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 Two experiments evaluated nutritional management of late-gestating beef cows to 

enhance offspring productivity. The objective of experiment 1 was to evaluate the effects 

of organic and inorganic Cu, Mn, Zn, and Co supplementation to beef cows during late-

gestation on performance and physiological responses of the offspring. The objective of 

experiment 2 was to evaluate the effects of rumen-protected essential fatty acid (EFA) 

supplementation to beef cows during the last trimester of gestation on performance and 

physiological responses of the offspring. In experiment 1, 84 multiparous, non-lactating, 

pregnant Angus × Hereford cows were ranked by pregnancy type (AI = 56 and natural 

service = 28), BW, and BCS, and allocated to 21 drylot pens at the end of their 2nd 

trimester of gestation (day 0). Pens were assigned to receive forage-based diets 

containing: 1) sulfate sources of Cu, Co, Mn, and Zn (INR), 2) an organic complexed 

source of Cu, Mn, Co, and Zn (AAC; Availa®4; Zinpro Corporation, Eden Prairie, MN), 

or 3) no supplemental Cu, Co, Mn, and Zn (CON). Diets were offered from day (d) 0 

until calving and formulated to meet requirements for energy, protein, macrominerals, Se, 

I, and vitamins. The INR and AAC diets provided the same daily amount of Cu, Co, Mn, 



 

 

and Zn. Cow BW and BCS were recorded, and liver samples were collected on d -10 and 

2 weeks (wk; d 75) before the calving season. Within 3 h after calving, calf BW was 

recorded, liver samples were collected, and the expelled placenta was retrieved (n = 47 

placentas). Calves were weaned on d 283 of the experiment, preconditioned for 45 d (d 

283 to 328), transferred to a growing lot on d 328, and moved to a finishing lot on d 440 

where they remained until slaughter. Liver Co, Cu, and Zn concentrations on d 75 were 

greater (P ≤ 0.05) for INR and AAC compared with CON cows, whereas INR had 

reduced (P = 0.04) liver Co but greater (P = 0.03) liver Cu compared with AAC cows. In 

placental cotyledons, Co concentrations were greater (P ≤ 0.05) in AAC and INR 

compared with CON cows, whereas Cu concentrations were only increased (P = 0.05) in 

AAC compared with CON cows. Calves from INR and AAC had greater (P < 0.01) liver 

Co concentrations at birth compared with calves from CON cows. Liver Cu and Zn 

concentrations at birth were greater (P ≤ 0.05) in calves from AAC compared with 

cohorts from CON cows. Weaning BW was greater (P ≤ 0.05) in calves from AAC 

compared with cohorts from CON cows, and this difference was maintained until 

slaughter. In the growing lot, calves from AAC cows had reduced (P < 0.01) incidence of 

bovine respiratory disease compared with CON and INR cohorts.  

 In experiment 2, 96 multiparous, non-lactating, pregnant Angus × Hereford cows 

were stratified by BW and BCS, and divided into 24 groups of 4 cows/group at the end of 

their 2nd trimester of gestation (d -7). All cows became pregnant during the same estrus-

synchronization + AI protocol, with semen from a single sire. Groups were randomly 

assigned to receive (as-fed basis) 452 g/cow daily of soybean meal in addition to 1) 200 

g/cow daily of rumen-protected EFA mix based on eicosapentaenoic, docosahexaenoic, 



 

 

and linoleic acids or 2) 200 g/cow daily of rumen-protected SFA + MUFA mix based on 

palmitic and oleic acids (CON). Groups were maintained in 2 pastures (6 groups of each 

treatment/pasture), and received daily 10.9 kg/cow (as-fed basis) of grass-alfalfa hay. 

Groups were segregated and offered treatments 3 times/week from d 0 until calving. Cow 

BW and BCS were recorded, and blood samples were collected on d -7 and within 12 h 

after calving. Calves BW were also recorded within 12 h of calving. Calves were weaned 

on d 280 of the experiment, preconditioned for 45 d (d 280 to 325), transferred to a 

growing lot on d 325, and moved to a finishing lot on d 445 where they remained until 

slaughter. At calving, EFA-supplemented cows had greater (P < 0.01) proportion (as % 

of total plasma fatty acids) of PUFA including linoleic, linolenic, arachidonic, 

docosapentaenoic, and docosahexaenoic acids. At weaning, calves from CON-

supplemented cows were older (P = 0.03), although no treatment differences were 

detected (P = 0.82) for calf weaning BW. During both growing and finishing phases, 

ADG was greater (P ≤ 0.06) in calves from EFA-supplemented cows. Upon slaughter, 

HCW and marbling were also greater (P ≤ 0.05) in calves from EFA-supplemented cows. 

Collectively, these results are suggestive of programming effects on postnatal 

offspring health and productivity resultant from EFA or organic Co, Cu, Mn, and Zn 

supplementation during last trimester of gestation. Hence, organic trace mineral and EFA 

supplementation during late-gestation should be considered as feasible nutritional 

strategies to enhance productivity in beef production systems.  
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CHAPTER 1 

INTRODUCTION 

 The major objective of a cow-calf operation is to produce one healthy calf per 

cow annually. Cow-calf producers, however, not only want to produce one calf per cow 

each year, but also, they want to ensure that their operation will reach the maximum 

productivity and profitability. Given that, they can efficiently meet the expected increase 

in demand for animal source foods and the decrease in rural areas for grazing animals 

(FAOSTAT, United Nations Food and Agriculture Organization, 2011). Nutritional 

management during gestation is one important factor that impacts the efficiency of 

livestock production systems. Prenatal nutrient supply and hormonal signals at specific 

periods during fetal development may exert long-term consequences on body metabolism 

(Fall, 2011), as well as changes in well-being, performance, body composition, and 

metabolic functions. The fetal programming hypothesis states that adverse events, such as 

nutritional deprivation and stress during gestation, will promote fetal adaptations which 

may have long-term impacts on offspring productivity and health (Barker et al., 1993; 

Barker,1994; Backer,1995). For instance, maternal undernutrition in beef cattle 

compromises placental angiogenesis, cotyledon growth, and thus fetal development 

(Vonnahme et al., 2007; Long et al., 2009). Moreover, fetal growth restriction and/or 

maternal undernutrition can promote negative impacts on growth efficiency and body 

composition (Larson et al., 2009; Funston et al., 2010).  

 On the other hand, effective prenatal nutritional management has long been 

recognized as an important component of livestock production systems. More 

specifically, maternal nutrition is a major extrinsic factor programming nutrient 

partitioning and consequent development/function of fetal organ systems associated with 
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health, production, and reproduction (Long et al., 2010; Silvestre et al., 2011; Garcia et 

al., 2014a). Therefore, maternal nutrition during gestation seems to be an important 

strategy to enhance performance and profitability of the subsequent offspring. 

Nevertheless, recent research evaluating fetal programming effects has focused on energy 

and protein supplementation, and little is known about the potential impacts of 

supplementing trace minerals (Co, Cu, Mn, and Zn) and essential fatty acid (ɷ-3 and ɷ-6) 

to late-gestating beef cows on offspring productivity.  

 

CHAPTER 2 

LITERATURE REVIEW 

 

Developmental Programming and Epigenetic Modification  

 Developmental programming also called “the barker hypothesis,” “developmental 

origins of health and disease” or “fetal programming,” is the concept defined as 

perturbations during fetal developmental periods that may have future consequences on 

offspring growth and health (Wu et al., 2006; Caton and Hess, 2010). Therefore, during the 

last decades, this concept has gained a lot of attention in both human (Barker et al., 1989; 

Barker 1994; Barker 2004) and animal research (Caton and Hess, 2010; Reynolds and 

Caton, 2012). For instance, recent studies and reviews focused on fetal programming have 

suggested that nutritional management during gestation can influence the occurrence of an 

adulthood disease and influence long-term performance (Armitage et al. 2004; Barker, 

2004; Wu et al., 2006). 

 Maternal nutritional status is a major factor implicated in programming nutrient 

partitioning and eventually growth, development, and metabolic function of the major fetal 

organ systems (Godfrey and Barker, 2000; Wu et al., 2006; Caton et al., 2007). Available 
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evidence suggests that the development trajectory of the fetus is sensitive to the direct and 

indirect effects of maternal nutrition at all stages between oocyte maturation and parturition 

(Robinson et al., 1999; Rehfeldt et al., 2004; Ferguson, 2005). Du et al. (2010) reported 

that nutritional management during gestation alters fetal development, especially skeletal 

muscle development. Moreover, the majority of fetal skeletal muscles in cattle are 

developed between 2 and 8 months of gestation, and any perturbations (e.g. nutrient 

restriction) that result in reduction of muscle fiber formation during this period have long-

term irreversible consequences to the offspring (Zhu et al., 2006; Du et al., 2010). 

Furthermore, available evidence suggests that fetal stage is the most efficient stage to 

increase carcass traits and marbling in beef cattle offspring  (Tong et al., 2009; Du et al., 

2010). Thus, maternal nutrition management practices that contribute to myogenesis and 

adipogenesis, which are initiated during fetal development and can enhance carcass traits, 

might be one practical alternative to optimize profitability and productivity in beef 

production systems.  

 The process of developmental programming in mammals occurs through epigenetic 

changes during periods of developmental plasticity (Wu et al., 2006; Jirtle and Skinner, 

2007). The term epigenetics is used to refer to heritable alterations that are not due to 

changes in DNA sequence (Riggs et al., 1996). Rather, epigenetic modifications, such as 

DNA methylation and histone modification, alter DNA accessibility and chromatin 

structure, thereby regulating patterns of gene expression (Neibergs and Johnson, 2012). 

As a result, gene expression is altered and can be passed on to more than one succeeding 

generation. More specifically, epigenetics involves gene silencing or activation that 

occurs independently of changes in the gene’s DNA sequence. As previously mentioned, 



4 

 

 

the two primary mechanisms of epigenetic regulation of gene expression are DNA 

methylation and histone modifications (Simmons, 2011). Briefly, chromatin is the 

complex of chromosomal DNA associated with protein in the nucleus. The DNA in 

chromatin is packaged around histone proteins (H2A, H2B, H3, and H4) in units referred 

to as nucleosomes (Thiagalingam et al., 2003), which serve as a target for methylation, 

acetylation, ubiquitination, and phosphorylation of lysine residues in the protein (Fenech 

et al., 2010; Zheng et al., 2011). Nucleosome spacing determines chromatin structure, 

which can be presented in an open, active (euchromatin) or closed, inactive configuration 

(heterochromatin). Thus, chromatin structure and gene accessibility to transcriptional 

machinery are regulated by modifications of both DNA and histones. 

 Methylation of DNA molecules is highly correlated with gene expression and 

consists of DNA methyltransferases adding methyl groups at cytosine-purine-guanine 

(CpG) islands that are often associated with the promoter region of genes (Simmons, 2011). 

The post-synthetic addition of methyl groups to the cytosine alters the appearance of the 

major groove of DNA, which can be copied after DNA synthesis, resulting in heritable 

changes in chromatin structure. Hypermethylation of DNA leads to highly condensed 

heterochromatin, which is unavailable to the transcriptional machinery and therefore 

transcriptionally silent, whereas hypomethylated genes are represented by euchromatin, 

which is transcriptionally active (Simmons, 2011). The methylation pattern varies among 

cells in different tissues (i.e., oocytes and sperm DNA are less methylated compared to 

cells in somatic tissues, such as muscle), and is maintained during DNA replication, 

allowing the specific methylation pattern to be transmitted to progeny cells (Waterland 

and Garza, 1999).  
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 Histone acetylation and methylation of amino acids residues in the N-termini of 

H3 and H4 are the most common histone modifications. Briefly, it is the chemical 

covalent modifications of the amino acids on the amino-terminal histone tails which 

serves as docking stations to attract various epigenetic modifiers and transcription factors 

for transcriptional modulation (Turner, 1991; Waterland and Garza, 1999). Broadly 

speaking, increased acetylation induces transcription activation, whereas decreased 

acetylation usually induces transcription repression. Methylation of histones, on the other 

hand, is associated with both transcription repression and activation. These processes are 

supported by either histone acetyltransferases (HAT) or histone deacetylases (HDAC), 

which are responsible for transferring an acetyl group from a molecule of Acetyl-CoA to 

the amino group of an amino acid (HAT) or the reverse reaction where an acetyl group is 

removed from a molecule (HDAC). The acetylation process removes the positive charges 

on the histones, thereby decreasing the interaction of the N termini of histones with the 

negatively charged phosphate groups of DNA, resulting in unwrapped chromatin and 

increased levels of gene transcription. This change in chromatin structure, however, can 

be reversed by HDAC activity, which makes the chromatin structure more tightly 

wrapped around the histones, harder for transcription factors to bind to the DNA, 

resulting in lower levels of gene expression. 

Dietary Factors and Fetal Development 

 Nutritional management of beef cows has direct implications on performance of the 

subsequent offspring via fetal programming (Funston et al., 2010; Bohnert et al., 2013; 

Marques et al., 2016). More specifically, maternal nutrition is a major extrinsic factor 

programming nutrient partitioning and consequent development/function of fetal organ 
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systems associated with health, production, and reproduction (Long et al., 2010; Silvestre et 

al., 2011; Garcia et al., 2014a). Nonetheless, the majority of research conducted to date 

evaluating this subject has focused on energy and crude protein (CP) nutrition.  

 Within livestock production, beef cows often undergo periods of 

undernourishment during pregnancy or lactation due to limited forage quality or quantity, 

climate-related issues (e.g., drought or harsh winters), production demands (e.g., lactation 

or growth), and management practices (Wu et al., 2006; Caton and Hess 2010). It was 

demonstrated in several studies with different species that environmental factors and 

maternal nutrition during gestation has long-term consequences on offspring, impacting 

the overall health and productivity of these animals  (Godfrey and Barker, 2001; Gardner 

et al., 2005; Ford et al., 2007; Martin et al., 2007; Larson et al., 2009; Meyer et al. 2010a; 

Neville et al., 2010). Therefore, maternal nutritional status is one of the main factors 

implicated in programming postnatal nutrient partitioning and ultimately, offspring 

growth and development including muscle and adipose tissue (Armitage et al., 2005; Wu 

et al., 2006), resulting in long-term effects on cattle performance and quality of carcass 

traits (Stalker et al., 2007; Larson et al., 2009; Bohnert et al., 2013). Given that, livestock 

producers must be aware that maternal nutrition during gestation significantly impacts 

offspring metabolism and overall function. Hence, closer attention and proper nutrition of 

the herd must be provided, in order to avoid or alleviate adverse effects of nutrient 

restriction during gestation on cow and calf performance. 

Energy 

 Beef cow energy requirements vary with gestational phase and increase sharply in 

the last trimester of gestation due to the rapid fetal growth and mammogenesis occurring 
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in this period (NRC, 2000). Many extensive beef cattle production systems, however, 

utilize forage to provide the majority of nutrients to animals, which is often poor in 

quality and may be inadequate to support optimal nutrition for growth, pregnancy, and 

lactation. Hence, a strategic supplementation might be required to meet the nutrient 

requirements of the beef cow herd. One nutritional approach that can meet the 

requirement of a pregnant cow while maintaining adequate fetal development is the use 

of energy supplement. Energy diets during gestation impact the placental uptake of 

glucose and amino acids which are essential contributors to fetal development (Bell et al., 

2005). For instance, first-calf heifers and mature cows offered a high-energy diet 100 d 

prepartum had increased BW before calving and calf birth BW compared with low-

energy diet animals (Corah et al., 1975). In this study, calves born from cows fed the 

high-energy diet also had greater weaning BW compared with calves born from cows fed 

the low-energy diet. Loerch (1996) reported that cows fed a starch vs. fiber-based diet at 

isocaloric intakes calved and weaned heavier calves, suggesting that maternal energy 

source has implications on fetal development and subsequent offspring productivity. The 

effects of dietary energy source to late-gestating beef cows was also studied by Radunz et 

al. (2012), who reported that calves born from cows fed corn or dried corn distillers 

grains with soluble (DDGS) were heavier at birth and tended to be heavier at weaning 

compared with calves from cows fed grass hay at similar energy intakes. Similar results 

were observed in lambs born from ewes fed primarily corn and DDGS than in lambs born 

from ewes fed haylage during mid- to late-gestation (Radunz et al., 2011).  

 High-energy diets are composed of a large proportion of nonstructural 

carbohydrates, which in the rumen are fermented to propionate. Propionate, a volatile 
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fatty acid, is the major substrate used for gluconeogenesis in the liver of ruminants 

(Reynolds et al., 1994; Reynolds, 2005). Cells and tissue, such as red blood cells and the 

central nervous system, are entirely reliant on on glucose in order to maintain their 

regular function (Reynolds, 2005). Moreover, glucose supply to the fetus, which might 

alter fetal development, is determined by maternal glucose concentration and placental 

uptake (Bauman et al., 2002). From the available data, it appears that high energy diets 

before parturition can increase glucose and aminoacids flow to the fetus via the placenta. 

These nutrients are an essential substrate for fetal growth and organ development which 

can impact the future offspring productivity. Therefore, supplementing high-energy diets 

to beef cows during gestation might influence fetal programming which can impact 

lifelong performance of the future offspring.   

Protein 

 The majority of cow-calf operations in the U.S. depend on forage as the main feed 

source for beef cattle. In within this operation, however, crude protein (CP) 

supplementation is often necessary to meet nutritional requirements of the cowherd 

(Schillo et al., 1992; Rusche et al., 1993; DelCurto et al., 2000) and/or to provide the 

minimum quantity required for an adequate function of the rumen (Ganskopp and 

Bohnert, 2001). 

 Supplemental CP is often offered to increase forage intake, DM digestibility, and 

cattle BW gain (DelCurto et al., 1990; Lintzenich et al., 1995; Bodine et al., 2001). 

