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Abstract. The concept that postnatal health and development can be influenced by events that occur in utero originated
from epidemiological studies in humans supported by numerous mechanistic (including epigenetic) studies in a variety of

model species. Referred to as the ‘developmental origins of health and disease’ or ‘DOHaD’ hypothesis, the primary focus
of large-animal studies until quite recently had been biomedical. Attention has since turned towards traits of commercial
importance in farm animals. Herein we review the evidence that prenatal risk factors, including suboptimal parental

nutrition, gestational stress, exposure to environmental chemicals and advanced breeding technologies, can determine
traits such as postnatal growth, feed efficiency, milk yield, carcass composition, animal welfare and reproductive
potential. We consider the role of epigenetic and cytoplasmic mechanisms of inheritance, and discuss implications for
livestock production and future research endeavours. We conclude that although the concept is proven for several traits,

issues relating to effect size, and hence commercial importance, remain. Studies have also invariably been conducted
under controlled experimental conditions, frequently assessing single risk factors, thereby limiting their translational value
for livestock production. We propose concerted international research efforts that consider multiple, concurrent stressors

to better represent effects of contemporary animal production systems.
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Introduction

The concept that developmental processes in utero can predis-
pose offspring to certain chronic diseases in later life, including

cancer and various metabolic and cardiovascular diseases, arose
following publication of the pioneering retrospective cohort
studies on human subjects conducted by David Barker and

colleagues at the University of Southampton. Initial studies
correlated the incidence of infant mortality to deaths in adults
attributable to bronchitis, stomach cancer and rheumatic heart

disease (Barker and Osmond 1986). Later studies linked sub-
optimal in utero development, culminating in low birthweight,
to hypertension in children (Barker and Osmond 1988); their

findings on death by coronary heart disease in adult men were
published in The Lancet the following year (Barker et al. 1989).

These and related observations gave rise to what became known
as ‘The Barker Hypothesis’, now more commonly referred to as
the ‘Developmental Origins of Health and Disease’ or DOHaD.

Since then, a plethora of studies has been conducted both in
humans and in a variety of animal model species, including farm
animals, that support these initial observations, and these have

been the subject of extensive review and meta-analysis in recent
years (e.g.McMillen and Robinson 2005; Gluckman et al. 2008;
Fowler et al. 2012; Thayer et al. 2012; Langley-Evans 2013;

Steegers-Theunissen et al. 2013).
There are several important issues to emerge from these

studies that are considered in the present article, including:

(1) the nature of environmental exposure (e.g. maternal stress,
parental nutrition, environmental chemicals and assisted
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reproduction); (2) the stage of development at time of exposure
(e.g. early vs late pregnancy and infancy); (3) developmental

legacy (e.g. chronic diseases, cognitive abilities, growth, fertil-
ity and productivity); and (4) underpinning epigenetic mechan-
isms and transgenerational inheritance. Importantly, several

studies have considered the longer-term consequences of early
life events on physiological processes linked to animal produc-
tion. There is evidence in farm animals that maternal nutrition,

stress or illness during pregnancy can affect in utero develop-
ment, with implications for later health and productivity. Simi-
larly, there is evidence that offspring development from birth to
the onset of puberty can have long-lasting effects for traits of

economic importance. However, uncertainty regarding effect
size remains and underlying epigenetic mechanisms are poorly
understood compared with other species.

With the foregoing discussion in mind, this article extends
beyond earlier reviews that considered specific aspects of
‘developmental programming’, such as intrauterine growth

restriction (IUGR; Wu et al. 2006) and consequences for
lifetime fecundity (Gardner et al. 2008), to provide a contempo-
rary and comprehensive account of the extent to which in utero
development can determine lifetime productivity and health

in domestic species. It considers in detail how early life events,
including parental nutrition, maternal stress and exposure to
environmental chemicals, impinge on long-term growth, devel-

opment, productivity and health of offspring. It begins with a
contemporary account of our understanding of epigenetic
mechanisms as they affect development and concludes with an

assessment of the implications for current systems of livestock
production.

Epigenetic mechanisms of embryonic and fetal
programming

Cloning of Dolly the sheep demonstrated that virtually every
cell within an adult mammal retains the entire genetic infor-
mation (i.e. the whole genome) of the organism. It also made

clear that not all the genetic code is used by the many different
cell types of an animal. That is, a mammary cell and a neuron are
‘programmed’ to selectively retrieve different genetic infor-
mation encoded within the genome. Such cell type-specific

‘programming’ is established during normal development and
involves epigenetic mechanisms. A contemporary description
of epigenetics states that it is ‘the study of mitotically and/or

meiotically heritable changes in gene function that cannot be
explained by changes in DNA sequence’ (Riggs et al. 1996).
Epigenetic processes program gene expression patterns and

thereby uphold cell identity without altering or mutating the
DNA. Such states in gene activity can be inherited throughmany
cell divisions. Cells in adult tissues have the capacity to carry

memories of embryonic development (Hon et al. 2013) or even
from past generations.

Two classic memory systems exist in mammals that are
based on epigenetic programming of the genome: (1) DNA

methylation; and (2) chromatin and histone modifications.
In addition, non-coding RNAs have emerged as functional
molecules that can initiate and guide epigenetic changes in

both DNA and histones (for a review, see Sabin et al. 2013).

A detailed description of each of these mechanisms is provided
in the Supplementary Material available for this paper and

illustrated in Fig. S1.

Recent advances in epigenetics

Although cytosine modifications in mammalian genomes are

generally thought to occur in a DNA sequence context of
cytosine–phosphorous–guanine (CpG) dinucleotides, there are
notable exceptions. Prior to high-throughput sequencing, prev-

alent non-CpG methylation of cytosines had been detected in
mouse embryonic stem cells at cytosine–phosphorous–adenine
(CpA) and, to a lesser extent, at cytosine–phosphorous–thymine

(CpT) sites (Ramsahoye et al. 2000). More recent data confirm
and extend this finding, demonstrating that non-CpG methyla-
tion is also present during male germ cell development

(Ichiyanagi et al. 2013), in oocytes (Shirane et al. 2013) and is
enriched within gene bodies of highly transcribed genes in both
fetal and adult mouse brain (Lister et al. 2013). Because mam-
mals appear to lack enzymes that copy asymmetric non-CpG

marks, it is currently not clear how this type of modification
could contribute to the propagation of epigenetic states estab-
lished as a result of fetal programming events.

The study of RNA methylation is also an emerging field
related to ‘traditional’ epigenetics and may prove relevant for
our mechanistic understanding of fetal programming. Two

modifications on bases located internally of RNA molecules,
N6-methyladenosine (m6A) and 5-methylcytosine (5-meC), are
now considered to have important roles, albeit their specific
biological functions are only starting to be determined. For

example, m6A is a reversible base modification that can be
removed by fat mass and obesity associated (FTO), an m6A-
demethylase genetically associated with obesity and the control

of energy homeostasis. How such RNA modifications may be
able to contribute to heritable epigenetic phenotypes remains to
be shown (for a review, see Liu and Jia 2014).

Resetting the epigenome during mammalian development

Two major epigenetic reprogramming events take place during
early embryo development. The first event occurs right at the

onset of development (Fig. S2). Soon after fertilisation, DNA
from the spermatozoon and egg undergo an extensive chromatin
remodelling in a process that begins by the formation of two

pronuclei containing highly decondensed DNA. The open
chromatin configuration resulting from the decondensation of
sperm DNA facilitates the assembly of new nucleosomes in the

male pronucleus and entails the replacement of protamines by
histones. These newly incorporated histones acquire specific
modifications during the first cleavage divisions. These mod-
ifications include marks indicative of transcriptional activation

(e.g. histone H3K9 acetylation (ac) and H3K4 trimethylation
(me3)) as well as other marks (e.g. H3K9 me3) enriched in
transcriptionally inactive regions. This array of new histone

marks establishes a chromatin landscape that will ensure the
timely expression of developmental genes when the major
zygotic genome activation takes place after several cell divi-

sions. Similarly, the maternal genome undergoes remodelling
of chromatin marks, but this follows different kinetics to that
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of the male pronucleus (Morgan et al. 2005). One of the best
characterised epigenetic marks is DNA methylation. Sperm

DNA, which is more methylated than oocyte DNA (Kobayashi
et al. 2012; Smallwood and Kelsey 2012) undergoes active
demethylation during the first cell cycle. This process is driven,

in part, by ten-eleven translocation (TET) methylcytosine
dioxygenase 3 (TeT3), which catalyses the conversion of
methylated cytosines into hydroxymethyl cytosines (Gu et al.

2010; Iqbal et al. 2011) before the start of DNA replication
(Wossidlo et al. 2010). Paternal DNA demethylation is an
essential step in early development, because most TeT3 mutant
embryos do not survive development to term (Gu et al. 2010).

However, the maternal genome undergoes passive DNA
demethylation by dilution during mitotic divisions and by the
concurrent exclusion of de novo DNA methyltransferase

(Dnmt) from the nucleus of early blastomeres (Carlson et al.

1992). However, the global DNA demethylation observed in
the preimplantation embryo excludes certain regions of the

genome. Indeed, imprinted genes are protected from this DNA
demethylation activity, and recent evidence shows that the
maternal and paternal imprints are protected by different
mechanisms (Nakamura et al. 2012). The extensive demethyl-

ation between the zygote and the morula stage prepares the
chromatin of the totipotent blastomeres for the segregation of
the lineages that will contribute to the formation of the con-

ceptus. Although the complexity of these changes is just
beginning to be understood, it is well known that this process
is indispensable for ensuring normal embryo development. This

is demonstrated by experiments where mutation of histone-
modifying enzymes or Dnmt in embryos leads to severe
abnormalities or death (Li et al. 1992; Peters et al. 2001; Posfai

et al. 2012). This indicates that remodelling during early stages
of development is of critical importance for resetting the epi-
genome in preparation for establishment of new programs of
differentiation during lineage commitment. Importantly, the

kinetics described above for rodents have also been observed in
embryos of different domestic animals, including cattle, sug-
gesting that these mechanisms are conserved across mammals

(Lepikhov et al. 2008; Maalouf et al. 2008).
The second major wave of epigenetic reprogramming takes

place in the germline (Fig. S2). The embryonic precursors of

mature gametes, or primordial germ cells (PGC), are first
located at the base of the allantois from where they will initiate
their migration to their final destination, the gonadal ridges. In
large mammals this period extends between 2 and 8 weeks of

development. It is here that environmental perturbations can
have long-lasting effects on offspring. Indeed, during this period
PGC undergo extensive reprogramming of their epigenome,

characterised by dynamic changes in histonemodifications (loss
of H3K9 mono and dimethylation (me1/2) and gain of H3K27
me3 and H3K4 dimethylation (me2)), genome-wide DNA

demethylation (including imprinted genes) and reactivation of
the X chromosome in females (Saitou and Yamaji 2012).
However, recent investigations show that some retrotransposa-

ble elements (such as intracisternal A-type particles or IAPs)
escape reprogramming in germ cells (Popp et al. 2010), a
mechanism that probably evolved to prevent parasitic sequences
moving within the genome. Importantly, the resistance to

reprogramming by these sequences can lead to phenotypic
inheritance between generations (Morgan et al. 1999; Daxinger

andWhitelaw 2012). This initial reprogramming resulting in the
resetting of chromatin marks is followed by the differential
re-establishment of imprints in male and female gametes.

In males, paternal imprints are re-established in mitotically
arrested gonocytes before birth. However, in females, imprints
are re-established after birth during follicle growth. The

mechanisms of germline reprogramming have been charac-
terised primarily in rodents, but studies in large mammals
(i.e. human and pig) show that the overall equivalent kinetics
are similar, although some of the changes occur in a more

protracted manner, consistent with slower development com-
pared with rodents (Hyldig et al. 2011; Gkountela et al. 2013).

It is thought that this highly complex and extensive remodel-

ling of the PGC epigenome is critical for preventing the inheri-
tance of epimutations acquired by the parental DNA. Having a
detailed understanding of the dynamic changes that occur

during epigenetic reprogramming of the germline in large
mammals will inform as to the periods of increased susceptibil-
ity of PGC to environmental effects and their potential effects
in offspring.

Gender differences mediated by epigenetics

Differences in gene expression have been observed between
male and female preimplantation embryos (Kobayashi et al.

2006; Bermejo-Alvarez et al. 2010; for a review, see Gardner
et al. 2009). This type of sexual dimorphism appears to be a
hormone-independent cell phenotype and affects both autoso-

mal and X chromosome-linked genes. For example, one-third of
transcribed protein-coding genes analysed (,2900 transcripts)
show sex-specific differences in in vitro-generated bovine
blastocysts (Bermejo-Alvarez et al. 2010). Paternal imprinting

of the bovine X chromosome could partly explain the upregu-
lated expression of X-linked genes in normal female blastocysts,
because parthenogenetic embryos, which carry two maternal X

chromosomes, were found to have lower transcript levels of
representative X-encoded genes, such as BEX1, CAPN6, BEX2,
SRPX2, and UBE2A (Bermejo-Alvarez et al. 2010). Moreover,

the activity of the two X chromosomes in female blastocysts
appears to affect the expression of autosomal genes, leading
to gender-specific transcript differences (for a review, see

Wijchers and Festenstein 2011). Female mouse embryonic stem
cells with a deficiency of the DNMT3-like methyltransferase
(DNMT3L2/2) lose genomic DNA methylation patterns more
rapidly than their male DNMT3L2/2 embryonic stem cell

counterparts (Ooi et al. 2010). Altered nutrition during game-
togenesis and preimplantation development, shown to modulate
DNA methylation patterns (e.g. Sinclair et al. 2007), may aug-

ment sexual dimorphism of gene expression patterns and
thereby contribute to more pronounced gender differences in
adult animals.

Epigenetics and developmental programming

Given that the genetic code does not vary between cell types,
it follows that epigenetic mechanisms evolved in multicellular
organisms to allow cell-lineage specific gene expression
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(Jablonka 1994). How these mechanisms combine to facilitate
cellular differentiation is incompletely characterised but, with

the advent of contemporary deep-sequencing and related tech-
nologies, developmental epigenetics has become a highly active
field of biology, so that our understanding of these processes is

likely to improve rapidly in the very near future.
Much attention to date has focused on the role of tissue-

specific differentially methylated regions of DNA, particularly

those that reside within CpG islands (CGIs). These may be
associated with annotated gene transcription start sites or lie
within or between genes. Illingworth et al. (2008) demonstrated
tissue-specific methylation in several CGIs associated with

developmentally important genes, including homeobox (HOX)
and paired box (PAX) family members in humans. More
recently, these authors showed that DNAmethylation was more

likely to occur at CGIswithin gene bodies during the early stages
of lineage specification and to be associated with gene silencing
(Deaton et al. 2011). Such regions may be potential targets for

environmentally induced epigenetic regulation and, as such,
form the mechanistic basis of programming of lifelong health,
productivity and fertility in animals.

Inter(trans)generational inheritance

Epigenetic inheritance is frequently touted as the mechanism
by which traits acquired in one generation are passed onto the

next (for a review, see Grossniklaus et al. 2013; Aiken and
Ozanne 2014). Jirtle and Skinner (2007) explained that for
epigenetic modifications to chromatin to be considered a

plausible mechanism for inheritance of phenotypic change,
then effects need to persist to at least the F3 generation. The
reason is that when an F0 gestating female is exposed to envi-

ronmental stimuli, both the F1 embryo and F2 generation
germline are also directly exposed. For this reason, neither
parental nor, indeed, grandparental effects need have an epi-
genetic basis, although pup licking and grooming behaviour in

rats can lead to epigenetic modifications at the glucocorticoid
gene promoter in offspring (Weaver et al. 2004). It follows that
much of our knowledge of transgenerational epigenetic inher-

itance in mammals pertains largely to inbred mice, where
maternally or paternally induced transmission can come in the
form of covalent modifications to DNA and histone methyla-

tion (e.g. Padmanabhan et al. 2013; Wei et al. 2014; Siklenka
et al. 2015) and altered RNA expression (Wagner et al. 2008),
often in a breeding scheme-dependent manner (Yuan et al.

2015). Not surprisingly, evidence for similar effects occurring

in long-lived and out-bred farm animals is scarce, leading
González-Recio et al. (2015) to question its importance in
livestock production. However, some recent tantalising (i.e. not

quite statistically significant) data in the pig indicate that F0
boars fed diets enriched in one-carbon metabolites (including
methionine, choline, vitamin B12 and folate) sired F1 boars that,

in turn, sired F2 pigs that produced leaner carcasses associated
with global changes in gene expression and epigenetic mod-
ifications to at least one of these genes (Braunschweig et al.

2012). In addition, evidence of transgenerational transmission
of attenuated stress reactivity in male offspring, due to early life
stress, has been demonstrated, albeit in domestic chickens
(Goerlich et al. 2012).

At this point in the discussion it is worth noting that prions
represent a class of protein that can be inherited across genera-

tions independently of chromosomes. Pioneering studies with
prion proteins (PrP) in lower eukaryotes (i.e. yeast and filamen-
tous fungi) have revealed that they can act as ‘epigenetic’

elements and can account, at least in part, for non-Mendelian
patterns of inheritance for several traits (Hofmann et al. 2013).
Mammalian prions share many common features with their

counterparts in yeast, but their function and patterns of inheri-
tance are less well known. Nevertheless, they have been shown
to regulate pluripotency in mouse embryonic cells and contrib-
ute to their differentiation into neural progenitor cells (Peralta

et al. 2011;Miranda et al. 2013). Importantly, normal PrP (PrPC)
are also present in bovine oocytes and pre-elongation embryos
(Peralta et al. 2012), although again their function is poorly

understood.
Understandably, prions have received bad press over the past

two decades because of the involvement of a misfolded form of

this protein (designated PrPSc) in bovine spongiform encepha-
lopathy (BSE) and variant Creutzfeldt–Jakob disease (vCJD;
Ironside 2012). Intergenerational inheritance (i.e. vertical trans-
mission) of these aberrant variants that lead to scrapie in sheep

can occur across the placenta from around mid-gestation in
genetically susceptible dams and fetuses (Wrathall et al. 2008).
However, the consensus formed from results of AI and embryo

transfer experiments in livestock suggests that transmissible
spongiform encephalopathies (SEs) are unlikely to be spread by
semen or the prehatching embryo (i.e. less than Day 7). Never-

theless, the foregoing discussion highlights the importance of
the inheritance of cytoplasmic factors (that include mitochon-
dria) in addition to nuclear chromatin at the point of fertilisation.

