, DM basis) or RUP-
supplemented diet (control diet plus 2% added RUP) with or without 0.1 mg of
bST/kg of BW per day applied in a 2 × 2 factorial design. A total of 6 heifers
per treatment were slaughtered at specific chronological ages (3 each at 5 and 10
months) for mammary tissue and body composition analysis. Remaining heifers
were bred to evaluate impact of treatment on subsequent milk yield and compo-
sition. Mammary parenchymal growth (mass or epithelial cell proliferation index)
was not affected by RUP or bST treatment, nor was mammary gland composition
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[23]. Neither deleterious effects of increased rates of gain nor positive effects of
bST were evident in prepubertal mammary growth. Subsequent milk production
and mammary composition did not differ among treatments [23]. Growth curves
showed that effects of RUP on rates of body weight and skeletal growth (height at
withers and hip) were greatest from 90 to 150 days of age and diminished there-
after, suggesting that protein was limiting during this time period [95]. Conversely,
bST effects tended to be greater as the heifers approached puberty, but only in the
presence of added RUP. Age at puberty was not affected by treatment, averaging
314 days of age across treatments. From 314 to 644 days of age, rates of BW, and
skeletal growth were similar among treatment groups. However, treatment differ-
ences present at 314 days of age persisted through 644 days of age, more than 10
months after treatments ceased. The results from this experiment suggest that pro-
tein during the early postweaning period and bST during the 200–300 days of age
period just prior to puberty could be used to accelerate simultaneous increases in
both body weight and skeletal growth rates in dairy heifers without reducing age
at puberty [95]. Additionally, there were no treatment effects on rates of body fat,
protein, and energy deposition [96]. This suggests that nutritional and endocrine
manipulations of prepubertal heifers could increase growth rates of skeletal tissues
without increasing fat deposition or altering mammary growth and subsequent milk
production.

9.2.4.3 Nutritional Imprinting and Milk Production

Prepubertal dietary regimen may influence secretion of key hormones or tissue
responsiveness, thus producing permanent effects on development of mammary and
adipose tissues or endocrine controls of lactogenesis and lactation. Certainly nutri-
tional deficiencies can influence the lifetime function of an organ, such as the brain,
by failure to supply necessary nutrients for complete development of the organ in
question. However, it has been suggested that nutrients might serve as critical signals
for more subtle developmental effects, such as by affecting stem cell proliferation
and thereby permanently altering the cellular composition of a tissue or organ [83].
Lifetime metabolic patterns may be altered. For example, rats fed low protein diets
during gestation gave birth to pups with greater gluconeogenic capacity [41], an
early postnatal shift in energy supply to suckling rats from a fat-rich milk to carbo-
hydrate rich caused metabolic programming that resulted in permanent hyperinsu-
linemia, adult onset diabetes and obesity [137], and protein restriction of suckling
dams caused a permanent alteration in lipid metabolism of the neonate, resulting
in permanent reductions in cholesterol and triacylglycerol concentrations [84]. The
critical windows for these effects are restricted to the period of gestation or early
postnatal life. However, it is possible that nutrition during pregnancy may impose
imprinting effects on mammary gland function of the dam, for this is a critical period
of allometric mammary growth and tissue differentiation. This latter aspect will be
discussed in the subsequent section dealing with pregnancy.

Whether metabolic programming occurs in livestock species has received scant
attention. An experiment was designed to evaluate the effects of rate of body weight
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gain and type of silage before puberty on the partitioning of excess dietary energy
between synthesis of milk and body weight gain [51]. Cows that had been fed at two
rates of gain (725 vs. 950 g/d) from 175 to 325 kg of body weight on an alfalfa or
corn silage based diet were used. Lactating cows were switched from a control to
a high-energy diet according to a double-reversal experimental design with 6-week
periods. Neither body weight gain nor diet influenced the magnitude of change in
DMI, milk yield, milk composition or circulating hormone concentrations. These
data argue against a metabolic programming induced by accelerated heifer rearing.
However, because there was no effect of the prepubertal treatment on milk yield, the
results do not fully address whether metabolic programming can explain potential
reductions in milk yield from heifers subjected to accelerated prepubertal growth
rates.

