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INTRODUCTION

Managing nutrient supply to match demand
is critical for sustainable and efficient livestock
production. The California Net Energy System
(CNES) was developed during the late 1950s and
1960s, as documented in the classic publication of
Lofgreen and Garrett (1968). This system was a sig-
nificant step forward and has served the beef cattle
industry well during the past 50 yr. Energy require-
ments for maintenance (NEm) and gain (NEg),
described by Lofgreen and Garrett (1968) as mod-
ified by expanding databases (Garrett 1980) and
for specific situations [National Research Council
(NRC), 1984, 1996, 2000; The National Academies
of Sciences, Engineering, and Medicine (NASEM),
2016], are used worldwide as a basis for feeding beef
cattle and often other ruminant species as well.

Concepts of developmental programming,
or the idea that stressors during critical windows
of development can have both short- and long-
term consequences in offspring, began to emerge
about three decades ago based on human epide-
miological studies (Barker, 1992, 2004). Research
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with animal models, including livestock, has since
demonstrated that developmental programming is
probably universal and that consequences on off-
spring growth, development, and health are likely
much larger than previously thought (Wu et al.,
2006; Caton and Hess, 2010; Funston et al., 2012;
Reynolds and Caton, 2012; Greenwood et al.,
2017; Hoftfman et al., 2017; Reynolds et al., 2017).
Maternal stress, particularly nutritional stress, is
one of the major drivers of negative consequences
of developmental programming in offspring.
Livestock can often experience a poor or compro-
mised nutritional environment during gestation.
For example, extensive livestock production sys-
tems such as those experienced by grazing ani-
mals in the Intermountain Region of the Western
United States and similar environments through-
out the world often result in compromised nutrient
supply during gestation. In the United States, live-
stock can experience a poor nutritional environ-
ment during pregnancy as a result of 1) breeding
of young dams, which increases competition for
nutrients among the maternal and fetal systems;
2) presence of multiple fetuses; 3) selection for
increased milk production, which results in com-
petition for nutrients between the mammary gland
and gravid uterus; and 4) naturally occurring envi-
ronmental temperature stress (which complicates
nutrient supply and fetal growth) or conditions
that compromise feed quality or quantity that
coincide with breeding and gestation of livestock
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(Wu et al., 2006; Caton and Hess, 2010; Reynolds
et al., 2010; Funston et al., 2012; Reynolds and
Caton, 2012; Reynolds et al., 2017).

Compromised offspring may have altered met-
abolic and body composition outcomes (Du et al.,
2017; Greenwood et al., 2017; Reed and Govoni,
2017; Reynolds and Vonnahme, 2017) at vari-
ous points during their postnatal growth curves.
Metabolic and body composition changes could
influence NEm or NEg requirements. The goal of
this review was to examine the potential impacts
of maternal nutrition and developmental program-
ming on offspring energy requirements.

MATERNAL NUTRITION AND
DEVELOPMENTAL PROGRAMMING

Developmental Programming

Growth-restricted or developmentally impaired
newborns have an increased risk of health com-
plications throughout life, including metabolic,
growth-related, and reproductive complications.
Originally referred to as “the Barker hypothesis,” or
“fetal programming,” the concept is that poor mater-
nal nutrition (or others types of stress such as young
or old maternal age, environmental heat stress, etc.)
during critical windows of in utero or early postna-
tal development can have long-term effects on oft-
spring health and well-being (Barker, 1992; Paneth
and Susser, 1995; Armitage et al., 2004; Barker
et al., 2004; Wu et al., 2006; Caton and Hess, 2010;
Reynolds et al., 2010, 2017; Reynolds and Caton,
2012; Meyer and Caton, 2016). The concept of
developmental programming was originally based
on epidemiological studies in humans, but evidence
of developmental programming of growth and
well-being in livestock is found in older published lit-
erature and is often referred to as the maternal effect.
For example, the crossbreeding experiments of
Walton and Hammond with large (Shire) and small
(Shetland) horses demonstrated that uterine envi-
ronment impacts both birth weight and adult size
(Hammond, 1927; Walton and Hammond, 1938).

In many species, including livestock, compro-
mised fetal and/or neonatal growth can result in
1) increased neonatal morbidity and mortality;
2) altered postnatal growth; 3) changed body com-
position (e.g., increased fat, reduced muscle growth);
4) metabolic disorders (e.g., poor glucose tolerance
and insulin resistance); 5) cardiovascular disease;
and 6) dysfunction of organs and/or organ systems,
(including adipose, brain, cardiovascular, endocrine,
gastrointestinal, immune, kidney, liver, mammary

gland, muscle, pancreas, placenta, and reproductive;
Rhind et al., 2001; Sheldon and West, 2004; Wu et al.,
2006; Anway et al., 2008; Caton and Hess, 2010; Du
et al., 2010; Reynolds et al., 2010; Long et al., 2011,
2012; Shankar et al., 2011; Bartol and Bagnell, 2012;
Connor et al., 2012; Meyer et al., 2012a; Reynolds
and Caton, 2012; Spencer et al., 2012; Symonds
et al., 2012; Jackson et al., 2013; Xiong and Zhang,
2013; Cardoso et al., 2014; Kilcoyne et al., 2014;
Schmidt et al., 2014; Zambrano et al., 2014; Meyer
and Caton, 2016; Reynolds and Vonnahme, 2016).
Clearly, developmental programming can affect mul-
tiple organs and/organ systems when assessed in var-
ious animal models, including livestock (Caton and
Hess, 2010; Reynolds et al., 2010, 2017; Reynolds
and Caton, 2012).