Moreover, several authors have demonstrated that CP supplementation to beef cows 

during gestation impacts cow reproductive performance and influences future offspring 

productivity (Stalker et al., 2006; Stalker et al., 2007; Martin et al., 2007; Larson et al., 
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2009; Funston et al., 2010; Bohnert et al., 2013). Regarding female progeny, CP 

supplementation of the dam during late-gestation tended to increase heifer weaning BW 

without altering birth BW. Moreover, heifer calves born from CP-supplemented dams 

had greater prebreeding BW, higher BW at pregnancy diagnosis, as well as greater 

overall pregnancy rate regardless of age at puberty, compared with heifers born from 

non-supplemented dams (Martin et al., 2007). Accordingly, Funston et al. (2008) 

demonstrated that late-gestating beef cows supplemented with CP weaned heavier heifer 

calves that subsequently reached puberty sooner, resulting in greater pregnancy rates 

compared with heifers from non-supplemented cows. These results suggest a fetal 

programming effect of late-gestating dam nutrition on subsequent heifer reproductive 

performance, including ovarian folliculogenesis and endometrial tissue development 

which are concluded during late-gestation (Gray et al., 2001; Rhind et al., 2001).  

 The benefits of CP supplementation to beef cows during gestation have also been 

demonstrated in male offspring performance and carcass characteristics (Stalker et al., 

2006; Stalker et al., 2007; Martin et al., 2007; Larson et al., 2009; Funston et al., 2010; 

Bohnert et al., 2013). In a series of studies with beef cows (Stalker et al., 2006, 2007; 

Larson et al., 2009), researchers evaluated the effects of providing CP supplementation 

during late-gestation on subsequent offspring performance. All studies reported that cows 

supplemented with CP during the last trimester of gestation weaned heavier calves 

compared with non-supplemented cows. Also, Larson et al. (2009) and Stalker et al. 

(2007) reported that steers from cows supplemented during the last trimester of gestation 

had heavier carcasses compared with steers from non-supplemented cows. Larson et al. 

(2009) also reported greater carcass marbling in steers born to cows supplemented with 
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CP during late-gestation. Bohnert et al. (2013) reported greater calf birth weight in CP-

supplemented compared with non-supplemented cows, which differed from other studies 

where supplementation did not influence calf birth BW (Bohnert et al., 2002; Currier et 

al., 2004; Stalker et al., 2006). Nevertheless, calves from CP-supplemented cows also 

tended to have greater ADG to weaning, resulting in heavier calves at weaning compared 

with calves born to non-supplemented cows (Bohnert et al., 2013). At the University of 

Wyoming, researchers evaluated the growth of steers born to cows grazed on either low-

quality native pastures (6% CP) or high-quality fertilized and irrigated pastures (11% CP) 

for 60 d during mid-gestation (Underwood et al., 2010). In that study, calf BW at 

weaning and carcass weights were greater for steers born to cows grazed on high-quality 

improved pastures compared to steers born to cows grazed on native pastures.  

 Based on the results above, cow-calf producers must design their supplementation 

programs according to the nutritional requirements of the animal, forage quality and 

quantity, the economic benefit of the supplement, as well as the gestation stage of their 

cowherd. Nevertheless, cow-calf producers must be aware that energy and CP 

supplementation programs are not the only factors that impact fetal programming 

parameters in cattle. Given that, other nutrients including trace minerals and essential 

fatty acids are known to impact fetal development in human and livestock species 

(Hostetler et al., 2003; Pepper and Black, 2011; Greenberg et al., 2008; Tanghe and De 

Smet, 2013) and might alter offspring productivity and thus deserves further 

investigation. 
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Minerals  

 Traditionally, minerals have been added to ruminant diets to meet animal 

requirements (NRC, 2000). Minerals can be divided into two main classes, 1) macro-

minerals and 2) trace minerals. Macro minerals are needed in relatively large amounts (> 

100 ppm of the diet), whereas trace minerals are required in fairly small amounts (< 100 

ppm of the diet; McDowell, 1992; NRC, 2000). Macro minerals such as P, K, S, Mg, Na, 

and Cl, and trace minerals such as Cu, Zn, I, Mn, Se, Co, and Fe are considered essential 

for beef cattle (NRC, 2000). Macro minerals have significant physiological functions in 

beef cattle and therefore must be supplemented when diets provide insufficient amounts 

of these nutrients. Still, several of the mineral deficiencies commonly detected in beef 

cattle are due to imbalances in trace minerals (Paterson and Engle, 2005). Correct 

concentration of trace minerals in the body should be maintained to promote normal body 

function such as tissue growth and immunity. (McDowell, 1989, 1992; Underwood and 

Suttle, 1999). If trace mineral imbalance occurs, the animal metabolically compensates 

for the nutrient deviation, likely resulting in the occurrence of certain metabolic diseases 

that consequently impair overall animal performance and health (McDowell, 1989, 1992; 

Underwood and Suttle, 1999). 

 Considering that diets may not always contain adequate amounts of minerals to 

meet animal requirements, or that trace minerals in feed ingredients may not be in a form 

that is biologically available to the animal, organic mineral sources have gained 

popularity because of a number of perceived benefits to their use in cattle nutrition. In the 

U.S., there are 5 different compounds that can be commercialized as organically bound 

mineral and are defined by the Association of American Feed Control Officials 
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(AAFCO): 1) A Metal Amino Acid Chelate is the product resulting from the reaction of a 

soluble metal salt with amino acids with a mole ratio of one mole of metal to one to three 

moles of amino acids to form covalent bonds; 2) A Metal Amino Acid Complex is the 

product resulting from complexing of a soluble metal salt with an amino acid; 3) A Metal 

(Specific amino acid) Complex  is the product resulting from complexing of a soluble 

metal salt with a particular amino acid; 4) A Metal Proteinate is the product resulting 

from the chelation of a soluble salt with amino acids and/or partially hydrolyzed protein; 

and 5) A Metal Polysaccharide Complex is the product resulting from the complex of a 

soluble salt with a polysaccharide solution declared as an ingredient as the specific metal 

compound. These organic forms, however, when used as a supplement, have different 

bioavailability to the animal, which can be a determinant for the absorption and level of 

these minerals in animal tissues. 

 In a review, Miles and Henry (2000) listed the following possible benefits of 

organic trace minerals: 1) the ring structure protects the mineral against chemical 

reactions in the gastrointestinal tract; 2) chelates directly pass intact through the intestinal 

wall into the bloodstream; 3) passive absorption is enhanced by decreasing interactions 

between the mineral and other nutrients; 4) the mineral is distributed in a form similar to 

that found in the body; 5) chelates are absorbed by different mechanism than inorganic 

minerals; 6) each mineral in the chelate eases the absorption of other minerals; 7) chelates 

transport a negative charge so they are absorbed and metabolized more efficiently; 8) 

chelation increases solubility and movement through cell membranes; 9) chelation 

increases passive absorption by increasing water and lipid solubility of the mineral; 10) 

chelation improves stability at low pH; and 11) chelates can be absorbed by the amino 
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acid transport system. Therefore, different mechanisms must be involved in uptake and 

utilization of organic trace minerals when compared with the inorganic forms.  

Metabolism and absorption of Cu, Zn, Mn, and Co 

 Copper. The absorption of Cu seems to be homeostatically regulated, meaning 

that the physiological state of the animal regulates its absorption.  Copper is usually 

absorbed in the small intestine by an energy-dependent process and may compete with 

Zn2+ and Fe2+ (Underwood and Suttle, 1999; Elgelking, 2011). Once in the small 

intestine, Cu2+ is reduced by reductase to Cu1+. The reduced Cu1+ crosses the brush border 

membrane by a high-affinity Ctr1 transporter, and to a lesser extent by divalent mineral 

transporters (DMT). Within the cytosol, Cu1+ binds to one of the several chaperones (i.e. 

glutathione, Cox17, and Cox11) for transport and delivery to target enzymes (Underwood 

and Suttle, 1999; Elgelking, 2011). Copper is bound to enzymes by chaperones to enable 

its use in the cells, or bound to metallothionein for storage. Once in the blood, Cu1+ 

attaches to albumin and is carried to the liver. Within the hepatocytes, Cu may be either 

incorporated into metallothionein (storage), Cu-containing enzyme, or bind to 

ceruloplasmin and thus be transported via the blood to other tissues. Copper is used in 

several important mechanisms in the body: 1) ceruloplasmin is necessary for oxidation of 

Fe2+ (which leaves ferritin where it is stored) to Fe3+ in order to be loaded onto transferrin 

for transport to sites of blood cell formation; 2) Cytochrome c oxidase is another enzyme 

vital in the mitochondrial electron transport chain and ATP formation that requires Cu 

during electron transfer. 3) another important Cu-containing enzyme is lysyl oxidase, 

which is secreted by connective tissue cells to aid in the cross-linking of elastin and 

collagen formation; 4) The conversion of the neurotransmitter dopamine to 
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norepinephrine also is dependent on a Cu-containing enzyme called dopamine 

monooxygenase; 5) the most abundant Cu-containing enzyme is superoxide dismutase 

(SOD), which is responsible for the disposal of potentially damaging superoxide anions 

in the body (Underwood and Suttle, 1999; Elgelking, 2011).  

 Zinc. The absorption of Zn occurs in the proximal small intestine by facilitated 

diffusion and DMT (Underwood and Suttle, 1999; Elgelking, 2011). The vast majority of 

Zn2+ is absorbed by carriers across the brush border membrane. However, Zn may be 

excreted in the feces if bound to inhibitors (i.e., phytic acid, polyphenol), or absorption 

may be enhanced by organic acids, amino acids, and low pH (Underwood and Suttle, 

1999; Elgelking, 2011). Within cells, Zn can be functionally used or stored in the Golgi 

network or as part of metallothionein. Following transfer to the blood, Zn2+ is primarily 

bound to albumin (Underwood and Suttle, 1999; Elgelking, 2011). Zinc is not stored in 

the body to any great extent and therefore exhibits higher turnover rate.  The most 

noticeable effects of Zn occur on the metabolism, function, and maintenance of skin, 

pancreas, and male reproductive organs. Zn exhibits additional functions, including a 

catalytic role (metalloenzymes, DNA and RNA polymerases, enzymes in fatty acids, 

carbohydrate, and protein metabolism), structural role (stabilizes protein and membrane 

structure), and regulatory role (controls gene transcription, cell signaling, and hormone 

release; Underwood and Suttle, 1999; Elgelking, 2011).  

 Manganese. It is associated with a wide variety of enzymes in several different 

areas of the metabolism. Manganese is absorbed from the small intestine at a low 

efficiency (3-4%). The blood distribution of Mn is thought to be aided by transferrin 

(Underwood and Suttle, 1999; Elgelking, 2011). Manganese can serve as a component of 
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ATP or ADP, and as a cofactor for several different types of enzymes, including 

carboxylases and decarboxylases, hydrolases and dehydrogenases, and transferases 

(Underwood and Suttle, 1999; Elgelking, 2011). The most important enzymes are 

pyruvate carboxylase and acetyl-CoA carboxylase, and isocitrate dehydrogenase in the 

mitochondrial acid cycle (Underwood and Suttle, 1999; Elgelking, 2011). Also, Mn helps 

to reduce oxidative stress associated with high mitochondrial O2 consumption. Arginase, 

the terminal enzyme in urea production found in the cytoplasm of liver cells, also 

contains Mn. Also, Mn is involved in mucopolysaccharide formation that is necessary for 

growth and maintenance of connective tissue, cartilage, and bone metabolism 

(Underwood and Suttle, 1999; Elgelking, 2011).  

 Cobalt. This trace mineral is an important constituent of vitamin B12, and as such, 

is required for two enzymatic reactions central to mammalian metabolism: 1) synthesis of 

methionine from homocysteine to reform tetrahydrofolate from methyl-folate, allowing 

the proper flow of folate metabolism; and 2) the rearrangement of methyl malonyl-CoA 

to succinyl-CoA which is essential for converting propionate from microbial digestion, 

the terminal 3 carbons of odd-chain fatty acids from mitochondrial β-oxidation, and 

several amino acids, to a member of the tricarboxylic acid cycle (Underwood and Suttle, 

1999; Elgelking, 2011). Cobalt is readily absorbed across the intestinal mucosa by 

transcobalamins. The primary regulator of Co absorption seems to be the level of iron in 

the body, considering iron deficiency enhances Co absorption (Underwood and Suttle, 

1999; Elgelking, 2011). Once in the blood, inorganic Co is distributed attached to 

albumin. Liver, heart, kidney, and bone are considered to have the highest Co 

concentrations, being associated with the preferential accumulation of B12-cobalt in the 
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liver where 50 to 90% of this vitamin is stored (Underwood and Suttle, 1999; Elgelking, 

2011).  

Inorganic vs. Organic Sources. 

 There are limited data on the mechanisms related to uptake and transport of 

organic mineral sources. One of the hypotheses for the increased bioavailability of 

organic mineral is that this form of mineral is protected from unwanted interactions in the 

gastrointestinal tract (Miles and Henry, 2000). Supporting this rationale, Wedekind et al. 

(1992) compared the bioavailability of Zn-methionine vs. Zn-sulfate using the following 

diets: purified (1 mg /kg of Zn), semipurified (13 mg/kg of Zn), and a corn-soybean meal 

diet (45 mg/kg of Zn). The authors reported that the bioavailability of Zn-methionine 

relative to Zn-sulfate was 117, 177, and 206% for the purified, semipurified, and corn-

soybean meal diet, respectively. These results indicate that the methionine complex 

decreased the interaction between Zn and higher fiber content of semipurified and corn-

soybean diet resulting in increased bioavailability of Zn. In ruminants, the bioavailability 

of trace minerals can be affected by the interaction among different minerals such as Cu, 

Fe, Zn, Mo, and S. For instance, Kincaid et al. (1986) demonstrated a greater Cu 

bioavailability from Cu-proteinate compared to Cu-sulfate in calves fed diets containing 

Mo. Similarly, Ward et al. (1996) found that Cu-proteinate and Cu-sulfate were equally 

effective in supplying Cu to cattle fed low dietary Mo, whereas when the diet contained 

higher levels of Mo, Cu from proteinate was more bioavailable. In contrast, Ward et al. 

(1993) detected no difference in Cu bioavailability between Cu-sulfate and Cu-lysine 

regardless of dietary Mo. 
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 Another hypothesis proposed to explain the increased bioavailability of organic 

sources is that mineral chelates can be absorbed intact (Miles and Henry, 2000). Based on 

this rationale, several studies evaluated the solubility of organic complexes and chelates 

and correlated these data with relative bioavailability (Brown and Zeringue, 1994; Cao et 

al., 2000; Guo et al., 2001). For instance, Guo et al. (2001) reported decreasing solubility 

of five commercial organic Cu sources in pH 2.0 buffer. Cao et al. (2000) also 

demonstrated no Zn remaining in the chelated form from solubilization of eight organic 

Zn sources at pH 2.0 or pH 5.0 buffers. Similarly, organic Zn, Cu, and Mn sources had 

decreased solubility in pH 5.0 buffers, indicating that organic complexes and chelates 

were dissociated from the respective trace mineral (Brown and Zeringue, 1994). In 

nonruminants, the pH of gastric juices fluctuates from 0.5 to 2.5, whereas intestinal pH 

ranges from 3.0 to 7.2 (Guo et al. 2001). In ruminants, the pH of the digesta leaving the 

abomasum is about 2 to 3, which increases to approximately 7 to 8 in the small intestine 

(Annenkov, 1982). Thus, it is unlikely that organic minerals from complexed ligand or 

chelated sources would remain intact in the gastrointestinal tract. Nevertheless, some 

studies suggest that organic minerals are metabolized differently than inorganic sources 

even when they have the same rate of absorption. For instance, lambs had similar 

absorption of Zn regardless of source (Zn-oxide vs. Zn-methionine), whereas more Zn 

was retained in the body from Zn methionine as a result of lower urinary excretion of Zn 

by lambs (Spears, 1989). Similarly, Kerley and Ledoux (1992) reported similar 

absorption of Zn from organic vs. inorganic sources, but lambs fed an organic source had 

greater Zn retention as a result of reduced urinary excretion compared with an inorganic 

source. Eckert et al. (1999) also reported differences in the way Cu from organic and 
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inorganic sources was metabolized by sheep. Copper from organic sources promoted 

greater ceruloplasmin activity vs. Cu from inorganic sources, whereas ewes fed inorganic 

sources deposited more Cu in the liver compared with ewes fed Cu-proteinate.  

Trace minerals and fetal programming.  

 Trace minerals are essential for fetal development (Hostetler et al., 2003), and the 

fetus depends entirely on the dam for proper supply of these elements (Hidiroglou and 

Knipfel, 1981). If maternal supply is inadequate, fetal development and postnatal 

performance might be impaired (Weiss et al., 1983). Furthermore, Zn, Cu, Mn, and Co 

are required for the adequate development of the fetal nervous, reproductive, and immune 

systems (Hostetler et al., 2003; Pepper and Black, 2011). Additionally, maternal 

supplementation to mice of folic acid, vitamin B12 (Co is a cofactor), and choline increased 

methylation, one of the mechanisms involved in fetal programming (Warterland and Jirtle, 

2004). Feeding diets deficient in Zn to mice during gestation can promote negative effects 

on the immune system in the offspring even after Zn repletion (Beach et al., 1982; Vruwink 

et al., 1993). According to Beach et al. (1982), Zn deficiencies during gestation negatively 

impacts the immune system of two consecutive generations. These results indicate that 

subsequent adequate Zn intake might not reverse the deleterious effects of maternal dietary 

Zn deficiency on the immunity of the future offspring. Dietary Zn deprivation might also 

increase DNA damage and change the expression of genes associated with cell cycle, 

apoptosis, and DNA transcription (Yan et al., 2008). These authors reported that dietary Zn 

plays an important role in Zn-dependent proteins involved in the protection of the DNA 

integrity.  Furthermore, infants of monkeys fed low-Zn diets are characterized by higher 

levels of DNA damage as assessed by hepatic DNA strand breaks (Olin et al., 1993). 
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Damages in DNA can result in loss of methylation that may be transmitted to the offspring 

(Holliday, 1987).  