Park and colleagues have developed and utilised a nutritional regimen for rearing
heifers, which capitalised on the nature of compensatory growth [48, 102, 103] and
suggest that the lasting benefits on milk production are due to epigenetic effects of
the heifer rearing program [101]. The regimen alternated periods of energy restric-
tion with periods of realimentation, to achieve high rates of body and mammary
growth. During dietary energy restriction, energy costs were reduced due to reduc-
tion of metabolic processes that are not essential for growth. Realimentation then
induced compensatory growth, i.e. growth with reduced maintenance requirements
and altered endocrine status resulting in deposition of leaner tissues. The proposed
program included three phases of compensatory growth, referred to as stair-steps.
The first stair-step occurred prepubertally and consisted of energy restriction [17%
crude protein and 2.35 Mcal/kg of ME] for 3 months followed by realimentation
(12% crude protein and 3.05 Mcal/kg of ME) for 2 months. The second step was
puberty to breeding and consisted of energy restriction for 4 months followed by
realimentation for 3 months. The third and final step occurred during pregnancy,
with energy restriction for 4 months and realimentation for the final 2 months of
gestation. Animals reared on the stair-step program produced more milk than con-
trols during ensuing lactations. The increase was approximately 6% for beef heifers
[103] during their first lactation and 21% or 15% for dairy cows [48] during first and
second lactation, respectively. The persistence of increased milk production across
lactation cycles suggests that maintenance of altered gene expression in mammary
cell progeny is due to epigenetic factors, such as gene methylation or histone modi-
fication. Indeed, reduced DNA-methylation was observed in Holstein heifers during
the gestational phase of compensatory growth [29].

9.2.5 Effect of Biologically Active Agents in Feed

9.2.5.1 Phytoestrogens

Phytoestrogens are nonsteroidal plant molecules that exhibit estrogenic or anti-
estrogenic activity. There are three primary classes of phytoestrogens: isoflavanoids,
lignans, and coumestans. The most widely studied dietary phytoestrogens are the
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soy isoflavones and the flaxseed lignans, which have primarily been evaluated with
regard to human health and breast cancer risk [145]. These compounds typically
bind to both ER isoforms with affinities for ERα that are far less than those for the
primary endogenous ligand, estradiol-17β, but with an affinity for ERβ that may be
nearly equal to that for estradiol-17β [71, 76]. The relative affinity for ER isoforms
depends upon the specific phytoestrogen, which may therefore act as a selective
estrogen receptor modulator (SERM). In addition to the ERα and ERβ isoforms
of the estrogen receptor, there is a related orphan receptor, known as estrogen-
related receptor (ERR), which exists in three isoforms, α, β, γ [52]. Flavone and
isoflavone phytoestrogens are agonists of ERRα [140]. The nature of the response
to ligand binding by nuclear receptors is determined by the structure of the lig-
and, the receptor subtype involved (ERα, ERβ, ERRα, ERRβ, ERRγ), the nature
of the hormone-responsive gene promoter, and the balance of co-activators and co-
repressors that modulate these cellular responses in the tissue [69]. Additionally,
whether the response to a phytoestrogen is viewed as estrogenic or anti-estrogenic
depends upon the concentration of the phytoestrogen and of endogenous estrogens
(Fig. 9.1).

Expression of estrogen receptor isoforms in mammary tissues of domestic ani-
mals has not been fully evaluated. However, in bovine mammary gland, ERα is
the predominantly expressed isoform throughout mammary development, with little
or no expression of ERβ mRNA [31, 117] or protein [31]. Because ERRα is also
present in bovine mammary gland throughout all developmental stages evaluated
[31], the bovine mammary gland appears capable of responding to phytoestrogens
through ERα- or ERRα-mediated pathways. ERRα is probably expressed in mam-
mary tissues of other ruminants and other domestic species (as it is in rodent and
human mammary tissue); however, the relative importance of ERβ as an estrogenic
transcription factor in these various species remains to be determined.

Because circulating concentrations of phytoestrogens may exceed those of
endogenous estrogen, they may have a significant impact on mammary gland
growth and differentiation. For example, concentrations of isoflavones in plasma
of Japanese women, consuming a typical Japanese diet that is high in isoflavones,
may contain five-times the concentration of isoflavones as estradiol-17β (700 vs.
150 nM) and plasma of infants consuming soy milk may contain 7000 nM phy-
toestrogens and undetectable levels of estradiol-17β [11]. Considering the quan-
tity of phytoestrogens consumed by cattle and other livestock species, mammary
developmental processes are likely to be influenced or perhaps even depend upon
dietary phytoestrogens (Fig. 9.1). The low concentration of endogenous estrogens
in ruminants also suggests that estrogenic effects of phytoestrogens will predomi-
nate over antiestrogenic effects in these species. Indeed, a well-documented effect
of isoflavone consumption is reproductive disorders reported for sheep consuming
clover [1]. Reproductive disorders in cows and sheep resulting from consumption
of forages that are high in phytoestrogens are typically due to impaired ovarian
function, which is reversed 4–6 weeks after consumption of the estrogenic forage
is discontinued. Mammary hypertrophy and mammary secretions are often evident
along with the ovarian dysfunction. Prolonged consumption of forages that are high
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in phytoestrogens can lead to permanent infertility due to impaired function of the
cervix [1].

