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ABSTRACT 

THE IMPACT OF SUPPLEMENTARY TRACE MINERAL SOURCE ON THE INNATE 

AND ACQUIRED IMMUNITY OF TRANSITION DAIRY COWS AND THEIR NEONATE 

CALVES 

Lori Ogilvie 

University of Guelph, 2021

Advisor: 

Eduardo de Souza Ribeiro 

 

This thesis investigated the impact of complete replacement of inorganic sources of 

supplementary trace minerals by organic sources in the diet of transition cows on cellular and 

humoral immunity of dams and neonate calves, colostrum characteristics, and oxidative balance, 

health and growth of calves. In cows, neutrophil function was assessed in vitro by flow cytometry 

assays, and acquired immunity was evaluated by in vivo IgG responses to ovalbumin. In calves, 

passive transfer of immunity was assessed at 24 h after colostrum feeding, and neonatal cellular 

immunity was evaluated by cytokine responses to ex vivo LPS stimulation of whole blood. The 

replacement strategy enhanced postpartum phagocytosis intensity of neutrophils in cows, 

increased concentration of Se in colostrum and in serum of female neonates, increased basal 

concentrations of effector cytokines (IFNγ and IL4), enhanced secretion of β-chemokines (CCL2, 

CCL3) upon stimulation with LPS, and tended to improve preweaning health of female calves.  
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Chapter 1: Literature Review 

1.1 Introduction 

It is widely thought that the ultimate cause for any differences between organic and inorganic 

trace minerals effect on the body systems of dairy cows is due to differences in bioavailability. 

Bioavailability refers to the degree to which a substance is absorbed by the body and is thus able 

to be used to carry out physiological functions. It has been well documented that organic sources 

of many trace minerals are absorbed more efficiently by the body than inorganic trace mineral 

sources, resulting in various effects on production and reproduction such as increased DMI in early 

lactation, and decreased days open in dairy cattle when organic trace minerals are fed at a high 

inclusion level (Yasui et al., 2014; Rabiee et al., 2010). Efforts have been made to characterize the 

effects of this relative difference in bioavailability between organic and inorganic trace minerals 

as they pertain to areas such as immunity, production, and reproduction. However, these are not 

often conclusive and there is considerable heterogeneity as to whether or not there is a benefit to 

supplementing trace minerals inorganically, organically, or as a combination of the two. This is 

true especially for studies assessing the impact of trace minerals on dairy cow immunology: a 

consensus has not yet been reached to determine the superior source. 

Of course, during the transition period there is not only the cow to consider, but also the calf 

that she is developing and will give birth to. Maternal trace mineral nutrition presents an 

opportunity to influence not only the development of the fetal calf in utero due to possible 

differences in circulating trace minerals in the dam’s system and their effects on her oxidative 

status, but also to exert postnatal effects through enhanced colostrum quality. Because many farms 

use the daughters of their current herd as replacement heifers, avenues to increase their success in 
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terms of growth and health are useful to the sustainability of dairy producers. Disease during the 

preweaning period has been associated with impaired fertility and production later in life during 

the first lactation (Abuelo et al., 2021), so ensuring that calves remain healthy in early life is 

critical. Accordingly, improving colostrum quality and quantity are attractive benefits to 

producers, as calves are born with a naïve immune system and rely on immunoglobulins, live 

immune cells, and cytokines to activate their immune system for protection against disease 

(Godden, 2008). Organic trace minerals have been implicated in enhanced immunoglobulins in 

colostrum (Roshanzamir et al., 2020) although this has been met with conflicting results (Kinal et 

al., 2005; Jacometo et al., 2015).  Maternal source of organic trace minerals have also been 

associated with epigenetic effects on calf immune cells (Jacometo et al., 2015). Previous work has 

shown that organic selenium, an effective antioxidant, is preferentially incorporated into the 

selenoprotein, (Sepp1, Selenop in bovines) which is readily transported across the placenta for use 

by the fetus (Yuan et al., 2003; Burke et al., 2003). Evidently, studies aiming to better characterize 

the many important effects such as these that maternal source of trace mineral may have on the 

calf are essential to ascertain the value of trace mineral nutrition on dairy farms.  

1.2 Health and Immunity in the Transition Period         

The transition period is defined as the first 21 days before and after parturition in the dairy 

cow, featuring a prepartum nonlactating pregnant state and a postpartum nonpregnant lactating 

state. At the onset of lactation, dry matter intake is depressed and the cow remains in a negative 

energy balance for several weeks postpartum (Butler, 2005). Further dramatic homeorhetic 

changes to nutrient metabolism, endocrinology, and immunology of the cow occur to help cope 

with the demands of lactation and the inflammatory process of parturition (Herr et al., 2011). Often 
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times, the cow cannot keep up with these changes and many body systems become dysregulated 

which contributes to the immunosuppression characteristic of the peripartum period, resulting in 

the establishment of a disease state. In fact, roughly 30% of dairy cows will experience at least one 

disease event in the first 21 days following parturition (Chapinal et al., 2011; Carvalho et al., 2019; 

Pinedo et al. 2020).  

This immunosuppression is especially associated with a decline in neutrophil function. 

Together with macrophages, neutrophils are the principle phagocytic cells in the bovine immune 

system (Paape et al., 2002). In order for pathogens to be eliminated, neutrophils must undergo 

chemotaxis, adhesion, ingestion (phagocytosis), and destruction of pathogen. In the healthy tissue, 

macrophages are the major phagocytic cell; however, after their recruitment by macrophages, 

neutrophils rapidly migrate to and infiltrate the site of infection (Paape et al., 2002). For 

phagocytosis to occur, neutrophils project foot-like extensions to engulf the invading pathogen 

into a membrane-bound space called a phagosome (Paape et al., 2002). From here, the neutrophils 

can initiate oxygen-dependent or oxygen-independent killing.  

Oxygen-dependent killing is often referred to as the respiratory or oxidative burst and is 

reliant on cytotoxic reactive oxygen species (ROS) to fatally damage pathogens (Paape et al., 

2003). This is accomplished by a variety of enzymatic reactions following a drastic increase 

oxygen consumption and activity of the hexose monophosphate pathway to generate the NADPH 

required to allow these reactions to proceed in response to microbial association with the neutrophil 

membrane (Paape et al., 2003). This association triggers the release of superoxide anions and 

hydrogen peroxide resulting from the interaction of oxygen with electrons liberated from the 

oxidation of NADPH to NADP+ (Paape et al., 2003). Hydrogen peroxide can dismutate to form a 
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hydroxyl ion while interactions with the superoxide anion form singlet oxygen; these two products 

are key in microbial destruction (Paape et al., 2003). Myeloperoxidase is released when the 

azurophil granules of the neutrophil fuse with the phagosome, allowing the enzyme to catalyze the 

production of hypochlorite from the chloride anion and hydrogen peroxide (Paape et al., 2003).  

Hypochlorite is cytotoxic and kills pathogens alongside hydroxyl radicals and singlet oxygen 

(Paape et al., 2003). The neutrophil’s oxygen-dependent method of killing microbes is 

indiscriminate, damaging not only pathogenic membranes but also host cells (Zhao and Lacasse, 

2008), and thus a careful balance between anti and pro-oxidant compounds must also be achieved. 

Glutathione peroxidase (GPx) is one way to maintain this balance, as it is a selenium-containing 

enzyme found within neutrophils that catalyzes the conversion of cytotoxic H2O2 to harmless H2O 

(Arthur and Boyne, 1985). Another important cellular antioxidant is superoxide dismutase (SOD), 

which comes in two forms: one found commonly in the cytosol containing copper and zinc, and 

one found in the mitochondria containing manganese (Arthur and Boyne, 1985). Intuitively, SOD 

catalyzes the conversion of cytotoxic superoxide to protect the neutrophil (Arthur and Boyne, 

1985). 

During the transition period there are a number of changes that present adversities for proper 

neutrophil function. As a result of the depression in DMI, circulating glucose is depressed which 

in turn results in a corresponding decrease in circulating insulin (Invgvartsen et al., 2006). Low 

concentrations of insulin combined with high concentrations of glucagon, growth hormone, and 

catecholamines stimulate lipolysis, releasing non-esterified fatty acids into blood circulation, and 

preventing further lipogenesis (Invgvartsen et al., 2006). The mobilized fatty acids are used as an 

energy source by other tissues to compensate for the negative energy balance. However, high levels 
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of circulating NEFA have been found to compromise neutrophil phagocytosis and oxidative burst 

both in vivo (Hammon et al., 2006) and in vitro (Suriyasathaporn et al., 2000; Scalia et al., 2006). 

Further, tissue sensitivity to glucocorticoids, notably cortisol which is thought to be the main 

glucocorticoid in cattle, is also enhanced in the early lactation portion of the transition period (Goff 

and Horst, 1997; Preisler et al., 2000a; Preisler et al., 2000b). This increased level of circulating 

glucocorticoids is believed to be a contributing factor to the immunosuppression seen in 

postpartum dairy cows due to its inhibitory effects on T-cell proliferation, impairment of 

complement molecule function, and alteration of immunoglobulin activity (Goff and Horst, 1997). 

Glucocorticoids have also been shown to impact neutrophil function via a reduction in surface 

CD18 and L-selectin expression, suggesting an impairment in adhesion and thus decreased entry 

to infected regions (Monfardini et al., 2002).   

Transient hypocalcaemia is also characteristic of the transition period largely due to the 

efflux of calcium into colostrum and milk. When calcium levels in the plasma are lowered below 

the acceptable homeostatic range, such as they are at the onset of lactation postpartum, the 

parathyroid glands will release parathyroid hormone (PTH) to exert its physiological effects (Goff, 

2008). PTH is a fast-acting hormone, resulting in a rapid upregulation of calcium reabsorption in 

the kidney as well as stimulation of 1α-hydroxylase for the activation of the vitamin to function as 

a steroid hormone (Goff, 2008). This active form of vitamin D works in the small intestine to 

increase the rate of absorption of calcium and works with PTH to resorb calcium from bone in 

effort to restore plasma calcium status (Goff, 2008). When these hormonal adaptations to calcium 

metabolism fail to restore blood calcium levels, hypocalcaemia may occur (Goff, 2008). Calcium 

(Ca) is critical for the function of nearly all cells, the neutrophil is no exception. Low levels of Ca 
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have been related to impairments in neutrophil function, as neutrophils rely on calcium flux to 

become activated and therefore functional (Krause et al., 1990).  

Neutrophil function has also been implicated in the direct causation of disease. In a 1984 

study, Gunnik investigated the role of expression of leukocyte chemoattractant in cases of retained 

placenta. This study showed that cows that suffered from retained placenta had cotyledons with 

lower levels of chemoattractant, resulting in a depressed recognition of the placenta as non-self 

and consequent decrease in immune cell activity to release these fetal tissues. A 2011 study by 

Benedictus et al. had results in agreement with these findings, showing lower chemotactic activity 

in the cotyledons of cows that had retained placenta following induction of parturition with 

dexamethasone. Aside from providing a valuable insight into the immunological environment of 

the transition cow, prepartum neutrophil function may also have predictive properties for 

postpartum health events. Kimura and colleagues (2002) found that impaired neutrophil function 

in terms of myeloperoxidase activity was associated with increased incidence of retained placenta. 

Later, Chebel (2021) evaluated immune and metabolic metrics to predict uterine disease (retained 

placenta, metritis), and found that prepartum intensity of phagocytosis was associated with 

incidence of metritis. In an earlier study, Lohuis et al., (1990) found that certain measures of 

neutrophil function taken prior to experimental infection with E. coli mastitis to be associated with 

severity of the infection. Therefore, characterizing the variability in innate immunity may be a 

useful tool for the improvement of management strategies for transition dairy cows. 

Of course, innate immunity is not the only branch of the immune system that is impacted by 

the changes that take place during the transition period. Antibodies of the acquired branch are able 

to opsonize pathogens for phagocytic cells to be able to clear the pathogen more efficiently, 
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contributing to the concept that higher levels of circulating antibodies are beneficial for a robust 

immune response (Mallard et al., 1997). Previous work has shown that transition cows with a 

stronger response to ovalbumin in terms of their antibody levels were shown to have fewer disease 

events (Mallard et al., 1997). However, around the time of parturition levels of IgG (the primary 

bovine antibody) and IgM have been reported to drop, and in the case of IgG the magnitude of the 

drop was associated with the level of IgG in colostrum (Herr et al., 2011; Detilleux et al., 1995; 

Franklin et al., 2005). Sensibly, this is due to the movement of IgG from system circulation into 

mammary tissue to be incorporated into colostrum (Herr et al., 2011). Cytokines also play an 

important role in the humoral response. IL-2 has also been shown to have a positive association 

with levels of antibody secreting cells in the mammary tissue both in the transition period and early 

lactation (Nickerson et al., 1993; Quiroga et al., 1993).  

The combination of increased demands from the final weeks of fetal and placental growth, 

the act of parturition, and the onset of colostrogenesis and lactogenesis with depressed DMI may 

result in deficiencies of important nutrients. These deficiencies may relate to energy status, amino 

acids, macrominerals, vitamins, or trace minerals. Of the many trace minerals, there are five that 

are regarded as essential to supplement in the diet of dairy cows: cobalt, copper, manganese, 

selenium, and zinc. These trace minerals are critical for various functions within the body as 

antioxidants, for immune cell function, and endless others. Presently, the most common method 

for supplementing trace minerals in the diet has been as an inorganic salt, such as a carbonate, 

oxide, and sulphate. However, inorganic trace minerals are prone to mineral-mineral antagonisms 

within the gastrointestinal tract, alterations in solubility, as well as complications related to the 

microbial community of the rumen which is capable of altering the profile of the feedstuffs (Goff, 
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2018).  In fact, even the physical traits of the diet can impact bioavailability, with high fibre diets 

implicated in reducing trace mineral levels in ruminants (Kabaija et al., 1988). Clearly, maximizing 

bioavailability of trace minerals during the transition period is of the utmost importance in order 

to maximize absorption and allow the cow to use these minerals for her bodily functions. 

These reductions in immune cell function and complications related to disease may be 

further exacerbated by deficiencies in trace minerals, which have various documented effects on 

immunity. Immunologically, copper is a very important trace mineral. It also plays crucial roles in 

bone and connective tissue growth, metabolism of iron, and aerobic respiration (Goff, 2018). 

Copper has key antioxidant function due to its place in cytosolic superoxide dismutase 1 (SOD1) 

which prevents superoxide anions from damaging the cell lipid membranes (Goff, 2018; 

Tomlinson et al., 2008).  Further, it has been previously documented that dairy cows in copper 

deficient states have impaired neutrophil function (Goff, 2018; Tomlinson et al., 2008). This 

reduction in killing capacity has been shown to result in mastitis infections that are more severe, a 

highly relevant factor in the dairy industry as clinical mastitis cases typically result in depressed 

milk yields, milk that may not be suitable for sale, and decreased survival in the herd due to losses 

in profitability (Scaletti et al., 2003). Depressed superoxide dismutase and glutathione activity has 

been linked to copper deficiencies due to the fact deficient copper status causes a reduction in 

expression of the selenoenzyme glutathione peroxidase mRNA (Olin et al., 1994). This means that 

adequate copper status must be met for neutrophils to function properly and reduce the potently 

toxic H2O2 to harmless H2O. In a murine model, Prohaska and Failla (1993) showed depressed 

acquired immunity related to copper deficiency, elucidating an important role of copper in this arm 

of the immune system as well. Mixed results have been found concerning copper and cytokine 
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responses in dairy cattle, with IL-2 being unaffected by level of copper in the diet, but in the same 

study IFNγ was positively correlated with copper (Torre et al., 1995). Increasing dietary copper 

was positively associated with response to an ovalbumin challenge in juvenile steers (Ward and 

Spears, 1999). 

Bioavailability is a major concern when formulating the trace mineral copper into the diet 

of ruminants, as its absorption is only 1-10% of that of nonruminants (Scaletti et al., 2003). Sulfur 

and molybdenum levels in the diet strongly influence the dietary inclusion of copper that is 

necessary to maintain a sufficient state, as sulfur and molybdenum together form thiomolybdates 

that bind copper as a highly insoluble complex that is not reversed by low abomasal pH, thus 

rendering the associated copper physiologically unavailable (Scaletti et al., 2003). This suggests 

that higher levels of copper may need to be fed to overcome the antagonistic effects of sulfur and 

molybdenum, and further that as copper-binding thiomolybdates are formed and excreted without 

being absorbed there is increased mineral wastage. This is both an economic and environmental 

concern.      

Zinc’s action in immunity is broad. It maintains the epithelial barrier, protecting against 

pathogen entry at the first point of contact, and is an important component of the enzyme 

superoxide dismutase 1 (SOD1) (Tomlinson et al., 2008). As SOD1 cannot be activated without 

zinc, zinc is critical in the protection of cellular membranes against damage caused by reactive 

oxygen species (Tomlinson et al., 2008; Yasui et al., 2014). Further, it has been demonstrated in 

humans that zinc stimulates monocytes to release various signaling molecules such as TNFα, IL-

6, IL-1, and IFNγ, of which IL-6 is required for neutrophil differentiation while IL-1 and TNFα 

play roles in neutrophil adhesion (Tomlinson et al., 2008; Paape et al., 2002). Also, in human 



 

 

10 

 

models, it has been shown that macrophage and neutrophil phagocytosis and oxidative burst 

functions are depressed in zinc deficient states (Spears and Weiss, 2008), which is interesting as 

typically it is the antioxidant function of superoxide dismutase that relates to oxidative burst, not 

phagocytic enhancement. In a study evaluating the partial supplementation of zinc and copper 

chelated to either methionine or sulphate in ewes, the organic sources were found to be more 

bioavailable and ewes on the organic treatment had greater liver SOD activity (Pal et al., 2010). 

Zinc status has also been shown to have mixed effects on acquired immunity, with marginal zinc 

deficiencies not appearing to have an impact in dairy cows, but having a significant impact in mice 

and humans (Spears, 2000; Fraker et al., 1977). Supplemental Zn did not improve antibody 

response following Infectious Bovine Rhinotracheitis (Spears and Kegley, 2003). Zinc 

bioavailability is impacted by mineral-mineral interactions with calcium and, interestingly, with 

itself (Rink and Kirchner, 2000). Higher levels of calcium in the diet have been shown to reduce 

zinc bioavailability, and higher zinc inclusion in the diet results in less being absorbed by the body 

(Rink and Kirchner, 2000). In order to maximize zinc levels in the body for the cow to use, finding 

a way to circumvent these interactions is important to avoid suboptimal nutrition and mineral 

wastage.  

Unfortunately, most of the work done to explore the impact of cobalt in ruminant 

immunology has been limited to calves and small ruminants. A study done by MacPherson and 

colleagues (1987) found that neutrophil function was diminished in 3 month old Co-deficient 

Friesian steers by way of candidacidal measurements. These animals underwent an O. ostertagi 

infection challenge, and it was determined that cobalt status but not infection status was important 

for neutrophil function, and that deficient animals experiences greater severity of infection.  Later 
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work in from the same laboratory (Paterson et al., 1990) confirmed these results, again finding 

evidence that a cobalt deficiency induced vitamin B12 deficiency impairs the ability of neutrophils 

to kill Candida albicans yeast in 3 month old Friesian steers, and this effect took place within a 

few weeks of the commencement of the cobalt deficient diet. 

Cobalt is the trace mineral that serves as the central atom in vitamin B12 (Paterson and 

MacPherson, 1990). As long as adequate amounts of cobalt are provided in the diet the ruminal 

microbes are typically able to synthesize vitamin B12 in quantities sufficient not only to sustain the 

microbiome, but also the tissues of the cow (Goff, 2018). However, some microbes may 

incorporate cobalt into a physiologically inert compound similar to vitamin B12 thus reducing the 

amount of cobalt able to be utilized for vitamin B12 production, possibly creating a need for 

increased dietary cobalt (Goff, 2018). When cobalt is deficient in the diet and liver and kidney 

stores of the mineral are depleted, microbes are no longer able to synthesize vitamin B12; this results 

not only in a B12 deficiency in the cow but also in the microbes themselves (Goff, 2018). 

Ostensibly, this could alter the microbial population of the rumen and result in changes in 

fermentation. 

Selenium’s activity as an antioxidant has been thoroughly described across many species as 

a function of its role in the selenoenzyme glutathione peroxidase (Tomlinson et al., 2008). 

Glutathione peroxidase catalyzes the conversion of glutathione and hydrogen peroxide to 

glutathione disulfide and water, preventing cytotoxic hydrogen peroxide from damaging lipid 

membranes within the cell (Tomlinson et al., 2008). This mechanism is utilized by neutrophils in 

oxygen dependent killing (also known as oxidative burst), wherein compounds such as hydrogen 

peroxide (from the dismutation of produced superoxide anions via superoxide dismutase enzymes) 
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and the more potent hypochlorite ion kill microbes (Paape et al., 2002). However, this oxidative 

function is not specific to pathogens and may also attack host cells, thus glutathione peroxidase is 

critical in protecting the neutrophil while it kills pathogens (Paape et al., 2002). The application of 

selenium on innate neutrophil function has therefore been attributed to its action on oxidative 

pathogen killing rather than phagocytosis. Although maternal selenium supplementation is a hot 

topic in the world of calf and colostrum research in dairy animals as it relates to immunoglobulin 

G production and passive transfer, the effects of selenium on the acquired immune system of the 

dam is often neglected. Decreased selenium bioavailability has been related to higher forage 

content in the diet, and excessive or insufficient calcium (Spears, 2003). It is also known that 

sulphates in the diet are likely to negatively impact the ability of selenium to be absorbed when 

supplied as selenite (Ivancic and Weiss, 2001). Currently, a popular method of supplementing 

other trace minerals is as an inorganic sulphate, which may complicate selenium absorption, 

emphasizing the need for other methods of supplementation.  

Manganese also has applications within the immune system as Mn-dependent mitochondrial 

superoxide dismutase 2 (SOD2) is also protective against ROS, as well as having documented 

effects on neutrophils and macrophages (Tomlinson et al., 2008). Notably, manganese has been 

shown to increase the ability of macrophages to kill invading pathogens (Tomlinson et al., 2008). 