It also indicates that the maternal environment can influence
fetal development in amanner that leads to the intergenerational
transmission of phenotypes, and that this may be independent of
direct epigenetic effects.

Hologenome concept and development

The hologenome concept in the context of developmental pro-

gramming states that environmental factors, such as diet, can
alter the microbiota in such a way as to not only benefit the
holobiont (host plus all micro-organisms) in the short term but,

through transmission to offspring, have long-lasting multigen-
erational effects (Rosenberg and Zilber-Rosenberg 2011). This
line of thinking is comparatively new and, in mammals, largely
untested. Under normal conditions the cooperation between the

microbiota and host generally leads to improved fitness of the
holobiont. For the host, this includes protection against infec-
tious disease, development and function of innate and adaptive

immune systems (particularly in the gut), vitamin synthesis
(including B vitamins, such as cobalamin and folate) and pro-
tection against certain cancers and ‘metabolic syndrome’ (Kau

et al. 2011). Indeed, Ross et al. (2013) used metagenomic data
derived from high-throughput deep sequencing to predict
inflammatory bowel disease status and body mass index in

humans; they used the same approach as Ross et al. (2013) to
predict enteric methane production in cattle.

In mammals, microbial symbionts are initially transmitted
vertically to offspring through the birth canal (e.g. reported
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differences in human infant microbiota between vaginal and
Caesarean deliveries), subsequently from milk (e.g. differences

between breast- vs formula-fed infants) and from close physical
maternal contact and the surrounding environment (Kaplan
et al. 2011; Kau et al. 2011). In human medicine, current

interests primarily concern developmental programming of the
immune system, whereas in ruminants the current primary
driver for research into microbiota–host interactions lies in

methanogenesis and greenhouse gas emissions (Morgavi et al.
2010), where emerging evidence in sheep and goats indicates
that the population of methanogens in the rumen may be
acquired from a very young age (Gagen et al. 2012; Abecia

et al. 2013). There is clearly considerable scope to extend these
emerging ideas and data in all species to investigate long-term
developmental programming in offspring, adaptive responses

to changing environments and associated intergenerational
inheritance.

Programming of body composition

To understand how nutritional and epigenetic factors during

early development affect body composition, it is necessary to
consider the origins and developmental trajectories of the cells
that form muscle and adipose tissue. The processes that drive

muscle formation, myogenesis, have been well studied in sev-
eral systems, whereas adipogenesis, the formation of fat cells
(adipocytes), is less well characterised.

Skeletal muscle

Myogenesis is the process whereby pluripotent embryonic cells
become committed to the muscle cell lineage, proliferate and

finally fuse together (i.e. differentiate) to form large multinu-
clear cells called myotubes (in in vitro studies) or muscle fibres
(in in vivo studies). The processes and regulatory factors
involved are very similar across mammals, birds and fish, but

the timing when they occur can be quite different. There are
numerous reviews (e.g. Brameld and Daniel 2008; Rehfeldt
et al. 2011b) describing this process and the factors that regulate

it, including cross-species comparisons (Rehfeldt et al. 2011a),
and only a brief summary is provided here.

In vertebrates, muscles of the trunk and limbs are derived

from somites (segmented embryonic structures) that also pro-
duce vertebrae, ribs, tendons and dermis. Within somites,
muscle progenitor cells, known as myoblasts, are specified
and begin to differentiate in the primary myotome, where they

fuse to form multinucleated functional adult muscle fibres.
Several genes are known to be required for this process.
Specification and proliferation of myoblasts depends on the

transcription factors Pax3 and Pax7, whereas myogenic regula-
tory factors (MRFs), a group of related muscle-specific tran-
scription factors, are involved in both specification of myoblasts

and the later stages of myogenic differentiation (Maltin et al.

2001; Buckingham 2007; Mok and Sweetman 2011; Sweetman
2012).

Within the embryo, different muscle groups follow distinct
developmental routes (Buckingham and Vincent 2009). Trunk
and back muscles are derived directly from the primary myo-
tome, which extends into the regions where the adult muscles

will be located and form the adult muscular pattern. Other

muscles, such as the limb muscles, come from myoblasts that
delaminate from somites and then migrate into the developing
limbs (Fig. 1). This includes some muscles of the pelvic and

pectoral girdles that develop from limbmuscle cells that, having
migrated into the limbs, thenmigrate out again to populate these
regions. This is known as the ‘in–out mechanism’ (Evans et al.

2006; Valasek et al. 2011). Understanding the different origins
and developmental processes that generate variousmuscle types
will be important in designing interventions that target these

muscles.
During fibre formation, myoblasts exit the cell cycle and fuse

to form the multinuclear fibres containing all the contractile
proteins and structures required for muscle function. Fibre

formation occurs in two or three phases depending on species.
The initial phase of differentiation and fusion of myoblasts
generates the primary muscle fibres. These provide the scaffold

onwhich the adult musculature is built and so are responsible for
generating the mature muscle pattern. Following formation of
primary fibres, further rounds of differentiation and fusion occur

such that secondary muscle fibres form around each primary
fibre, with tertiary fibres also forming between the secondary
fibres in some larger mammals, including sheep (Wilson et al.

1992). The main difference between species is the time at which
these phases of fibre formation take place, with fibre formation
in most large mammals (including sheep, cattle and humans)
completed by the middle of gestation; in pigs, formation

completes towards late gestation, whereas in poultry and small
mammals (e.g. rats) fibre formation continues for a limited
period after hatching or birth (see Brameld and Daniel 2008;

Rehfeldt et al. 2011a).
Hence, muscle fibre number in all large animal species is

believed to be set around the time of birth and subsequent

muscle growth is driven by increases in fibre size (i.e. hypertro-
phy) rather than number (Buttery et al. 2000). Because of this,

Dermomyotome

Somites

Limb bud

Pectoral/pelvic girdle

Myotome

B

A

C

Fig. 1. Cells of the dorsomedial region of somites form the dermomyotome

(DM; yellow). The myotome (green) is formed when DM cells migrate

around the edges to form an underlying layer of cells where the first muscles

of the embryo begin to differentiate (A). Trunkmuscles are formedwhen the

myotome extends ventrally into the bodywall (B), whereas limbmuscles are

derived from myoblasts that delaminate from the DM and migrate into the

limb. Some of these cells then subsequently migrate back into the trunk to

form some of the muscles of the pectoral and pelvic girdles (C).
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it is critical to understand how changes during development can
influence muscle fibre number, because changing the number of

fibres may directly affect meat quality and yield. The central
question underlying approaches to maximise muscle production
is how to control the switch from the early, proliferative

myoblast to the differentiated muscle fibre. Increasing myoblast
number by increasing their proliferation rate or delaying their
differentiation has the potential to increase muscle fibre num-

bers and therefore muscle mass in adult animals.
Another important consideration in muscle fibres is the

distinction between fast and slow fibres. It is thought that
primary fibres initially become slow fibres, whereas secondary

and tertiary fibres initially become fast fibres. In adult muscle,
fast fibres tend to be larger, especially if they are frequently
used, but this size difference is not clear in younger animals. It

appears that this initial relationship between primary–secondary
and slow–fast fibres is lost as the animal develops, probably
because the fibres are able to change type and the proportions

of fast and slow fibres can affect muscle mass. Unlike rodents,
where individual muscles are classified as fast or slow, in large
mammals all muscles are mixed-fibre types and the relative
proportions of the fibre types in each muscle can be altered

during development or adult life.

Muscle fibre number

The number of muscle fibres that form in various animal species

can be altered via genetic (e.g. double muscling in cattle) or
environmental (e.g. maternal nutrition or administration of
hormones) factors, but only if the environmental insults take
place at specific times during gestation (see Brameld and Daniel

2008; Rehfeldt et al. 2011a, 2011b). Tables S4 and S5 sum-
marise studies investigating the effects of maternal nutrition on
muscle fibre formation in sheep and pigs. The effects of nutri-

tional insults on the pregnant ewe or sow during the critical
period of muscle development (early or early–mid gestation)
can be detected in young offspring (late gestation fetuses or

neonates), but these effects tend to be lost (or are too difficult to
detect) in older sheep and pigs (with the exception being of runt
pigs). The main effect observed in neonates or fetuses is a
change in the number of secondary fibres formed and/or the ratio

of secondary fibres to primary fibres (often determined as the
fast : slow ratio). Because fibre formation is thought to be
complete at birth, it may be predicted that the changes in fibre

number would be permanent and therefore affect subsequent
carcass quality, particularly lean muscle mass. However, this
does not appear to be the case, but thismay be due to the capacity

for skeletal muscle to adapt during postnatal growth via changes
in fibre type and metabolism or difficulty or issues with mea-
surements in larger muscles from older animals. For example,

we assume that all fibres extend the full length of themuscle and
therefore measurements made across the middle are represen-
tative of the whole muscle, but we know that some fibres ter-
minate in the middle of the muscle in several species, including

cattle and pigs (Swatland and Cassens 1972), meaning that this
assumption is, at best, tenuous. It is also worth mentioning that
the few studies that have taken lambs to market weight or

beyond have all provided good-quality diets during the postnatal

growth period. It is not known whether the animals would still
be able to compensate or adapt if they were on a relatively poor

diet or were challenged in some other way. Hence, the perma-
nency of the number of fibres after birth is unclear.

Muscle mass or size

Although there appear to be no long-term effects of maternal
nutrition on muscle fibre number and/or diameter (in sheep or
pigs), there are suggestions that prenatal environmental factors

can affect certain measures of lean muscle mass and/or carcass
composition. The effects on various measures of adiposity are
the focus of the next section, but some studies have observed

differences in muscle-related carcass measurements, for
example, differences in muscle cross-sectional area (CSA) at
slaughter. However, these effects tend to be largely dependent

on the sex of the animals, with effects only seen in males or
females at a particular stage of their growth (Micke et al. 2010a,
2011a). Therefore, it is unclear how permanent these effects are
or what mechanisms are involved, although sex steroids (oes-

trogens and/or androgens) may play a role. Effects specific to
maternal nutrition during pregnancy are difficult to detect
because they may affect the postnatal nutritional status of the

dam and nutrition of the offspring as well. However, studies
performed on cattle, as part of the Australian Beef Cooperative
Research Centre, used a factorial experimental design to sepa-

rate pregnancy- and lactation-specific effects (see Robinson
et al. 2013). Importantly, the findings suggest that the effects of
maternal nutrition during pregnancy and lactation are additive
and a lifetime approach should be taken rather than simply

investigating the effects at a particular stage of development
(Robinson et al. 2013).

Genetic regulation of muscle growth

Because muscle formation and growth is complex, involving
numerous biological processes, not surprisingly there are many
genes involved. One area that has been particularly interesting is

the genetics relating to signalling molecules involved in myo-
genesis. Experiments in various model systems, such as mice
and chickens, have uncovered a range of signals that can affect
the rate of myoblast proliferation, differentiation and fibre type

(Duprez 2002). However, the exact mechanisms that lead to
muscle growth, even for very well-characterised signals with
long-established roles, such as the insulin-like growth factor

(IGF) family (Schiaffino and Mammucari 2011), remain to be
established.

One of the most important examples of this type of molecule

is myostatin, a secreted member of the transforming growth
factor (TGF)-b family that negatively regulates muscle growth.
Myostatin mutations have been identified in many animal lines

selected for high muscle growth (Lee 2004), such as Belgian
blue cattle (McPherron and Lee 1997), elite sheep (Tellam et al.

2012) and high-growth chickens (Bhattacharya and Chatterjee
2013). Loss-of-function mutations in myostatin increase both

muscle fibre number and size. Interestingly, at least some of
these effects take place in the developing fetus and are associa-
ted with increased rates of muscle cell proliferation and delayed

differentiation (Gerrard and Grant 1994), producing increased
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muscle fibre number at birth. These are the samemechanisms as
those proposed for the effects of maternal nutrition and environ-

mental factors on muscle fibre number in the developing fetus
(see above). In Texel sheep, amutation has been identified in the
30 untranslated region (UTR) of the myostatin (Mstn) mRNA

that creates a binding site for the muscle-specific microRNA
miR-1/206. This leads to muscle-specific downregulation of
myostatin protein levels and increased muscle mass (Clop et al.

2006). A transgenic sheep line has recently been generated with
artificial RNA interference (RNAi) that mimics this effect, and
these sheep also show increased muscle mass (Hu et al. 2013a).
However, there are also some breeds of cattle (Smith et al. 2000)

and pigs (Jiang et al. 2002a, 2002b) with similar or other
mutations in the Mstn gene that do not show the double-
muscling phenotype, suggesting that other factors are also

involved.
Another signalling pathway with direct relevance to animal

production is seen in callipyge sheep. These sheep have a

complex genotype with a mutation in an imprinted regulatory
region that leads to increased expression of DLK1, part of the
Notch/Delta signalling pathway. Overexpression of DLK1 in
skeletal muscle increases muscle mass (Davis et al. 2004) and

DLK1 is also upregulated in broiler chickens (Shin et al. 2009),
suggesting that it may be a good target for intervention in
various species. It appears that the callipyge phenotype relates

primarily to changes in postnatal rather than prenatal muscle
growth, but it does have a complex inheritance pattern (see
Georges et al. 2003). However, callipyge sheep produce tough

meat (Koohmaraie et al. 1995), thought to be due to decreased
protein degradation pre- and postmortem because of increased
levels of calpastatin, the endogenous inhibitor of the calpain

proteolytic enzymes.

Epigenetic programming of muscle development

There appear to be no studies investigating whether the effects
of environmental factors on muscle fibre formation are associ-

ated with epigenetic changes (e.g. DNA methylation patterns).
The main hypothesis investigated in this area relates to genetic
mutations or environmental insults altering the rates and/or

timing of muscle cell proliferation and differentiation (see
Brameld and Daniel 2008), so it is unclear whether epigenetic
mechanisms are involved.

Although there are limited data from large animals, there
have been many studies on epigenetic control of muscle devel-
opment in cell culture and model animal species. Expression of

myogenin is a key step in myogenic differentiation, and changes
in DNA methylation patterns at this locus have been identified
as differentiation proceeds and this gene is induced (Fuso et al.
2010; Palacios et al. 2010). DNA binding of MyoD and induc-

tion of muscle-determining genes is also regulated by epigenetic
changes to binding sites in the promoters of its target genes
(Fong et al. 2012). Dynamic changes in DNA modification

regulate myogenic commitment and differentiation (Tsumagari
et al. 2013), and global changes in DNA methylation patterns
have been mapped in fast- and slow-growing strains of chicken,

evidence for a direct epigenetic effect on muscle growth
(Hu et al. 2013b). It is also apparent that long non-coding RNAs

play an important role in regulating muscle growth, at least in
part by controlling muscle-specific promoter activity (Mousavi

et al. 2013). The interplay between muscle-specific gene tran-
scription, epigenetic regulation and chromosomal dynamics is at
the forefront of current research in myogenesis and is likely to

have profound effects on production as these results are trans-
lated to farm animals.

Interim conclusions

The molecular mechanisms that drive muscle formation are
reasonably well defined. It is clear that different muscles use
specific variations from the standard muscle developmental

program. Of particular interest is determining how maternal
effects can affect this process in particularmuscles, especially in
terms of how proliferation versus differentiation is determined,

how primary and secondary muscle fibre formation is altered by
these cell fate decisions, how fibre type is regulated and whether
these processes can be influenced to enhance production. The
data would appear to suggest relatively small (if any) long-term

effects of maternal nutrition on muscle fibre number or on the
percentage of fibre types in sheep, but all studies have provided
good-quality diets during postnatal growth. Whether the same

would be true if lambs were subjected to poor(er)-quality diets
or other challenges during postnatal growth is not known.

Evidence for programming of body fat

In contrast withmuscles, the developmental processes leading to
the formation of mature adipose tissue cells (adipocytes) are
poorly understood; however, some recent work has given

insights into this process (Billon et al. 2008; Berry et al. 2013).
In general, adipocytes can be divided into two types: white and
brown. Brown adipose tissue (BAT) adipocytes contain

numerous small lipid droplets, have large numbers of mito-
chondria and provide themain mechanism for maintaining body
temperature via heat production in cold-exposed rodents. White
adipose tissue (WAT) adipocytes contain a single large fat

droplet and are the classical fat cell type used for long-term
storage of excess energy in the form of triacylglycerol (TAG).
Although brown fat has been predominantly associated with

young animals (e.g. newborn lambs), BAT deposits have also
been identified in adult animals (Billon and Dani 2012). This
division into WAT and BAT has been questioned recently, and

animals raised in cold conditions also have extensive brown-
like adipocytes in their WAT fat depots, with such cells now
referred to as either BRITE or beige adipose cells (Wu et al.

2012) It is unclear whether these cells are white cells that have
changed their phenotype or whether they are brown cells that
form in the WAT from a separate stem cell population or a
mixture of both (Liu et al. 2013).

BAT, but not WAT, is derived from early myoblasts (Seale
et al. 2008), so shares an origin with muscle cells, but the source
of WAT adipocyte precursor cells remains largely unknown.