Rodent studies have been employed to evaluate the impact of early consump-
tion of dietary isoflavones on mammary carcinogenesis. Prenatal administration of
genistein (the primary and potent isoflavone in soybean) to the dam or neonatal
administration to the pups reduced the induction of mammary tumors in the pups
subsequent to DMBA treatment at 50 days of age, an effect that has been attributed
to increased differentiation of the mammary gland prior to DMBA administration
[77]. Similarly, neonatal diets of soy protein isolate (containing isoflavones) ren-
dered rats less susceptible to mammary carcinogenesis, even when challenged with
DMBA (28 days of age) prior to any apparent effects on tissue growth and differ-
entiation [11]. Of relevance to animal agriculture, is not only the effects on mam-
mary growth and differentiation, but the implication that isoflavones produce last-
ing effects on mammary gland progenitor populations and hence life-long effects on
regulation of mammary growth [11, 77].

9.2.5.2 Mycotoxins

Molds can interfere with animal performance by reducing the nutritional value
and palatability of feed, but more importantly by producing secondary metabolic
byproducts known as mycotoxins. The mycotoxins cause noninfectious diseases or
mycotoxicoses, but also can have endocrine disruptive effects on animals that con-
sume tainted feed. Major mycotoxins that impair growth and reproductive efficiency
of livestock are aflatoxins, trichothecenes (includes T-2 toxin, deoxynivalenol,
diacetyscerpenol) fumonisins, ochratoxins, zearalenone and ergot alkaloids. Mold
infection of crops may occur in the field or in storage. In addition to the impact on
animal productivity, risk to human health from mycotoxin residue in milk or meat
is a potential concern.

The severity of toxicity resulting from consumption of mycotoxins is dependent
upon the mycotoxin, its concentration, mode of action, duration of exposure, as well
as the species, age and physiological state of the animal ingesting the contaminated
feed. Ruminants are generally more resistant to mycotoxins than are monogastic
mammals [158], seemingly due to the ability of rumen microbes to metabolise the
toxins. Among monogastrics, swine appear to be particularly sensitive (for review
see [68]). Clinical symptoms of mycotoxicoses vary according to the toxin and
species of animal. For example in swine, Fumonsisin B1 can cause hepatotoxic-
ity, pulmonary edema, heart and respiratory dysfunction, and death [43]. In cattle
symptoms of mycotoxicoses are typically nonspecific, including reduced feed intake
and milk production, poor body condition, rough hair coat, immunosupression
and reproductive problems [68]. Symptoms of mycotoxicoses typically disappear
shortly after ingestion of the mycotoxins is reduced. However, effects on mam-
mary development may produce lasting effects on lactational performance. Because
immunosupression may result from ingestion of mycotoxins, and this often involves
reduced cellular immunity, macrophage migration and phagocytosis [68, 94, 148], it
is possible that mycotoxicoses during phases of mammary development can impair
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future productivity. This hypothesis is based on the importance of mammary gland
macrophages to mammary development [118]. Effects on mammary gland develop-
ment and differentiation are clearly evident for mycotoxins that exhibit estrogenic
or endocrine disruptor activities, such as zearalenone and ergot alkaloids.

Zearalenone is an estrogenic mycotoxin produced primarily by fungi of the
Fusarium genus, which contaminate cereal crops throughout the world [159]. Zear-
alenone is rapidly biotransformed and excreted by animals (for reviews see [68,
159]). Key biotranstransformations include the formation of reduced metabolites,
α-zearalenone and β-zearalenone, which have increased estrogenic activity, and the
conjugation of zearalenone and its metabolites with glucuronic acid, which facili-
tates excretion. Additional metabolites, including α- and β-zearalenol, are formed;
with the profile of zearalenone metabolism depending upon the animal species.
Although rapidly excreted, concentrations of zearalenone and its metabolites are
typically undetectable in milk (< 0.5 ppb; [110]).

