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Maternal nutritional management during gestation appears to modulate fetal
development and imprint offspring postnatal health and performance, via altered
organ and tissue development and tissue-specific epigenetics. This review highlighted
the studies demonstrating how developmental programming could be explored by
beef producers to enhance offspring performance (growth, immune function, and
reproduction), including altering cow body condition score (BCS) during pregnancy
and maternal supplementation of protein and energy, polyunsaturated fatty acids
(PUFA), trace minerals, frequency of supplementation, specific amino acids, and
vitamins. However, this review also highlighted that programming effects on offspring
performance reported in the literature were highly variable and depended on level,
duration, timing, and type of nutrient restriction during gestation. It is suggested that
maternal BCS gain during gestation, rather than BCS per se, enhances offspring
preweaning growth. Opportunities for boosting offspring productive responses through
maternal supplementation of protein and energy were identified more consistently for
pre- vs. post-weaning phases. Maternal supplementation of specific nutrients (i.e.,
PUFA, trace minerals, and methionine) demonstrated potential for improving offspring
performance, health and carcass characteristics during immunological challenging
scenarios. Despite the growing body of evidence in recent years, the complexity of
investigating developmental programming in beef cattle production is also growing
and potential reasons for current research challenges are highlighted herein. These
challenges include: (1) intrinsic difficulty of accurately measuring cow milk production
multiple times in cow-calf systems; (2) larger focus on Bos taurus vs. Bos indicus breeds
despite the predominance of Bos indicus-influenced beef breeds in tropical/subtropical
environments and their specific, and sometimes opposite, physiological and performance
outcomes compared to Bos taurus breeds; (3) limited focus on interaction between
prenatal and postnatal management; (4) sex-specific outcomes following similar maternal
nutrition during gestation; (5) greater focus on nutrient deficiency vs. excess; (6)
limited implementation of immunological challenges; and (7) lack of multigeneration and
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longer periods of offspring evaluation. This review provides multiple evidence that such
obstacles need to be overcome in order to significantly advance the scientific knowledge
of developmental programming in beef cattle and promote global beef production.

Keywords: beef, developmental programing, growth, immune response, reproduction, gestation

INTRODUCTION

Developmental programming is the concept that maternal
external stimuli (i.e., maternal nutrition) during critical
periods of gestation modulate fetal development leading to
long-term consequences on offspring postnatal life (Barker,
1992). Describing all mechanisms underlying developmental
programming is beyond the scope of this review and have
been previously covered by others (Broadhead et al., 2019;
Elolimy et al., 2019; Reynolds et al., 2019; Caton et al,
2020). Briefly, published mechanisms regulating nutritional
programming in the beef offspring include altered organ and
tissue development (Long et al., 2010) and tissue-specific
modifications of transcription factors and gene network (Liu
et al,, 2020; Diniz et al, 2021a), via methylation (Liu et al,
2020) and post-transcription non-coding microRNA (Moisa
et al,, 2016). Developmental programming studies analyzing
histone modifications in beef progeny are currently lacking.
Epigenetic analyses have grown steadily in recent years, but
currently, transcriptomics of multiple tissues has been the
primary analytical procedure in many beef studies exploring
maternal nutritional management during early (Crouse et al.,
2019; Liu et al, 2020; Diniz et al,, 2021a) and late gestation
(Sanglard et al., 2018). For example, maternal energy restriction
during early- (Diniz et al., 2021a) and late-gestation (Sanglard
et al, 2018; Palmer et al., 2021) altered the transcriptome
of numerous nutrient-sensing pathways involved in muscle
tissue development and energy metabolism, suggesting a
reprogramming of genes in order to adapt the fetus to the altered
maternal nutrient availability.

Fetal adaptations to nutritional programming are complex
and may lead to either negative or positive consequences
on offspring postnatal life. It is suggested that the final
outcome to specific in wutero nutrition is driven by how
maternal nutrition during gestation interacts with the
genetic and epigenetic abilities of the embryo to adapt to
such nutritional conditions (Caton et al, 2020). Identifying
dietary manipulations for pregnant beef females that can
improve offspring nutrient utilization efficiency, growth,
immune function, and reproduction is crucial to optimize
beef production, sustainability, and profitability. This review
focuses on numerous applied nutritional strategies for gestating
beef cows that can be immediately implemented by beef cattle
producers to reprogram postnatal performance of the offspring.
More specifically, this review highlights the specific effects of
maternal nutrition during first, second, and third trimester
of gestation that enhanced postnatal growth, reproduction,
and immunocompetence of their beef progeny. For each
topic, current research gaps and opportunities for future
research are also described below in order to strengthen the

existing scientific knowledge and ultimately increase global
beef production.

MATERNAL MALNUTRITION

Negative energy balance of gestating beef cows is one of the
stressors that can be detrimental for placental environment
and calf development (Funston et al., 2012) and impact how
individuals will respond throughout their lives (Moriel et al.,
2016a; Sanglard et al, 2018). Multiple nutritional strategies
described herein may directly or indirectly affect cow body
condition score (BCS). Cows fed to achieve and sustain BCS
of 5.5 (scale of 1-9) during the third trimester of gestation
had greater calving and weaning rates and weaned heavier
calves compared to cows that maintained a BCS of 4.5 from
third trimester of gestation until calving (Bohnert et al., 2013).
Cow BCS gain induces positive nutrient flushing and nutrient
delivery to the fetus (Wu et al., 2006) and may be used to offset
the negative effects of malnutrition during previous gestational
periods on fetal development (Long et al., 2009, 2010). Marques
et al. (2016a) assigned cows to 1 of 5 nutritional managements
during gestation. Cows were managed to maintain a high (HBCS)
or low (LBCS) BCS throughout the entire gestation or managed
to gain 1.5 units of BCS during the first (BCS1), second (BCS2),
and third (BCS3) trimester of gestation and then maintain
the resultant BCS until calving. Calving rate, calf birth body
weight (BW), cow milk production, weaning rate, and calf age at
weaning did not differ among treatments. However, calf weaning
BW was greater for calves born from BCS2 and BCS3 vs. HBCS
and LBCS cows. Thus, the greater calf preweaning growth of
BCS2 and BCS3 cows may be at least partially attributed to cow
BCS gain during second and third trimester rather than BCS per
se (Marques et al., 2016a).