Impacts of Maternal Nutrition

Maternal nutrient supply is a major driver
of developmental programming events and con-
sequently, offspring outcomes (Wallace, 1948;
Wallace et al., 1999; Wu et al., 2006; Caton et al.,
2007; Caton and Hess, 2010; Funston et al., 2012;
Reynolds and Caton, 2012; Robinson et al., 2013;
Vonnahme et al., 2015, Meyer and Caton, 2016;
Reynolds et al., 2017; Reynolds and Vonnahme,
2017). Fetal growth trajectory is affected by mater-
nal nutrient intake even from very early stages of
embryonic development, when nutrient require-
ments for conceptus growth are negligible in pro-
portion to maternal needs (NRC, 1996, 2007;
Robinson et al., 1999; NASEM, 2016).

Maternal nutrient restriction includes any
event that decreases fetal nutrient supply during
critical developmental windows (Caton and Hess,
2010; Reynolds and Caton, 2012). Restriction of
fetal nutrient supply can result from many things,
including compromised maternal nutrient supply,
placental dysfunction, deranged maternal metab-
olism, physiological or environmental extremes, or
combinations of the aforementioned or other sce-
narios. Effects of fetal nutrient restriction during
gestation depend on timing, level, and/or duration
of compromised nutrition (Reynolds and Caton,
2012; Reynolds et al., 2013; Vonnahme et al., 2015;
Zhang et al., 2015). A majority of the data (Reed
et al., 2007; Swanson et al., 2008; Vonnahme et al.,
2015) demonstrate that maternal nutrient restriction
during the last two-thirds of gestation can decrease
fetal growth and offspring birth weights in sheep.

Nutrient restriction in beef cattle can decrease
birth weights and result in slower postnatal growth
(Robinsonetal., 2013). Likewise, relative to controls
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fed at requirements, feeding of low or high levels of
metabolizable protein to mature beef cows resulted
in decreased birth weights (Sletmoen-Olsen et al.,
2000). Others (Martin et al., 2007; Larson et al.,
2009) reported that protein supplementation of
cows during the last third of pregnancy had little
influence on calf birth weights. Conversely, Spitzer
et al. (1995) and Stalker et al. (2007) reported that
greater body condition during late gestation (a
proxy for greater nutrient intake) can increase calf
birth weights. Available data are taken to imply that
birth weights in sheep, when compared with beef
cattle, are more susceptible to maternal nutrient
restriction, which could reflect differing placental
growth patterns between sheep and cattle (Reynolds
et al., 2005; Vonnahme and Lemley, 2012).

Neonates that are growth restricted in utero
are at risk of postnatal complications, which may
result in poor growth and development and con-
comitant negative consequences that include poor
productivity and reduced longevity later in life (Wu
et al., 2006; Caton and Hess, 2010; Funston et al.,
2012; Reynolds and Caton, 2012; Reynolds and
Vonnahme, 2017). Maternal undernutrition and
restricted fetal growth are associated with decreased
growth efficiency and altered body composition
(Greenwood et al., 1998, 2000; Wu et al., 2006;
Caton et al., 2007; Larson et al., 2009; Robinson
et al., 2013). Birth weights in cattle are related to
postnatal growth performance (Robinson et al.,
2013; NASEM, 2016); however, nutrient restriction
of dams can alter composition of offspring growth
in the absence of birth weight differences (Reynolds
and Caton, 2012). Altered postnatal metabolism or
growth resulting from perturbed maternal nutrition
can result in management challenges for livestock
producers because nutritional management deci-
sions are often based on the averages of groups of
animals. Therefore, management approaches that
mitigate negative effects of developmental pro-
gramming have the potential to improve efficiency
of ruminant livestock production, which will help
address the grand challenge of doubling livestock
production to feed the projected global population
of 9.6 billion by the year 2050 (Reynolds et al.,
2015; United Nations News Centre, 2015).

Much of the aforementioned discussion focused
on altered total nutritional supply, which is most often
achieved via differential intakes; however, a substan-
tial body of literature focuses on supply of specific
nutrients and developmental programming outcomes.
Across species, the major classes of nutrients (car-
bohydrates, protein, lipids, vitamins, and minerals)
have been investigated in models of developmental

programming, and in each case, examples exist where
maternal supply of a major nutrient class affected
offspring outcomes. In other cases, realimentation or
biological plasticity allows for compensation or pro-
tection from adverse outcomes.

