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Take Home Messages

 Maternal under- and over-nutrition can restrict nutrient supply to the fetus
 Altered maternal nutrition during the first trimester primarily impacts
animal metabolism with long-term implications for progeny energy
balance and body composition
 Altered maternal nutrition during the last trimester primarily impacts the
extent of fetal growth, affecting birth weights and having potential
implications for long-term growth and body composition
 Early post-natal nutrition impacts progeny development and can
ameliorate or exacerbate fetal programming

 What is Developmental Programming?
In livestock, just as in humans, there is increasing evidence that production
characteristics in livestock may be affected by maternal diet (Wu et al., 2006).
This so-called metabolic or developmental “programming” of postnatal growth
occurs during certain windows of growth characterized by plasticity of
metabolic regulatory systems, namely in utero or shortly after birth.
Compromised fetal or neonatal growth in livestock has been shown to lead to
increased neonatal morbidity and mortality, slow postnatal growth, increased
fat deposition, insulin resistance, and dysfunction of specific organs, including
the ovaries, testes, mammary gland, liver, and small intestine (Wu et al.,
2006). Thus, it is likely that the cow of today, with high milk yield but also
reproductive and metabolic challenges, is not only a consequence of genetic
selection, but also the result of the way her dam was fed and the way she was
fed early after birth.
The concept that postnatal growth and production is sensitive to direct and
indirect effects of maternal nutrition was first proposed by Dr. Barker based on
epidemiological studies investigating low nutrient intake by pregnant mothers
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experienced during the 1944 Dutch Famine of World War II and the resulting
long-term health implication of their children. The hypothesis suggests that if
intrauterine conditions are poor (e.g., poor nutrition), then the fetus becomes
adapted through altered gene expression to maximize the uptake and
utilization of the nutrients available. Such adaptations cause the progeny to
exhibit a competitive advantage if exposed to a similarly poor environment in
adulthood. However, favorable postnatal conditions can challenge the
individual’s homeostatic mechanisms and lead to development of deleterious
metabolic conditions.
Developmental programming in mammals occurs through epigenetic changes
during periods of developmental plasticity (Wu et al., 2006). Epigenetic
modifications do not alter the DNA sequence, rather the chromatin structure is
changed through histone acetylation or DNA methylation. As a result gene
expression is altered and can be passed on to more than one succeeding
generation.


Practical Relevance in Livestock

Within livestock production systems, there is real potential for ruminants to
undergo periods of under-nutrition or over-nutrition (overfeeding) during
gestation. Reduced maternal nutrient supply to the fetus can result from
environmental extremes or from physiological extremes such as high milk
output, metabolic disorders, multiple births, or continued growth of the dam,
as is the case with peripubertal mothers. Typical management of livestock
may also influence nutrient supply, such as extensive grazing or situations
where animals are grouped and fed based on average body weight – where
below average body weight animals are overfed and above average body
weight animals are underfed. While growth (2 yr old cows) and milk
production of the dam have clear implications for development of the fetus
(Banos et al., 2007), diet during pregnancy is the primary modifiable factor
that has a substantial influence on body condition and energy status of the
dam as well as viability and body composition of newborns. Under-nutrition
during the first half of gestation may not impact birth weights, but has been
demonstrated to impact metabolic function of sheep and cattle offspring that
results in altered production and body composition later in life (Ford et al.,
2007; Long et al., 2010c). Under-nutrition during the last third of pregnancy
will decrease birth weights with a potential negative impact on long-term
growth and body composition of the progeny (Greenwood et al., 2010;
Underwood et al., 2010). Over-nutrition can also restrict placental and fetal
development, resulting in decreased birth weights, post-natal growth, and
altered body composition (Caton et al., 2007).
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Fetal Development

As the growth trajectories for different tissues vary, each tissue is susceptible
to environmental conditions at different periods. Thus, to understand the
implications of maternal nutrition on fetal development, one must understand
fetal development first. Development of the fetus through gestation was
summarized by Funston et al. (2010). Growth and development of the animal
begins with fertilization of the egg within the dam’s reproductive tract. The
embryo attaches to the uterus beginning on day 19, and around day 25,
placentation, an intricate cellular interface between the cow and the calf,
begins. By day 42 the embryo has fully attached to the uterus of the cow. A
heartbeat is detected by 20 to 22 days of gestation and by day 25 limb buds
begin to develop along with the liver, pancreas, lungs, thyroid, brain, and
kidneys. If the fetus is female, the first discernible structures destined to
become the udder are evident around day 30. If the fetus is male, testicular
development initiates at day 45, or if female, ovarian development initiates
between 50 to 60 days. Prenatal muscle development occurs during the
embryonic and fetal stage in two phases: primary myogenesis, which occurs
from day 30 to 90, and secondary myogenesis, which starts at day 90
(Brameld et al., 2010). In cattle, abdominal fat appears in fetuses at day 80,
followed by subcutaneous and intermuscular fat from day 180 onwards, while
intramuscular fat is dissectible only after birth (Vernon, 1986). Increases in
mass of tissues occur during the second and primarily third trimesters.