Energy deficiency (70% of requirements) in primiparous beef
cows during the last 100 days of gestation reduced calf BW
at birth and weaning by 6.5 and 8.1%, respectively, compared
to calves born from cows fed 100% of energy requirements
(Corah et al., 1975). In contrast, energy deficiency of similar
magnitude (70% of requirements) for a short period (last 40 d
of gestation) did not impact calf preweaning growth and post-
weaning average daily gain (ADG) during a 45-d preconditioning
period (Moriel et al., 2016a). Interestingly, calf birth and weaning
BW were not impacted when protein and energy requirements
were not met (57 vs. 100% of requirements) during the last 90
days of gestation (Hough et al., 1990). Maternal malnutrition
during gestation may also lead to long-lasting effects in carcass
characteristics. Protein restriction during early pregnancy had
no impact on carcass characteristics of calves compared to no
protein restriction (McLean et al., 2018). Contrary, providing
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diets containing 6% CP crude protein (DM basis) from 132 days
of gestation until calving had no impact on offspring backfat
thickness and hot carcass weight, but decreased Longissimus
muscle area and dressing percentage at slaughter compared
to offspring born from cows offered diets containing 12%
CP (Maresca et al., 2019). Nutrient-restricted beef cows (70%
of energy and protein requirements) from day 45 to 185 of
gestation produced offspring with greater adipocyte diameter
in subcutaneous, mesenteric, and omental adipose tissues, but
reduced muscle fiber diameter, yield grade, and Semitendinosus
muscle weight per kg of carcass at slaughter compared to
the offspring from cows offered 100% of their energy and
protein requirements (Long et al, 2012). Contrary, negative
energy status (80% of energy requirements) during second
trimester of gestation had no impact on beef offspring carcass
weight or dressing percentage but tended to increase 12th rib
backfat thickness and USDA vyield grade compared to beef
calves born from cows that experienced a positive energy status
during the second trimester of gestation (Mohrhauser et al.,
2015). As demonstrated, the outcomes of nutrient deficiency
on offspring growth performance and carcass characteristics
are highly variable and likely dependent on slaughter endpoint
chosen by each study (i.e., common backfat thickness vs. days on
feed) and the level of restriction during gestation (Ramirez et al.,
2020). Duration, timing (first, second, and third trimester) and
type (energy, protein, or energy + protein) of nutrient restriction
also impact calf development differently, which highlights the
need for further studies revealing the underlying mechanisms
regulating offspring productive responses.

APPLIED MANAGEMENT STRATEGIES

Protein and Energy Supplementation
Growth and Carcass Quality
Protein and energy supplementation from a wide variety of
feedstuffs and forage sources are used to alter cow BCS, either
meeting or exceeding fetal nutrient requirements during in
utero development. Maternal supplementation of protein and
energy during multiple stages of gestation had variable effects
on offspring BW at birth (Table 1), with most studies reporting
no differences (19 studies) and less studies (14 studies) reporting
increased calf birth BW by an average of 3.2kg (ranging from
0.4 to 10.2kg) compared to no supplementation. Greater birth
BW has been correlated with increasing calving difficulty (Varona
et al,, 1999). Most studies did not report an increased offspring
birth BW following maternal supplementation of protein and
energy. It is important to highlight, however, that among the
studies reporting increased calf birth BW, very few of them
included data regarding calving dystocia and percentage of calves
born alive. It is recommended that future studies consider
reporting data on calving difficulty to confirm whether maternal
gestational nutrition increases the incidence of dystocia.
Inconsistent results were also observed for calf pre- and
post-weaning growth following in utero protein and energy
supplementation (Table 1). When cows received supplemental
protein and energy during gestation, calf preweaning growth
performance increased in 17 studies and did not differ in 15

studies. Calf post-weaning growth increased in 8 studies, did
not differ in 13 studies, and decreased in 2 studies. Thus, the
calf BW advantage observed at birth and weaning did not
consistently carry over during subsequent periods, revealing
that calf post-weaning growth was impacted to a lesser extent
compared to calf preweaning growth. Cow BCS at the start of the
study, different supplementation amount, length, source (grain
vs. byproduct), type (energy vs. protein), timing (first, second
or third trimester), postnatal malnutrition, prenatal x postnatal
nutrition, cow age, and breed, supplement intake behavior, and
sire are potential reasons for the inconsistent results summarized
in Table2. Additional research is needed to expand current
available data and reveal new mechanisms driving the variable
maternal nutrition programming effects on offspring growth.

Maternal nutrition during gestation has been shown to alter
offspring mRNA expression of genes related to myogenesis
and adipogenesis (Sanglard et al, 2018; Liu et al, 2020).
However, slightly fewer studies reported any improvement
vs. no differences (8 vs. 11 studies, respectively) on carcass
characteristics in beef offspring born from cows provided
protein and energy supplementation during gestation (Table 2).
Differences in feedlot management among all studies, such
as days on feed, diet, endpoint at slaughter (days on feed
vs. physiological endpoint), and age at slaughter could be
potential reasons for the lack of consistent positive long-lasting
effects of maternal nutrition on offspring carcass measurements.
Despite this inconsistency, Table 2 demonstrates that offspring
development and carcass quality could be improved by providing
supplemental protein and energy for pregnant beef cows.
However, current literature indicates that other factors beyond
maternal nutrition during gestation may have a larger role on
impacting final offspring performance.