Research with beef cattle in Nebraska (Funston
et al., 2012) demonstrated that protein supplemen-
tation during gestation can have long-term positive
effects on the offspring, including changes in wean-
ing weight, carcass characteristics, and reproductive
traits, when compared with non-supplemented con-
trols. Funston et al. (2012) also showed that such
long-term effects are not necessarily foreshadowed
by differences in birth weight. When investigating
prepartum maternal dietary energy source in beef
cows, Radunz et al. (2012) reported that differing
maternal dietary energy sources altered offspring
adipose tissue development, glucose metabolism,
insulin sensitivity, and long-term intramuscular fat
deposition. Lan et al. (2013) reported that maternal
dietary starch levels in pregnant sheep affected fetal
DNA methylation and gene expression. Wang et al.
(2015) demonstrated that imprinted gene expres-
sion and DNA methyltransferase in calves are
influenced by maternal dietary starch. The work of
Wang et al. (2015) indicated that epigenetic mech-
anisms can play a major role in the regulation of
offspring responses to altered maternal nutrition,
which is supported by recent reviews by Meyer
etal. (2012a) and Reynolds et al. (2017). In a review
of developmental programming in cattle, Robinson
et al. (2013) concluded that fetal programming was
pronounced and might explain considerable varia-
tion in growth and production traits including body
weight, intake, carcass and muscle weights, and
lean, fat, and bone weights.

Although global nutrient restriction and excess
(driven by intake changes) and altered supply of
major nutrient classes can clearly have effects on
offspring outcomes, supply of specific nutrients in
the maternal diet can also result in changes in off-
spring outcomes and have long-term consequences.
Research from our laboratories investigating supra-
nutritional selenium supply in maternal diets (Caton
et al., 2007; Ward et al., 2008; Vonnahme et al, 2010;
Camacho et al., 2012; Meyer et al., 2013, Yunusova
et al., 2013; Caton et al., 2014a, 2014b) has demon-
strated changes in lamb birth weight, growth,
nutrient digestion, glucose metabolism and insulin
sensitivity, visceral fat content, intestinal vascularity,
and endocrine profiles in some but not all studies.

Supplementing ruminally protected arginine
to pregnant ewes fed either adequate or nutri-
ent-restricted diets increased the growth trajectory
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of lambs (Peine et al., 2013, 2018). Lassala et al.
(2010, 2011) reported that intravenous administra-
tion of L-arginine in nutrient-restricted ewes from
day 60 until parturition, or in triplet- and quadru-
plet-bearing ewes from days 100 to 121 of gestation
increased birth weights of lambs. McCoard et al.
(2013) demonstrated that intravenous L-arginine
in twin-bearing ewes from day 100 of pregnancy
until term increased birth weight of females but not
males and increased brown adipose stores in both
males and females. Supplemental methionine in
Holstein cows (Penagaricano et al., 2013) resulted
in changes in the transcriptome of flushed embryos,
including genes involved in embryonic development
and immune responses.

The aforementioned discussion clearly demon-
strates that altered maternal nutrition, from global
nutrient supply (changing intake) to supply of
specific nutrients, can have both short- and long-
term consequences on offspring development.
Some of these consequences, such as growth and
reproductive rates, contribute to variation observed
in livestock herds and likely present both recog-
nized and unrecognized management challenges.
Matching energy supply to demand in livestock
is key to efficient production systems. This is par-
ticularly the case in beef cattle where maintenance
energy expenditure for the cow herd is one of the
large costs experienced by beef cattle producers.
The question remains, however, whether maternal
nutrition influences or “programs” offspring energy
demands in cattle.

ENERGY DEMANDS DURING PREGNANCY

A primary driver of whole-herd beef cattle
production efficiencies is reproduction (Dickerson,
1970; Dziuk and Bellows, 1983; Koch and Algeo,
1983). The NASEM (2016) stated:

Undernutrition is a major factor affecting reproductive
performance, resulting in delayed attainment of puberty,
extended periods of postpartum anestrus, as well as
compromised conception rates, embryonic survival, sex-
ual behavior, and, as emerging documentation suggests,
compromised developmental programming of offspring.

Beef cow nutrient requirements vary across
the normal annual production cycle, with energy
requirements being least immediately after wean-
ing a suckling calf, increasing during pregnancy,
and being greatest at peak lactation. Lactational
demands peak early in beef cows and usually
coincide with the annual breeding season, which
further compounds nutrient competition between

successful breeding and lactation. According to
Short et al. (1990), cows partition nutrients to meet
priority demands, which he articulated as 1) basal
metabolism; 2) food-gathering activities; 3) growth;
4) basic energy reserves; 5) maintenance of preg-
nancy; 6) lactation; 7) additional energy reserves;
8) estrous cycles and pregnancy establishment;
and 9) accumulation of excess energy reserves.
Competition for nutrients, particularly in first- and
second-calf growing heifers, is a serious manage-
ment concern in terms of conception and mainte-
nance of pregnancy, cow longevity in the herd, and
overall beef system production efficiencies.

Approximately 75% of fetal growth occurs dur-
ing the last 2 to 3 mo of pregnancy in ruminants
(Robinson et al., 1977; NASEM, 2016; Reynolds
et al., 2018). The CNES partitions energy demand
into NEm and NEg, with energy being used more
efficiently for maintenance than for gain. Because
efficiency of energy use for maintenance and preg-
nancy in beef cattle varies similarly with metabo-
lizable energy (ME) concentration in the diet, and
for convenience, NASEM (2016) expressed the net
energy requirements for pregnancy in terms of
NEm. Gravid uterine demand for energy is greater
during the last third of pregnancy because energy
retention is greater during this time as gravid uter-
ine mass is increasing rapidly. Most energy systems
report energy demands of pregnancy to be minimal
during the first half of pregnancy because energy
retention in the gravid uterus is minimal. Energy
requirements associated with advancing pregnancy
as reported by the NASEM (2016), NRC (1984,
1996, 2000), and Commonwealth Scientific and
Industrial Research Organisation (CSIRO; 1990)
are shown in Table 1.