As cytokines and other cellular signaling molecules are released by active macrophages to recruit 

neutrophils there may be relationship between manganese and resulting circulating neutrophils, 

however this has not been well characterized. Manganese alone has not been implicated in acquired 

immune function in dairy cattle. Interestingly, despite its applications in bone formation, 

manganese bioavailability may be reduced by high levels of dietary calcium (Spears, 2003). 
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Manganese bioavailability has been estimated to be about 1% in ruminant diets, however its 

presence as an organic or inorganic trace mineral greatly impacts this as manganese chelated to 

methionine was 120% more bioavailable than the inorganic salt, manganese sulphate when fed to 

lambs (Henry et al., 1992), suggesting a promising alternative. 

1.3 Replacement Strategies in Trace Mineral Nutrition 

In order to support immune function and circumvent these pitfalls in health, maximizing 

bioavailability and finding strategies to improve trace mineral status are highly important. One 

promising alternative to inorganic trace minerals is replacement with organic trace minerals, where 

the same elements used in inorganic supplements are chelated instead to an organic molecule such 

as a saccharide, amino acid, or proteinate. These minerals may be partially or completely 

substituted in the diet, or supplied as boluses (Osorio et al., 2016; Roshanzamir et al., 2019; Yasui 

et al., 2014; Kinal et al., 2005; Zhao et al., 2005). Another method of increasing trace mineral 

status includes parenteral injections (Bicalho et al., 2014), which avoids antagonisms, ruminal 

biotransformation, and complications due to feed composition. However, injections do not come 

without drawbacks - the dynamics of trace minerals following injection are not well understood 

and it also involves extra labour requirements, while inclusion in the diet is minimally labour 

intensive.  

Over the past few decades, many experiments have assessed the impact of source of trace 

minerals on various immune functions, both in combinations and as individuals. In a study done 

in male Nellore lambs, inorganic and organic sources of copper were fed at varying levels at or 

above the recommended levels (Senthilkumar et al., 2009). They found greater ceruloplasmin and 

red blood cells SOD activity in lambs supplemented with organic copper fed at 14 ppm, despite 
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liver SOD being higher in the inorganic group. Further, it was shown that organically 

supplemented lambs had greater titres against sensitization to B. abortus and organically 

supplemented lambs fed at 14 ppm also had greater total immunoglobulin levels. However, 

responses to the mitogens concanavalin-A and phytohaemagglutinin P and levels of IgM were 

unaffected by level or source of supplemental copper.  

Typically inorganic selenium is supplied as either selenite or selenate, while organic sources 

tend to be selenized yeast or selenomethionine. Body tissues and milk show greater incorporation 

of selenium when fed from an organic source, and glutathione peroxidase activity in red blood 

cells was significantly increased in selenium-deficient heifers fed selenomethionine relative to 

those fed selenite (Aspila et al., 1991). However, this is complicated by the fact that goats fed 

inorganic sources of selenium showed greater excretion in urine than those fed organic selenium, 

indicating that an important portion of inorganic selenium might be absorbed by the body prior to 

excretion (Aspila et al., 1991).  Nonetheless, the known negative impact of sulfates on 

bioavailability is lessened when selenium is supplied as selenized yeast, or when supplied as 

selenomethionine due to differences in intestinal absorption as selenomethionine is absorbed in the 

same manner as methionine (Vendeland et al., 1992; Weiss and Hogan, 2005). Further, it is known 

that organic sources of selenium are preferentially incorporated into the selenoprotein Sepp1, 

known as Selenop in bovine species, over sodium selenite (Yuan et al., 2003). 

In a study in beef cattle involving three experimental groups - unsupplemented selenium, 

organically supplemented selenium, and inorganically supplemented selenium - Gunter at al. 

(2003) found that glutathione peroxidase activity was greater in supplemented cows than 

unsupplemented cows, but source was not important. Over the course of a two-year 1998 study 
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Awadeh and colleagues looked at the differences in glutathione peroxidase activity in beef cows 

offered free-choice salts containing 20, 60, or 120 ppm of inorganic selenium or 60 ppm of 

selenomethionine. In the second year of the study, seven months post-calving it was found that 

cows on the organic selenium diet had greater GPx enzyme function than those on the various 

levels of inorganic selenium. Gong and colleagues had similar results in a 2014 study on mid-

lactation Holsteins fed sodium selenite or selenized yeast, where cows on the selenized yeast 

treatment had significantly greater activity of glutathione peroxidase. They also found increased 

IgA and IL-1 despite finding no effect of treatment on IgM, IgG, IL-2, IL-4, IL-6 or tumor necrosis 

factor. In this study, they also found greater levels of serum selenoprotein P, which is reflective of 

greater selenium bioavailability, as well as greater total antioxidant capacity. Awadeh and 

colleagues further found differences surrounding the levels of IgG and IgM wherein only cows fed 

the 20 ppm diet had significantly lower immunoglobulins in plasma. Overall, there was no effect 

of source on IgG, only level supplied, however IgM was greater in cows fed 60 ppm of 

selenomethionine than inorganic selenium.  

Scientific data comparing organic and inorganic sources of the individual trace minerals 

cobalt, manganese, and zinc are very limited in the literature, especially those related to 

immunology. In a study evaluating the effects of zinc (sulfate versus amino acid chelate) as well 

as chelation strength in midlactation cows, Wang et al. (2013) did find that their strongest chelation 

in the organic treatment did improve serum antibody titer levels. Unfortunately, to the author’s 

knowledge no studies have been carried out to date involving only organic and inorganic cobalt or 

manganese supplementation on immune response in dairy cows, or cattle in general. 
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In recognition of the vital role that trace minerals play in the body systems of dairy cows 

and the potential benefits of those of an organic source, many commercial groups have engineered 

products to more easily supplement these organic trace minerals typically via topdressing, 

injection, or bolus. Commonly these include combinations of several trace minerals. A 2012 study 

by Nemec and colleagues followed two cohorts of lactating primiparous and multiparous cows, 

(32 +/- 11 DIM and 77 +/- 33 DIM) fed Cu, Mn, and Zn either as sulfates or methionine hydroxy 

analogues. Among evaluations of milk production, body weight and condition, mineral plasma 

parameters, measures of neutrophil phagocytosis and oxidative burst, and acquired immune 

responses, there was a clear improvement in antibody response to a rabies vaccine illustrated 

through ELISA and RRFIT testing. However, there was no effect of treatment on neutrophil 

function, plasma Zn or Cu (Mn levels in plasma were below detectable thresholds), or milk Zn and 

Mn.  

Yasui et al. (2014) similarly compared sulfated and hydroxyl trace minerals, however they 

also included a 75:25 blend of inorganic:organic trace minerals. This experiment also evaluated 

Zn, Cu, and Mn in their formulation, and followed 60 multiparous cows from 21 days prior to 

expected date of parturition through 80 days postpartum to capture the transition period and further 

into lactation. In examinations of milk yield and composition, weekly plasma sampling for 

biomarkers as well as total antioxidant capacity (TAC), TBARS, and cytological endometritis, 

authors reported no differences on milk yield or composition and uterine health. Regarding TAC 

and TBARS, no differences between the hydroxy trace minerals and 75:25 blend groups were 

observed but both groups had lower levels than those observed in the sulfated trace mineral group. 

In addition, there was an effect of treatment on haptoglobin levels wherein the hydroxy trace 
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mineral group exhibited lower haptoglobin levels in the first week following parturition. As 

haptoglobin is an often used marker for systemic inflammation in the dairy cow as a result of its 

status as an acute phase protein, this could indicate that these cows experienced lower systemic 

early postpartum, or as suggested by Dubuc et al. (2010), a risk factor for future adverse health 

events.  

Using an oral bolus of amino acid complexed Zn, Mn, and Cu as well as Co glucoheptonate, 

Osorio and colleagues (2016), evaluated the effects of trace mineral source on 44 multiparous 

cows, however only 37 cows were considered in the final results as a result of seven cows that 

experienced clinical disease that were removed from the trial: 6 in the organic group and 1 in the 

inorganic group. In this study blood was harvested biweekly to evaluate content of fatty acids, 

BHB, glucose, creatinine, urea, and γ-glutamyl transferase. Liver biopsies for TAG and trace 

mineral content were also done, as well as calculations for energy balance, and measures for 

reactive oxygen metabolites (ROMt), oxygen radical absorbing capacity (ORAC), and 

phagocytosis. Here, the animals that were administered boluses of complexed trace minerals were 

shown to have improved milk production, increased DMI, increased stores of trace minerals in the 

liver as well as higher percentage of neutrophils undergoing phagocytosis at 30 DIM. Additionally, 

these cows had lower BHB and blood ketone levels, however these are not always a reliable 

measure of animal health as many animals can circulate high levels of ketones in their blood while 

maintaining a high level of production without adverse health events, so must be considered 

carefully and as a part of a complete picture. 



 

 

18 

 

1.4 Effects of Maternal Trace Mineral Nutrition on Colostrum and Calves 

Of course, during the transition period there is not only the cow to consider, but also the 

calf that is developing inside of her. There are two primary routes for the gestating dam to influence 

the postnatal success of her offspring; through the uterine environment where the calf develops, 

and via the nutritional and immunological effects mediated by her colostrum. Trace mineral 

nutrition is relevant throughout the entire developmental process. Even before the bovine embryo 

implants trace minerals are a relevant concern as activity of enzymes such as superoxide dismutase 

containing Zn, Cu, and Mn has been reported at this stage (Lequarre et al., 2001). Later, maternal 

manganese deficiencies were implicated in the synthesis of DNA and RNA, as well as the related 

occurrence of physiological malformations and congenital skeletal defects in their calves (de 

Carvalho et al., 2010).  

As previously mentioned, the prepartum cow faces a considerable variety of demands 

regarding fetal growth, colostrogenesis and lactogenesis, and a reduction in DMI that may result 

in dietary deficiencies, oxidative stress imbalances, or inflammation related to disease. Naturally 

these factors are liable to have an impact of the calf as it develops in utero by way of fetal 

programming, and as such it is important to find ways to control them. The late gestational 

treatment period is a critical time to capture and characterize in terms of fetal programming as this 

is when many different types of lymphocytes proliferate the most quickly within the fetal immune 

system (Higgins et al., 1983). In fact, cows experiencing greater levels of metabolic stress during 

the last month of gestation in terms of circulating NEFA, haptoglobin, and their oxidative status 

index were found to birth calves with greater levels of basal inflammation and a weaker immune 

response to lipopolysaccharide (LPS) (Ling et al., 2018). They proposed that one of the reasons 
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for this difference could have been that lower oxidative stress in certain dams may have been due 

to dietary antioxidants, which brings up the relevance of dietary trace minerals once more.  

Because there is no passive transfer of immunoglobulins across the ruminant 

synepitheliochorial placenta during pregnancy, the calf is born with a naive immune system and 

relies entirely on passive transfer of immunity chiefly through colostrum. Colostrum contains both 

nutritive (macronutrients, vitamins, minerals) and non-nutritive factors such as immunoglobulins, 

live cells, cytokines, hormones, and growth factors that are essential for the calf to thrive (Godden, 

2008). Typically, successful passive transfer is defined by a concentration of IgG greater than or 

equal to 10mg/mL at 24 hours of life and is a very important predictor for the success of the calf 

(Godden, 2008).   

 In fact, the achievement of successful passive transfer has a clear positive impact of the 

average daily gain in pre-weaned dairy calves. Elsohaby and colleagues (2019) documented a 

statistically significant increase in body weight at 21 days of age and average daily gain (ADG) 

from 0-21 days, as well as a tendency for ADG to be increased from days 0-42 when calves 

achieved successful passive transfer. However, there was no statistical significance in ADG during 

the period between days 22-42. Conflicting results were found in an earlier report from Robison 

et al. (1988), wherein it was reported that greater absorption of IgG impacted body weight growth 

rate from birth to 180 days of age. Interestingly, the calves in the Robison et al. study were weaned 

at approximately 70 days of age, and the effect of IgG absorption at 24-48 hours was shown to 

have the strongest impact on growth rate from days 70-105 in these calves. This could indicate 

that successful passive transfer at birth could be important in helping calves cope with the stress 

of weaning and potentially offset the post-weaning growth dip, a period of time following weaning 
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in young animals where ADG is markedly reduced. It is worth noting that calves in the Elsohaby et 

al. study were weaned at approximately 40 days, which is more in line with typical commercial 

settings, however the prolonged preweaning period in the Robison study may have had an impact 

on gut health and development, which also could have been a contributing factor in the reported 

disparity between growth rates. A 2017 benchmarking study done in British Colombia (Atkinson 

et al., 2017) correlated improvements in colostrum management with decreased rates of failure of 

passive transfer and increased ADG across the farms included. Although IgG absorption cannot 

be clearly or exclusively implicated in a 2005 case study in Brown Swiss calves by Faber and 

colleagues as serum IgG was not reported, there was a clear benefit to feeding 4L of good quality 

colostrum over 2 L as evidenced by a significant increase in ADG, as well as improved milk yield 

in the first and second lactations of animals that were fed 4 L. Although this study did not evaluate 

efficacy of passive transfer, it is clear that increasing the volume of colostrum of the same high 

quality will result in more immunoglobulins being consumed, and likely absorbed. This would 

possibly result in a stronger acquired immune system, leading to fewer disease events and less 

energy being directed towards an immune response that can instead be used for growth. More work 

should be done in this field to isolate nutritive, hormonal, and immunological effects on growth 

that stem from the various constituents of colostrum such as IGF and insulin.   

In an earlier study, Besser, Gay and McGuire (1983) propose that pooling colostrum may 

negatively impact quality by way of diluting higher quality colostrum with colostrum containing 

a lower IgG concentration which could have an effect on incidence of FPT. However, more recent 

studies have shown no statistically significant difference in passive transfer between calves that 

were fed pooled colostrum, colostrum from their own dam, or colostrum from a different dam 
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(King et al., 2020). This study hinges on the fact that the vast majority of colostrum that entered 

the pool was of good quality and thus the effect of dilution was effectively nonexistent. Overall, 

in this instance it was concluded that pooling colostrum was a viable management option so long 

as the mean colostral IgG concentration was high enough. This raises the point that methods to 

improve colostrum quality in the herd should be considered as it could aid in the success of passive 

transfer, thereby improving welfare and reducing costs associated with sick calves, but also by 

reducing labour costs.   

One option to improve colostrum quality that has been explored in recent years is the 

supplementation of trace minerals from organic sources, rather than the traditional inorganic 

sources. Roshanzamir and colleagues (2020) examined supplementation of various sources 

of the trace minerals zinc, copper, and manganese supplied to the dam through the duration of 

the 60 day experimental dry period. In this case, they used a control group without supplemental 

trace minerals, and treatments with the aforementioned trace minerals chelated to either glycine or 

methionine, or as sulphates. They found that including the trace minerals as glycine chelates 

increased colostrum yield, but treatment had no significant effect on components of colostrum or 

milk. Although this study neglected to look at the content of immunoglobulins in colostrum, they 

found that levels of IgA and IgM were higher in the serum of calves that were born to cows allotted 

to the methionine and glycine chelate treatments. Because there is no placental transport of 

immunoglobulins, one possibility for this increase in calf serum immunoglobulins could be due to 

an increase in colostral immunoglobulin levels, potentially because the trace minerals involved in 

this study are important for the production of the immunoglobulins. This is also reflected in the 

fact that the cows in this study assigned to dietary treatments including supplementary trace 
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minerals had higher blood immunoglobulins than the control diet without supplement. However, 

the results from this study should be regarded carefully as differences in immunoglobulin levels 

were not seen between organic and inorganic sources of trace minerals, but rather between 

supplemented and unsupplemented which raises the possibility that there may not be an impact on 

trace mineral source on immunoglobulin level as long as the minerals are adequately supplied in 

the diet.  This is in line with a study done by Jacometo and colleagues wherein they examined the 

effects of a partial supplementation of Cu, Co, Mn and Zn supplied organically or as sulfates 

beginning 30 days prior to the expected date of parturition where no differences were observed in 

the concentration of IgG in colostrum nor the apparent efficiency of absorption of immunoglobulin 

in the calves born to the dams of either treatment. However, in calves born to dams on the organic 

treatment, lower levels of ROM, paraoxonase, FRAP, and ORAC activity were apparent. No 

difference in birthweight was observed. These results are in conflict in some ways with the findings 

of Price and colleagues (2017) in their study of Brangus and Angus cows supplemented with the 

complete replacement of organic or inorganic Co, Cu, Mn, Zn and Se. In this study, it was found 

that organically supplemented cows had greater IgG concentrations in their colostrum, greater 

selenium in their colostrum, and that calves born to organically supplemented dams had greater 

weaning weights, average daily gain, IgA at 12 and 24 hours and greater IgG at 30 days, but again 

birth weight did not differ between treatments.  

Zhao et al. 2015 looked at the same minerals as Roshanzamir and colleagues either as 

a sulphate or methionine chelate. This study found that cows assigned to the organically sourced 

trace minerals had higher levels of IgA in their serum. However, this study did not look at IgG or 

IgM colostral levels of immunoglobulins, or any factors directly pertaining to calf performance 
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or immunity so it is of little practical consequence when looking to establish a link between 

maternal trace mineral nutrition and success of passive transfer. Interestingly, Kinal et al. (2005) 

included cows fed Zn, Mn, and Cu either as amino acid chelates or in sulphate form, in a partial 

replacement of inorganic trace minerals by organic trace minerals in an increasing manner across 

three treatments. This group found that cows allotted to the highest level of organic trace minerals 

in the diet had a positive impact on colostrum levels of IgG. Unfortunately, only numerical results 

were reported for these levels of IgG where it was found that calves born to cows who were fed 

increasing levels of organic trace minerals had higher levels of IgG in their serum on days 2 and 6 

of life, but this was not confirmed statistically.   

A 2014 study by Nayeri et al. assessed the partial replacement of inorganic (sulphate) zinc 

with organic zinc with two levels of increasing organic zinc content. It was found that IgG content 

in colostrum tended to increase with the increase in organically sourced zinc in the diet. This effect 

was seen to be statistically significant at the highest level of zinc supplementation in multiparous 

cows, but not in nulliparous cows.   

In another single-element study, Awadeh and coleagues (1998) focused on selenium as 

previously described. Although they observed a positive correlation in GPx activity between dams 

and calves wherein organically supplemented animals had higher GPx activity, they did not report 

disease incidence so it is tenuous to assign real-world applicability to these findings without 

confirmation in subsequent studies. Further they did not see a difference in calf birth weight or 

growth between treatments. Nonetheless, finding ways to enhance selenium levels in the colostrum 

and in the calf is an attractive field of study, as higher levels of selenium in colostrum have been 

implicated in the enhancement of IgG absorption in the calf (Kamada et al., 2007). This has been 



 

 

24 

 

proposed to be due to direct action of selenium on the intestinal epithelial cells increasing 

pinocytosis of immunoglobulins for uptake by the calf (Kamada et al., 2007). However, this 

observation was made in a study where colostrum was supplemented with supranutritional levels 

of selenium; a study relating only to organic versus inorganic supplementation of selenium did 

report higher levels of selenium in colostrum but this did not translate to improved absorption of 

IgG (Juniper et al., 2019). This is likely because the extreme doses used in Kamada et al. were 

more accurately described as pharmacological than nutritional, and current recommendations for 

selenium in the diet do not allow for such levels of selenium to reach the colostrum. Additionally, 

it is interesting that organic sources of selenium in the diet have reflected higher colostral selenium, 

has the transport of trace minerals into milk is tightly regulated (Lonnerdal, 2007). Maternal 

supplementation of organic trace minerals has also been reported to increase serum selenium levels 

in their offspring before and after colostrum feeding (Gunter et al., 2003; Guyot et al., 2007; Weiss 

and Hogan, 2005; Hall et al., 2014; Juniper et al., 2019). This suggests that organic selenium is 

more efficiently transported across the placenta from the dam to the fetal calf or the larger supply 

of selenium in colostrum impacts blood circulation of selenium after colostrum feeding. Murine 

models suggest that nonspecific pinocytosis of selenium, primarily as selenoproteins such as 

Sepp1 (Selenop in bovine species), from the uterine fluid across the placenta may also be 

responsible for the greater levels of selenium in the serum of the offspring (Burke et al., 2003), not 

dissimilar to the mechanism proposed in colostrum studies. Previous work in broiler chickens 

showed that dietary organic sources of selenium (both selenomethionine and selenized yeast) 

yielded higher levels of liver, kidney, and serum SEPP1 when compared to inorganic sodium 

selenite (Yuan et al., 2003). It was also revealed that Sepp1 was readily transported across the 
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placenta (Burke et al., 2003), which provides evidence that organic selenium may be more 

available to the fetal calf due to its preferential incorporation into Sepp1 for placental transport. 

Partially supplementing organically and inorganically sourced trace minerals (daily bolus 

of Zn, Mn, Cu, and Co) in prepartum dairy cows was found to elicit differential responses in 

oxidative status of their calves, with calves born to inorganically treated cows having greater FRAP 

and ORAC concentrations, and their organic contemporaries exhibiting greater TLR2 expression 

but lower IRAK1, NFKB1, and NFKBIA expression (Jacometo et al., 2015). Here, the authors 

suggest that this indicates a more efficient immune system in calves born to dams on the organic 

treatment through epigenetic changes. However, cytokines in the blood of calves may be an 

important indicator of how successfully they are recruiting lymphocytes to the gut and how well 

their neutrophils are able to function (Menge et al., 1998). A study in humans showed that bovine 

IL-10, a classic anti-inflammatory cytokine, actually improved integrity of intestinal tight junction 

proteins, which may translate to calves as well (den Hartog et al., 2011).  

1.5 Conclusion         

The transition period is a challenging time for dairy cows. They are faced with an immense 

disruption in their metabolic systems, endocrinology, and immunity resulting in increased 

susceptibility to a variety of diseases, and a huge increase in energetic and nutritional demands as 

well as increased stress due to the high incidence of disease during this period (Sheldon et al., 

2018). Due to these increased demands and decreased DMI during the transition period, the cow 

may suffer deficiencies in important nutrients such as trace minerals. 
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It has been shown across a variety of trace minerals that organic forms are more 

bioavailable than inorganic forms, however evidence that contradicts this also exists and as a result 

efforts to characterize trace mineral bioavailability should continue. Whole body utilization of 

trace minerals and trace mineral utilization pertaining to neutrophils and their associated role in 

immunity have long been studied, however there is a strong need to further these investigations to 

include the relative impact of organic and inorganic trace minerals.  Beyond the potential benefits 

that improving trace mineral status could have on animal health, there is also a considerable 

economic incentive to continue studies in this area. Disease incidence, notably mastitis and 

metritis, has an enormous cost to producers not only in decreased production and milk that is not 

suitable for sale, but also in treatment costs. Because the negative effects of disease can persist, it 

may also shorten how long the impacted cow is retained in the milking herd and she may be culled 

(Sheldon et al., 2008; Chapinal et al., 2011; Carvalho et al., 2019; Pinedo et al. 2020). The possible 

applications of improving trace mineral status cannot be understated. Maximizing bioavailability 

of trace minerals to enhance immunity is especially critical in transition cows who have been 

demonstrated to have depressed neutrophil function and reduced circulating antibody levels.  