Reproduction

Most reproductive organs initiate their development during
early gestation but continue until calving (Cushman and Perry,
2019) and are susceptible to maternal malnutrition (Long
et al., 2012). Less emphasis has been placed on the effects of
maternal nutrition on subsequent beef progeny reproductive
performance despite its potential to increase fertility of the
female and male offspring (Cushman and Perry, 2019). Timing
of puberty attainment is crucial for optimal heifer reproductive
performance (Moriel et al., 2017, 2020b). Heifers that conceive
early during their first breeding season have greater lifetime
productivity compared to those conceiving later during the
breeding season (Cushman et al, 2013). Heifers born from
cows offered protein supplementation during late gestation were
younger at puberty attainment (Funston et al., 2010) but had
similar pregnancy rates compared to cohorts born from non-
supplemented cows (Funston et al., 2010; Luebbe et al., 2019).
Contrary, maternal supplementation of protein and energy
during gestation did not accelerate puberty attainment in other
studies (Martin et al., 2007; Cushman et al., 2014; Gunn et al.,
2015) but increased overall pregnancy percentages to natural
breeding (Martin et al., 2007) and artificial insemination (Gunn
et al, 2015), calving percentage (Cushman et al, 2014) and
percentage of heifers calving during the first 21 days of the calving
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TABLE 1 | Studies (n = 37) reporting positive (+) or negative (-) effects, or no differences (ND; P > 0.10) on beef offspring birth body weight (BW), pre- and post-weaning
growth performance following maternal protein and/or energy supplementation during gestation.

Study Gestation trimester Birth BW Preweaning growth Post-weaninggrowth
Corah et al. (1975) (Exp. 1) Third + + Not reported
Corah et al. (1975) (Exp. 2) Third + + Not reported
Hough et al. (1990) Third ND ND Not reported
Greenwood et al. (2005) Second + third + + +
Banta et al. (2006) Third ND ND ND
Stalker et al. (2006) Third ND + ND
Stalker et al. (2007) Third + + +
Martin et al. (2007) Third ND + +
Larson et al. (2009) Third + + +
Micke et al. (2010) First and/or second + Not reported Not reported
Long et al. (2010) Early ND ND -
Funston et al. (2010) Third ND + ND
Underwood et al. (2010) Second ND + +
Long et al. (2012) Early ND ND ND
Mulliniks et al. (2012) Third Not reported ND ND
Winterholler et al. (2012) Third + + Not reported
Radunz et al. (2012) Second + third + + ND
Bohnert et al. (2013) Third + + ND
Shoup et al. (2015a) Third ND + Not reported
Shoup et al. (2015b) Third Not reported Not reported ND
Wilson et al. (2015) Third ND ND ND
Summers et al. (2015a) Third ND Not reported Not reported
Summers et al. (2015b) Third Not reported ND +
Wilson et al. (2016a) Third ND ND ND
Wilson et al. (2016b) Third + ND ND
Kennedy et al. (2016) Third + Not reported Not reported
Moriel et al. (2016a,b) Third ND ND ND
Marquez et al. (2017) Second or third ND ND Not reported
Nepomuceno et al. (2017) Third ND ND ND
MclLean et al. (2018) First ND + +/-
Maresca et al. (2018) Second + third Not reported Not reported Not detected

Kennedy et al. (2019) Third
Maresca et al. (2019) Second + third
Tanner et al. (2020) Second + third
Moriel et al. (2020a) Third
Palmer et al. (2020) Third
Rodrigues et al. (2021) Second + third

+ + Not reported
+ ND Not reported
ND + Not reported
ND ND +

ND + Not reported
+ ND Not reported

season (Martin et al., 2007; Cushman et al., 2014) compared
to no maternal supplementation. The results described above
suggest that heifer reproductive performance was improved
by unknown mechanisms leading to increased fertility rather
than earlier puberty attainment. Fertility is related to ovarian
characteristics, and ovarian reserve has been used to predict the
reproductive performance and lifetime productivity of females
(Ireland et al., 2011). Specifically, research has demonstrated
heifers born to energy restricted dams had a reduction in antral
follicles compared to control cohorts (Sullivan et al., 2009;
Mossa et al., 2013). Suboptimal maternal nutrient status also
results in disruptions within the neuroendocrine system of the

female offspring, leading to altered reproductive function (O'Neil
et al., 2019). However, other studies have reported contrasting
outcomes to heifer progeny due to long-term exposure to
nutrient restriction during gestation (Roberts et al., 2009; Beard
et al.,, 2019). Beard et al. (2019) summarized 46 years of data
to determine the effects of precipitation level during key fetal
development periods on beef progeny performance. Female
progeny gestated during low precipitation throughout gestation
were more likely to: (1) remain in the herd and calve after
the age of 8 years; (2) produce a calf within the herd after
8 years of age; and (3) produced a greater number of calves
while in production compared to average and high precipitation
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TABLE 2 | Studies (n = 19) reporting positive (+) or negative (-) effects, or no differences (ND; P > 0.10) of maternal protein and/or energy supplementation during

gestation on carcass characteristics of beef.