Biological effects of zearalenone and its metabolites appear to occur primarily
via interaction with estrogen receptors. In this regard, affinity by the rat uterine
estrogen receptor-α for these mycotoxins is in the order: α-zearalenol > α-
zearalenone > β-zearalenol > zearalenone > β-zearalenone [159]. The α-zearalenol
metabolite has been used as an anabolic feed additive (Ralgro) for sheep and cattle.
Investigations have demonstrated estrogenic properties of zearalenone in the feed.
Although concentrations are typically low, severe contamination can occur, with
ensuing adverse effects on livestock. Pigs are most sensitive, and effects can be
detected at 1.5 – 3 mg/kg diet [37]. In gilts, zearalenone can cause vulvovaginal
swelling, anestrus or lengthened postpartum anestrus. During pregnancy, zear-
alenone reduces embryonic survival and can decrease fetal weight; however, effects
on mammary development and lactational performance have not been reported.
Because cattle are less sensitive than pigs to zearalenone, more highly contami-
nated feeds are necessary to produce adverse effects [154, 155]. Zearalenone con-
tamination of corn (1.5 mg zearaleonone and 1.0 mg deoxynivalenol/kg of feed)
increased incidence of behavioral estrus, vaginitis, and a reported increase in prepu-
bertal mammary gland development when fed to dairy cattle [32]. Zearaleonone has
also been implicated as an agent producing infertility in sheep and cattle grazing
on pasture in New Zealand [37]. The impact of zearaleonone on mammary gland
development and milk production has received little attention. However, the poten-
tial for such effects is evident when contamination is sufficient, or perhaps when
augmented by interactions with other mycotoxins or phytoestrogens in the diet.

Ergot alkaloids are produced by ubiquitous ergot fungi (Claviceps species) that
are parasitic to cereals and by grass endophytes (Epichloe, Neotyphodium and
Balansia species) that are found in pastures grasses. The ergot alkaloids produce
varied physiological effects resulting from their interactions with neuroreceptors
and endocrine disruption. The variety of effects of ergot alkaloids result from
their actions as partial agonists or antagonists at adrenergic, dopaminergic, and
tryptaminergic receptors, with the effect depending upon the specific ergot alka-
loid and its concentration as well as the animal species, tissue and physiological
state. Generally, these compounds promote vasoconstriction and uterine contraction
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[39]. Acting as a dopamine agonist, ergot alkaloids may also inhibit prolactin secre-
tion. This endocrine disruptor activity is of relevance to mammary development. In
particular, the lobuloalveolar development that occurs during pregnancy is highly
dependent on prolactin, as is the final differentiation (Fig. 9.1; see section about
gestation effects). Prolactin is considerably less important during prepubertal mam-
mary development in ruminant livestock species [3]

9.2.6 Effects of Photoperiod

Photoperiod serves as an environmental cue for reproductive activity in many
species. The first reported effect of photoperiod on mammary gland function was
the demonstration that exposing lactating dairy cows to long days (18 hours of light)
stimulated milk yield above that of cows exposed to short days [104]. This effect of
day length on lactating cows has been confirmed in numerous experiments and com-
mercial applications. More recently the utility of managing photoperiod has been
extended by findings that short days during the dry period (the nonlactating interval
between successive lactations) increased milk production in the ensuing lactation,
and seemingly had beneficial health effects [38].

In addition to documented effects in the mature cow, photoperiod manipula-
tion has been shown to influence mammary development. Relative to short days,
parenchymal cell number was greater in heifers exposed to long days during the
prepubertal period [105] (Fig. 9.1). Because long days hasten puberty (for review
see [57]), a portion of that growth may be associated with the acceleration in
gonadal steroid secretion associated with long day treatment. However, long days
also increase parenchymal cell number after puberty, suggesting that other factors
in addition to gonadal steroids play a role [105]. Certainly the effects of photope-
riod on PRL and IGF-I would be consistent with greater mammary growth, though
definitive experiments have not been reported.