At present, the impact of trace mineral source on acquired and innate immunity in transition 

cows has produced mixed results. This is especially true when considering the total replacement 

of the five main trace minerals within the diet as studies often exclude one or more in their 

formulations or provide them as partial supplementations. Further yet, many of the existing studies 

that evaluate the source of trace mineral do so in mid-lactation cows this does not capture the 

possible benefits during the high demand, low DMI transition period, as such more focus should 

be placed on this period of the cows life. Despite many studies including measurements of both 
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pre- and postpartum function of neutrophils and the documented knowledge that neutrophil 

function is typically depressed postpartum relative to prepartum (Kehrli et al., 1989; Cai et 

al.,1994), the difference between pre- and postpartum percentage of cells undergoing phagocytosis 

or intensity of oxidative burst is not typically reported within the world of trace mineral nutrition. 

Even in the general context of transition cow studies, the change in functionality of neutrophils 

across the transition period is not typically considered a parameter during statistical analyses 

despite its potential relevance as a contributing factor for disease development. As the transition 

period is a highly dynamic time during the life of the dairy cow, the dynamics in cell function may 

provide interesting insight.  

Findings from studies of maternal trace mineral nutrition as it impacts the calf have been 

generally inconsistent across the years, again due to high variability in study design. In the future, 

researchers should be conscious to include calf health data in these studies. Presently, they are 

vastly underreported such that it is difficult to draw meaningful conclusions on the real world 

applicability of maternal trace mineral supplementation on immunoglobulin levels in these calves. 

Colostrum is slightly more consistently impacted by trace mineral source in the diet, however if 

the improvements made to colostrum via trace mineral supplementation do not translate to an 

improvement in the health of the calf, then again the applicability remains limited in this context. 

Further, many experiments neglect the impacts of maternal trace mineral source and status on the 

cytokine profile of the calf, and these effects have not yet been tied to cytokine levels past mRNA 

expression. 

Our objectives for the first study presented were to test whether complete replacement of 

inorganic trace minerals (ITM) with organic trace minerals (OTM) in both pre- and postpartum 



 

 

28 

 

diets improves measurements of innate and acquired immunity in transition cows. In addition, we 

evaluated whether in vitro measurements of neutrophil function and in vivo measurements of IgG 

responses to ovalbumin (OVA) challenge are associated with incidence of postpartum clinical 

disease and with comprehensive changes in the dynamics of body metabolism during the transition 

period. We hypothesized that greater bioavailability of OTM compared with ITM results in 

enhanced neutrophil function and anti-OVA IgG responses in transition cows. In addition, we 

hypothesized that measurements of acquired and innate immunity are negatively associated with 

incidence of postpartum clinical disease, and intrinsically associated with dynamic changes of 

metabolism of cows during transition to lactation. 

For study two, our objectives were to test whether complete replacement of ITM with OTM 

in both prepartum diet of the dam during the last trimester of gestation improves measurements of 

colostrum quality and quantity, and measurements of passive transfer of immunity, cellular 

immunity, oxidative balance, health and growth in their offspring. We hypothesized that greater 

bioavailability of OTM compared with their inorganic counterparts would result in enhanced 

colostrum production and quality. In addition, we hypothesized that it would result in increased 

metrics of calf health, immunity, oxidative balance, and growth. 
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2 Chapter 2: Neutrophil Function and Antibody Production During 

the Transition Period: Impact of Supplementary Trace Minerals 

Form and Associations with Clinical Disease and Metabolism 

2.1 ABSTRACT 

Our objectives were to evaluate the impact of supplementary trace mineral forms – 

inorganic (ITM; Co, Cu, Mn, Zn sulfates and Na selenite) or organic (OTM; Co, Cu, Mn, Zn 

proteinates and selenized yeast) – fed at 100% of recommended levels in both pre- and postpartum 

diets on in vitro neutrophil function assays and in vivo IgG responses to an ovalbumin challenge 

during the transition period. In addition, we investigated the associations between these 

immunological responses, incidences of postpartum clinical diseases, and the dynamic changes of 

metabolic parameters during transition into lactation. Pregnant heifers and cows (n = 273) were 

enrolled at 45 ± 3 d before expected calving date, blocked by parity and BCS, and allocated 

randomly to ITM or OTM supplementation. Cows in both treatments were fed the same diet, 

except for the source of supplementary TM. Automatic feeding gates were used to assign 

treatments to individual cows. Blood was collected on d -7 ± 3 and 7 ± 3 relative to calving in a 

subgroup of cows (n = 131 and 133, respectively) to measure neutrophil function in vitro using 

fluorescence-labeled beads, 7'-dichlorodihydrofluorescein diacetate, and flow cytometry. 

Subcutaneous immunization with 0.5 mg of chicken egg ovalbumin was performed in a subgroup 

of cows (n = 181) on d -45, -21, and 3 relative to calving. Concentration of anti-ovalbumin IgG in 

serum was measured by ELISA on d -45, -21, 3, 7, and 21. Trace minerals concentrations in blood 

were evaluated by ICP-MS on d -45, -21, -7, 0, 7, and 21 relative to calving. Blood metabolites 

were evaluated on d -21, -10, -3, 0, 3, 7, 10, 14, and 21 relative to calving. Diagnoses of clinical 

diseases were performed by the research team and farm personnel. Treatment did not affect the 
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percentage of neutrophils performing phagocytosis on d −7 or 7. However, the median 

fluorescence intensity of phagocytosis on d 7 was greater for OTM than ITM. There were no 

differences between treatments on the level of anti-ovalbumin IgG in serum on any of the sampling 

days. Immunoglobulin G responses were associated with body weight, feed intake, energy balance, 

and concentrations of NEFA, AST, GGT, albumin, globulin, Na, P, and Cu in serum. Changes in 

neutrophil function from prepartum to postpartum were associated with incidence of postpartum 

clinical disease, postpartum feed intake and milk production, and concentration of Ca, K, Se, Mn, 

Co, and total protein in serum. In conclusion, replacement of inorganic sources of supplementary 

TM by organic sources improved one measure of phagocytic capacity of neutrophils in vitro, which 

was also one of the variables observed to be enhanced in cows that did not develop postpartum 

clinical disease. The association of innate and acquired immune responses to feed intake, energy 

balance, and circulating concentrations of key macro and micronutrients further emphasize the 

importance of nutritional management on the health of dairy cows during the transition period.   

2.2 INTRODUCTION 

The transition from late gestation to a first or new lactation requires major adjustments to 

the dairy cow’s metabolism to support the final stages of fetal growth and milk synthesis (Bauman 

and Currie, 1980; Bell, 1995). Nutrient requirements increase substantially and are only partially 

met by the reduced feed consumption observed in the weeks surrounding the time of parturition 

(Drackley, 1999). Mobilization of body reserves minimizes the periparturient imbalances of 

energy and nutrients (e.g. amino acids, minerals, vitamins) but often is not sufficient to avoid 

metabolic problems, oxidative stress, and immune deficiencies (Sordillo and Aitken, 2009). In 

fact, a large portion of postpartum cows are affected by metabolic problems and clinical diseases, 
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which cause short- and long-term losses in production and survival (Chapinal et al., 2011; 

Carvalho et al., 2019; Pinedo et al. 2020). Thus, developing strategies that consistently improve 

the nutritional status of dairy cows, especially during the transition period, is important to improve 

immunity capacity, health, welfare, and performance.  

Trace minerals (TM) represent a small but important component of a dairy cow’s diet. 

Despite their importance, our knowledge regarding TM absorption and utilization in dairy cattle 

is still limited. Inorganic sources of TM (ITM; e.g. sulfates, carbonates, oxides) are often 

supplemented in diets of dairy cattle to optimize performance, but their absorption is compromised 

by antagonistic interactions within the gastrointestinal tract (GIT) that reduce their bioavailability 

(Spears, 2003; Suttle, 2010; Goff, 2018). Organic sources of TM (OTM) are an alternative form 

of supplementation, in which trace elements are complexed with organic molecules (e.g. amino 

acids, peptides, saccharides) instead, in order to minimize antagonistic interactions in the GIT and 

increase bioavailability (Brown and Zeringue, 1994; Goff, 2018). Multiple studies have evaluated 

the impact of supplementing OTM to dairy cows with variable results that often question the 

benefits of using OTM sources or the best method and timing of including this type of supplement 

in dairy cattle diets, largely due to considerable heterogeneity in study design (Rabiee et al. 2010; 

Suttle, 2010).  

Two of the most known biological functions of TM involvement are immune cell function 

and oxidative balance, which have great potential to benefit health of transition cows (Spears and 

Weiss, 2008). Osorio et al. (2016) reported the benefits of partially replacing ITM (Co, Cu, Mn, 

and Zn) with OTM supplemented through oral bolus during the periparturient period on DMI, milk 

production, and phagocytic activity of neutrophils on d 30 postpartum. Moreover, Nemec et al. 
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(2012) reported benefits of complete replacement of ITM (Cu, Mn, and Zn) by OTM in mid-

lactation cows on humoral responses to a rabies vaccine. Nevertheless, the impact of a complete 

replacement strategy in transition cow diets that includes all five traditionally supplemented TM 

(Co, Cu, Mn, Se, and Zn) on measures of innate and acquired immunity has not been evaluated.  

Multiple assays and tests to evaluate bovine immune cell function in vitro or in vivo have 

been developed over the years and greatly enhanced our understanding of immunobiology in cattle, 

especially in transition dairy cows (reviewed by LeBlanc, 2020; Vlasova and Saif, 2021). 

Nonetheless, the vast majority of published studies has small sample sizes and is focused on 

answering specific aspects of immunobiology, as well as often excluding cows that develop 

disease. Few studies have evaluated immune function in a large number of cows and associated 

the outcomes of immune cell function assays or tests with susceptibility to common postpartum 

health disorders (Cai et al., 1994; Kimura et al. 2002; Hammon et al. 2006; Galvão et al. 2010; 

Martinez et al., 2012; Thompson-Crispi et al., 2012; Chebel, 2020). Of the large studies available, 

most are focused on in vitro measures of neutrophil biology, either prepartum or postpartum, and 

other immune functions such as acquired immunity are less studied. Moreover, less emphasis has 

been given to how immune responses change from prepartum to postpartum and how they are 

associated with the dynamics of cow metabolism (other than concentration of glucose, NEFA, 

BHBA, and Ca) during the peripartum period.  

Our objectives were to test whether complete replacement of ITM with OTM in both pre- 

and postpartum diets improves measurements of innate and acquired immunity in transition cows. 

In addition, we evaluated whether in vitro measurements of neutrophil function and in vivo 

measurements of IgG responses to ovalbumin (OVA) challenge are associated with incidence of 
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postpartum clinical disease and with comprehensive changes to the dynamics of body metabolism 

during the transition period. We hypothesized that greater bioavailability of OTM compared with 

ITM would result in enhanced neutrophil function and anti-OVA IgG responses in transition cows. 

In addition, we hypothesized that measurements of acquired and innate immunity are negatively 

associated with incidences of postpartum clinical disease, and intrinsically associated with 

dynamic changes of the metabolism of cows during transition to lactation. 

2.3 MATERIALS AND METHODS 

All procedures performed in this study were approved by the University of Guelph Animal 

Care Committee (Animal Utilization Protocol #4064). 

2.3.1 Animals, Housing, and Experimental Design  

This study was conducted at the Livestock Research and Innovation Centre-Dairy Facility 

(Elora, ON, Canada) and was part of a larger study (Mion et al. 2021) in which pregnant heifers 

and pregnant dry cows (n = 273) were enrolled 45 ± 3 days before the expected calving date. At 

enrollment, cows were blocked by parity and BCS and randomly assigned to receive ITM or OTM 

sources of supplementary trace minerals. Details of housing and feeding management were 

described by Mion et al. (2021). Briefly, cows assigned to the ITM group received supplementation 

of Co, Cu, Mn and Zn sulphates and Na selenite. Cows assigned to the OTM group received 

supplementation with Co, Cu, Mn and Zn proteinates (Bioplex®, Alltech, Lexington, KY) and 

selenized yeast (Sel-Plex®, Alltech, Lexington, KY). Cows enrolled in a specific treatment 

remained in the same treatment in both prepartum and postpartum periods. Within a specific 

period, inclusion levels of TM in both treatments were identical. In the prepartum diet, inclusion 

levels were 0.25, 13.70, 40.00, 0.30, and 22.80 ppm for Co, Cu, Mn, Se, and Zn, respectively for 
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both treatments. In the postpartum diet, inclusion levels were 0.25, 15.70, 40.00, 0.30, and 63.00 

ppm for Co, Cu, Mn, Se, and Zn, respectively for both treatments. Basal levels of TM in feed 

ingredients were considered in diet formulation for target inclusions of Cu, Mn, and Zn, but not 

for Co and Se. Feed ingredients and chemical composition of pre- and postpartum diets are 

described in the Appendix of this thesis.  

Cows were housed in a freestall barn with mattress-beds and equipped with automatic 

feeding gates (Insentec B.V., Marknesse, The Netherlands) that collect real-time measurements of 

feed intake and behavior. Similar numbers of cows from both treatments were kept in each pen, 

and each cow had access to an individual feeding bin from enrollment to 28 DIM, which was used 

to offer the assigned feeding treatment. Prepartum diet was mixed and delivered once daily at 1030 

h. Postpartum diet was mixed once a d at 0830 h and delivered in two parts, 60% at 0900 h and 

40% at 1530 h. The amount of feed offered was adjusted daily to allow 8% orts. Representative 

feed samples were collected each week right after morning feeding for analyses of DM, and 

composed monthly for chemical composition. Lactating cows were milked twice daily in a rotary 

milking parlor (DeLaval, Tumba, Sweden) at 0530 and 1700 h, and milk fat and protein content 

were test once a month by CanWest DHI (Guelph, ON). After each milking, BW was recorded 

using a walk-through scale, which was also used to record BW of prepartum cows once a week.  

Body condition score was evaluated at enrollment and on d -21, 0, and 21 relative to calving 

using a 1-5 scale (Ferguson, 1994). Energy balance (EBAL) of prepartum and postpartum cows 

were calculated according to NRC (2001). Daily records of DMI, BW, milk yield, ECM, and 

EBAL were summarized weekly for statistical analyses.  
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2.3.2 Neutrophil Function Assays 

Blood samples from a subgroup of 131 cows were obtained 7 ± 3 d before the expected 

calving date by puncture of the coccygeal blood vessels into vacutainer tubes containing acid 

citrate dextrose solution A for assessment of neutrophil function, which includes evaluation of 

phagocytic and oxidative burst activities. Similarly, blood samples from a subgroup of 133 

lactating cows were obtained from the coccygeal blood vessels on d 7 ± 3 after parturition to 

perform the same assays performed in prepartum samples. Of all cows sampled, 86 had both pre- 

and postpartum assays and were used for investigate differences between prepartum and 

postpartum assays. Blood samples were transported on ice to the laboratory and processed within 

2 h of collection.  

The protocol for neutrophil isolation and function assays were previously described by 

Miltenburg et al. (2018). Briefly, 20 mL of 1 × PBS-EDTA was added to 8 mL whole blood, 

inverted multiple times to mix, and gently overlaid on top of 8 mL of Ficoll Pacque PLUS (General 

Electric Healthcare Bio-Sciences AB, Uppsala, Sweden) in a 50 mL tube. Tubes were centrifuged 

at 420 × g (1,500 rpm; Sorvall ST 16R, ThermoScientific, Waltham, MA) for 30 min at 23oC to 

separate red blood cells and granulocytes from the rest of the blood components. The plasma and 

buffy coat were discarded, leaving 5 mL of blood. Red blood cells were lysed by adding 30 mL of 

Milli-Q water and inverting the tubes for 45 s before osmolarity was restored with 15 mL of 3 × 

PBS-EDTA. Samples were centrifuged again at 270 × g (1,200 rpm) for 10 min at 4oC and the 

procedure of erythrolysis was repeated. After centrifugation, the supernatant was discarded and 

cells in the pellet were resuspended with 1 mL of 1 × PBS-EDTA before an additional 9 mL of 1 

× PBS-EDTA was added. A subsample of 500 µL of this suspension was aliquoted into a 1.5 mL 
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tube for hemocytometry, from which 10 µL was mixed with 10 µL of Trypan Blue stain (0.4%) 

and loaded onto a hemocytometer to determine the concentration of live cells. The remaining 9.5 

mL suspension was centrifuged at 270 × g for 10 min at 4oC. Supernatant was removed and the 

pellet was resuspended in 1 × PBS with 10% fetal bovine serum (PBS-FBS) according to the cell 

count, aiming for a final concentration of 50 × 106 live cells/mL. Aliquots of 200 µL of the isolated 

neutrophils suspension containing 1 × 106 live cells were distributed into four 5-mL polystyrene 

round-bottom tubes. Two tubes were used for the phagocytic activity assay (one negative control 

and one test sample) and two tubes were used for the oxidative burst activity assay (one negative 

control and one test sample).  

To perform the phagocytosis assay, 50 µL of zymosan-activated serum (ZAS) was added 

to both negative control and test sample tubes containing the isolated neutrophils. The ZAS was 

prepared by adding 100 mg of Zymosan A from Saccharomyces cerevisiae (Sigma-Aldrich, St. 

Louis, MO) into 10 mL of pooled bovine serum of health mid-lactating cows. In addition, 1 µL of 

1.0 µm labelled TransFluoSpheres™ (Thermo Fisher Scientific, Waltham, MA) beads were added 

to test samples only to be phagocytized by the neutrophils. Both test sample and negative control 

tubes were incubated in a covered shaking water bath for 30 min at 37oC. Two hundred µL of flow 

cytometer buffer was added to each tube and kept on ice protected from light until flow cytometry 

analysis. 

To perform the oxidative burst assay, 2 µL of 1 mM 2',7'-dichlorodihydrofluorescein 

diacetate (H2DCFDA; Molecular Probes, Eugene, OR) was added to test sample and negative 

control tubes containing the isolated neutrophils, which were then incubated in a covered shaking 

water bath for 15 min at 37oC. After this initial incubation, 200 µL of tetradecanoyl phorbol acetate 
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(PMA; Sigma-Aldrich, St. Louis, MO) was added to the test sample tubes only to stimulate 

neutrophil activation and subsequent production of hydrogen peroxide to oxidize H2DCFDA into 

a flow cytometer-detectable form. For the negative controls, 200 µL 1 × PBS-FBS was added. Test 

sample and negative control tubes were incubated for additional 15 min in a covered shaking water 

bath at 37oC. After completion of incubation, all tubes were kept on ice and protected from light 

until flow cytometry analysis.    

2.3.3 Flow Cytometry Analyses  

For both phagocytic and oxidative burst assays, 10,000 cells/tube were evaluated using the 

BD FACSCantoTM flow cytometer (BD Biosciences, San Jose, CA) and BD FACSDivaTM 

software. Using the FlowJo software (Tree Star, Ashland, Oregon), neutrophils were gated in a 

side scatter by front scatter plot and converted into histograms.  

For phagocytic activity, fluorescence of beads was evaluated at 585 ± 42 nm. The 

percentage of cells that successfully performed phagocytosis of beads (pPhago) was defined as 

the percent of fluorescing cells in the test sample tube minus the percent of fluorescing cells in the 

negative control tube. Phagocytosis intensity (iPhago) was defined as the median fluorescence 

intensity in the test sample tube minus the median fluorescence intensity in the negative control 

tube. Change in pPhago (pPhagoCh) and iPhago (iPhagoCh) between prepartum and postpartum 

assays were calculated in cows that had both assays by subtracting the prepartum value from the 

respective postpartum value.  

For oxidative burst activity, fluorescence of H2DCFDA product was assessed at 530 ± 

30nm. The percentage of neutrophils that successfully carried out the oxidative burst (pOxB) was 
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determined by overlaying the histograms of test sample and negative control tubes and bisecting 

each at their point of overlap. The percentage of activated neutrophils in the negative control 

subsection was then subtracted from the percentage of activated neutrophils in the test sample 

subsection. Intensity of oxidative burst (iOxB) was determined as the median fluorescence 

intensity in test sample tube minus the median fluorescence intensity in the negative control. 

Change in pOxB (pOxBCh) and iOxB (iOxBCh) between prepartum and postpartum assays were 

calculated in cows that had both assays by subtracting the prepartum value from the respective 

postpartum value. 

2.3.4 IgG Responses to Ovalbumin Challenge  

On d -45 ± 3, -21 ± 3 relative to expected date of parturition and on d 3 after parturition, 

subcutaneous injections of 1 mL of a solution containing 0.5 mg of ovalbumin (OVA) from 

chicken egg white (Sigma-Aldrich, St. Louis, MO) diluted in Quil-A adjuvant (Sigma-Aldrich, St. 

Louis, MO) in PBS (1 mg of Quil A/mL of PBS) were administered at the shoulder region in a 

subgroup of 189 cows. Blood was collected via coccygeal venipuncture on d -45 ± 3, -21 ± 3, 3, 

7, and 23 ± 3 to measured concentration of anti-OVA IgG in serum using an indirect ELISA assay 

described by Silva et al. (2015). Briefly, 96-well plates were coated with OVA in carbonate-

bicarbonate buffer (1.4 mg of OVA/mL) and incubated for 48 h at 4oC. Plates were washed with 

PBS containing 0.05% Tween 20 (Sigma-Aldrich, St. Louis, MO) and blocked with PBS 

containing 4% BSA during 2 h incubation. A second wash was then performed and serum samples 

diluted in PBS (1:200 ratio) were plated in duplicate and allowed to incubate for 2 h. Following a 

third wash, 1:1500 dilution of alkaline phosphatase conjugated antibody (Sigma-Aldrich, St. 