Some neck WAT depots are colonised by neural crest cells
(Billon et al. 2007), migratory multipotent cells from the dorsal
neural tube, but very little is known about the origins and signals

that regulate WAT adipocyte formation. As a result, there are
also fewer well-established molecular markers of specific
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developmental stages of adipocyte cell formation available to
inform studies of adipose development. Indeed, those molecular

markers that have been identified as transcriptional regulators of
adipogenesis (e.g. CCAAT-enhancer-binding protein (C/EBP)
a, C/EBPb, peroxisome proliferator-activated receptor (PPAR)

g) are common to both BAT and WAT adipocytes. In all cases,
these factors are involved in the differentiation of the prolifer-
ative precursor cells (pre-adipocytes) into terminally differenti-

ated (non-proliferative) adipocytes. The main differences
identified (primarily in rodent studies) are that BAT adipocytes
tend to have higher expression of genes relating to mitochon-
drial biogenesis and oxidative metabolism (e.g. PPARg
coactivator-1a (PGC1a)), with the only BAT-specific protein
being uncoupling protein (UCP)-1, the key mitochondrial
protein involved in the heat-generating properties of BAT.

Nonetheless, key genes that regulate adipose tissue develop-
ment and function are reported to be active and sensitive to
maternal undernutrition in the perirenal fat depot of mid-

gestation sheep fetuses (Wallace et al. 2014b). Sex-specific
differences in adipose gene expression emerge by late gestation
and dominate in early postnatal life, reflecting the significantly
greater adiposity in females versus males (Wallace et al. 2014b,

2015). Sex-specific differences in adipose gene expression in
different fat depots have also been reported in adult cattle
(Micke et al. 2011b) following early gestational maternal

dietary perturbation.

Body fat or adiposity

Measures of adiposity tend to go in the opposite direction to
measures of lean or muscle mass. For example, double muscling
in Belgian blue cattle is associatedwith reduced body fat, as well

as increased muscle mass and an increased number of muscle
fibres. Several studies have investigated the effects of maternal
nutrition on various measures of adiposity, including back fat

thickness, individual adipose tissue depot weights, carcass and/
or muscle lipid content and total body fat. Table S6 summarises
studies published in sheep. The magnitude and direction of the

effect observed is dependent on the age of the offspring and the
timing of the nutritional insult during gestation. In relatively
young (late fetal or early neonatal) offspring (up to ,77 days
of gestation), adiposity tends to go in the direction you would

expect, with reduced nutrition resulting in reduced adiposity and
vice versa (Muhlhausler et al. 2006; Luther et al. 2007). After
the neonatal period, and up to and including the period when

lambs in the UK reach normal ‘market weight’ (i.e. up to 4 or
5 months), little to no additional programming effects are
observed, although by this time females already consistently

have higher adiposity measures than males. After this time
(6 months plus), a few studies (Daniel et al. 2007; Ford et al.

2007; Sinclair et al. 2007; Jaquiery et al. 2012) have demon-

strated that maternal food restriction, particularly during early
gestation (conception to 80 days of gestation), increased mea-
sures of adiposity, particularly in male offspring. Furthermore,
both over- and undernutrition for the last 6 weeks of gestation

predisposed abdominal (but not subcutaneous) adiposity in
lambs at 6 months of age, despite differential effects on birth-
weight and on postnatal glucose–insulin metabolism (Khanal

et al. 2014, 2015). These sheep studies suggest that there may

indeed be long-term ‘programming’ of adiposity, particularly in
the normally leaner males, and that this is not necessarily

associated with differences in birthweight. In contrast, there are
several studies (Louey et al. 2005; De Blasio et al. 2007;
Wallace et al. 2011b; Hancock et al. 2012) suggesting that low

birthweight, often as a consequence of placental insufficiency, is
associated with increased adiposity in both young and old off-
spring. Studies in runted pigs (IUGR) show not only fewer

muscle fibres in later life compared with their high birthweight
littermates, but also increased adipose tissue depot weights and
reduced postnatal growth rates (see Brameld et al. 2003).
Increased adiposity in runted pigs is thought to be due to

increased numbers of small-diameter adipocytes in the various
fat depots. Hence, undernutrition during pregnancy in pigs is
associated with increased adiposity of progeny in later life, but

the sensitive time for the effect is still unclear. There is also one
cattle study (Long et al. 2010a) suggesting that overnutrition
throughout gestation results in increased adiposity in older

offspring (at 22 vs 19 months). Cattle studies by Micke et al.

(2010a, 2011a, 2011b) show that the maternal diet during the
first and second trimesters alters growth and carcass develop-
ment, including fat deposition, from weaning through to

slaughter at 22 months of age in a sex-specific manner. One of
the main problems in trying to draw conclusions from these
various studies is the variability in the timing of the nutritional

insult and the age at which the offspring are studied.

Energy balance

Although there does appear to be some evidence of long-term

programming of adiposity, the mechanisms for this are far from
clear. Whether this apparent programming is via a direct effect
on adipocytes and their development is not known. Unlike

muscle fibres, there is no evidence to suggest that the number of
adipocytes (or precursor cells) may be set at some stage of life.
Indeed, it would be counterintuitive that this would occur,
because the main function of WAT adipocytes is to store excess

fatty acids from the blood because high levels of circulating free
fatty acids are toxic. Therefore, the mechanism(s) for effects on
body fat are more likely to involve long-term changes in energy

balance, involving changes in whole-body energy expenditure
(e.g. basal metabolic rate or BMR) and/or appetite regulation.
The effects of environmental insults on appetite regulation in the

offspring are the focus of the next section.
There are very few (if any) studies in this area that have

directly measured energy expenditure, BMR or heat production.

However one study (Daniel et al. 2007) showed increased
adiposity of adult offspring in response to maternal undernutri-
tion, with no significant changes in food intake, implying that a
difference in energy expendituremay be involved. Interestingly,

a very similar study (George et al. 2012) observed no effect
of maternal undernutrition on whole-body fat or perirenal (PR)
and omental (OM) depot weights in 6-year-old ewes, despite

increased bodyweight, food intake and feed efficiency, sug-
gesting that energy expenditure may be altered. Whether
such changes in metabolism and/or energy expenditure relate

to skeletal muscle (which accounts for a major proportion
of BMR because of its mass), BAT (a highly metabolic,
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heat-generating tissue in rodents) and/or other tissues (e.g. the
gut has a very rapid turnover) is not known. It is interesting to

note that comparing high- and low-feed efficiency or residual
feed intake (RFI) in sheep (Sharifabadi et al. 2012) indicates
reduced mitochondrial respiration in muscles from the more

efficient animals. This appears to involve reduced BMR and is
associated with genes encoding mitochondrial proteins, sug-
gesting that oxidative metabolism and/or efficiency of ATP

synthesis may be key. Once again, the important tissues would
seem to be skeletal muscle and BAT, but more work is needed
to investigate this further.

Epigenetic programming of body fat

As in the programming of skeletal muscle, there are few studies
that have investigated a role for epigenetics in programming

adiposity in sheep or cattle. Male rat offspring of overfed, obese
mothers upregulate lipogenic pathways and adipogenic reg-
ulators inWAT, with associated changes in DNAmethylation at

key sites (Borengasser et al. 2013). It is also known that adi-
pocyte differentiation is regulated by the transcription factors
C/EBP and PPARg and that the recruitment and activity of these

molecules to chromatin requires epigenetic changes to histones
and DNA methylation patterns (Cristancho and Lazar 2011).
This is strongly suggestive of altered adipocyte commitment and
differentiation via epigenetic mechanisms and deserves further

study in livestock species, particularly in mapping changes
during normal adipocyte formation and their functional signif-
icance in executing the adipocyte transcriptional program.

Interim conclusions

As with muscle development, the central question is how adi-
pose tissue development is affected by in utero influences.

However, because adipogenesis is not as well understood as
myogenesis, there is still a need to clarify the underlying biology
to identify markers and cellular processes to study this system

in vivo.We know that different depots grow at different stages of
development, with differences observed between different
species. For example, in sheep the PR depot grows fairly early,
being present in young neonatal lambs, whereas the subcuta-

neous depot only really grows much later in adult sheep, but the
opposite is observed in pigs. Because the factors regulating
adipogenesis, lipogenesis and lipolysis appear to be the same in

all adipose tissue depots, we still have no real understanding of
how this differential in fat depot growth or development is
regulated, or whether it may be altered by prenatal environment

or nutrition.

Evidence for programming of appetite regulation

The central nervous system, in particular the hypothalamic

region of the brain, plays a pivotal role in the control of vol-
untary food intake and appetite drive in mammals. The activity
of these neural pathways is modulated by factors circulating in
the bloodstream that provide information on the body’s nutri-

tional status. Under normal conditions, adequate nutritional
intake is thereby achieved for basal metabolic requirements,
growth, reproduction and appropriate deposition of energy

stores as fat. Because these neural and feedback pathways

develop in early life, it is pertinent to examine the extent to
which the adult phenotype may be altered or programmed by

early life challenges.
The mature hypothalamic arcuate nucleus produces both

appetite-stimulating (orexigenic) neuropeptides, primarily neu-

ropeptide Y (NPY) and agouti-related peptide (AGRP), and
appetite-suppressing (anorexigenic) neuropeptides, primarily
pro-opiomelanocortin (POMC) gene product and cocaine- and

amphetamine-regulated transcript (CART). The output of these
neuropeptides is able to respond appropriately to a range of
peripheral nutrient and hormonal metabolic signals, most nota-
bly the adipose-derived hormone leptin, and neuronal projec-

tions from the arcuate nucleus to other hypothalamic regions,
such as the paraventricular nucleus (PVN), are important in
mediating their effects (Schwartz et al. 2000). Central regulation

of appetite has been largely studied in the context of human
obesity (e.g. Dhillo 2007) rather than livestock.

Hypothalamus

In livestock, these neural pathways develop early in fetal life,
with the hypothalamus being morphologically distinct by the

end of the first third of gestation. Gene expression for the pri-
mary appetite-regulating hypothalamic neuropeptides is seen in
the fetal sheep arcuate nucleus from early (Day 50; C. L. Adam,

P. A.Williams and J.M.Wallace, unpubl. obs.) tomid-gestation
(Day 81; Adam et al. 2008) onwards (Days 110–130;
Mühlhäusler et al. 2005; term¼ 145 days), and evidence is

emerging that expression levels may be affected by changes in
the prenatal nutritional environment. The postnatal persistence
of such changes in gene expression may contribute to the pro-
gramming of an altered adult appetitive phenotype, and this

hypothesis forms the basis for many investigations into the fetal
origins of human obesity (Muhlhausler and Ong 2011). How-
ever, most such investigations use laboratory rodents in which

the hypothalamus is relatively immature at birth and the
extrapolation of findings to larger mammals needs to recognise
the temporal differences in development between altricial

(rodent) and precocious (livestock) species. Therefore, the
present overview focuses on findings from sheep.

The fetus relies passively on transplacental transfer of
nutrients (primarily glucose) from the maternal circulation for

its nutrition, and fetal nutritional status can affect the developing
hypothalamic appetite-regulating circuitry (Table S7). Hypo-
thalamic NPY and AGRP (orexigenic) are increased in late-

gestation sheep fetuses of undernourished mothers (Warnes
et al. 1998; Adam et al. 2015) and anorexigenic CART gene
expression is decreased in late-gestation IUGR sheep fetuses

in overnourished adolescent mothers (Adam et al. 2011b).
Conversely, late-gestation intrafetal glucose infusion increased
anorexigenic POMC gene expression (Mühlhäusler et al. 2005).

In mid-gestation, POMC gene expression was positively corre-
lated with fetal glycaemia (Adam et al. 2008), but maternal
overnutrition or obesity had no effect on hypothalamic levels of
orexigenic or anorexigenic neuropeptides in ovine fetuses

(Breton et al. 2011).
The foregoing suggests that relative expression levels of

appetite-regulatory hypothalamic neuropeptides are sensitive

in sheep to prenatal nutrition, but the key question is whether
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these changes persist to affect their appetite-regulatory actions
postnatally (Table S6). Maternal overnutrition in late gestation

resulted in increased POMC gene expression in the arcuate
nucleus of lambs at Postnatal Day (PND) 30 (Muhlhausler et al.
2006), whereas maternal food restriction in early gestation

decreased hypothalamic NPY expression at PND7 (Sebert
et al. 2009). However, no effects on hypothalamic gene expres-
sion levels were seen in obese 1-year-old offspring following

early gestationmaternal food restriction (Sebert et al. 2009) or in
11-week-old low-birthweight lambs following IUGR (Adam
et al. 2013). Importantly, however, this latter study highlighted a
major effect of gender, with orexigenic genes predominating in

males and anorexigenic genes predominating in females, linked
closely to the sex differences in body composition (adiposity)
and consequent metabolic hormone status (leptinaemia; Adam

et al. 2013; Wallace et al. 2014a).
Metabolic hormones that regulate the hypothalamic appe-

tite circuits in adults also control their development (Bouret

2013). Notably, leptin determines patterns of neurogenesis,
axon growth and synaptic plasticity in the developing hypo-
thalamus, especially during a discrete developmental period
soon after birth in rodents (Bouret and Simerly 2007). It is not

known exactly when this developmental period occurs in more
precocious larger mammals, like sheep and cattle, but it is
likely to be prenatal given the greater maturity of the hypothal-

amus at birth (Grayson et al. 2010). Leptin secretion is initiated
in the later stages of gestation in sheep and cattle following
significant adipose tissue deposition, and therefore fetal nutri-

tion and growth will be critical in this regard. Late-gestation
sheep fetuses with increased adiposity had both increased
leptinaemia and increased hypothalamic expression of the

leptin receptor (Adam et al. 2011a), and indeed the adipose–
hypothalamic axis is thought to be critical to the developmental
programming of hypothalamic feeding circuits (Horvath and
Bruning 2006; Breton et al. 2011). Thus, leptin plays an

important neurotrophic role in early life and elevated circulat-
ing leptin in lambs soon after birth does not appear to be
anorexigenic (De Blasio et al. 2010) However, plasma leptin is

regulated predominantly by nutrition in preruminant lambs
(Ehrhardt et al. 2003), and by 5–6 months of age adult-like
anorexigenic actions of leptin are seen in sheep given leptin

administered into the hypothalamus, regardless of birthweight
or gender (Adam et al. 2011b).

Epigenetic programming of appetite regulation

There are very limited published data on epigenetic changes in

central appetite-regulating pathways in farm animals. Peri-
conceptional undernutrition led to hypomethylation of the
POMC promoter, although it did not changePOMC orNPY gene

expression, in the late-gestation fetal sheep hypothalamus
(Stevens et al. 2010); this was further exacerbated by twinning
and the consequent additional nutritional challenge of placental
restriction (Begum et al. 2012). Because the rodent hypotha-

lamic POMC promoter region is a key target of epigenetic
changes following perinatal nutritional manipulations (Coupe
et al. 2010), this clearly warrants further investigation in live-

stock species.

Food intake and appetite

Studies of appetite (voluntary food intake) in offspring from
nutritionally perturbed ovine pregnancies have produced vari-

able results depending on the age at study, postnatal manage-
ment and nature of the perturbation (Table S7). Following
late-gestation maternal overnutrition, lambs had increased

appetite for the first 3 weeks but not at 4 weeks of age
(Muhlhausler et al. 2006), whereas IUGR lambs from preg-
nancies characterised by placental insufficiency (carunclectomy)

also had increased feeding activity at 2 weeks of age (De Blasio
et al. 2007). Lamb birthweight was unaltered in the foregoing
studies, whereas there was no effect on suckling activity in
3-week-old IUGR lambs with low birthweight from over-

nourished adolescent placentally insufficient pregnancies
(Adam et al. 2013). Others have reported no effect of low
birthweight on food intake in the first 5 weeks of life (Vilette and

Theriez 1981, 1983). However, low-birthweight lambs consume
more food to achieve a given liveweight because it takes them
longer to achieve it; thus, low birthweight lambs consumed 13%

or 20% more than normal birthweight lambs when artificially
reared rapidly or slowly respectively to 20 kg (Greenwood et al.
1998). Nonetheless, Vilette and Theriez (1981) reported that

food intake from weaning to 35 kg was not related to birth-
weight, Sibbald and Davidson (1998) found that food intake
from weaning to 2 years of age was not affected by moderate
maternal nutrient restriction in late gestation and consequent

low birthweight and Daniel et al. (2007) describe no effect on
food intake by lambs up to 17 and 24 weeks of age after severe
maternal food restriction in early gestation. In longer-term

studies, following early gestation maternal food restriction,
Sebert et al. (2009) reported no effect on appetite in obese
1-year-old offspring, but George et al. (2012) reported increased

appetite drive in obese female 6-year-old offspring. Conversely,
Long et al. (2010a) reported increased appetite at 19 months of
age in the offspring of overnourished obese mothers.

Data from cattle vary. Micke et al. (2015) reported that

protein intake in the first and second trimesters has sexually
dimorphic effects on progeny appetite and postnatal growth
pathways and that this is associated with altered circulating

thyroid hormone and leptin concentrations in the progeny.
In contrast, no differences in food intake (at 26–30 months of
age) were attributed to wide differences in prenatal growth and

birthweight (Greenwood and Cafe 2007). Low-birthweight
cattle at a given age eat less than normal birthweight counter-
parts, but not when intakes are adjusted for current bodyweight;

similarly, twin cattle tend to eat less food than singletons at a
given age by virtue of their smaller size (de Rose and Wilton
1991).

Interim conclusions

Nutritional challenges in utero alter the developing hypotha-
lamic appetite-regulatory circuits in fetal cattle and sheep,

but there is a lack of evidence for the persistence and
functional significance of such changes for food intake in
current animal production systems. However, emerging

data on sensitivity to epigenetic changes by the promoter of the
anorexigenic POMC gene could be of lasting significance
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for appetite drive and deserves further study in livestock
species.

