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ABSTRACT 

 

Two experiments were conducted to test if pre- and postnatal nutrition in the 

bovine female, independently or interactively, affect 1) age at puberty and 2) selected 

phenotypic characteristics of the estrous cycle of sexually mature offspring. Brangus and 

Braford (n=108) beef cows bearing a female fetus were fed to achieve body condition 

scores of 7.5-8 (H, obese), 5.5-6 (M, moderate) or 3-3.5 (L, very thin) by the start of the 

third trimester and maintained until parturition. Heifer offspring were weaned and fed to 

gain at either a high (H; 1 kg/d) or low (L; 0.5 kg/d) rate between 4 and 8 months of age, 

then fed a common growth diet until puberty, resulting in a 3x2 factorial arrangement of 

maternal x postnatal treatments (L/L, L/H, M/L, M/H, H/L, H/H). For Exp. 2, estrous 

cycles of a subgroup of postpubertal heifers (n = 53) from Exp. 1 were synchronized to 

evaluate selected ovarian, uterine, estrous behavior and hormonal characteristics, 

including antral follicle count (AFC), rate of growth and size of the pre-ovulatory 

follicle, size of corpus luteum (CL) and ovary, endometrial thickness, luteal phase 

concentrations of progesterone (P4), and follicular phase concentrations of estradiol-17β 

(E2). Heifers (n = 95) from the H postnatal dietary treatment reached puberty two 

months earlier (12 ± 0.4 months; P = 0.0002) than those from the L postnatal diet (14 ± 

0.4 months). However, neither maternal diets nor their interaction with postnatal diets of 

offspring influenced age at puberty. In Exp. 2, maternal, postnatal and maternal x 

postnatal interactions failed to affect physiological or hormonal variables selected for 
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evaluation, although there was a trend for AFC (P = 0.09) and peak concentrations of E2 

before estrus (P = 0.08) to be greater in H than in L groups. Results confirm that early-

weaned heifers fed a high-gain diet during the juvenile period reach puberty much 

earlier than those fed a low-gain (L) diet. However, neither maternal dietary treatments 

during the second and third trimesters of pregnancy nor their interaction with postnatal 

dietary treatments affected age at puberty or selected physiologic, morphologic, or 

behavioral characteristics of the estrous cycle.   
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CHAPTER I 

INTRODUCTION 
 

 

In order to achieve optimal lifetime efficiency, it is extremely important that 

replacement heifers, which represent the next generation of the beef cow herd, become 

pregnant early in their first breeding season, calve at 2 years of age, and maintain their 

productivity over a long-term period [1]. According to USDA National Agricultural 

Statistics Service (2020), replacement beef heifers represent approximately 29% of all 

heifers that are 500 pounds (~ 227 kg) and greater. However, 40% of these heifers are 

not expected to calve [2] due to several factors including inadequate nutrition prior to or 

during the breeding season [3] or because puberty was not achieved early enough to 

become pregnant [4]. Selection of heifers prior to the start of the breeding season, based 

on body condition and reproductive tract scores, the latter of which correlates uterine 

horn size and ovarian follicular development with pubertal status, demonstrated that 

approximately 15.3% of the heifers pre-selected as replacements did not conceive in 

their first breeding season [5]. Thus, other factors appear to influence postpubertal 

reproductive performance that are unaccounted for by physiological markers [6]. 

During fetal development, the exposure of the fetus to an insult can induce 

differential outcomes depending on the nature, severity, and duration of the insult as 

well as the stage of pregnancy at which it is encountered [7–9]. Notably, the period in 

which organogenesis and tissue differentiation occur, defined as the perinatal period, 
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represents a window of susceptibility to the impacts of an adverse environment [10]. In 

ruminants, irregularities such as reduced maternal nutrient intake during pregnancy can 

impair normal fetal development with implications seen in postnatal life that can 

negatively affect birth weight (BrW), postnatal growth, health of the offspring [11], and 

metabolism [12]. Nutrient deficiency during gestation is a common occurrence in cattle 

managed in forage-based production systems globally [13]. Importantly, during periods 

of reduced dry matter (DM) availability, managerial actions such as adoption of early 

weaning of calves are needed to reduce nutritional requirements of the dams. However, 

if early weaning is followed by periods of rainfall abundance, non-lactating cows can 

become obese. Therefore, cattle can experience both under and overnutrition that 

coincides with their pregnancy, and such conditions [7,14] may result in physiological 

changes in offspring that negatively affect postnatal and adult wellbeing, and 

performance.  

 Considerable effort has been made to understand the effects of maternal nutrition 

on growth, health, and productivity of offspring. However, among livestock species, the 

scope of studies that has related maternal nutrition to fertility and prediction of 

reproductive longevity is limited [15]. In sheep, it has been proposed that nutritional 

insults during gestation may be mitigated by interventions during early postnatal life 

[16]. Thus, a better understanding of the interaction of pre- and postnatal nutrition on 

adult reproductive phenotype is essential for developing strategies to optimize lifetime 

reproductive performance. 
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The current study tested the hypothesis that maternal nutrition during the second 

and third trimesters of pregnancy in the bovine female interacts with postnatal nutrition 

to affect 1) age at puberty and 2) selected aspects of ovarian, uterine, and behavioral 

characteristics of the estrous cycle in female offspring. 
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CHAPTER II 

REVIEW OF LITERATURE 
 
 
 

 
FETAL PROGRAMMING 

Epidemiological data from the Dutch famine indicated that maternal malnutrition 

during pregnancy is associated with a marked increase in the risks of the adult offspring 

to develop obesity [17]. Subsequent studies explored the association between low BrW 

due to malnutrition during pregnancy and the increased risk of cardiovascular disease 

[18], as well as type 2 diabetes in adulthood [19]. These observations led to the fetal 

programming hypothesis known as “thrifty phenotype”, which theorizes that inadequate 

nutrition during fetal development and early infant life induces permanent modifications 

in both structure and function of specific organs and tissues resulting in metabolic 

syndrome and other diseases in adulthood [19, 20]. Hence, the term “fetal 

programming” has been adopted to describe the prenatal adaptation in physiology, 

endocrinology, and metabolism that enhance postnatal survival under adverse conditions 

during critical periods of development [21, 22]. Although this concept emerged from 

epidemiological studies in humans, earlier studies in livestock species, such as horses, 

had already provided evidence that the maternal uterine environment during pregnancy 

could permanently influence offspring growth during early postnatal and adult life [23].  

During development in mammals, there are a series of critical periods when 

developmental processes are plastic or sensitive to the environment [24]. For example, 
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the hypothalamic-pituitary axis exhibits a large degree of developmental plasticity to 

maternal environmental insults that contribute to alterations in reproductive function 

postnatally. Such insults include exposure to endocrine disrupting compounds, 

nutritional status, stress, and a variety of stressors [25]. There is evidence that in 

ruminants, such as cattle and sheep, maternal undernutrition during different stages of 

gestation may alter pituitary-gonadal function in the offspring and include effects on 

pituitary responsiveness to gonadotropin releasing hormone (GnRH), a reduced number 

of pre-antral follicles (i.e., primordial and primary) [26], as well as decreased 

concentration of plasma progesterone (P4) during the luteal phase of the estrous cycle 

[27]. In sheep, maternal malnutrition during late gestation has been associated with 

changes in metabolic and endocrine functions postnatally that interfere with glucose-

insulin homeostasis, hepatic functions, leptin response, and other endocrine functions 

[28]. A summary of the major events regulating fetal development and the consequences 

on the offspring based on the concept of fetal programming is represented in Figure 2.1. 

MATERNAL NUTRITION DURING PREGNANCY 

During pregnancy, maternal-conceptus interactions in mammals involve nutrient 

partitioning to several body tissues that rely on two processes: homeostasis and 

homeorhesis. The former regulates the internal environment to maintain a physiological 

equilibrium and the latter maintains a physiological state through coordinated 

modifications in metabolism of tissues in the body to assure a constant flow of nutrients 

[187]. The nutrient supply to the fetus can be achieved through different mechanisms 

with the involvement of the placentomes, the uterine glands through the secretion of 
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histotroph, and the placenta by the metabolism of substrates [190]. The metabolic 

substrates from the placenta to the fetus, such as glucose, lactate, amino acids,  

 

 

and fatty acids, serve as major energy sources to maintain fetal oxidative metabolism 

and to form new tissues [188]. The fetus also has its own metabolism that allows the 

synthesis of metabolic substrates such as glucose, fructose, and lipids [187,188, 191]. In 

cattle, energy requirements during pregnancy increase rapidly during late gestation 

Fig. 2.1. During gestation there are important events regulating fetal development. 
The fetal programming concept states that an insult during pregnancy can result in 
negative outcomes in the offspring.                        
*Created with BioRender.com                                                          
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which is associated with the rapid increase in fetal growth [189]. The net energy 

requirement for maintenance increases 30 to 50% by the end of gestation and 

approximately 50% of the metabolizable energy is used by the gravid uterus, 25% to the 

fetus, and 25% to the maternal metabolic activities associated with pregnancy [195]. 

Thus, the nutritional state of the dam is essential to meet the growing demands of the 

fetus and maternal adaptations observed during pregnancy appears to be regulated by 

homeorhetic control from the fetus [187]. Each tissue will have a different priority in 

terms of nutrient partitioning in response to challenges to the growing fetus. For 

example, brain and heart will have a greater priority compared to skeletal muscle [11]. 

In humans, it has been shown that maternal adaptations during pregnancy are 

characterized by anabolic (i.e., increased deposition of lipids in maternal tissues) and a 

catabolic (i.e., enhanced lipolytic activity in the adipose tissue) phases which 

predominant during early to mid and late gestation, respectively [191]. Moreover, in 

sheep, an adequate level of maternal plasma glucose is sufficient to sustain 50-70% of 

fetal oxidative metabolism, whereas in the fasted state, the glucose supply to the fetus is 

reduced to 50% of the normal value which can interfere with fetal metabolism (i.e., 

require less glucose exogenously) [188].     

In ruminants, restricted nutrient intake affects nutrient partitioning, which in turn 

is modulated by changes in endocrine signals in important tissues and can be associated 

with reproductive failure [29]. In sheep, maternal dietary restriction during mid to late 

gestation reduced the cellular proliferation rate of primordial follicles in fetal ovaries 

compared with ovaries of fetuses from adequately fed ewes [30]. However, during early 
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gestation, follicular development in offspring was affected by a delay in the transition 

from primordial to early primary follicles [31]. Similarly, in cattle, offspring born from 

dams that experienced restricted nutrition during the first third of gestation had a smaller 

antral follicle count (AFC) as determined by ultrasonography before and after puberty 

and lower plasma anti-Müllerian hormone (AMH) concentrations relative to control 

heifers. This indicates that undernutrition during the first trimester results in a smaller 

ovarian reserve [32, 33]. Feeding dams a restricted amount of protein in the first 

trimester followed by exposure to a high protein diet in the second trimester, resulted in 

a reduction in ovarian density and in the diameter of the largest follicle at 23 months of 

age [34]. In addition, beef heifers born to cows that experienced a total dietary nutrient 

restriction from early to mid-gestation had lighter ovaries and luteal tissue compared 

with heifers born from dams that received adequate nutrition [35]. Thus, negative effects 

caused by maternal undernutrition during different stages of pregnancy may affect the  

offspring’s reproductive performance during their first breeding season and subsequent 

seasons. 

It is well established that, depending on the timing and intensity of nutrient 

restriction during gestation, offspring can exhibit different physiological outcomes [11]. 