Study Gestation Carcass Marbling Choice % Dressing % Backfat Longissimus Yield
trimester weight score thickness muscle area grade
Greenwood et al. (2005) Second + + ND Not reported + ND ND Not reported
third
Banta et al. (2006) Third ND ND ND Not reported ND ND ND
Stalker et al. (2006) Third ND ND ND ND ND ND ND
Stalker et al. (2007) Third + ND Not reported Not reported ND ND ND
Larson et al. (2009) Third + + + Not reported ND ND ND
Long et al. (2010) First ND ND Not reported ND ND ND ND
Underwood et al. (2010) Second + ND Not reported Not reported + Not reported ND
Long et al. (2012) First ND Not reported Not reported ND ND ND -
Radunz et al. (2012) Second + ND - ND - ND ND ND
third
Mulliniks et al. (2012) Third ND ND ND ND ND ND ND
Bohnert et al. (2013) Third ND ND ND Not reported ND ND ND
Mohrhauser et al. (2015) Second ND ND Not reported ND + ND +
Wilson et al. (2015) Third ND ND ND Not reported - ND ND
Shoup et al. (2015a) Third ND ND + Not reported ND ND ND
Summers et al. (2015a,b) Third ND - ND Not reported ND/- ND ND/-
Wilson et al. (2016a,b) Third ND ND Not reported Not reported ND ND ND
McLean et al. (2018) First ND ND Not reported ND ND ND ND
Luebbe et al. (2019) Third + ND Not reported  Not reported + ND ND
Maresca et al. (2019) Second + ND ND Not reported + ND + Not reported
third

groups. These results indicate that selection of heifers exposed
to lower than average precipitation levels in utero may result in
increased herd retention and productivity (Beard et al., 2019).
Collectively, the findings described herein indicate that maternal
nutrition impacts reproductive development of female progeny
and the effect of specific maternal nutritional strategies deserves
further investigation.

Studies evaluating the effects of maternal gestational nutrition
on beef male fertility are rare (Cushman and Perry, 2019).
Current data observed altered reproductive organ development
(Copping et al., 2018; McCarty et al., 2018), spermatogenesis-
related genes (Yang et al, 2014) and reproduction of male
progeny (Copping et al., 2018). Cows inserted with melatonin
implants during gestation had greater uterine artery blood flow
compared to non-implanted cows, explaining the greater body
weight at weaning and scrotal circumference of male offspring
born from implanted vs. non-implanted beef cows (McCarty
et al,, 2018). Daily CP supplementation at 0.62 kg/day during
periconception period reduced the proportion of seminiferous
tubules and blood vessel area at the fetal stage compared to CP
supplementation at 1.18 kg/day (Copping et al., 2018). At the
adult stage, maternal low protein supplementation reduced blood
vessel numbers and semen quality (reduced percentage of normal
spermatozoa, sperm density, and motility) and delayed the age
at puberty and maturity attainment compared to high protein
supplementation (Copping et al., 2018). The in-depth analyses
approach of Copping et al. (2018) should be applied during

additional gestational periods and different supplementation
strategies to expand current knowledge on how developmental
programming impacts the reproductive functioning of beef
male progeny.

Immune Responses

Development of the immune system in cattle begins during early
gestation and continues until early postnatal life (Bell et al,
2005). A robust immunocompetence is crucial to cope with
health challenges during production practices (Cooke, 2019a).
Maternal energy restriction during gestation did not impact
immunoglobulin G concentrations in the colostrum (Hough
et al.,, 1990) or serum (Corah et al., 1975; Stalker et al., 2006;
Bohnert et al, 2013; Moriel et al, 2016a; Kennedy et al.,
2019). In turn, energy restriction of the dam increased calf
serum cortisol concentrations at birth (Hough et al., 1990),
neonatal mortality and incidence of scours (Corah et al., 1975),
calf preweaning mortality (Stalker et al., 2006), incidence of
gastrointestinal and bovine respiratory disease (BRD) in the
feedlot (Larson et al., 2009), and impaired humoral immunity
following vaccination against BRD pathogens (Moriel et al.,
2016a, 2020a). Altered transcriptome and organ formation
are potential mechanisms leading to poor immune function
measurements following gestational maternal malnutrition.
During a vaccination challenge, whole blood mRNA expression
of multiple immune response-related genes were downregulated
in calves born from cows provided 70 vs. 100% of energy
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requirements during the last 40 days of gestation (Sanglard
et al., 2018). These findings imply that even a moderate, short-
term energy restriction during gestation may impair prenatal
development of the immune system and suppress postnatal
humoral immune function in beef calves (Moriel et al., 20164,
2020a). These data also corroborate with the greater mortality
and BRD incidence in calves born from enery-restricted cows
previously observed by others (Corah et al., 1975; Stalker et al,,
2006; Larson et al., 2009). Muscle growth and immune function
are tightly connected. During an immunological challenge,
muscle protein is mobilized (Jahoor et al., 1999) and absorbed
amino acids are shifted from growth toward hepatic uptake
(Reeds and Jahoor, 2001) to meet the increased nutrient demand
for the synthesis of acute-phase proteins, immune cells, and
gluconeogenic precursors (Waggoner et al., 2009). Furthermore,
mRNA expression of multiple immune function-related genes
in the muscle and blood were strongly correlated (Sanglard
etal., 2018). Thus, calf immunocompetence should be considered
a target system for evaluation in combination with muscle
tissue growth in future studies evaluating the effects of maternal
nutrition during gestation on offspring performance.