The data in Table 1 demonstrate that energy
requirements increase with advancing stage of
pregnancy and are clearly increased during the last
half of pregnancy. Under the current paradigm of
expressing energy requirements, energy demand
is low and practically insignificant during the first
half of pregnancy; however, energy demand during
the earliest stages of pregnancy must be important
to embryonic survival and growth. In fact, a recent
review (Bridges et al., 2013) indicated that pregnancy
is not limited by fertilization rates but is greatly
affected by early embryonic loss, which is largely, but
not exclusively, affected by nutritional, environmen-
tal, and disease-related stress. Stress can drive nutri-
ent partitioning toward immunological responses
that likely create transitory, immunologically driven
nutrient supply restriction for growth-related func-
tions, which affect embryonic growth and survival.
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Table 1. Estimates of NEm (Mcal/d) required for
pregnancy in beef cattle’

Day of gestation NRC (1996, 2000) NRC (1984) CSIRO (1990)
130 0.327 0.199 0.280
160 0.634 0.505 0.509
190 1.166 1.083 0.923
220 2.027 1.952 1.673
250 3.333 2.916 3.029
280 5.174 3.518 5.478

"Estimates are based on a calf birth weight of 38.5 kg. Adapted from
NASEM (2016).

Pregnancy is energetically costly (Brody, 1945;
Kleiber, 1961; Ferrell et al., 1976; Ferrell and
Reynolds, 1987; NASEM, 2016), with NEm increas-
ing 30% to 50% by the end of gestation, about half
the ME being attributed to gravid uterine tissues, a
quarter to the fetus, and a quarter to the associated
increased maternal metabolic activities accompany-
ing pregnancy. Although pregnancy is energetically
costly, pregnancy loss and the resulting open female
represent even greater energetic (and financial)
costs to beef production systems. Likewise compro-
mised offspring at birth exhibits greater short-term
morbidity and mortality rates with the potential
for other metabolic and reproductive impairments
into adult life. A better understanding of the energy
requirement during pregnancy, especially transi-
tory energy (and other nutrient) demands during
early pregnancy in association with acute stress or
challenge events, should provide insight into nutri-
tional and whole-herd management strategies for
improving beef cattle production efficiencies.

THE IMPORTANCE OF EARLY PREGNANCY

As stated previously, total energy requirements
for pregnancy increase as gestation advances; how-
ever, nutrient supply to the developing conceptus is
critical for survival and growth starting very early in
pregnancy. Caton and Hess (2010) and Meyer and
Caton (2016), building on earlier work by Fowden
et al. (2006), discussed critical developmental win-
dows and potential effects of maternal nutrient
restriction on fetal and postnatal developmental
outcomes. Most large-animal models of develop-
mental programming focus on perturbations to the
maternal system during mid-to-late gestation and
resulting effects on the offspring. During early ges-
tation (days 0 to 50), the conceptus grows from one
cell to a fully formed embryo with fully recognizable
organ systems and a functional placenta. Tissue-
doubling time during this stage of gestation is excep-
tionally high. Consequently, nutrient supply needs

to support rapid growth and development to ensure
survival of the embryo and establishment of a viable
pregnancy. During the early phase of fetal develop-
ment, differentiation and vascularization of utero-
placental tissues as well as fetal organogenesis occur,
all of which are critical events for normal fetal devel-
opment (Funston et al., 2010). In addition, dams
that undergo stress (nutritional, environmental, etc.)
during early, but not late gestation, are likely to pro-
duce a normal birth weight offspring that still suffers
from poor growth and metabolic problems because
of the stress early in pregnancy (Ford et al., 2007;
Vonnahme et al., 2007; Reynolds and Caton, 2012).
Recently, our laboratory developed an ovar-
iohysterectomy technique (McLean et al., 2016)
designed to investigate developmental programming
responses to moderate nutrient restriction during
the first 50 d of pregnancy. In these studies, postpu-
bertal heifers were fed to gain 0.5 kg/d (control) or
—0.08 kg/d (moderate restriction) for the first 50-d
postbreeding. At various times during early preg-
nancy, ovariohysterectomies were conducted and
tissues harvested. Results from these studies demon-
strated nutrient and metabolite changes in fetal flu-
ids (Figure 1). For example, at day 50 of gestation,
glucose, methionine, and glutamine were decreased
in allantoic fluids in moderately restricted heif-
ers. Amniotic glucose was also decreased, whereas
amniotic glutamine was increased in moderately
restricted heifers. Maternal serum homocysteine also
was increased in the moderately restricted heifers,
suggesting compromised one-carbon metabolism.
Data generated from these studies on fetal mus-
cle from the hind limb and fetal liver at day 50 of
gestation revealed that in fetal liver and muscle,
a total of 548 and 317 genes, respectively, were
differentially expressed as a result of moderate
nutrient restriction, of which 201 and 144 genes,
respectively, were false-discovery-rate protected.
Pathway analysis was performed on the differen-
tially expressed genes to determine the functional
categories of pathways or ontologies associated
with factors known to affect production efficien-
cies. In fetal liver, five functional categories of inter-
est were affected by moderate nutrient restriction
during the first 50 d of gestation (Crouse et al.,
2017b): metabolic pathways (n = 43 genes), protein
kinases (n = 47 genes), nucleosome core proteins
(n = 22 genes), mRNA splicing (n = 7 genes), and
complement/coagulation cascades (n = 6 genes). In
fetal muscle, three functional categories of interest
were affected by moderate nutrient restriction: skel-
etal muscle (n = 74 genes), embryogenesis (n = 14
genes), and signaling cascades (n = 18 genes).
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Figure 1. Comparison of (A) glucose concentrations in allantoic and amniotic fluid, (B) glutamine concentrations in allantoic and amniotic
fluid, (C) methionine in allantoic fluid, and (D) homocysteine in maternal serum of heifers receiving control (CON) or restricted (RES) dietary
treatment from the day of mating (day 0) until day 50 of gestation. Treatments provided for 0.5 kg vs. —0.08 kg of gain/heifer daily between days 0