9.3 Mammary Growth During Gestation

9.3.1 Gestational Development and Lactogenesis

Extensive mammary development occurs during gestation, at which time mammary
growth is exponential and driven by hormones of pregnancy, most importantly estro-
gen, progesterone and prolactin [3, 10]. Epithelial development during pregnancy
gives rise to true alveoli that emanate from the distal termini of ducts. The resulting
structures have been likened to clusters of grapes, wherein the grapes represent alve-
oli and the stems represent ducts that drain these secretory units. Alveoli consist of
a single layer of epithelial cells overlain and engulfed by a few myoepithelial cells
and their processes. During pregnancy, mammary epithelial cells undergo extensive
cytological and biochemical differentiation necessary for transition to an organ that
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is capable of producing copious quantities of milk during lactation [7]. The process
of cellular differentiation to a secretory state is termed lactogenesis. The timing
of lactogenic events differs among species, but generally some synthesis of milk
protein and fat is initiated during early lactogenesis (last trimester of pregnancy),
whereas synthesis of α-lactalbumin is more tightly coupled to parturition. Because
α-lactalbumin is a cofactor for lactose synthetase, its synthesis is coupled to lactose
synthesis. Being the primary osmotically active molecule in milk, lactose synthesis
draws water into milk and accounts for the onset of copious milk secretion. These
processes are hormonally regulated and timed to meet the nutritional needs of the
neonate through interaction of the dam’s endocrine system and fetus-placenta during
pregnancy and parturition.

Endocrine disruptors can impair the balance of growth and differentiation that
occurs during gestation. As indicated above, ovarian steroids and prolactin are key
to promoting growth and differentiation of mammary epithelial cells. Impairment
of the effects of estrogen or progesterone by phytoestrogens or by less studied
phytoprogestins, can potentially reduce mammary development and subsequent lac-
tational performance. Dysregulation of prolactin secretion by ergot alkaloids also
has the potential to impair mammary development and lactogenesis (Fig. 9.1).
Indeed, prohibiting this prepartum increase in plasma prolactin concentration by
administration of ergot alkaloids prevented the final stage of final stage of differenti-
ation by mammary secretory cells, thus inhibiting lactogenesis [5, 6, 156]. Although
the impact was severe in dairy cows, milk production slowly increased, though it
remained well below control levels for the duration of the study [5, 6]. In non-dairy
species, a failure to rapidly initiate secretion of ample quantities of milk can severely
compromise the ability of suckling offspring to thrive. Although endocrine disrup-
tors may have a significant effect throughout gestation, ingestion of feed or forage
that is contaminated with ergot alkaloids during the periparturient period can have
dire consequences.

9.3.2 Mammary Gland Progenitor Cells

Significant changes in the stem cell/progenitor cell population of the mammary
gland occur during pregnancy. The impetus for many of these studies has been
the observation that early pregnancy reduces the risk of breast cancer, i.e. suscep-
tibility is greater in nulliparous than multiparous women. In mice, pregnancy has
been shown to cause persistent changes in the transcriptome of the parous mam-
mary gland [36, 53, 54] and it was hypothesised that epigenetic factors, such as
DNA methylation and histone modification may be responsible for these persis-
tent changes in gene expression. Using Cre-lox technology, Wagner and colleagues
demonstrated that parity induces a population of mammary epithelial cells that
appear to serve as alveolar progenitor cells during successive lactation cycles [150].
However, in the appropriate environment these parity-induced mammary epithelial
cells (PI-MEC) are pluripotent. On the other hand, expression of TGF-β1 inhibits
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proliferation and apoptosis of PI-MEC. The resulting lack of cell turnover induces
senescence of mammary epithelial cells and renders the gland unable to support lac-
tation. This is consistent with our hypothesis that turnover of progenitor cells during
the interval between successive lactations is critical for lactational success [21], as
these cells are responsible for replacement and maintenance of the population of
mammary secretory cells [24]. Evaluation of the dynamics of such progenitor cells
should permit development of methods to decrease the necessity for a dry period in
dairy cattle, and generally to promote lactational success and to improve persistency
of lactation.

9.4 Summary

Fetal and postnatal growth of the mammary gland is regulated by endocrine and
paracrine signals. These may be influenced by external stimuli such as level
of nutrition, biologically active components in the diet, and photoperiod. Thus
management factors can alter mammary growth and differentiation. These effects
may be immediate and short-lived, or long-term, depending upon the time when the
stimulus is applied. Endocrine modulating factors, including nutritional influences,
may produce long term effects when applied during critical periods of mammary
gland development. This may induce epigenetic effects on the proliferation and dif-
ferentiation of mammary stem cells and progenitor cells. This in turn may enhance
milk yield and persistency of lactation. Short-term effects such as stimulation or
inhibition of lactogenesis may have a strong influence on survival and growth of
neonates that are dependent upon suckling for nourishment. Recent development
of tools for studying mammary growth, differentiation and gene expression hold
the promise for continued advances in this important area for promoting livestock
productivity and efficiency through improved management of growing animals.
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