Mammary gland development and lactation

Knight and Sorensen (2001) provided a comprehensive, critical
and insightful review of how mammary gland development can

be influenced by events that occur during both fetal and neonatal
periods, as well as during the much better characterised peri-
pubertal period. The earlier two periods of development deter-

mine mammary ductal outgrowth and subsequent proliferative
activity. It follows that these fetal and neonatal periods could be
sensitive to maternal nutrition; they are certainly sensitive to the

prevailing endocrine milieu, in particular to circulating levels of
testosterone and oestrogens. For example, in litter-bearing
species, such as the pig, the number of teats is inversely related
to the male : female ratio (e.g. Drickamer et al. 1999). However,

it is widely recognised that most mammary development occurs
in the dam during pregnancy. Although such responses fall out
with the scope of this article, it is of note that in monotocous

species, such as the cow, the fetus can influence maternal
mammary development during pregnancy (e.g. fetal sex deter-
mines subsequent lactational performance of the gestating dam;

Hinde et al. 2014).

In utero development and subsequent milk yields

Few studies considered the effects of in utero environment on

daughter lactational performance before the review of Knight
and Sorensen (2001), which led these authors to focus more on
mouse models of mammogenesis, environmental oestrogens
and breast cancer. Indeed, much of what we currently know

concerning the embryonic origins of mammary gland develop-
ment pertains to the mouse, where the process appears to be
fairly autonomous (for a detailed contemporary review, see

Macias and Hink 2012). However, several studies have emerged
that have assessed the effects of in utero development on
daughtermilk yields in dairy cows. Some also considered effects

beyond those directly associated withmammogenesis to include
‘programmed’ metabolic regulation of nutrient partitioning
towards the mammary gland during subsequent daughter lac-
tations (Bach 2012). Some report minor negative effects of

maternal milk yield immediately before and during pregnancy
on daughter milk yields (Banos et al. 2007; Berry et al. 2008).
However, the small effect size reported probably explains why

other ‘lesser-powered’ studies failed to observe such effects
(Bach 2012). Similarly, more recent data from González-Recio
et al. (2012) reported a small but statistically significant effect of

maternal lactation during pregnancy on daughter milk yields
(,50 kg reduction over 305 days). Perhaps unsurprisingly the
negative effects of maternal lactation on daughter performance

in that study were greatest for high-yielding and older (third vs
second vs first parity) cows. Nevertheless, the practical signif-
icance of these reductions in daughter performance (of between
0.6% and 0.9% lactational yields) for contemporary high-

yielding dairy cows is questionable.
Similarly in sheep, Paten et al. (2013) failed to convincingly

demonstrate that maternal diet during either early or late

pregnancy had any significant effect on daughter milk yields.

The same group had previously demonstrated very modest
negative effects of overfeeding (i.e. ad libitum feeding vs

maintenance) during pregnancy on daughter milk yields (van
der Linden et al. 2009), although in other studies by this
laboratory effects of pregnancy nutrition on fetal mammary

gland development varied between studies (Blair et al. 2010).
It is not easy in these types of study to separate effects of feeding
level and nutritional status during pregnancy from those during

subsequent lactation, because there are inevitably carryover
effects of ewe body condition that will determine her subsequent
lactational performance and daughter growth rates. Further-
more, suckling animals are seldom ever able to express their

full genetic potential for milk production because yields are
dictated by the appetite of their young. Consequently, residual
capacity can compensate for varying nutrient supply and off-

spring demands during lactation. Interestingly, however, the
birthweights of grandoffspring were greater for themaintenance
than ad libitum-fed groups in the study of Blair et al. (2010).

Because lamb size and growth rate will also affect milk yield in
suckled dams, it follows that the modest ‘programming’ effect
reported may not have been on the mammary gland per se, but
rather on the reproductive tract of gestating females.

As for cattle and sheep, mammary gland development in the
pig is initiated during the early stages of fetal development (from
around Day 23 of gestation), and involves intricate signalling

between the epithelial cells of the mammary buds, which go on
to form milk lines, and the surrounding mesenchymal cells;
molecular details for this species are only just coming to light

(Chomwisarutkun et al. 2012). However, other than the afore-
mentioned effect of fetal sex ratio on teat number in gilts, the
authors are unaware of any studies that have investigated

in utero programming of mammary gland development in this
species.

Prepubertal development and subsequent milk yields

There is compelling evidence in cattle that, in contrast with the
in utero period, season (i.e. photoperiod), plane of nutrition and

growth rate during the prepubertal period can each impinge on
the development of the mammary gland in a manner that will
determine milk yields during subsequent lactations (Robinson
et al. 1999; Dahl et al. 2012). The curvilinear nature of the

relationship between weight gain during the rearing period and
mammary gland development is such that reductions of around
10% in milk yields have been reported, particularly in first-

lactation dairy heifers that were either under- or overfed during
the peripubertal period. Although our understanding of the
endocrinology of compensatory growth is incomplete, the

establishment of so-called ‘stair-step’ patterns of feeding for
dairy heifers (Park et al. 1987) arose from our knowledge of the
timing and extent of this phenomenon during prepubertal

development. This pattern of feeding subjects heifers to short
(3- to 4-month) periods of restricted growth interspersed with
short (2-month) periods of compensatory growth to allow rela-
tively highmean prepubertal growth rates to be achievedwith no

detrimental effects on mammary gland development or fertility.
Attempts to replicate these findings in pigs have met with

mixed results. There is evidence of both positive (Crenshaw

et al. 1989) and negative (Farmer et al. 2012a) effects of
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‘stair-step’ feeding on mammary gland development, but with
little effect on piglet performance (Farmer et al. 2012b). It is

difficult to reconcile these mixed results in pigs with the more
clear-cut findings in cattle, other than to observe that in the
studies cited above there was no evidence of compensatory

growth in restricted–overfed gilts, which, at the end of the
experimental periods,were lighter thanmatched control-fed gilts.

Positive allometric mammary gland growth occurs between

1 and 5 months of age in ewe lambs associated with rapid
parenchymal growth before the onset of seasonally induced
puberty. In this regard, sheep differ somewhat from the
other major farm animal species (including goats) in that

ovariectomy of prepubertal ewe lambs has no effect on mam-
mary gland development during this period (Wallace 1953),
although exogenous oestrogen (i.e. 0.1mg kg�1 day�1 17b-
oestradiol for 7 days) enhanced epithelial cell proliferation
(Ellis et al. 1998). However, as for cattle, there is evidence
in sheep that rapid weight gain before puberty can impair

mammary gland development and subsequent milk production
in ewe lambs (McCann et al. 1989).

Programming of fertility

Successful reproduction and fertility are central to the financial
success of livestock enterprises and have their origins in fetal
life. Crucially, in females, the resting reserve of primordial

follicles that determines lifetime supply of potentially fertili-
sable oocytes (eggs) is established before birth and cannot be
replenished thereafter (Erickson 1966a, 1966b; McNatty et al.

1995). In contrast, males continuously produce new spermato-
zoa after puberty, but the number of Sertoli cells, which are the
primary determinant of sperm production and testes size in

adulthood, is determined by proliferation during the fetal, neo-
natal and peripubertal periods (Sharpe et al. 2003). Thus, the
developing reproductive axis and its hormonal control systems

are potentially susceptible to the range of environmental pro-
gramming stimuli detailed above.

Female offspring: sheep

Table S8 details the effects of early life nutrition on the devel-

oping reproductive axis and on adult fertility in sheep. In sheep
(gestation length ,145 days) the overwhelming evidence
relates to maternal undernutrition in adult ewes, typically 0.5- to

0.7-fold maintenance, compared with controls nourished to
meet the needs for fetal growth. Exposures during pregnancy are
either limited to the known key periods of gonadal development

or span the entire gestation. Where endpoints were assessed in
fetal life, the consensus is one of delayed germ cell degeneration
or delayed ovarian follicular development, as measured by
elaboration of the granulosa cell layer (Borwick et al. 1997; Rae

et al. 2001). Altered proliferation and apoptosis within the
developing ovarymay be the root cause (Lea et al. 2006; Grazul-
Bilska et al. 2009). In all cases, the effects of maternal under-

nutrition were independent of fetal body growth. In contrast,
compelling reductions in primordial follicle number (80% less)
were evident in fetuses destined to be growth restricted at birth

(Da Silva et al. 2002, 2003). Although the adolescent damswere
overnourished (approximately twofold maintenance), in this

paradigm competition for nutrients between the growingmother
and conceptus results in restricted placental development and a

major reduction in uteroplacental blood flow–fetal nutrient
supply from mid-gestation onwards (Wallace 2011). Accord-
ingly, by late gestation, fetal ovarian follicle population size was

positively correlated with placental and fetal weight.
None of these aforementioned prenatal nutritional manipula-

tions affects the onset of puberty in spring-born females, at least

when fed ad libitum after birth to ensure they exceed the critical
weight required to respond to photoperiodic cues at their first
breeding season (Da Silva et al. 2001; Kotsampasi et al. 2009).
Similarly, there is little evidence of a robust effect of prenatal

nutrition on the postnatal function of the hypothalamic–
pituitary–axis in that baseline and gonadotrophin-releasing
hormone (GnRH)-stimulated gonadotrophin secretion are

largely unperturbed at puberty and in adulthood (Borwick
et al. 2003; Kotsampasi et al. 2009). This suggests that the
prenatal nutritional programming of lifetime fertility in females

primarily has its origins within the ovary and/or uterus. At its
simplest, this could be manifest as a reduction in: (1) ovulation
rate (OR), directly reflecting a diminished ovarian follicle
reserve; (2) embryo survival, variously reflecting poor oocyte

quality, fertilisation failure or inability to progress beyond the
maternal recognition of pregnancy stage; and/or (3) reduction in
litter size due to failure to implant or limited uterine capacity.

There is supporting evidence to substantiate these possibilities,
but more than one factor is likely involved. Maternal undernu-
trition from conception to Day 95 of gestation was associated

with a modest (20%) reduction in the natural OR of female
offspring expressed at a single time point within their second
breeding season (Rae et al. 2002a). Ovulation rate clearly sets

the upper limit of eggs shed by the ovary in any cycle, but
whether this effect on OR was sustained throughout the life
course or translated into a reduction in litter size is unknown. In
contrast, when maternal undernutrition was limited to the first

35 days of gestation, there was no effect on the naturally
occurring OR of the female offspring measured on seven
occasions during the first two breeding seasons or following

mild ovarian stimulation with exogenous hormones on one
occasion during the second (Parr et al. 1986). Similarly, the
OR of female offspring at the end of a 3-year breeding life

(corrected for premating adiposity) was not affected bymaternal
nutrient supplementation throughout the second two-thirds of
pregnancy (Gunn et al. 1995). Effects on ORmay not limit litter
size until late in a female’s reproductive life when her ovarian

reserve becomes exhausted. Theoretically, the ovarian follicle
population may become limiting earlier in pedigree females
repeatedly superovulated as part of genetic improvement pro-

grams, but this has not been tested.
On sheep farms, fertility is largely recorded as pregnancy rate

and litter size. Again, the available evidence is contradictory.

When assessed on a single occasion following a synchronised
mating in the first season, pregnancy rate and litter size of female
offspring were not affected by diverse nutritional exposures

(under vs overnutrition) during early or mid-pregnancy (Munoz
et al. 2009). In contrast, a major reduction in pregnancy rate
following hand mating and a 45-day breeding period were
reported in a small study of 2-year-old females previously
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exposed to maternal undernutrition between 28 and 78 days
gestation (Long et al. 2010b). A more robust assessment of the

effect of early life nutrition on fertility is provided when large
numbers of females are studied repeatedly. Accordingly, Gunn
et al. (1995) studied the effect of supplementing maternal

nutrition during the last 100 days of pregnancy or during the
first 100 days of lactation on female offspring fertility over three
lambing seasons. Relative to the unsupplemented controls, both

periods of supplementation were associated with a higher
lifetime incidence ofmultiple births, with lactation. pregnancy
due to reduced barrenness and ewe mortality. Similarly, there
were fewer lambs born to female offspring over a period

spanning up to eight pregnancies, when stocking density was
high (low available nutrition) from conception to weaning, but
only when stocking density was also high in adult life

(Langlands et al. 1984). This suggests that negative effects of
prenatal undernutrition may not be revealed unless nutrient
availability at breeding is also marginal. Within genotypes,

birthweight is a useful indicator of in utero fetal nutrient supply
that can be readily measured on-farm. Intriguingly, data from
performance-recorded Suffolk flocks reveal that females born at
both birthweight extremes (2 s.d. above or below the mean

birthweight) had lower litter size during a median of three
further pregnancies (Gardner et al. 2009). This effect was
independent of offspring growth rate from birth to 8 weeks of

age, but growth rates in these pedigree females were high across
the board, reflecting intensive nutritional inputs common in
such flocks. In contrast, a lower lifetime incidence of multiple

births has been reported for female offspring who, with their
mothers, were exposed to poor pasture from birth to weaning to
restrict offspring growth (Rhind et al. 1998). These lifetime

studies were low intensity and not designed to investigate
mechanisms, but reductions in litter size are likely to involve,
in part, increased embryo or fetal mortality. In the absence of
experimental assessments of litter size in relation to ovulation

and fertilisation rates, embryo quality and pregnancy rates
within a single study, it is pertinent that maternal undernutrition
during mid-pregnancy increased markers of DNA damage in

fetal oogonia (Murdoch et al. 2003), whereas blastocyst pro-
duction in vitro from prepubertal ewe lambs was highest when
they had been exposed to high rather than lowmaternal nutrition

during mid–late pregnancy (Kelly et al. 2005). Conceptus
survival is also dependent on appropriate uterine development
and capacity (Vallet et al. 2013). Although under normal
circumstances it is assumed that the capacity of the uterus and

placentas of ruminants to provide fetal support exceeds the
number of fetuses present, it is intriguing to note a modest but
significant reduction in the number of uterine caruncles, and

hence potential placentomes, in low birthweight female lambs
(Aitken et al. 2003).

Female offspring: cattle

The effect of early life nutrition on aspects of reproduction in
beef and dairy cattle are summarised in Table S9. In cattle
(gestation length ,285 days), data relating prenatal nutritional

exposure to altered fetal ovarian development are scarce.
Nevertheless, it is well established that the number of antral

follicles present at all stages after birth is a direct reflection of
the ovarian follicle reserve established prenatally (Evans et al.

2012). Thus, birthweight (as a proxy for fetal nutrient supply)
was positively associated with the antral follicle count (AFC) in
a large population of neonatal beef calves that died due to

dystocia, and in adult heifers examined by ultrasound (Cushman
et al. 2009). Reduced ovarian weight and large follicle diameter
at 30 months is reported following slow prenatal growth rates

(Wilkins et al. 2006), whereas a general reduction in all follicle
types was evident following exposure to a low- then high-
protein diet during the first two-thirds of gestation (Sullivan
et al. 2009). A direct effect ofmaternal undernutrition during the

first third of gestation on the ovarian follicle reserve has been
documented using serial ultrasound (five occasions) during
prepubertal and adult life (Mossa et al. 2013). The robust

decrease in follicle number reported is associatedwith increased
maternal testosterone during dietary restriction and was inde-
pendent of calf birthweight and postnatal growth. Further,

in vitro data suggest that ovarian steroids are potent negative
regulators of follicle formation and, as such, environmental
factors that alter steroid production in the dams and/or fetus may
affect the size of the ovarian follicle reserve (Fortune et al.

2013).
Similar to sheep, prenatal maternal nutrition did not affect

the onset of puberty in beef cattle (Martin et al. 2007; Sullivan

et al. 2009; Mossa et al. 2013), but higher offspring pregnancy
rates were observed following protein supplementation in late
pregnancy (Martin et al. 2007) and when the AFC before

breeding was high (Cushman et al. 2009). In contrast, manipu-
lation of the post-weaning diet in beef heifers did not affect AFC
or overall pregnancy rate (Eborn et al. 2013). In cattle, there is a

lack of data linking prenatal nutrition and offspring reproductive
performance. Although dairy cows with a high AFC are three-
fold more likely to become pregnant by the end of the breeding
period (Mossa et al. 2012), there are no data directly linking

birthweight and AFC in dairy breeds. Moreover, size at birth did
not affect fertility in the first lactation and low birthweight was,
in part, protective against abnormal ovarian cycles in the second

service period (Swali andWathes 2006). In contrast, growth data
obtained from 17 UK dairy farms suggest that low postnatal
growth rates increase age at first breeding and calving (Brickell

et al. 2009).

Male offspring: sheep and cattle

Relative to females, there is a dearth of information on the effect

of early life nutrition on male offspring fertility (Tables S8, S9).
The single bovine study shows FSH levels and testis volume
were increased in the bull calf by first-trimester protein
restriction (Sullivan et al. 2010). In sheep, when endpoints were

assessed in mid-pregnancy, the consensus is that neither
maternal undernutrition nor reduced fetal nutrient supply affect
Sertoli cell number, the number of seminiferous cords or basal

pituitary gonadotrophin secretion (Rae et al. 2002b; Da Silva
et al. 2003; Andrade et al. 2013). However, in the newborn
lamb, the number of seminiferous cords and Sertoli cells was

reduced followingmaternal undernutrition frommid-pregnancy
onwards and was associated with a modest reduction in
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birthweight (12% reduction) relative to the adequately nour-
ished control group (Bielli et al. 2002). In addition, male lambs

that were severely growth restricted in utero (47% reduction) as
a result of overnourishing their adolescent dams exhibited
slower absolute postnatal growth rates, delayed age at puberty,

lower testosterone concentrations and reduced testicular volume
per unit liveweight between 28 and 35 weeks of age (Da Silva
et al. 2001). Because Sertoli cells set the ceiling for sperm

production, and continue to proliferate until puberty, it is likely
that poor prenatal growth followed by a delayed attainment of
the pubertal liveweight threshold could well impact ram libido
and sperm production and quality, particularly if rams are

used in their first breeding season. However, this has not been
tested directly. By contrast, in studies where maternal nutrition
is restricted during the first two-thirds of gestation and lamb

birthweight and postnatal growth are unaffected, there is no
evidence of a long-term effect on the onset of puberty
(Kotsampasi et al. 2009) or on indices of semen quality in adult

life (Rae et al. 2002a).