and 50 of gestation for CON vs. RES heifers, respectively.

Further analyses of our data demonstrated that in
fetal liver, nine histone genes were upregulated in mod-
erately nutrient restricted (RES) compared with con-
trol (CON) heifers including members of the histone
H1, H2A, H2B, and H4 families (Crouse et al., 2017a).
The 13 differentially expressed histone-modifying
transcripts included genes associated with acetylation
and deacetylation, methylation, phosphorylation,
and ubiquitination. Of particular note, HDAC10 was
2.67-fold greater (q < 0.05) in liver of RES fetuses. In
addition, the histone deacetylase complex gene, CIRI,
was 2.22-fold greater (q < 0.05) in liver of RES fetuses.
Only one gene associated with histone modifications,
SET, was lower (1.77-fold, P = 0.006; g = 0.16) in liver
of RES compared with CON fetuses. The SET gene
is involved in preventing H4 lysine acetylation. These
data imply that maternal nutrient restriction very early
in pregnancy initiates developmental programming
through epigenetic remodeling of the fetal genome in
beef cattle (Crouse et al., 2017a).

In fetal muscle from the hind limb (data from our
laboratory), differentially expressed genes include
the myogenic genes M YOG and MYODI (1.49- and
1.39-fold greater in RES than CON fetuses, respec-
tively), both of which play important roles in skele-
tal muscle cell differentiation and fiber development.
Four members of the Wnt signaling pathway, namely
WNTSA, FZDI, APC2, and FZD10, were upregu-
lated in RES fetuses (1.32- to 2.11-fold greater than

CON). The Wnt pathway is critical in promoting the
differentiation of myocytes from progenitor stem
cells. Additional genes upregulated in fetal hind limb
muscle of RES compared with CON fetuses included
members of the troponin (TNNCI1, TNNC2, TNNII,
TNNIL2, TNNTI, TNNT2, TPM?2), myosin (M YLI,
MLY2, MLY4, MLY7, MYL6B, MLY9, MYHS,
MYLPF), and actin (ACTAI, ACTA2, ACTG2)
families. Therefore, we conclude that early gestation
is an important period of myogenic developmental
programming, and is sensitive to maternal nutrition
in cattle (Ward et al., 2017).

In conclusion, although most investigations of
developmental programming events in cattle focus
on mid-to-late gestation, recent data from our lab-
oratory indicate that moderate changes in maternal
nutrition during the first 50 d of pregnancy can alter
nutrient and metabolite concentrations in fetal fluids
and gene expression in fetal liver and muscle. Whether
these changes alter short- or long-term NEm or NEg
requirements remains to be determined.

OFFSPRING MAINTENANCE
REQUIREMENTS

Maintenance Requirements

The CNES, as established by Lofgreen and
Garrett (1968), used a comparative slaughter
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technique to measure retained energy (RE) and
regressed daily ME intake on daily heat production
(HE) in Mcal/d, which was calculated by difference
(ME — RE). Estimates of HE were expressed per
unit of body weight (BW) raised to the ¥ power
as a standard metabolic scaling approach (i.e., met-
abolic body size). Because of the techniques used
in their studies, W more closely represented shrunk
body weight (SBW) than live body weight. Lofgreen
and Garrett (1968) then regressed calculated daily
HE on ME intake using a semi-log regression.
When extrapolated back to ME intake = 0, their
data estimated fasting FHP as 0.077W?°7.

In the current use of this system (NASEM,
2016), the NEm is computed based on the basal
metabolism coefficient of 0.077, which is then
adjusted for previous temperature, breed, lactation,
gender, and previous plane of nutrition (COMP) as
follows:

NEm = SBW"” x (al x BE x
L x COMP x SEX + a2)
al = 0.077

a2 = 0.0007 x (20 — Tp)
COMP = 0.8 + (BCS - 1) x 0.05,

where
al is the basal metabolism coefficient, Mcal/kg’7/d;
a2 is the acclimatization factor, Mcal/kg®7/d;
BCS is the body condition score (1 to 9 scale; a proxy
for previous plane of nutrition);

BE is the breed factor;
COMP is the NEm adjustment for previous
nutrition;

L is the lactation factor;

NEm is the net energy requirement for maintenance,
Mcal/d;

SBW is the shrunk body weight, kg (typically 96%
of full body weight);

SEX is the gender effect factor (1.15 for bulls or 1
otherwise); and

Tp is previous temperature, °C.