Louis, MO) in Tris Buffered Saline was added to the plate and incubated for 1 h. Plates were 
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washed and a p-nitrophenyl phosphate substrate was added and incubated for exactly 30 min 

before reading at 410 and 540 nm (Cytation5, BioTek, Winooski, VT). If optical density reading 

exceeded 4.0, then samples were further diluted to 1:400, 1:800, or 1:1600, as needed. Negative 

(unstimulated cows) and positive (d -21 samples) controls were included in each plate, and the 

intra- and inter-assay CVs were 3.77% and 7.94%, respectively. The CV between duplicates was 

3.14%. Measurement of anti-OVA on d -45 was considered the basal level, and measurements on 

d -21, 3, 7, and 21 were considered as responses to OVA injections. Average and maximum values 

in the last four measurements were considered additional dependent variables for statistical 

analyses.     

2.3.5 Clinical Diseases  

Cows were observed daily by the research team and farm personnel for abnormal attitude 

and visual clinical signs of disease and classified according to Carvalho et al. (2019). Briefly, after 

calving, diagnosis of retained placenta, metritis, mastitis, lameness, respiratory and digestive 

problems was performed systematically through the first 21 DIM. Retained placenta was defined 

as visible fetal membranes 24 h after calving, and metritis was characterized by abnormal vaginal 

discharge examined by metricheck on d 5, 7, 10, 14, and 21. Incidence of clinical mastitis was 

evaluated before every milking and characterized by the presence of abnormal milk. Locomotion 

was scored biweekly and cows that stood and walked with arched back and had short strides in 

one or more legs were classified as clinically lame. Digestive problems were characterized by 

displacement of abomasum and diarrhea. Respiratory problems were characterized by increased 

respiration rate associated with abnormal lung sounds at auscultation. Cows with positive 
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diagnosis of at least one of the health problems above were classified as having clinical disease in 

the first 21 DIM (ClinD21).  

2.3.6 Blood Metabolites 

Blood samples for serum were collected by puncture of the coccygeal blood vessels into 

vacutainer tubes without an anticoagulant and allowed to clot at room temperature. Samples for 

plasma were collected in the same manner into vacutainer tubes containing sodium heparin and 

refrigerated until centrifugation. All samples were centrifuged at 2,000 × g for 15 min at 4°C for 

serum and plasma separation. Serum and plasma samples were harvested and frozen at −20°C or 

−80°C until analyses. Concentration of trace minerals in serum were evaluated on d -45, -21, -7, 

0, 7, and 21 by ICP-MS (Agilent 7900 ICP-MS, Agilent, Santa Clara, CA) at the Animal Health 

Laboratory (University of Guelph, Guelph, ON). The metabolic profile of serum samples collected 

on d -21, -10, -3, 0, 3, 7, 21was also assessed at the Animal Health Laboratory using an automated 

analyzer (Cobas 6000 c 501, Roche Diagnostics, Indianapolis, IN). Colorimetric enzyme activity 

assays (Cayman Chemical, Ann Arbor, MI) were used to measure activities of superoxide 

dismutase (SOD) and glutathione peroxidase (GPx) in plasma samples collected on d -21, -3, 0, 

3, 7, 10, 14, and 21 and stored at −80°C following the manufacturer instructions. Plates were read 

once at 450 nm for SOD and every 60 s over 5 min for a total of 5 readings at 340 nm for GPx, 

both using Cytation5 (BioTek Instruments, Winooski, VT). Colorimetric assays were used for 

measuring the concentration of ceruloplasmin and ferric reducing ability of plasma (FRAP) in 

plasma samples collected on d -45, -21, -14, -10, -7, -3, 0, 7, 10, 14, and 21 according to Mion et 

al. (2021)   
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2.3.7 Statistical Power and Analyses 

The minimum sample size for neutrophil function assays was calculated based on expected 

differences in phagocytic activity between treatments and the expected variability of the responses. 

To allow 80% probability of detecting, at 5% significance level, 7% point difference in percentage 

of phagocytosis with a STD of 12.5, a sample size of 102 was required. In addition, to allow 80% 

probability of detecting, at 5% significance level, 1,000 units difference in phagocytosis intensity 

with a STD of 2,000, a sample size of 126 was required. As for anti-OVA IgG responses, a 

minimum sample size of 168 was required for detection of 1 unit difference on average anti-OVA 

IgG responses, considering a STD of 2.3, 80% power, and 5% significance level. All power 

calculations were performed in the WinPepi program version 11.65 (Abramson, 2011). 

Data were analyzed by ANOVA using the GLIMMIX procedure of SAS version 9.3 

(SAS/STAT; SAS Institute Inc., Cary, NC). To test the effects of treatment on neutrophil function 

responses (pPhago, iPhago, pPhagoCh, iPhagoCh, pOxB, iOxB, pOxBCh, iOxBCh) and on 

average and maximum anti-OVA IgG responses on d -21, 3, 7, and 21, statistical models included 

the fixed effects of treatment, parity, interaction between treatment and parity, and season. For 

every model, the distribution of residuals was tested for normality and data was transformed 

(square root or log10) if needed. Concentration of anti-OVA IgG on d -21, 3, 7, and 21 were 

analyzed as repeated measures, and the statistical model included the fixed effects of treatment, 

day, parity, interactions between treatment and day, treatment and parity, parity and day, season, 

and the continuous values of IgG concentration on d -45, and the random effect of cow nested 

within treatment. To investigate the association of immune responses with the incidence of 

ClinD21, the same models were used, but the fixed effects of treatment were replaced by the fixed 
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effect of ClinD21 (0 or 1). Treatment was included as a covariable in these models when 

significant, and a backward stepwise elimination (P > 0.10) was used for variable selection.  

To evaluate the association of observed immune responses with concentration of serum 

metabolites and production and physical characteristics of cows between 21 d prepartum and 21 d 

postpartum, cows were ranked from lowest to highest in each immune response measured and 

classified as below or above the median. Ranking of cows was performed within parity and season 

when these variables significantly affected the immune response in question, which was tested 

previously. The statistical models included the fixed effects of immune response category (below 

or above median), time (day or week of assessment), parity, season, and the interactions between 

immune response category and time, immune response category and parity, parity and time. 

Pearson correlation coefficients and probability values between all immune responses were 

evaluated using the CORR procedure of SAS.  

For all analyses, group differences with P ≤ 0.05 were considered significant and those 

with P > 0.05 and ≤ 0.10 were declared tendencies. 

2.4 RESULTS 

2.4.1 Effects of Treatment on Immune Responses 

Phagocytic activity of neutrophils. After quality control analysis, 129 prepartum assays 

and 128 postpartum assays remained for statistical analyses. Of those, 82 cows had both prepartum 

and postpartum values for the evaluation of changes in phagocytic activity during transition into 

lactation. Supplementary trace mineral source did not affect pPhago (Table 2.1). Prepartum 

pPhago, postpartum pPhago, and pPhagoCh were similar between ITM and OTM groups (Table 
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2.1). Nonetheless, cows in the OTM group tended (P = 0.08) to have smaller prepartum iPhago, 

and had a greater (P = 0.05) postpartum iPhago compared with cows in the ITM group (Table 2.1). 

Moreover, iPhagoCh differed (P = 0.03) between groups. On average, cows in OTM increased 892 

units of median fluorescence intensity from prepartum to postpartum, while cows in the ITM group 

reduced 317 units, thus a 1,209 units difference between treatment groups (Table 2.1). No 

interactions between treatment and parity were observed for any of the responses above. 

Oxidative burst activity of neutrophils. After quality control analysis, 63 prepartum 

assays and 52 postpartum assays remained for statistical analyses. Only 24 cows had had both 

prepartum and postpartum values for evaluation of changes in oxidative burst activity during 

transition into lactation. Supplementary trace mineral source did not affect prepartum pOxB and 

iOxB, postpartum pOxB and iOxB, or pOxBCh and iOxBCh (Table 2.1). No interactions between 

treatment and parity were observed for any of the responses above.  

Anti-OVA IgG Responses. One hundred and eighty nine cows received all 3 injections of 

OVA and had all 5 measurements of anti-OVA IgG. Cows responded to injections of OVA and 

increased (P < 0.01) the concentration of anti-OVA IgG on d -21, 3, 7, and 23. Compared to basal 

readings on d -45 (before first injection), IgG concentrations increased on average 4.6, 8.6, 11.1, 

and 15.6-fold on d -21, 3, 7, and 21, respectively. Supplementary trace mineral source had no 

effect on the concentrations of anti-OVA IgG on d -21, 3, 7, and 21 (Figure 2.1A), and did not 

affect the average or maximum concentrations (Figure 2.1C). No interaction between treatment 

and parity was observed. However, there was a significant interaction (P < 0.01) between parity 

and time, as the pattern of increase in concentration of anti-OVA IgG over time differed between 

primiparous and multiparous, especially during the postpartum period (Figure 2.1B).   
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2.4.2 Associations between Immune Responses and Incidence of Clinical Disease 

The incidence of ClinD21 in the entire population of the study was 24.9% (68 out of 273), 

and 28.7% (37 out of 129) for the subgroup of cows with prepartum neutrophil function data, 

26.6% (34 out of 128) for the subgroup of cows with postpartum neutrophil function data, 25.6% 

(21 out of 82) for the subgroup of cows with both prepartum and postpartum neutrophil function 

data, and 23.8% (45 out of 189) for the subgroup of cows with anti-OVA IgG data. 

Neutrophil function. Incidence of ClinD21 was not associated with prepartum pPhago 

(NoClinD21 = 24.7 ± 1.1 vs. ClinD21 = 22.0 ± 1.8; P = 0.20), prepartum iPhago (NoClinD21 = 

7,432 ± 190 vs. ClinD21 = 7,468 ± 302; P = 0.92), postpartum pPhago (NoClinD21 = 22.0 ± 1.2 

vs. ClinD21 = 24.2 ± 2.0; P = 0.37), and postpartum iPhago (NoClinD21 = 7,941 ± 209 vs. 

ClinD21 = 7,411 ± 346; P = 0.19). However, pPhagoCh and iPhagoCh were different between 

cows that had ClinD21 and those that did not have ClinD21 (Figure 2.2). After backward stepwise 

elimination of nonsignificant variables (P > 0.10), only ClinD21 (P = 0.05) and treatment (P = 

0.04) remained in the model of iPhagoCh. As for pPhagoCh, ClinD21 (P = 0.04), treatment (P = 

0.09), and season (P = 0.02) remained in the final model. On average, iPhagoCh had an increase 

of 555 units of median fluoresce intensity in cows that did not have ClinD21 compared with a 

reduction of 626 units in cows that developed ClinD21, thus a 1,181 unit difference between 

groups (Figure 2.2A). On the other hand, pPhagoCh had an average reduction of 2.9 percentage 

points in cows that did not have ClinD21 compared with an average increase of 4.4 percentage 

points in cows that developed ClinD21, thus a 7.3 percentage point difference between groups 

(Figure 2.2B). The opposite directions of these associations can be partially explained by a 

negative correlation between iPhagoCh and pPhagoCh (r = -0.31; P < 0.01; Figure 2.2C). No 
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associations between ClinD21 and OB responses were observed (data not shown), although the 

statistical power for these analyses specifically was compromised by the larger number of assays 

that did not pass quality control compared to those observed in phagocytosis assays. 

Anti-OVA IgG responses. Incidence of ClinD21 was not associated with anti-OVA IgG 

responses during pre- and postpartum periods (Figure 2.2D). Moreover, there were no interactions 

between ClinD21 and time or between ClinD21 and parity. The average (NoClinD21 = 2.88 ± 0.20 

vs. ClinD21 = 2.93 ± 0.35; P = 0.85) and maximum (NoClinD21 = 5.42 ± 0.52 vs. ClinD21 = 5.31 

± 0.62; P = 0.53) IgG values were also similar between groups.  

2.4.3 Associations between Immune Responses and Metabolic Parameters 

 Neutrophil function. Out of the 12 variables evaluated, we selected the two variables 

associated with incidence of ClinD21 (iPhagoCh and pPhagoCh) to further investigate their 

association with the dynamics of body metabolism during transition into lactation. For both 

variables, cows were ranked from lowest to highest and classified as below or above the median.  

For iPhagoCh, cows below the median had an average reduction of 1,331 units of median 

intensity fluorescence, while cows above the median had an average increase of 1,889 units, 

resulting in a 3,220 unit difference between groups (Figure 2.3A). An interaction between the 

category of iPhagoCh and time was observed for concentration of total protein in serum (Table 

2.2; Figure 2.3B). A reduction in concentration of total protein in serum was observed around the 

time of calving in both groups, however this reduction was smaller in cows above median 

compared with those below median (Figure 2.3B). In fact, concentration of total protein on the d 

of calving was greater in cows above median than in cows below median (64.1 ± 0.76 vs. 61.9 ± 



 

 

46 

 

0.79 g/L; P < 0.01). For concentration of albumin in serum, a tendency (P = 0.07) of interaction 

between category of iPhagoCh and time was observed (Table 2.2; Figure 2.3C), and significant 

differences between groups were observed on d 0 (below median = 35.8 ± 0.34 vs. above median 

= 37.0 ± 0.32; P < 0.01). In addition, cows above the median of iPhagoCh had greater (P = 0.03) 

concentration of Mn and tended to have (P = 0.08) greater concentration of Co in serum from d -

21 to d 21 compared with cows below median (Table 2.2; Figure 2.3D-E). Concentration of Co 

was particularly different on d -7 (below median = 0.318 ± 0.011 vs. above median = 0.336 ± 

0.012; P = 0.04; Figure 3E). An interaction between category of iPhagoCh and time was also 

detected (P = 0.04) for activity of SOD (Table 2.2). Activity of SOD was highest on d 0 for both 

groups but the postpartum reduction in activity, especially in the second week, was greater in cows 

below median. In fact, activity of SOD was different between groups on d 14 (below median = 

1.83 ± 0.08 vs. above median = 2.18 ± 0.08; P < 0.01). Additional metabolic parameters were not 

affected by category of iPhagoCh (Table 2.2). 

For pPhagoCh, cows below the median had an average reduction of 11.6 percentage points, 

while cows above the median had an average increase of 9.5 percentage points, resulting in a 21.2 

percentage point difference between groups (Figure 2.3G). Cows above median of pPhagoCh had 

reduced serum concentrations of Ca (P = 0.02), K (P = 0.01), and Se (P = 0.01) between d -21 to 

21, reduced DMI in wks 1 to 3 (P < 0.05), and reduced milk production (P < 0.03) in wks 2 and 3 

compared with cows below median of pPhagoCh (Table 2.2; Figure 2.3G-L). Additional metabolic 

parameters were not affected by category of pPhagoCh (Table 2.2). 

Anti-OVA IgG responses. To investigate the association of variability in anti-OVA IgG 

responses and metabolism of transition cows, cows were ranked from lowest to highest average 
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concentration of anti-OVA IgG on d -21, 3, 7, and 21 and classified as below or above the median. 

Cows above the median had concentrations of anti-OVA IgG 2.6, 2.7, 3.3, and 4.6-times greater 

than cows below the median on d -21, 3, 7, and 21, respectively (Figure 2.4A). Because basal 

readings values on d -45 were different (below = 0.20 ± 0.04 vs. above = 0.33 ± 0.04; P = 0.04; 

Figure 2.4B), anti-OVA IgG on d-45 was used as a covariate in the statistical models. By design, 

the difference in average (below = 1.33 ± 0.18 vs. above = 4.47 ± 0.18; P < 0.01) and maximum 

(below = 2.30 ± 0.41 vs. above = 8.22 ± 0.40; P < 0.01) concentrations were highly different 

between groups (Figure 2.4B).  

When category of anti-OVA IgG (below vs. above median) was used as an independent 

variable to explain the variability of metabolic parameters in transition cows, multiple dependent 

variables were found to be significantly associated with category of anti-OVA IgG concentration 

and/or by the interaction of category of anti-OVA IgG concentration and time (Table 2.3). Cows 

below the median were heavier (P < 0.01) and had a reduced DMI as % of BW (P = 0.02) than 

cows above the median throughout the entire transition period (Table 2.3; Figure 2.4C-D). In 

addition, cows below the median tended to have reduced concentration of GGT (P = 0.056) and 

Cu (P = 0.078) in serum, tended to have reduced EBAL (P = 0.08), and had higher concentration 

of NEFA (P = 0.04) and AST (P = 0.04) in serum than cows above the median (Figure 2.4E-I). 

Within time points, LSM differences in EBAL were significant on wk 1 (below = -8.1 ± 0.65 vs. 

above = -6.3 ± 0.65 Mcal of NEL/day; P = 0.049; Figure 2.4E), and LSM differences in Cu were 

significant on d -21 (below = 0.77 ± 0.01 vs. above = 0.81 ± 0.01 Mcal of NEL/day; P = 0.049; 

Figure 2.4I).  
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An interaction between category of anti-OVA IgG concentration and time was observed 

for serum concentration of NEFA, albumin, globulin, Na, and P (Table 2.3). For NEFA, the 

interaction is explained by the different patterns of concentration during the postpartum period 

(Figure 2.4F). For cows above the median, NEFA concentration reduced after calving, while for 

cows below the median it continued to increase up to d 3, passing the critical cutoff of 0.7 mmol/L 

commonly associated with health problems in the literature (Figure 2.4F). For albumin, Na, and P, 

the differences in LSM within day were positive (higher for below median group) up to day of 

calving and then became negative (Figure 2.4J-L). The opposite was true for globulin. Within day, 

LSM differences in albumin were significant on d 10 (P = 0.05) and 21 (P = 0.01), LSM differences 

in Na were significant on d 10 (P = 0.03) and 14 (P < 0.01), LSM differences in P were significant 

on d -21 (P = 0.029) and -3 (P = 0.027), and LSM differences in globulin were significant on d 21 

(P = 0.048). An interaction was also observed for SOD activity (P < 0.01), mainly because of the 

prepartum pattern, but no differences within day were observed (2.Table 3).   

2.5 DISCUSSION 

Meeting all nutrient requirements is crucial for cows to demonstrate their full genetic 

potential to produce milk without compromising  health, welfare, and reproduction. This task 

becomes challenging during the periparturient period because of the increased energy and nutrient 

demands, as well as the characteristic reduced feed intake (Drackley, 1999). Although TM 

represent only a small component of the diet, some elements are essential for optimal function of 

cells and tissues. They have been described as structural components of metalloproteins, enzymes, 

coenzymes, transcriptional factors, vitamins, and hormones, and regulators of gene expression, 

cell signaling, and syntheses of amino acids and proteins, which could be particularly important 
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for function of immune cells during the transition to lactation (Andrieu, 2008; Hogstrand et al. 

2008; Spears and Weiss, 2008; Suttle, 2010). Here we tested the hypothesis that complete 

replacement of ITM by OTM in both prepartum and postpartum diets enhances measures of innate 

and acquired immune cells function as a consequence of their presumed differences in 

bioavailability for absorption and organismal utilization (Goff, 2018). In support of our hypothesis, 

we observed a modest increase in postpartum neutrophil function in cows supplemented with 

OTM, which was characterized by greater intensity of phagocytosis. Nonetheless, no differences 

between OTM and ITM groups were observed in percentage of phagocytic and oxidative burst 

activities, in intensity of oxidative burst activity, or in IgG responses to OVA injections.   

The observed increase in intensity of neutrophil phagocytic activity suggests that 

individual neutrophils harvested from cows supplemented with OTM had greater capacity to 

perform phagocytosis of multiple foreign particles than those isolated from cow supplemented 

with ITM. This difference in neutrophil function could be a result of differences in TM and/or 

energy statuses during the periparturient period. In a companion study (Mion et al., 2021) we 

reported higher concentrations of Se in serum throughout the periparturient period, and greater 

postpartum DMI and lower concentrations of NEFA in serum of cows supplemented with OTM. 

Thatcher et al. (2010) reported that supplementation with selenized yeast from 23 ± 8 d prepartum 

to 80 d postpartum increased Se concentration in serum and postpartum phagocytosis and killing 

activity of neutrophils compared with supplementation of Na selenite. Moreover, Hammon et al. 

(2006) reported that myeloperoxidase activity of blood neutrophils was impaired in cows with 

reduced DMI and elevated concentrations of NEFA in serum during the peripartum period. Partial 

replacement of ITM (Co, Cu, Mn, and Zn) by OTM counterparts fed as boluses to transition cows, 
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enhanced postpartum DMI and phagocytic activity percentage of neutrophils on d 30 postpartum, 

which was not observed on d -15 and 10 relative to calving. Unfortunately, Thatcher et al. (2010) 

and Osorio et al. (2016) did not report intensity of phagocytosis, and Hammon et al. (2006) did 

not evaluate phagocytic activity of neutrophils, only oxidative burst activity. A recent study 

investigating the use of immune and metabolic measures of periparturient cows to predict the 

incidence of retained placenta and metritis observed that intensity of phagocytosis and not 

percentage of phagocytosis or oxidative burst activities were predictive of uterine health (Chebel, 

2021), which further emphasizes the importance of intensity of phagocytosis to the health of 

transition cows. Nonetheless, another study that compared Na selenite versus selenized yeast 

supplementation during the transition period, with consequent differences in Se concentration in 

serum, did not observe any differences in percentage of neutrophils performing phagocytosis or in 

the number of bacteria phagocytized per neutrophils that contained at least one bacterium (Weiss 

and Hogan, 2005). In their study, neutrophil function assay was performed at 28 DIM and no 

differences in DMI or energy balance were observed. Nemec et al. (2012) also did not observe any 

differences in neutrophil function of cows supplemented Cu, Mn, and Zn from organic vs inorganic 

forms in mid-lactation cows. Thus, it is possible that OTM, including selenized yeast, has an 

impact on neutrophil function only when DMI is reduced or potentially improved by OTM.  

In our study, cows supplemented with OTM not only had greater intensity of postpartum 

phagocytic activity but also a positive change in this measure of neutrophil function when 

comparing  prepartum and postpartum evaluations, which was different from the observed neutral 

to negative change in cows supplemented with ITM. More importantly, this variable of neutrophil 

function was also associated with incidence of ClinD21 regardless of TM feeding treatments. 
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Cows that did not develop ClinD21 had improvements in intensity of phagocytic activity from 

prepartum to postpartum evaluations, which was very different from the negative change observed 

in cows that had ClinD21. This result indicates that enhancing phagocytic activity intensity during 

the periparturient period could improve the cow’s ability to fight postpartum infections, and that 

complete replacement of ITM by OTM in both prepartum and postpartum diets could help to arrive 

at such an outcome. 