For example, when beef cows experienced a restriction in total amount of feed during 

mid to late gestation, heifer offspring BrW, weaning weight (WW), age at puberty and 

AFC did not differ from controls [36]. These results were not in accordance with studies 

in rodents and cattle that showed a decrease in BrW [37] and a delay in the onset of 

puberty [38, 39] of the offspring when the dams were exposed to restricted feed intake 
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during mid and late gestation. These adverse impacts may be explained by the fact that 

in the study conducted by Cushman et al. [36], total DM was restricted by only 75% of 

the estimated requirements. Furthermore, in sheep, moderate undernutrition during mid 

and late gestation had minimal long-term effects on growth [9]. With regard to the 

timing of nutrient restriction relative to BrW, it is known that fetal growth in cattle 

occurs predominantly during the last trimester of pregnancy [40]; consequently, when 

total dietary intake was restricted during the first or second trimester of gestation in 

cattle [33, 35] and sheep [31, 41], there was no effect on BrW and postnatal growth rate 

of the offspring.  

 Results of several studies demonstrated that offspring tend to “catch-up” in 

growth after birth in response to nutrient deprivation during gestation. In one study, 

heifers that had an accelerated growth rate during the rearing period required more 

services per conception, although they were younger at first calving than those with 

reduced growth rates [42]. Also, this catch-up in growth was associated with an increase 

in general adiposity, which led to insulin resistance [37, 43, 44] and leptin resistance 

[38]. Leptin, which is mainly produced by adipose tissue, interacts with neuronal 

pathways in the hypothalamus and regulates food intake as well as stimulates energy 

expenditure [45]. However, in lambs subjected to placental nutrient restriction by 

removal of endometrial caruncles, plasma leptin was correlated with increased feeding 

activity [46] that may represent a form of leptin resistance [44]. Since metabolic 

hormones such as insulin and leptin are also involved in ovarian function [47], animals 
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with deficient regulation of these hormones may exhibit negative repercussions related 

to ovarian follicular development. 

 Although maternal overnutrition is less frequently encountered than 

undernutrition in beef cattle production, the study of overnutrition in domestic animals 

has also been used as a model for humans due to the increase in incidence of obesity in 

pregnant women [22]. Fetuses from overnourished ewe lambs sacrificed on day 103 of 

gestation had a reduced number of primordial follicles [48]. Similarly, ovarian follicle 

population and genes involved in follicular development were altered in fetuses from 

dairy cows fed to achieve 190% of requirements for maintenance during gestation. 

These fetuses had a lower number of both primordial and total number of ovarian 

follicles compared with fetuses from moderate intake cows. These results were also 

associated with a greater expression of follicle-stimulating hormone (FSH)β in the 

pituitary gland and FSH receptors in the ovarian tissue, as well as upregulation of pro-

apoptotic genes [49]. Thus, overnutrition during gestation may negatively interfere with 

normal reproductive development and function in the offspring [50]. Additionally, with 

respect to alterations in BrW in offspring exposed to an obesogenic diet in utero, in 

some studies this alteration does not seem to occur [51], while others reported the 

opposite. Lower BrW, “catch-up” in growth, and early onset of puberty was observed in 

offspring born from rats that were fed a high-fat (HF) diet with 45% of total calories 

from fat during gestation and/or lactation compared to offspring born from dams fed a 

standard control chow (CON). Once sexually mature, offspring from HF-fed dams 
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presented estrous cycle irregularities characterized by an atypical frequency of a given 

stage of their cycle or prolonged estrus during one or more cycles [50].  

Obesity effects on reproductive function can also be related to an imbalance of 

endocrine factors that can negatively impact fertility [52]. Diet-induced maternal obesity 

in the ewe established before and maintained throughout pregnancy led to leptin 

resistance in the offspring with corresponding increases in appetite, thereby increasing 

the risk for obesity [53]. In ewes, overnutrition during a similar period altered not only 

hormonal profiles and adiposity in F1offspring, but also metabolic functions in the 

granddaughters (F2 generation). Pregnant F1 ewes born from obese dams (OBF1) had 

greater blood glucose and insulin concentrations compared to pregnant F1 ewes born 

from dams fed a moderate diet (CONF1). During early postnatal life, lambs from OBF1 

(OBF2) had hyperinsulinemia, hyperglycemia, and a greater percentage of body fat 

compared with lambs born from CONF1 (CONF2). Interestingly, in CONF2 lambs, 

during postnatal days 5–9, there was a peak of leptin concentration which was not 

observed in OBF2 lambs [54]. The absence of a neonatal leptin surge in OBF2 lambs 

may interfere with the normal formation of hypothalamic pathways involved in the 

regulation of appetite later in life [55]. Additionally, experiments in mice have 

demonstrated that offspring exposed to a maternal HF diet in utero and early in life 

experienced weight gain, hyperphagia, an increase in adiposity [56], and have a greater 

risk for developing cardiovascular disease [57]. These outcomes indicate that both over 

and undernutrition during pregnancy can lead to similar metabolic disorders in the 

offspring. 
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THE POSTNATAL ENVIRONMENT 

Developmental programming is not limited to the in utero environment (prenatal 

period), but extends into postnatal life, where different organ systems remain sensitive to 

environmental influence and continue to adapt [44]. This is followed by the loss of 

plasticity and permanent changes in functional capacity [24]. Indeed, in heifers, different 

planes of nutrition during early postnatal life can influence the onset of puberty [15], 

which is important since puberty is the developmental stage when the animal has 

acquired normal ovarian cyclicity that supports the ability to become pregnant [58]. The 

acceleration of pubertal maturation by a high plane of nutrition during early life is also 

observed in steers due to a positive effect on testicular growth, steroidogenesis and 

spermatogenesis [192,193].  

In rodents, a 50% reduction of ad libitum intake during the period from late 

gestation until lactation (embryonic day 14 until day 21 postnatally), or only during 

lactation, delayed the onset of puberty in both males and females [59]. In contrast, 

feeding a high concentrate diet in early-weaned Bos taurus heifers from 4 to 6.5 months 

of age decreased age at puberty [60]. Similarly, in crossbred Bos indicus-influenced beef 

heifers, the use of a stair-step program that involves the alternation of dietary periods of 

restricted and ad libitum consumption differentially affected age at onset of 

puberty [53]. This and other studies have demonstrated that during the early (4 to 6.5 

months of age) and later juvenile (6.5 to 9 months) periods, heifers remain sensitive to 

nutritional programming that can influence timing of pubertal onset [61]. Feeding a high 

concentrate diet during the early juvenile period altered metabolic hormones, such as 
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IGF-1 and leptin, and expression of key regulatory genes in the arcuate nucleus (ARC) 

[62].  

NEUROENDOCRINE AXIS 

The hypothalamus is extremely sensitive to changes in metabolic status [44]. It is 

composed of several functional nuclei, including the ARC that perceives metabolic 

status through signals transmitted via circulating energy metabolites (glucose, volatile 

fatty acids) and metabolic hormones (insulin, leptin, ghrelin). The ARC is a vital region 

in the hypothalamus that expresses a variety of genes regulated by energy intake [38, 62, 

63]. The ARC also expresses a neuronal network involving inhibitory and excitatory 

signals towards GnRH neurons that regulate reproductive function [6, 64].  

Prepubertal heifers exposed to a restricted diet in utero, followed by a relatively 

low energy diet during early development, showed alterations in hypothalamic neuronal 

organization [65]. It is possible that these alterations brought about through pre and early 

postnatal nutritional programming are associated with consistent physiological events 

that may be displayed only later in life [64]. Thus, developing new strategies that 

mitigate the effects of adverse environmental and nutritional impacts during early 

development may serve to help improve efficiency of ruminant livestock production 

[12].  

CHARACTERISTICS OF BOVINE REPRODUCTIVE DEVELOPMENT 

Gonadal development and folliculogenesis 

The migration and proliferation of primordial germ cells (PGC) to the genital 

ridge initiates the process of differentiation of the mammalian bipotential gonad. In 
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females, the PGC differentiate into oogonia that develop further to become primary 

oocytes and ultimately primordial follicles [66, 67]. The ovaries of all mammals can be 

described as endocrine structures crucial for female reproductive function [68]. In 

female fetuses, during the second trimester of gestation, the ovary exists as a cortical 

band of germinal tissue and a prominent medulla. During this period, most of the 

surviving primary oocytes become surrounded by a single layer of flattened pre-

granulosa cells that give rise to the formation of primordial follicles [69, 70]. Primordial 

follicles are in a resting state but continuously depart the resting pool to begin the early 

stages of growth that yields primary follicles [70, 71]. During this process, granulosa 

cells are transformed from a flattened to a cuboidal shape [71]. Subsequently, there is an 

increase in the number of granulosa cells with a consequent increase in the surface of the 

granulosa layer around the oocyte (secondary follicle). The formation of more than 6 

layers of granulosa cells and a fluid-filled antrum results in an antral follicle [71, 72]. By 

late gestation, small developing antral follicles are first seen in fetal ovaries [62] and the 

fluid-filled antrum is composed of a serum-like fluid abundant in hormones and growth 

factors. Prepubertally, follicular growth occurs in recurring waves (2 or 3 per cycle), 

with the largest follicle developing during each wave undergoing atresia. Postpubertally, 

follicular waves either undergo atresia (occurring coincident with a functional CL) or 

ovulation in cyclic females following luteal regression [68]. The process of 

folliculogenesis is complex and most primordial follicles fail to ovulate [73]. Moreover, 

the total duration of development from primordial to ovulatory size takes about 4-6 

months in cattle [68] and most of this period involves pre-antral stages [74].  
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PROCESSES INVOLVED IN PUBERTAL MATURATION AND ESTROUS 

CYCLICITY IN THE FEMALE 

GnRH secretion 

During the estrous cycle in mammals, gonadal steroids modulate the secretion of 

GnRH in two distinct ways. These two modes are independent neuronal pathways that 

operate in parallel and that involve the “GnRH pulse generator” and “GnRH surge” [75]. 

Secretion of GnRH from the hypothalamus occurs in pulses due to a synchronized and 

rhythmical depolarization of GnRH neurons. The frequency of GnRH pulses depends on 

the hormonal milieu and thus in intact females on the stage of estrous cycle [76]. 

Moreover, each pulse of luteinizing hormone (LH) from the pituitary is coincident with 

the tonic release of GnRH [75]. In the bovine female, the frequency of LH pulses is 

relatively high, with low amplitude during the follicular phase when circulating P4 is 

low, whereas during the luteal phase the frequency of LH pulses is low, and amplitude is 

markedly increased when P4 is greatly increased [77].  

In mammals with spontaneous ovulation, such as cattle and sheep, the GnRH 

surge is controlled by a sustained rise in peripheral E2 during the follicular phase which 

exerts a positive feedback at both hypothalamic and pituitary levels [76]. In the 

hypothalamus, E2 stimulates the pulsatile secretion of GnRH possibly by changes in the 

amount of GnRH discharged in every pulse [76]. Whereas, in the pituitary, E2 stimulates 

the production of GnRH receptors and enhance responsiveness to GnRH that contribute 

to the greater amplitude of LH pulses observed during the preovulatory surge [76, 124]. 