Complete Trace Mineral Salt

Supplementation

Growth and Carcass Quality

Trace minerals are essential for the development of fetal muscle
(Ohashi et al., 2015), nervous, reproductive, and immune
systems (Hostetler et al., 2003). The specific effects of individual
trace minerals on progeny performance was described by
Emon et al. (2020). In this section, we will focus on studies
evaluating whether a complete trace mineral supplement or
injectable trace mineral mixture impacted progeny performance.
The fetus relies solely on maternal supply of trace minerals
during gestation and then primarily on colostrum and milk
consumption following birth (Emon et al, 2020). Previous
research reported similar calf birth BW when supplementing
gestating beef cows with inorganic or organic sources of trace
minerals (Stanton et al., 2000; Sprinkle et al., 2006; Marques et al.,
2016a). Prenatal supplementation of trace minerals impacted
colostrum concentrations of trace elements (Emon et al., 2020)
and offspring postnatal growth and heath (Marques et al,
2016b; Harvey et al., 2021a,b). Prenatal supplementation of
organic trace minerals increased concentrations of Co and Cu
in the cotyledons and concentrations of Co, Cu, and Zn in
calf liver at the time of birth, as well as calf BW at weaning
and hot carcass weights compared to non-supplemented groups
(Marques et al., 2016b). Contrary, supplementation of organic vs.
inorganic sources during the last 5 months of gestation did not
impact Longissimus muscle mRNA expression of adipogenesis-
and myogenesis-related genes and calf pre- and post-weaning
growth performance (Harvey et al., 2021a,b). Serial injections
of trace minerals during gestation decreased calf birth BW,
increased milk production (Stokes et al., 2019a), and increased
the percentage of carcases graded as Choice or greater (Shao
et al., 2020), but did not affect calf BW at weaning, morbidity,
and mortality (Stokes et al., 2019a). Further investigations need

to better identify scenarios in which trace mineral source and
method of supplementation (injectable vs. loose meal trace
minerals) during gestation may or may not improve offspring
postnatal performance.

Reproduction

Studies evaluating the reproductive performance of the progeny
exposed to different prenatal trace mineral supplementation
are scarce. Lamb et al. (2008) observed that source of trace
mineral supplementation (no mineral vs. organic and inorganic
sources) for at least 45 days prior to embryo collection did not
significantly alter embryo number or quality in superovulated
purebred Angus heifers provided diet that met the requirement
of all trace minerals. Recent evidence, however, indicated that
supplementing organic-complexed Co, Cu, Mn, and Zn increased
the number of culturable oocytes and transferable embryos from
in vitro fertilization (Dantas et al., 2019) and also impacted heifer
puberty attainment (Harvey et al., 2021b) compared to inorganic
sources. Heifers born from cows supplemented with organic-
complexed trace minerals during the last 5 months of gestation
had similar post-weaning ADG compared to those born from
cows supplemented with inorganic trace minerals. Despite the
similar growth performance, puberty attainment was accelerated
in heifers born to cows offered organic vs. inorganic sources
potentially due to improved ovarian development and protection
against reactive oxidative species (Harvey et al., 2021b).

Immune Responses

Progeny immune response can also be modulated by maternal
trace mineral nutrition during gestation (Marques et al., 2016b).
Multiple injections of trace minerals during gestation decreased
basal concentrations of lipopolysaccharide (LPS) binding protein
during a LPS challenge (Stokes et al, 2019b) but did not
impact calf post-weaning morbidity and mortality rates (Stokes
et al., 2019a). Contrary, organic trace mineral supplementation
increased offspring plasma cortisol concentrations at weaning
and vaccination but decreased calf BRD incidence compared
to cohorts born from cows provided inorganic trace minerals
and no supplementation (Marques et al., 2016b). Upon weaning,
calves born to cows supplemented with organic trace minerals for
5 months before calving had greater hepatic mRNA expression
of copper-zinc-superoxide dismutase 1, an enzyme that protects
cells from oxidative damage by eliminating reactive oxygen
species (Tsang et al., 2014), compared to cohorts born to
inorganic supplemented cows. Together, these data suggest
that maternal trace mineral nutrition can modulate offspring
hepatic metabolism and steroidogenesis required to cope with
the stress elicited by weaning. During preconditioning, plasma
titers against BRD pathogens and BRD incidence did not differ
between steers born from cows offered organic vs. inorganic
trace mineral supplementation for 5 months prior to calving
(Harvey et al., 2021b). Together, these data indicate that calf
immunocompetence may be programmed by gestational trace
mineral nutrition in some scenarios (Marques et al., 2016b) while
having no impact on calf immune response and health in others
(Stokes et al., 2019a,b).
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Future research should focus on other gestational periods
and on the effects of alternative trace mineral sources and
trace elements, as well as on the specific effects of each trace
mineral element on progeny growth, reproductive, and immune
responses. All of these recommendations should be tested
in scenarios with or without trace mineral deficiency during
gestation to provide economically feasible recommendations of
trace mineral supplementation for gestating beef cows.

Polyunsaturated Fatty Acids (PUFA)

Growth and Carcass Quality

Fatty acid supplementation is a method to modulate crucial
physiological processes for cow-calf performance or alter fatty
acid composition of beef (Hess et al., 2008). Dietary linolenic acid
(w-3) and w-6 PUFA derivatives are transferred from maternal
circulation to the fetus via placenta (Innis, 2005), regulating
muscle and adipocyte cell differentiation and development
(Mangrum et al., 2016). Supplementing beef cows during late
gestation with Ca salts of w-3 and w-6 PUFA (Marques et al.,
2017) or w-6 PUFA (Brandao et al., 2020) improved offspring
performance compared to supplements containing primarily
saturated fatty acids (SFA). Calf BW at birth and weaning and
post-weaning ADG during preconditioning were not impacted
by maternal supplementation of Ca salts of w-3 and w-6
PUFA (Marques et al., 2017) or w-6 PUFA (Brandio et al,
2020). However, calves born from cows offered PUFA-enriched
supplementation had greater feedlot ADG and increased hot
carcass weight, marbling and Longissimus muscle area compared
to calves from cows supplemented with SFA (Marques et al., 2017;
Brandao et al., 2020). In contrast, late gestation supplementation
with Ca salts of w-3 and w-6 PUFA decreased steer offspring
preweaning growth performance (Shao et al., 2021a) and had no
major impacts on feedlot body weight and carcass characteristics,
despite the improved feedlot G:F compared to saturated fatty
acids supplementation (Shao et al., 2021b). Thus, supplementing
Ca salts of PUFA to late gestating beef cows led to variable results
on beef offspring productive performance.