Considering that changes in intensity of phagocytosis during the periparturient period are 

relevant to postpartum health, then understanding what factors are associated with distinct patterns 

of periparturient changes is also very important. We observed that cows above the median 

(postpartum values > postpartum values for most cows) had greater concentrations of albumin and 

total protein on the day of calving, greater concentration of Mn and Co through the periparturient 

period, and changes in the pattern of SOD activity. Concentrations of circulating proteins and 

amino acids affect immune cell function and might become limited around the time of parturition 

(Meijer et al. 1995; Garcia et al. 2015; Coleman et al. 2020). Thus, reducing the magnitude of the 

drop of circulating proteins and amino acids close to time parturition is likely important for 

immune cell function and health of transition cows. Moreover, concentrations of Co and Mn, and 

activity of SOD are all important for the regulation of oxidative balance, especially during the 

transition period, which in turn is critical for immune cell function and the health of cows (Paterson 

and MacPherson, 1990; Spears and Weiss, 2008; Sordillo and Aitken, 2009).       

To our surprise, change in intensity of phagocytic activity was negatively correlated with 

change in percentage of phagocytic activity which, as opposed to the former, was positively 

associated with incidence of ClinD21. Cows that had ClinD21 had an increase in percentage of 
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phagocytic activity from pre- to postpartum evaluations, which was different from the average 

reduction observed in those that did not have ClinD21. Our results might be confounded with 

potential effects of disease and consequent inflammation on neutrophil function, considering that 

diagnosis of some ClinD21 occurred before the postpartum assay was performed. However, it is 

important to emphasize that ClinD21 was not associated with prepartum or postpartum neutrophil 

function measures individually, and was only associated with the changes during peripartum 

(postpartum minus prepartum values). Thus, the potential effects of inflammatory disease on 

neutrophil function are less likely to be the reason for the association between changes in 

phagocytic activity and incidence of ClinD21. Moreover, concentration of haptoglobin in serum 

was not associated with any of the neutrophil functions evaluated, which further supports the 

absence of the direct effect of inflammation on neutrophil function measures performed in this 

study.  

Interestingly, the pattern of periparturient change in percentage of phagocytosis was 

associated with important differences in the cow’s metabolism. Cows classified above median 

(postpartum values > prepartum values for most cows) had reduced DMI and milk production in 

the first 21 DIM, and reduced concentrations of Ca, K, and Se in serum, indicating that these cows 

had an impaired transition to lactation that affected energy, and macro and micronutrient statuses- 

all important to immune cells function (Hammon et al., 2006; Kimura et al., 2006; Spears and 

Weiss, 2008; Martinez et al. 2012). Thus, it is possible that periparturient changes in phagocytic 

activity observed in cows that developed ClinD21 is a compensatory response of cows with a 

suboptimal transition period and more susceptible to postpartum infections. This proposed 

response may eventually become ineffective because of the reduced ability to perform 
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phagocytosis of multiple bacteria (characterized by changes in intensity of phagocytosis). 

Nonetheless, further research is needed to test this new hypothesis.   

We did not find any connection between anti-OVA IgG responses during the transition 

period and incidence of ClinD21, suggesting that the cow’s ability to build a humoral response to 

an antigen might have little or no effect on the cow’s susceptibility to common postpartum 

infections. This finding is in agreement with Chebel (2021), who did not find a strong connection 

between anti-OVA IgG responses during the transition period and development of uterine diseases. 

The lack of association between periparturient IgG responses and ClinD21 does not imply that 

variability in acquired immunity responses during transition to lactation is not important, as it 

could be critical for vaccine responses, colostrogenesis, and health beyond common ClinD21. 

Thus, understanding the factors associated with variability in IgG responses during transition is 

relevant. Here, we calculated the average anti-OVA IgG response for each cow, ranked from 

lowest to highest, and classified cows as below and above median. By design, the difference in 

average response between these two groups was remarkable, with cows above median averaging 

a response 3.4 times greater than those below median. More importantly, metabolic differences 

between these two groups were also noteworthy. Cows that better responded to the antigen in vivo 

challenge were lighter, had better postpartum DMI (as % of BW) and energy balance, reduced 

postpartum concentrations of NEFA and greater postpartum concentrations of albumin and Na in 

serum. The latter two blood metabolites were likely a result of the differences in DMI relative to 

BW. Our findings are supported by Ropstad and colleagues (1989) who explored the effects of 

estimated energy balance on response to various mitogens, and observed a positive relationship 

between mitogenic responses by lymphocytes and energy balance, with cows having a less 
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negative energy balance exhibiting stronger responses. Moreover, high levels of NEFA have been 

associated with impaired lymphocyte proliferation and secretion of IgM and IFN-gamma (Lacetera 

et al., 2004; 2005).  

Additional differences, other than those related to nutritional status, were also observed 

between cows above and below median of anti-OVA IgG responses. Although there were no 

differences in anti-OVA IgG responses between TM feeding treatments, levels of serum Cu was 

reduced in cows that responded below the median. In calves, Cu deficiency has been shown to 

impair SOD activity and antibody production in response to porcine erythrocytes (Gengelbach and 

Spears, 1998). Additional studies have also linked Cu levels to variability in immunity in multiple 

species (Lukasewycz and Prohaska, 1990; Scuderi, 1990; Prohaska and Failla, 1993) and therefore 

the observed differences in concentration of Cu in serum reported here could have contributed to 

the variability in anti-OVA IgG responses, and potentially higher inclusion levels of Cu in the diet 

could have a positive effect on humoral responses during the transition period.   

Aspartate aminotransferase (AST) is a commonly used marker for liver and general cellular 

damage and is very important in amino acid and carbohydrate metabolism. This enzyme is 

involved on cytoplasmic transamination of aspartate into oxaloacetate, and on the formation of 

glutamate from ɑ-ketoglutarate. Cows below the median for anti-OVA IgG response exhibited 

greater levels of AST during transition into lactation, which might reflect a higher degree of liver 

damage or cellular damage in general, or even a metabolic adjustment for the observed reduced 

energy balance and potential differences in gluconeogenesis. This group of cows also had reduced 

concentration of albumin in serum during the postpartum period, which is considered a negative 
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acute phase protein, although differences in the positive acute phase protein haptoglobin were not 

observed.    

Different from AST, GGT was increased in the serum of cows that responded above 

median to OVA. Gamma glutamyl transpeptidase is also commonly used as biomarker of liver 

damage, but also serves as catalyst for glutathione hydrolysis as part of the γ-glutamyl cycle. This 

latter function of GGT is very important for glutathione recycling, becoming highly expressed on 

the surface of activated T cells and performing an important protective feature against oxidative 

stress (Carlisle et al., 2003). Moreover, GGT knockout mice showed a 30% reduction of 

glutathione content and a 50-60% reduction of cellularity and organ weight of lymphoid organs 

thymus and spleen (Lawrence et al., 2000). The role of GGT on lymphocytes function might help 

us explain the variability in anti-OVA IgG responses observed in our study. Nonetheless, no 

differences in antibody responses against OVA were observed in the GGT knockout mice model.        

2.6 CONCLUSION 

Total replacement of inorganic sources of trace minerals with organic sources in both 

prepartum and postpartum diets enhanced postpartum intensity of phagocytic activity of 

neutrophils but did not alter percentage of neutrophils performing phagocytosis or oxidative burst 

activity. Moreover, cows supplemented with organic trace minerals enhanced the intensity of 

neutrophil phagocytosis from d -7 to d 7 relative to calving, a pattern that also observed in cows 

that did not develop clinical disease in the first 21 DIM regardless of feeding treatment. Cows that 

had postpartum clinical disease not only showed a reduction in intensity of neutrophil phagocytosis 

but also an increase in percentage of neutrophil phagocytosis from d -7 to 7, and these two 

responses were negatively correlated. The changes in neutrophil function associated with 
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incidence of postpartum clinical disease were also associated with changes in concentration of Ca, 

K, Se, Mn, and total protein in serum from d -21 to 21, as well as DMI and milk yield in the first 

3 postpartum wks. Anti-ovalbumin IgG responses to in vivo immunizations were not affected by 

trace mineral treatments and were not associated with the incidence of clinical disease in the first 

21 DIM. Nonetheless, anti-ovalbumin IgG responses were associated with changes in BW, DMI, 

and energy balance, and serum concentration of NEFA, AST, GGT, albumin, globulin, Na, P, and 

Cu during the transition into lactation.  
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Table 2.1. Phagocytic and oxidative burst activities of neutrophils harvested from cows fed inorganic or organic 

sources of supplementary trace minerals in prepartum and postpartum diets 

 Treatment 1  

Item Inorganic Organic P 

Phagocytic activity 2    

Prepartum (d -7)    

Percentage (square root) 4.73 ± 0.13 4.81 ± 0.12 0.67 

Intensity (square root) 87.3 ± 1.50 83.6 ± 1.46 0.08 

Postpartum (d +7)    

Percentage (square root) 4.75 ± 0.15 4.45 ± 0.14 0.14 

Intensity (square root) 85.7 ± 1.46 89.7 ± 1.40 0.05 

Peripartum change (d +7 minus d -7)    

Percentage 2.55 ± 2.33 -2.18 ± 2.27 0.15 

Intensity -316.7 ± 412.6 891.7 ± 400.4 0.03 

Oxidative burst activity 3    

Prepartum (d -7)    

Percentage  46.7 ± 3.95 50.7 ± 4.33 0.49 

Intensity (log10) 3.40 ± 0.16 3.54 ± 0.17 0.55 

Postpartum (d +7)    

Percentage  51.8 ± 6.00 58.7 ± 5.61 0.38 

Intensity (log10) 3.79 ± 0.23 3.87 ± 0.22 0.80 

Peripartum change (d +7 minus d -7)    

Percentage  0.54 ± 12.56 9.14 ± 13.29 0.62 

Intensity (log10 of intensity plus constant) 4.48 ± 0.15 4.77 ± 0.16 0.17 
1 At 45 d before the expected calving date, cows were blocked by parity and BCS and randomly assigned to receive 

inorganic or organic sources of supplementary trace minerals in both prepartum and postpartum diets. Cows assigned 

to the inorganic group received supplementation of Co, Cu, Mn and Zn sulphates and Na selenite. Cows assigned to 

the organic group received supplementation with Co, Cu, Mn and Zn proteinates (Bioplex®, Alltech, Lexington, KY) 

and selenized yeast (Sel-Plex®, Alltech, Lexington, KY). Data was transformed when needed to reach normality of 

statistical model residuals.  
2 Neutrophils were isolated from peripheral blood approximately on d -7 and +7 relative to calving, and phagocytic 

activity was evaluated in vitro using fluorescence-labeled beads and flow cytometry. The percentage of cells that 

successfully performed phagocytosis of beads was defined as the percent of fluorescing cells in the test sample minus 

the percent of fluorescing cells in the negative control sample (no beads). Phagocytosis intensity was defined as the 

median fluorescence intensity in the test sample minus the median fluorescence intensity in the negative control. 

Peripartum changes were calculated by subtracting the prepartum value from the respective postpartum value. After 

quality control, 128 and 129 assays were available for statistics of prepartum and postpartum phagocytic activity, and 

82 cows had both prepartum and postpartum assays for calculation of peripartum changes.  
3 Neutrophils were isolated from peripheral blood approximately on d -7 and +7 relative to calving, and phagocytic 

activity was evaluated in vitro using H2DCFDA, PMA, and flow cytometry. The percentage of neutrophils that 

successfully carried out the oxidative burst was determined by overlaying the histograms of test and negative control 

(no PMA). The percentage of activated neutrophils in the negative control subsection was then subtracted from the 

percentage of activated neutrophils in the test sample subsection. Intensity of oxidative burst was determined as the 

median fluorescence intensity in study tube minus the median fluorescence intensity in the negative control. 

Peripartum changes were calculated by subtracting the prepartum value from the respective postpartum value. After 

quality control, 63 and 52 assays were available for statistics of prepartum and postpartum phagocytic activity, and 

24 cows had both prepartum and postpartum assays for calculation of peripartum changes. 
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Table 2.2. Metabolic parameters of dairy cows through transition into lactation according to categories of peripartum changes in neutrophil phagocytic activity 1 

 Change in percentage of phagocytosis P values Change in intensity of phagocytosis P values 

Item 2 Above median Below median pC pC*T Above median Below median iC iC*T 

BCS, 1-5 scale 3.47 ± 0.05 3.50 ± 0.06 0.67 0.67 3.47 ± 0.06 3.49 ± 0.06 0.69 0.36 

BW, kg 726.6 ± 13.4 736.9 ± 15.6 0.46 0.81 729.6 ± 14.2 731.6 ± 14.2 0.87 0.64 

DMI, kg/day 13.99 ± 0.41 14.72 ± 0.47 0.09 < 0.01 14.20 ± 0.43 14.40 ± 0.43 0.66 0.37 

DMI, % of BW  1.96 ± 0.06 2.04 ± 0.06 0.18 0.02 1.97 ± 0.06 2.00 ± 0.06 0.66 0.72 

EBAL, Mcal NEL/day -2.38 ± 0.55 -1.82 ± 0.64 0.35 0.17 -1.93 ± 0.58 -2.18 ± 0.58 0.67 0.31 

Milk yield, kg/day  29.14 ± 0.93 31.00 ± 1.06 0.06 0.02 29.40 ± 0.96 30.36 ± 0.97 0.33 0.68 

Energy corrected milk, kg/day  33.22 ± 1.18 34.50 ± 1.36 0.31 0.04 32.67 ± 1.20 34.30 ± 1.21 0.18 0.73 

Albumin, g/L 35.85 ± 0.23 36.16 ± 0.23 0.35 0.20 36.10 ± 0.23 35.94 ± 0.24 0.64 0.07 

Globulin, g/L 30.51 ± 0.63 30.20 ± 0.64 0.73 0.79 30.26 ± 0.62 30.33 ± 0.65 0.94 0.16 

Total protein, g/L 66.35 ± 0.55 66.35 ± 0.56 0.99 0.31 66.34 ± 0.54 66.30 ± 0.57 0.96 0.04 

AST, U/L 68.37 ± 2.96 70.91 ± 2.96 0.54 0.55 72.38 ± 2.87 67.00 ± 2.99 0.20 0.23 

BHBA, μmol/L  601.3 ± 30.89 585.6 ± 30.82 0.72 0.81 593.5 ± 30.13 591.9 ± 31.34 0.97 0.45 

Ceruloplasmin, g/L  0.056 ± 0.002 0.052 ± 0.002 0.12 0.96 0.055 ± 0.002 0.053 ± 0.002 0.42 0.71 

Cholesterol, mmol/L 2.19 ± 0.07 2.28 ± 0.07 0.35 0.27 2.22 ± 0.07 2.26 ± 0.08 0.70 0.62 

FRAP, nmol/L FeSO4 0.050 ± 0.002   0.049 ± 0.002 0.64 0.44 0.050 ± 0.002 0.050 ± 0.002 0.89 0.93 

GGT, U/L 24.64 ± 2.16 20.30 ± 2.16 0.16 0.46 20.67 ± 2.12 24.46 ± 2.21 0.22 0.87 

GLDH, U/L 23.46 ± 2.24 22.40 ± 2.23 0.74 0.60 22.34 ± 2.20 23.56 ± 2.28 0.70 0.29 

Glucose, mmol/L 3.71 ± 0.05 3.72 ± 0.05 0.89 0.68 3.73 ± 0.05 3.70 ± 0.05 0.64 0.49 

GPx, nmol/min/mL 230.9 ± 8.54 213.4 ± 8.58 0.15 0.54 218.6 ± 8.58 225.8 ± 8.69 0.55 0.38 

Haptoglobin, g/L 0.36 ± 0.03 0.32 ± 0.03 0.38 0.65 0.36 ± 0.03 0.33 ± 0.03 0.48 0.20 

NEFA, mmol/L 0.47 ± 0.02 0.50 ± 0.02 0.36 0.56 0.50 ± 0.02 0.47 ± 0.02 0.40 0.35 

SOD, U/mL 2.30 ± 0.08 2.17 ± 0.08 0.27 0.69 2.29 ± 0.08 2.19 ± 0.08 0.38 0.04 

Urea, mmol/L 3.57 ± 0.09 3.51 ± 0.09 0.59 0.18 3.55 ± 0.08 3.53 ± 0.09 0.83 0.29 

Ca, mmol/L 2.26 ± 0.02 2.32 ± 0.02 0.02 0.73 2.30 ± 0.02 2.28 ± 0.02 0.24 0.90 

Cl, mmol/L 100.5 ± 0.26 100.7 ± 0.26 0.70 0.86 100.8 ± 0.26 100.4 ± 0.26 0.35 0.63 

Mg, mmol/L 0.97 ± 0.01 0.99 ± 0.01 0.14 0.72 0.98 ± 0.01 0.98 ± 0.01 0.71 0.83 

Na, mmol/L 143.2 ± 0.28 143.3 ± 0.28 0.77 0.72 143.4 ± 0.27 143.1 ± 0.28 0.40 0.88 

K, mmol/L 4.66 ± 0.02 4.75 ± 0.02 0.01 0.64 4.72 ± 0.02 4.68 ± 0.03 0.27 0.45 

P, mmol/L 1.80 ± 0.02 1.78 ± 0.02 0.49 0.15 1.79 ± 0.02 1.79 ± 0.03 0.98 0.31 

Co, ng/mL 0.30 ± 0.01 0.31 ± 0.01 0.23 0.94 0.31 ± 0.01 0.29 ± 0.01 0.08 0.63 

Cu, μg/mL 0.86 ± 0.02 0.85 ± 0.02 0.54 0.59 0.85 ± 0.02 0.86 ± 0.02 0.59 0.43 

Fe, μg/mL 1.63 ± 0.04 1.71 ± 0.05 0.23 0.95 1.62 ± 0.05 1.73 ± 0.05 0.12 0.29 

Mn, ng/mL 1.53 ± 0.04 1.58 ± 0.04 0.36 0.25 1.61 ± 0.04 1.50 ± 0.04 0.03 0.83 

Mo, ng/mL 89.38 ± 6.77 77.43 ± 6.69 0.21 0.45 84.04 ± 6.74 82.60 ± 6.87 0.88 0.77 
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Se, μg/mL 0.077 ± 0.001 0.081 ± 0.001 0.01 0.76 0.080 ± 0.001 0.078 ± 0.001 0.30 0.34 

Zn, μg/mL 0.80 ± 0.02 0.80 ± 0.02 0.89 0.88 0.81 ± 0.02 0.79 ± 0.02 0.55 0.81 

1 Blood was collected on d -7 ± 3 and 7 ± 3 relative to calving to isolate neutrophils and measure phagocytic activity in vitro using fluorescence-labeled beads and 

flow cytometry. Neutrophils (n = 10,000/assay) were gated in a side scatter by front scatter plot and fluorescence was evaluated at 585 ± 42 nm. The percentage of 

cells that successfully performed phagocytosis of beads was defined as the percent of fluorescing cells in the test sample minus the percent of fluorescing cells in 

the negative control sample (no beads). Phagocytosis intensity was defined as the median fluorescence intensity in the test sample minus the median fluorescence 

intensity in the negative control sample. Peripartum change in phagocytic activity percentage and intensity were calculated by subtracting the prepartum value from 

the respective postpartum value. After quality control, 82 cows had both prepartum and postpartum assays and contribute for analyses of peripartum changes. Cows 

were ranked from lowest to highest and classified as below or above the median for change in percentage and for change in intensity. Two statistical models were 

built, one for change in percentage and one for change in intensity. Probability values for model 1: pC = category of change in percentage; pC*Time = interaction 

between category of change in percentage and time (d or wk of evaluation). Probability values for model 2: iC = category of change in intensity; pC*Time = 

interaction between category of change in intensity and time (d or wk of evaluation). 

2 BCS was evaluated on d-21, 0, and 21. Daily BW, DMI, and EBAL were summarized weekly and evaluated from wk -3 to 3. Daily ECM and milk yield were 

summarized weekly and evaluated from wk 1 to 3. Concentration of trace minerals were evaluated on d -21, -7, 0, 7, and 21. Concentration or activity of 

ceruloplasmin and FRAP were evaluated on d -45, -21, -14, -10, -7, -3, 0, 3, 7, 10, 14, and 21. Activity of GPx and SOD were evaluated on d -21, -3, 0, 3, 7, 10, 

14, and 21. All other blood metabolites were evaluated on d -21, -10, -3, 0, 3, 7, 10, 14, and 21. 
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Figure 2.1. Concentration of anti-ovalbumin IgG in serum of dairy cows challenged with subcutaneous injections of ovalbumin on days -45, -21, and +3 relative 

to calving. The adjusted least square means for dietary treatment and parity are represented in panels A and B, respectively. Probability values for statistical model 

represented in panels A and B: Treatment = 0.57; Day < 0.01; Treatment*Day = 0.98; Parity = 0.41; Parity*Day < 0.01; Treatment*Parity = 0.71; Season = 0.52; 

and Day-45 IgG concentration < 0.01. Panel C shows the adjusted least square means of IgG concentration on Day -45 (day of first injection of ovalbumin, used 

as covariate in models of panels A and B), and average and maximum concentration of IgG observed between days -21 and +23 relative to calving according to 

dietary treatment. Probability values for models represented in panel C: 0.15; 0.63, and 0.77, respectively.       
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Figure 2.2. Association between immune responses and incidence of postpartum clinical disease in the first 21 DIM (ClinD21). Peripartum changes in phagocytic 

activity intensity (Panel A) and percentage (Panel B) were both associated (P < 0.05) with ClinD21, and the two variables were negatively correlated (r = -0.31; P 

< 0.01; Panel C). Anti-IgG responses were not associated (P = 0.90) with ClinD21 (Panel D). 
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Figure 2.3. Associations between phagocytic activity and metabolic parameters through the transition period. The 

first six panels show changes in phagocytic median fluorescence intensity (panel A) and in serum concentrations of 

total protein (panel B), albumin (panel C), Mn (panel D), and Co (panel E), and in SOD activity (panel F) through the 

transition period according to category of change in phagocytic intensity from d -7 to d 7 relative to calving 

(iPhagoCh). The last six panels show changes in percentage of phagocytosis (panel G), DMI (panel H), milk yield 
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(panel I), and in serum concentrations of Ca (panel J), K (panel K), Se (panel L) through the transition period according 

to category of change in phagocytic percentage from d -7 to d 7 relative to calving (pPhagoCh). 