In ovariectomized ewes, approximately 22–24 hours after the insertion of E2 implants 
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designed to induce a physiological rise of circulating E2 (approximately 8 pg/mL), a 

GnRH/LH surge is observed. The duration of the GnRH surge appears to extend beyond 

that of the LH surge [78], indicating that termination of the LH surge is not related to a 

lack of GnRH [79]. Instead, it occurs due to a temporary desensitization of LH response 

that decreases the signal between the receptor and the G protein-linked effector, and due 

to down-regulation of LH receptor expression to avoid a repeated stimulation in the 

ovary [124, 170]. Further studies in the ewe have demonstrated that GnRH plays a 

deterministic role in eliciting the surge of LH needed for ovulation to occur in contrast 

to a permissive role observed in both humans and Rhesus monkey. In the latter species, 

the actions of gonadal steroid hormones at the anterior pituitary level are enough to 

induce a pre-ovulatory surge of LH [79].  

Physiological mechanisms involved in pubertal maturation  

 Attainment of puberty in heifers can be defined as the first estrus followed by 

ovulation with a normal length luteal phase [80]. In terms of pituitary secretory activity, 

prepubertal heifers as early as 3 months of age are already capable of responding to 

exogenous GnRH [81] and E2 [82] followed by a surge release of LH in a manner 

similar to that of sexually mature heifers. Thus, the positive E2 feedback mechanism 

functions properly long before puberty. Clearly, this is not the limiting factor that leads 

to the final sexual maturation in the heifer or in other species, such as the ewe [79]. 

Instead, one of the key factors for the failure of the onset of puberty is related to the 

hypersensitivity to the inhibitory feedback action of E2 [80] which results in the 

inability of the hypothalamic-pituitary axis to generate high-frequency pulses of GnRH 
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[83]. In addition, the main estrogen receptors mediating this negative feedback is 

estrogen receptor α (ESRα) [64]. As puberty approaches and negative feedback 

sensitivity to E2 declines, there is an increase in secretion of GnRH by GnRH neurons in 

the hypothalamus. This results in the release of GnRH/LH pulses approximately every 

40 to 50 minutes followed by the growth and selection of a dominant follicle. As ovarian 

follicular growth is stimulated, there is an increase in E2 production. When E2 reaches a 

threshold capable of stimulating the surge center in the hypothalamus, a GnRH/LH 

surge leads to ovulation [84, 85]. Although GnRH secretion stimulates the release of 

both gonadotropins, LH and FSH, the latter does not seem to be a limiting factor for 

pubertal maturation. No changes in the pulsatile pattern of FSH was observed from birth 

up to 10 months of age [85, 86] which is not the case for LH. The onset of a pulsatile 

release of LH begins at 1 to 2 months of age, followed by increased secretion of LH 

until 3 to 5 months of age which coincides with a rapid increase in the number of antral 

follicles on the ovaries. Thereafter, the secretion of LH starts to decrease and reaches a 

static level until initiation of the peripubertal increase [84].  

 In prepubertal heifers, approximately 126 days prior to the onset of puberty, 

there is a gradual decrease in sensitivity to E2 negative feedback. This allows a gradual 

increase in the mean concentration and frequency of pulses of serum LH needed for final 

sexual maturation and first ovulation to occur [87]. The increase in frequency and 

decrease in amplitude of LH pulses is more definitive beginning about 50 days before 

puberty and this period is known as the peripubertal period [84, 85, 88]. From 

approximately 60 to 40 days preceding puberty (day -60 to -40) in intact heifers, there is 
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a 35% decrease in the overall concentration of E2 receptors in the hypothalamus and 

even further decline after day -50 in the anterior pituitary [88].  

 Mechanisms involved in the regulation of the GnRH pulse generator as puberty 

approaches remained a “black box” until the discovery of kisspeptin in the early 2000s 

[6]. Despite the effect of E2 on secretion of GnRH, GnRH neurons do not contain ESRα 

[6, 64]. Studies in rodents have shown that kisspeptin neurons within the hypothalamus 

are expressed in the ARC and anteroventral periventricular nucleus (AVPV) and these 

neurons express ESRα and P4 receptors. In species such as sheep, in addition to the 

presence of kisspeptin neurons in the ARC, there is a prominent population of these 

neurons in the preoptic area (POA) [89]. Importantly, kisspeptin colocalizes with GnRH 

neurons [90] and appears to function as a gatekeeper between GnRH and E2 in their 

roles in pubertal maturation. In sheep, almost all of the kisspeptin neurons found in the 

ARC express both the endogenous opioid dynorphin and the tachykinin, neurokinin B 

[91]. Thus, this population of neurons have been termed KNDy neurons [89]. In ewes, 

this single neuronal population is involved in the control of the secretion of GnRH (both 

in pulses and surge patterns) and it is negatively and positively regulated by gonadal E2. 

The basis of inhibitory and stimulatory effects of E2 on GnRH release in the same set of 

neurons may be due to a different response of KNDy neurons to low or high 

concentration of E2 linked with different intracellular signaling pathways [92]. 

Moreover, in ewes, it appears that neurokinin B signaling from another region in the 

hypothalamus (retrochiasmatic area) interact with kisspeptin released from KNDy 

neurons to enhance the amplitude of the GnRH/LH surge induced by E2 [179]. In 
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contrast, in rodents the E2 positive feedback does not appear to involve KNDy neurons 

[92] and the surge of GnRH is regulated by actions of E2 towards kisspeptin neurons in 

the AVPV [89]. Interestingly, studies in E2-replaced, ovariectomized ewes demonstrated 

a heightened expression of ESRα mRNA abundance in kisspeptin neurons located in the 

ARC which was associated with the peripubertal increase in pulses of LH [94]. This 

contrasts with studies in heifers reported earlier [88]. Thus, the precise mechanism that 

regulates timing of puberty in ruminants remains mysterious and changes in negative 

feedback responsiveness to E2 preceding puberty fail to be explained consistently by 

changes in expression of ESRα in the ARC [6, 64].  

Nutritional influence on timing of pubertal onset 

In cattle, pubertal maturation is influenced by several factors including body 

weight (BW), plane of nutrition, breed [80], and season [95]. In general, Bos indicus and 

Bos indicus-influenced heifers reach puberty at later ages (14 to 27 months) compared to 

Bos taurus heifers that reach puberty at between 12 and 15 months of age [4, 88, 96]. 

Ideally, replacement heifers should achieve puberty at 12–14 months of age and 

conceive at 14 to 16 months of age [95]. Calving for the first time as a 2-year-old 

resulted in cows that produced 0.7 more calves by 6.5 years of age [183] and more kg ( 

~ 138 kg) of weaned calf in their lifetime [97, 184] compared to heifers calving first as 

3-year-olds which impact positively lifetime productivity. Moreover, the pregnancy rate 

in heifers bred at the third postpubertal estrus was greater (78 vs 57%) than that 

observed in heifers bred at the pubertal estrus [98]. Thus, age at puberty has a large 

impact on reproductive and economic efficiencies [99] and management strategies 
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should be employed to optimize chances of replacement heifers reaching puberty prior 

to their first breeding season. 

As mentioned previously, nutritional status plays a pivotal role in timing the 

onset of puberty and influences the timing of the increase in tonic release of GnRH/LH 

[95, 100]. A critical level of body fatness is needed to initiate the endocrine events 

associated with pubertal development [95] and in which leptin functions as a metabolic 

signal [101]. During the wintering period, heifers fed to gain at a rate of 0.68 kg per day 

reached puberty earlier, had their first estrus before or during the breeding season, 

conceived earlier and had a greater pregnancy rate compared to heifers fed to gain 0.23 

kg per day [102]. A variety of studies have also shown that pubertal onset is hastened in 

heifers weaned earlier and fed a high-concentrate diet during the juvenile period when 

compared to a control diet [60, 61]. Increased rates of BW gain during the juvenile 

period resulted in heifers reaching puberty before 300 days of age (precocious puberty) 

[61]. As expected, this approach was associated with an earlier prepubertal increase in 

frequency of LH pulses [103], as well as advanced ovarian follicular development [104]. 

Prepubertal heifers exposed to a high-concentrate diet from 4 to 8.5 months of age had a 

decreased expression of neuropeptide Y (NPY), in which inputs inhibits GnRH 

secretion, and greater circulating leptin concentration as compared to heifers fed a low-

concentrate diet [105]. Thus, nutritional programming appears to mediate 

neuroendocrine changes within the hypothalamus that will influence the timing of 

pubertal maturation. 
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Estrous cycle 

The average length of the bovine estrous cycle is 21 days [106] and usually is 

composed of a two- or three-wave pattern of follicular development that is mainly 

determined by the time of luteolysis [106, 107]. During the estrous cycle, final 

maturation and ovulation of the dominant follicle occurs after the second or third wave 

[67]. The emergence of follicular waves is initiated by the process known as follicular 

recruitment, followed by selection, deviation, and growth of the dominant follicle [47, 

108].            

 Antral follicles are recruited continuously during the estrous cycle [106] and 

occur in groups or cohorts in response to increased plasma concentrations of FSH [108]. 

The number of recruited follicles growing in the cohort in cattle ranges from 5 to 10 

[109]. The appearance of aromatase activity within the granulosa layer is associated with 

recruitment of individual follicles. Aromatase activity becomes detectable when follicle 

size reaches 3 to 4 mm and this is a key maturational step enabling the follicle to 

produce estradiol (E2) from testosterone produced by thecal cells of the follicle [109].  

Follicular dominance is characterized by selection and deviation (continued 

growth) of the dominant follicle which prevents further growth of subordinate follicles 

[73, 109]. The dominant follicle develops LH receptors on its granulosa cells [109], 

which is essential for deviation to occur at approximately 8 mm in cattle [110]. During 

each wave, a single follicle usually becomes dominant, whereas secondary follicles in 

the same wave undergo regression at the time of deviation. In some cycles, secondary 

and primary dominant follicles switch position and the secondary follicle becomes 
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dominant [111]. As the dominant follicle increases its capacity to secrete E2 and inhibin, 

a decrease in circulating concentrations of FSH is observed coincident with atresia of 

secondary follicles [74, 108, 110]. The increased capacity to secrete E2 is associated 

with an increase in the ability of thecal cells to respond to LH by secreting androgen and 

increased capacity of granulosa cells to aromatize testosterone to E2 [108]. The 

dominant follicle of each follicular wave is characterized by three phases: 1) linear 

growth for 6 days (growing phase), 2) static growth for 6 days (static phase) and either 

3) regression for early and mid-cycle follicles (regressing phase) or ovulation when 

associated with luteal regression [74, 112]. Whether the dominant follicle present at the 

time of CL regression ovulates or regresses is dependent upon its stage of maturation. 

Therefore, the induction of luteolysis with prostaglandin F2α (PGF2α) at random stages 

of the estrous cycle can result in intervals to next ovulation ranging from 1 to 6 days or 

more depending upon the phase of the dominant follicle. 

Prior to the LH surge, there is a rapid increase in E2 that reaches a plateau and 

approximately 12–18 hours later results in the LH surge [113]. Studies in rodents have 

shown that the preovulatory surge of LH is characterized by an increase in LH pulse 

frequency that, along with increased release of other hormones, such as the 

prostaglandins, and local production of proteolytic enzymes, result in follicular rupture 

and ovulation [114]. In cattle, ovulation occurs approximately 30 hours after the onset of 

estrus and the LH surge, which is the period that the animal is sexually receptive [115].  

Estradiol           

 Estradiol (estradiol-17β; E2) is the primary biologically active form of estrogen 
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synthesized by ovarian follicles [116]. Preovulatory concentrations of plasma E2 are 

involved in a variety of physiological events that are essential for reproductive success 

[73], such as estrous behavior, the preovulatory gonadotropin surges [117], facilitation 

of sperm transport in the female reproductive tract [118], regulation of the uterine 

environment [119], and regulation of granulosa cells and P4 receptors after ovulation 

[120].  