Reproduction

The supplementation of PUFA immediately following artificial
insemination (AI) has been reported to increase w-6 fatty
acid uptake by maternal and embryonic tissues, leading to
greater embryonic interferon-tau synthesis, which is essential for
maternal recognition of pregnancy, and pregnancy rates to fixed-
time Al in B. indicus and B. taurus beef cows (Cooke, 2019b).
Subsequent impacts of maternal PUFA supplementation during
gestation on progeny reproduction are yet to be investigated.

Immune Responses

Polyunsaturated fatty acids (w-3 and w-6) are key components
of cell structure and integrity and play crucial roles in immune
system development, maturation, and function (Cooke, 2019a).
In beef cattle, less calves required antimicrobial treatment against
BRD pathogens after feedlot entry when born from beef cows
supplemented with Ca salts of w-6 PUFA (Brandao et al., 2020)
but not when supplemented with w-3 and -6 PUFA (Marques
et al., 2017). Despite the shorter transportation distance, the

incidence of BRD after feedlot entry was similar in both
studies (Marques et al., 2017; Branddo et al., 2020). Hence,
a possible explanation for the contrasting results includes the
profile of PUFA utilized in both studies, given that Brandio
et al. (2020) supplemented a source rich in w-6 PUFA which
are known to participate in immune system development,
maturation, and function (Cooke, 2019a). Nonetheless, maternal
PUFA supplementation during late gestation may be explored to
improve calf immunocompetence after feedlot entry. Additional
studies are needed to investigate the main mechanisms by which
late gestation supplementation of PUFA led to greater growth and
immunocompetence, as well as the impacts of maternal PUFA
supplementation during subsequent gestation periods on fetal
development and postnatal offspring performance.

Additional Nutritional Strategies

Frequency of Supplementation

Several conditions can create a negative nutrient availability for
fetal development (Funston et al, 2012), including altered
cow metabolic status caused by infrequent concentrate
supplementation. Decreasing the frequency of concentrate
supplementation reduces labor and feeding costs of beef cattle
while modulating blood concentrations of hormones and
metabolites (Moriel et al., 2016b, 2020b). Reducing the frequency
of wet brewers grains supplementation, from daily to 3 times
weekly during the last 60 days of gestation, did not impact
cow BW change and reproduction but led to fluctuations in
precalving plasma glucose and insulin concentrations of cows
and calf plasma concentrations of haptoglobin and cortisol
(Moriel et al., 2016b). These data suggest a greater physiological
stress in offspring born from cows supplemented infrequently
(Moriel et al., 2016b). However, infrequent supplementation
during late gestation did not have carryover effects on postnatal
calf growth and post-weaning immunity, likely because the
fluctuations in hormones and metabolites were lower than
expected due to the slower maternal consumption of wet brewers
grains. It remains possible that using dry supplements during
gestation would lead to faster maternal supplement intake and
more drastic metabolic changes.

Methionine

The periconceptional period is a critical time for the fetus
in which placental development and fetal organogenesis occur
(Caton et al.,, 2020). Methyl donors, such as methionine, are
crucial for early embryonic development by regulating the
synthesis of free radicals and transcriptome (Palmer et al., 2021)
via DNA methylation or histone modifications (Crouse et al.,
2020). Metabolizable methionine supplementation to lactating
beef cows during a 115-day periconception period altered muscle
transcriptome (Palmer et al., 2021) and methylome of calves (Liu
et al., 2020), programming their postnatal performance (Silva
et al., 2021). Cows offered supplemental methionine tended to
produce more energy-corrected milk without increasing calf 205-
day adjusted weaning BW than a control supplement without
methionine inclusion (Silva et al., 2021). However, during a
42-day post-weaning metabolism evaluation, calves born from
dams supplemented with methionine had greater ADG and
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gain:feed than control calves (Silva et al., 2021) corroborating
the alterations in muscle transcriptomics and metabolomics (Liu
et al., 2020). Methionine calves also tended to have greater
apparent total tract NDF and ADF digestibility and lesser plasma
glucose concentrations than control calves (Silva et al., 2021).
Maternal supplementation of methionine during the third
trimester of gestation altered calf muscle transcriptome
(Palmer et al, 2021) but did not impact offspring pre- and
post-weaning growth (Clements et al, 2017; Moriel et al,
2020a; Palmer et al.,, 2020) or post-vaccination measurements
of innate and humoral immune functions (Moriel et al,
2020a) compared to supplementation without methionine
inclusion. Muscle protein deposition in growing calves does
not increase once amino acid supply exceed requirements
(Froidmont et al., 2000). Hence, methionine deficiency likely
did not occur in the studies described above. Oversupplying
methionine during third trimester may have not been sufficient
to modulate calf postnatal growth and immune responses.
Cattle subspecies, final metabolizable protein intake (combined
outcome of forage quality and forage and supplement intake)
and lack of methionine deficiency in some grazing scenarios,
as well as source, amount, timing and duration of methionine
supplementation (and potentially an interaction among all of
these factors) are major explanations for these inconsistent
results. Further research is necessary to confirm this rationale.