  Similar persistent deleterious effects of a maternal Cu deficiency diets have been 

reported (Hostetler et al. 2003). For instance, Cu-deficient diets can result in negative 

neuronal development termed enzootic neonatal ataxia. Evidence indicates that this 

disorder is caused by a low brain Cu concentration leading to a deficiency in cytochrome 

oxidase in the motor neurons resulting in deleterious effects of the myelin surrounding 

these neurons (Hostetler et al. 2003). Moreover, Cu is a cofactor of the ceruloplasmin 

enzyme responsible for oxidation of iron from the ferrous to the ferric state, which is 

utilized for erythrocyte formation (McArtle, 1992). Therefore, Cu deficiency during 

gestation might decrease ceruloplasmin activity resulting in decreased erythrocyte 

metabolism.  

 Dietary intake of Mn may also play a significant role in fetal development. 

Hostetler et al. (2003) suggested that maternal intake of Mn is essential for formation of 

chondroitin sulfate as a component of mucopolysaccharide in the matrix of organic bone. 

Manganese is also a cofactor of the isoenzyme superoxide dismutase (Mn-SOD), which is 

located in the mitochondria and might promote cellular differentiation (St. Clair et al., 

1994), an important event during early fetal development (Hostetler et al. 2003).  

 As previously mentioned, several experiments have been conducted using animal 

and human models to determine if trace mineral metabolism and function are altered during 

pregnancy. Although, published literature examining the effects of trace mineral 

supplementation during gestation on beef cattle offspring performance is limited. During 

gestation, the concentration of trace mineral in bovine conceptus tissues (placenta, placenta 
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fluids, and fetus) increases as the fetus develops (Hansard et al., 1968), suggesting that the 

maternal system shunts minerals to support fetal growth (Gooneratne and Christensen, 

1989). For instance, sows fed a high Cu diet during gestation farrowed larger litters of pigs, 

and the pigs were 9% heavier at birth and 6% heavier at weaning compared to pigs born to 

control sows (Cromwell et al., 1993). Nevertheless, additional research within this subject 

is needed, including experiments designed to determine whether trace mineral 

supplementation to beef cows during gestation impacts offspring productivity later in life.  

Essential fatty acids 

 The major reason to feed fat in ruminant diets is to increase the energy density of 

the diet offered to the animal (NRC, 2000; Hess et al., 2008). However, supplemental fat 

sources not only provide calories, but also impact tissue metabolism (Sumida et al., 2003), 

synthesis of other fatty acids or steroids (Staples et al., 1998), and competition with other 

cell components (Thatcher et al., 2004). In humans and livestock species, ɷ-3 and ɷ-6 fatty 

acids (FA) are considered essential by playing pivotal roles in several body functions but 

cannot be synthesized by the body; therefore, essential FA must be consumed through the 

diet (Hess et al., 2008). The ɷ-6 and ɷ-3 FA recognized as essential dietary nutrients are 

linoleic acid (18:2n-6) and linolenic acid (18:3n-3), respectively, and these FA are normally 

encountered in plant sources (Innis, 2004; Hess et al., 2008). Once consumed from the diet, 

18:2n-6 and 18:3n-3 can be converted to arachidonic acid (20:4n-6) and eicosapentaenoic 

acid (EPA; 20:5n-3), respectively (Innis, 2005). Synthesis of docosahexaenoic acid (DHA; 

22:6n-3) proceeds by successive elongation of 20:5n-3 to 24:5n-3, followed by desaturation 

 at position 6 to 24:6n-3, and chain shortening to 22:6n-3. Synthesis of 22:5n-6 from 20:4n-

6 occurs in a similar pathway (Innis, 2004, 2005). 
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 During gestation, all the ɷ-3 and ɷ-6 FA accumulated by fetus tissue must be 

derived from the circulation of the dam and then transferred to the fetus via the placenta 

(Noble et al., 1978; Innis, 2005; Garcia et al., 2014b). Placental uptake and transfer of ɷ-3 

and ɷ-6 FA are facilitated by several membrane-associated and cytosolic fatty acid binding 

proteins, which favors the transfer of ɷ-3 and ɷ-6 FA over non-essential FA, and 20:4n-6 

and 22:6n-3 over 18:2n-6 and 18:3n-3 (Campbell et al. 1996, 1998ab; Haggarty et al., 

1997). Omega-3 and ɷ-6 FA supply to the fetus relies on maternal intake and circulatory 

availability (Innis, 2005). In fact, studies in humans demonstrated that supplementation of 

fish or fish oil during gestation increased plasma concentration of ɷ-3 FA in newborn (Van 

Houwelingen et al., 1995; Connor et al., 1996). Based on the results previously mentioned, 

providing EFA, such as EPA and DHA, in the maternal diet seems much more efficient 

than 18:2n-6 or 18-3n-3 FA for fetal tissue EFA accumulation.  

 Supplementing pregnant women with EFA is considered critical for optimal fetal 

and early-life child development, including growth, nervous, and immune responses 

(Greenberg et al., 2008). For instance, Kurlak and Stephenson (1999) demonstrated that 

dietary supplementation with long-chain PUFA can improve visual and neural development 

in infants. In monkey and mouse models, inadequate ɷ-3 FA during early development 

decreases 22:6n-3 in the brain and retina, impairs neurogenesis and visual function, and 

results in a long-term deficit in neurotransmitter metabolism (Anderson et al., 2005; 

Chalon, 2006; Innis, 2007). Moreover, ɷ-3 and ɷ-6 FA are essential structural components 

of every cell in the body, and these FA have immunomodulatory effects. For instance, 

linolenic acid and its ω-3 derivatives are precursors of eicosanoid that results in anti-

inflammatory and immunosuppressive compounds, whereas linoleic acid and its ω-6 
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derivatives are precursors of PGE2, a potent stimulator of pro-inflammatory reactions 

(Schmitz and Ecker, 2008). Children born from women supplemented with EPA and DHA 

during pregnancy and lactation have greater resistance to development of allergens, 

suggesting that ɷ-3 supplementation might reduce levels of body cells associated with 

inflammation and immune responses (Krauss-Etschmann et al., 2008). Olsen et al. (2008) 

examined the impacts of maternal intake of ɷ-3 during late pregnancy on offspring risk of 

asthma. These authors observed that ɷ-3 supplementation had a long-term impact on 

offspring protection and health against asthma. Given that, supplementing EFA during 

gestation seems to have a long-term postnatal effect on offspring health.  

 In ruminants, dietary fat undergoes extensive transformation in the rumen, 

resulting in differences between FA profile of lipids in the diet (predominantly 

unsaturated FA) and FA leaving the rumen for absorption in the intestine (Jerkins et al., 

2008). Dietary fats entering the rumen undergo 2 major processes performed by ruminal 

microbes: lipolysis and biohydrogenation (Hess et al., 2008). The microbial lipases 

hydrolyze the ester in the lipids, causing release of FA. After lipolysis, unsaturated FA 

may undergo biohydrogenation by ruminal microbes, which converts the unsaturated to 

saturated FA (SFA) via isomerization to trans FA intermediates, followed by 

hydrogenation of the double bonds (Jerkins et al., 2008). As a result of this ruminal 

process, several intermediate partially hydrogenated by-products may be formed with 

properties markedly different from the dietary fat, which flow out of the rumen to be 

absorbed in the intestine and might influence biological processes in the animal (Hess et 

al., 2008). Given that, methods to protect PUFA from microbial activity in the rumen 

have been developed to avoid or alleviate the impacts of biohydrogenation on dietary 
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PUFA, and to increase the delivery of these FA to the intestine for absorption. The 

development of calcium salts of FA increased the amount of PUFA reaching the small 

intestine of cattle. However, research is still warranted to understand the degree of 

protection of these FA and the estimated amounts and profile of FA reaching the 

intestine.  

 Studies with animals also demonstrated benefits of supplementing fat during 

gestation. Lammoglia et al. (1999ab) investigated the effects of safflower seeds 

supplementation (predominantly linoleic acids) to late-gestating beef cows on cold 

tolerance of newborn calves. Calves born to cows supplemented with dietary safflower 

seeds responded to cold stress by increasing heat production, which potentially increases 

calf survival. This calf response to a cold environment was associated with increased 

availability of glucose for metabolism and heat production (Lammoglia et al. 1999b). 

Additionally, late-gestation ewes provided diets enriched with linoleic acid had improved 

neonatal lamb survivability (Encinias et al., 2004). Small et al. (2004) reported that 

calves born to cows supplemented with fat during gestation had greater serum IgG 

concentration compared with non-supplemented cows. These results suggest that 

supplementing fat during pregnancy impacts offspring health status, particularly 

immunity early in life.  

 Essential fatty acids supplementation to beef cows during gestation could be used 

as a nutritional alternative to increase productivity in beef cattle systems. Also, the fetus 

relies on the availability of EFA in the dam circulation and on placental uptake of these 

FA (Noble et al., 1978; Garcia et al., 2014b). For instance, EFA supplementation 

(predominantly linoleic acid) during the last 8 weeks of gestation increased plasma 
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linoleic concentration in ewes and in newborn lambs indicating that EFA can be 

transferred to the fetus through placental tissue (Noble et al., 1978). Therefore, EFA 

supplementation during gestation might have benefits to offspring performance later in 

life. Accordingly, research with swine reported that supplementing pregnant sows with 

EFA benefited piglet vitality, as well as pre- and post-weaning growth (Tanghe and De 

Smet, 2013). However, prepartum sunflower seed supplementation did not influence calf 

birth or weaning weight (Banta et al., 2006). After a review of literature, Hess et al. 

(2002) observed that prepartum lipid supplementation did not impact calf birth or 

weaning weight. Although, dietary EFA have been shown to affect expression of genes 

associated with muscle and adipocytes development in the fetus tissue. For instance, ɷ-3 

FA positively regulates the expression of genes related to muscle function, but reduced 

expression of genes regulating lipogenesis and FA accumulation (Hiller et al., 2012). 

Conversely, ɷ-6 FA has been shown to have positive impacts on expression of genes 

associated with adipocytes development and accretion into the muscle. Therefore, the 

evaluation of dietary EFA during gestation of beef cows and its impacts on fetal 

development and offspring productivity, particularity muscle development and marbling, 

are warranted. 

Development of maternal nutrition strategies to improve offspring productivity 

 Producing and raising healthy calves is fundamental to the profitability and 

productivity of a cow-calf operation. In the state of Oregon, beef cattle production is the 

largest commodity with a beef cow herd of approximately 534,000 cows (NASS, 2016). 

However, cow-calf producers have been facing a decrease in rural areas for grazing cattle 
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and an increase in demand for animal sources food. Hence, nutritional strategies that 

improve productivity and profitability within the cow-calf industry are warranted.  

 Nutritional management during gestation is one important factor to enhance the 

efficiency of livestock production practices. More specifically, nutritional programs to 

beef cows during gestation affect fetal growth, organ development, and placental 

functions, which subsequently can impact health, productivity, and reproduction of the 

future offspring. Nevertheless, the majority of research conducted to date on this topic 

focused on energy and CP nutrition. Therefore, identifying nutritional strategies that can 

explore those critical periods of fetal development and improve calf performance and 

health may provide unique opportunities to optimize profitability of beef cattle systems. 

Supplementation of dietary trace minerals and EFA during gestation of beef cows are 

strategies that may impact fetal development and future offspring productivity as 

demonstrated in research with human and other livestock species. Therefore, the 

evaluation of dietary trace minerals and EFA during gestation in beef cattle and their 

long-term consequences on calf crop productivity is required.  

 To address these nutritional assumptions, 2 experiments were conducted to evaluate 

the effects of different supplementation strategies to beef cows during the last trimester of 

gestation on performance and physiological responses of the offspring. Results from these 

experiments are reported and discussed in the following chapters.  
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CHAPTER 3 

EFFECTS OF ORGANIC OR INORGANIC CO, CU, MN, AND ZN 

SUPPLEMENTATION TO LATE-GESTATING BEEF COWS ON PRODUCTIVE AND 

PHYSIOLOGICAL RESPONSES OF THE OFFSPRING 

Introduction 

 Nutritional management of beef cows during late-gestation, part energy and CP 

intake, impacts offspring performance via fetal programming (Funston et al., 2010; 

Bohnert et al., 2013). However, little is known about the effects of trace mineral status of 

late-gestating cows on offspring productivity. Trace minerals are essential for fetal 

development (Hostetler et al., 2003), and the fetus depends completely on the dam for 

proper supply of these elements (Hidiroglou and Knipfel, 1981). If maternal supply is 

inadequate, fetal development and postnatal performance might be impaired (Weiss et al., 

1983). For example Zn, Cu, Mn, and Co are required for adequate development of the 

fetal nervous, reproductive, and immune systems (Hostetler et al., 2003; Pepper and 

Black, 2011). Moreover, Cu concentration in bovine fetal liver is greater than maternal 

liver Cu concentration, suggesting that the maternal system shunts Cu to support fetal 

development (Gooneratne and Christensen, 1989). Therefore, we hypothesized that 

supplementing Cu, Mn, Zn, and Co to late-gestating cows will result in increased 

postnatal offspring productivity.  

 One strategy to enhance trace mineral status in cattle is to feed organic complexed 

sources (Spears, 1996). Hostetler et al. (2003) reported that Cu, Mn, and Zn 

concentrations in tissues of fetuses collected from sows supplemented with organic 

sources of these elements were greater compared with fetuses from sows supplemented 

with inorganic sources, which resulted in reduced fetal loss by 30 d of gestation. Hence, 



28 

 

 

we also theorized that supplementing organic complexed sources of Cu, Mn, Zn, and Co 

to beef cows during late-gestation is an alternative to further optimize postnatal offspring 

productivity. Based on these hypotheses, this experiment evaluated the effects of organic 

and inorganic Cu, Mn, Zn, and Co supplementation to beef cows during late-gestation on 

performance and physiological responses of the offspring. 

Materials and Methods 

 This experiment was conducted at the Oregon State University – Eastern Oregon 

Agricultural Research Center (Burns station). The animals utilized were cared for in 

accordance with acceptable practices and experimental protocols reviewed and approved 

by the Oregon State University, Institutional Animal Care and Use Committee (number 

4496). 

Cow-calf management and dietary treatments 

 Eighty-four multiparous, non-lactating, pregnant Angus × Hereford cows (BW = 

512 ± 6 kg, age = 5.1 ± 0.2 yr, BCS = 5.11 ± 0.04 according to Wagner et al., 1988) were 

assigned to the experiment at the end of their 2nd trimester of gestation (d 0 of the 

experiment). Cows were pregnant to AI using semen from a single Angus sire (n = 56) or 

pregnant to Hereford bulls via natural breeding (n = 28; cows were exposed to bulls for 

50 d beginning 17 d after AI), according to the breeding management and pregnancy 

diagnosis described by Cooke et al. (2014). At the beginning of the experiment (d 0), 

pregnancy length was expected to be 206 d for cows pregnant to AI, and 189 d or less for 

cows pregnant via natural breeding. 

 Before the beginning of the experiment (d -10), cows were ranked by pregnancy 

type (AI or natural service), BW, and BCS, and allocated to 21 drylot pens (4 cows/pen; 
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7 pens/treatment; 7 by 15 m) in a manner such that pens had equivalent BW and BCS, 

and either 3 or 2 cows pregnant to AI. Pens were ranked by proportion of cows pregnant 

to AI or natural service, and alternatingly assigned to receive diets containing 1 of 3 

treatments: 1) sulfate sources of Cu, Co, Mn, and Zn (INR; custom blend manufactured 

by Performix Nutrition Systems, Nampa, ID), 2) organic complexed source of Cu, Mn, 

Co, and Zn (AAC; Availa®4; Zinpro Corporation, Eden Prairie, MN), or 3) no 

supplemental Cu, Co, Mn, and Zn (CON). The AAC trace mineral source was based on a 

metal:amino acid complex ratio of 1:1 for Zn, Cu, and Mn, in addition to cobalt 

glucoheptonate (Zinpro Corporation). All diets were isocaloric, isonitrogenous, and 

formulated to meet requirements for energy, protein, macrominerals, Se, I, and vitamins 

(Table 1) of pregnant cows during the last trimester of gestation (NRC, 2000). The INR 

and AAC sources were mixed with corn, formulated to provide the same daily amount of 

Cu, Co, Mn, and Zn (based on 7 g/cow daily of Availa®4; Siciliano-Jones et al., 2008; 

Kegley et al., 2012) as described in Table 1, and offered separately from hay in a 

different section of the same feed bunk. All diets (forage + concentrate) were limit fed at 

10.8 kg of DM/cow daily, offered once daily (0700h) from d 0 of the experiment until 

calving, and completely consumed within 6 h after feeding. 

 Immediately after calving, cow-calf pairs were removed from their respective 

pens, and assigned to the general management of the research herd (described by 

Francisco et al., 2012) that included free-choice inorganic trace mineral supplementation 

(Cattleman’s Choice; Performix Nutrition Systems, containing 14 % Ca, 10 % P, 16 % 

NaCl, 1.5 % Mg, 6000 ppm Zn, 3200 ppm Cu, 65 ppm I, 900 ppm Mn, 140 ppm Se, 136 

IU/g of vitamin A, 13 IU/g of vitamin D3, and 0.05 IU/g of vitamin E). All calves were 
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administered Clostrishield 7 and Virashield 6 + Somnus (Novartis Animal Health, 

Bucyrus, KS) at approximately 30 d of age. Cows were assigned to the same reproductive 

management (d 172 to 242 of the experiment) and pregnancy diagnosis (d 284 of the 

experiment) described by Cooke et al. (2014).   