Estrous behavior is influenced by the amount of E2 produced by the dominant 

follicle. Perry et al. [121] reported that beef cows that exhibited estrus had a greater peak 

in E2 concentrations (9.9 ± 1.0 pg/mL) compared to cows that did not exhibit estrus (6.2 

± 0.67 pg/mL). This greater peak was correlated positively with follicle size [114]. In 

beef cows, dominant follicle diameter at the time of artificial insemination (AI) and 

body condition score (BCS, 4.81 ± 0.06) have been positively associated with estrus 

expression and intensity [117]. A meta-analysis showed that cows expressing estrus had 

a 27% overall increase in pregnancies per AI compared to animals that did not show 

estrus in fixed-time AI (FTAI) protocols [122]. This positive effect on fertility could be 

associated with direct effects of E2 on the uterine environment and on the cells in close 

contact with the oocyte, or an indirect effect of E2 on gamete transport [120]. However, 

follicle size in cows that have a spontaneous ovulation is not related to fertility because 

spontaneous ovulations are inherently associated with high fertility. In contrast, cows 

that are induced to ovulate follicles ≤ 11 mm have lesser concentrations of E2, lesser 

luteal phase concentrations of P4, and a greater rate of late embryonic mortality [123].  
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Progesterone 

During the periovulatory period, there is a shift in the steroidogenic pattern of the 

ovulatory follicle from E2 to P4 as the CL starts to form [114]. The CL is a transient 

endocrine gland composed of two types of steroidogenic cells known as small and large 

luteal cells that are derived, respectively, from thecal and granulosa cells of the 

preovulatory follicle [125]. The formation of this gland during the luteal phase is 

influenced by the episodic release of LH prior to the preovulatory surge during the 

follicular phase. Indeed, inhibition of episodic release of LH in cows 48 h before the 

preovulatory surge resulted in a smaller CL diameter compared to control cows [126].  

The relationship between CL size and production of P4 is not consistent between 

studies. Mann et al. [127] reported that there is a positive relationship between CL 

weight and plasma production of P4 only up to day 8 of the luteal phase in non-lactating 

dairy cows; whereas, once the CL has reached a mature size during mid-luteal phase, 

that relationship no longer exists. However, in beef heifers, there was no association 

between CL diameter and circulating P4 on days 5, 7 and 16 of the estrous cycle [128]. 

Heifers with a greater AFC had greater circulating P4 concentrations from day 3 up to 

day 14 of their estrous cycle compared to heifers with a lower AFC and had lower 

circulating P4; however, this difference was not associated with size of the CL. There 

was also an indication that lower circulating concentrations of P4 are associated with a 

decreased capacity of granulosa cells isolated from dominant follicles to luteinize and 

produce P4 in response to LH [129]. In contrast, in non-lactating Holstein cows, size of 

the preovulatory follicle, the corresponding CL, and plasma P4 concentration were 
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correlated, where a larger CL had a greater growth rate, greater blood flow and greater 

plasma concentration of P4 than a smaller CL [130]. Despite the lack of a clear 

correlation between CL size and circulating P4 concentration, it is well known that P4 

plays a pivotal role in the establishment and maintenance of pregnancy [131] and 

regulates uterine receptivity to implantation of the blastocyst [132]. In sheep, P4 

treatment during follicular growth increased the capacity of the oocyte to undergo 

cleavage and embryo development [133], and, in beef heifers, P4 supplementation on 

Day 3 of pregnancy increased embryo length [128]. In addition, a delayed rise in P4 in 

ruminants during the beginning of the luteal phase appears to interfere with the 

establishment of pregnancy [120]. Dairy cows without an embryo 16 days after 

insemination had a delayed increase in P4 concentration associated with delayed 

ovulation relative to cows with an embryo on day 16. In the same study, a delayed 

increase in P4 was associated with poor embryonic development and production of 

undetectable amounts of interferon tau [134] which is the pregnancy recognition signal 

in ruminants [132].  

POTENTIAL BIOMARKERS TO PREDICT REPRODUCTIVE 

PERFORMANCE 

Antral follicle count 

In Hereford female fetuses, the peak number of germ cells is attained at day 110 

of gestation. By around day 150, once oogonial mitosis is ceased, the number of germ 

cells in the fetal ovaries is fixed [69]. Despite the existence of hypotheses of ovarian 

self-renewal (neo-oogenesis) in mice, most reports support a model in which there is a 
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depletion of ovarian reserve throughout the female’s reproductive life [66]. In addition, 

alterations during development that affect the recruitment of the pool of primordial 

follicles can lead to a depletion of the pool of ovarian antral follicles [66]. For example, 

the size of the ovarian reserve in cattle may be influenced by maternal nutrition during 

early gestation [33] and by factors that alter fetal steroid levels or signaling, such as fetal 

exposure to endocrine-disrupting chemicals during early pregnancy [67]. 

The ovarian follicular reserve, which is often referred to as the pool of primordial 

follicles in each pair of ovaries, is established during fetal life and has been used as a 

predictor of fertility in humans and domestic animals [67]. Danielle Monniaux et al. 

[135] proposed two different ovarian reserves: 1) the former reserve, which is the pre-

established reserve of primordial follicles that occurs during fetal life, and 2) the 

dynamic reserve, which is the reserve of small gonadotropin-dependent antral follicles 

that can be estimated by the process known as AFC. Furthermore, the size of the ovarian 

follicular reserve can be estimated directly through ovarian ultrasonography and 

indirectly using endocrine markers such as FSH and AMH [135].  

 In both humans and animals, ultrasound can be used as a tool to access and count 

the number of antral follicles, which varies considerably (8 to 56) among individuals, 

but is highly repeatable (0.84) within individuals [136]. This variation may be due to 

differences in the depletion rates of the ovarian reserve [137]. Even in neonatal bovine 

ovaries collected at necropsy, the number of visible antral follicles ranges from 0 to 63 

in the paired ovaries [138]. In addition, cows can be classified into three different groups 

according to their average number of antral follicles (≥ 3 mm) during a wave: low (≤15 
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follicles), intermediate (16 to 24 follicles) and high (≥ 25 follicles) [136]. The number of 

antral follicles begins to decline around 5 years of age in crossbred beef cows [138], 

which coincides with the decline in the number of primordial follicles [139]. Follicles 

counted through ultrasonography include both growing follicles under the influence of 

FSH as well as nongrowing and/or atretic follicles [140]. Crossbred heifers with 

relatively high AFC had a greater number of morphologically healthy oocytes and 

follicles than those with low AFC. This trait was positively associated with ovarian size 

and weight, as well as plasma AMH concentration [141]. Importantly, data comparing 

AMH concentration and AFC in infertile women exhibited a disagreement between the 

two measurements in 20% of these women. In this case, data suggested that AFC is 

more accurate than AMH in its ability to predict ovarian responses to exogenous 

stimulation and clinical pregnancy rate [142].  

Antral follicle count can be used as an important tool for predicting reproductive 

performance in cattle involved in superovulation protocols [137]. Beef cows with high 

AFC are more responsive to superovulation and produce more high-quality embryos for 

transfer to recipients than cows with low AFC [136]. Beef heifers that gave birth in the 

first 32 days of the calving season had a greater number of AFC and produced calves 

with greater WW relative to heifers that calved later [143]. Moreover, a smaller 

percentage of beef heifers classified as low AFC were pregnant at the end of the 

breeding season compared to high AFC heifers [138]. Additionally, external and genetic 

factors can affect AFC [144]. As noted previously, maternal nutrition can influence 

follicular development [31] and number of healthy follicles found on the ovary [33], 
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which indicates that the intra-uterine hormonal environment during gestation may 

program ovarian function later in life [135]. Importantly, the second trimester of bovine 

gestation coincides with the period during which the pool of primordial follicles is 

established, and the size of the ovarian follicular reserve could be influenced by the 

environment of the fetus before and during that period [67].  

Although several studies have estimated the value of AFC as a predictor of 

fertility, most of those conducted in cattle have involved Bos taurus females. A 

comparison of the results of experiments involving Bos indicus and Bos taurus beef 

cows have yielded conflicting results, which may be due to differences in AFC 

classification methods [145] or the physiological differences between these breed types 

[146]. In other studies, ovaries collected at abattoirs from Bos taurus (Aberdeen Angus) 

and Bos indicus (Nellore) cows were evaluated by ultrasonography to count the number 

of antral follicles (≥ 3 mm) and then evaluated histologically to evaluate the number of 

pre-antral follicles. The number of pre-antral follicles per ovary was similar between 

breeds, independent of the number of AFC and there was a positive correlation between 

AFC and the number of primordial (r = 0.43) and total pre-antral follicles (r = 0.38) also 

irrespective of breed [147]. In contrast, results of a recent study indicated the total 

number of antral follicles (≥ 1 mm) counted on the surface of ovaries was greater for 

Brahman compared to Angus cows and, despite the fact there were no differences 

between the breeds for total number of primordial follicles per ovary, the primordial 

follicle density (follicles/gram of tissue) in ovaries from Brahman cows was less than in 
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Angus cows. In the same study, Brangus (Bos indicus-influenced) cows had ovarian 

follicular morphology more like Brahman than Angus cows [146].  

Endometrial thickness 

The use of ultrasonography as a tool to evaluate the female reproductive tract can 

provide inferences about uterine status as well [148]. For example, imaging a transverse 

section of the uterine horn makes it possible to visualize the uterine lumen, which 

accumulates endometrial mucus during estrus, and the endometrium which is 

surrounded by the myometrium [149]. Early studies described the morphological 

changes that occur in the uterus during the bovine estrous cycle. During the late 

follicular phase and estrus (3–4 days prior to ovulation), endometrial scores, such as 

endometrium thickness [150] and echotexture [151] increase. During the early luteal 

phase, endometrial thickness and echotexture decrease and remain relatively constant 

throughout diestrus. In ewes, uterine weight increases at estrus, then decreases until the 

midluteal phase concomitant with increasing plasma concentrations of P4 [152]. 

Similarly, in lactating dairy cows, endometrial thickness reflects changes in plasma 

concentrations of ovarian steroids. Cows treated with an intravaginal P4 releasing device 

(CIDR) and PGF2α injection to induce estrus had a faster increase in endometrial 

thickness compared to those evaluated during a natural estrus. This may be explained by 

the more rapid changes in P4 and E2 concentrations observed in the induced estrus 

group [153]. In lactating dairy cows, endometrial thickness was negatively correlated (r 

= - 0.28) with serum P4 concentration and positively correlated (r = 0.33) with E2 48 h 

after induction of luteolysis in a FTAI protocol. In the same study, cows with an 
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endometrial thickness greater than 8 mm were more likely to express estrus, had larger 

ovulatory follicles, and more pregnancies per AI 64 days after insemination compared to 

cows that had a thinner endometrium [148]. Furthermore, during the early to midluteal 

phase, heifers classified as having a high compared to low AFC presented a thicker 

endometrium from the day of ovulation up to 6 days later concurrent with a precipitous 

decrease thereafter. However, in low AFC heifers, the fluctuations in endometrial size 

were not observed, which may be correlated with the lower P4 concentrations detected 

in this group [129]. In humans, supplementation of P4 7 days prior to embryo transfer 

increased endometrial thickness on the day of embryo transfer [154]. The assessment of 

endometrial thickness in humans has been used in patients undergoing in vitro 

fertilization [155] and embryo transfer [156] protocols and a thicker endometrium has 

been associated with greater reproductive outcomes.  