Male and female offspring: pigs

For the pig industry, studies assessing the effect of varying

maternal nutrition have traditionally focussed on the dam’s OR,
embryo survival, litter size and rebreeding interval, with scant
regard for possible effects on the fertility of the offspring

themselves. Indeed, because the former important indices of a
dam’s productivity are remarkably independent of macronutri-
ent intake during pregnancy (Anderson et al. 1979; Quesnel
et al. 2010), it is unlikely that the developing reproductive axis

of the fetus or neonate would be significantly perturbed, but this
has not been evaluated. However, as a litter bearing-species,
there is potential for variation in intrauterine nutrition and the

gonadal phenotype of IUGRor ‘runt’ piglets at birth suggests the
potential at least for impaired fertility in the longer term if
selected for breeding. Accordingly, comparison of growth-

restricted versus normally grown piglets from the same litter
revealed delayed follicular development in the former group
when examined within 24 h of birth (Da Silva-Buttkus et al.

2003). IUGR can also be a litter characteristic, typically if driven
by high ORs and good to moderate early embryonic survival in
higher-parity sows (Vonnahme et al. 2002). The resulting low
litter average birthweight affects absolute numbers of germ,

Sertoli and Leydig cells in males at 5 days of age, and this could
have implications for stud boar performance (Smit et al. 2013).

Effect of environmental chemicals

Environmental chemicals, including endocrine-disrupting
compounds (EDCs) can adversely program components of the
reproductive axis (brain–pituitary–gonad–uterus), altering

important aspects of offspring fertility and causing financial loss
to livestock producers (Rhind et al. 2003; Rhind 2005). These
chemicals largely come from industrial processes, domestic

effluents and agricultural practices. Much of the data relating to
the reproductive actions of EDCs are derived from epidemio-
logical studies of wildlife species and from rodent studies

involving supra-environmental exposures. Caremust be taken in
interpreting the results of these studies and to ensure that an

environmentally relevant dose of a compound(s) is adminis-
tered. There is a lack of information in farm animal species:most

current knowledge comes from sheep and involves small num-
bers of subjects, with even less information for cattle and pigs.
Detailing the effect of EDCs is challenging because they do not

necessarily comprise one chemical substance but mixtures, in
which the EDCs that are present at relatively low concentrations
may carry a low level of risk alone but may cause significant

physiological disruption when combined in the real-life envi-
ronment (Bellingham et al. 2009). These mixtures include
sewage sludge (SS), a by-product of wastewater treatment from
domestic, industrial and agricultural sources commonly spread

on pastures that are then grazed by domestic ruminants (Rhind
et al. 2011). As such, SS is one of the most relevant EDCs in the
context of this review. The fetal and neonatal stages are par-

ticularly sensitive to EDCs and exposure during these critical
windows of development can affect the reproductive axis in a
sexually differentiated manner, as discussed below. Although

very few studies have explored the fetomaternal exchanges of
EDCs, Rhind et al. (2010) found no correlations between the
maternal and fetal burdens at Days 55 and 110 of gestation in the
livers of sheep exposed to environmentally relevant con-

centrations of sewage sludge. Studies on bisphenol A (BPA) in
the same species show that the conjugation capabilities of the
fetoplacental unit are low in early gestation (around Day 55) but

higher at a later date (around Day 130), indicating that exposure
to the EDC is high during the earlier developmental window
(Corbel et al. 2013, 2015). The present review concentrates on

five EDCs: BPA, octylphenol (OP), methyoxychlor (MXC),
polychlorinated biphenyls (PCBs) and SS. Main effects are
summarised in Table S10.

Effects of EDCs in the hypothalamus

Reproduction is ultimately controlled by approximately 2000
neurons in the hypothalamic preoptic area of the brain that

synthesise and secrete GnRH (Dees and McArthur 1981;
Lehman et al. 1986). These neurons are regulated by neuro-
transmitter and neuropeptide systems that convey information

about an animal’s internal and external environment, including
its steroidal status (Fig. 2). GnRH neurons do not possess
oestrogen, progesterone or androgen receptors (Herbison et al.

1993) and therefore information must be relayed by steroid-
receptive neural systems, including kisspeptin and galanin.
Many of the EDCs act as steroid mimetics, exerting their actions
via classic steroid receptors in reproductive tissue. EDCs can

reduce the population of GnRH neurons and GnRH receptors
(SS: Bellingham et al. 2010; BPA and MXC: Mahoney and
Padmanabhan 2010). Whether reductions in GnRH synthetic

capacity affect reproduction in females is unclear because rel-
atively small amounts of GnRH are needed to trigger ovulation
(Bowen et al. 1998). However, a lack of GnRH receptors

may alter signalling pathways and reduce pituitary LH and FSH
secretion, with downstream effects on fertility. EDCs also alter
oestrogen receptor (ER) a and ERb expression in the female
sheep hypothalamus (ESR1 and ESR2 respectively; Mahoney

and Padmanabhan 2010). Specifically, female fetuses exposed
to BPA have increased ESR1 gene expression in adulthood,
whereas ESR2 gene expression is reduced by exposure to both
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BPA and MXC. Changes in steroid receptor abundance may

alter feedback mechanisms responsible for ovulation, poten-
tially altering mating behaviour and fertility (Mahoney and
Padmanabhan 2010), and this hypothesis has been investigated
by Salloum et al. (2013) for BPA andMXC. In addition, specific

oestrogen-receptive neural populations that regulate GnRH
secretion are altered by EDCs, namely kisspeptin, its receptor
and galanin receptors 1–3 (Bellingham et al. 2009, 2010).

Reductions in these neural populations were observed in
110-daymale and female fetuses, although whether these neural
networks remain perturbed after birth and into adulthood is

unexplored (Bellingham et al. 2009, 2010). After birth, both
kisspeptin and galanin are important for the timing of puberty,
ovulation and receptivity in farm animals (Caraty et al. 2012);
therefore, reductions in these neurotransmitter systems may

potentially reduce reproductive performance in sheep. Data on
the hypothalamic (and pituitary) effects of EDCs in the pig are
lacking and could be an avenue for further study.

Effects of EDCs on pituitary gonadotrophins

The gonadotrophins LH and FSH are important in females for
ovarian development and function, as well as to promote ovu-

lation, and in males to promote testicular development and
spermatogenesis. Exposure of male sheep fetuses to OP from
Day 70 of gestation until birth suppressed FSHb gene expres-

sion and the percentage of FSH-immunoreactive (FSH-ir) cells
in the pituitary gland, whereas LH gene expression and cell
numbers were unaffected (Sweeney et al. 2000). These pituitary
effects were associated with altered testicular function (see

below). In the female fetus, populations of pituitary gonado-
trophs are reduced following exposure to SS (Bellingham et al.

2009), as is the percentage of cells double labelled for kisspeptin

and LHb and those labelled for ESR1. In relation to gonado-
trophin secretion per se, FSH release is suppressed by OP
exposure in fetal animals (Sweeney et al. 2000), whereas

episodic LH is inhibited by both short- and long-term admin-
istration of BPA to prepubertal ewe lambs (Evans et al. 2004;
Collet et al. 2010). It is worth noting that the suppressive actions

of BPA on LH pulses depend on the dose, and high doses were
required to replicate the actions of exogenous oestradiol (Collet

et al. 2010). Conversely, GnRH-stimulated LH release was
higher in prepubertal female lambs exposed to PCB 118 (but not
PCB 153) during gestation, indicative of selective PCB modu-

lation of the responsiveness of the pituitary gland to hypotha-
lamic stimulation (Kraugerud et al. 2012). Both PCBs altered
follicular dynamics in these lambs (see below) and may reflect

an indirect effect on gonadotrophin release or a direct effect on
the ovary.

Effects of EDCs on ovarian and uterine function

EDC exposure during germ cell formationmay cause permanent
reductions in reproductive function in adulthood. Importantly,

changes in the germline could be passed to later generations, as
shown in rodents (Skinner et al. 2010). There are well-
documented actions of EDCs on the morphology and develop-
ment of the sheep ovary during fetal and early postnatal life. SS

exposure alters ovarian dynamics in 110-day fetuses, reducing
oocyte density, advancing follicle development and increasing a
pro-apoptotic protein (Bax) key to normal ovarian development

(Fowler et al. 2008). Similarly, exposure to PCB 118 and
PCB 153 throughout gestation altered follicular dynamics in
prepubertal animals 60 days after birth. PCB 153 increased the

number of primary follicles, whereas PCB 118 increased the
sum of secondary, early antral and antral follicles (Kraugerud
et al. 2012). Although the long-term consequences of such

enhanced development are unknown, Kraugerud et al. (2012)
suggest that increased recruitment from the primordial follicle
pool could lead to premature ovarian failure. Fetuses exposed
to BPA from Day 30 of gestation until necropsy at Day 65 or

90 exhibit reduced ovarian steroidogenic gene and miRNA
expression for several genes central to successful gonadal dif-
ferentiation and folliculogenesis (Veiga-Lopez et al. 2013).

These changes in gene expression may also underlie, in part, the
altered reproductive endocrine function reported in prenatally
BPA-exposed ewes during their first breeding season (Sava-

bieasfahani et al. 2006). Exposure to relatively low doses of
BPA (50 or 0.5mg kg�1) during the first 2 weeks of life also has
profound actions on follicular dynamics of the 30-day-old ewe
lamb. Specifically, ovarian weight is lower in BPA-exposed

animals and the number of primordial follicles is reduced as
primordial follicle recruitment is accelerated. However, there is
also an increase in the number of atretic antral follicles (Rivera

et al. 2011). Other physiological changes were also noted,
including a reduced response of oestrogen to stimulation with
FSH and changes in steroid receptors (Rivera et al. 2015),

which, in conjunction, may lead to future subfertility. The onset
of puberty was not affected by prenatal BPA or MXC exposure
in the latter study. In contrast, when females were exposed to OP

for varying periods from Day 70 of gestation to weaning at
4 months, the onset of puberty was advanced by 3 weeks with an
associated increase in first breeding season duration (Wright
et al. 2002). As well as EDC-induced changes in ovarian func-

tion, changes have been noted at the uterocervical level.
Specifically, BPA (but not OP) exposure of ovariectomised ewe
lambs for 6 weeks from 4 weeks of age increased uterine weight

(due, in part, to endometrial oedema), increased keratinisation
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Fig. 2. Effects of environmental disrupting chemicals (EDCs) on different

components of the reproductive axis of female (left) and male (right)

ruminants. Black arrows indicate published work that supports effects of

EDCs on hypothalamic steroid-receptive neurons, gonadotrophin-releasing

hormone (GnRH) neurons, the pituitary gland or the gonads. BPA, bisphenol

A; MXC, methoxychlor; OP, octylphenol; PCB, polychlorinated biphenyls;
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of the cervical epithelium and altered the distribution of oes-
trogen receptors in the uterine endometrium. Further work will

be necessary to determine whether these pathological changes
affect the ability of ovary-intact ewes to carry viable lambs
(Morrison et al. 2003).

IVF studies have explored the effects of PCBs on the
maturation of pig oocytes. Although there was no effect on the
number of cleaved oocytes, the number of zygotes that became

blastocysts was substantially reduced (Brevini et al. 2004;
Favetta et al. 2012). Further exposure of porcine oocytes and/
or embryos to OP or organochlorines (OCs) variously altered
oocyte viability, fertilisation rate and morula development

(Campagna et al. 2002, 2008; Ducolomb et al. 2009).
In cattle, several studies have demonstrated negative effects

of organochlorines, OPs, BPA and PCB on the developmental

competence of the oocyte when added to the culture media
during IVM procedures (Tiemann et al. 1996; Alm et al. 1998;
Pocar et al. 2001a, 2001b; Ferris et al. 2015). Ferris et al. (2015)

used environmentally relevant concentrations of BPA that fell
below the estimated lowest observed adverse effect level
(LOAEL) to determine environmental chemicals (EC) actions
on oocyte maturation. Exposure altered the sex ratio, decreased

the percentage of males, increased cellular apoptosis, decreased
embryo quality and developmental potential and altered the
expression of key developmental genes. Despite these limited

in vitro studies, there are no corresponding data following EDC
exposure in vivo, and this is clearly required if the relevance to
beef and dairy fertility is to be ascertained. Indeed, for all three

species, there is a complete dearth of information on the
programming effects of EDCs on crucial aspects of female
offspring reproductive function, including ovulation and ferti-

lisation rates, embryo quality, pregnancy rates and lifetime litter
size. A further potential target for research would be with high-
yielding dairy cows in negative energy balance, where EDCs
could exacerbate negative effects on reproductive function with

associated productivity and welfare consequences.

Effects of EDCs on testicular function

OPs have been shown to disrupt testicular development and
function in sheep following prenatal and early postnatal expo-
sure. Maternal exposure of dams to OP fromDay 70 of gestation

until birth resulted in decreased testicular weight and a reduction
in Sertoli cell number at birth (Sweeney et al. 2000), but an
equivalent exposure did not affect semen quantity, quality or

IVM or IVF characteristics at 12 months of age (Sweeney et al.
2007). In contrast, whenmales were exposed to OP from birth to
weaning (but not from Day 70 of gestation to weaning), the

number of morphologically abnormal spermatozoa was
increased by 12% (Sweeney et al. 2007). The effect of this small
increase in the proportion of abnormal spermatozoa on ram

fertility in field conditions is unknown. Prenatal and early
postnatal exposure to SS has also been shown to disrupt testic-
ular function. In fetal life (at Day 110 of gestation), long-term
maternal SS exposure resulted in a major attenuation of fetal

testicular development associated with reduced testicular
hormone secretion (Paul et al. 2005). When exposure was
continued until weaning at 4 months and tissues were collected

at 19 months, approximately half the exposed rams had testes

that appeared to be morphologically normal, whereas the
remainder had major reductions in germ cell number and a

greater number of Sertoli cell-only tubules (Bellingham et al.

2012). This observation is important because it indicates that
specific individuals may be more susceptible to EDC disruption

than others and reinforces that population data may underesti-
mate the problems associated with EDC exposure. Moreover, it
suggests that identifying at-risk or affected individuals on-farm

could be a challenge.
In pigs, sperm viability and motility were impaired when

directly exposed to increasing concentrations of the OPs mala-
thion and diazinon in vitro, possibly due to attenuated energy

release by the mitochondria (Betancourt et al. 2006). Similar
effects were observed when pig spermatozoa were cultured
in IVF medium containing a mixture of 15 organochlorines

(Campagna et al. 2002).

Evidence of epigenetic involvement

Our understanding of the molecular mechanisms that underlie

the prenatal programming of domestic livestock fertility is in its
infancy. Epigenetic marks are candidates for bearing the
memory of early life exposure and both PGCs (the direct pro-

genitors of spermatozoa or oocytes) and the preimplantation
embryo are subjected to intense epigenetic modifications
(Seisenberger et al. 2013). As discussed earlier, DNA methyl-

ation in germ cells is erased and new DNA methylation is
acquired during multiplication of spermatogonia in the male
(fetal event), whereas in females it primarily takes place during
follicle or oocyte growth and maturation (after puberty and

before each ovulation). Thus, the key times when offspring are
potentially susceptible to epigenetic modification is likely to be
gender specific, with males theoretically being more sensitive

than females during fetal life (Dupont et al. 2012).
Variations in the maternal, placental and fetal hormonal

milieu during intrauterine development are postulated as epige-

netic signals (Fowden et al. 2010). Because the glucocorticoids
and reproductive steroids are highly sensitive to maternal
nutrition (Fowden et al. 2010; Wallace et al. 2011a) and EDCs

have major oestrogenic properties (Fowler et al. 2012), they are
clearly important candidates in this respect. However, to date
there is no direct link between these putative environmental cues
and epigenetic modifications that relate to a fertility phenotype

in farm species, primarily because these mechanisms have not
been investigated to any great extent. In contrast, there is
compelling evidence from rodents that at least some of the

effects of environmental chemicals, such as diethylstilbestrol
(DES) (Alworth et al. 2002) and the isoflavonoid phytoestrogen
genistein (Tang et al. 2008), are mediated via changes to DNA

methylation. Anway et al. (2005) went further to demonstrate
male germline-mediated epigenetic transgenerational effects of
the anti-androgenic compound vinclozolin (an agricultural fun-
gicide) and the oestrogenic compound MXC on gonadal sex

determination, which persisted to the F3 generation in the rat.

Interim conclusions

There is reasonable evidence to support a role for early life
nutrition in the programming of specific aspects of female
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offspring fertility. In sheep, the most robust effects to date relate
to the negative effect of low fetal nutrient supply on the number

of ovarian follicles. However, even this may not limit litter size
until relatively late in a female’s breeding life or until she
experiences a second environmental challenge, such as poor

nutrition or repeated superovulation in adult life. A similarly
robust effect of poor prenatal nutrition on the ovarian follicle
reserve in beef cattle is also emerging and, in both species, low

birthweight may be a useful proxy marker of the individuals
most likely to be perturbed. In contrast, in male offspring, the
negative effect of poor prenatal nutrient supply is likely to be
confined to the first breeding season and of little consequence to

fertility thereafter. To date, the most worrying implication of
EDC research relates to the higher incidence of spermatogenic
abnormalities in male offspring. Further, although early life

exposure to EDCs clearly affects the reproductive axis at the
brain, pituitary and ovarian levels, the effect on female offspring
fertility and fecundity has simply not been examined in the

relevant farm species.