Calf management 

 Preconditioning (d 283 to 328). Calves were weaned on d 283 of the experiment 

and transferred to a 6-ha meadow foxtail (Alopecurus pratensis L.) pasture, which had 

been previously harvested for hay, for a 45-d preconditioning period as a single group. 

All calves were administered One Shot Ultra 7, Bovi-Shield Gold 5, TSV-2, and 

Dectomax (Zoetis, Florham Park, NJ) at weaning, and received a booster of Bovi-Shield 

Gold 5, UltraChoice 7, and TSV-2 (Zoetis) 28 d after weaning (d 311 of the experiment). 

During preconditioning, calves received mixed alfalfa-grass hay (14% CP, 56% TDN; 

DM basis), water, and the same commercial mineral and vitamin mix previously 

described (Cattleman’s Choice; Performix Nutrition Systems) for ad libitum 

consumption.  

 Growing (d 328 to 440) and finishing (d 440 until slaughter). On d 328, all 

calves were loaded into a commercial livestock trailer and transported for 480 km to the 

growing lot (Top Cut; Echo, OR), where they remained for 112 d and managed as a 

single group. On d 440, calves were moved to an adjacent finishing lot (Beef Northwest; 

Boardman, OR), where they continued to be managed as a single group until slaughter at 

a commercial packing facility (Tyson Fresh Meats Inc., Pasco, WA). Upon arrival to the 

finishing lot, all calves were administered Bovi-Shield Gold 5 (Zoetis), Vizion 7 (Merck 

Animal Health, Kenilworth, NJ), Valbazen (Zoetis), and Bimectin pour-on (Bimeda 

http://www.pbsanimalhealth.com/vendors/Bimeda-Animal-Health-Inc/37.html
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Animal Health Inc., Oakbrook Terrace, IL). Steers were implanted with Revalor IS 

(Merck Animal Health) and heifers were implanted with Revalor IH (Merck Animal 

Health) upon arrival. Growing and finishing diets were fed ad libitum and are described 

in Table 2. Slaughter date was determined according to the availability of the commercial 

packing facility (Tyson Fresh Meats). As a result, calves were randomly assigned to 

slaughter on 2 separate dates, 13 d apart, regardless of treatment group [n = 11 AAC, 5 

CON, and 6 INR calves after 147 d on feed (DOF); n = 11 AAC, 18 CON, and 15 INR 

calves after 160 DOF].  

Sampling 

 Feedstuffs. Two samples of all dietary ingredients fed to late-gestating cows 

(Table 1) were collected before the beginning of the experiment and analyzed for nutrient 

content by a commercial laboratory (Dairy One Forage Laboratory, Ithaca, NY). Each 

sample was analyzed in triplicate by wet chemistry procedures for concentrations of CP 

(method 984.13; AOAC, 2006), ADF (method 973.18 modified for use in an Ankom 200 

fiber analyzer, Ankom Technology Corp., Fairport, NY; AOAC, 2006), NDF (Van Soest 

et al., 1991; modified for Ankom 200 fiber analyzer, Ankom Technology Corp.), macro 

and trace minerals using inductively coupled plasma emission spectroscopy (Sirois et 

al., 1991), as well as Se according to method 996.16 of the AOAC (2006). 

Calculations for TDN used the equation proposed by Weiss et al. (1992), whereas NEm 

was calculated with the equations proposed by the NRC (2000).   

 Cows and newborn calves. Individual cow BW and BCS (Wagner et al., 1988) 

were recorded and averaged over 2 consecutive days prior to the beginning of the 

experiment (d -11 and -10; initial measurement) to establish initial BW and BCS, and 2 

http://www.pbsanimalhealth.com/vendors/Bimeda-Animal-Health-Inc/37.html
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wk prior to the beginning of the estimated calving season (d 75 and 76; pre-calving 

measurement). On d -10 and 75, liver biopsies were performed in all cows via needle 

biopsy (Tru-Cut biopsy needle; CareFusion Corporation, San Diego, CA) according 

procedures described by Arthington and Corah (1995), and liver samples were 

immediately stored at −80°C. Within 3 h after calving and prior to the first nursing event, 

calf birth BW, birth date, and gender were recorded, whereas a liver sample was collected 

via needle biopsy (Tru-Cut biopsy needle; CareFusion Corporation) and immediately 

stored at −80°C. When feasible, the expelled placenta was retrieved and immediately 

rinsed with nanopure water for 5 min. A total of 47 placentas were retrieved, with at least 

one placenta per experimental pen (18, 14, and 15 placentas retrieved, respectively, from 

INR, CON, and ACC cows). All collected placentas were expelled within 12 h after 

calving, and therefore not considered as retained fetal membranes (Takagi et al., 2002). 

The 5 largest cotyledons were dissected from each placenta using curved scissors, given 

that the largest cotyledons are expected to be the most active regarding nutrient transfer 

from the dam to the fetus (Senger, 2003). Cotyledons from each placenta were pooled 

and dried for 24 h at 65°C, and subsequently stored at −80°C. 

 Preconditioning. Cow BW and BCS (Wagner et al., 1988) were recorded at 

weaning (d 283). Calf BW was recorded and blood samples were collected, via jugular 

venipuncture into commercial heparinized blood collection tubes (Vacutainer, 10 mL; 

Becton Dickinson, Franklin Lakes, NJ), on d 283, 284, 286, 288, and 290 of the 

experiment. Calf BW on d 283 and 284 were averaged and considered as calf weaning 

BW. Calves were observed daily for bovine respiratory disease (BRD) symptoms 

according to the subjective criteria described by Berry et al. (2004), and received 0.1 
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mL/kg of BW of Hexasol LA Solution (Norbrook® Inc. USA; Overland Park, KS 6) 

when symptoms were observed. 

 Growing and finishing. Calf BW was recorded upon arrival at the growing lot (d 

328) and the finishing lot (d 440). Calves were observed daily for BRD symptoms 

according to the DART system (Zoetis, Florham Park, NJ), and received medication 

according to the management criteria of the growing and finishing yards. At the 

commercial packing plant, HCW was collected upon slaughter. Final finishing BW was 

estimated based on HCW adjusted to a 63% dressing percentage (Loza et al., 2010). After 

a 24-h chill, trained personnel assessed carcass backfat thickness at the 12th-rib and LM 

area, whereas all other carcass measures were recorded by a USDA grader.  

 Preconditioning ADG was determined using BW obtained at weaning (average d 

283 and 284) and upon growing lot arrival (d 328). Growing lot ADG was determined 

using BW values obtained upon growing lot and finishing lot arrival (d 440). Finishing 

lot ADG was determined using BW values obtained upon finishing lot arrival and final 

finishing BW estimated from HCW (Loza et al., 2010). 

Blood and tissue analysis 

 Liver and cotyledon samples were analyzed via inductively coupled plasma mass 

spectrometry for concentrations of Co, Cu, Mn, and Zn by the Michigan State University 

- Diagnostic Center for Population and Animal Health according to Braselton et al. 

(1997). Blood samples were collected, centrifuged at 2,500 × g for 30 min for plasma 

collection and stored at -80°C on the same day of collection. Plasma samples were 

analyzed for haptoglobin (Cooke and Arthington, 2013) and cortisol (Immulite 1000; 

Siemens Medical Solutions Diagnostics, Los Angeles, CA) concentrations. The intra- and 
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inter-assay CV for haptoglobin were, respectively, 2.6 and 5.6%. Plasma cortisol was 

analyzed within a single assay, and the intra-assay CV was 4.4%.  

Statistical analysis 

 All cow and calf variables were analyzed with pen as the experimental unit, and 

pen(treatment) and cow(pen) as random variables. Quantitative data were analyzed using 

the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC), binary data were analyzed 

using the GLIMMIX procedure of SAS (SAS Inst. Inc.), and Satterthwaite approximation 

to determine the denominator df for tests of fixed effects. Model statements for cow-

related responses included the effects of treatment. Model statements for calf-related 

responses and placental cotyledon analysis included the effects of treatment, calf gender 

as independent covariate, as well as day and treatment × day interaction for plasma 

variables. In addition, DOF was included as an independent covariate for all finishing lot 

and carcass variables. The specified term used in the repeated statement for plasma 

variables was day, the subject was cow(pen), and the covariance structure used was 

autoregressive, which provided the best fit for these analyses according to the lowest 

Akaike information criterion. Results are reported as least square means, covariately-

adjusted to calf gender and DOF when applicable, and separated using PDIFF. 

Significance was set at P ≤ 0.05, and tendencies were determined if P > 0.05 and ≤ 0.10. 

Results and Discussion 

 Nutrient composition and profile of diets offered to CON, INR, and AAC cows 

are described in Table 1. All diets provided adequate amounts of macronutrients and trace 

minerals, based on the requirements of pregnant cows during last trimester of gestation 

(NRC, 2000). As expected, including the inorganic or organic sources of Cu, Co, Mn, and 
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Zn equally increased concentration of these trace elements in INR and AAC diets (Table 

1). It is important to note that minimum requirements for Cu, Co, Mn, and Zn were met 

in the CON diet, while the INR and ACC diets provided nearly 200% of NRC 

requirements for Zn, Cu, and Mn and over 2,000% of NRC requirements for Co (Table 1; 

NRC, 2000). Therefore, results from this experiment should not be associated with trace 

mineral deficiency in the CON diet, but with potential fetal programming effects of 

additional Cu, Co, Mn, and Zn intake by AAC and INR cows. 

Cow parameters 

 Cow age at the beginning of the experiment, as well as length of treatment 

administration, were similar (P ≥ 0.36) among CON, INR, and AAC cows (Table 3). 

Based on the experimental design, initial cow BW and BCS were also similar (P ≥ 0.41) 

among treatments (Table 3). No treatment differences were detected (P ≥ 0.61) for BW 

change or pre-calving BW (Table 3). Cows receiving CON gained less (P ≤ 0.05) BCS 

during the last trimester of gestation compared with INR and AAC cohorts (Table 3; 

main treatment effect, P = 0.10). However, such increase was insufficient to impact pre-

calving BCS, which was similar (P = 0.61) among treatments and adequate to promote 

offspring productivity according to Bohnert et al. (2013). Similarly, others reported that 

Cu, Co, Mn, and Zn  supplementation, either as organic or inorganic sources, failed to 

substantially benefit BW and BCS during gestation in cows receiving diets with adequate 

content of these trace minerals (Stanton et al., 2000; Ahola et al., 2004). 

 No differences were detected (P ≥ 0.38) among CON, INR, and AAC cows for 

initial (d -10) liver Co, Cu, Mn, and Zn concentrations (Table 4), indicating that all 

treatments had similar and adequate (Kincaid, 2000; McDowell, 2003) Co, Cu, Mn, and 
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Zn liver status prior to the beginning of the experiment. In pre-calving (d 75) samples, 

liver concentrations of Co, Cu, and Zn were greater (P ≤ 0.05) for INR and AAC 

compared with CON, whereas INR cows had reduced (P = 0.04) liver Co, similar (P = 

0.62) liver Zn, but greater (P = 0.03) liver Cu compared with AAC cows (Table 4). No 

treatment differences were detected (P = 0.67) on pre-calving liver Mn concentration 

(Table 4). These results indicate that the INR and AAC diets successfully increased liver 

Co, Cu, and Zn concentrations, but not Mn. Underwood and Suttle (1999) reported that 

liver Mn concentration in ruminants is not influenced by increased dietary Mn intake, 

suggesting that liver may not be an appropriate tissue to evaluate dietary impacts on Mn 

status of beef cattle (Ahola et al., 2004). Others also reported that cows supplemented 

with Co, Cu, Zn via inorganic or organic sources had greater liver concentrations of these 

trace minerals compared with non-supplemented cohorts (Stanton et al. 2000; Ahola et 

al., 2004; Akins et al., 2013). Although organic mineral forms are expected to have 

enhanced absorption, retention, and biological activity compared with sulfate minerals 

(Spears, 1996; Ward et al., 1996; Hostetler et al., 2003), only liver Co supported this 

rationale in the present experiment. Nevertheless, the effects of supplementing organic 

Zn, Cu, and Co on liver mineral status of beef cows has been variable (Stanton et al., 

2000; Ahola et al., 2004; Arthington and Swenson, 2004), agreeing with the 

inconsistency in treatment effects detected for Cu, Co, and Zn in pre-calving liver 

samples of AAC and INR cows. Yet, all treatments had adequate Co, Cu, Mn, and Zn 

liver status prior to calving (Kincaid, 2000; McDowell, 2003), corroborating that the 

CON, INR, and AAC diets provided the minimum recommended amount of these trace 

minerals to gestating beef cows (NRC, 2000). 
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 No treatment effects were detected (P ≥ 0.40) for cow BW and BCS at weaning, 

as well as BW and BCS change from pre-calving to weaning (Table 3). No treatment 

effects were also detected (P ≥ 0.59) for pregnancy rates to AI, bull breeding, and overall 

(AI + bull breeding; Table 3). These results can be attributed to the similar nutritional 

management that all treatments groups received from calving until weaning, and indicate 

that Cu, Zn, Mn, and Co supplementation during late-gestation, as organic or inorganic 

sources, did not impact post-calving BW, BCS, and cow reproductive performance 

(Stanton et al., 2000; Muehlenbein et al., 2001).  

Calf birth and weaning parameters 

 In the placental cotyledons (Table 5), Co concentrations were greater (P ≤ 0.05) 

in AAC and INR compared with CON cows, and similar between INR and ACC cows (P 

= 0.25). Concentrations of Cu in placental cotyledons were greater (P = 0.05) in AAC 

compared with CON cows, and similar when comparing INR and CON cows (P = 0.16) 

or INR and ACC cows (P = 0.51). No treatment effects were detected for Mn and Zn 

concentrations in placental cotyledons (P ≥ 0.73; Table 5). Upon calving, calves from 

INR and AAC cows had similar (P = 0.21) liver Co concentrations, but greater (P < 0.01) 

compared with calves from CON cows (Table 5). Liver Cu and Zn concentrations (Table 

5) were greater (P = 0.05) in calves from AAC cows compared with cohorts from CON 

cows, but similar when comparing calves from INR and CON cows (P = 0.19) or calves 

from AAC and INR cows (P = 0.30). No treatment effect was detected for calf liver Mn 

concentration (P = 0.43; Table 5). Given that the fetus relies completely on the dam for 

proper supply of trace minerals (Hidiroglou and Knipfel, 1981), treatment effects 

detected for cotyledon and calf liver Co concentrations suggest increased passage of this 
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trace mineral through the placenta to the fetus when INR and AAC diets were offered to 

late-gestating cows instead of the CON diet (Pepper and Black, 2011). However, 

treatment differences in cotyledon Cu and calf liver Cu and Zn suggest that transfer of 

these elements from maternal to fetal tissues was only enhanced when the AAC diet was 

offered instead of the CON diet (Hostetler et al., 2003). The lack of treatment effects on 

cotyledon and calf liver Mn further corroborates that Mn concentrations in these tissues 

are also not impacted by dietary Mn intake by the dam during gestation (Underwood and 

Suttle, 1999; Ahola et al., 2004).  

 No treatment effects were detected (P ≥ 0.27) for calving rate, calf birth BW 

(adjusted or not; BIF, 2010), as well as kg of calf born per cow assigned to the 

experiment (Table 6). Stanton et al. (2000) and Sprinkle et al. (2006) also reported that 

supplementing trace minerals, as organic or inorganic sources, to late-gestating beef cows 

did not impact calf birth BW. Therefore, AAC and INR diets did not impact fetal growth, 

despite treatment differences detected on cotyledon Co and Cu as well as calf liver Co, 

Cu, and Zn concentrations. At weaning, no treatment differences were detected (P ≥ 

0.17) for weaning rate and weaning age (Table 6). Weaning BW and 205-d adjusted 

weaning BW (BIF, 2010) were greater (P ≤ 0.04) for calves from AAC cows compared 

with calves from CON cows, and similar (P ≥ 0.18) between calves from INR vs. AAC 

and INR vs. CON cows (Table 6). However, no treatment effects were detected (P ≥ 

0.41) for kg of calf weaned (actual or 205-d adjusted BW) per cow assigned to the 

experiment, which can be associated with the unexpected numerical decrease in weaning 

rate of INR cows (Table 6).  
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 Weaning results indicate that supplementing late-gestating beef cows the AAC 

diet increased weaning BW by more than 20 kg compared with CON cows. Given that 

Cu, Zn, Mn, and Co (as component of vitamin B12; NRC, 2000) play important roles on 

enzymatic and metabolic functions during fetal growth (Hostetler et al., 2003; Griffiths et 

al., 2007) and the AAC diet increased Cu, Zn, and Co concentrations in the newborn calf 

liver compared with CON cohorts, these results suggest that feeding the AAC diet to late-

gestating beef cows resulted in programming effects on postnatal offspring development. 

Nevertheless, these results are novel and further research is warranted to understand the 

physiological mechanism underlying these outcomes. It is important to note that the 

proportion of AI-sired calves that were born and weaned was similar (P ≥ 0.70) among 

treatments (Table 6), indicating that treatment differences in weaning outcomes were 

independent of calf sire. Conversely, CON cows gave birth and weaned a reduced (P ≤ 

0.05) proportion of male calves compared with INR and AAC cows (Table 6). Calf 

gender was not controlled in the experimental design because cows were assigned to 

treatments without knowledge of their fetal gender. For this reason, all calf variables 

were analyzed using calf gender as an independent covariate, whereas the treatment × 

gender interaction was not tested because the experimental units were not blocked by calf 

gender. Nevertheless, gender was not a significant covariate for weaning variables (P ≥ 

0.45). Although steers are expected to have greater weaning BW compared with heifers 

(Koger and Knox, 1945), steers and heifers had similar (P ≥ 0.45) weaning age (182 vs. 