 



 

 

64 

 

 

Figure 2.4. Associations between anti-OVA IgG responses and metabolic parameters through the transition period. 

Cows were ranked according to average concentration of anti-OVA IgG on d -21, 3, 7, and 21 and classified as below 

or above the median. By design, concentration of anti-OVA IgG on d -21, 3, 7, and 21 (panel A), basal signal on d -

45 and average and maximum concentration from day -21 to 21 (panel B) were all greater in cows above median than 
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in cows below median. The following panels show changes in BW (panel C), DMI (panel D), energy balance (panel 

E), and serum concentration of NEFA (panel F), AST (panel G), GGT (panel H), Cu (panel I), albumin (panel J), Na 

(panel K), and P (panel L) according to category of anti-OVA IgG response.  
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3 Chapter 3: Impact of Supplementary Trace Minerals Form in the 

Diet of Prepartum Cows on Quality of Colostrum and Immunity 

in Newborn Calves 

3.1 ABSTRACT 

Our objectives were to evaluate the impact of supplementary trace mineral form – inorganic 

(ITM; Co, Cu, Mn, Zn sulfates and Na selenite) or organic (OTM; Co, Cu, Mn, Zn proteinates and 

selenized yeast) – fed at 100% of recommended levels in the prepartum diet of pregnant heifers 

and cows on quality of colostrum, transfer of passive immunity, cellular immunity, oxidative 

balance, health and performance of newborn calves. Pregnant heifers and cows (n = 273) were 

enrolled at 45 ± 3 d before expected calving date, blocked by parity and BCS, and allocated 

randomly to ITM or OTM supplementation. Cows in both treatments were fed the same diet, 

except for the source of supplementary TM. Automatic feeding gates were used to assign 

treatments to individual cows. Shortly after calving, cows were milked and the volume of 

harvested colostrum was measured. Brix percentage was determined by refractometer and 

concentration of IgG in colostrum was determined by radial immunodiffusion. Newborns were 

separated from their dams and fed 3 L of colostrum (Brix% > 22) in the first 6 h of life, and an 

additional 3 L 6 h later. Concentration of total protein and IgG in serum was determined 24 h after 

colostrum feeding using refractometry and radial immunodiffusion, respectively. Concentration of 

trace minerals in colostrum and in calves serum before and after colostrum feeding were performed 

by ICP-MS. Activity of superoxide dismutase, glutathione peroxidase, and ferric reducing ability 

of plasma were evaluated in serum before and after colostrum feeding by colorimetric enzyme 

activity assays. Ex vivo whole blood stimulation with lipopolysaccharide was performed on d 7 of 

life to evaluate cytokine responses. Daily intake of liquid and solid feed in automatic feeders and 
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health events were recorded from birth to weaning, and body weight were recorded at birth and on 

d 30 and 60. Complete replacement of inorganic sources of supplementary trace minerals by 

organic sources in prepartum diet increased the concentration of Se but did not alter the 

concentration or total secretion of other trace minerals and IgG in colostrum. In addition, 

supplementary trace mineral source did not affect passive transfer of immunity or concentration 

of TM and oxidative balance in serum in the first 24 h of life. Calves born from cows supplemented 

with organic trace minerals had enhanced cytokine responses to lipopolysaccharide stimulation of 

whole blood and, for female calves only, had greater concentration of Se in blood at birth, were 

smaller in size, and tended to have fewer health problems from birth to weaning compared to 

calves born from cows supplemented with inorganic trace minerals. The complete replacement 

strategy of supplementary trace minerals did not cause major changes in colostrum quality, passive 

transfer of immunity, and oxidative balance, but enhanced cytokine responses in cellular immunity 

at the end of first week, and tended to improve preweaning health of heifers. 

3.2 INTRODUCTION 

Nutrition and overall metabolism of prepartum cows are not only important for health and 

productivity of cows (Overton et al., 2017; Dann, 2017) but can also affect health and performance 

of the offspring (Monteiro et al. 2016; Collazos et al. 2017; Ling et al. 2018). The maternal effects 

on neonates can be mediated through changes in uterine and conceptus physiology or in colostrum 

properties that influence developmental biology of calves (van Niekerk et al., 2021). Physiological 

or social stress, metabolic or infectious inflammation, and the quantitative and qualitative supply 

of energy, macro-, and micronutrients in the prepartum diet are examples of factors that could 

affect both in utero physiology as well as colostrum properties, although our understanding of this 
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field in dairy cattle biology is still very limited (van Niekerk et al., 2021). Cows undergo important 

physiological and metabolic adaptations during late gestation and redox imbalances leading to 

oxidative stress is likely to occur, especially when nutritional deficiencies are present (Sordillo 

and Aitken, 2009). Supplementing antioxidant micronutrients in prepartum diets has been 

suggested as an important strategy to counterbalance reactive oxygen species (ROS) produced in 

late gestation and its consequences for cows and neonates (Sordillo and Aitken, 2009; Abuelo et 

al. 2019).   

Trace minerals (TM) are micronutrients with active roles in multiple physiological 

processes, including redox balance, and are critical for optimal function of cells and tissues (Spears 

and Weiss, 2008; Suttle, 2010). In general, the adequate amounts of TM in dairy cattle diets are 

not supplied entirely by the feed ingredients and supplementation of Cu, Co, Mn, Se, and Zn is 

needed for optimal health and performance (NRC, 2001). In prepartum diets, supplementation of 

TM is important for redox balance of prepartum cows, uterine physiology, and colostrogenesis. In 

addition to modulating maternal physiology and metabolism, the supply of TM through placenta 

and colostrum are vital to a number of bodily functions in the developing calf, such as proper 

bodily growth and development (Godden, 2008; Price et al., 2017) and immune function (Jacometo 

et al., 2015). Selenium has especially been implicated in aiding the transmission and absorption of 

IgG due to its possible enhancement of pinocytosis across the intestinal epithelium (Hall et al., 

2014; Kamada et al., 2007).  

Typically TM are supplemented as inorganic salts (sulfates, carbonates, oxides) (ITM), 

however antagonistic interactions in the gastrointestinal tract may reduce their bioavailability 

(Spears, 2003; Suttle, 2010; Goff, 2018). Supplementing organic sources (OTM), where the 
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mineral is chelated to an organic molecule such as an amino acid, peptide, or saccharide, is an 

alternative that can reduce these antagonisms and thereby increase bioavailability (Brown and 

Zeringue, 1994; Goff, 2018). Previous work comparing different forms and inclusion levels of 

prepartum supplementation of TM has shown mixed results on colostrum and calf parameters, and 

interpretation is complicated by small study sizes with highly variable experimental designs 

(Spears, 2003; Suttle, 2010). However, results tend to be modestly promising, with some studies 

reporting higher trace mineral levels in calf serum, increased apparent efficiency of absorption, 

greater levels of colostral immunoglobulins, and reduced health problems (Weiss et al., 1984; Hall 

et al., 2014; Teixeira et al., 2014; Price et al., 2017). 

Calves are born with a naïve immune system and without immunoglobulins in circulation, 

as there is no sharing of maternal immunoglobulins through the synepithelialchorial placenta of 

ruminants (Menge et al., 1998). This situation leaves calves reliant on maternal colostrum supply 

of immunoglobulins, cytokines, live immune cells, hormones and nutritional factors shortly after 

birth to offer protection and to activate the calf’s own immune system (Godden, 2008). Failure of 

passive transfer of immunity (FPTI) leaves calves highly vulnerable to diseases such as scours 

and pneumonia (McGuirk, 2008; Chase et al., 2008). These can impact the calf later in life as cows 

that have experienced disease in the preweaning period have been observed to have reduced 

reproductive efficiency and lower first lactation milk production (Abuelo et al., 2021). Even 

without disease, adequate transfer of passive immunity is likely important for future milk 

production (DeNise et al., 1989). As a result, it is crucial to deliver high quality colostrum in 

sufficient quantity. Moreover, maturation of cellular and acquired immunity in neonates is also 

fundamental to maintain health as protection from maternal IgG reduces over time and 
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susceptibility to infections increases by the second wk of life (Chase et al., 2008; Carvalho et al. 

2020). Cytokines are an especially important aspect of early calfhood immunity, as they are 

associated with enhanced neutrophil function and lymphocyte recruitment and proliferation 

(Menge et al., 1998). 

We hypothesized that complete replacement of ITM with OTM in the prepartum diet 

improves TM status and redox balance of pregnant cows and consequently enhances the uterine 

environment and colostrogenesis that ultimately benefit health and development of newborn 

calves. Our objectives were to evaluate the impact of supplementary trace mineral form- inorganic 

(ITM; Co, Cu, Mn, Zn sulfates and Na selenite) or organic (OTM; Co, Cu, Mn, Zn proteinates and 

selenized yeast)- fed at 100% of recommended levels in the prepartum diet of pregnant heifers and 

cows on quality of colostrum and on passive transfer of immunity, oxidative balance, cellular 

immunity, health and growth of newborn calves. 

3.3 MATERIALS AND METHODS 

All procedures performed in this study were approved by the University of Guelph Animal 

Care Committee (Animal Utilization Protocol #4064). 

3.3.1 Cows, Housing, and Experimental Design 

This study was conducted at the Livestock Research and Innovation Centre-Dairy Facility 

(Elora, ON, Canada) and was part of a larger study (Mion et al. 2021) in which pregnant heifers 

and pregnant dry cows (n = 273) were enrolled 45 ± 3 days before the expected calving date. At 

enrollment, cows were blocked by parity and BCS and randomly assigned to receive ITM or OTM 

sources of supplementary trace minerals. Details of housing and feeding management were 
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described by Mion et al. (2021). Briefly, cows assigned to the ITM group received supplementation 

of Co, Cu, Mn and Zn sulphates and Na selenite. Cows assigned to the OTM group received 

supplementation with Co, Cu, Mn and Zn proteinates (Bioplex®, Alltech, Lexington, KY) and 

selenized yeast (Sel-Plex®, Alltech, Lexington, KY). Target supplementation levels were 0.25, 

13.70, 40.00, 0.30, and 22.80 ppm for Co, Cu, Mn, Se, and Zn, respectively for both treatments. 

Basal levels of TM in feed ingredients were considered in diet formulation for target inclusions of 

Cu, Mn, and Zn, but not for Co and Se. Prepartum diets were identical for both treatments except 

for the supplementary TM source. Feed ingredients and chemical composition of prepartum diets 

are described in the Appendix of this thesis. 

Cows were housed in a freestall barn with mattress-beds and equipped with automatic 

feeding gates (Insentec B.V., Marknesse, The Netherlands) that collect real-time measurements of 

feed intake and behavior. Prepartum TMR was mixed and delivered once daily at 1030 h. Similar 

numbers of cows from both treatments were kept in each pen, and each cow had access to an 

individual feeding bin from enrollment to 3 d before expected calving date, when cows were 

moved to individual box stalls for calving. Calving assistance was provided when needed by 

trained farm personnel.  

3.3.2 Colostrum and Calf Management 

Within the first few hours after calving, calves were moved into individual box stalls in the 

nursery, and colostrum was harvested from cows. Volume and quality of colostrum were measured 

right after milking, and a sample of colostrum was saved at −80°C for posterior analyses of IgG 

concentration. On farm, quality of fresh colostrum was measured as % Brix using a Brix 

refractometer (Calf Lab refractometer, Golden Calf Company LLC, Bloomer, WI), and colostrum 
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with % Brix ≥ 22 was considered of good quality. If good quality colostrum was produced from 

the dam, then maternal colostrum was fed via nipple bottle. If the dam did not produce good quality 

colostrum, then frozen colostrum of good quality or colostrum replacer (Calf’s Choice Total, 

Saskatoon Colostrum Company, Saskatoon, SK) was fed in the same manner. Source of colostrum 

fed was tracked to account for during statistical analyses Colostrum was delivered in two feedings 

of 3 L each, one shortly after birth and one approximately 6 h following the first feeding. An 

esophageal tube was used when needed to assure the correct amount of colostrum was ingested.  

In addition to colostrum feeding, navels were dipped in a 2.5% solution of iodine and a 1.5 

mL subcutaneous injection of 3 mg/mL of sodium selenite and 136 IU of α-tocopherol acetate 

(Dystosel, Zoetis Canada, Kirkland, QC) in the first 24 h of life by the farm personnel as per SOP 

of the dairy. Calves were also weighed shortly after birth by a digital scale and again at d 30 ± 3 

and 60 ± 3. Calf blood samples were collected before colostrum feeding when possible (n = 78) 

and at 24 ± 6 h of life (n = 251) by puncture of the jugular vein into plastic blood collection tubes 

for trace element test with serum clot activator (BD Vacutainer, Mississauga, ON), allowed to clot, 

and centrifuged at 2,850 × g for 15 min at 4°C for serum separation. Serum samples were harvested 

and frozen at −20°C until posterior analyses of trace minerals, IgG and total protein. Vacutainer 

tubes containing Sodium Heparin (BD Vacutainer) were also used for separation of plasma after 

centrifugation at 3,000 × g for 15 min at 4°C, and samples were stored at −80°C until posterior 

analyses of superoxide dismutase (SOD) and glutathione peroxidase (GPx) activities, and ferric 

reducing ability of plasma (FRAP). 

Calves were maintained in individual box stalls until d 5 of life and fed thrice daily. The 

first three feedings following colostrum were comprised of transition milk (2nd to 6th milkings 
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pooled from all fresh cows). Calves were then trained on the automatic milk replacement feeder 

(Forster Technik, Engen, Germany) until d 5 by bringing the calf to the feeder until it reached a 

voluntary intake of at least 6 L/d of a milk replacer containing 26% fat and 18% protein (Grober 

Excel, Grober Nutrition, Cambridge, ON). In the first four wks of life, calves had ad libitum access 

to milk replacer, and farm personnel were alerted if consumption was below 8 L/d. On d 28, liquid 

feed intake was restricted to 12 L/d and then reduced in a stepdown fashion by 0.5 L/d until a 

maximum of 9 L was reached. On d 42, another stepdown reduction phase started with decrements 

of 0.5 L/d until a maximum of 2 L was reached by d 56. All calves were weaned by the end of wk 

9. Meal size was limited to 2 L on wk 1, 2.5 L on wks 2-3, and 3 L after wk 3. Water was provided 

ad libitum, as was chopped straw in 2 buckets per nursery pen. Ad libitum intake of calf starter 

feed with 22% of crude protein (Floradale Feed Mill, Floradale, Canada) was provided via 

automatic feeder (Forster Technik, Engen, Germany). Liquid and solid feed intakes were collected 

daily from reports generated from the automatic feeders and summarized weekly for statistical 

analyses.  

Calf health was monitored daily by trained farm personnel from birth to weaning.  Calves 

exhibiting  health concerns such depressed behaviour, feed rejection, increased respiratory rate, 

fever, or diarrhea were presented to assigned veterinarians in the Ontario Veterinary College 

ruminant field services for discussion of treatments. Scours, pneumonia, and diphtheria were the 

most common problems observed. The first dose of an intranasal respiratory vaccine against 

bovine respiratory syncytial virus, infectious bovine rhinotracheitis virus and parainfluenza 3 virus 

was administered into each nostril at 7 wks of age. The remainder of the vaccination program was 

performed after weaning. 
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Male calves remained on the farm for 4 wks only therefore, did not contribute to feed intake 

and health information after wk 4. Data collection for female calves lasted until weaning at wk 9. 

The last 43 calves born in this experiment were used in a parallel experiment comparing different 

allowances of liquid feed (6 vs 15 L/d) and were fed via a CalfRail system (Forster Technik, Engen, 

Germany), starting at two d of age. Feeding groups were balanced for TM treatments (10 or 11 

calves/combination), and intake information for calves assigned to reduced liquid feed allowances 

(n = 21) were not used for this study.  

3.3.3 Colostrum Quality and Determinants of Passive Transfer 

Measurements of serum (24 h after first colostrum feeding) and colostrum IgG were 

performed at SCCL according to Shively et al. (2018). Briefly, 42 six μL wells were punched in 

agarose gel plates. Wells were allocated for standard curve generating calibrators and reference 

standards. Samples were diluted in 1:4 for serum and 1:15 in colostrum and plated in 4 μL 

duplicates. Samples underwent incubation in a humidified chamber between 20-25°C for 18-19 h. 

At this point precipitin rings had formed and were read on an RID plate readers (digital RID reader 

AD400, The Binding Site Inc., San Diego, CA). Standards were used to create a regression line 

which was then used to calculate the IgG concentration from samples. In addition, concentration 

of total protein in serum samples was analyzed using a digital refractometer (Reichert AR 200, 

Reichert Inc., Depew, NY). To ensure readings were of high quality, the refractometer was 

calibrated weekly and readings were confirmed with a handheld refractometer (Reichert Vet 360, 

Reichert Inc.).  

Failure of passive transfer was defined as a concentration of serum IgG < 10.0 g/L or serum 

total protein < 5.2 g/dL. Total IgG secreted into colostrum was calculated as the volume of 
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colostrum harvested multiplied by the concentration of IgG in the colostrum. Apparent efficient 

of absorption (AEA) was calculated using the formula below as per Quigley (2002) assuming a 

plasma volume equal to 9.9% of birth body weight: 

AEA (%) = (serum IgG (g/L) × serum volume (L)) / IgG consumed in two feedings (g)   

3.3.4 Trace Minerals and Oxidative Balance Measurements 

Serum samples collected before and 24 h after colostrum feeding were used to measure 

concentration of TM, activities of SOD, GPx, and FRAP. Concentrations of TM were analyzed by 

ICP-MS at the Animal Health Laboratory (Guelph, ON), as described in Mion (2021). Activities 

of SOD and GPx were measured using colorimetric enzyme activity assays (Cayman Chemical, 

Ann Arbor, MI). Plates were read once at 450 nm for SOD and every 60 s over 5 min for a total 

of 5 readings at 340 nm for GPx, both using Cytation5 (BioTek Instruments, Winooski, VT). 

Colorimetric assays were used for measuring FRAP in plasma samples according to Mion et al. 

(2021). Two controls were included in duplicate in each plate, and the intra- and inter-assay CVs 

were 4.05% and 4.57% for SOD, 3.63% and 7.98% for GPx, and 6.49% and 10.78% for FRAP. 

The CV of sample duplicates were 3.84%, 3.59% and 7.10% for SOD, GPx, and FRAP 

respectively.     

 Concentration of TM in colostrum was also determined using the same methodology for 

serum, except that samples were freeze dried first (Harvest Right Freeze Dryer, North Salt Lake, 

UT) and then digested in a microwave protocol before ICP-MS analyses as described by Mion et 

al. (2021). 
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3.3.5 Ex Vivo LPS Stimulation of Whole Blood and Cytokine Responses 

Blood samples from a subgroup of 66 healthy calves were collected when they were 6 or 

7-d old by puncture of the jugular vein into three vacutainer tubes containing K2-EDTA (BD 

Vacutainer) and immediately placed on ice. Within 1 h of collection, blood samples of the same 

calf were consolidated into one sterile nonpyrogenic 50 mL conical polypropylene tube (NuncTM, 

Thermo Fisher Scientific, Waltham, MA), gently inverted to homogenize, and then divided into 

two 9 mL aliquots placed in sterile nonpyrogenic 15 mL conical polypropylene tubes (NuncTM, 

Thermo Fisher Scientific). One aliquot remained as an unstimulated control, and the other was 

stimulated with a high dose of lipopolysaccharide (LPS), as described by Ling et al. (2018) but 

with small modifications. The stimulated tube received 45 μg of E. coli O111:B4 LPS (Sigma 

Aldrich, St. Louis, MO) diluted in 45 uL of Dulbecco’s Modified Eagle Medium (DMEM) for a 

final concentration of 5 ug of LPS/mL of blood, whereas the unstimulated control received 45 μL 

of DMEM without LPS. All tubes were gently inverted to mix and incubated at 37°C in a water 

bath (100 rotations/min) for 3.5 h. After incubation, blood samples were centrifuged at 1,300 × g 

for 10 min at 4°C for plasma separation. Plasma samples were harvested and frozen at −80°C until 

posterior analyses of cytokines concentration by Eve Technologies Laboratory (Calgary, AB) 

using the Bovine Cytokine 15-Plex Discovery Assay® (EMD Millipore Corporation, Billerica, 

MA). Four samples were repeated four times along the assay and the CVs varied from 5.2 to 24.0% 

for individual cytokines, and averaged 11.2%. 

3.3.6 Statistical Analyses 

 Continuous data were analyzed by ANOVA and binary data were analyzed by logistic 

regression using the GLIMMIX procedure of SAS (SAS Institute, Cary, North Carolina). For 



 

 

77 

 

colostrum outcomes, statistical models included the fixed effects of treatment, parity, the 

interaction between treatment and parity, and season. For most outcomes, statistical models 

included the fixed effects of treatment, parity, the interaction between treatment and parity, calf 

sex, the interaction between treatment and calf sex, the interaction between parity and calf sex, 

and season. When only data from females were analyzed, then calf sex and its interaction terms 

were removed from the model.  

For the cytokines analyses, data from unstimulated control and stimulated test samples 

were analyzed altogether and the statistical models included the fixed effects of treatment, parity, 

interaction between treatment and parity, LPS stimulation (unstimulated or stimulated), interaction 

between treatment and LPS stimulation, and interaction between parity and LPS stimulation. Calf 

nested within treatment was used as a random effect in the model to correct the error term 

denominator to test the effect of treatment and to account for the correlation between measures 

performed in the same calf. Similarly, for repeated measures of BW, liquid and solid feed intake, 

d or wk of measurement and their interaction with treatment and parity were included as fixed 

effects, and calf nested within treatment was used as a random effect in the model. Significance 

was defined at P ≤ 0.05 and tendencies were defined 0.05 < P ≤ 0.15. 

3.4 RESULTS 

 Out of the 273 cows enrolled in our study, five cows had twins (3 ITM and 2 INO) and 268 

had singletons. Twins were removed from analyses of calves’ outcomes. Of cows with singletons, 

11 had a stillborn, leaving 257 singleton calves born alive. Of those, 125 were females (61 ITM 

and 64 OTM) and 132 were males (67 ITM and 65 OTM). Average gestation length was 277 d 

and did not differ between cows assigned to different feeding treatments (ITM = 276.9 vs. OTM 
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= 277.0 ± 0.42; P = 0.81). Gestation of male calves was on average 1.5 d longer than gestation of 

female calves (female = 276.2 vs. male = 277.7 ± 0.43; P = 0.81), and this difference was 

independent of feeding treatment (P = 0.50 for the interaction term).  