More details regarding adjustment factors and
maintenance requirements are provided in the
NASEM (2016). As shown ecarlier, many factors
can alter NEm values for cattle, and the NASEM
(2016) adjustments reflect the current data at the
time of publication.

Developmental Programming of Offspring
Maintenance Requirements

Classically designed, definitive studies assess-
ing the effects of maternal plane of nutrition on

offspring NEm requirements are not available
in the literature. Nonetheless, some of the early
investigations into animal energetics and livestock
performance provide evidence that compromised
offspring at birth underperforms when compared
with more normal offspring. For example, Armsby
and Fries (1911) reported that “scrub” steers used
energy less efficiently than “good” steers. More
recently Greenwood et al. (1998) indicated that
low-birth-weight lambs had slower growth rates,
differing body compositions at a given empty
body weight (EBW), and lower RE. In addition,
Greenwood et al. (1998) indicated the differences in
observed fat and energy content of lambs at 17.5 kg
of EBW were attributed to an approximately 30%
decrease in maintenance energy requirements for
low- compared with high-birth-weight lambs.
Robinson et al. (2013) indicated that maintenance
energy requirements are less in growth-retarded
calves, particularly during the early postnatal phase,
and that at any given age, growth-compromised off-
spring could have different nutrient requirements
than their normally growing counterparts.
Whole-animal or specific tissue oxygen con-
sumption reflects energy use. Tissue oxygen con-
sumption reflects energy use and mitochondrial
function. Hepatic and small intestinal tissues are
major consumers of whole-body energy supply
(Koong et al., 1985; Reynolds et al., 1991: Caton
et al., 2000). Prezotto et al. (2014) investigated fetal
hepatic and small intestinal oxygen consumption at
130 d of gestation from control- and restricted-fed
ewes. First-parity ewes were fed a complete pelleted
diet at either control (requirements for 140 g of
daily growth) or restricted (60% of controls) levels
of dietary intake from days 50 to 130 of gestation.
At day 130, tissues were harvested and fetal hepatic
and small intestinal oxygen consumption meas-
urements were obtained. Data shown in Table 2
(adapted from Prezotto et al., 2014) indicate that
both hepatic and small intestinal oxygen con-
sumption in vitro were decreased in fetuses from
restricted compared with control fed ewes at 130
d of gestation. Decreases in hepatic oxygen con-
sumption in this study likely resulted from changes
in liver mass and not because of changes in oxygen
use per unit of tissue; however, small intestinal in
vitro oxygen consumption was increased per unit of
tissue, suggesting altered tissue energy use. In a fol-
low-up study, with mature ewes fed control-intake,
restricted-intake (60% of controls), or restricted-in-
take plus rumen-protected arginine, in vitro oxygen
consumption of hepatic and small intestinal tissues
were investigated in 54-d-old offspring (Prezotto
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et al., 2018). Data shown in Table 3 (adapted from
Prezotto et al., 2018) showed that hepatic but not
jejunal oxygen consumption was decreased in lambs
from nutrient-restricted dams. In fact, hepatic oxy-
gen consumption when expressed per gram of tis-
sue, per whole tissue, or per unit of body weight
was decreased in lambs from nutrient-restricted
ewes. These data indicate that liver energy use was
less in offspring from nutrient-restricted dams. Data
from Prezotto et al. (2014, 2018) described earlier
are supported by in vitro oxygen consumption data
in fetal calves from cows fed control or restricted
and then realimented diets (Prezotto et al., 2016).
These authors suggested that both cows and fetal
calves during gestation can modulate maintenance
energy requirements in response to nutrient restric-
tion and realimentation. Their conclusions seem
reasonable given known modulations in mainte-
nance energy requirements in nutrient-restricted
and then realimented growing cattle, which results
in compensatory growth (NASEM, 2016). Existing

Table 2. Hepatic and small intestinal oxygen con-
sumption in fetal lambs at 130 d of gestation from
ewes feed control (CON) or restricted (RES) diets
(adapted from Prezotto et al., 2014)

Treatments®
Item CON RES SEM P-value
Liver oxygen consumption
pmol/min per mg fresh tissue 60.3 60.5 2.24 0.76

mol/min per liver 5.79 4.67  0.38 0.01
Small intestine oxygen consumption
0.009

0.004

pmol/min per mg fresh tissue 67.1 53.3 4.2
pmol/min per mg protein 586 780 57

"Treatments were control (CON; fed at requirements for minimal
gain and fetal growth) and restricted (RES) diets fed at 60% of CON.
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data indirectly suggest that maintenance require-
ments of offspring might indeed be programmed
by maternal nutritional inadequacies, with a greater
likelihood of programming occurring at nutri-
tional extremes and early in the postnatal period.
Additional research directed toward assessing the
effects of maternal nutrition and developmental
programming on offspring maintenance energy
requirements will help to delineate these responses
and their effects on offspring production outcomes.