183 d, respectively; SEM = 3), weaning BW (223 vs. 224 kg, respectively; SEM = 5), 

and 205-d adjusted weaning BW (254 vs. 252 kg, respectively; SEM = 5) in the present 

experiment. Therefore, treatment effects detected for weaning BW variables should also 
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not be associated with the greater (P ≤ 0.05) proportion of male calves born from INR 

and AAC cows (Table 6).  

Calf preconditioning parameters 

 Upon weaning, a treatment × day interaction was detected (P < 0.01) for plasma 

cortisol (Figure 1). Cortisol concentrations increased in calves from all treatments after 

weaning (day effect, P < 0.01). However, cortisol concentrations were greater (P < 0.01) 

in calves from AAC and INR cows compared with CON cohorts, and similar between 

calves from AAC and INR cows (P = 0.61), 3 d after weaning (d 286 of the experiment). 

Accordingly, Long et al. (2010) reported that maternal nutrition during gestation 

influences adrenal steroidogeneses of the offspring. No treatment effects were detected 

for plasma haptoglobin concentrations, which increased (day effect; P < 0.01) for all 

treatments upon weaning (0.37, 1.31, 1.19, 0.93, and 0.72 µg/mL on d 283, 284, 286, 

288, and 290, respectively; SEM = 0.05). The day effects reported herein for plasma 

cortisol and haptoglobin concentrations were expected, based on the neuroendocrine 

stress response and acute-phase protein reaction elicited by weaning and vaccination 

against BRD pathogens (Arthington et al., 2013; Rodrigues et al., 2015). Nevertheless, 

elevated cortisol has been positively associated with plasma haptoglobin concentrations 

(Cooke and Bohnert, 2011; Cooke et al., 2012), while the greater plasma cortisol 

concentration in AAC and INR calves on d 283 did not yield a similar haptoglobin 

response. These outcomes suggest that Co, Cu, Zn, and Mn supplementation to late-

gestating cows impacted the steroidogenesis required to cope with the stress of weaning 

procedures in the offspring, without impacting the resultant acute-phase protein response 

(Carroll and Forsberg, 2007). 
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 During the 45-d preconditioning, no treatment effects were detected (P ≥ 0.42) for 

incidence of calves that required treatment for BRD, calf mortality, and ADG (Table 6), 

indicating that treatments did not influence calf preconditioning performance and health 

parameters despite treatment differences detected for weaning BW (Table 6) and plasma 

cortisol (Figure 1). At the end of preconditioning, BW was still greater (P = 0.03) for 

calves from AAC cows compared with calves from CON cows, and similar among calves 

from INR cows compared with AAC and CON cohorts (P ≥ 0.25). Gender was also not a 

significant covariate for preconditioning variables (P ≥ 0.34), whereas steers and heifers 

had similar (P = 0.63) preconditioning final BW (232 vs. 227 kg, respectively; SEM = 8). 

These outcomes corroborate with treatment effects reported for weaning variables, 

indicating that supplementing an organic source of Co, Cu, Zn, and Mn to late-gestating 

beef cows enhanced postnatal offspring performance compared with non-supplemented 

cohorts. Still, kg of preconditioning calf produced/cow assigned to the experiment were 

similar (P = 0.35) among treatments, which can again be attributed to the unexpected 

numerical increase in overall calf loss of INR cows (Table 6).  

Calf feedlot and carcass parameters 

 During the growing lot phase, when BRD incidence is elevated in feeder cattle 

(Snowder et al., 2006), the proportion of calves treated for BRD symptoms was reduced 

(P < 0.01) in calves from AAC cows compared with calves from INR and CON cohorts 

(Table 7). During gestation, Zn, Cu, Mn, and Co are also essential for development of the 

fetal immune system (Hostetler et al., 2003; Pepper and Black, 2011), suggesting that 

feeding the AAC diet to late-gestating cows also resulted in programming effects on 

postnatal offspring health. Nevertheless, no treatment effects were detected (P ≥ 0.63) for 
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calf mortality and ADG in the growing lot (Table 7). Calf BW at the end of the growing 

lot phase was still greater (P = 0.04) for calves from AAC cows compared with calves 

from CON cows, and similar among calves from INR cows compared with AAC and 

CON cohorts (P ≥ 0.17). Gender was also not a significant covariate for growing lot 

variables (P ≥ 0.39); steers and heifers had similar (P = 0.63) growing lot final BW (364 

vs. 359 kg, respectively; SEM = 7) although feedlot performance is often impacted by 

calf gender (Hassen et al., 1999).  

 Calves from AAC cows were slaughtered with less (P = 0.03) DOF compared 

with CON cohorts (265, 269, and 268 DOF for AAC, CON, and INR, respectively; SEM 

= 1.3, main treatment effect, P = 0.08) due to the management decisions of the finishing 

lot and packing facility (Table 7), although DOF was not a significant covariate (P ≥ 

0.16) for finishing performance and carcass traits. Similar to weaning outcomes, the 

proportion of AI-sired calves that were slaughtered did not differ (P = 0.92) among 

treatments, whereas a reduced (P ≤ 0.05) proportion of male calves were slaughtered 

from CON cows compared with INR and AAC cohorts (Table 7). However, calf gender 

was a significant covariate (P ≤ 0.04) for all finishing and carcass variables, given that 

steers and heifers often have different feedlot growth rates and carcass merit (Hassen et 

al., 1999). As an example, steers had greater (P < 0.01) HCW compared with heifers (432 

vs. 405 kg, respectively; SEM = 7) in the present experiment. Therefore, it is important to 

emphasize that all finishing and carcass results were adjusted to the significant (P ≤ 0.04) 

calf gender covariate. No treatment effects were detected (P ≥ 0.59) for calf ADG and 

BRD incidence (Table 7) during the finishing period, which was minor due to calf age 

and DOF during this phase (Snowder et al., 2006), whereas no calf mortality was 
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observed. Moreover, no treatment effects were detected for percentage of calves 

slaughtered per cow assigned to the experiment (P = 0.85; Table 1), indicating that 

mortality rate among treatments was similar throughout the entire offspring productive 

life. Final finishing BW and HCW were again greater (P = 0.05) for calves from AAC 

cows compared with calves from CON cows, and similar among calves from INR cows 

compared with AAC and CON cohorts (P ≥ 0.19). No treatment effects were detected (P 

≥ 0.46) for any of the other carcass merit traits evaluated, or kg of carcass produced per 

cow assigned to the experiment (Table 7). Collectively, these outcomes suggest that 

treatment effects on finishing BW and HCW were resultant from the greater weaning BW 

in calves from AAC cows compared with CON cohorts, while treatments and differences 

in finishing BW failed to impact carcass merit traits.  

 Overall conclusion 

 Supplementing beef cows during late-gestation with organic or inorganic sources 

of Co, Cu, Zn, and Mn effectively increased cow liver concentrations of Co, Cu, and Zn 

compared with CON cohorts. Liver Cu and Zn concentrations in the neonatal calf were 

only increased in AAC compared with CON cows. Calves from AAC cows were > 20 kg 

heavier from weaning until slaughter and had reduced BRD incidence during the growing 

phase compared with calves from CON cows, which are suggestive of programming 

effects on postnatal offspring growth and health resultant from the AAC treatment 

(Funston et al., 2010). However, the physiological mechanism underlying these effects, 

including the role of each specific trace mineral supplemented herein on fetal 

development and programming, still requires investigation. In addition, these outcomes 

should not be specifically attributed to Cu and Zn, which were increased in neonatal liver 
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when comparing ACC and CON treatments, given that liver concentration is not the 

absolute indicator of Co, Mn, and Zn status in livestock (McDowell, 2003). Nevertheless, 

results from this experiment are novel and suggest that supplementing late-gestating beef 

cows with an organic complexed source of Co, Cu, Zn, and Mn instead of no 

supplementation may be an alternative to optimize offspring productivity in beef 

production systems. 
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Table 1. Ingredient composition and nutrient profile of diets containing no supplemental 

Cu, Co, Mn, and Zn (CON); sulfate sources of Cu, Co, Mn, and Zn (INR); or organic 

complexed source of Cu, Mn, Co, and Zn (AAC) as well as nutrient requirements (REQ; 

as % diet DM) of pregnant cows during last trimester of gestation 

Item CON INR AAC 
 

REQ1 

Ingredients, kg/day (as-fed basis) 
  

 
 

 

   Alfalfa hay 6.8 6.8 6.8 
 

 

   Grass-seed straw 2.7 2.7 2.7 
 

 

   Whole corn 2.3 2.3 2.3 
 

 

   Macromineral mix2 0.060 0.060 0.060 
 

 

   Inorganic trace mix3 - 0.004 - 
 

 

   Organic trace mix4 - - 0.007 
 

 
   

 
 

 

DM intake, kg/d  10.8 10.8 10.8 
 

11.0 
      

Nutrient profile5 (DM basis) 
  

 
 

 

   TDN,6 % 61 61 61 
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   NEm,7 Mcal/kg 1.45 1.45 1.45  1.10 

   CP, % 14.4 14.4 14.4 
 

7.8 

   Ca, % 0.59 0.59 0.59 
 

0.26 

   P, % 0.35 0.35 0.35 
 

0.21 

   Mg, % 0.32 0.32 0.32 
 

0.12 

   K, % 1.86 1.86 1.86 
 

0.60 

   Na, % 0.44 0.44 0.44 
 

0.07 

   S, % 0.24 0.24 0.24 
 

0.15 

   Co, mg/kg 1.03 2.18 2.14 
 

0.10 

   Cu, mg/kg 10.3 20.8 20.6 
 

10.0 

   I, mg/kg 0.54 0. 54 0.54 
 

0.50 

   Fe, mg/kg 522 522 522 
 

50 

   Mn, mg/kg 56 74 74 
 

40 

   Se, mg/kg 1.07 1.07 1.07 
 

0.10 

   Zn, mg/kg 31 64 64 
 

30 

   Vit A, IU/kg 21780 21780 21780 
 

13552 

   Vit D, IU/kg 2420 2420 2420 
 

1331 

   Vit E, IU/kg 11.6 11.6 11.6 
 

22 
    

 

 

1 Based on requirements of the NRC (2000). 
2 Containing (DM basis) 571.1 g/kg CaHPO4, 190 g/kg NaCl, 164.1 CaCO3, 31.3 g/kg MgO, 16.8 

g/kg Na2O3Se 1%, 15 g/kg KCl, 10 g/kg MgCl2, 0.8 g/kg Vit A 1000, 0.6 g/kg Vit E 50%, 0.2 

g/kg Vit D 500, and 0.1 g/kg C2H10I2N2 79.5%.  

3 Containing (DM basis) 500 g/kg of ground corn, 231 g/kg ZnSO4, 147 g/kg MnSO4, 114 g/kg 

CuSO4, and 8 g/kg of CoSO4. 
4 Availa®4 (Zinpro Corporation, Eden Prairie, MN), which contained (DM basis) 5.15% Zn from 

1:1 Zn and aminoacid complex, 2.86% Mn from 1:1 Mn and aminoacid complex, 1.80% Cu from 

1:1 Cu and aminoacid complex, and 0.18% Co from Co glucoheptonate 
5 Values obtained via wet chemistry analysis (Dairy One Forage Laboratory, Ithaca, NY).  
6 Calculated according to the equations described by Weiss et al. (1992). 
7 Calculated with the equation (NRC, 2000): NEm = 1.37 ME – 0.138 ME2 + 0.0105 ME3 – 1.12. 

Given that ME = DE × 0.82, and 1 kg of TDN = 4.4 Mcal of DE. 
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Table 2. Ingredient composition (as-fed basis) of growing and finishing diets offered to cattle. 

 

 Growing lot1  Finishing lot2 

Ingredients, % as-fed A  B  A B C D E 
         

Alfalfa hay 0.0 0.0  23.3 16.7 8.4 6.6 6.6 

Barley 18.0 17.0  0.0 0.0 0.0 0.0 0.0 

Corn cobbs 0.0 5.3  0.0 0.0 0.0 0.0 0.0 

Corn silage 10.0 15.0  0.0 0.0 0.0 0.0 0.0 

Corn stover 0.0 10.0  0.0 0.0 0.0 0.0 0.0 

Culled french fries 0.0 0.0  0.0 5.0 6.7 8.0 8.0 

High-moisture corn 0.0 0.0  0.0 0.0 7.7 15.0 15.0 

Mineral and vitamin mix3,4 3.0 3.4  11.3 7.2 6.5 3.0 3.0 

Mixed pea/wheat/barley hay 34.0 5.3  0.0 0.0 0.0 0.0 0.0 

Potato slurry 13.0 23.0  0.0 10.0 12.1 15.0 15.0 

Rolled corn 0.0 0.0  40.4 40.0 40.0 36.0 36.0 

Ryegrass silage 22.0 15.0  0.0 0.0 0.0 0.0 0.0 

Vegetable oil 0.0 0.0  0.0 0.5 0.9 1.4 1.4 

Wet distillers grain 0.0 6.0  25.0 20.6 17.7 15.0 15.0 
         

1 A = offered for 10 d upon receiving; B = offered for 102 d after diet A and until transfer to the finishing lot. 
2 A = offered for 10 d upon receiving; B = offered for 10 d after diet A; C = offered for 10 d after diet B; D = offered for 30 d after diet C; E = 

offered until slaughter. 
3 Growing diets included Rumax (Performix Nutrition Systems, Nampa, ID), containing corn soy blend, cane molasses, corn steep, NH4 PO3, 

NaCl, CaCO, Attaflow (BASF Corporation, Florham Park, NJ), whey, water, fat, NH3, Deccox 6% (Zoetis, Florham Park, NJ), ZnSO4, Mn ZnSO4, 

CuSO4, vitamin E premix 60%, sodium selenite 4%, vitamin A, CoSO4 ,  C2H10I2N2, and vitamin D3. 
4 Finishing diets included a customized blend of minerals, vitamins, and feed additives (Westway Feed Products, Tomball, TX and Land O’Lakes, 

Inc, Saint Paul, MN), which contained one-third of Zn, Mn, and Cu as metal:AA complex ratio o (Zinpro Corporation, Eden Prairie, MN) and two-

thirds as sulfate sources. 
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Table 3. Performance of beef cows receiving diets containing no supplemental Cu, Co, 

Mn, and Zn (CON); sulfate sources of Cu, Co, Mn, and Zn (INR); or organic complexed 

source of Cu, Mn, Co, and Zn (AAC) during the last trimester of gestation1,2 

Item CON INR AAC SEM P = 

Cow age, yr 5.2 5.1 5.1 0.2 0.87 

Days receiving diets, d 99 94 93 3 0.36 

BW, kg    

   Initial (d -10) 520 511 505 11 0.60 

   Pre-calving (d 75) 643 645 634 14 0.85 

      BW change 127 134 134 6 0.61 

   Weaning (d 283) 591 577 569 12 0.40 

      BW change -60 -69 -71 9 0.67 

BCS      

   Initial (d -10) 5.19 5.10 5.04 0.08 0.41 

   Pre-calving (d 75) 5.75 5.93 5.94 0.14 0.61 

      BCS change 0.55a 0.83b 0.82b 0.09 0.10 

   Weaning (d 283) 5.0 5.0 5.0 0.1 0.79 

      BCS change -0.73 -0.85 -0.97 0.16 0.54 

Pregnancy rates,3 %      

   To AI  65.1 (17/26) 48.9 (11/23) 52.9 (13/24) 11.6 0.59 

   To bull 100 (9/9) 100 (12/12) 100 (11/11) 0 1.00 

   Overall 100 (26/26) 100 (23/23) 100 (24/24) 0 1.00 
      

a,b Within rows, means with different superscripts differ (P ≤ 0.05). 
1 INR and AAC cows received the same amount of Cu, Co, Mn, and Zn from sulfate sources or 

Availa®4 (Zinpro Corporation, Eden Prairie, MN). 2 BW and BCS (Wagner et. al., 1988) were 

recorded prior to the beginning of the experiment (initial; d-10), 2 wk prior to the beginning of 

the calving season (pre-calving BW; d 75), and at weaning (d 283).  
3 Cows that weaned a live calf were assigned to an estrus synchronization + AI protocol 

beginning 63 ± 2 d after calving (Cooke et al., 2014), and exposed to mature Angus and Hereford 

bulls (1:25 bull to cow ratio) for 50 d (18 to 68 d after AI). Cow pregnancy status to AI was 

verified by detecting a fetus via transrectal ultrasonography (5.0-MHz transducer; 500V, Aloka) 

80 d after AI. Calf paternity (AI or bull breeding) was determined according to transrectal 

ultrasonography and birth date. Only cows that were diagnosed as pregnant during the transrectal 

ultrasonography exam and gave birth during the initial 2 weeks of the calving season were 

considered pregnant to AI. Values within parenthesis report, respectively, number of pregnant 

cows divided by total cows exposed to AI, number of cows non-pregnant to AI that became 

pregnant to natural service, and number of pregnant cows divided by total cows exposed to 

breeding (AI + natural service). 



48 

 

 

Table 4. Liver concentrations of Co, Cu, Mn, and Zn of beef cows receiving diets 

containing no supplemental Cu, Co, Mn, and Zn (CON); sulfate sources of Cu, Co, Mn, 

and Zn (INR); or organic complexed source of Cu, Mn, Co, and Zn (AAC) during the 

last trimester of gestation1,2 

Item CON INR AAC SEM P = 

Co, ppm      

   Initial (d -10) 0.29 0.28 0.27 0.01 0.38 

   Pre-calving (d 75) 0.21a 0.40b 0.44c 0.01 < 0.01 

Cu, ppm      

   Initial (d -10) 93 106 95 10 0.68 

   Pre-calving (d 75) 69a 155b 129c 9 < 0.01 

Mn, ppm      

   Initial (d -10) 12.8 12.8 12.2 0.5 0.58 

   Pre-calving (d 75) 8.7 9.0 8.7 0.3 0.67 

Zn, ppm      

   Initial (d -10) 171 176 171 5 0.70 

   Pre-calving (d 75) 211a 230b 235b 7 0.05 

a–cWithin rows, means with different superscripts differ (P ≤ 0.05). 