Maternal Environment Effect On Growth and Body
Composition

Periconception
Developmental programming of offspring can begin as early as the periconceptual period. The peri-conceptual period typically coincides with peak
lactation in a mature cow and with development of peripubertal dams. Thus,
the embryo must compete for nutrients with the cow’s nutrient demands for
lactation and the peripubertal animal’s demands for growth. In sheep, oocyte
quality does not appear to be impacted by nutritional status of the ewe;
however, inadequate (50-60% of requirements) or excess energy reduced
successful fertilizations and produced embryos with decreased cleavage rates
compared with adequate energy (Grazul-Bilska et al., 2006). Under-nutrition
during the peri-conceptual period also impacts long-term performance of the
progeny as Nordby et al. (1987) demonstrated that lambs of ewes fed at 70%
of nutritional requirements from 30 days prior to mating until 100 days of
pregnancy had higher neonatal mortality rates, were lighter at birth and grew
more slowly after weaning than those fed at 100% of estimated requirements.
These observations suggest nutritional status of ewes during the periconceptual period is highly important to fertility and that some fetal
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programming may actually begin in the oocyte before mating occurs. For
cows, the effect of peri-conceptual nutrition on offspring is less clear. Positive,
negative, or no effects of plane of nutrition (high vs. low energy diets) on
oocyte quality, fertilization rate, and early embryonic development have been
reported (reviewed in Caton et al., 2007).

Early Gestation
The placenta plays a major role in the regulation of fetal growth.
Establishment of functional fetal and uteroplacental circulation is one of the
earliest events during embryonic and placental development (Funston et al.,
2010). It has been shown that the large increase in transplacental exchange,
which supports the exponential increase in fetal growth during the last onehalf of gestation, depends primarily on the dramatic growth of the
uteroplacental vascular beds during the first one-half of pregnancy (Funston
et al., 2010). In beef cattle, under-nutrition of ~75% of recommended
allowance during early stages of pregnancy compromises placental
angiogenesis, cotyledon weight, and thus, fetal development (Zhu et al.,
2007). Fetuses that were nutrient restricted during the first trimester were
similar in weight near term to unrestricted fetuses after dams were put on a
common nutrient sufficient diet (Zhu et al., 2007). However, the uterine
environment during the first trimester can have a significant impact on
development of homeostatic mechanisms in the liver and pancreas with an
impact on capacity of the progeny to utilize and metabolize nutrients
(Symonds et al., 2010).
Glucose is the primary source of energy for the fetus and energy and nitrogen
requirements of the fetus are met almost entirely by placental uptake of
glucose and amino acids from maternal blood. One of the primary effects of
maternal nutrient restriction is a reduction in plasma concentrations of major
regulators of glucose homeostasis such as cortisol, thyroid hormones, and
insulin (Symonds et al., 2010). These adaptations ensure that the maternal
plasma glucose concentration is maintained and, thus, fetal growth is not
compromised. However, the endocrine sensitivities of a large number of fetal
organs are reset. Specifically, glucocorticoid action is enhanced in fetuses of
restricted ewes (Whorwood et al., 2001; Gardner et al., 2006). When raised
under conditions of adequate nutrition during postnatal life, animals with
enhanced glucocorticoid action exhibit increased lipid accumulation and
insulin resistance (Symonds et al., 2010). Previous studies in the sheep have
demonstrated that an extended period of maternal nutrient restriction during
the first half of gestation results in relatively normal birth weights, but leads to
increases in the length and thinness of the neonate, increases in adiposity,
and suppressed glucose tolerance (Whorwood et al., 2001; Ford et al., 2007).
Ford et al. (2007) demonstrated that early fetal restriction in sheep can cause
increased carcass fatness in male progeny at 280 days of age. Long et al.
(2012) reported that a 30% nutrient restriction during early gestation in cattle
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did not affect birth, weaning, or yearling slaughter weights, however fat cell
size was increased and muscle size was decreased at slaughter after 1 year
of age. Altered endocrine sensitivity of the liver and pancreas in conjunction
with increased adiposity in a lactating dairy cow as a result of fetal
programming could potentially have a significant impact on her ability to
mobilize body fat after parturition and influence the incidence of metabolic
disorders.