 

3.4.1 Colostrum Characteristics  

Maternal dietary TM treatment did not affect the volume of colostrum produced (Table 

3.1). There was no impact of treatment on colostrum quality either in terms of %Brix or 

concentration of IgG (Table 3.1). Total secretion, defined as the product of the concentration of 

IgG and volume of colostrum, was also not impacted by treatment (Table 3.1). There was no effect 

of treatment on proportion of cows with good quality colostrum, not only by %Brix (≥ 22%), IgG 

concentration (≥ 50 mg/ml), or total IgG secretion (≥ 200g), nor those measurements in 

conjunction with a minimum colostrum volume of 4 L (Table 3.1). Selenium was the only trace 

mineral observed to be different between treatments, and it was greater in cows fed OTM (P < 

0.01). Selenium concentration was also observed to be positively correlated (r = 0.41; P < 0.01) 

with both concentration of IgG and %Brix in colostrum (Figure 3.1) and negatively correlated (r 

= -0.52; P < 0.01) with concentration of Mo in colostrum (Figure 3.1). 

3.4.2 Calf Body Weight and Serum Parameters 

When male and female calves were considered collectively, there was no difference 

between treatments on BW at birth (Table 3.2). The same was true for male calves only. However, 

when only female calves were considered, calves born to cows assigned to the OTM treatment 

weighed less at birth (P < 0.01). This trend continued on d 30 and 60, where calves born to cows 

on the OTM treatment continued to weigh less than their ITM counterparts (Figure 3.2; P = 0.02).  
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In calf serum samples taken prior to colostrum feeding, there was no difference in trace 

mineral concentration between treatments (Table 3.2). Nonetheless, an interaction between 

treatment and calf sex was observed (P = 0.06) for concentration of Se. Concentration of Se did 

not differ in male calves (ITM = 0.246 vs. OTM = 0.203 ± 0.05; P = 0.55) but was greater in 

female OTM calves than in female ITM calves (ITM = 0.230 vs. OTM = 0.367 ± 0.05; P = 0.05). 

In serum samples collected after colostrum feeding, there was no difference in concentration of 

any TM analyzed (Table 3.2). 

Antioxidant capacity based on FRAP, GPx, and SOD activity did not differ between 

treatment groups before or after colostrum feeding (Table 3.2). We did not observe any differences 

in serum total protein or IgG concentration between treatments and apparent absorption of IgG did 

not differ between treatment either in calves who only received maternal colostrum or in all calves 

receiving colostrum from any source (Table 3.2). Similarly, the incidence of failed passive transfer 

of immunity was the same between groups both in terms of serum total protein and serum IgG 

concentrations (Table 3.2).  

3.4.3 Cytokine Responses of Leukocytes to In Vitro LPS Stimulation  

Out of 15 cytokines examined, data of three cytokines (CCL4, CXCL10, and IL8) could 

not be explored because of oversaturation of their assay caused by high concentration of the 

analytes. Unfortunately the assay could not be repeated with additional dilutions because of 

limitations of samples and resources. Of the 12 cytokines remaining, the secretion of seven (CCL2, 

CCL3, IFNγ, IL1ɑ, IL1β, TNFɑ, and VEGFɑ) were responsive or tended to be responsive to ex 

vivo stimulation of whole blood with LPS (Table 3.3). Concentration of six cytokines (CCL2, 

CCL3, IFNγ, IL4, IL17ɑ, and VEGFɑ) differed or tended to differ between maternal feeding 
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treatments, whereas three cytokines (CCL2, CCL3, IL17ɑ) tended to present an interaction 

between maternal feeding treatment and LPS stimulation (Table 3.3). Pairwise comparisons 

between groups showed that OTM calves had higher basal levels of IFNγ and IL4 than ITM calves 

(Table 3.3). Moreover, secretion of CCL2, CCL3, IFNγ in response to LPS was greater in OTM 

calves than in ITM calves (Table 3.3). In addition, the VEGFɑ response to LPS was mainly driven 

by the OTM group, in which concentration of VEGFɑ differed (P = 0.02) between unstimulated 

control and stimulated samples, whereas no effect (P = 0.25) of LPS was observed in VEGFɑ 

secretion of ITM calves (Table 3.3).  

3.4.4 Preweaning Health Problems and Feed Intakes 

No difference was observed in the percent of stillbirths between treatment groups (Table 

3.4). Further, there was no difference between incidences of health problems when calves of both 

sexes were considered from weeks 1-3. When only female calves were considered, OTM calves 

tended (P = 0.15) to have reduced incidence of health problems from weeks 1-9 compared to ITM 

calves (Table 3.4). Nonetheless, hazard for preweaning disease did not differ between treatments 

(Table 3.4). 

Milk replacer intake did not differ between treatments in calves of both sexes from weeks 

2-4, females only weeks 2-4, nor female calves only from weeks 5-9 (Table 3.4; Figure 3.3). Starter 

pellet intakes similarly were not different between treatment from week 7-9 (Table 3.4; Figure 

3.3). 

3.5 DISCUSSION 

Although TM comprise only a very small portion of the diet of the transition dairy cow, 

they are critically important not only for the proper function of cells and tissues of the dam, but 
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also for the development of her calf in utero and for the process of colostrogenesis to supply her 

calf with both nutritive and non-nutritive factors postnatally. Here we tested whether complete 

replacement of ITM by OTM in the prepartum diet of the dam would enhance 1) colostrum quality 

and quantity, 2) passive transfer of immunity, 3) oxidative status, 4) development of cellular 

immunity, and 5) health and growth of their offspring. Although no differences were found in the 

former three items, calves born from cows supplemented with OTM had greater basal 

concentrations of two key effector cytokines- IFNγ and IL-4- and an enhanced cytokine response 

to ex vivo stimulation of whole blood with LPS, resulting in larger increments in secretion of two 

β-chemokines CCL2 and CCL3 upon stimulation. Although the statistical power of our study was 

not ideal for binary variables, we also captured an encouraging tendency for a reduction of 

preweaning health problems in heifers from 33.3% in the ITM group calves to 20.6% in the OTM 

group. Heifers born from OTM cows also had greater concentration of Se in blood at birth, and 

were smaller in size from birth to weaning. 

Although we observed no difference in colostrum quality, quantity, or the combination 

thereof, we did observe an increase in Se levels in colostrum. This is in line with previous studies 

that reported the highest level of Se in colostrum harvested from cows fed organic selenium 

relative to the control and inorganic Se during the last 8 wks of the prepartum period (Weiss and 

Hogan, 2005; Juniper et al. 2019). This suggests that the process of colostrogenesis favours the 

incorporation of organic sources of selenium into the colostrum, despite the tight regulation of TM 

import into milk (Lonnerdal et al., 2007). Interestingly, we found a positive correlation between 

concentration of Se and concentration of IgG in colostrum, suggesting that the incorporation of 

one element in colostrum might be associated with incorporation of the other. Moreover, there was 
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a strong negative correlation between concentration of Mo and concentration of IgG in colostrum, 

suggesting that one might interfere with incorporation of the other. The mechanism regulating the 

incorporation of IgG on colostrum are still not well understood (Baumrucker et al., 2010; van 

Niekerk et al., 2021), and the above correlations with trace elements warrant further investigation.  

In order to better characterize the neonatal TM status without the interference of TM from 

colostrum, we evaluated concentration of TM in serum shortly after birth and before colostrum 

feeding. We observed greater levels of Se in serum samples of heifer calves collected prior to 

colostrum feeding but not in bull calves, which suggest that the placental transfer of Se might also 

be influenced by sex of the calf. Other studies in dairy (Weiss and Hogan, 2005; Hall et al., 2014; 

Juniper et al. 2019) and beef cattle (Gunter et al., 2003; Guyot et al., 2007) reported greater 

concentration of Se in blood, but no distinctions were made between heifer and bull calves. In 

addition, and differing from our study, no differences were observed in the concentration of Se in 

serum at 24 h, whereas Weiss and Hogan (2005) reported differences until d 3, and Hall et al. 

(2014) reported persistent effects across the first two weeks of life. These differences could be 

result of an error in communication in our experiment, in which all calves received an injection of 

Se and vitamin E booster in the first 24 h of life as per SOP of the farm. Although the injection 

was administered equally in all calves from both groups, it might have influenced the biological 

variability of the outcome. Nevertheless, our findings do corroborate the suggestion that 

organically sourced maternal Se is more effectively transferred to the calf across the placenta, at 

least in female calves. In studies in murine models, it has been suggested that nonspecific 

pinocytosis of Se (namely as selenoproteins) from the uterine fluid may be at least partially 

responsible for differences in offspring Se status, and revealed that the selenoprotein Sepp1 was 
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readily transported across the placenta (Burke et al., 2003). Therefore, organically sourced Se may 

be better incorporated into Sepp1 for transfer to the calf. This is supported by Yuan et al. (2003) 

who showed that dietary organic sources of Se as selenized yeast and selenomethionine resulted 

in greater mRNA levels of liver and kidney SEPP1 as well as serum SEPP1 in broilers when 

compared to the inorganic sodium selenite treatment.  

Concentrations of Cu, Co, Mn, and Zn in colostrum as well as calves’ serum before and 

after colostrum feeding were similar in between treatments. Previous work detailing the effects of 

a partial inorganic and organic supplementation of Cu, Co, Mn, and Zn (but not Se) was shown to 

have no impact on serum levels of trace minerals in the offspring (Jacometo et al., 2015). Similarly, 

Roshanzamir et al. (2020) did not find differences in levels of blood trace minerals when 

supplementing only Zn, Cu, and Mn. Potential differences in organic and inorganic placental 

transport and incorporation in colostrum have not been as well characterized in these minerals.  

Maternal TM source has had variable results on immunoglobulin levels in colostrum and 

on success of passive transfer of immunity to the offspring. In our study we did not observe any 

impact of treatment on quality, quantity, or the combination of these factors on colostrum. Further 

we did not observe any differences in serum IgG in calves, AEA, or FPTI, echoing results from 

Jacometo et al. (2015), where no differences in colostrum IgG or AEA were observed in cows 

receiving inorganic and organic sources of Co, Cu, Mn, and Zn in the final 30 d of gestation, and 

Juniper et al. (2019) who supplied only inorganic or organic Se and saw no difference in calf IgG 

concentrations. Kamada et al. (2007) found that four feedings of colostrum supplemented with a 

1.0 ppm of Se or a single dose of 3.0 ppm of Se at the first feeding improved the absorption of IgG 

in dairy calves. However, these benefits appear to be more pharmacological than nutritional, as 
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these doses greatly exceeded the current recommended levels. They suggest that this method of Se 

supplementation may have an enhancing effect of the pinocytosis of IgG in intestinal epithelial 

cells. This effect was not observed in our study, likely because the increase in colostral Se was 

relatively modest between treatments, resulting in a drastically lower ‘supplementation’ of Se than 

the study by Kamada et al. (2007). 

Although we did not evaluate colostral cytokines in the present study, we did evaluate 

cytokines in calf plasma following an ex vivo LPS challenge in calves at 7 d of age as an indicator 

of cellular immunity maturation before the challenging second wk of life, in which incidence of 

health problem are generally higher (Carvalho et al., 2020). We found important differences in 

basal levels of two effector cytokines- IFNγ and IL-4- and in cytokine responses to ex vivo 

stimulation of whole blood with LPS. Calves from the OTM group had higher basal concentrations 

of both IFNγ and IL-4, and larger increments in secretion of two β-chemokines, CCL2 and CCL3, 

upon stimulation with LPS. Moreover, the increase in IFNγ secretion upon LPS stimulation was 

also greater in OTM than ITM calves. The two effector cytokines have in general opposite 

function, and are especially important for differentiation of Th1 and Th2 cells (Brown et al., 1998). 

The two chemoattractant cytokines CCL2 and CCL3 are very important for the recruitment and 

activation of immune cells (Andoh et al., 2020; Vlasova and Saif, 2021). Altogether, these results 

suggest that maturation of cellular immunity in calves of the OTM group could be more advanced 

and responsive to pathogen-associated molecular pattern molecules than those in the ITM group. 

Ling et al. (2018) reported that calves born from cows with greater levels of oxidative stress during 

the prepartum period had a smaller TNF-ɑ response to LPS, suggesting that the cellular immunity 

of these calves was delayed in development compared to calves born from cows without prepartum 
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oxidative stress. Moreover, these higher levels of cytokines may suggest that OTM calves are more 

successfully at recruiting lymphocytes to the GIT and enhancing neutrophil function as reported 

by Menge et al. (1998). Although the calves in our study were older than those used by Menge and 

colleagues, it still poses an interesting concept as it is known that most health disorders occur 

around two wks of age (Urie et al., 2018; Carvalho et al., 2020) and good cellular immunity could 

be crucial to preventing preweaning diseases (Chase et al. 2008). In fact, an encouraging tendency 

for difference in preweaning health of heifers was observed in our study, wherein OTM heifers 

tended to show fewer disease events than ITM heifers (20.6 vs. 33.3%). Unfortunately, previous 

studies detailing prepartum ITM and OTM effects on calf success do not often report calf disease. 

However, Teixeira et al. (2014) did observe fewer disease events in calves following an injection 

of Cu, Mn, Se, and Zn at 3 and 30 d of life. This was similarly observed by Marques et al. (2016) 

who reported a decreased in incidence of bovine respiratory disease in beef calves born to dams 

who received OTM supplementation (Co, Cu, Mn, Zn) relative to calves born to dams 

supplemented with ITM and unsupplemented dams.   

We did not observe differences between treatments on FRAP, GPx and SOD activities in 

serum of calves in the first 24 h of life, which is in agreement previous work (Juniper et al. 2019; 

Teixeira et al., 2014). However, Jacometo and colleagues (2015) observed lower FRAP and 

ORAC, another measure of antioxidant status, in calves born to OTM cows, which would suggest 

lower oxidative stress in these calves. Nonetheless, we did not find maternal OTM or ITM 

supplementation to impact oxidative status in their offspring. This is interesting to note as our 

challenge revealed a greater cytokine response to LPS in OTM calves. Although certain cytokines 

also had higher basal levels in OTM calves, we did not observe concurrent differences between 
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treatments in indicators of oxidative status which would indicate greater oxidative stress. 

Altogether, these findings suggests that OTM calves are not inherently more inflamed than ITM 

calves, but rather supports the idea that OTM calves may have a better developed immune system 

to handle insults when needed. Previous work done on broiler chickens have revealed that 

supplementation with selenium in the diet results in an improved response to challenge with low 

pathogenic avian influenza virus subtype H9N2, as evidenced by higher transcription of IFNα, 

IFN, and IFNγ (Sjohadoost et al.,  2018). 

Because differences in starter and MR intakes did not differ between groups, it is sensible 

that OTM heifers (born smaller) remained lighter until 60 d as they were not eating more to 

compensate for their lower birth weights. The effect of maternal TM source typically does not 

result in alterations in BW at birth (Jacometo et al., 2015; Price et al., 2017; Juniper et al., 2019), 

however maternal treatment with prepartum selenized yeast has been reported to increase BW at 

birth (Hall et al., 2014), so our BW results could represent an outlying finding.   

3.6 CONCLUSION 

Complete replacement of inorganic sources of supplementary trace minerals by organic 

sources in the prepartum diet increased concentration of Se but did not alter concentration or total 

secretion of other trace minerals and IgG in colostrum. In addition, supplementary forms of trace 

minerals in the prepartum diet did not affect the concentration of trace minerals in serum of neonate 

calves, passive transfer of immunity, and overall oxidative status on the first day of life. 

Nonetheless, calves born from cows supplemented with organic trace minerals had greater basal 

concentrations of two effector cytokines (IFNγ and IL-4) and an enhanced cytokine response to ex 
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vivo stimulation of whole blood with lipopolysaccharide, resulting in larger increments in 

secretion of two β-chemokines CCL2 and CCL3, and IFNγ upon stimulation. For female calves 

only, those born from cows supplemented with organic trace minerals had greater concentrations 

of Se in blood, were smaller in size from birth to weaning, and tended to have fewer preweaning 

health problems than those born from cows supplemented with inorganic trace minerals. The 

effects of maternal trace mineral nutrition on cellular immune function of neonate calves and their 

susceptibility to preweaning health problems warrants further investigation.  
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Table 3.1. Colostrum characteristics of dairy cows supplemented with inorganic or organic sources of trace minerals 

during the last 45 days of gestation  

 Treatment 1  

Item Inorganic Organic P 

 ---------- Adjusted mean [95% CI] ----------  

Volume, liters 4.58 [4.08 - 5.10] 4.48 [3.99 - 4.99] 0.78 

Percentage Brix 24.79 [24.07 - 25.51] 24.68 [23.96 - 25.39] 0.82 

Concentration of IgG, mg/mL 74.53 [68.86 - 80.42] 79.37 [73.62 - 85.33] 0.24 

Total secretion of IgG, mg 339.4 [299.3 - 382.0] 348.2 [308.4 - 390.5] 0.76 

Good quality colostrum, %    

%Brix ≥ 22 77.68 [69.27 - 84.32] 84.03 [76.39 - 89.54] 0.21 

IgG concentration ≥ 50 mg/mL 82.91 [74.85 - 88.78] 88.13 [80.98 - 92.82] 0.25 

Total IgG secretion ≥ 200 mg 78.06 [68.71 - 85.22] 73.67 [64.50 - 81.16] 0.46 

Volume ≥ 4 L and %Brix ≥ 22 39.05 [30.22 - 48.66] 42.94 [33.95 - 52.41] 0.56 

Volume ≥ 4 L and IgG ≥ 50 mg/mL 41.02 [31.90 - 50.80] 44.97 [35.82 - 54.47] 0.56 

Concentration of trace minerals, μg/g    

Co 7.95 [7.41 - 8.50]  8.17 [7.64 - 8.72] 0.56 

Cu 657.5 [618.7 - 697.6] 641.6 [603.9 - 680.4] 0.56 

Mn 107.2 [92.6 - 122.9] 108.3 [93.9 - 123.8] 0.92 

Se 461.1 [447.2 - 475.1] 543.1 [528.3 - 558.0] <0.01 

Zn 91.88 [87.66 - 96.11] 91.80 [87.65 - 95.95] 0.98 
1 At 45 d before the expected calving date, cows were blocked by parity and BCS and randomly assigned to receive 

inorganic or organic sources of supplementary trace minerals in both prepartum and postpartum diets. Cows assigned 

to the inorganic group received supplementation of Co, Cu, Mn and Zn sulphates and Na selenite. Cows assigned to 

the organic group received supplementation with Co, Cu, Mn and Zn proteinates (Bioplex®, Alltech, Lexington, KY) 

and selenized yeast (Sel-Plex®, Alltech, Lexington, KY). Data was transformed when needed to reach normality of 

statistical model residuals. 
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Table 3.2. Birth body weight, passive immunity transfer, oxidative status and serum concentration of trace minerals 

of dairy calves born to cows supplemented with inorganic or organic sources of trace minerals during the last 45 

days of gestation 

 Maternal treatment 1  

Item Inorganic Organic P 

 ---------- Adjusted mean [95% CI] ----------  

Body weight at birth, kg    

All calves 42.64 [41.81-43.46] 41.93 [41.13-42.74] 0.23 

Females  40.89 [39.75-42.04] 38.79 [37.71-39.88] <0.01 

Males  44.38 [43.23-45.53] 45.07 [43.92-46.22] 0.40 

Concentration of trace minerals in serum before 

colostrum feeding 

   

Co, ng/mL 0.167 [0.141-0.193] 0.180 [0.150-0.211] 0.52 

Cu, μg/mL 0.234 [0.209-0.259] 0.254 [0.225-0.283] 0.44 

Mn, ng/mL 1.415 [0.976-1.855] 1.461 [0.950-1.973] 0.89 

Se, μg/mL * 0.238 [0.171-0.304] 0.285 [0.207-0.362] 0.36 

Zn, μg/mL 1.291 [1.147-1.435] 1.161 [0.993-1.321] 0.24 

Concentration of trace minerals in serum 24h 

after colostrum feeding 

   

Co, ng/mL 0.253 [0.227-0.278] 0.276 [0.251-0.300] 0.20 

Cu, μg/mL 0.347 [0.333-0.361] 0.343 [0.330-0.357] 0.70 

Mn, ng/mL 0.995 [0.905-1.084] 1.054 [0.966-1.141] 0.35 

Se, μg/mL 0.147 [0.137-0.157] 0.146 [0.136-0.155] 0.85 

Zn, μg/mL 0.902 [0.831-0.972] 0.855 [0.786-0.924] 0.35 

Concentration or activity of proteins in serum 

before colostrum feeding 

   

FRAP, pmol/L FeSO4  57.2 [51.1-63.4] 62.8 [56.3-69.4] 0.22 

GPx, nmol/min/mL  188.5 [167.1-210.0] 183.8 [158.6-209.1] 0.78 

SOD, U/mL  1.33 [1.19-1.48] 1.27 [1.10-1.44] 0.54 

Concentration or activity of proteins in serum 

24h after colostrum feeding 

   

FRAP, pmol/L FeSO4  104.3 [98.5-110.0] 105.2 [99.5-110.9] 0.82 

GPx, nmol/min/mL  237.7 [222.3-253.2] 231.7 [216.3-247.1] 0.58 

SOD, U/mL  1.27 [1.19-1.35] 1.24 [1.16-1.32] 0.61 

Total IgG, g/L 30.37 [28.02-32.72] 29.63 [27.34-31.91] 0.66 

Total protein, g/dL 6.29 [6.14-6.44] 6.20 [6.06-6.34] 0.38 

Apparent absorption of IgG, %    

All calves 28.67 [25.15-32.2] 27.33 [24.36-30.29] 0.55 

Only calves fed colostrum from their dam 24.58 [16.88-32.29] 30.66 [26.18-35.14] 0.18 

Failure of passive transfer of IgG, %    

Based on serum IgG ≤ 10.0 g/L 8.06 [4.14-15.10] 8.20 [4.27-15.16] 0.97 

Based on serum total protein ≤ 5.2 g/dL 11.12 [6.33-18.82] 12.96 [7.84-20.67] 0.68 
1 At 45 d before the expected calving date, cows were blocked by parity and BCS and randomly assigned to receive 

inorganic or organic sources of supplementary trace minerals in both prepartum and postpartum diets. Cows assigned 

to the inorganic group received supplementation of Co, Cu, Mn and Zn sulphates and Na selenite. Cows assigned to 

the organic group received supplementation with Co, Cu, Mn and Zn proteinates (Bioplex®, Alltech, Lexington, KY) 

and selenized yeast (Sel-Plex®, Alltech, Lexington, KY). Data was transformed when needed to reach normality of 

statistical model residuals. 
*An interaction between treatment and calf sex was observed (P = 0.06). Concentration of Se did not differ in male 

calves (ITM = 0.246 vs. OTM = 0.203; P = 0.55) but was greater in female OTM calves than in female ITM calves 

(ITM = 0.230 vs. OTM = 0.367; P = 0.05).  
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Table 3.3. Concentration of cytokines in plasma of 7-d old calves after ex vivo stimulation of whole blood with 

liposaccharide. 