1 INR and AAC cows received the same amount of Cu, Co, Mn, and Zn from sulfate sources or 

Availa®4 (Zinpro Corporation, Eden Prairie, MN).  
2 Liver samples were collected prior to the beginning of the experiment (initial; d -10), or 2 wk 

before the beginning of the calving season (pre-calving; d 75) via needle biopsy (Arthington and 

Corah, 1995). Concentrations of Co, Cu, Mn, and Zn were determined by the Michigan State 

University Diagnostic Center for Population and Animal Health (East Lansing, MI; Braselton et 

al., 1997). 
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Table 5. Concentrations of Co, Cu, Mn, and Zn in cotyledons and liver from newborn 

calves born from beef cows that received diets containing no supplemental Cu, Co, Mn, 

and Zn (CON); sulfate sources of Cu, Co, Mn, and Zn (INR); or organic complexed 

source of Cu, Mn, Co, and Zn (AAC) during the last trimester of gestation1,2 

Item CON INR AAC SEM P =  

Co, mg/kg      

   Cotyledon 0.13a 0.20b 0.24b 0.03 0.02 

   Calf 0.09a 0.12b 0.13b 0.01 < 0.01 

Cu, mg/kg      

   Cotyledon 3.88a 4.75ab 5.12b 0.39 0.09 

   Calf 362a 428ab 450b 30 0.10 

Mn, mg/kg      

   Cotyledon 22.0 18.2 22.9 4.5 0.73 

   Calf 5.82 5.22 5.83 0.36 0.43 

Zn, mg/kg      

   Cotyledon 65 66 68 4 0.87 

   Calf 456a 562ab 660b 57 0.01 

a,b Within rows, means with different superscripts differ (P ≤ 0.05). 

1 INR and AAC cows received the same amount of Cu, Co, Mn, and Zn from sulfate sources or 

Availa®4 (Zinpro Corporation, Eden Prairie, MN 
2 Cotyledon and calf liver samples (via needle biopsy; according to Arthington and Corah, 1995) 

were collected within 3 h after calving. Concentrations of Co, Cu, Mn, and Zn were determined 

by the Michigan State University Diagnostic Center for Population and Animal Health (East 

Lansing, MI; Braselton et al., 1997). 
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Table 6 Calving, weaning, and preconditioning outcomes from beef cows that received 

diets containing no supplemental Cu, Co, Mn, and Zn (CON); sulfate sources of Cu, Co, 

Mn, and Zn (INR); or organic complexed source of Cu, Mn, Co, and Zn (AAC) during 

the last trimester of gestation1 

Item CON INR AAC SEM P = 

Calving results      

   Calving rate, % 96.4 85.7 96.4 5.2 0.27 

   % of male calves born 25.9a 58.3b 48.2b 9.5 0.05 

   % of AI-sired calves born 63.0 70.8 70.4 9.5 0.80 

   Calf birth BW, kg 42.1 41.6 40.8 1.0 0.63 

      Kg of calf born per cow3 39.8 35.9 39.3 2.2 0.41 

   Adjusted calf birth BW,2 kg 42.9 42.7 41.8 1.0 0.69 

      Adjusted kg of calf born per cow3 40.6 36.9 40.2 2.3 0.44 

Weaning results      

   Weaning rate, % 92.9 85.7 89.3 5.9 0.70 

   % of AI-sired calves weaned 61.5 70.8 72.0 9.4 0.70 

   % of male calves weaned 23.1a 58.3b 52.0b 9.6 0.04 

   Calf weaning age, d  178 183 186 3 0.17 

   Calf weaning BW, kg  212a 223ab 236b 6 0.04 

      Kg of calf weaned per cow4 198 191 210 14 0.64 

   Calf 205-d adjusted weaning BW,2 kg 244a 252ab 263b 6 0.05 

      Adjusted kg of calf weaned per cow4 227 216 235 16 0.71 

Preconditioning results      

   Treated for BRD symptoms,5 % 34.9 36.4 31.5 11.7 0.95 

   Calf mortality, % 0.0 7.5 0.0 6.2 0.42 

   End of preconditioning BW,6 kg 226a 236ab 246b 6 0.05 

   Preconditioning ADG, kg/d 0.23 0.14 0.19 0.04 0.34 

   Kg of preconditioned calf produced per cow7 208 186 220 16 0.31 

   Overall calf loss, %8 7.1 21.4 10.7 6.4 0.27 
1 INR and AAC cows received the same amount of Cu, Co, Mn, and Zn from sulfate sources 

or Availa®4 (Zinpro Corporation, Eden Prairie, MN). Within rows, means with different 

superscripts differ (P ≤ 0.05). 

2 Calculated according to BIF (2010). 
3 Calculated based on calving rate and calf birth BW.  
4 Calculated based on weaning rate and calf weaning BW.  
5BRD = bovine respiratory disease. Calves were classified as positive for BRD symptoms 

according to the subjective criteria described by Berry et al. (2004) and received 1 mL/10 kg of 

BW of Hexasol LA Solution (Norbrook Inc., Overland Park, KS). 
6 Collected upon growing lot (Top Cut; Echo, OR) arrival. 
7 Calculated based on preconditioning rate and end of preconditioning BW.  
8Calculated based number of calves lost during gestation and until the end of preconditioning 

divided by the number of pregnant cows assigned to the experiment. 
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Table 7. Feedlot performance and carcass characteristics of feeder cattle born from beef 

cows that received diets containing no supplemental Cu, Co, Mn, and Zn (CON); sulfate 

sources of Cu, Co, Mn, and Zn (INR); or organic complexed source of Cu, Mn, Co, and 

Zn (AAC) during the last trimester of gestation1 

Item CON INR AAC SEM P = 

Growing lot performance      

   Treated for BRD symptoms,2 % 42.3a 59.1a 20.0b 9.6 0.02 

   Mortality, % 9.9 0.0 4.6 6.9 0.63 

   BW at the end of growing lot, kg 352a 359ab 374b 8 0.09 

   Growing lot ADG, kg/d 1.11 1.09 1.13 0.04 0.86 

Finishing lot performance      

   Treated for BRD symptoms,2 % 0.0 5.2 4.4 3.6 0.37 

   BW at the end of finishing lot,3 kg 649a 663ab 680b 11 0.10 

   Finishing lot ADG, kg/d 1.89 1.95 1.97 0.05 0.57 

   % calves slaughtered 82.1 78.6 85.7 8.9 0.85 

   % of male calves slaughtered 26.1a 59.1b 54.2b 10.2 0.05 

   % of AI-sired calves slaughtered 65.2 68.2 70.8 9.9 0.92 

Carcass characteristics4      

   HCW, kg 409a 418ab 428b 7 0.10 

   Backfat, cm 2.18 2.23 2.21 0.14 0.97 

   LM area,  cm 96.0 95.8 98.4 1.8 0.53 

   KPH, % 2.71 2.94 2.73 0.14 0.46 

   Marbling 513 509 508 21 0.99 

   Yield grade 3.89 4.06 3.94 0.19 0.81 

   Retail product, % 47.7 47.3 47.5 0.45 0.80 

   Choice, % 87.7 97.1 92.1 5.2 0.46 

   Kg of carcass produced per cow,5 kg 330 330 368 36 0.69 
      

1 INR and AAC cows received the same amount of Cu, Co, Mn, and Zn from sulfate sources 

or Availa®4 (Zinpro Corporation, Eden Prairie, MN). Within rows, means with different 

superscripts differ (P ≤ 0.05). Cattle were in the growing lot (Top Cut, OR) for 112 d, and 

moved to an adjacent finishing lot where they remained for an average of 153 d until slaughter 

at a commercial packing facility (Tyson Fresh Meats Inc., Pasco, WA). 

2 BRD = bovine respiratory disease. Calves were classified as positive for BRD symptoms 

according to the DART system (Zoetis Inc., Florham Park, NJ) and received medication 

according to the feed yard management criteria. 
3 Calculated based on HCW (assuming 63% dressing; Loza et al., 2010). 
4 Backfat thickness measured at the 12th rib; marbling score: 400 = Small00, 500 = Modest00; 600 

= Medium00; yield grade calculated as reported by Lawrence et al. (2010); USDA retail yield 

equation = 51.34 − (5.78 × backfat) − (0.0093 × HCW) − (0.462 × KPH) + (0.74 × LM area).  
5 Calculated based on total kg of carcass harvested divided by number of pregnant cows assigned 

to the experiment. 
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Figure 1. Plasma cortisol concentration from weaned calves (d 283 of the experiment) 

born from beef cows that received diets containing no supplemental Cu, Co, Mn, and Zn 

(CON); sulfate sources of Cu, Co, Mn, and Zn (INR); or organic complexed source of 

Cu, Mn, Co, and Zn (AAC) during the last trimester of gestation. A treatment × day 

interaction was detected (P < 0.01). Within days, letters indicate following treatment 

differences (P < 0.01): a = INOR vs. CON and b = AAC vs. CON. 
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CHAPTER 4 

EFFECTS OF RUMEN-PROTECTED EFA SUPPLEMENTATION TO LATE-

GESTATING BEEF COWS ON PERFORMANCE AND PHYSIOLOGICAL 

RESPONSES OF THE OFFSPRING 

Introduction 

 Maternal nutrition is a major extrinsic factor programming nutrient partitioning and 

consequent development of fetal organ systems associated with health, production, and 

reproduction (Long et al., 2010; Silvestre et al., 2011; Garcia et al., 2014a). Hence, 

nutritional management of late-gestating beef cows has been shown to directly impact 

performance of the subsequent offspring via fetal programming effects (Funston et al., 

2010; Bohnert et al., 2013; Marques et al., 2016a). However, the majority of research 

conducted to date within this subject focused on energy and CP nutrition, and little is 

known about the potential impacts of supplementing EFA to gestating cows on offspring 

productivity. 

 In humans and livestock species, ɷ-3 and ɷ-6 fatty acids (FA) are considered 

essential by playing critical roles in several body functions but cannot be synthesized by the 

body; therefore, EFA must be consumed through the diet (Hess et al., 2008). During 

gestation, dietary EFA become available in the circulation and are transferred to the fetus 

via the placenta (Noble et al., 1978; Garcia et al., 2014b). In humans, supplementing 

pregnant women with EFA is considered critical for optimal fetal and early-life child 

development, including growth, nervous, and immune responses (Greenberg et al., 2008). 

Accordingly, research with swine reported that supplementing pregnant sows with EFA 

benefited piglet vitality, as well as pre- and post-weaning growth (Tanghe and De Smet, 

2013).  
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 Based on these researches, we hypothesized that supplementing EFA to late-

gestating beef cows will increase postnatal offspring productivity. Nevertheless, EFA 

should be supplemented to cattle and other ruminant livestock as rumen-inert sources to 

prevent extensive ruminal biohydrogenation (Hess et al., 2008). Hence, this experiment 

evaluated the effects of rumen-protected EFA supplementation to beef cows during the last 

trimester of gestation on performance and physiological responses of the offspring. 

Materials and Methods 

 This experiment was conducted at the Oregon State University – Eastern Oregon 

Agricultural Research Center (Burns station). The animals utilized were cared for in 

accordance with acceptable practices and experimental protocols reviewed and approved 

by the Oregon State University, Institutional Animal Care and Use Committee (#4758). 

Cow-calf management and dietary treatments 

 Ninety-six multiparous, non-lactating, pregnant Angus × Hereford cows (BW = 

586 ± 4 kg, age = 7.5 ± 0.2 yr, BCS = 5.01 ± 0.03 according to Wagner et al., 1988) were 

assigned to this experiment at the end of their 2nd trimester of gestation. Cows were 

pregnant to AI using semen from a single Angus sire, according to the breeding 

management and pregnancy diagnosis described by Cooke et al. (2014). At the beginning 

of the experiment (d 0), pregnancy length was 195 d for all cows. 

 Prior to the beginning of the experiment (d -7), cows were stratified by BW and 

BCS, and divided into 24 groups of 4 cows/group. Groups were then randomly assigned 

to receive (as-fed basis) 452 g of soybean meal per cow daily in addition to 1) 200 g/cow 

daily of rumen-protected EFA mix based on eicosapentaenoic, docosahexaenoic, and 

linoleic acids (100 g of Prequel + 100 g of Strata; Virtus Nutrition LLC., Corcoran, CA) 
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or 2) 200 g/cow daily of rumen-protected SFA + MUFA mix based on palmitic and oleic 

acids (CON; 200 g of EnerGII; Virtus Nutrition). Supplement treatments were iso-

nitrogenous, iso-lipidic, and iso-caloric (Table 1). Groups were maintained in 1 of 2 

meadow foxtail (Alopecurus pratensis L.) pastures (25-ha pastures; 12 groups/pasture, 

being 6 groups/treatment in each pasture) beginning on d -7. Grass-alfalfa hay was 

provided daily at 10.9 kg/cow (as-fed basis), and cows had ad libitum access to water and 

a commercial mineral + vitamin mix (Cattleman’s Choice; Performix Nutrition Systems, 

Nampa, ID) containing 14 % Ca, 10 % P, 16 % NaCl, 1.5 % Mg, 6000 ppm Zn, 3200 ppm 

Cu, 65 ppm I, 900 ppm Mn, 140 ppm Se, 136 IU/g of vitamin A, 13 IU/g of vitamin D3, 

and 0.05 IU/g of vitamin E. No forage was available for grazing due to previous hay 

harvest and snow cover resulting from wintery conditions. Cows remained in their 

respective groups from d -7 until calving. 

 From d 0 of the experiment until calving, cows were gathered 3 times weekly 

(Mondays, Wednesdays, and Fridays) and groups were sorted into 1 of 12 drylot pens (6 × 

18 m). Groups were offered treatments individually (6.08 kg of supplement 

treatment/feeding per group; from 0800 to 1000 h; as-fed basis) in feed bunks with linear 

space of approximately 0.8 m/cow. Groups promptly consumed treatments within 15 min 

after feeding. Cows were returned to the pasture immediately after their supplement was 

completely consumed. Grass-alfalfa hay was offered in feed bunks located in each pasture 

(linear space of approximately 1.0 m/cow). Diets (hay + treatments) were formulated to 

meet or exceed nutrient requirements for energy, protein, minerals, and vitamins (Table 

1) of late-gestating beef cows (NRC, 2000). 
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 Immediately after calving, cow-calf pairs were removed from their pasture, and 

assigned to the general management of the research herd (described by Marques et al., 

2016b) that did not include rumen-protected EFA or SFA + MUFA supplementation. All 

calves were administered Clostrishield 7 and Virashield 6 + Somnus (Novartis Animal 

Health, Bucyrus, KS) at approximately 30 d of age.  

Calf management 

 Preconditioning (d 280 to 325). Calves were weaned on d 280 of the experiment 

and transferred to a 6-ha meadow foxtail (Alopecurus pratensis L.) pasture, which had 

been previously harvested for hay, for a 45-d preconditioning period as a single group. 

Calves were administered One Shot Ultra 7, Bovi-Shield Gold 5, TSV-2, and Dectomax 

(Zoetis, Florham Park, NJ) at weaning, and received a booster of Bovi-Shield Gold 5, 

UltraChoice 7, and TSV-2 (Zoetis) 28 d after weaning (d 308 of the experiment). During 

preconditioning, calves received mixed alfalfa-grass hay (12% CP, 57% TDN; DM 

basis), water, and the same commercial mineral and vitamin mix previously described 

(Cattleman’s Choice; Performix Nutrition Systems) for ad libitum consumption.  

 Growing (d 325 to 445) and finishing (d 445 until slaughter). On d 325, all 

calves were loaded into a commercial livestock trailer and transported for 480 km to the 

growing lot (Top Cut; Echo, OR), where they remained for 120 d and were managed as a 

single group. On d 445, calves were moved to an adjacent finishing lot (Beef Northwest; 

Boardman, OR), where they continued to be managed as a single group until slaughter at 

a commercial packing facility (Tyson Fresh Meats Inc., Pasco, WA). After arriving at the 

finishing lot, calves received Bovi-Shield Gold 5 (Zoetis), Vision 7 (Merck Animal 

Health, Kenilworth, NJ), Valbazen (Zoetis), and Bimectin pour-on (Bimeda Animal 

http://www.pbsanimalhealth.com/vendors/Bimeda-Animal-Health-Inc/37.html
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Health Inc., Oakbrook Terrace, IL). Steers were implanted with Revalor IS (Merck 

Animal Health) and heifers were implanted with Revalor IH (Merck Animal Health) 

upon arrival. Growing and finishing diets, which did not contain rumen-protected EFA or 

SFA + MUFA, were fed ad libitum as described in Marques et al. (2016b). Slaughter date 

was determined according to the availability of the commercial packing facility (Tyson 

Fresh Meats). As a result, calves were randomly assigned to slaughter on 2 separate 

dates, 11 d apart, regardless of treatment group [n = 22 and 23 calves from CON- and 

EFA-supplemented cows after 121 d on feed (DOF); n = 26 and 23 calves from CON- 

and EFA-supplemented cows after 132 DOF]. 

Sampling 

 Feedstuffs Two samples of all dietary ingredients fed to late-gestating cows 

(Table 2) were collected before the beginning of the experiment and analyzed for nutrient 

content by a commercial laboratory (Dairy One Forage Laboratory, Ithaca, NY). Each 

sample was analyzed in triplicate by wet chemistry procedures for concentrations of CP 

(method 984.13; AOAC, 2006), ADF (method 973.18 modified for use in an Ankom 200 

fiber analyzer, Ankom Technology Corp., Fairport, NY; AOAC, 2006), and NDF (Van 

Soest et al., 1991; modified for Ankom 200 fiber analyzer, Ankom Technology Corp.). 