Effects of advanced (assisted) reproductive technologies

Compared with AI, the transfer of in vivo-derived (IVD) and

in vitro-produced (IVP) embryos is largely restricted in cattle to
breeding within elite or nucleus herds. Recent estimates place
the number of embryos transferred globally at just under 1 mil-
lion (International Embryo Transfer Society (IETS) 2012). The

number of IVP embryos transferred has quadrupled over the past
decade and now constitutes 40% of total embryos transferred in
cattle. One driver for the current surge in interest in IVP embryos

is the prospect of genomic selection of Day 7 embryos (Lauri
et al. 2013). This can significantly reduce the breeding interval
(and so increase response to selection) by virtue of the fact that

selection occurs at Day 7 of gestation and not at term. The use of
sex-sorted spermatozoa for IVF can also reduce wastage and
associated costs that arise from the production of unwanted
(usually male) calves.

Developments and refinements to bovine IVPmethodologies
since 1982 led to the global commercialisation of this technol-
ogy by the mid to late 1990s. However, the first reports of

developmental anomalies leading to the birth of large calves
and associated obstetric complications following the transfer of
IVP embryos arose soon thereafter. These observations were

later reported in sheep, and collectively became known as the
large offspring syndrome (LOS). It is beyond the scope of the
present article to review this topic in detail; this has been done

elsewhere (e.g. Young et al. 1998; Sinclair et al. 2000; van
Wagtendonk-de Leeuw et al. 2000; Farin et al. 2006). However,
the study of in utero and postnatal development following the
transfer of IVP and cloned embryos (which undergo a period

of in vitro culture) has served to highlight the sensitivity of the
periconception period, and the earliest stages of mammalian
development, to environmental influences. Given that from

fertilisation to hatching (at around Day 7 or Day 8 of gestation)
ruminant embryos contain a large population of pluripotent
cells, it follows that many of the altered phenotypes described

in offspring (discussed next) may have arisen, at least in part,
as a consequence of epigenetic alterations to DNA and

associated proteins in several developmentally important genes
(discussed later).

Long-term postnatal consequences of ART

Differences in birthweight between calves or lambs conceived
naturally or by AI, and calves or lambs derived from IVP
embryos, normally disappear at around 6–12 months of age
(Wilson et al. 1992; Walker et al. 1996), indicating that in utero

overgrowth is transient and does not persist postnatally,
although in the study of McEvoy et al. (1998), oversized calves
at birth derived from IVP embryos had abnormally large hearts

when slaughtered at just over 1 year of age. Anecdotal evidence
based on a limited number of observations from some of the
early studies indicated that IVP-derived offspring of the same

genotype may be more muscular. Subsequent studies in both
cattle and sheep confirmed that primary muscle fibre CSA was
increased, as was the ratio of secondary to primary muscle
fibres, in late-gestation fetuses (Maxfield et al. 1998; Crosier

et al. 2002). These effects in sheepwere associatedwith a shift in
the temporal expression ofmyogenic factor 5 (Myf-5), amember
of the MyoD gene family responsible for inducing mesodermal

precursor cells to differentiate into myoblasts and to proliferate,
both under the influence of Sonic hedgehog and Wnt-1 (Maltin
et al. 2001). In contrast, there was no effect of embryo source on

expression of Myf-5, MyoD or myogenin (MYOG) in skeletal
muscle of Day 222 bovine fetuses; instead, there was a reduction
in expression of mysotatin (MSTN; Crosier et al. 2002). Loss

of function of this TGF-b family member is known to lead to
muscle hypertrophy in cattle and sheep (Rodgers and Garikipati
2008), the origins of which occur prenatally. These observations
are remarkable because the initiating factors during IVP would

have had to act on the population of pluripotent cells that
constitute the preimplantation embryo, reinforcing earlier
statements in this article that the earliest stages of mammalian

development are particularly sensitive to environmental
perturbation.

Few studies have formally evaluated carcass and muscle

characteristics of offspring conceived with IVP embryos, and
none of these was designed specifically to address the issue of
whether the IVP process itself altered these traits. Patterson et al.
(1993) assessed carcass characteristics of single and twin beef

calves derived from IVP embryos and concluded that, following
embryo transfer (ET), viable twins have similar beef-producing
potential to single-born calves. Similarly, Amen et al. (2007)

used IVP and ET to produce reciprocal crosses of Bos indicus
and Bos taurus cattle in order to assess carcass and meat traits,
but no assessment of independent effects of assisted reproduc-

tive technology (ART) could be made. The study of Sinclair
et al. (1995) is often cited (wrongly) as providing evidence that
the process of IVP itself leads to increased carcass weights with

greater yields of saleable meat. Carcass and saleable meat yields
were greater for IVP–ET-derived offspring than for AI controls,
but this was almost certainly due to the selection or breeding
process and not the IVP of embryos per se.

Similarly, until very recently no studies have assessed
long-term effects of IVP–ET on subsequent offspring fertility
and milk yield. However, a large study (comprising 426

ET recipients) in Florida, involving the transfer of fresh or
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frozen–thawed and sexed IVP embryos versus AI in Holstein
cows, found no effects ofART on pregnancy rates to first service

or daily milk yields during first lactation in resultant female
offspring (Bonilla et al. 2014). Consequently, it is unlikely that
these traits would be affected in beef cattle.

Long-term effects of reproductive cloning

Prenatal losses, obstetric complications and postnatal morbidity

associated with reproductive cloning generally fall under the
heading of LOS and have been reviewed elsewhere (e.g. Young
et al. 1998; Chavatte-Palmer et al. 2000) and will not be con-
sidered further herein, except to state that the incidence and

severity of pregnancy losses, obstetric complications and neo-
natal morbidity are usually greater for pregnancies generated
from embryonic cell NT embryos (Garry et al. 1996), but par-

ticularly from somatic cell nuclear transfer (SCNT) embryos
(Hill et al. 1999; Chavatte-Palmer et al. 2004), than with either
IVP or IVD embryos. Attention instead is focused on the health

and productivity of cloned offspring. Again, this topic has been
extensively reviewed elsewhere (Norman and Walsh 2004;
Takahashi andYoshihiko 2004; Tome et al. 2004; Heyman et al.
2007; Laible et al. 2007; Rudenko andMatheson 2007; Rudenko

et al. 2007; Watanabe and Nagai 2008), driven largely by stat-
utory requirements of various government agencies (e.g. US
Federal Drug Agency, European Food Standards Authority) to

ensure that cloning does not compromise animal welfare and
that food products from cloned animals are safe for human
consumption. The available evidence indicates that SCNT

cloned offspring that survive to puberty are generally healthy
and that the composition and nutritive value of milk and meat
products from cloned (non-transgenic) livestock do not differ

from that of animals conceived naturally. However, there does
appear to be subtle differences in muscle fibre contractile types
(i.e. more slow-twitch oxidative relative to fast-twitch glyco-
lytic fibres) in young cloned heifers (at around 8months of age),

but again, as with general issues regarding animal health, these
compositional differences in muscle subsequently disappear
following the onset of puberty and are not evident in cattle

.12 months of age (Jurie et al. 2009).

Epigenetic programming of long-term development

It became apparent early on that many of the LOS features
resembled those of naturally occurring overgrowth syndromes
in humans (e.g. Beckwith–Wiedemann syndrome (BWS)) that
are associated with errors in an imprinted cluster of genes on

human chromosome 11 (Sinclair et al. 2000). This led to the
discovery that LOS in sheep was due, at least in part, to a loss of
imprinting and expression of the gene encoding the IGF-2

receptor (IGF2R) in a range of tissues, but particularly those
emanating from the mesodermal lineage (Young et al. 2001).
This loss of imprinting arose as a consequence of loss of DNA

methylation in the second intron differentially methylated
region (DMR) of that gene. Loss of methylation at this DMR,
and a conserved DMR located upstream of the ovine H19 gene

(H19, imprinted maternally expressed transcript (non-protein
coding)), was prevalent among SCNT cloned lambs (Young
et al. 2003) and SCNT cloned calves (Smith et al. 2012), leading
to biallelic expression of these imprinted genes.

Germline epigenetic marks are established in a parent-
specific manner in a small subset of genes (current maximum

best estimates in the mouse are between 300 and 400; Kelsey
and Bartolomei 2012) that facilitate tissue and developmental
stage-specific monoallelic expression of affected genes follow-

ing fertilisation. These processes are best understood in the
mouse (Cedar and Bergman 2009; Tomizawa et al. 2012), with
only limited data available in ruminants (Thurston et al. 2008).

The dynamics of imprint establishment during gametogenesis
and early embryogenesis (coincident with procedures used in
ART) are such that, depending on the precise timing and nature
of the procedural insult, it is highly probable that different

combinations of imprinted genes may be affected to a greater
or lesser extent. Thus, Bebbere et al. (2013) failed to detect
differences in allelic expression ratios and IGF2R second intron

DMR methylation in the few (n¼ 4) overgrown IVP fetuses
studied comparedwith normalweight IVP and in vivo conceived
fetuses at Day 80 of gestation in the cow. Instead, Chen

Cárdenas et al. (2013) found a loss of imprinting leading to
biallelic expression of KCNQ1OT1 (KCNQ1 oppositie strand/
antisense transcript 1, the gene most misregulated in BWS) in
bovine LOS fetuses derived from IVP embryos, and that this is

associated with a loss of methylation at the KvDMR1 (KCNQ1
differentially methylated region 1) on the maternal allele. This
observation confirmed an earlier report of abnormal hypo-

methylation of KvDMR1 and expression of KCNQ1OT1 in
two of seven SCNT cloned calves and one of two IVP-derived
calves (Hori et al. 2010). Although generally highly conserved,

there are also recognisable differences in imprinting within
eutherian mammals that could account for many such differ-
ences between species, differential imprinting at the IGF2R

locus being a case in point (Das et al. 2009; Renfree et al. 2013).
The emerging picture is further complicated by the fact that

many of these imprinted genes are polymorphic. In taurine
cattle, for example, single-nucleotide polymorphisms (SNPs)

are known to exist in at least seven imprinted genes (including
IGF2R) and to be associated with several commercially impor-
tant traits, including those associated with fertility (e.g. gesta-

tion length, calving difficulty, perinatal mortality), milk yield
(e.g. protein percentage, somatic cell counts) and growth (e.g.
carcass weight, conformation, rump depth; Magee et al. 2010;

Berkowicz et al. 2011). There is also some evidence of allelic
switching of imprinted IGF2R in SCNT cloned bovine fetuses
where the paternal allele is imprinted in one tissue whereas the
maternal allele is imprinted in another tissue (Suteevun-

Phermthai et al. 2009). These potentially confounding factors
could account for at least some of the discrepancies and apparent
stochastic effects observed in aberrant genomic imprinting

patterns between studies that frequently report effects in only
small numbers of animals. Differences in imprinting between
fetal and placental tissues could also account for some of this

variation.
Finally, although the focus of most research has understand-

ably been directed towards errors in genomic printing following

ART in both animals and humans, it is highly likely that the
epigenetic status, and possibly expression, of many more non-
imprinted genes are also affected (Grace and Sinclair 2009).
Surprisingly, this hypothesis has never fully been tested. Some
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groups (e.g. Santos et al. 2010) have used immunofluorescent
techniques to visually quantify global 5-methyl-cytidine stain-

ing to assess effects of ART procedures on DNAmethylation in
embryos, but this method lacks sensitivity, cannot identify
locus-specific changes in methylation and possesses other

methodological limitations (Li and O’Neill 2012). However,
in a microarray analysis of 1536 CpG sites in just over 700
genes, Katari et al. (2009) found that imprinted loci were no

more or less likely to be differentially methylated than non-
imprinted loci. DNA in that study was extracted from human
cord blood and placentas from term pregnancies established
naturally or following IVF. More recent data in humans and

mice, where genome-wide DNA methylation was assessed by
methylated DNA immunoprecipitation (MeDIP) array), con-
firm epigenetic differences in promoter methylation of non-

imprinted genes between offspring conceived naturally or by
IVF (Li et al. 2011; Oliver et al. 2012). These studies are
somewhat preliminary in that they were limited by scale

and/or tissues sampled (e.g. peripheral blood in the human
study). The platforms used are also somewhat insensitive
compared with contemporary deep-sequencing approaches that
can provide single base pair resolution.

Interim conclusions

Sweeping changes to DNA methylation and chromatin remo-
delling take place in gametes and in the preimplantation embryo

during the normal course of development, rendering these cells
particularly vulnerable to environmentally induced epigenetic
modifications to DNA as can occur during ART, leading to

problems such as LOS. It is very likely that a broader but more
subtle range of aberrant phenotypes than have been described to
date manifest following the use of these technologies, but that

under normal conditions of commercial livestock production
these go unnoticed. The major adverse phenotypes include
pregnancy failure following ET and an increased but variable
incidence of obstetrical complications during parturition. The

latter effects occur less frequently and more sporadically these
days for reasons that, although not fully understood, may be due
to refinements to oocyte and/or embryo culture media that now

avoid the use of serum and somatic support cells. However, there
is scant information on the longer-term effects of ART on
farmed livestock. The available evidence indicates that most

ART offspring that reach puberty are, for the most part, normal.
However, in beef cattle at least, genomic imprinting signifi-
cantly contributes to the genetic variance of several commer-

cially important traits, with estimated proportions of between
8% and 25% of total additive genetic variance (Neugebauer
et al. 2010). It remains to be determined whether procedures
used in ART may affect these traits to any great extent.

Animal behaviour and welfare

In contrast with earlier sections in this review, few studies into
animal behaviour and welfare provide evidence for epigenetic

regulation at the molecular level. Nonetheless, we describe
studies that have shown an effect of prenatal factors on response
outcomes, some of which are long lasting in their effects

(although many have not been studied over prolonged periods)

as evidence for where these effects may be governed by epi-
genetic changes. Responses of interest are those that alter the

ability of the animal to respond to the environment in which they
are managed, either through behavioural adaptation, stress
physiology and responsiveness or immune responses, and hence

disease susceptibility. These effects are of relevance to the
animal itself, as well as to the producer, because they can affect
mortality and morbidity, disease susceptibility, reactiveness of

animals to common on-farm practices (e.g. vaccination) and
ease of handling. The prenatal and early postnatal period is of
importance in defining how individuals respond to their envi-
ronment throughout life. This has been the subject of several

recent reviews in farm livestock demonstrating the important
role that variation in maternal state can have on progeny health
and welfare (Greenwood et al. 2010; Rutherford et al. 2012;

Merlot et al. 2013). Prenatal stress or suboptimal maternal
nutrition have both been shown to affect how well offspring
cope with their social, physical and infectious environments.

Effect of the prenatal environment on birthweight
and mortality

Perhaps the best described, and unambiguous, effects onwelfare
(and productivity) are the effects of early life events on the
survival of offspring. Many studies have investigated the causes

of offspring mortality, particularly in sheep and pigs, but some
also in cattle, and demonstrate that preterm delivery, low
birthweight, dystocia, poor behavioural development in early

life and an inability to adjust to postnatal life (e.g. impaired
ability to thermoregulate) all contribute to an increased risk of
mortality. Many of these risk factors have their origins in pre-
natal development.

The single greatest contributor to lamb mortality is birth-
weight (Dwyer et al. 2003), although the relationship is not
linear, with very low and very heavy lambs having high

mortality. Numerous studies consistently show that maternal
undernutrition of the ewe in late pregnancy (after Day 100)
reduces lamb birthweight (for a review, see Rooke et al. 2015).

Undernutrition before Day 100 has variable effects across
different studies: severe early undernutrition has a marked
effect on birthweight and mortality (Vincent et al. 1985); and
moderate undernutrition in early tomid-gestation generally does

not affect birthweight, except in young and growing females
(Munoz et al. 2009) or ewes selected or adapted for a well-fed
environment (Burt et al. 2007; Rooke et al. 2010). In these

studies mortality was generally not affected if birthweight was
not affected, although the study of Rooke et al. (2010) reports
increased lambmortality with early undernutrition (to Day 90 of

gestation), even in the absence of an effect on birthweight.
Conversely maternal overnutrition of ewe lambs results in a
severe reduction in lamb weight, as the mother partitions

nutrients towards the growth of her own tissues at the expense
of the placenta and fetus (Wallace et al. 2011b). Reduced
bodyweight is associated with slower behavioural development
(Dwyer et al. 2003), with delays in reaching the udder and

suckling that contribute to the higher mortality of low-
birthweight lambs (Dwyer et al. 2001). In humans, an associa-
tion between birthweight, neurobehavioural developments and

epigenetic regulation of placental HSD11B2 (hydroxysteroid
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11-beta dehydrogenase 2) has recently been suggested (Marsit
et al. 2015) and similar mechanisms may be relevant to farmed

livestock. A role for the placental epigenome in regulating
birthweight in the sheep has been suggested (Fowden et al.

2010). Shearing pregnant ewes has consistently been reported to

increase lamb birthweight, particularly if conducted during
early to mid-gestation (Figure S3). Associated with this
response are increases in maternal feed intake, gestation length

and maternal plasma glucose concentrations (Symonds et al.

1988; Morris et al. 2000; Keady and Hanrahan 2009; Banchero
et al. 2010). Although shearing is associated with a robust stress
response in the ewe, these data suggest that its primary effect on

birthweight is through increased feed intake, and hence nutrition
of the developing lamb.

Other late-gestation treatments of the ewe that are associated

solely with stress (social isolation or aversive handling by
humans) have also reported an increase in birthweight (Roussel
et al. 2004; Hild et al. 2011). In goats, aversive handling in

pregnancy led to placental alterations and increased fetal loss
compared with gentle or minimal handling (Baxter et al. 2016),
whereas positive handling improved neonatal behavioural
development. In addition, shearing studies in late gestation that

did not elicit an increase in birthweight have been reported to
improve lamb behavioural progression to sucking (Banchero
et al. 2010), although none of the maternal stress studies

reported changes in lamb survival. The mechanisms underlying
these effects are largely unknown.

In cattle, the major contributor to calf mortality is dystocia,

which is also a risk factor for calf morbidity and mortality in
later life (for a review, see Arnott et al. 2012). Themain cause of
calving difficulty is fetal–pelvic disproportion,which is likely to

be related, at least in part, to prenatal nutrition (Micke et al.