OFFSPRING REQUIREMENTS FOR GAIN

Requirements for Gain

Energy requirements for gain are driven by the
composition of gain and the resulting RE. The
current use of the CNES by nutrient requirement
systems for beef cattle (NASEM, 2016) assumes
that cattle have a similar body composition at the
same degree of maturity. The NRC (1984) medi-
um-framed steer equations are used as the standard
reference base from which to compute energy con-
tent of gain at various stages of growth and rates
of gain for all cattle types. This is accomplished by
adjusting the BW of cattle of various body sizes
and sexes to a weight at which they are equivalent
in body composition to the steers in the Garrett
(1980) database. The use of the NRC (1984) medi-
um-framed steer as a standard reference basis to
predict NEg values for a wide range of cattle across
various breeds, body sizes, implant strategies, and
nutritional management systems was assessed in
the NASEM (2016) publication. The committee’s
conclusion was that this recommended approach
worked exceptionally well when plotting predicted

Table 3. Hepatic and small intestinal oxygen consumption in 54-d-old lambs from mature ewes fed a con-
trol diet (CON) or a restricted (RES) diet with or without supplemental rumen-protected arginine (adapted

from Prezotto et al., 2018)

Treatments’
Item CON RES RES + ARG SEM P-valuet
Liver oxygen consumption
mol/min per g fresh tissue 0.39 0.35 0.34 0.02 0.09
mol/min per liver 181 146 155 10 0.04
mol/min per kg BW 8.0 6.7 6.8 0.4 0.02
Small intestine oxygen consumption
mol/min per g fresh tissue 0.35 0.38 0.35 0.02 0.60
mol/min per jejunum 58 71 60 12 0.62
mol/min per kg BW 24 32 2.5 0.5 0.50

"Treatments were control (CON; fed at requirements for fetal growth), restricted (RES) diets fed at 60% of CON, and restricted plus supplemen-

tal rumen protected arginine (RES + ARG).
iP-value is for the contrast of CON vs. RES plus RES + ARG.
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RE vs. observed RE, in Mcal/d. When adjusting
cattle to fit the Garrett (1980) database, the weight
equivalent of the NRC (1984) medium-framed steer
(EQSBW) is calculated as:

EQSBW = SBW x (SRW/FSBW);

where

EQSBW is the BW equivalent to the NRC (1984)
medium-frame steer;

SBW is the shrunk BW being evaluated;

SRW is the standard reference weight for the
expected final body fat; and

FSBW is the final shrunk BW at the expected final
body fat.

Within the NASEM system, there are various
adjustments made to FSBW, which include decreas-
ing FSBW by 25 to 45 kg for nonuse of an estro-
genic implant; increasing FSBW by 25 to 45 kg for
use of an implant containing trenbolone acetate plus
estrogen; increasing FSBW by 6 to 36 kg for use of
a B-adrenergic agonist; increasing FSBW by 25 to
45 kg for extended periods at slow rates of gain; and
decreasing FSBW by 25 to 45 kg for continuous use
of a high-energy diet from weaning. When problems
arise in predicting NEg, they could be related to
choosing the wrong FSBW, transitory effects of pre-
vious plane of nutrition, gut fill, anabolic implants,
variations in NEm requirement, or the ME value
assigned to the feed and the dietary NEm and NEg
derived from the ME (NASEM, 2016).

Unfortunately, definitive studies that assess
NEg requirements of cattle from dams with com-
promised maternal nutrition are not available in the
literature. Considerable data exist, however, regard-
ing the effects of maternal nutrition and develop-
mental programming of muscle and fat accretion.
Because NEg is estimated from RE, which depends
on the composition of gain, it would seem rea-
sonable that altered body composition at a given
age could alter NEg requirements; however, this
remains to be determined.

Maternal Undernutrition and Muscle Development

Decreased growth rate and feed efficiency pose
a significant economic impact to the beef indus-
try. Clearly, maternal nutritional status is one of
the factors programming nutrient partitioning and
ultimately growth and development of fetal skel-
ctal muscle (Wallace, 1948; Wallace et al., 1999;
Godfrey and Barker, 2000; Rehfeldt et al., 2004;
Stickland et al., 2004). Growth-restricted neo-
nates are not only at risk of immediate postnatal

complications, but also might be “programmed”
to exhibit poor growth and productivity, as well as
diseases, later in life (Barker et al., 1993; Godfrey
and Barker, 2000). This growth restriction seems
to be especially important when fetal muscle devel-
opment (myogenesis) is adversely affected (Handel
and Stickland, 1987a, 1987b; Dwyer et al., 1993).
Fetal skeletal muscle has a lower priority for nutri-
ent partitioning compared with the brain and heart
in response to challenges during fetal development,
rendering fetal muscle particularly vulnerable to
nutrient deficiency (Bauman et al., 1982; Close and
Pettigrew, 1990). The fetal period is crucial for life-
time skeletal muscle development because no net
increase in the number of muscle fibers occurs after
birth (Glore and Layman, 1983; Greenwood et al.,
2000; Nissen et al., 2003).

Several studies in a range of mammalian spe-
cies have shown that maternal undernutrition dur-
ing gestation can significantly decrease the number
of muscle fibers and myocyte nuclei in the offspring
(Bedi et al., 1982; Wilson et al., 1988; Ward and
Stickland, 1991). For example, a lower ratio of sec-
ondary to primary myofibers and decreased sizes
of the muscle fasciculi were observed in muscle of
fetuses gestated in nutrient-restricted ewes (Zhu
et al., 2004). Therefore, muscle fiber type develop-
ment can be influenced by maternal nutritional sta-
tus depending on the energy needs of the muscle
and species observed.