 Maternal treatment 1  

 Inorganic Organic P 

Cytokine, 

pg/mL 

Control 2 LPS 2 Control 2 LPS 2 TRT LPS TRT*L

PS 

CCL2 (aka 

MCP1) 

250.4 ± 14.9 c 300.6 ± 18.9 b 278.6 ± 16.2 bc 362.5 ± 20.7 a 0.06 < 0.01 0.06 

CCL3 (aka 

MIP1a) 

216.2 ± 22.4 c 480.0 ± 65.6 b 228.9 ± 24.4 c 654.1 ± 72.3 a 0.08 < 0.01 0.09 

CCL4 (aka 

MIP1b) 

Oversaturation Oversaturation Oversaturation Oversaturation --- --- --- 

CXCL10 (aka 

IP10) 

Oversaturation Oversaturation Oversaturation Oversaturation --- --- --- 

IFNγ 6.6 ± 2.8 c 9.2 ± 3.3 b 16.9 ± 3.1 b 20.5 ± 3.5 a 0.02 < 0.01 0.34 

IL1ɑ 60.4 ± 27.1 b 287.6 ± 34.6 a 93.7 ± 29.6 b 358.9 ± 37.9 a 0.20 < 0.01 0.38 

IL1β 1,134 ± 482 5,875 ± 741 1,655 ± 526 8,588 ± 813 0.28 0.06 0.28 

IL4 63.4 ± 8.9 b 66.3 ± 9.1 ab 89.7 ± 9.7 a 83.5 ± 9.9 ab 0.09 0.68 0.23 

IL6 384.7 ± 87.4 881.1 ± 458.6 659.7 ± 95.2 1,942 ± 506 0.31 0.23 0.44 

IL8 Oversaturation Oversaturation Oversaturation Oversaturation --- --- --- 

IL10 1,142 ± 381 4,546 ± 2393 2,087 ± 416 10,047 ± 2642 0.33 0.19 0.40 

IL17ɑ 3.4 ± 1.0 3.7 ± 0.8 5.9 ± 1.0 5.5 ± 0.9 0.11 0.83 0.13 

IL36ra 143.8 ± 14.0 139.7 ± 13.3 131.2 ± 15.3 129.3 ± 14.5 0.57 0.25 0.66 

TNFɑ 2,631 ± 777 6,432 ± 840 2,099 ± 849 6,599 ± 919 0.89 0.09 0.65 

VEGFɑ 109.5 ± 8.4 b 139.3 ± 27.9 ab 125.1 ± 9.1 b 195.5 ± 30.8 a 0.13 0.01 0.28 
1 At 45 d before the expected calving date, cows were blocked by parity and BCS and randomly assigned to receive 

inorganic or organic sources of supplementary trace minerals in both prepartum and postpartum diets. Cows assigned 

to the inorganic group received supplementation of Co, Cu, Mn and Zn sulphates and Na selenite. Cows assigned to 

the organic group received supplementation with Co, Cu, Mn and Zn proteinates (Bioplex®, Alltech, Lexington, KY) 

and selenized yeast (Sel-Plex®, Alltech, Lexington, KY). Data was transformed when needed to reach normality of 

statistical model residuals. 
2 Blood samples were divided in two aliquots of 9 mL. One remained as an unstimulated control and the other was 

stimulated with a high dose of lipopolysaccharide (LPS; 5 μg of E. coli O111:B4 LPS/mL of blood). All aliquots were 

incubated at 37°C in a shaking water bath for 3.5 h. After incubation, blood samples were centrifuged at 1,300 × g for 

10 min at 4°C for plasma separation. Plasma samples were harvested and frozen at −80°C until posterior analyses of 

cytokines concentration using the Bovine Cytokine 15-Plex Discovery Assay® (EMD Millipore Corporation, 

Billerica, MA). 
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Table 3.4. Incidence of clinical health problems and intake of milk replacer and starter concentrate before weaning  

 Maternal treatment 1  

Item Inorganic Organic P 

 ---------- Adjusted mean [95% CI] ----------  

Stillbirth, % 4.71 [2.10-10.25] 3.32 [1.29-8.25] 0.55 

Clinical health problem, %    

All calves, wks 1-3 23.8 [16.1-33.6] 19.3 [12.5-28.6] 0.45 

Females only, wks 1-9  33.3 [21.3-48.0] 20.6 [11.9-33.3] 0.15 

Hazard for pre-weaning health problems 1.0 [reference] 0.63 [0.29-1.30] 0.21 

Milk replacer intake, liters 2    

All calves on wks 2-4 8.69 [6.56-10.81] 8.26 [6.06-10.47] 0.31 

Females on wks 2-4 8.31 [5.21-11.40] 8.01 [5.08-10.95] 0.51 

Females on wks 5-9 7.19 [5.78-8.60] 7.22 [5.90-8.54] 0.87 

Starter intake of females on wks 7-9, kg 1.63 [1.51-1.76] 1.54 [1.43-1.66] 0.32 
1 At 45 d before the expected calving date, cows were blocked by parity and BCS and randomly assigned to receive 

inorganic or organic sources of supplementary trace minerals in both prepartum and postpartum diets. Cows assigned 

to the inorganic group received supplementation of Co, Cu, Mn and Zn sulphates and Na selenite. Cows assigned to 

the organic group received supplementation with Co, Cu, Mn and Zn proteinates (Bioplex®, Alltech, Lexington, KY) 

and selenized yeast (Sel-Plex®, Alltech, Lexington, KY). Data was transformed when needed to reach normality of 

statistical model residuals. 
2 Milk replacer was fed as libitum from wk 1-4 and later limited by a step-down procedure until weaning at wk 9. 

Males left the farm by wk 4 and did not contribute to liquid or solid intakes data from wk 5-9.  
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Figure 3.1. Correlation between concentration of selenium in colostrum and %Brix in colostrum (panel A), concentration of IgG in colostrum (panel B), and 

concentration of molybdenum in colostrum (panel C). 
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Figure 3.2. Body weight of female calves on d 1, 30, and 60 of age. Error bars represent the standard error of the 

means. 
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Figure 3.3. Average daily intake of milk replacer on wks 1 to 4 (ad-libitum; Panel A) and wks 5 to 9 (limited; Panel B), and starter intake on wks 7 to 9 (ad-

libitum; Panel C) of female calves weaned at wk 9. Error bars represent the standard error of the mean. 
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4 General Discussion 

4.1 Main Findings 

 This thesis provides a comprehensive evaluation of the effects of the complete replacement 

of ITM by OTM in the transition cow diet on both innate and acquired immunity as well as their 

associations with metabolic markers. Further, it evaluates the effects of maternal trace mineral 

source on parameters of colostrum quality and quantity, and on the growth, health, and immunity 

of her calf. This thesis also characterizes the associations of various blood metabolites and 

indicators of oxidative and metabolic status on immune function of the dam.  

In the first study presented our objectives were 1) to test whether complete replacement of 

ITM with OTM in both pre- and postpartum diets improves measurements of innate and acquired 

immunity in transition cows, and 2) to evaluate whether in vitro measurements of neutrophil 

function and in vivo measurements of IgG responses to an ovalbumin challenge are associated 

with incidence of postpartum clinical disease, and with alterations in metabolic dynamics during 

the transition period. We hypothesized that greater bioavailability of OTM compared with ITM 

will result in enhanced neutrophil function and anti-OVA IgG responses in transition cows. In 

addition, we hypothesized that measurements of acquired and innate immunity are negatively 

associated with incidence of postpartum clinical disease, and intrinsically associated with dynamic 

changes of metabolism of cows during transition to lactation.  Although we did not observe 

improvements in many of the aspects of immunity that we evaluated (no treatment effect on any 

measurement of oxidative burst, percentage of phagocytizing cells, or IgG response to an 

ovalbumin challenge), we did see an increase in postpartum intensity of phagocytosis in OTM 
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cows. This presents an indication that OTM may be a better choice for trace mineral 

supplementation, as previous work has shown relationships of impaired neutrophil function to be 

associated with disease incidence (Kimura, et al., 2002).  

Further along these lines, both OTM cows as well as cows that did not develop clinical 

disease in the first 21 DIM were seen to have a greater change in intensity of phagocytosis from 

pre- to postpartum. This pattern was also seen by Chebel (2021), who reported that prepartum 

neutrophil intensity of phagocytosis was predictive of postpartum uterine disease, and by Lohuis 

and colleagues (1990) who associated certain measures of neutrophil function prior to 

experimental infection with E. coli mastitis with severity of infection. 

Changes in neutrophil function were also associated with differences in the concentration 

of important metabolites, with cows above the median for change in neutrophil function exhibiting 

reduced levels of Ca, K, Se, Mn, and total protein in serum. Further, they were associated with 

reduced DMI and milk yield in the first three weeks postpartum. This suggests that these cows did 

not adjust well to the transition into lactation, which manifested in depressed levels of energy and 

macro and micronutrients, all of which are required for proper immune cell function (Hammon et 

al., 2006; Kimura et al., 2006; Spears and Weiss, 2008; Martinez et al. 2012).  

There was no effect of treatment on IgG response to an OVA challenge. However, when 

we divided the IgG response to OVA above and below the median, we found that there was a large 

difference between high and low responders with high responders showing anti-OVA IgG levels 

that were on average 3.4 times greater than low responders. Despite not seeing an effect of 

treatment on IgG response, it was related to changes in NEFA, AST, GGT, albumin, globulin, Na, 
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P, and Cu, as well was improved DMI and energy balance and lower BW. This suggests that these 

cows had a more successful transition into lactation in terms of energy and macro- and 

micromineral balance. These findings are supported by Ropstad et al. (1989) who associated cows 

who were in a less negative energy balance with an improved lymphocyte response to mitogen 

stimulation. Further, response to OVA was not related to disease incidence in our study, which is 

in agreement with Chebel (2021) who also did not find a relationship between response to OVA 

and postpartum disease.  

In study two, our objectives were to test whether the complete replacement of ITM with 

OTM in the diet of the dam during the last 45 days of gestation improves measurements of 

colostrum quality and quantity, and measurements of calf passive transfer, health, immunity and 

growth in their offspring. We hypothesized that greater bioavailability of OTM compared with 

ITM would result in enhanced colostrum production and quality. In addition, we hypothesized that 

it would result in increased metrics of calf health, immunity, oxidative stress, and growth. 

Although we did not observe any effects of treatment on quantity or quality of colostrum in terms 

of IgG concentration or %Brix, we did observe an increase in colostral selenium and concentration 

of selenium in calf serum at birth in OTM cows. Increased colostral selenium has previously been 

found in studies assessing the benefits of feeding organic trace minerals (Juniper at al., 2019; Price 

et al., 2017), and colostrum supplemented with selenium has been associated with increased IgG 

absorption (Kamada et al., 2007). Although the levels of selenium used in this study were much 

higher than the increase in selenium observed between treatments in our study, it is still an 

encouraging finding. However, there was no effect of treatment on AEA, FPTI, or their associated 

metrics in our study.  
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Female calves were also observed to be lighter from birth to 60 d, and saw no impact of 

treatment on milk replacer or starter feed intakes. Calves born to OTM cows exhibited greater 

levels of certain cytokines, both pro and anti-inflammatory, in response to an LPS challenge. These 

elevated levels of cytokines may indicate that calves born to OTM cows are more successfully 

recruiting lymphocytes to the gut, and further how well their neutrophils are able to function 

(Menge et al., 1998). Additionally, it may suggest improved gut development as treatment with 

bovine IL-10 has been shown to improve tight junction protein integrity in human intestines (den 

Hartog et al., 2011). To the author’s knowledge, this is the first time that the complete replacement 

of maternal supplementary ITM by OTM in the has been characterized in terms of cytokine levels, 

previous work has been limited to gene expression and was evaluated with partial replacement of 

trace minerals via oral bolus (Jacometo et al., 2015) 

4.2 Industry Relevance 

Although the effects of dietary trace mineral source on immunity in the transition cow as 

well as the effects on her calf were observed to be modest, they still represent both novel findings 

and those that can be used to corroborate or dispute existing claims, thereby identifying areas that 

need further research to clarify. These studies will help better characterize the utility of trace 

mineral source for producers and nutritionists to choose the source that will best fit their needs 

through the specific identification of goals for health and immunity. Further, it provides greater 

insights for nutrition companies to target their next steps in research and development.  

Outside of treatment, the results found in this thesis provide important insight towards the 

relationships of neutrophil and immunoglobulin function with serum metabolites as well as 

markers of oxidative and metabolic status. Beyond this, it also provided supporting evidence for 
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existing work (Chebel, 2021) that peripartum intensity of neutrophil phagocytosis might be a 

valuable a predictor of disease events during postpartum period. These results may be important 

for biotechnology companies in the development of new assays to assess bovine health and for 

veterinarians and producers looking for novel ways to identify cows that may need attention before 

the onset of disease, thereby improving management systems. Present work has identified that 

approximately 30% of dairy cows will experience disease in the first 21 days postpartum, which 

causes compromised fertility and production both short and long term, harming the sustainability 

of the producers operation (Chapinal et al., 2011; Carvalho et al., 2019; Pinedo et al. 2020). 

Therefore, identifying predictors of disease for early intervention is an important field of study. 

4.3 Study Limitations 

There are limitations to the studies presented in this thesis that should be addressed, such 

as a reduction in the number of samples that were able to be used in oxidative burst assays that did 

not meet standards for quality control and were discarded accordingly. This reduced the amount 

of cows that were able to be used in analyses and may have represented relevant findings. Further, 

blood sampling for immunoglobulin assessment in the calf was taken at 24 ± 6 h post colostrum 

feeding. This may have inadvertently caused higher than desirable variation in the concentration 

of IgG in these calves due to differing rates of absorption. Beyond this, not all calves in this study 

received maternal colostrum and were instead supplied with frozen colostrum from other cows on 

the farm or a colostrum replacer. This reduced the number of calves we were able to use in the 

analysis to elucidate the effects of maternal colostrum, thereby decreasing statistical power. Lastly, 

calves received an injection that contained vitamin E and selenium during the first 24 h of life, 
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which almost certainly impacted their selenium status, and likely their glutathione peroxidase 

activity as well.  

4.4 Future Research 

Although this study provided a thorough evaluation of the effects of the complete 

replacement of ITM with OTM in the diet on innate and acquired immunity in transition cows and 

their calves, by no means did it conclude this exploration. Despite a relative many number of 

studies foraying into trace mineral source and nutritional immunology, interpretations of their 

results as a whole are difficult due to the many methods that are used to supply the trace minerals 

in this study (injections, oral boluses, partial or complete replacement, different inclusion levels), 

the molecules that are used to chelate the minerals (sulfates, oxides, carbonates, saccharides, 

proteinates, and various amino acids), and importantly, the trace minerals themselves. Work by 

Roshanzamir et al. (2020) has observed that minerals chelated to glycine were associated with 

increased colostrum yields but this was not seen in the methionine treatment group, suggesting 

that the observed differences are related to the amino acid utilized. Future research will ideally 

include more studies in each of these categories with cohesive design and larger sample sizes to 

allow for clearer conclusions to be drawn.  

Further, much of the current work in trace mineral nutritional immunology has placed a 

large emphasis on studies of the innate immune system. Specifically, the current body of literature 

overwhelmingly reports static measurements in neutrophil function at a few time points rather than 

evaluating the dynamics of these points to characterize the rapidly changing immune environment 

of the transition cow across time. Additionally, researchers should be conscious to include 



 

 

101 

 

measurements for the acquired immune system as well in order to create a more complete picture 

of the immune environment in this context. 

It is important to find novel ways to predict and prevent disease as a large portion of dairy 

cows will experience at least one disease event in the first 21 days postpartum, which is causative 

of both short and long term losses in production and compromised survival in the herd (Chapinal 

et al., 2011; Carvalho et al., 2019; Pinedo et al. 2020). If further studies can validate our 

observation and those of others (Chebel, 2021; Lohuis et al., 1990) that prepartum neutrophil 

function is associated with clinical disease events, it may become an important indicator for 

producers to direct their management.  

4.5 Final Conclusions 

It was hypothesized that the complete replacement of inorganic trace minerals with organic 

trace minerals would result in improved neutrophil and immunoglobulin function in transition 

dairy cows, enhanced quantity and quality of colostrum, as well as improved immunity, health, 

and growth in the offspring of cows who received organic trace minerals. Although the 

improvements made were modest, they were also promising. We were able to discern an 

association of organic trace mineral supplementation with postpartum intensity of phagocytosis, 

and with an enhanced change in phagocytosis from day -7 to 7 relative to calving. Outside of 

treatment, we observed the same relationship of enhanced intensity from pre- to postpartum in 

cows who did not have any clinical disease in the first 21 d postpartum. Although no association 

with treatment was observed on IgG response to ovalbumin we did observe that cows with a more 

robust IgG response appeared to have a physiologically preferable transition into lactation than 

those with a weaker response. We observed no significant effects on colostrum quality and quantity 
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aside from greater Se in colostrum organically supplemented cows. This is an encouraging finding 

and may be useful in the future to identify strategies to improve the absorption of 

immunoglobulins, possibly reducing the incidence of FPTI. Selenium levels in serum at birth, and 

plasma CCL2, CCL3, IFN-γ, and IL-4 on d 7 were observed to be greater in calves born to 

organically supplemented cows, which may indicate a better developed immune system at this 

stage of life. Overall, we observed small but meaningful improvements to the innate and acquired 

immunity of transition cows, and promising carryover effects on their calves. Future work should 

be done to confirm these effects, and to validate prepartum neutrophil function as a predictor of 

disease. 
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APPENDIX 

Feed ingredients and chemical composition (mean ± SD) of dry cows and lactating cows total 

mixed rations. 

Item Dry cow TMR Lactating cow TMR 

Ingredient, % of DM   

Corn silage 39.08 ± 0.19 29.38 ± 0.27 

Alfalfa haylage 5.85 ± 0.22 29.63 ± 0.26 

Wheat straw 32.06 ± 0.24 1.80 ± 0.02 

High-moisture corn --- 25.02 ± 0.41 

Dry cow supplement 1 23.01 ± 0.11 --- 

Lactating cow supplement 2 --- 14.17 ± 0.03 

Dry matter, % 54.48 ± 2.58 47.33 ± 1.99 

Chemical composition, % of DM   

CP 12.19 ± 0.44 15.72 ± 0.38 

NFC 28.20 ± 0.91 45.07 ± 0.80 

Starch 14.82 ± 1.23 27.08 ± 0.91 

ADF 31.52 ± 1.07 19.35 ± 0.83 

NDF 48.83 ± 1.27 29.28 ± 1.08 

TDN 63.99 ± 1.77 73.45 ± 1.64 

Crude fat 2.75 ± 0.33 3.63 ± 0.35 

Ash 7.07 ± 1.07 6.56 ± 0.41 

Ca 1.41 ± 0.02 0.82 ± 0.02 

P 0.29 ± 0.03 0.41 ± 0.01 

Mg 0.45 ± 0.02 0.36 ± 0.01 

K 1.11 ± 0.13 1.40 ± 0.13 

Na 0.11 ± 0.01 0.34 ± 0.01 

S 0.40 ± 0.01 0.21 ± 0.01 

Cl 0.85 ± 0.07 0.55 ± 0.10 

DCAD, mEq/kg -153. 48 ± 30.04 218.44 ± 43.17 

NEL, Mcal/kg 1.45 ± 0.04 1.68 ± 0.04 

Trace minerals, ppm of DM   

Co 0.37 ± 0.07 0.29 ± 0.06 

Cu 12.57 ± 1.41 13.39 ± 0.98 

Fe 318.44 ± 114.39 340.00 ± 111.96 

Mn 56.97 ± 6.20 47.63 ± 6.34 

Mo  1.33 ± 0.19 1.58 ± 0.26 

Se 0.43 ± 0.08 0.36 ± 0.04 

Zn 51.14 ± 7.16 59.68 ± 4.53 
1 Dry cow pellet supplement supplied by Floradale Feed Mill Ltd. composed of (DM basis) 23.55% soybean 

meal 47, 12.36% Animate (Phibro, Teaneck, NJ), 13.2% beet pulp, 10.41% ground soy hulls, 9.8%  high-
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bypass soybean meal, 9.67% limestone calcium carbonate, 6.00% bran, 4.72% canola, 2.52% molasses, 

1.77% calcium sulfate, 1.49% Diamond V Yeast XP (Diamond V, Cedar Rapids, IA), 1.04% magnesium 

oxide, 1.02% inorganic or organic premix according to experimental design, 0.76% Integral (Alltech, 

Nicholasville, KY), 0.82% fine salt, 0.66% monocalcium phosphate, 0.17% granular sulfur, 0.04% 

Rumensin/Coban (Elanco, Greenfield, IN). 

2 Lactating cow pellet supplement supplied by Floradale Feed Mill Ltd. composed of (DM basis) 44.02% 

SoyPlus (Landus Cooperative, Ames, IA), 14.7% soybean meal 47, 10.19% wheat shorts, 9.83% canola, 

3.39% sodium sesquicarbonate, 3.33% limestone Ca carbonate, 3.39% fine salt, 2.77% monocalcium 

phosphate, 1.97% magnesium oxide, 1.49% Diamond V Yeast XP (Diamond V), 1.11% tallow, 1.10% 

DCAD+,  0.97% MetaSmart (Adisseo, Alpharetta, GA), 0.76 Integral (Alltech, Nicholasville, KY), 0.74% 

inorganic or organic premix according to experimental design, 0.32% granular sulfur, 0.04% 

Rumensin/Coban (Elanco). 

 