2010b), although studies of stillborn calves suggest that prenatal
factors also contribute to the likelihood that calves will not
survive the birth process (Barrier et al. 2013). Studies of

maternal nutrition in cattle are far less numerous than in sheep
and, generally, the effects of maternal nutritional restriction and
calf weight are variable. The effects differ dependent on timing,

duration and severity of the dietary insult, as well as the parity of
the dams. Some studies have found no effect (Arnott et al. 2012).
In contrast, other studies have reported a reduction in calf

birthweight as a consequence of maternal undernutrition during
the second and/or third trimester of pregnancy (Warrington et al.
1988; Houghton et al. 1990; Freetly et al. 2000; Cafe et al. 2006;
Micke et al. 2010a, 2010c). In general, reducing calf birthweight

by means of maternal dietary restriction does not reduce the
incidence of dystocia or calf morbidity. This is due to both
effects on maternal physiology (Micke et al. 2015) and changes

to the immune status of the calf and colostrum (McGee et al.

2006). However, in a few studies cow nutrition has been linked
to calf mortality (e.g. when cows were kept on an energy-

restricted diet during late gestation leading to reduced birth-
weight; Corah et al. 1975).

Calf birthweight and survival can be affected by environ-

mental conditions, independent of the nutritional status of the
mother. Both heat (Collier et al. 1982) and cold (Andreoli et al.
1988) exposure in gestation are reported to reduce calf birth-
weight, as well as gestation length (Table S1), which is

associated with increased calf mortality and morbidity (Azzam
et al. 1993). Drought exposure of pregnant cattle can profoundly

affect offspring development and survival (Arnott et al. 2012).
In particular, this has been associated with a condition in beef
calves termed congenital chondrodystrophy of unknown origin,

where failure in long bone growth results in disproportionate
dwarfism, breathing difficulties and perinatal death. This con-
dition seems to occur as a result ofmaternal malnutrition in early

gestation as a consequence of severely reduced rainfall (White
et al. 2010b). As for sheep, the potential role of epigenetic
mechanisms in these effects have not been demonstrated.

In pig production, average mortality is high (commonly

between 10% and 20%) and most deaths are due to stillbirth,
crushing by the sow or starvation (Edwards and Baxter 2015).
However, the underlying causes of these different types of death

are a complex and multifactorial interplay of maternal and
progeny biology and human management. IUGR, as demon-
strated by altered body proportionality (Baxter et al. 2008),

places piglets at risk for increased mortality. One important
prenatal cause of IUGR is large litter size. Average litter size has
increased markedly in many domestic pig populations because
of genetic selection schemes. In pig breeds that do not naturally

produce large litters, selection for increased litter size has
resulted in a decrease in average birthweight, increased birth-
weight variability within litters and a consequential increase in

still births and postnatal mortality (for a review, see Rutherford
et al. 2013).

Maternal stress during gestation has also been shown to

affect piglet birthweight, although no clear pattern has emerged.
For example, maternal stress may decrease (Kranendonk et al.

2006a), increase (Otten et al. 2007) or have no effect

(Rutherford et al. 2009) on piglet birthweight. Similarly, direct
impacts of prenatal stress (PNS) on piglet survival (Tuchscherer
et al. 2002) are the exception rather than the rule.

In rodents, there is evidence for epigenetic regulation in the

expression of maternal behaviour, which contributes to off-
spring survival. For example, Cameron et al. (2008) show that
epigenetic regulation of the promoter region of estrogen recep-

tor 1 (ERa) occurs following exposure to high or low levels of
maternal care. This then affects the expression of maternal care
subsequently expressed in adulthood. Although variations in the

behaviour of livestock mothers and their offspring have been
observed, and linked to survival (e.g. Dwyer 2008), evidence
for epigenetic effects has not yet been investigated.

Effect of the fetal environment on stress responsiveness

Common farm husbandry practices, such as restraint, handling
and transportation, are associated with stress responses indi-

cating activation of the hypothalamo–pituitary–adrenal (HPA)
axis (e.g. Roussel et al. 2006; Roussel-Huchette et al. 2008). The
HPA axis is a hormonal cascade involving production of
corticotropin-releasing hormone (CRH) in the paraventricular

nucleus of the hypothalamus, which stimulates release of
adrenocorticotrophin (ACTH) from the pituitary, which further
stimulates release of glucocorticoids (cortisol or corticosterone

in some species) from the adrenal gland. Glucocorticoids have a
multifaceted role in the body, as witnessed by a glucocorticoid
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receptor in every cell of the body, but their primary role is to
mobilise energy reserves during periods of low nutrient intake,

acting in a reciprocal fashionwith insulin, which stores nutrients
during times of nutritional plenty.

In rodents, prenatal stress (classically induced by restraining

themother regularly over the last half to one-third of pregnancy)
is known to induce long-lasting changes in the HPA axis of the
offspring, characterised predominantly by increased HPA axis

reactivity (Henry et al. 1994). This elicits behavioural traits,
such as high anxiety and depressive-like behaviour, and
impairedmemory for hippocampus-dependent tasks (e.g. spatial
tasks; Darnaudery and Maccari 2008). Many studies report sex-

dependent effects, with males typically showing an increase in
anxiety after prenatal stress and dysmasculinised behaviours,
whereas females show converse behavioural responses (Zuena

et al. 2008). The release of glucocorticoids by the stressed
mother, which can cross the placenta to affect the developing
offspring, appears to mediate these responses (Mesquita et al.

2009; Harris and Seckl 2011) and changes to over 700 genes in
the fetus, in a region- and sex-specific manner, have been
reported (Mychasiuk et al. 2011). Epigenetic alterations in the
offspring brain are known to follow prenatal stress (Gudsnuk

and Champagne 2012), accompanied by changes in the devel-
opment of neurogenesis, particularly in the hippocampus
(Korosi et al. 2012). Very recently, evidence has also emerged

for an effect of paternal stress on the stress reactivity of his
offspring in rats (Mychasiuk et al. 2013): stress of males during
spermatogenesis before conception reduced learning responses

and reduced stress responsiveness of male offspring, and had
sex-specific effects on DNA methylation patterns.

In farm animals, a detailed mechanistic understanding of the

effects of maternal stress is lacking. However, the clear effect of
maternal, and paternal, stress on the subsequent behaviour and
stress responsiveness of the offspring in rodents suggests that
similar mechanisms may operate in livestock. To date, experi-

mental studies have focused on assessing HPA axis function
(e.g. release of cortisol and/or ACTH) or the altered behavioural
stress responsiveness of the offspring either in response to

pharmacological challenge or when exposed to an environmen-
tal or social stressor. Details of the effect on HPA axis function
in lambs that have been observed following maternal undernu-

trition during pregnancy, or following maternal stress, are
provided in Table S2. Responses are variable (due, in part, to
inconsistency between studies in time at which the offspring
were assessed), but do suggest some sex-specific variation, as

seen in young adult sheep (e.g. Gardner et al. 2006), and
differences in responses when lambs are younger or older. Studies
in cattle are very scarce, but Lay et al. (1997) showed that repeated

transportation of Brahman cows during gestation increased the
cortisol response of the progeny to an acute restraint stress.

Otten et al. (2015) reviewed prenatal stress studies in

pigs and concluded that fetal brain regions relating to HPA
function appear highly vulnerable to maternal stress and many
studies have demonstrated changes in HPA function in postna-

tal life as a consequence of PNS (e.g. Otten et al. 2010). Social
stress experienced during pregnancy has been shown to
increase expression of corticotropin-releasing hormone (CRF)
mRNA in the amygdala and paraventricular nucleus of the

hypothalamus, as well as altering the ratio of CRF1 and CRF2
receptors in the amygdala (Jarvis et al. 2006; Rutherford et al.

2014). Artificial (restraint) stress has also been shown to
increase numbers of glucocorticoid receptors in the hippocam-
pus and reduce them in the hypothalamus (Kanitz et al. 2003).

Effect of the fetal environment on offspring behaviour

Unlike studies into effects on stress physiology, which fre-
quently report no effect, effects on offspring behaviour are more

frequently reported with studies of gestational undernutrition
and maternal stress in pregnancy inducing altered behavioural
reactivity (Table S3). However, some studies report an

increased behavioural reactivity (e.g. Erhard and Rhind 2004;
Roussel et al. 2004), which, in keeping with rodent studies, was
more pronounced in males than females. Other studies suggest

that lambs are less reactive to stress (e.g. Roussel-Huchette et al.
2008; Hernandez et al. 2010).

In pigs, the effect of PNS on progeny behaviour has been
more widely studied. Across several studies (for a review, see

Otten et al. 2015), maternal stress has been found to have a
negative effect on various behavioural domains important for
piglet productivity and welfare, including pain responses

(Rutherford et al. 2009), reactivity (Kranendonk et al. 2006b;
Otten et al. 2007), social behaviour (Jarvis et al. 2006; Kranen-
donk et al. 2006b) and maternal behaviour (Jarvis et al. 2006;

Rutherford et al. 2014). In the latter study (Rutherford et al.

2014), impairment of maternal behaviour had a significant
effect on survival in the next generation; under conditions (free
farrowing) where gilts could fully express their maternal behav-

iour, litters born tomothers that had been prenatally stressed had
threefold the mortality of litters born to control mothers.

As described above, similar changes in responsiveness in

rodents have been shown to be accompanied by alterations in
epigenetic regulation, leading Brien et al. (2014) to conclude
from their review of the literature that epigenetic effects of early

environment on brain function and behaviour appear to be
universal in mammals. Thus, although these effects have not
yet been demonstrated in livestock species, the available evi-

dence suggests that epigenetic regulation is involved.

Immune function and health

Although most studies addressing fetal programming of

immune competence have focused on laboratory species, there
are compelling reasons to believe that the fetuses of livestock
species may be more susceptible to the effects of the maternal

environment. The immune systems of mammals that give birth
to precocious offspring, such as sheep, cattle and pigs, develop
predominantly in utero and hence represent a potential target for
fetal programming. For example, in sheep, the development of

the thymus commences in early gestation and CD5T cells
appear byDay 35 and are soon followed byCD8 andCD4T cells
(Cronjé 2003). Circulation of lymphocytes begins betweenDays

70 and 75 of fetal life and, by Day 80, the cellular and immu-
nohistological appearance of the ovine thymus is identical to the
postnatal thymus (Cahill et al. 1999). By parturition, the central

and peripheral lymphoid systems of the ovine fetus are at an
advanced stage of development (Cunningham et al. 1999).
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In pigs, most components of the immune system are present
at birth, but are functionally underdeveloped (Le Dividich et al.

2005).
Passive immunity in neonates is predominantly acquired

through the uptake and absorption of immunoglobulins in

colostrum, rather than placental transfer. Changes to both the
quantity (Hammer et al. 2011) and the micronutrient composi-
tion (for a review, seeRooke et al. 2008) of the diet offered to the

pregnant ewe can affect serum IgG content in her lambs. Such
effects could be mediated by altered composition of colostrum
and/or the amount ingested by the neonate, or the ability of the
neonatal gut to absorb immunoglobulins. For example, low

periconception levels of cobalt or vitamin B12 reduced serum
IgG in 2- and 4-week-old lambs (Fisher and Macpherson 1991),
whereas some studies report an increase in lamb plasma IgG

concentrations following vitamin E supplementation before
lambing (Gentry et al. 1992). Excess intakes of minerals during
pregnancy do not alter colostrum IgG content, but impair

immunoglobulin absorption in lambs, and this appears to be
largely attributable to the iodine component of the mineral mix
(Boland et al. 2005). Generally, undernutrition during early
(Muñoz et al. 2009) or late (Hammer et al. 2011) pregnancy

increased lamb plasma IgG concentrations at birth and 24 h of
age respectively. The study of Hammer et al. (2011) is of
particular interest because lambs were removed from their

mothers before suckling and fed colostrum replacer, and so
the differences in lamb IgG absorption were independent of
maternal colostrum production. An increase in serum IgG levels

in lambs born to undernourished ewes appears counterintuitive,
but speculation about underlying mechanisms is difficult given
the absence of data on colostrum composition, intake or lamb

plasma volume. Tuchscherer et al. (2012) reported that the
protein composition of isocaloric sow diets fed throughout
gestation affected piglet immunoglobulin levels on Day 1 of
life, with piglets born to sows fed a high-protein (30%) diet

having lower serum IgG and IgM levels than piglets born to
sows fed an adequate (12.1%) protein diet. Piglets born to sows
fed a low (6.5%) or the high-protein diet had lower serum IgA

than those receiving the adequate protein diet. However, these
differences did not persist.

In cattle, heifers born from cows exposed to natural summer

heat stress during the last 45 days of pregnancy had lower serum
concentrations of IgG after colostrum consumption than heifers
born to mothers receiving a cooling treatment, despite similar
colostrum IgG concentrations and feeding levels (Tao et al.

2012). Stress induced by restraining pregnant sows for 5min a
day for the last 5 weeks of pregnancy did not affect sow
colostrum IgG concentrations, but piglet blood IgGwas reduced

(Tuchscherer et al. 2002), suggesting that prenatal stress may
have affected the ability of piglets to ingest colostrum. It has
been suggested that changes in the profile of maternal gluco-

corticoids followingmaternal stressmay accelerate neonatal gut
maturation (Merlot et al. 2013), leading to reduced immuno-
globulin absorption.

Measures of acquired immune function of offspring whose
mothers were subjected to different pregnancy regimens are
varied, with differences between breeds and breeding seasons,
and it is difficult to consolidate current findings. For example, in

one year of a study conducted over two consecutive years in
which Scottish blackface and Suffolk ewes received either

maintenance or 75% maintenance rations during Days 1–90 of
pregnancy, the offspring of underfed Suffolk, but not underfed
Scottish blackface, ewes had higher strongyle faecal egg counts

at weaning age (Rooke et al. 2010). The differences between
breeding seasons could be attributed to a range of factors,
including differences in lamb postnatal growth and grazing

behaviour. It is of interest that the breed by maternal nutrition
interaction affected lamb spleen and thymus weight (Ashworth
et al. 2014), because the thymus has been proposed as a possible
mediator of the effect of prenatal nutrition on immune compe-

tence in later life (Cronjé 2003). In pigs, prenatal stress reduced
piglet thymus size at birth (Tuchscherer et al. 2002), the CD4þ :
CD8þ T cell ratio on Day 4 and blood lymphocyte and

granulocyte numbers between Days 26 and 60 of life (Couret
et al. 2009), and increased the magnitude of proinflammatory
cytokine responses to a lipopolysaccharide challenge in 36-day-

old pigs (Collier et al. 2011). In cattle, heat stress during late
gestation reduced blood lymphocyte proliferation in female
offspring until 56 days of age (Tao et al. 2012), providing
evidence that a specific prenatal treatment can affect both

passive and acquired immune function in offspring. This had
previously been observed in sheep, where a maternal pericon-
ceptional diet deficient in elemental cobalt and sulphur altered

both the innate and acquired immune function of offspring at 12
months of age (Sinclair et al. 2007). Relative to matched
controls, both the acute-phase (serum haptoglobin) and adaptive

(serum IgG) responses to purified ovalbumin in Quil A adjuvant
were increased in 12-month-old lambs from ewes fed a cobalt-
and sulphur-deficient diet before and around the time of mating.

Prenatal affects on welfare: interim conclusions

Variations in the prenatal environment, as dictated by the
management of the pregnant mother, can contribute to animal
welfare outcomes in livestock. Research in cattle is limited with

regard to health and welfare outcomes of maternal challenges
during gestation. Negative effects on birthweight may suggest
possible postnatal problems, but direct demonstrations of wel-
fare deficits are rare. Periods of severe undernutrition during

gestation can have very obvious negative effects on health and
welfare (e.g. chondrodystrophy studies), but little is known
about more subtle and commercially relevant effects. In sheep,

experience of maternal stress during pregnancy can lead to
apparently improved welfare status in offspring. Shearing dur-
ing pregnancy haswell-known beneficial effects on birthweight.

Other repeated stress treatments have also been shown to cause
changes in progeny that can be interpreted as being positive.
Although behaviour- and welfare-related PNS studies in farm

animals demonstrate that progeny can be affected by maternal
stress throughout their lifetime, the literature to date has been
largely focused on hypothesis-generating studies, with numer-
ous outcome parameters. To progress this area further will

require more focus on studies that examine parameters puta-
tively affecting how PNS responses are manifest under com-
mercial production systems. In particular, studies to date have

largely failed to compare the outcome of challenges to different
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genotypes in the same study, or assess the effect of progeny
changes under different postnatal conditions. Both aspects of

this area will be important in future for determining the bio-
logical basis of prenatally induced changes, and particularly for
assessing the applied relevance to agriculture. In the rodent

literature, similar effects to those outlined here for gestational
stress have been associated with epigenetic or programming
effects, but this mechanistic understanding of the effects has

largely been unexplored in livestock species.

Implications for livestock production and future research

There are several traits that have not been considered fully in the
target species and aspects of normal agricultural practice that

could have an effect on prenatal development but have never
been assessed. In particular, those relating to animal manage-
ment and potential for psychological stress, such as aspects of
housing, social stress from interactions with conspecifics, have

been shown to be very influential in pigs but rarely assessed in
ruminants. Studies have almost invariably been performed
under controlled experimental conditions and translating these

findings to the vast array of global livestock production systems
is problematic. Furthermore, many of these studies have focused
on developing our mechanistic understanding of the underlying

biology (including epigenetics) rather than clearly establishing
commercially relevant adult phenotypes. This reflects the nature
of funding over the past two decades, which has largely come

from research councils and charities that have a clear biomedical
slant. Consequently, there are larger bodies of data on sheep and
pigs than on cattle. Finally, in experimental studies, frequently
only single factors are assessed, with other effects being tightly

controlled. In reality, animals are exposed to multiple, concur-
rent stressors (e.g. undernutrition, high stocking density and
thermal challenge), which can have a greater effect than when

applied individually.
With these caveats in mind, traits of commercial importance

that can be influenced by fetal development include dystocia and

neonatal survival, growth rate and feed conversion, offspring
health and disease susceptibility, saleable meat yield and
quality, behavioural traits associated with ease of handling
and reproductive potential, including fertility and litter size.