Late Gestation
During the second trimester the fetus continues to develop and grow, but it
will only reach about 25%of the size it will be at birth (Symonds et al., 2010).
The majority of fetal development has already occurred by the beginning of
the final trimester, however, 75% of fetal growth (increase in tissue size)
occurs during this phase, thus energy demand by the gravid uterus is greatest
during the last trimester (reviewed in Caton et al., 2007).
Energy deficiency (70% of recommendations) in primiparous beef cows
during the last 100 days of pregnancy in beef cattle was reported to decrease
calf birth weight, weaning weight, and delayed age at puberty of the progeny
compared to heifers from dams adequately fed during the last 100 d (Corah et
al., 1975). Furthermore, Corah et al. (1975) observed that progeny born to
energy restricted cows had increased rates of morbidity and mortality.
Greenwood et al. (2010) reported that post-natal growth of cattle was inhibited
by in utero energy restriction, but body composition was not altered. In
contrast, Underwood et al. (2010) observed that nutrient restriction from mid
to late gestation increased postnatal weight gain and decreased body fat.
In sheep Gardner et al. (2005) observed that a 50% restriction in energy from
110 days of gestation to parturition did not impact birth weights but reduced
glucose tolerance and caused insulin resistance in lamb progeny. As a result,
adiposity was increased in lamb progeny carcasses at 1 year of age.
However, Greenwood et al. (2010) reported that birth weights in sheep are
generally decreased by nutrient restriction during the last trimester and that
reductions in postnatal growth and alterations to body composition may or
may not persist through 1 year of age depending on the adequacy of
postnatal diets. When ewes are undernourished during lactation, growth
restriction of progeny persists, but when ewes are adequately nourished
during lactation, growth restriction of progeny does not persist. Thus, it
appears that direct prenatal effects on capacity for growth of the progeny are
ameliorated or exacerbated depending upon the postnatal environment into
which they are born (Greenwood et al., 2010).
As lactation and gestation progress in the cow, she moves from a negative to
a positive energy balance. Excess energy during this period has the potential
to increase glucose supply to the fetus and lead to increased risk of glucose
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intolerance and obesity in the offspring. Long et al. (2010a) observed
decreased glucose effectiveness and insulin sensitivity, increased appetite
and gain, increased carcass adiposity, and increased weight at 19 months of
age in progeny from gestating ewes fed 150% of energy requirements to an
obese body mass index. Swanson et al., (2008) demonstrated that feeding
140% of nutritional requirements to growing ewes from day 50 of pregnancy
to parturition resulted in decreased birth weights.
Studies investigating protein supplementation of cows during late gestation
have reported long-term impacts on their progeny as well. In a recent review,
Vonnahme and Lemley (2012) reported that providing protein
supplementation to cows beginning on day 190 of gestation resulted in a
doubling of uterine blood flow when compared with non-supplemented cows.
The increased uterine blood flow and nutrient transfer to the fetus, in turn,
may increase progeny performance. For example, gestating ewes fed a diet
high in urea had progeny who went on to exhibit increased rate of metabolism
and growth compared to progeny from those ewes not supplemented with
urea (McEvoy et al., 1997). In addition, singleton fetuses from ewes
consuming a high-protein diet during late gestation were heavier on day 130
of gestation compared with fetuses from ewes consuming a low-protein diet,
with no differences in placental weight (reviewed in Vonnahme and Lemley,
2012). Although protein restriction late (last 50 d) in fetal development did not
decrease fetal growth, postnatal growth and pregnancy rates were increased
in female progeny (Vonnahme and Lemley, 2012) and slaughter weights and
fat deposition in male progeny after 15 months of age were increased.
However, protein over-nutrition may have a negative effect on progeny
performance, as Sletmoen-Olsen et al. (2000) indicated that high levels of
metabolizable protein supplementation to mature beef cows reduced birth
weights relative to controls fed at their protein requirement.