EXPECTED IMPACT OF THIS RESEARCH                       

 Determining whether perinatal nutrition influences important traits related to 

reproduction in replacement heifers can help to improve nutritional strategies to 

optimize global economic and reproductive efficiency of beef production.  
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                                               CHAPTER III   

 INFLUENCE OF THE PERINATAL NUTRITIONAL ENVIRONMENT 

ON AGE AT PUBERTY AND FUNCTIONAL CHARACTERISTICS OF THE 

BOVINE ESTROUS CYCLE IN HEIFERS 

 

 

INTRODUCTION         

 The achievement of optimal performance in beef cattle commences from the 

onset of puberty in heifers and impacts subsequent events including age at first calving 

and lifetime productivity. Adequate nutritional management is essential during all stages 

of the production cycle [58, 157]. A variety of studies have focused on nutritional 

interventions during the postnatal period that can lead to hastened pubertal onset [61]. 

Ideally, heifers are expected to reach puberty at 12–14 months of age and conceive at 

14–16 months of age during their first breeding season [157]. Managerial approaches 

have the potential to accelerate the timing of pubertal onset, however, should be adjusted 

to avoid precocious puberty because it leads to a greater risk of undesired pregnancies, 

dystocia, longer postpartum recovery periods and later calving in subsequent years [12, 

157].           

 In forage-based production systems, cows often experience conditions that 

compromise feed quality and quantity that coincide with gestation [12]. Maternal dietary 

imbalances during pregnancy, particularly obesity and severe weight loss, in non-

livestock species have been shown to result in metabolic diseases in the offspring, such 
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as insulin resistance, elevated blood pressure [158], and leptin resistance [44]. However, 

much less is known about the effects of prenatal nutrition on the physiology of offspring 

in livestock, including timing of puberty and adult reproductive performance [15]. The 

perinatal period (prenatal and early postnatal life), during which important events related 

to organogenesis and tissue differentiation occur, is a favorable period for programming 

adult phenotype [16]. In the studies reported herein, we tested the hypothesis that pre- 

and postnatal nutritional extremes in the bovine female, either individually or 

interactively, alter age at puberty and reproductive phenotype in heifers.              

MATERIALS AND METHODS       

 The research outlined in the present study was submitted to and approved by the 

Institutional Agricultural Animal Care and Use Committee of Texas A&M University 

(AUP# 2016-010A and 2017-036A). The experiment for data collection was conducted 

at the Texas A&M Agricultural Research Station, Beeville, Texas.              

Animal model and background       

 The experiments presented in this research were dependent on the availability of 

a group of heifers nutritionally programmed in a larger study that was part of two funded 

projects from 2013 and 2018. Brangus and Braford beef cows were inseminated using 

semen from a single Hereford (Brangus cows) or Angus (Braford cows) sire after 

synchronization using the 5-Day Bee Synch + CIDR protocol followed by FTAI [185, 

186]. Cows were exposed to single Hereford or Angus clean-up bulls 7–10 days after AI 

for 80 days. Cows were evaluated on day 30–32 after FTAI by transrectal 

ultrasonography (Honda HS 2100; 5 MHz probe) to determine AI pregnancies and again 
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45–70 days following removal from breeding pastures to assess final pregnancy status 

and fetal gender. Cows confirmed pregnant with a female fetus (n=108) were assigned 

randomly to one of three dietary energy groups: low (L), moderate (M) and high (H) to 

achieve target BCS of 3-3.5 (very thin), 5.5-6 (moderate) or 7.5-8 (obese) by the end of 

the second trimester of gestation and maintained at experimental targets until calving, 

respectively. To attain the target BCS, cows from the L group were placed in individual 

pens and cows from the M and H groups were placed in dry lots measuring 25 x 9.6 m 

with 5 cows in each pen. The L group was fed a low energy diet that consisted of 

restricted amounts (initially ~ 50% of estimated total DM intake) of coastal Bermuda 

grass hay plus a protein, vitamin and mineral supplement. The M group received ad 

libitum access to mixed hay, a vitamin and protein supplement, and energy 

supplementation in the form of corn only if needed. The H group received a diet 

consisting of a 65-70% concentrate diet with ad libitum access to mixed grass hay. Cows 

were weighed every 2 weeks and diets were adjusted as needed to achieve BW gain or 

loss targets. Initially, the 3x2 factorial experiment was designed to produce 108 female 

offspring. However, the final number of heifers available was 97 due to pregnancy loss, 

dystocia, and errors in ultrasound identification of female fetuses. As noted later, the 

final number of heifers evaluated was 95 because of two statistical outliers.  

 At calving, cows were removed from feedings pen and placed in grass paddocks 

with ad libitum access to grass hay. In addition, cows in the L group were segregated 

and supplemented with a small amount of concentrate to allow recovery from the 

nutrient restriction diet imposed during pregnancy. All calves were weighed at birth. 
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Heifer calves born to dams assigned to the three nutritional regimens were weaned at 3–

3.5 months of age. Following a dietary acclimation period of 2 weeks, heifers were 

stratified by age and BW and randomly assigned to one of two dietary treatments low-

gain (L) or high-gain (H) designed to promote average daily gains (ADG) of 0.5 and 1.0 

kg/day, respectively, from approximately 4 to 8 months of age. To accommodate 

changes in nutrient requirements of heifers during the experiment, two diets were 

formulated. After the acclimation period, Diet A was offered for the first 10 weeks of 

the experiment; afterwards, animals started to receive Diet B until the end of the 

experiment. The transition from Diet A to Diet B occurred by a gradual increase in the 

proportion of Diet B in the total feed. Ingredients and nutritional compositions of these 

two diets are presented in Table 3.1. Weight gains were controlled by adjusting pounds 

of feed fed to these heifers in the two dietary treatments every two weeks. 
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Table 3.1. Ingredients and chemical composition of the two diets (Diet A and Diet 
B) fed to prepubertal heifers starting from approximately 4 to 8 months of age. 
Heifers received diet A during the first 10 weeks of the experiments and diet B was 
provided to heifers from week 11 until the end of the study (week 18). 

  Diet A 
(first 10 weeks) 

Diet B 
(after 10 weeks) 

Ingredients (%DM)    

Rolled Corn  38.75 52.35 
Distillers Gold  18.00 5.25 
Cottonseed Hulls  16.25 16.25 
Cottonseed Meal  11.25 10.50 
Alfalfa Pellets  10.00 10.00 
Calcium Carbonate  0.90 0.90 
12:12 Mineral  0.50 0.50 
Molasses  4.35 3.50 

Chemical composition    

Crude protein (%)  15.7 14.0 
Degradable intake protein (%)  11.1 10.2 
Metabolizable energy (Mcal/kg DM)  2.00 2.00 

      
 
 
 After the completion of the experimental dietary period (from approximately 4 

until 8 months of age), all heifers were then placed on common growth, forage-based 

diet plus a supplement to permit a rate of gain of approximately 0.6 kg/day until puberty. 

Heifers represented a 3x2 factorial arrangement of maternal and postnatal treatments as 

depicted in Figure 3.1. 
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Experiment 1: Age at puberty       

 Following completion of the experimental dietary treatment period in heifers, 

blood samples (10 ml) were collected twice weekly (n = 97) to determine pubertal 

status. Body weight was recorded every 14 days until confirmation of puberty. Both 

blood samples and BW were obtained before the morning feeding until puberty was 

confirmed or 19.5 months of age, whichever occurred first. Two heifers failed to reach 

puberty by 19.5 months and were considered outliers. Therefore, a total of 95 heifers 

were used to evaluate age at puberty (H/H, n = 15; H/L, n = 14; M/H, n = 16; M/L, n = 

Fig. 3.1. Maternal and postnatal nutritional treatments. The 3x2 factorial design 
represents female offspring born to cows fed to calve in obese, moderate and thin 
body condition, and fed during the juvenile period to gain BW at high or low rate 
at 8 months of age.                                
*Created with BioRender.com                                                         
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17; L/H, n = 16; L/L, n = 17).       

 Determination of pubertal onset. Onset of puberty was defined as at least 3 

consecutive samples with concentrations of P4 ≥ 1 ng/mL or 2 consecutive samples of 

P4 ≥ 1 ng/mL and an ultrasonographically visible CL [87]. After each collection, blood 

samples were placed on ice immediately. Plasma was obtained by centrifugation (2,200 

X g for 20 min at 4°C) of blood samples and stored at -20°C until analysis of circulation 

concentrations of P4. Upon pubertal confirmation, heifers were placed on pasture and 

supplemented with hay and a concentrate (common growth period) as described earlier.  

Experiment 2: Evaluation of selected aspects of reproductive characteristics in heifers

 A total of 53 pubertal heifers (averaging approximately 21 months of age) were 

used in this experiment, representing all the treatment combinations (H/H, n = 8; H/L, n 

= 9; M/H, n = 9; M/L, n = 9; L/H, n = 9; L/L, n = 9). Prior to the initiation of the 

experiment, heifers were brought in from pastures, maintained in pens, and fed Coastal 

Bermuda grass hay and an energy/protein (20%) supplement as needed to maintain 

normal BCS (5–6). The overall timeline of the animal model is represented in Figure 

3.2. Because of timing of puberty in various groups of heifers, 60% of the data 

collection of this study was conducted from April until August of 2019, and the 

remaining 40% was conducted from May until August of 2020.                                                            
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 Experimental design. Heifers (n = 53) were administered two injections of 

PGF2α; (Lutalyse, Zoetis Animal Health) 11 days apart to induce luteolysis and 

synchronize occurrence of estrus. Following the second injection, ovaries of all heifers 

were examined daily using a Honda HS 2100 high resolution ultrasound scanner with a 

7.5 MHz probe until ovulation was detected. Transrectal ultrasonography was performed 

Fig. 3.2. Overall timeline of the animal model beginning from onset of maternal 
dietary treatments through the postnatal dietary treatments and subsequent 
experimental protocols. Cows were synchronized followed by FTAI and placed 10 
days later with a clean-up bull. Final pregnancy status and fetal gender 
determination occurred between 45 and 70 days after removal from breeding 
pastures. During the second trimester of gestation (day 90 of gestation), cows were 
assigned randomly to three dietary treatment groups to achieve a BCS of either 3.5-
4 (thin), 5.5-6 (moderate), or 7.5-8 (obese) by the end of the second trimester of 
gestation (day 180 of gestation). After calving, heifer calves were weaned at 
approximately 3.5 months of age and assigned randomly to receive one of two 
dietary treatments (low-gain and high-gain) from approximately 4 to 8 months of 
age. Following confirmation of puberty (n = 95), experiments evaluating 
characteristics of selected reproductive variables was performed in a subset (n = 53) 
of heifers representing all dietary treatments.                     
*Created with BioRender.com                                                          
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during the follicular phase of two consecutive estrous cycles (PGF Cycle and Cycle 1) to 

record size of largest (dominant) and second largest (subordinate) follicle, follicle 

growth rate, number of antral follicles (AFC), CL size, ovarian size (determined by 

length and height for both ovaries), and endometrium thickness. If the CL had a cavity 

(lacuna), the average size of the cavity was subtracted from the total diameter. In 

addition, ovarian size was recorded for all heifers on the day of ovulation. Day of 

ovulation (Day 0) was defined as the disappearance of the largest follicle from an ovary 

between two consecutive days of ultrasonographic evaluation. Additionally, following 

the second injection of PGF2α, heifers were observed visually with the aid of estrus 

detection patches (Estrotec™) for 30 minutes twice daily for signs of estrus.  