Calculations for TDN used the equation proposed by Weiss et al. (1992), whereas NEm 

was calculated with the equations proposed by the NRC (2000). Feed samples were also 

analyzed for FA profile, using the techniques described by Moriel et al. (2015). 

 Cows and newborn calves. Individual cow BW and BCS (Wagner et al., 1988) 

were recorded and a blood sample was collected prior to the beginning of the experiment 

http://www.pbsanimalhealth.com/vendors/Bimeda-Animal-Health-Inc/37.html
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(d -7; initial measurement). Within 12 h after calving, cow BW, cow BCS, calf birth BW 

and gender were recorded, and blood samples were collected from the cow. 

 Preconditioning. Cow BW and BCS (Wagner et al., 1988) were recorded at 

weaning (d 280). Calf BW was recorded and blood samples were collected on d 280, 282, 

285 and 288 of the experiment. During the 45 d of preconditioning, calves were observed 

daily for bovine respiratory disease (BRD) signs according to the subjective criteria 

described by Berry et al. (2004), and received 0.1 mL/kg of BW of Hexasol LA Solution 

(Norbrook® Inc. USA; Overland Park, KS 6) when signs were observed. Preconditioning 

ADG was determined using BW obtained at weaning (d 280) and before shipping to the 

growing lot (d 325). 

 Growing and finishing. Calf BW was recorded upon arrival at the growing lot (d 

325) and the finishing lot (d 425). Calves were observed daily for BRD signs according 

to the DART system (Zoetis, Florham Park, NJ), and received medication according to 

the management criteria of the growing and finishing yards. At the commercial packing 

plant, HCW was collected upon slaughter. Final finishing BW was estimated based on 

HCW adjusted to a 63% dressing percentage (Loza et al., 2010). After a 24-h chill, 

trained personnel assessed carcass backfat thickness at the 12th-rib and LM area, whereas 

a USDA grader recorded all other carcass measures. Growing lot ADG was determined 

using BW values obtained upon growing lot and finishing lot arrival (d 425). Finishing 

lot ADG was determined using BW values obtained upon finishing lot arrival and final 

finishing BW estimated from HCW (Loza et al., 2010). 

Blood analysis 
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 All blood samples were collected via jugular venipuncture into commercial 

heparinized blood collection tubes (Vacutainer, 10 mL; Becton Dickinson, Franklin 

Lakes, NJ), centrifuged at 2,500 × g for 30 min for plasma collection, and stored at -80°C 

on the same day of collection.  

 Plasma samples from cows (d -7 and upon calving) were analyzed for FA profile 

as previously described by Garcia et al. (2014a). Plasma samples collected from calves 

from d 280 to 288 were analyzed for haptoglobin (Cooke and Arthington, 2013) and 

cortisol (Immulite 1000; Siemens Medical Solutions Diagnostics, Los Angeles, CA) 

concentrations. The intra- and inter-assay CV for haptoglobin were, respectively, 2.9 and 

6.1%. Plasma cortisol was analyzed within a single assay, and the intra-assay CV was 

5.7%.  

Statistical analysis 

 All cow and calf variables were analyzed with group as the experimental unit, and 

group(treatment × pasture), cow(group), and pasture as random variables. Quantitative 

data were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC), and 

binary data were analyzed using the GLIMMIX procedure of SAS (SAS Inst. Inc.). All 

data was analyzed using gestation days receiving treatment as an independent covariate, 

and Satterthwaite approximation to determine the denominator degrees of freedom for 

tests of fixed effects. Model statements for cow-related responses included the effects of 

treatment. Analysis of cow plasma FA profile at calving also included results from d -7 as 

independent covariate. Model statements for calf-related responses analysis included the 

effects of treatment, calf gender as independent covariate, as well as day and treatment × 

day interaction for plasma haptoglobin and cortisol analyses. Finishing lot and carcass 
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variables analyses also included DOF as an independent covariate. The specified term 

used in the repeated statement for plasma haptoglobin and cortisol was day, the subject 

was cow(group), and the covariance structure used was autoregressive, which provided 

the best fit for these analyses according to the lowest Akaike information criterion. 

Results are reported as covariately-adjusted least square means, and separated using LSD. 

Significance was set at P ≤ 0.05, and tendencies were determined if P > 0.05 and ≤ 0.10. 

Results and Discussion 

 Nutrient composition and profile of diets offered to EFA- and CON-supplemented 

cows are described in Tables 1. Both diets were formulated to represent a typical forage-

based diet with limited fat content, and provided adequate amounts of energy and CP 

based on the requirements of pregnant cows during last trimester of gestation (NRC, 

2000). It is important to note that both diets included the same amount of rumen-

protected fat, which was based on Ca salts but differed in FA profile as designed. The 

EFA treatment was designed to provide equivalent amounts of supplemental ɷ-3 and ɷ-

6, given that both have been shown to impact fetal development (Greenberg et al., 2008; 

Tanghe and De Smet, 2013). The CON treatment was included to serve as an iso-lipidic, 

iso-caloric, and iso-nitrogenous control treatment to EFA. Hence, results from this 

experiment should not be associated with differences in total FA intake, but with 

potential fetal programming effects of supplemental ɷ-3 and ɷ-6 EFA.  

Cow parameters 

 Cow age at the beginning of the experiment was similar (P = 0.55) among EFA- 

and CON-supplemented cows (Table 3). However, days receiving treatments was greater 

(P = 0.02) for EFA-supplemented cows, which was unexpected because all cows 
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conceived during the same timed-AI protocol. Nevertheless, all variables reported herein 

were covariately-adjusted for days receiving supplement. As designed, initial cow BW 

and BCS (d -7) were similar (P ≥ 0.75) among treatments (Table 3). No treatment effects 

were detected (P ≥ 0.20) for any of the subsequent BW and BCS parameters evaluated 

(Table 3). These outcomes were expected given EFA- and CON-supplemented cows 

consumed similar amounts of energy and CP during late-gestation, and were managed as 

a single group from calving until weaning. Others also reported similar BW and BCS at 

calving between Holstein cows receiving supplements based on EFA- or other FA 

sources during the prepartum period (Salehi et al., 2016; Garcia et al., 2014b).  

 Cows assigned to the EFA and CON supplements had similar (P ≥ 0.11; Table 4) 

proportion (as % of total plasma FA) of all plasma FA on d -7, indicating similar FA 

profile before treatment administration. At calving, EFA-supplemented cows had greater 

(P < 0.01) proportion of plasma vaccenic, linoleic, linolenic, arachidonic, 

docosapentaenoic, and docosahexaenoic acids, as well as total PUFA, ɷ-3, and ɷ-6 

compared with CON-supplemented cows (Table 5). Cows supplemented CON had 

greater (P < 0.01) proportion of plasma palmitic, stearic, oleic, eicosapentaenoic, and 

lignoceric acids, as well as total SFA and MUFA compared with EFA-supplemented 

cows at calving (Table 5). Overall, these results are in accordance with the FA content 

and intake of treatments, given that plasma profile reflects intake and intestinal FA flow 

(Klusmeyer and Clark, 1991; Lake et al., 2007; Hess et al., 2008). The decreased 

proportion of plasma eicosapentaenoic acid in EFA- vs. CON-supplemented cows, 

despite the greater content of this FA in the EFA-based supplement, was unexpected but 

can be attributed to its conversion into docosapentaenoic acid (Cook and McMaster, 
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2002). Accordingly, plasma proportion of docosapentaenoic acid was greater (Table 5) in 

EFA- vs. CON-supplemented cows, whereas this FA was not detected in any of the feed 

ingredients used herein (Table 2).  

Calf birth and weaning parameters 

 No treatment effects were detected (P ≥ 0.16; Table 6) for calving rate and calf 

birth BW (adjusted or not; BIF, 2010). Therefore, supplementing EFA or CON to late-

gestating cows did not impact calf birth BW, despite treatment differences detected for 

cow plasma FA profile at calving. At weaning, calves from EFA-supplemented cows 

were older (P = 0.03) compared with cohorts from CON-supplemented cows (Table 6). 

This 2-d difference in weaning age was resultant from the 2-d interval in average calving 

date between EFA and CON cows (Table 3), but should be considered biologically 

irrelevant as it did not impact (P ≥ 0.82) calf weaning BW (205-d adjusted or not; BIF, 

2010). No treatment differences were detected (P ≥ 0.16) for weaning rate and proportion 

of male calves born (Table 6). Others have also reported similar birth and weaning BW in 

calves from cows supplemented or not with EFA during gestation (Hess et al., 2002; 

Banta et al., 2006; Banta et al., 2011). Collectively, calving and weaning results indicate 

that supplementing late-gestating beef cows with EFA did not impact offspring growth 

during gestation, as well as growth from birth to weaning compared with CON-

supplemented cohorts. 

Calf preconditioning parameters 

 Maternal nutrition during gestation has been shown to impact steroidogenesis in 

the offspring, including plasma cortisol response to weaning (Long et al., 2010; Marques 

et al., 2016). However, no treatment effects were detected (P = 0.20) herein for plasma 
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cortisol (Table 6), which increased (day effect; P < 0.01) for both treatments upon 

weaning (28.5, 31.7, 32.7, and 28.4 ng/mL on d 280, 282, 285, and 288, respectively; 

SEM = 1.2). A treatment × day interaction was detected (P = 0.05) for plasma 

haptoglobin concentrations (Figure 1), which also increased for both treatments upon 

weaning (day effect; P < 0.01) but was greater (P = 0.05) in calves from CON-

supplemented cows on d 282. The day effects reported herein for plasma cortisol and 

haptoglobin concentrations were expected, based on the neuroendocrine stress response 

and acute-phase protein reaction elicited by weaning and vaccination against BRD 

pathogens (Arthington et al., 2013; Rodrigues et al., 2015). However, the acute-phase 

protein response is also stimulated by elevated circulating cortisol (Cooke and Bohnert, 

2011; Cooke et al., 2012), while treatment differences for plasma haptoglobin 

concentration on d 282 were not accompanied by a similar cortisol response. These 

outcomes suggest that EFA supplementation to late-gestating cows did not impact the 

steroidogenesis required to cope with the stress of weaning procedures in the offspring, 

but altered the resultant plasma haptoglobin protein response (Carroll and Forsberg, 

2007). The reason for this latter outcome is unknown, but could be associated with 

immunomodulatory effects of EFA as previously reported by our group (Araujo et al., 

2010; Cooke et al., 2011). Nevertheless, research is warranted to determine potential 

mechanisms by which EFA supplementation to late-gestating beef cows impacts the 

stress-induced haptoglobin response in the offspring.  

 During the 45-d preconditioning period, no treatment effects were detected (P ≥ 

0.23) for incidence of calves that required treatment for BRD, calf mortality, ADG, BW 

at the end of preconditioning period (Table 6). These results indicate that calf 
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preconditioning responses were not impacted by treatments despite differences detected 

for plasma haptoglobin concentration (Figure 1), which has been negatively associated 

with performance and health parameters in weaned cattle (Berry et al., 2004; Qiu et al., 

2007; Araujo et al., 2010). Perhaps the magnitude of haptoglobin differences between 

calves from CON- and EFA-supplemented cows was not sufficient to impact 

preconditioning responses, corroborating with the lack of treatment effects detected for 

weaning variables. 

Calf feedlot and carcass parameters 

 During the growing lot phase, no treatment effects were detected (P ≥ 0.52) for 

initial growing lot BW and proportion of calves treated for BRD signs. Calves from EFA-

supplemented cows had greater (P = 0.05) ADG and tended to be heavier (P = 0.09) at 

the end of the growing lot phase compared with calves from CON-supplemented cows 

(Table 7). During the finishing lot phase, the proportion of animals treated for BRD 

signs, DOF, % of calves slaughtered, and % of male calves slaughtered were also similar 

(P ≥ 0.16) among treatments (Table 7). Calves from EFA-supplemented cows tended to 

have greater (P = 0.06) ADG and were heavier (P = 0.05) at the end of the finishing 

phase compared with calves from CON-supplemented cows (Table 7). Upon slaughter, 

HCW and marbling were greater (P ≤ 0.05) and LM area and % Choice carcasses tended 

to be greater (P ≤ 0.10) in calves from EFA-supplemented vs. CON-supplemented cows 

(Table 7). No treatment differences were detected (P ≥ 0.38) for the remaining carcass 

merit traits evaluated (Table 7). To our knowledge, these results are novel and suggestive 

of fetal programming effects from supplementing EFA to late-gestating beef cows 

(Funston et al., 2010).  
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 Maternal nutrition impacts fetal skeletal muscle development via hyperplasia and 

hypertrophy, resulting in permanent effects on postnatal  growth and performance (Zhu et 

al., 2004; Nathanielsz et al., 2007; Du et al., 2010). During late-gestation, however, only 

muscle hypertrophy and adipocyte development are significantly influenced in the fetus 

by maternal nutritional status, with direct consequences on life-long growth and i.m. fat 

deposition (Harper and Pethick, 2004; Du et al., 2010; Du et al., 2011). Corroborating the 

treatment differences reported herein for ADG, HCW, LM area, and carcass marbling, 

EFA have been shown to impact muscle and adipocyte function in developing tissues. 

Hiller et al. (2012) reported that ɷ-3 FA positively regulates the expression of genes 

associated with muscle development and function, but reduced expression of genes 

regulating lipogenesis and FA accumulation in the LM to favor metabolism of muscle 

cells. On the other hand, ɷ-6 FA has been shown to have adipogenic effects by increasing 

the expression of PPARγ in muscle tissues; a key promoter of adipocyte differentiation 

and marbling in cattle (Moriel et al., 2014). Mangrum et al. (2016) reported that 

supplementing ɷ-6 FA to young cattle enhanced intramuscular adipocyte development, 

resulting in increased carcass marbling upon slaughter. Hence, the improvement in 

feedlot growth and carcass quality in calves from EFA-supplemented cows should be 

attributed to the combination of supplemental ɷ-3 and ɷ-6, whereas the specific role of 

each EFA deserves further investigation. By providing these EFA during late-gestation, it 

can be speculated that accumulation of these FA into fetal tissues were increased, 

enhancing development of muscle and adipose cells, which translated into increased 

carcass growth and marbling when offspring were provided high-energy anabolic feedlot 

diets (Harper and Pethick, 2004). 
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Overall conclusions 

 Supplementing forage-fed beef cows during late-gestation with a rumen-protected 

EFA mix based on equivalent amounts of ɷ-3 and ɷ-6 FA did not impact cow 

performance during gestation, calving rate, or calf birth BW. At calving, proportion of 

plasma ɷ-3 and ɷ-6 FA were greater in EFA-supplemented vs. CON-supplemented 

cows. No major differences in offspring performance, health, and immune parameters 

from birth to weaning and subsequent 45-d preconditioning.  However, after being 

exposed to a high-energy feedlot diet, HCW was 16 kg heavier and carcass marbling 

increased from small to modest when comparing calves from EFA vs. CON-

supplemented cows. These results are suggestive of programming effects on postnatal 

offspring growth and health resultant from EFA supplementation to late-gestating cows 

(Funston et al., 2010), although the mechanism underlying these effects, including the 

specific role of ɷ-3 and ɷ-6 FA, also warrant investigation. Nevertheless, these outcomes 

are novel and suggest that supplementing gestating beef cows with a rumen-protected 

EFA mix based on eicosapentaenoic, docosahexaenoic, and linoleic acids might be a 

feasible alternative to optimize offspring productivity in beef production systems. 
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Table 1. Ingredient composition and nutrient profile of diets containing a rumen-

protected SFA + MUFA mix (CON) based on palmitic and oleic acids, or a rumen-

protected EFA mix based on eicosapentaenoic, docosahexaenoic, and linoleic acids. 

1 Ca salts by Virtus Nutrition LLC (Corcoran, CA) 
2 Values obtained via wet chemistry analysis (Dairy One Forage Laboratory, Ithaca, NY). Fatty 

acid content was determined according to the procedures described by Moriel et al. (2015). 
3 Calculated according to the equations described by Weiss et al. (1992). 
4 Calculated with the equation (NRC, 2000): NEm = 1.37 ME – 0.138 ME2 + 0.0105 ME3 – 1.12. 

Given that ME = DE × 0.82, and 1 kg of TDN = 4.4 Mcal of DE. 

Item CON EFA 

Ingredients, kg/day (as-fed basis) 
  

   Grass-alfalfa hay 10.9 10.9 

   Soybean meal 0.452 0.452 

   EnerGII 1 0.200 - 

   Prequel 1 - 0.100 

   Strata 1 - 0.100 
   

Nutrient profile 2 (DM basis) 
  

   DM 93.5 93.5 

   TDN,3 % 61 61 

   NEm,4 Mcal/kg 1.29 1.28 

   CP, % 10.2 10.2 

   Fat, % 3.52 3.49 

   Palmitic acid (16:0), % 0.88 0.49 

   Stearic acid (18:0), % 0.10 0.13 

   Oleic acid (18:1), % 0.91 0.61 

   Linoleic acid (18:2), % 0.44 0.69 

   Linolenic acid (18:3), % 0.92 0.97 

   Eicosapentaenoic acid (20:5n-3), % 0.00 0.13 

   Docosahexaenoic acid (22:6n-3), % 0.00 0.11 
   

Daily intake    

   DM, kg 10.8 10.8 

   TDN, kg 6.6 6.6 

   NEm, Mcal 13.9 13.8 

   CP, kg 1.1 1.1 

   Fat, kg 0.381 0.377 

   Palmitic acid (16:0), g 94.7 53.2 

   Stearic acid (18:0), g 11.1 14.0 

   Oleic acid (18:1), g 98.7 65.4 

   Linoleic acid (18:2), g 47.9 74.6 

   Linolenic acid (18:3), g 99.0 104.7 

   Eicosapentaenoic acid (20:5n-3), g 0 14.5 

   Docosahexaenoic acid (22:6n-3), g 0 11.5 
   



68 

 

 

Table 2. Nutritional and fatty acid profile of feedstuff offered to late-gestating beef cows. 