Maternal Environment Effect On Growth and
Reproduction

While it has been demonstrated that body fat in heifers is not the sole
regulator of puberty onset, the hormones and metabolites associated with
increased adiposity, such as increased insulin and insulin-like growth
hormone, do play an important role in puberty attainment in cattle (Yelich et
al., 1995). It has been demonstrated that nutrient restriction in the second
trimester in cows produced female progeny with a reduced number of follicles
(Mossa et al., 2013) and that nutrient restriction in the third trimester in cows
produced female progeny that conceived later in their first breeding (Cushman
et al., 2012) compared to female progeny from adequately fed dams.
Furthermore, Long et al. (2010b) reported that ewes born to dams that were
nutrient restricted during the second trimester gave fewer births to a lamb
during their first parturition. With regard to maternal protein and reproductive
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development of the female progeny, maternal protein supplementation during
late gestation has been shown to increase the probability of female progeny
reaching puberty prior to the first year of breeding, to increase pregnancy
rates during their first year of breeding, and to calve earlier during their first
year of calving (Funston et al., 2010).


Source of Energy

Removing starch from corn creates a feed (distillers grains with solubles DGS) with a unique set of characteristics, in that calories are almost equally
provided from fat, which is highly unsaturated, fiber, and protein. A high
percentage of these nutrients bypass ruminal fermentation and have the
potential to influence fetal growth and milk production. Furthermore, other
nutrients, such as minerals, are concentrated approximately 3-fold in DGS
compared to corn. Distillers grains are used primarily as a protein source for
cattle because of the increased concentration of protein in DGS compared
with corn. However, increased competition for corn has increased the use of
DGS as an energy source in beef cattle rations, resulting in diets that exceed
protein requirements. Research we have conducted at Purdue (Gunn, 2013),
as well as research conducted by Radunz et al. (2010) has demonstrated that
when dried DGS is fed to gestating (third trimester) and lactating beef cows
as an energy source, increased progeny birth weights result compared to beef
cows fed hay-based or corn-based diets with similar energy concentrations.
However, problems with dystocia have been observed (Gunn, 2013). Progeny
from DGS fed cows have not differed in blood glucose or insulin
concentrations,
glucose
clearance,
morbidity,
or
immunoglobulin
concentrations (Radunz et al. 2012; Gunn, 2013). The effect of maternal DGS
on postnatal progeny weight gain has been variable. In male progeny fed in
the feedlot, weaning and yearling weights did not differ (Radunz et al. 2012;
Gunn et al., 2013), however, female progeny from DGS treated dams tended
to be heavier throughout the developmental post-weaning period and had
greater conception rates to timed AI than female progeny from corn silage/hay
treated dams (Gunn, 2013).


Neonatal Period

The first weeks of life for a neonate seem to also have long-lasting
consequences on the physiological function of the animal. In beef cows,
Freetly et al. (2000) demonstrated that effects of variable nutrition during mid
and/or late pregnancy on weight at birth are overcome when adequate, high
quality postnatal nutrition is available, and resulted in no differences in calf
body weights at 58 days of age. Research conducted at Purdue University
(Shee, 2013) has demonstrated that feeding DGS to cows from calving to mid
lactation (129 days postpartum) increased male progeny gain and weight at
weaning (219 days postpartum) compared to male progeny from cows fed a
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corn silage based diet. The diets were isocaloric, but differed in fat and
protein content. As a result, milk composition of the cows was altered and
may have been responsible for changes in growth. Feeding DGS to cows
from calving to mid lactation did not affect milk production, but decreased milk
fat and protein, increased the percentage of long-chain, monounsaturated and
polyunsaturated fatty acids in milk, including CLA, and decreased the
percentage of medium-chain and saturated fatty acids (Shee, 2013). Specific
fatty acids and level of unsaturation of the fatty acids in maternal milk can
impact growth of progeny. In rats, maternal consumption of a highly
unsaturated or highly saturated fatty acid diet results in lower birth weights
and decreased postnatal weight gain (Siemelink et al., 2002). Shee (2013)
observed that the weight advantage for male progeny whose dams were fed
DGS was not maintained through slaughter; however, intramuscular fat
content was decreased in the male progeny of DGS fed cows, indicating that
maternal DGS can impact progeny body composition.


Conclusion

Unfortunately, there is a lack of studies in dairy cattle that demonstrate direct
effects of maternal nutrition on postnatal performance of offspring. However,
numerous studies in beef cattle and sheep demonstrate that both energy and
protein (inadequate or excess) can affect long-term productivity of progeny.
Thus, management of the cow herd not only has consequences for cow
productivity but also for productivity of the next generation of cows.
Fortunately, management of the neonatal calf can ameliorate many of the
negative consequences of poor fetal nutrition. Data is lacking on the effect of
specific nutrients (fatty acids, amino acids, vitamins, and minerals) on longterm performance of offspring and further research is needed to determine
these effects and understand the underlying mechanisms.
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