 Concurrent with ultrasonography and through two consecutive estrous cycles 

(PGF Cycle, Cycles 1 and 2), blood samples were collected daily by jugular or caudal 

vessel puncture and dispensed into 10-ml Vacutainer tubes (MonojectTM, Covidien, 

Mansfield, MA) containing EDTA. Plasma was separated by centrifugation (2,200 X g) 

for 20 min at 4°C and frozen at -20°C for subsequent evaluation of plasma 

concentrations of E2 and P4.        

 Estrous cycle length was determined as the interval between two ovulations for 

each heifer. Three consecutive estrous cycles (Cycles 1, 2 and 3) were monitored to 

determine average estrous cycle lengths (Figure 3.3).  
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Ultrasound scanning of antral follicles. Each ovary was scanned using the 

transrectal probe from end to end, and video images from different ovarian sections were 

captured on a computer monitor. The average AFC was determined using measurements 

obtained during the follicular phases of two cycles and used as an assessment of ovarian 

follicular reserve. The videos were recorded on a random day during the follicular phase 

of the estrous cycle for each animal.                     

 Ultrasound scanning for endometrial thickness. Endometrial thickness was 

assessed through ultrasonography, ideally on the day of estrus for each animal or on the 

day of ovulation. Endometrial thickness was estimated as reported [153] by averaging 

Fig. 3.3. Experimental design for evaluation of selected aspects of reproductive 
phenotype in nutritionally programmed heifers. Two injections of PGF2α were given 
to all heifers 11 days apart. On the day of the second injection, blood samples and 
ultrasound measurements were conducted. PGF Cycle represents the period between 
the day of the second injection of PGF2α until ovulation. Ultrasound measurements 
were taken in the PGF Cycle and Cycle 1. Blood samples were collected daily 
throughout PGF Cycle, Cycle 1 and Cycle 2. Estrous cycle length was evaluated 
from Cycle 1, 2 and 3. Estrus expression was evaluated based on PGF Cycle, Cycle 
1, 2 and 3. E, onset of estrus; OV, day of ovulation; D14, 14 days after ovulation. 

zz 
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the major and minor axes of the endometrial area. If an intraluminal cavity was detected, 

the average of the major and minor axes of the cavity area was subtracted from 

endometrial thickness. Each of the uterine horns in a separate frozen image was 

analyzed, and then averaged to determine the final endometrium thickness for each 

heifer.                    

Hormone assays        

 Radioimmunoassay (RIA) was performed on plasma samples to determine 

concentrations of P4 and E2. Circulating concentrations of P4 for Expts. 1 (twice 

weekly) and 2 (during the luteal phase of two estrous cycles) were determined using a 

commercial RIA kit (ImmuChemTM Coated Tube, MP Biomedicals, Santa Ana, CA) 

with modifications for assay of bovine plasma. For Exp. 2, P4 was assayed in samples 

collected from the day of ovulation (D0) through day 14 of each of two cycles. Day 14 

was chosen because a functional CL would be expected to exist 14 days after ovulation 

[74] regardless of estrous cycle length. Sensitivity of the assay was 0.2 ng/ml, and intra-

assay and inter-assay coefficients of variation (CV) averaged 11.5% and 5.6%, 

respectively. Recovery of added mass for high (10 ng/mL), mid (5 ng/mL) and low (2 

ng/mL) references was 101.9%, 95% and 92.3%, respectively. Because of the assay 

precision, samples were assayed as singles. Circulating concentrations of E2 

representing the follicular phase of two estrous cycles were measured using a 

modification of a RIA protocol as reported earlier [93] using E2 antiserum and [125 I] 

estradiol-17β labeled Tracer from MP Biomedicals (Santa Ana, CA). Briefly, duplicate 

samples (300 μl) were extracted in 4 ml of methyl-tert-butyl ether for 2 min on a 
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multitube vortexer. Samples were then allowed to sit for 5 min at room temperature. 

Extracts were frozen using dry ice in methanol. The solvent portion was decanted into 

12 x 75 mm borosilicate glass tubes and dried at 37°C under air. The extracts and E2 

standards (0.25, 0.5, 1.0, 2.5, 5.0, 7.5, 10, and 20 pg/tube) were hydrated using 100 μl of 

1% BSA buffer followed by the addition of 100 μl of E2-17β antiserum. Tubes were 

incubated for 1 hour at 4°C, followed by addition of 100 μl of [125 I] estradiol-17β 

labeled tracer to each tube followed by incubation at 4°C for 20 hours. A dextran-coated 

charcoal suspension (500 μl) was added to the tubes, followed by centrifugation at 3000 

X g for 10 min at 4°C. Supernatants were decanted into new 12 x 75 mm tubes and 

counted in a gamma counter for 2 min. Plasma samples used in this assay included those 

collected from 5 days before the day of ovulation (Day -1 up through Day -5) during two 

estrous cycles (PGF Cycle and Cycle 1). In some cases, specifically during the PGF 

Cycle, there were less than 5 samples per heifer. The sensitivity of the assay averaged 

0.65 pg/mL. Intra-assay and inter-assay CV for E2 were 10.5% and 19.6%, respectively. 

Recovery of added mass for high (10 ng/mL), mid (5 ng/mL) and low (2 ng/mL) 

references was 103%, 112% and 106%.                      

Statistical analysis          

 Statistical analyses of data were conducted using JMP Software® and SAS 

Software® as for a completely randomized design with all possible interactions. Body 

weights, BCS, hormone concentrations and follicle size were analyzed as for a 3x2 

factorial by general mixed models for repeated measures in JMP Software®. To account 
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for repeated measure autocorrelation in variables measured over time (BW, BCS, P4, 

E2, daily follicle size and dominant follicle growth rate), time was used as the repeated 

variable, and heifer within dietary group as the subject in the model. Test for normal 

distribution for each variable was performed using the Goodness of Fit test (Shapiro-

Wilk). When data were non normally distributed, a log transformation was employed 

before further analyses. Birth and WW, age at puberty, estrous cycle lengths, maximum 

size of ovulatory follicles, AFC, endometrium thickness, ovarian size and CL size were 

analyzed in JMP Software® and SAS Software® by analysis of variance (one-way 

ANOVA). Sources of variation included maternal diet, postnatal diet, time and their 

interactions. Data were reported as least squares means contrasted using the Tukey 

modification as the post-hoc analysis when a significant F was detected. For all 

analyses, significance was set at P ≤ 0.05 and tendencies were determined if P > 0.05 

and ≤ 0.10. Student’s t-test was used to compare means between the H and L postnatal 

diets.                                                                                                                      

RESULTS                  

Maternal BW and BCS, BrW and growth performance of heifer offspring, and age at 

puberty          

 Body weight and BCS of dams during the second and third trimesters of 

pregnancy. The BW and BCS of cows from H, M and L diets were recorded every two 

weeks from 90 days of gestation (beginning of the second trimester of gestation) until 

parturition (day 270-285 of gestation). Because no replicate effect was observed for BW 

and BCS, data were pooled by treatment. Dams that aborted or had a calf that died 
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before the completion of the postnatal dietary period were not included in the statistical 

analysis. Thus, the analyses reported herein included a total of 97 cows (H, n = 31; M, n 

= 33; L, n = 33). A dietary group x week interaction (P < 0.0001) was detected for both 

BW and BCS. Mean (±SEM) BCS (5.1 ± 0.02) and BW (562 ± 8.59 kg) at the beginning 

of the experiment did not differ among dietary groups (P ≥ 0.86). However, both BW 

and BCS began to differ (P = 0.001) between H (5.5 ± 0.13) and L (4.8. ± 0.12) groups 

beginning at week 4 and differed (P < 0.0001) among all dietary groups starting at week 

6 (BCS) and 12 (BW), respectively (H > M > L (P < 0.0001; Figure 3.5). By the end of 

the second trimester of gestation (~ 14 weeks after the start of the experimental dietary 

period), mean BCS were 6.8 ± 0.14, 5.2 ± 0.14 and 3.8 ± 0.14 for the H, M and L group, 

respectively (P < 0.0001; Figure 3.4). At parturition, mean BCS were 7.6, 5.1, and 3.3 

and mean BW were 722.7 kg, 625.6 kg and 514.8 kg for H > M > L, respectively (P < 

0.0001).                            
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Pooled SEM = 8.59 

Fig. 3.5. Least squares mean (±SEM) BW of dams in high (H; n = 31), moderate 
(M; n = 33) and low (L; n = 33) maternal dietary groups from the 2nd trimester of 
gestation (week 0) until parturition (270-285 days represented by week 24). Cow 
BW did not differ (P > 0.1) at onset of the experiment but differed between H and 
L beginning at week 4 (P = 0.001) and among all dietary groups beginning at 
week 12 (P < 0.0001). 

 

Fig. 3.4. Least squares mean (±SEM) BCS of dams from the 2nd trimester of 
gestation (week 0) until parturition (270-285 days represented by week 24). 
Cow BCS did not differ (P > 0.1) among high (H; n = 31), moderate (M; n = 
33) or low (L; n = 33) maternal dietary groups at onset of the experiment. 
Differences in BCS (P < 0.0001) were detected between H and L groups 
beginning at week 4 and among all dietary groups beginning at week 6 (P ≤ 
0.0001). 

Pooled SEM = 0.02 
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Birth weight and WW of heifers. Birth weight and WW of heifers (n = 97) were 

not normally distributed and thus were log transformed before further analyses. 

However, after log transformation, BrW distribution remained non-normal. Goodness of 

fit analysis of log transformed data revealed the presence of 4 outliers (1 H, 1 L and 2 

M). When excluded, BrW and WW from the remaining population (n = 93) were 

normally distributed. Heifers born to H dams were approximately 3.5 kg (Table 3.2) 

heavier at birth than heifers born to the L dams (P = 0.02). However, WW at 3.5 months 

of age did not differ (P = 0.14) among dietary groups. Similarly, ADG from birth to  

weaning did not differ among groups (P = 0.52), with all averaging about 1 kg/day 

(Table 3.2).                                  

 
Table 3.2. Least squares mean (± SEM) birth weights (BrW), weaning weights 
(WW) and average daily gains (ADG) in heifers (n = 93) born to cows fed to calve 
in thin (L group), moderate (M group) and obese (H group) body condition. 

Dietary group BrW (kg) WW (kg) ADG (kg/day)  

Low 31.69 ± 0.86a 129.69 ± 3.11a 0.95 ± 0.03a 

Moderate 34.06 ± 0.86ab 136.88 ± 3.11a 0.99 ± 0.03a 

High 35.10 ± 0.89b 137.77 ± 3.21a 0.99 ± 0.03a 
Superscripts with different values in the same column differ (P < 0.05) 

                                                                                                                                                  
 

Body weight during the experimental dietary feeding period of heifers. A dietary 

group x week interaction (P < 0.0001) for BW was observed during the experimental 

feeding period of heifers, with no replicate or dietary group x replicate effect. Mean 

(±SEM) BW at the beginning of the experiment did not differ (P = 0.97) between groups 
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(138.7 ± 2.1 kg). Body weight increased linearly throughout the experiment in both 

dietary groups as observed in Figure 3.6. Heifers fed to gain 1 kg/day had greater (P = 

0.01) BW (152 ± 3.0 Kg) than heifers fed to gain 0.5 kg/day (135.4 ± 3.0 kg) starting 

from the second week of feeding and continuing until the end of the experimental 

feeding period (P < 0.0001). Mean (±SEM) ADG for H and L groups was 0.92 ± 0.02 

kg/day and 0.47 ± 0.02 kg/day, respectively. At 8 months of age (end of experimental 

feeding period), heifers fed the H postnatal diet were heavier (257 ± 5.2 kg; P < 0.0001) 

than those from the L postnatal diet (188 ± 5.2 kg). 