However, issues surrounding effect size and, consequently,
significance remain. A case in point is development of the fetal
mammary gland and lifetime lactational performance. In addi-

tion, in all but the most extreme cases of maternal malnutrition
during pregnancy, there is little evidence that muscle develop-
ment can be manipulated in utero in a manner that would lead to

permanent and measurable differences in carcass and saleable
meat yields in slaughtered offspring. In contrast, although less is
known about the developmental processes that lead to the

formation of mature adipose tissues, it appears that these depots
in offspring may be affected by maternal diet during pregnancy
to a much greater extent than is the case for muscle.

There is huge gap in our understanding of how basic

mechanisms regulating appetite can be programmed in utero.
This could have huge implications for reducing greenhouse gas
emissions and for improving residual feed intake. In contrast,

there is compelling evidence that exposure to environmental

chemicals (as can occur on sewage sludge-treated pastures)
during in utero development can affect components of the

reproductive axis. Male fetuses are more sensitive than female
fetuses, with defects in testis development and sperm production
being reported in ram lambs at 20 months of age. However,

consequences for subsequent flock fertility remain to be
ascertained.

No convincing picture is emerging of a detrimental effect of

maternal nutrition on subsequent behavioural reactivity in
offspring, although several studies have reported changes in
responsiveness. However, whether this is associated with poorer
welfare or increased difficulty in handling has not been clearly

demonstrated. Finally, as we enter an era of genomic evaluation
of farm livestock, we should be mindful of potentially adverse
developmental outcomes following the use of advanced repro-

ductive technologies. These technologies can lead to sporadic,
but severe, developmental problems in offspring. Consequently,
systems (both on-farm and (inter)nationally) should be instiga-

ted to record pregnancy outcomes, including obstetric compli-
cations and neonatal mortality, in order to firmly establish the
nature and extent of any issues arising following ET. The advent
of ‘precision farming’ and electronic identification, behavioural

and physiological monitoring systems should facilitate such
follow-up studies in future.
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(2010). Post-insemination level of feeding does not influence embryonic

survival and growth in highly prolific gilts.Anim. Reprod. Sci. 120, 120–

124. doi:10.1016/J.ANIREPROSCI.2010.04.006

Rae,M. T., Palassio, S., Kyle, C. E., Brooks, A. N., Lea, R. G.,Miller, D.W.,

and Rhind, S. M. (2001). Effect of maternal undernutrition during

pregnancy on early ovarian development and subsequent follicular

development in sheep fetuses. Reproduction 122, 915–922.

doi:10.1530/REP.0.1220915

Rae, M. T., Kyle, C. E., Miller, D. W., Hammond, A. J., Brooks, A. N., and

Rhind, S. M. (2002a). The effects of undernutrition, in utero, on

reproductive function in adult male and female sheep. Anim. Reprod.

Sci. 72, 63–71. doi:10.1016/S0378-4320(02)00068-4

Rae,M.T., Rhind, S.M., Fowler, P.A.,Miller, D.W.,Kyle, C.E., andBrooks,

A. N. (2002b). Effect of maternal undernutrition on fetal testicular

steroidogenesis during the CNS androgen-responsive period in male

sheep fetuses. Reproduction 124, 33–39. doi:10.1530/REP.0.1240033

Ramsahoye, B. H., Biniszkiewicz, D., Lyko, F., Clark, V., Bird, A. P., and

Jaenisch, R. (2000). Non-CpG methylation is prevalent in embryonic

stem cells and may be mediated by DNA methyltransferase 3a. Proc.

Natl Acad. Sci. USA 97, 5237–5242. doi:10.1073/PNAS.97.10.5237

Rehfeldt, C., Pas, M. F. W. T., Wimmers, K., Brameld, J. M., Nissen, P. M.,

Berri, C., Valente, L.M. P., Power, D.M., Picard, B., Stickland, N. C., and

Oksbjerg, N. (2011a). Advances in research on the prenatal development

of skeletal muscle in animals in relation to the quality of muscle-based

food. II – Genetic factors related to animal performance and advances in

methodology. Animal 5, 718–730. doi:10.1017/S1751731110002454

Rehfeldt, C., Pas, M. F. W. T., Wimmers, K., Brameld, J. M., Nissen, P. M.,

Berri, C., Valente, L. M. P., Power, D. M., Picard, B., Stickland, N. C.,

and Oksbjerg, N. (2011b). Advances in research on the prenatal

development of skeletal muscle in animals in relation to the quality of

muscle-based food. I. Regulation of myogenesis and environmental

impact. Animal 5, 703–717. doi:10.1017/S1751731110002089

Renfree, M. B., Suzuki, S., and Kaneko-Ishino, T. (2013). The origin and

evolution of genomic imprinting and viviparity in mammals. Philos.

Trans. R. Soc. Lond. B Biol. Sci. 368, 20120151. doi:10.1098/RSTB.

2012.0151

Rhind, S. M. (2005). Are endocrine disrupting compounds a threat to farm

animal health, welfare and productivity? Reprod. Domest. Anim. 40,

282–290. doi:10.1111/J.1439-0531.2005.00594.X

Rhind, S. M., Elston, D. A., Jones, J. R., Rees, M. E., McMillen, S. R., and

Gunn, R. G. (1998). Effects of restriction of growth and development of

Brecon Cheviot ewe lambs on subsequent lifetime reproductive perfor-

mance. Small Rumin. Res. 30, 121–126. doi:10.1016/S0921-4488(98)

00103-5

Rhind, S. M., Rae, M. T., and Brooks, A. N. (2003). Environmental

influences on the fetus and neonate – timing, mechanisms of action

and effects on subsequent adult function.Domest. Anim. Endocrinol. 25,

3–11. doi:10.1016/S0739-7240(03)00041-9

Rhind, S. M., Kyle, C. E., Mackie, C., McDonald, L., Zhang, Z., Duff, E. I.,

Bellingham,M., Amezaga, M. R., Mandon-Pepin, B., Loup, B., Cotinot,

C., Evans, N. P., Sharp, R. M., and Fowler, P. A. (2010). Maternal and

fetal tissue accumulation of selected endocrine disrupting compounds

(EDCs) following exposure to sewage sludge-treated pastures before or

after conception. J. Environ. Monit. 12, 1582–1593. doi:10.1039/

C0EM00009D

Rhind, S. M., Kyle, C. E., Kerr, C., Osprey, M., and Zhang, Z. L. (2011).

Effect of duration of exposure to sewage sludge-treated pastures on liver

tissue accumulation of persistent endocrine disrupting compounds

(EDCs) in sheep. Sci. Total Environ. 409, 3850–3856. doi:10.1016/

J.SCITOTENV.2011.03.021

Riggs, A. D., Martienssen, R. A., and Russo, V. E. A. (1996). ‘Epigenetic

Mechanisms of Gene Regulation.’ (Ed. V. E. A. Russo et al. ) pp. 1–4.

(Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NewYork.)

Rivera, O. E., Varayoud, J., Rodriguez, H. A., Munoz-de-Toro, M., and

Luque, E. H. (2011). Neonatal exposure to bisphenol A or diethylstil-

bestrol alters the ovarian follicular dynamics in the lamb. Reprod.

Toxicol. 32, 304–312. doi:10.1016/J.REPROTOX.2011.06.118

Rivera, O. E., Varayoud, J., Rodriguez, H. A., Santamaria, C. G.,

Bosquiazzo, V. L., Osti, M., Belmonte, N. M., Munoz-de-Toro, M.,

and Luque, E. H. (2015). Neonatal exposure to xenoestrogens impairs

the ovarian response to gonadotropin treatment in lambs. Reproduction

149, 645–655. doi:10.1530/REP-14-0567

Robinson, G. W., Karpf, A. B. C., and Kratochwil, K. (1999). Regulation of

mammary gland development by tissue interaction. J. Mammary Gland

Biol. Neoplasia 4, 9–19. doi:10.1023/A:1018748418447

Robinson, D. L., Cafe, L. M., and Greenwood, P. L. (2013). Meat Science and

Muscle Biology Symposium: developmental programming in cattle:

consequences for growth, efficiency, carcass, muscle, and beef quality

characteristics. J. Anim. Sci. 91, 1428–1442. doi:10.2527/JAS.2012-5799

Rodgers, B. D., and Garikipati, D. K. (2008). Clinical, agricultural, and

evolutionary biology of myostatin: a comparative review. Endocr. Rev.

29, 513–534. doi:10.1210/ER.2008-0003

Rooke, I. A., Dwyer, C. M., and Ashworth, C. J. (2008). The potential for

improving physiological, behavioural and immunological responses in

the neonatal lamb by trace element and vitamin supplementation of the

ewe. Animal 2, 514–524. doi:10.1017/S1751731107001255

Rooke, J. A., Houdijk, J. G. M., McIlvaney, K., Ashworth, C. J., and Dwyer,

C. M. (2010). Differential effects of maternal undernutrition between

Days 1 and 90 of pregnancy on ewe and lamb performance and lamb

parasitism in hill or lowland breeds. J. Anim. Sci. 88, 3833–3842.

doi:10.2527/JAS.2010-2991

Rooke, J. A., Arnott, G., Dwyer, C.M., andRutherford,K.M.D. (2015). The

importance of the gestation period for welfare of lambs: maternal

stressors and lamb vigour and well-being. J. Agric. Sci. 153, 497–519.

doi:10.1017/S002185961400077X

Rosenberg, E., and Zilber-Rosenberg, I. (2011). Symbiosis and develop-

ment: the hologenome concept. Birth Defects Res. C Embryo Today 93,

56–66. doi:10.1002/BDRC.20196

Ross, E.M.,Moate, P. J.,Marett, L. C., Cocks, B.G., andHayes, B. J. (2013).

Metagenomic predictions: from microbiome to complex health and

environmental phenotypes in humans and cattle. PLoS One 8, e73056.

doi:10.1371/JOURNAL.PONE.0073056

Roussel, S., Hemsworth, P. H., Boissy, A., and Duvaux-Ponter, C. (2004).

Effects of repeated stress during pregnancy in ewes on the behavioural

and physiological responses to stressful events and birth weight of their

offspring. Appl. Anim. Behav. Sci. 85, 259–276. doi:10.1016/J.APPLA

NIM.2003.11.006

Roussel, S., Hemsworth, P. H., Leruste, H., White, C., Duvaux-Ponter, C.,

Nowak, R., and Boissy, A. (2006). Repeated transport and isolation

Developmental programming in farm animals Reproduction, Fertility and Development 1475

http://dx.doi.org/10.1002/1098-2795(20010401)58:4%3C411::AID-MRD8%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1098-2795(20010401)58:4%3C411::AID-MRD8%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1098-2795(20010401)58:4%3C411::AID-MRD8%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1098-2795(20010401)58:4%3C411::AID-MRD8%3E3.0.CO;2-R
http://dx.doi.org/10.1002/MRD.1118
http://dx.doi.org/10.1038/NATURE08829
http://dx.doi.org/10.1101/GAD.188094.112
http://dx.doi.org/10.1101/GAD.188094.112
http://dx.doi.org/10.1016/J.ANIREPROSCI.2010.04.006
http://dx.doi.org/10.1530/REP.0.1220915
http://dx.doi.org/10.1016/S0378-4320(02)00068-4
http://dx.doi.org/10.1530/REP.0.1240033
http://dx.doi.org/10.1073/PNAS.97.10.5237
http://dx.doi.org/10.1017/S1751731110002454
http://dx.doi.org/10.1017/S1751731110002089
http://dx.doi.org/10.1098/RSTB.2012.0151
http://dx.doi.org/10.1098/RSTB.2012.0151
http://dx.doi.org/10.1111/J.1439-0531.2005.00594.X
http://dx.doi.org/10.1016/S0921-4488(98)00103-5
http://dx.doi.org/10.1016/S0921-4488(98)00103-5
http://dx.doi.org/10.1016/S0739-7240(03)00041-9
http://dx.doi.org/10.1039/C0EM00009D
http://dx.doi.org/10.1039/C0EM00009D
http://dx.doi.org/10.1016/J.SCITOTENV.2011.03.021
http://dx.doi.org/10.1016/J.SCITOTENV.2011.03.021
http://dx.doi.org/10.1016/J.REPROTOX.2011.06.118
http://dx.doi.org/10.1530/REP-14-0567
http://dx.doi.org/10.1023/A:1018748418447
http://dx.doi.org/10.2527/JAS.2012-5799
http://dx.doi.org/10.1210/ER.2008-0003
http://dx.doi.org/10.1017/S1751731107001255
http://dx.doi.org/10.2527/JAS.2010-2991
http://dx.doi.org/10.1017/S002185961400077X
http://dx.doi.org/10.1002/BDRC.20196
http://dx.doi.org/10.1371/JOURNAL.PONE.0073056
http://dx.doi.org/10.1016/J.APPLANIM.2003.11.006
http://dx.doi.org/10.1016/J.APPLANIM.2003.11.006


during pregnancy in ewes: effects on the reactivity to humans and to

their offspring after lambing. Appl. Anim. Behav. Sci. 97, 172–189.

doi:10.1016/J.APPLANIM.2005.07.001

Roussel-Huchette, S., Hemsworth, P. H., Boissy, A., and Duvaux-Ponter, C.

(2008). Repeated transport and isolation during pregnancy in ewes:

differential effects on emotional reactivity and weight of their offspring.

Appl. Anim. Behav. Sci. 109, 275–291. doi:10.1016/J.APPLANIM.2007.

02.005

Rudenko, L., and Matheson, J. C. (2007). The US FDA and animal cloning:

risk and regulatory approach.Theriogenology 67, 198–206. doi:10.1016/

J.THERIOGENOLOGY.2006.09.033

Rudenko, L., Matheson, J. C., and Sundlof, S. F. (2007). Animal cloning and

the FDA – the risk assessment paradigm under public scrutiny. Nat.

Biotechnol. 25, 39–43. doi:10.1038/NBT0107-39

Rutherford, K. M., Robson, S. K., Donald, R. D., Jarvis, S., Sandercock,

D. A., Scott, E. M., Nolan, A. M., and Lawrence, A. B. (2009). Pre-natal

stress amplifies the immediate behavioural responses to acute pain in

piglets. Biol. Lett. 5, 452–454. doi:10.1098/RSBL.2009.0175

Rutherford, K., Donald, R., Arnott, G., Rooke, J., Dixon, L., Mehers, J.,

Turnbull, J., and Lawrence, A. (2012). Farm animal welfare: assessing

risks attributable to the prenatal environment. Anim. Welf. 21, 419–429.

doi:10.7120/09627286.21.3.419

Rutherford, K. M. D., Baxter, E. M., D’Eath, R. B., Turner, S. P., Arnott, G.,

Roehe, R., Ask, B., Sandøe, P., Moustsen, V. A., Thorup, F., Edwards,

S. A., Berg, P., and Lawrence, A. B. (2013). The welfare implications of

large litter size in the domestic pig I: biological factors. Anim. Welf. 22,

199–218. doi:10.7120/09627286.22.2.199

Rutherford, K. M. D., Piastowska, A., Donald, R. D., Robson, S. K., Ison, S.

H., Brunton, P. J., Russell, J. A., and Lawrence, A. B. (2014). Prenatal

stress produces anxiety prone female offspring and impaired maternal

behaviour in the domestic pig. Physiol. Behav. 129, 255–264.

doi:10.1016/J.PHYSBEH.2014.02.052

Sabin, L. R., Delas, M. J., and Hannon, G. J. (2013). Dogma derailed: the

many influences of RNA on the genome. Mol. Cell 49, 783–794.

doi:10.1016/J.MOLCEL.2013.02.010

Saitou, M., and Yamaji, M. (2012). Primordial germ cells in mice. Cold

Spring Harb. Perspect. Biol. 4, a008375. doi:10.1101/CSHPERSPECT.

A008375

Salloum, R. H., Rubin, J. P., and Marra, K. G. (2013). The role of steroids in

mesenchymal stem cell differentiation: molecular and clinical perspec-

tives. Horm. Mol. Biol. Clin. Investig. 14, 3–14. doi:10.1515/HMBCI-

2013-0016

Santos, F., Hyslop, L., Stojkovic, P., Leary, C., Murdoch, A., Reik, W.,

Stojkovic, M., Herbert, M., and Dean, W. (2010). Evaluation of

epigenetic marks in human embryos derived from IVF and ICSI. Hum.

Reprod. 25, 2387–2395. doi:10.1093/HUMREP/DEQ151

Savabieasfahani, M., Kannan, K., Astapova, O., Evans, N. P., and Padma-

nabhan, V. (2006). Developmental programming: differential effects of

prenatal exposure to bisphenol-A or methoxychlor on reproductive

function. Endocrinology 147, 5956–5966. doi:10.1210/EN.2006-0805

Schiaffino, S., and Mammucari, C. (2011). Regulation of skeletal muscle

growth by the IGF1–Akt/PKB pathway: insights from genetic models.

Skelet. Muscle 1, 4. doi:10.1186/2044-5040-1-4

Schwartz,M.W.,Woods, S. C., Porte, D., Jr, Seeley, R. J., and Baskin, D. G.

(2000). Central nervous system control of food intake. Nature 404,

661–671.

Seale, P., Bjork, B., Yang, W., Kajimura, S., Chin, S., Kuang, S., Scime, A.,

Devarakonda, S., Conroe, H. M., Erdjument-Bromage, H., Tempst, P.,

Rudnicki, M. A., Beier, D. R., and Spiegelman, B. M. (2008). PRDM16

controls a brown fat/skeletal muscle switch. Nature 454, 961–967.

doi:10.1038/NATURE07182
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