Nutrient restriction of heifers during the first
two-thirds of gestation decreased fetal growth and
calf birth weight (Micke et al., 2010). Nutrient restric-
tion to 85% of ME compared with 140% in multip-
arous Angus-Simmental cows resulted in increased
expression of myogenic genes M YOG and MYODI
in offspring of restricted vs. control cows at day 247
of pregnancy (Paradis et al., 2017). Early prenatal
nutritional restriction of ewes resulted in a decrease
in the number of myofibers but an increased diam-
eter of muscle fibers in offspring at 8§ mo of age (Zhu
et al., 2006). The finding of enlarged muscle fibers
has been confirmed in other muscles in both bovine
and ovine fetuses and at 8 mo of age in lambs when
nutrient intake of dams was restricted during early
gestation (Du et al., 2005, 2010). In addition, lambs
born from ewes that were fed restricted diets during
early- and mid-gestation had increased subcutaneous
fat depots, reduced muscle size, and dysregulated glu-
cose uptake compared with lambs from control ewes
(Ford et al., 2007). Ewes that were nutrient-restricted
to day 31 of gestation had lambs with decreased mus-
cle fiber density in the triceps brachii compared with
lambs of control-fed dams (McCoard et al., 1997).
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In the bovine, primary muscle fibers develop
during the first 2 mo after conception (Russell
and Oteruelo, 1981). Secondary muscle fibers,
which make up the majority of muscle fibers, form
between 2 and 7 to 8 mo of gestation (Russell
and Oteruelo, 1981). The formation of secondary
myofibers partially overlaps with the formation
of intramuscular adipocytes and fibroblasts (Du
et al., 2010). The three cell types, myocytes, adipo-
cytes, and fibroblasts, produce the basic structure
of skeletal muscle and form at different time points
in gestation. These data clearly show that maternal
nutrient restriction during pregnancy can affect
muscle development in offspring and that timing
of restriction can have differential effects on mus-
cle fiber development and growth as seen in post-
natal phenotypic responses of offspring. Moreover,
these data are consistent with our recent studies,
described in The Importance of Early Pregnancy
section, showing altered gene expression in hind
limb muscle of fetuses from heifers that were nutri-
ent-restricted during the first 50 d of gestation.

Composition of Gain

Robinson et al. (2013) concluded in their
review that:

Fetal programming and related maternal effects are most
pronounced and explain substantial amounts of variation
for growth-related production characteristics such as BW,
feed intake, carcass weight, muscle weights, meat yield,
and fat and bone weights at any given age but are less evi-
dent when assessed at the same BW and carcass weight.

Body compositional changes resulting from
compromised maternal nutrition seem to be more
pronounced early in the postnatal and growing
phases and less pronounced as offspring approach
finished market weight, which is likely a result the
high degree of plasticity of cattle body tissues
and their ability to recover from early nutritional
insults. Nonetheless, examples of differences in car-
cass composition are prevalent in the literature and
are most often reflected by increased body fatness.
Growth-restricted offspring may take more time to
reach market weight (Funston et al., 2012), which
could directly impact total energy required to fin-
ish cattle. Unfortunately, many published reports
do not contain estimates of days on feed, particu-
larly in response to birth weight or previous plane
of maternal nutrition. While investigating effects of
maternal nutrition on steer offspring, Underwood
et al. (2010) reported maternal nutritional man-
agement could alter average daily gain, hot carcass

weight, and 12th rib fat thickness at slaughter.
Likewise, Radunz et al. (2012) reported that pre-
partum energy source of cows altered marbling
score and intramuscular fat content in offspring at
finish. Data from Nebraska (Stalker et al., 2006,
2007; Larson et al., 2009) indicate that steers born
to non-protein-supplemented dams had lower dry
matter intake and hot carcass weight, and decreased
marbling score in some but not all studies.

Clearly, maternal nutritional plane can alter
muscle development, even at the very early stages
of growth. Tissue plasticity seems to compensate
for some of these effects during steer growth and
finishing; however, differences often persist until
slaughter. Reduction of follicle numbers in the
ovaries of offspring from restricted dams observed
during gestation in beef heifers was still present at
86 wk of age (Mossa et al., 2013), indicating poten-
tial negative effects on fertility. Furthermore, heif-
ers born to non-protein-supplemented dams had
lower adjusted 205-d weaning weights, a lower per-
centage pregnancy after breeding (Martin et al.,
2007), and decreased age at puberty (Funston
et al., 2010). The degree to which NEg require-
ments of growing cattle are altered by maternal
nutrient supply is not directly assessed in the lit-
erature. Additional research in this direction is
needed to determine whether NEg requirements
are changed in offspring from dams in nutrition-
ally compromised environments.

CONCLUSIONS

Developmental programming is convincingly
documented in the literature, can be driven by sub-
optimal maternal nutrition, and occurs in major
livestock species, including beef cattle. Definitive
studies that assess the effects of maternal nutri-
tion and the resulting developmental programming
events on NEm and NEg requirements in beef cattle
have not been conducted. Indirect evidence included
within this review suggests it is likely that energy
requirements of offspring are affected by maternal
nutrition in beef cattle, and that these events are at
least partially controlled by epigenetic events dur-
ing development that persist postnatally. Timing of
the maternal nutritional insult(s) is important, and
emerging data suggest that early pregnancy is likely
much more important than previously thought.
Additional research in the area of maternal nutri-
tion and offspring energetics will provide insight
that could lead to altered management practices and
increased efficiencies of beef cattle production.
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