Vitamins

Studies focusing exclusively on vitamin nutrition of pregnant
beef cows and its consequences to offspring development
are limited. Recent evidence demonstrated the opportunity
to modify placental and fetal development via maternal
supplementation with vitamins 4+ minerals (VTM) during early
gestation. Maternal VTM supplementation increased fetal liver
size (but not fetal and gravid uterus size) and altered placental
expression of genes related to energy metabolism, hormone
synthesis, and nutrient transport (Diniz et al., 2021b), as well
as concentrations of amino acids in maternal serum and fetal
fluids (Diniz et al., 2021b; Menezes et al., 2021). Further studies
exploring productive responses of offspring born from beef cows
offered or not a complete vitamin mixture or individual vitamins
to meet or exceed vitamin requirements during gestation
are needed.

DISCUSSION

The studies reported herein demonstrate an unbalanced focus
on maternal protein and energy supplementation compared to
individual nutrients (i.e., trace minerals, PUFA, and specific
amino acids). Inconsistent results within each topic were also
evident. In addition to the explanations already discussed,
it remains possible that the impact of maternal nutrition
on offspring epigenetics differed widely among those studies,
highlighting the need for a greater focus on multiple epigenetic
analyses (methylation, histone modifications, and microRNA)
to better integrate the transcriptomics data with phenotypic
traits in beef cattle. Despite the growing evidence published
in recent years, the complexity of investigating developmental

programming in beef cattle production also increased and are
highlighted below.

Cow Milk Production

One of these challenges is separating the confounding effects
of developmental programming and cow milk production to
explain the improved calf pre-weaning growth performance. Cow
milk production increased in some (Exp. 2 in Corah et al,
1975; Kennedy et al., 2019) but not all studies (Exp. 1 in Corah
et al, 1975; Banta et al., 2006; Shoup et al., 2015a; Wilson
et al., 2015, 2016a,b; Marques et al., 2016b; Shao et al., 2021b)
following improved maternal prepartum nutrition. Although
developmental programming effects on calf growth may have
occurred regardless of dam milk production, the limitations of
the methodology of milk estimation (i.e., weigh-suckle-weigh)
and low number of days of milk yield evaluation partially explain
the variable milk production data. Weigh-suckle-weigh method
consists of weighing calves immediately before and after milk
consumption, which combined with gut fill effects, leads to
large variations in the calculations of daily milk production
and lower likelihood of detecting treatment effects. Due to
obvious laborious management limitations (i.e., distance between
pastures and weighing facilities), milk production estimates
are often evaluated at a single or few time points throughout
lactation, and most likely do not accurately determine the
total cow milk yield and lactation curve persistence. Therefore,
enhanced total milk yield of beef cows providing better nutrition
during gestation should not be ruled out in some developmental
programming studies. Nonetheless, calf preweaning growth can
be enhanced by promoting maternal BCS gain during the second
and third trimesters of gestation (Marques et al., 2016a) directly
via increased nutrient delivery to the developing fetus (Wu et al.,
2006) or possibly via greater total milk yield of cows.

B. indicus vs. B. taurus

Most beef production increase is expected to come from
tropical/subtropical regions to meet the rising global beef
demand (Cooke et al., 2020). Nearly 45% of beef cows in U.S.A.
are located in southern/southeastern states where Bos indicus-
influenced cattle predominate (NASS, 2017). Under similar
management, B. indicus-influenced cattle displayed different
behavior and energy requirements (Cooke et al., 2020), trace
mineral metabolism (Ranches et al., 2021), pregnancy loss
(Fontes et al., 2019), and opposite physiology and reproduction
(Piccolo et al.,, 2018; Moriel et al., 2019) compared to B. taurus
breeds. Most studies described herein utilized B. taurus beef
cows to investigate the impact of multiple maternal gestational
nutrition on offspring growth. Recently, few studies began
addressing this research gap in nutritional programming of B.
indicus (Nepomuceno et al., 2017; Costa et al., 2021; Rodrigues
et al, 2021) and B. indicus-influenced beef offspring (Micke
et al., 2010; Brandao et al., 2020; Copping et al., 2020; Liu et al.,
2020; Moriel et al., 2020a; Palmer et al., 2020; Harvey et al.,
2021a,b; Silva et al., 2021). Nonetheless, limited research in beef
cattle with B. indicus genetics is an excellent opportunity for
future investigations.
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Prenatal x Postnatal Nutrition

Growing data in beef cattle indicate that maternal nutrition
during gestation interacts with early postnatal nutrition to
determine the final outcome to offspring performance (McLean
et al.,, 2018; Cardoso et al., 2020; Copping et al., 2020), which
partially explains the variable results of maternal nutrition
on beef offspring performance. Beef cows were assigned to
treatments in a 2 x 2 factorial arrangement and provided
either a control (CON) or restricted (RES) protein supplement
during prenatal and postnatal periods (McLean et al., 2018). Calf
ADG and BW at weaning increased for RES-CON vs. CON-
CON calves but decreased for RES-RES vs. CON-RES calves,
suggesting that prenatal protein restriction increased efficiency
of nutrient utilization in RES-CON calves and increased their
growth performance when postnatal nutrition was adequate
(McLean et al., 2018). Postnatal nutrition of heifers had greater
impacts on age at puberty attainment of beef heifers compared
to maternal nutrition. However, heifers born from cows that
experienced nutrient restriction during gestation were more
sensitive to the detrimental effects of poor postnatal heifer
nutrition and growth (Cardoso et al., 2020). It is crucial,
therefore, that future studies consider both prenatal and postnatal
nutritional environments to interpretate offspring performance
exposed to different maternal nutrition during gestation.