 

 

 

          

 

 

 

 

 

 

  

          

 Body weight during common growth period, and age and BW at puberty. At the 

start of the common growth period, heifers in the L postnatal groups (188.0 ± 5.2 kg) 

Pooled SEM = 2.1 

Fig. 3.6. Least squares mean (±SEM) BW of heifers fed high (H; n = 48) 
and low (L; n = 49) postnatal diets after weaning at approximately 3.5 
months of age (week 0) and fed until 8 months of age (week 18). Body 
weight of H heifers was greater (P = 0.01) than L heifers beginning at week 
2 and continuing through week 18 (P < 0.0001). 
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were lighter (P = 0.001) than heifers in the H postnatal groups (257 ± 5.2 kg). However, 

the L heifers exhibited compensatory gain and by week 34 (~ 15 months of age), BW 

did not differ (P = 0.15) between these groups. The ADG up to this period differed (P = 

<0.0001) between groups and was 0.58 ± 0.04 kg/day and 0.79 ± 0.04 kg/day for the H 

and L heifers, respectively. At this time, approximately 84 % of postnatal H and 59% of 

postnatal L had already reached puberty.  

            Age at pubertal onset is summarized in Figure 3.7. Age at puberty was not 

affected by maternal diet (P = 0.66) or maternal x postnatal diet interaction (P = 0.76). 

However, heifers from the H postnatal diet reached puberty 2 months earlier (12 ± 0.4 

months) than heifers from the L postnatal diet (14 ± 0.4 months; Fig. 3.7A). Mean BW 

at puberty was 341.5 ± 5.13 kg and was not influenced by dietary treatments (P = 0.83).  
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Experiment 2: Ovarian, uterine and behavioral characteristics of heifers 
 
 Body weight and BCS of dams and BW of heifers. Body weight and BCS of dams 

and BW of heifers representing the subgroup used in this experiment were virtually 

A 

Pooled SEM = 0.4 

Fig. 3.7. (A) Least squares mean (±SEM) ages (months) at pubertal 
onset in heifers fed high gain (H; n = 47) and low-gain (L; n = 48) 
diets postnatally and (B) in heifers representing the 3x2 maternal x 
postnatal treatment combinations. Heifers fed the high gain (H) diet 
postnatally reached puberty 2 months earlier (*P = 0.0002) than 
heifers fed the low gain diet (L). There was no maternal or maternal x 
postnatal dietary effect (P = 0.76) on age at puberty.  

Pooled SEM = 0.4 

B 

* 
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identical to those observed for the entire group as summarized above. Therefore, BW 

and BCS data specific to this subgroup are not shown. 

Ovarian and uterine morphology. Neither maternal diets, postnatal diets nor their 

interaction affected size of the pre-ovulatory follicle (P = 0.93), growth rate of the 

dominant follicle (P = 0.76), CL size (P = 0.6) or endometrial thickness (P = 0.56; 

Table 3.3). A prominent proportion (35.8%) of heifers had a CL with a lacuna (fluid-

filled cavity) but was unrelated to maternal or postnatal dietary treatments or their 

interaction.                                                                                   

                          

Table 3.3. Ultrasound measurements from heifers during two estrous cycles* 

Variable Mean SEM P-value 

Pre-ovulatory follicle size 12.4 mm 0.15 0.93 

Growth rate (dominant follicle) 0.9 mm/day 0.05 0.76 

CL size 16.8 mm 0.42 0.6 

Endometrial thickness 14.6 mm 0.22 0.56 
* Ovaries and uterus were assessed in sexually mature female offspring (n = 53) that were 
nutritionally programmed in utero and postnatally during the juvenile period. There were no 
significant main effects or interaction for any of the variables listed.  

                                                                                                                                                                                        
                        Maternal dietary treatment during the second and third trimester of gestation 

influenced ovarian size of the offspring (P = 0.03). Ovaries from heifers born to cows 

fed the M maternal diet were larger (24.2 ± 0.55 mm) compared to heifers born to cows 

fed the H maternal diet (22.1 ± 0.57 mm). There were no differences in this 

characteristic due to postnatal diets (P = 0.93) or the maternal x postnatal interaction (P 

= 0.12). Moreover, neither maternal diets (P = 0.65) nor their interaction with postnatal 
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diets (P = 0.96) affected AFC. However, there was a trend (P = 0.09) for the number of 

AFC in heifers fed the H diet postnatally to be greater (25 ± 1.3) than those fed the L                                                                                                                              

diet (21 ± 1.4). As expected, regardless of dietary group, AFC was associated positively 

(P < 0.0001) with ovarian size (r = 0.57).  

Estrus expression and estrous cycle length. Estrous cycle length was recorded for 

three cycles (Cycles 1, 2 and 3). The mean estrous cycle length of heifers in this 

experiment was 20.7 ± 0.1 days and this was not affected (P = 0.58) by maternal or 

postnatal diets. Similarly, analyses of four estrous cycles (PGF Cycle, Cycles 1, 2 and 3) 

failed to show any dietary effects on expression of estrus. The overall incidence of estrus 

(full standing heat) across all estrous cycles was 87%.  

Concentrations of luteal P4 and follicular phase E2. Neither mean (±SEM) 

concentrations of plasma P4 (3.2 ± 0.1 ng/mL) from day 0 (day of ovulation) through 

day 14 of the cycle (Cycles 1 and 2) nor mean peak P4 (6.2 ± 0.16 ng/mL) differed (P = 

0.92 and P = 0.63, respectively) among dietary treatments (Fig. 3.8A and B).   
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Mean (±SEM) plasma concentrations of E2 (4.9 ± 0.15 pg/mL) during                                                                                                                                                         

the follicular phase (Day -5 to Day -1) of two estrous cycles (PGF Cycle and Cycle 1) 

did not differ among dietary groups (P = 0.80; Figure 3.9). As expected, day of cycle 

 Pooled SEM = 0.1 
A             

B                        

Pooled SEM = 0.16 

Fig. 3.8. (A) Least squares mean (±SEM) plasma concentrations of P4 
during the luteal phase and (B) mean peak concentrations of P4 over 
two complete estrous cycles in heifers representing the 6 dietary group 
combinations (n = 8-9/group). Neither the overall mean (P = 0.92) nor 
peak (P = 0.63) concentration differed due to maternal x postnatal diet 
combinations.  
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had a significant (P < 0.0001) effect on mean concentrations, with greatest values on day 

-2. There was a trend (P < 0.08) for heifers in the postnatal H groups to have greater (8.3 

± 0.4 pg/mL) mean peak concentrations of E2 than postnatal L heifers (7.2 ± 0.4 pg/mL; 

Fig. 3.10A) but maternal x postnatal diet combinations had no effect (Fig. 3.10B). 

 

  

Fig. 3.9. Least squares mean (±SEM) plasma concentrations of E2 
between days -5 and -1 before ovulation in heifers representing the 6 
dietary group combinations (n = 8-9/group). There was no effect of 
maternal x postnatal diet combinations on E2 concentrations (P = 0.80).               

Pooled SEM = 0.15 
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DISCUSSION 

In Exp.1, we investigated whether nutritional extremes during the second and   

third trimester of gestation in beef cows, and during the postnatal juvenile period of their                                                                                                                                                                                       

A 

*   

Pooled SEM = 0.4 

B 

Pooled SEM = 0.4 

Fig. 3.10. (A) Least squares mean (±SEM) peak concentrations of E2 during 
the follicular phase in heifers fed low gain (L) or high gain (H) postnatal diets, 
and (B) maternal x postnatal combinations. Heifers fed H diets postnatally 
tended (*P < 0.08) to have a greater peak concentration of E2 compared to L 
heifers (A). Maternal x postnatal diet combinations had no effect (P = 0.49) on 
any E2 variable (B). 
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female offspring, interact to affect BrW and age and BW at puberty. In cattle, the 

influence of maternal nutrition on BrW of calves has been reported in earlier studies in 

which a restricted diet depending on the severity, may or may not reduce BrW [165, 

180, 181]. There was a 10.7% difference in BrW in calves born to dams that were 

nutrient restricted (L) compared to calves born to dams that were overfed (H). However, 

there was no evidence that maternal nutrient restriction during mid-late gestation 

affected BrW in the offspring when compared to a normal (moderate nutrition) diet 

during the same period. This observation is similar to an earlier report [36] in Bos taurus 

cows demonstrating that BrW was not affected in calves whose dams had total DM 

intake restricted to 75% of National Research Council recommendations during the 

same period of gestation. Notably, both breed type and the severity of restriction 

imposed during gestation could potentially result in different outcomes in the offspring. 

In the current study, experimental animals were Bos indicus-influenced crossbreds and 

were exposed to a more severely restricted diet (~50% of NRC requirements until target 

body condition was reached) than dams in the study referenced above [36]. However, it 

has been suggested that genetic factors associated with dietary energy metabolism in 

Bos-indicus influenced cattle may result in an enhanced ability to cope with extreme 

dietary energy restrictions which would result in lesser or no effects on BrW of offspring 

[164]. Earlier studies in humans have associated nutrient restriction during pregnancy 

with low BrW which increases the risk for metabolic diseases in the offspring later in 

life [18, 19, 171]. However, the influence of maternal nutritional imbalances during 

pregnancy on BrW has not been consistent among studies [158] and maternal nutrient 
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status during pregnancy does not predictably influence BrW [161]. Moreover, BrW 

alone does not necessarily reflect alterations in body composition and adiposity (i.e., 

lean-to-fat ratios) of offspring due to prenatal nutritional perturbations [28]. Laboratory 

animal studies have demonstrated that similar physiological characteristics can arise 

(e.g., hypertension) in response to such perturbations in offspring born with or without 

low BrW [158]. Moreover, studies have shown that animals born with reduced BrW 

tend to overcome this difference later [42–44, 165]. In the current study, heifers born to 

the L maternal group had compensated for their previous lighter BrW at the time of 

weaning at 3 to 3.5 months of age.  

The results of the present work indicated that, while there was a significant 

postnatal dietary energy effect on age at puberty, neither maternal nutritional status nor 

its interaction with postnatal nutrition influenced this variable. Other experimental 

examples in cattle have also demonstrated that neither reduced feed intake during 

pregnancy [36] nor protein supplementation [161] affect pubertal maturation in heifer 

offspring. Ideally, one of the goals of management should be to produce replacement 

heifers that reach puberty by 12–14 months of age and that become pregnant within the 

first few weeks of their first breeding season as yearlings [15, 157]. In southern regions 

of the US, Bos indicus-influenced cattle (Brahman crossbred and composites) are the 

predominant maternal breed types utilized for beef production [159]. However, because 

the average age at puberty occurs later in these breed types [4], many heifers still calve 

for the first time at 2.5 to 3 years of age [157]. This phenomenon is not restricted solely 

to Bos indicus-influenced breed types [160] but is often more pronounced compared to 
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Bos taurus cattle [172]. In the present study, ¼ of the heifer’s genotype came from 

Brahman and, despite the 2 months difference in pubertal onset between heifers fed the 

H and L postnatal diets, both groups ultimately reached puberty at ages that can impact 

positively their lifetime productivity and performance [97, 98, 157, 160].  