1 All fat supplements were manufactured as Ca salts Virtus Nutrition, LLC, Corcoran, CA. 
2 Values were obtained from a commercial laboratory wet chemistry analysis (Dairy One Forage 

Laboratory, Ithaca, NY). The TDN concentration was calculated according to the equations 

described by Weiss et al. (1992). The NEm concentration was calculated with the following 

equations (NRC, 1996): NEm = 1.37 ME – 0.138 ME2 + 0.0105 ME3 – 1.12, given that ME = DE 

× 0.82 and 1 kg of TDN = 4.4 Mcal of DE. 
3 As % of total fatty acids. All feedstuffs were analyzed for fatty acid content according to the 

procedures described by Moriel et al. (2015). 

 

   Fat supplement1  

Item (DM basis) Hay 
Soybean 

meal 
EnerGII Prequel Strata 

TDN, % 57 80 271 263 263 

NEm,2 Mcal/kg 1.12 1.93 8.73 8.21 8.21 

CP, %  8.80 49.80 0.00 0.00 0.00 

Total fat, % 2.1 1.5 81.8 80.2 79.7 

Fatty acid profile, % total fat3      

   Palmitic acid (16:0) 15.94 11.96 37.32 14.19 9.11 

   Palmitoleic acid (16:1) 0.00 0.00 0.00 0.00 12.93 

   Stearic acid (18:0) 4.03 5.08 1.35 2.59 3.84 

   Oleic acid (18:1) 7.94 10.61 50.5 33.07 27.76 

   Linoleic acid (18:2) 14.49 65.31 7.96 47.19 3.01 

   Linolenic acid (18:3) 45.75 7.04 0.30 2.97 4.84 

   Eicosapentaenoic acid (20:5n-3) 0.00 0.00 0.00 0.00 18.59 

   Docosahexaenoic acid (22:6n-3) 0.00 0.00 0.00 0.00 14.67 
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Table 3. Performance of beef cows receiving diets supplemented with a rumen-protected 

SFA + MUFA mix (CON) based on palmitic and oleic acids (n = 12), or a rumen-

protected EFA mix based on eicosapentaenoic, docosahexaenoic, and linoleic acids (n = 

12) during the last trimester of gestation.1, 2 

Item CON EFA SEM P = 

Cow age, yr 7.6 7.3 0.4 0.55 

Days receiving diets, d 87.0 88.8 0.6 0.02 
   

BW, kg   

   Initial (d -7) 584 589 15 0.75 

   Calving 616 614 11 0.90 

      BW change 31 25 4 0.20 

   Weaning (d 280) 575 567 10 0.63 

      BW change -41 -45 12 0.43 
     

BCS     

   Initial (d -7) 5.01 5.02 0.05 0.89 

   Calving 5.41 5.46 0.06 0.59 

      BCS change 0.41 0.42 0.07 0.88 

   Weaning (d 280) 5.08 5.00 0.08 0.38 

      BCS change -0.33 -0.47 0.10 0.26 
     

1 CON = cows received (as-fed basis) 200 g/cow daily of rumen-protected fatty acid mix based on 

palmitic and oleic acids (EnerGII; Virtus Nutrition, LLC, Corcoran, CA); EFA = cows received 

(as-fed basis) 200 g/cow daily of rumen-protected essential fatty acids mix based on 

eicosapentaenoic, docosahexaenoic, and linoleic acids (100 g Prequel + 100 g of Strata; Virtus 

Nutrition, LLC, Corcoran, CA). Treatments were provided from d 0 until calving. 
2 BW and BCS (Wagner et. al., 1988) were recorded prior to the beginning of the experiment 

(initial; d -7), within 12 h of after calving, and at weaning (d 280).  
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Table 4. Initial plasma fatty acid profile (g/100 g of plasma fatty acids) of beef cows 

assigned to receive diets supplemented with a rumen-protected SFA + MUFA mix 

(CON) based on palmitic and oleic acids (n = 12), or a rumen-protected EFA mix based 

on eicosapentaenoic, docosahexaenoic, and linoleic acids (n = 12) during the last 

trimester of gestation. 1, 2 

Item3 CON EFA SEM P-value 

Mystiric (14:0) 1.23 1.22 0.04 0.83 

Palmitic (16:0) 18.09 18.51 0.67 0.59 

Palmitoleic (16:1) 0.888 0.842 0.055 0.57 

Stearic (18:0) 34.01 34.17 1.51 0.93 

Oleic (18:1) 11.88 11.93 0.53 0.92 

Vaccenic (18:1 trans-11) 0.908 0.903 0.260 0.89 

Linoleic (18:2 n-6) 11.32 11.54 1.33 0.91 

Gamma-linolenic (18:3 n-6) 0.271 0.267 0.058 0.96 

Linolenic (18:3 n-3) 1.98 1.98 0.39 0.99 

Arachidic (20:0) 0.304 0.296 0.019 0.74 

CLA (18:2 n-6 isomers) 0.098 0.098 0.028 0.99 

Arachidonic (20:4 n-6) 0.502 0.519 0.113 0.91 

Eicosapentaenoic (20:5 n-3) 0.125 0.078 0.019 0.11 

Behenic (22:0) 0.760 0.800 0.139 0.84 

Adrenic (22:4 n-6) 0.077 0.070 0.004 0.21 

Docosapentaenoic (22:5 n-3) 0.093 0.094 0.029 0.97 

Osbond (22:5 n-6) 0.026 0.030 0.006 0.68 

Docosahexaenoic (22:6 n-3) 0.013 0.015 0.007 0.82 

Lignoceric (24:0) 0.228 0.217 0.016 0.62 

Non-identified fatty acids 1.57 1.25 0.19 0.01 

Total SFA 64.49 64.84 2.42 0.90 

Total MUFA 19.37 19.14 0.54 0.60 

Total PUFA 14.55 14.75 1.95 0.94 

Total ω-3 2.25 2.22 0.43 0.96 

Total ω-6 12.29 12.53 1.52 0.91 
     

1 CON = cows received (as-fed basis) 200 g/cow daily of rumen-protected fatty acid mix based on 

palmitic and oleic acids (EnerGII; Virtus Nutrition, LLC, Corcoran, CA); EFA = cows received 

(as-fed basis) 200 g/cow daily of rumen-protected essential fatty acids mix based on 

eicosapentaenoic, docosahexaenoic, and linoleic acids (100 g Prequel + 100 g of Strata; Virtus 

Nutrition, LLC, Corcoran, CA). Treatments were provided from d 0 until calving. 
2 Blood samples were collected from all cows on d -7 of the experiment and analyzed for fatty 

acid profile according to the procedures described by Garcia et al. (2014a) 
3 SFA = mystiric, palmitic, stearic, arachidic, behenic, and lignoceric acids; MUFA = palmitoleic, 

oleic, and vaccenic acids; PUFA = linoleic, gamma-linolenic, linolenic, CLA, arachidonic, 

eicosapentaenoic, adrenic, docosapentaenoic, osbond, and docosahexaenoic acids.  
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Table 5. Plasma fatty acid profile (g/100 g of plasma fatty acids) at calving of beef cows 

receiving diets supplemented with a rumen-protected SFA + MUFA mix (CON) based 

on palmitic and oleic acids (n = 12), or a rumen-protected EFA mix based on 

eicosapentaenoic, docosahexaenoic, and linoleic acids (n = 12) during the last trimester of 

gestation. 1, 2, 3 

Item3 CON EFA SEM P-value 

Mystiric (14:0) 0.893 0.920 0.040 0.54 

Palmitic (16:0) 26.74 17.92 1.68 < 0.01 

Palmitoleic (16:1) 0.886 0.951 0.095 0.33 

Stearic (18:0) 25.87 18.76 2.38 < 0.01 

Oleic (18:1) 13.55 6.99 0.23 < 0.01 

Vaccenic (18:1 trans-11) 0.553 0.794 0.022 < 0.01 

Linoleic (18:2 n-6) 19.52 38.74 3.14 < 0.01 

Gamma-linolenic (18:3 n-6) 0.198 0.116 0.080 0.15 

Linolenic (18:3 n-3) 2.014 3.733 0.595 < 0.01 

Arachidic (20:0) 0.115 0.120 0.010 0.73 

CLA (18:2 n-6 isomers) 0.082 0.112 0.025 0.14 

Arachidonic (20:4 n-6) 0.548 2.079 0.189 < 0.01 

Eicosapentaenoic (20:5 n-3) 0.099 0.013 0.026 < 0.01 

Behenic (22:0) 0.604 0.396 0.175 0.10 

Adrenic (22:4 n-6) 0.020 0.014 0.003 0.18 

Docosapentaenoic (22:5 n-3) 0.101 0.443 0.064 < 0.01 

Osbond (22:5 n-6) 0.026 0.029 0.005 0.68 

Docosahexaenoic (22:6 n-3) 0.004 0.573 0.047 < 0.01 

Lignoceric (24:0) 0.070 0.039 0.007 < 0.01 

Non-identified fatty acids 0.795 0.670 0.077 0.30 

Total SFA 58.84 41.65 4.17 < 0.01 

Total MUFA 17.82 11.86 0.28 < 0.01 

Total PUFA 22.65 44.89 4.06 < 0.01 

Total ω-3 2.25 4.80 0.65 < 0.01 

Total ω-6 20.40 41.09 3.42 < 0.01 
     

1 CON = cows received (as-fed basis) 200 g/cow daily of rumen-protected fatty acid mix based on palmitic 

and oleic acids (EnerGII; Virtus Nutrition, LLC, Corcoran, CA); EFA = cows received (as-fed basis) 200 

g/cow daily of rumen-protected essential fatty acids mix based on eicosapentaenoic, docosahexaenoic, and 

linoleic acids (100 g Prequel + 100 g of Strata; Virtus Nutrition, LLC, Corcoran, CA). Treatments were 

provided from d 0 until calving. 
2 Blood samples were collected from all cows (n = 48 per treatment) within 12 h after calving. Values 

reported herein were covariately-adjusted to values obtained on d -7 (Table 4). All samples were analyzed 

for fatty acid profile according to the procedures described by Garcia et al. (2014a) 
3 SFA = mystiric, palmitic, stearic, arachidic, behenic, and lignoceric acids; MUFA = palmitoleic, oleic, 

and vaccenic acids; PUFA = linoleic, gamma-linolenic, linolenic, CLA, arachidonic, eicosapentaenoic, 

adrenic, docosapentaenoic, osbond, and docosahexaenoic acids. 
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Table 6. Calving, weaning, and preconditioning outcomes from beef cows receiving diets 

supplemented with a rumen-protected SFA + MUFA mix (CON) based on palmitic and 

oleic acids (n = 12), or a rumen-protected EFA mix based on eicosapentaenoic, 

docosahexaenoic, and linoleic acids (n = 12) during the last trimester of gestation. 1 

Item CON EFA SEM P = 

Calving results     

   Calving rate, % 100 95.7 2.6 0.16 

   % of male calves born 46.8 56.8 7.5 0.34 

   Calf birth BW, kg 40.9 41.7 0.6 0.44 

   Adjusted calf birth BW, 2 kg 41.3 42.0 0.6 0.42 
     

Weaning results     

   Weaning rate, % 100 95.7 2.6 0.16 

   % of male calves weaned 46.8 56.8 7.5 0.34 

   Calf weaning age, d  193 191 1 0.03 

   Calf weaning BW, kg  241 242 3 0.82 

   Calf 205-d adjusted weaning BW,2 kg 258 259 3 0.86 
     

Preconditioning results     

   Plasma cortisol, ng/mL 32.3 30.3 1.2 0.20 

   Treated for BRD signs,4 % 6.8 3.8 3.8 0.55 

   Calf mortality, % 0.0 2.2 1.6 0.36 

   Preconditioning ADG, kg/d 0.43 0.50 0.05 0.31 

   End of preconditioning BW,5 kg 261 265 3 0.29 
     

1 CON = cows received (as-fed basis) 200 g/cow daily of rumen-protected fatty acid mix based on 

palmitic and oleic acids (EnerGII; Virtus Nutrition, LLC, Corcoran, CA); EFA = cows received 

(as-fed basis) 200 g/cow daily of rumen-protected essential fatty acids mix based on 

eicosapentaenoic, docosahexaenoic, and linoleic acids (100 g Prequel + 100 g of Strata; Virtus 

Nutrition, LLC, Corcoran, CA). Treatments were provided from d 0 until calving. 
2 Calculated according to BIF (2010). 
3 Calculated based on weaning rate and calf weaning BW.  
4 Calves were classified as positive for BRD signs according to the subjective criteria described 

by Berry et al. (2004), and received 1 mL/10 kg of BW of Hexasol LA Solution (Norbrook® Inc. 

USA; Overland Park, KS 6). 
5 Collected upon growing lot (Top Cut; Echo, OR) arrival. 
6 Calculated based on preconditioning rate and end of preconditioning BW.  
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Table 7. Feedlot performance and carcass characteristics of feeder cattle from beef cows 

receiving diets supplemented with a rumen-protected SFA + MUFA mix (CON) based 

on palmitic and oleic acids (n = 12), or a rumen-protected EFA mix based on 

eicosapentaenoic, docosahexaenoic, and linoleic acids (n = 12) during the last trimester of 

gestation. 1 

Item CON EFA SEM P = 

Growing lot performance     

   Initial growing lot BW, kg 248 250 3 0.68 

   Treated for BRD signs,2 % 38.3 31.8 7.1 0.52 

   Mortality, % 0.0 0.0 - - 

   Growing lot ADG, kg/d 1.12 1.22 0.03 0.05 

   BW at the end of growing lot, kg 383 397 6 0.09 
     

Finishing lot performance     

   Days on feed, d 127 126 1 0.34 

   Treated for BRD signs,2 % 2.2 2.2 2.2 0.94 

   Mortality, % 0.0 0.0 - - 

   BW at the end of finishing lot,3 kg 621 646 9 0.05 

   Finishing lot ADG, kg/d 1.87 1.98 0.04 0.06 

   % calves slaughtered 100 95.7 2.6 0.16 

   % of male calves slaughtered 45.6 56.2 7.9 0.35 
     

Carcass characteristics4     

   HCW, kg 391 407 6 0.05 

   Backfat, cm 1.74 1.82 0.09 0.38 

   LM area, cm2 89.6 92.3 1.2 0.10 

   KPH, % 2.15 2.13 0.07 0.85 

   Marbling 489 539 16 < 0.01 

   Yield grade 3.50 3.56 0.11 0.63 

   Retail product, % 48.6 48.4 0.3 0.56 

   Choice, % 93.5 100.0 2.7 0.09 
     

1 CON = cows received (as-fed basis) 200 g/cow daily of rumen-protected fatty acid mix 

based on palmitic and oleic acids (EnerGII; Virtus Nutrition, LLC, Corcoran, CA); EFA 

= cows received (as-fed basis) 200 g/cow daily of rumen-protected essential fatty acids 

mix based on eicosapentaenoic, docosahexaenoic, and linoleic acids (100 g Prequel + 100 

g of Strata; Virtus Nutrition, LLC, Corcoran, CA). Treatments were provided from d 0 

until calving. 
4 Backfat thickness measured at the 12th rib; marbling score: 400 = Small00, 500 = 

Modest00; 600 = Medium00; yield grade calculated as reported by Lawrence et al. (2010); 

USDA retail yield equation = 51.34 − (5.78 × backfat) − (0.0093 × HCW) − (0.462 × 

KPH) + (0.74 × LM area).  
5 Calculated based on total kg of carcass harvested divided by number of pregnant cows 

assigned to the experiment. 
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Figure 1. Plasma haptoglobin concentration from weaned calves (d 280 of the 

experiment) from beef cows receiving diets supplemented with a rumen-protected SFA + 

MUFA mix (CON) based on palmitic and oleic acids (n = 12), or a rumen-protected EFA 

mix based on eicosapentaenoic, docosahexaenoic, and linoleic acids (n = 12) during the 

last trimester of gestation. A treatment × day interaction was detected (P < 0.05). *, P = 

0.05 
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CHAPTER 5 

OVERAL CONCLUSION FOR ALL EXPERIMENTS 

 

 In experiment 1, supplementing beef cows during late-gestation with organic or 

inorganic sources of Co, Cu, Zn, and Mn effectively increased cow liver concentration of 

Co, Cu, and Zn. Liver Cu and Zn concentrations in the neonatal calf were only increased 

in AAC. Calves from AAC cows were > 20 kg heavier from weaning until slaughter and 

had reduced BRD incidence during the growing phase compared with calves from CON 

cows.  

 In experiment 2, supplementing beef cows with a rumen-protected EFA mix 

based on equivalent amounts of ɷ-3 and ɷ-6 FA (Exp. 2) did not impair impact cow 

performance during gestation, calving rate, or calf birth BW. No major differences in 

offspring performance, health, and immune parameters from birth to weaning and 

subsequent 45-d preconditioning.  However, after being exposed to a high-energy feedlot 

diet, HCW was 16 kg heavier and carcass marbling increased from small to modest when 

comparing calves from EFA vs. SFA-supplemented cows.  

 Collectively, these results are suggestive of programming effects on postnatal 

offspring health and productivity resultant from EFA or organic Co, Cu, Mn, and Zn 

supplementation during last trimester of gestation. Hence, supplementing gestating beef 

cows with rumen-protected EFA or organic Co, Cu, Mn, and Zn should be considered as 

feasible nutritional strategies to optimize beef production systems.  
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