Sex-Specific Responses

Long-term beef offspring performance can be affected by
maternal gestational nutrition in a sex-specific manner. Protein
restriction during the first trimester of gestation increased
post-weaning BW of male calves but decreased post-weaning
BW and hot carcass weights of females compared to meeting
protein requirements during first trimester of gestation (Micke
et al., 2010). Sexual dimorphic responses were also observed in
circulating concentrations of insulin-like growth factor 1 and
thyroid hormones following maternal protein restriction during
early gestation (Micke et al, 2010, 2015). Likewise, maternal
supplementation of Ca salts of PUFA during late gestation
increased feedlot ADG and hot carcass weight in steers but
not heifers (Brandio et al., 2020). These results underscore
the importance of evaluating which maternal supplementation
strategies induce or not sex-dependent programming effects
on offspring performance. Such knowledge will enhance beef
production efficiency by allowing the strategic implementation
of maternal gestational nutrition targeted to promote offspring
growth, reproduction, and health, according to calf sex and
specific needs of the commercial operation.

Nutrient Restriction vs. Excess

Greater number of studies focused on nutrient restriction vs.
excess in beef cattle. Although nutrient deficiency is often
experienced at some point during gestation (i.e., cyclic BCS gain
and loss of beef cows), periods of nutrient overconsumption also
occurs due to seasonal changes to forage nutritive value and
herbage mass. In addition, timing of nutrient restriction during
gestation can vary widely due to differences in management
systems (i.e., fall vs. spring calving seasons). Thus, it is imperative
that each supplementation strategy for gestating beef cows is

evaluated in situations of nutrient deficiency and excess and
different management systems to document its specific effects of
progeny performance and identify optimal nutritional strategies
for each scenario.

Immunological Challenges

Certain developmental programming effects may not be evident
without an external challenge (i.e., immunological challenge).
Muscle growth and immunity are strongly connected (Sanglard
et al,, 2018). Immunological challenges elicit an acute phase
response, decreasing feed intake and intensifying protein
mobilization to support the immune system, which combined
leads to compromised growth (Jahoor et al., 1999). For instance,
effects of maternal supplementation of protein and energy during
late gestation were detected for calf ADG immediately after a
vaccination challenge against BRD pathogens but not during
pre-vaccination period (Moriel et al., 2020a). Likewise, maternal
supplementation of organic trace minerals did not impact pre-
weaning BRD incidence, but significantly reduced BRD incidence
during stressful events such as weaning and feedlot entry
compared to inorganic trace mineral supplementation (Marques
et al, 2016b). Additional studies utilizing comprehensive
evaluations during a wide variety of immunological challenges
are crucial to unravel the complex developmental programing
mechanisms leading to suppressed immunity and increased
mortality of beef calves.

Longer and Multigeneration Evaluations

Another downfall highlighted herein is that less studies focused
on longer vs. shorter periods of offspring evaluations (for
example, see Table 2). This approach is sometimes necessary but
obviously not optimal as differences in offspring performance
might be observed only during longer vs. shorter postnatal
evaluation periods (Brandiao et al., 2020; Silva et al., 2021).
In addition, stressors experienced during gestation may elicit
opposite outcomes to offspring performance during shorter vs.
longer periods of evaluation. For example, a retrospective study
investigated the effects of precipitation during key stages of
gestation on progeny performance (Beard et al., 2019). Calves
experiencing low precipitation during gestation were lighter at
birth and weaning but had greater longevity and percentage
of females calving after 8 years of age compared to those
experiencing high precipitation levels during gestation (Beard
et al,, 2019). Thus, it is plausible that some maternal gestational
nutrition-induced benefits to offspring performance reported
herein may not be long-lasting throughout the remaining
productive life of the progeny. This pitfall is even more striking
when we consider beef cattle studies investigating the effects
of developmental programming in multiple generations (i.e.,
F1 daughter and F2 granddaughters) as recently reported in
dairy cattle (Laporta et al., 2020). Using 10 years of consecutive
data collection, Laporta et al. (2020) observed that maternal
heat stress during late gestation decreased milk production of
daughters during first, second and third lactations, as well as milk
production of granddaughters during their first lactation period
compared to maternal heat abatement during gestation. Similar
effects might also occur in beef cattle production.
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Additional Factors

In addition to all factors described above, effects of sire and
supplement intake variability among cows utilized by each study
likely contributed to the inconsistent results in the literature.
In multiple research studies and commercial operations,
herds are often placed with multiple sires during the breeding
season, and consequently generate confounding effects of sire-
vs. maternal gestational diet-induced programming effects.
Very few studies have explored the extent to which paternal
contributions, rather than maternal gestational diet, explains
the observed differences on offspring postnatal performance.
Greater insight into paternal contributions to fetal development,
epigenetic status and potential offspring programming
mechanisms are warranted to address this parental- vs.
maternal-programming focus imbalance (Lucas and Watkins,
2017).

The reported effectiveness of supplementation programs
on grazing cattle performance has been inconsistent, which
may me largely attributed to variation in supplement intake
behavior by individual cows (DelCurto et al., 2000; Wyftels
et al, 2019). Cattle exhibiting rapid rates of supplement
consumption had greater body weight gains and calf weaning
weights compared to cohorts slower supplement consumption
rates (Wesley et al., 2012). Therefore, it is possible that the
inconsistent results observed for maternal supplementation of
protein and energy reported herein may be associated with
behavioral differences on supplement intake among cows, and
its consequent effects on fetal development, programming, and
postnatal performance.

Lastly, it is also important to highlight to that multiple
studies currently available in the literature were conducted
in a single vs. multiple years, and sometimes with a
relatively small number of animals in each herd which

do not mimic the scenarios/challenges experienced by
commercial cow-calf operations. Seasonal variation in
wheather conditions and its consequences to animal

nutrient rerquirements and forage availability and nutritional
composition should be taken into account and likely partially
explain the inconsistent results on progeny performance.
Multiple years of evaluation would better determine when

a specific maternal gestational supplementation strategy
is expected to enhance progeny performance. These
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