Cells involved in the neuronal network regulating GnRH neurons in the 

hypothalamus differentiate during fetal development [163] and dams fed restricted 

energy diets during gestation produced offspring with marked changes in leptin receptor 

expression in the choroid plexus [65]. However, studies examining the influence of 

maternal nutrition in cattle on reproductive performance of offspring are limited [15], 

with most having utilized rodents and sheep to address issues related to fetal 

programming. Similar to our findings, Martin et al. [161] reported that age at puberty in 

the offspring was not affected by maternal nutrition; however, it appears that maternal 

nutrition may influence reproductive performance in the mature heifer. A greater 

percentage of heifers born to cows supplemented with protein had greater overall 

pregnancy rate and more calved within the first 3 weeks of their calving season 

compared with heifers born to unsupplemented cows. In contrast to current and previous 

reports in heifers, a maternal high fat diet (45% in fat) fed to female rats led to irregular 

estrous cycles in the offspring [50]. Moreover, maternal undernutrition (50% of daily 

food intake) in rats delayed the onset of puberty [38] and protein-restricted diets fed 

during gestation have been shown to affect brain development and occurrence of a leptin 

surge early in life [162]. In addition, experiments in sheep have shown that exposure to 

both prenatal under- and overnutrition alter fetal ovarian follicular development (i.e., 
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reduced cellular proliferation in primordial follicles) [48, 30, 31, 49] which can 

negatively impact overall reproductive function [28] as observed by decreased ovulation 

rate [176] and reduced peripheral concentrations of P4 during the luteal phase of the 

estrous cycle in the ewe [27]. In examining the effects of maternal nutrition on 

reproductive characteristics of offspring postweaning, it should be noted that there is 

some potential for maternal effects to be confounded by the early postnatal nutritional 

environment of the suckling offspring before weaning. In the current work, variation in 

maternal traits that might affect offspring growth and health [9], such as colostrum and 

milk production, were not evaluated.  

In the present study, regardless of perinatal diet, Bos indicus-influenced beef 

heifers attained puberty at approximately 60% of their expected mature weight.  

However, an accelerated rate of gain during the juvenile period hastened pubertal 

attainment by 2 months relative to heifers with a slower rate of gain. Most beef heifers 

are weaned from their dams at 6 to 8 months of age in the US. A common approach is to 

manage replacement heifers to attain 60 to 65% of their expected mature BW by the 

onset of the breeding season [157, 166]. Rate of gain up to ~8 months of age appears to 

have a more significant impact on pubertal onset than postweaning gains (growth up to 

the start of breeding) [166, 167]. Moreover, previous studies from our laboratory and 

others have shown that the juvenile period (ranging from 4 to 9 months of age) 

represents a period of significant hypothalamic plasticity in terms of nutritional 

programming which can influence pubertal attainment [60, 61]. Although there is 

evidence that both over- and undernutrition during pregnancy can negatively impact the 
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offspring’s metabolic functions, it appears that relative to onset of puberty in females, 

the juvenile period is more sensitive to dietary manipulation in which a faster rate of 

gain more readily advances pubertal onset.  

Although the exact physiological mechanisms involved in the nutritional 

acceleration of puberty are not completely clear, an earlier decrease in the sensitivity of 

the negative feedback effects of E2 is associated with a decreased inhibition of 

kisspeptin neurons in the ARC [168, 182]. This change may involve leptin and 

inhibitory (NPY)/excitatory (proopiomelanocortin; POMC) outputs towards GnRH 

neurons which in turn will influence the pulsatile release of GnRH/LH for pubertal 

maturation [6, 64]. It appears that the period of early postnatal life is sensitive to 

changes in neuronal projections in the hypothalamus. Genes involved in axon elongation 

were abnormally expressed and density of alpha-melanocyte stimulating hormone 

(αMSH) fibers in the hypothalamus (paraventricular nucleus) was reduced in 12 day-old 

rats exposed to a pre and early postnatal low-protein diet, which was not the case in 

pups that were exposed to a normal protein diet postnatally [162]. Importantly, a 

positive energy balance during the postnatal period to accelerate puberty in heifers may 

require increased signaling of αMSH [64]. According to Amstalden et al. [168], the 

establishment of structural and functional modifications in the NPY-POMC-kisspeptin 

pathways is initiated a few to several months before puberty and these changes are 

influenced by rate of gain and adiposity. This hypothesis is further supported by findings 

that an elevated BW gain during the juvenile period in heifers is associated with 

increased circulating concentrations of leptin, increased expression of POMC mRNA, 
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and decreased NPY innervation towards GnRH neurons in the ARC, as well as an 

earlier decline of E2 negative feedback [60, 62, 103, 105, 169].  

In Exp. 2, we examined the effects of perinatal nutrient extremes on selected 

aspects of reproductive phenotype. The present results indicate that nutritional status 

during mid-late gestation and in early postnatal life, based on the nutritional 

perturbations employed, do not affect major aspects of ovarian-uterine morphology or 

function, including size of the pre-ovulatory follicle, growth rate of the dominant 

follicle, CL size, endometrial thickness during the period of estrogen dominance, estrus 

expression, or estrous cycle length. Moreover, we failed to observe any effects on 

circulating concentrations of P4 during the luteal phase or E2 during the follicular phase 

of the estrous cycle after sexual maturation. Thus, our hypothesis that maternal nutrition 

during second and third trimesters, postnatal nutrition between 4 and 8 months of age, or 

their interaction would affect certain aspects of ovarian-uterine reproductive phenotype 

was rejected. However, similar to results reported previously [141, 173], ovarian size 

was positively correlated with AFC, irrespective of nutritional status. Gunn et al. [174] 

reported no influence of maternal nutrition on ovarian size from dams fed an excessive 

amount of dietary crude protein during late gestation and early lactation. In contrast, 

ovaries of heifers from the M maternal dietary group were larger than ovaries from H 

maternal group, but similar in size to the L maternal group. Nonetheless, this difference 

was not reflected by a difference in AFC among maternal groups. Although AFC and 

the peak of E2 before estrus tended to be affected by postnatal diets, and ovarian size 

was affected by maternal diets, physiologically, these differences would not likely have 



 61 

a major impact on overall reproductive performance. Irrespective of maternal diets, 

heifers from the H postnatal group were classified as having high AFC (≥ 25 follicles), 

whereas heifers from the L postnatal diet were classified as having an intermediate AFC 

classification (16 to 24 follicles) [136]. These results are not in accordance with studies 

in the rat model where maternal plane of nutrition affected reproductive characteristics 

in the female offspring, including CL number, E2 concentration and estrous cyclicity 

[175].  

The reproductive characteristics selected for evaluation in the current experiment 

represent physiological variables that have a strong influence on reproductive function 

and efficiency; thus, if impacted negatively by the perinatal environment could in turn 

impact lifetime productivity. During the follicular phase, especially the pre-ovulatory 

period, elevated concentrations of E2 produced by the dominant estrogen-active follicle 

potentiate uterine contractions to facilitate sperm transport in the female tract. Estradiol 

also regulates the uterine environment through changes in uterine protein expression 

during specific times of the estrous cycle. This coordinates endometrial remodeling that 

is involved in nutritional support to the embryo which influences embryo survival and 

thus reproductive success [73, 119, 177]. Size of the preovulatory follicle and expression 

of estrus are associated with greater amounts of E2 produced by the dominant follicle 

and reflect physiological maturity of the follicle and oocyte. Plasma concentrations of 

E2 before ovulation increase the likelihood of estrus and both serve as positive 

influences on the subsequent concentration of luteal P4 and rate of embryonic survival 

[123].  
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Progesterone is also involved in the regulation of the uterine environment, as 

well as expression of genes that regulate important cell functions, including cell growth 

and differentiation, immune response [177], and growth factors to support conceptus 

development and pregnancy maintenance [178]. Moreover, because endometrial 

thickness changes with stage of the estrous cycle [152] and correlates positively with E2 

concentration [153], it has been used as a potential predictor of reproductive success 

[148]. Although the depletion of the ovarian reserve is not as important in livestock 

species as in humans, since most leave the herd before this event occurs, the ovarian 

reserve has been associated with fertility [67]. A greater number of antral follicles 

present on the ovary (high AFC) has been associated with an enhanced response to 

superovulation protocols, improved embryo quality [136], and a greater percentage of 

cows pregnant at the end of the breeding season compared to low AFC animals [138].  

In cattle, approximately 75% of fetal growth occurs during the third trimester of 

gestation [40]. Although the first trimester of gestation is the period when nutrient 

requirements for fetal growth are minimal [48], it represents the period when critical 

events regulating normal conceptus development and reproduction occur, such as 

organogenesis, maximal placental growth [11], as well as folliculogenesis [108]. In 

ruminants, there is evidence that maternal nutritional status during early-mid gestation 

alters ovarian development [49], AFC [33], maximum size of ovarian follicles [34] and 

circulating steroid hormone concentrations in the offspring [27]. Since we did not 

ovariectomize heifers in this study, we could not determine whether any of the dietary 

treatments influenced the number of pre-antral follicles. Because the maternal diets 
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employed in the current study were applied during the second and third trimesters of 

pregnancy, it appears that the greatest influence of nutrition on AFC and other ovarian 

characteristics occurs earlier in gestation. Thus, the timing of nutritional manipulations 

is a key factor in determining morphological and functional effects in the offspring. 

However, such effects appear to be selective as opposed to universal. Mossa et al. [33] 

reported no influence of maternal nutrition in the first trimester of gestation on CL size, 

maximum follicular diameter, or estrous cycle length in cattle [33] and any such effects 

will likely be dependent upon the nature of the dietary alteration [174]. Although we 

failed to identify any physiologically significant effects on selected aspects of ovarian, 

uterine, or behavioral phenotype in this experiment, the possibility that other more subtle 

alterations caused by the nutritional extremes imposed could still alter long-term 

reproductive performance. However, in cattle and sheep it appears that nutritional status 

of the dam will not result in any significant functional impact on reproductive 

performance during adulthood [194]. In summary, all of the reproductive physiological, 

morphological, hormonal, and behavioral characteristics observed in this study exhibited 

values that were well within the normal range of those reported earlier in bovine females 

[73, 74, 108, 119, 127, 138] and none were affected by the dietary treatments imposed in 

these experiments.  
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          CHAPTER IV     

                  CONCLUSIONS     

           

           

 In summary, our results indicate that, of the perinatal nutritional factors studied, 

postnatal dietary energy status (and thus growth rate) was the only factor that influenced 

age at puberty. No significant effects of maternal nutrition during second and third 

trimesters or its interaction with postnatal nutrition was observed. Moreover, none of the 

maternal or postnatal nutritional treatments imposed had measurable impacts on 

important ovarian, uterine and behavioral characteristics selected for this study. The 

results reported here did not support our primary hypothesis that postnatal diets during 

the juvenile period would mitigate the negative effects of nutritional imbalances during 

pregnancy. The effects of the current perinatal nutritional model on the adult secretion 

pattern of LH, the negative and positive feedback sensitivity to E2, responsiveness of 

kisspeptin neurons to an important regulatory secretagogue (neurokinin B), and several 

aspects of hypothalamic gene expression and neuronal development remain under 

investigation. Longer-term studies will be required to determine whether perinatal 

nutrition or their interaction affect other unexamined variables including lifetime 

reproductive performance in cattle. 
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