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ABSTRACT 
 
 
 

THE EFFECT OF TRACE MINERAL SOURCE ON SOLUBILITY, RUMEN 

FERMENTATION CHARACTERISTICS, AND TRACE MINERAL CONCENTRATION IN 

PROTOZOA AND BACTERIA OF STEERS CONSUMING A LACTATION DAIRY TYPE 

DIET 

 
 
 

A series of experiments were conducted to investigate the influence of trace mineral 

(TM) source on TM solubility, rumen fermentation characteristics, and trace mineral 

concentration in protozoa and bacteria of steer consuming a lactation dairy-type diet. 

Experiments 3 and 4 were classified as experiments 1 and 2 in chapter 3 for publication purposes 

in academic journal.  

In the first experiment, hydroxychloride TM (HTM) and sulfate TM (STM) sources of 

Cu, Mn, and Zn (n = 4/element/source; N = 24) were incubated separately in water for 24 h. 

Initial pH was measured after adding the TM to the solution, then the tubes were incubated at 

39°C with agitation. After a 24-h incubation, samples were filtered to obtain the filtrate for TM 

analysis, and final pH readings were taken. Initial pH of each solution was greater (P < 0.03) for 

HTM compared to STM for all elements. Final pH tended to be greater for Cu (P = 0.09) and Zn 

(P = 0.07) from HTM compared to STM. Water solubility of Cu, Mn, and Zn from STM was 

greater (P < 0.01) than HTM sources. These data indicate that TM source influences pH and 

solubility of Cu, Mn, and Zn in water. 

In Experiment 2, eight steers fitted with rumen cannula were blocked by body weight and 

randomly assigned to treatments consisting of 10 mg Cu, 40 mg Mn, and 60 mg Zn/kg DM from 
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either STM or HTM sources (n = 4/treatment). Steers were individually fed a cracked corn-corn 

silage-based diet. Treatments were top-dressed daily. Rumen contents were collected at 0, 2, and 

4 h post-feeding on d 1 and 14. On d 15, strained ruminal fluid (SRF) and particle-associated 

microorganisms (PAO) were obtained. Digesta from HTM-supplemented steers has a lesser (P < 

0.01) Mn concentration than STM-supplemented steers on d 14 of the trial. Steers supplemented 

with STM had a greater (P = 0.0016) soluble Cu concentration in the rumen on d 14 than those 

fed HTM. Zinc was more tightly bound (P = 0.01) to the digesta in HTM-supplemented steers 

compared to STM on d 14. The data suggest that dietary TM source can affect rumen soluble Cu 

concentrations and binding strength of Zn to solid digesta. 

In Experiment 3, three cannulated steers were adapted to a diet formulated to meet the 

nutrient requirements for lactating dairy cows. Strained RF was obtained by straining rumen 

content through 2 layers of cheesecloth. Half of the remaining digesta was washed with 

McDougall’s buffer and filtered through 2 layers of cheesecloth to obtain PAO. Both SRF and 

PAO were filtered again through 8 layers of cheesecloth. Strained RF was mixed with either 

McDougall’s buffer (SRF) or PAO (SRF+PAO) at a ratio of 1:2 or 1:4 and incubated at 39°C for 

12 h using the ground basal diet as the substrate. Digestibility of DM was greater (P < 0.05) in 

digestion tubes containing SRF and SRF+PAO at a 1:2 ratio.  

In Experiment 4, eight steers fitted with ruminal cannula were blocked by body weight 

and assigned to one of two treatment groups. Treatments consisted of 10 mg Cu, 40 mg Mn, and 

60 mg Zn/kg DM from either 1) sulfate (STM) or 2) hydroxychloride (HTM) sources. Steers 

were housed in individual pens and fed the same diet as described in experiment 1. Dietary TM 

treatments were mixed with dried distillers grains and mixed in the diet by hand, immediately 

after basal diet delivery. Dietary treatments were fed for 14 d. On day 15, SRF+PAO was 
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collected from each steer (STM-RF and HTM-RF) and used in a series of in vitro crossover 

experiments. In vitro substrates (S) used were the ground diets consumed by the animals on each 

treatment (STM-S and HTM-S). Incubations containing HTM-S had greater (P < 0.01) total VFA 

concentration and propionic acid molar proportions, but lesser (P < 0.01) acetic acid molar 

proportions than STM-S. Rumen fluid from steers supplemented with HTM had a greater (P < 

0.03) total VFA than STM-RF at 24h post incubation. After 12 h post incubation, the molar 

proportion of propionic acid in HTM-RF was lesser (P = 0.04) than STM-RF. After simulated 

abomasal digestion, soluble Mn concentration in HTM-S was greater (P < 0.01) than STM-S. 

These data indicate that the source of trace minerals can influence in vitro rumen fermentation 

characteristics and Mn solubility under simulated abomasal conditions. 
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CHAPTER 1-REVIEW OF LITERATURE 

 

 

 

Introduction 

 Copper (Cu), manganese (Mn), and zinc (Zn) are essential trace minerals (TM) that are 

required in small amounts by cattle as they are involved in various biochemical reactions in the 

biological system. This chapter consists of a review of literature on Cu, Mn, and Zn focusing on 

their physical and chemical properties, how they are digested, absorbed, and excreted in the 

biological systems, their physiological functions, deficiency and toxicity signs, and the 

techniques that are commonly utilized to investigate the mechanism(s) of nutrient absorption.  

Physical and Chemical Properties  

Copper 

Copper, the 29th element on the periodic table, has an atomic number of 29 and a standard 

atomic weight of 63.546u. Copper has a melting point of 1085°C, so it generally exists as a 

metallic form with the appearance of orange-red or brown color in nature. Due to its high 

thermal and electrical conductivity and ductility, Cu is commonly used in house appliances and 

wires. Copper is a transition metal with an electron arrangement of [Ar]3d104s1. As the d-shells 

of this element are filled, most of the interactions with other elements will occur through the s-

electron. Copper has a standard reduction potential of +0.34V and a standard oxidation potential 

of -0.34V, which led to high redox potential characteristics. While Cu is commonly used in wire 

and electronic components, it’s also one of the essential TM required by most of the living things 

on earth to survive. Its bio-essentiality is due to its interchangeable oxidation states. Copper can 

exist in various oxidation forms in animals’ bodies, which are cuprous (Cu+), cupric (Cu2+), and 



 2  

possibly Cu3+ (Bremner and Beattie, 1995). The reversible changes between oxidized (Cu2+) and 

reduced (Cu+) states of Cu allow it to play an essential role in biology (Messerschmidt, 2010; 

Festa and Thiele, 2011). As Cu ionizes in the body, different oxidative states display different 

levels of affinity toward the chemical compounds in the biological system (Festa and Thiele, 

2011). Cu+ has a higher affinity towards compounds that contain thiol (-SH) and thioether (R-S-

R’) functional groups, such as cysteine or methionine amino acids (Festa and Thiele, 2011). On 

the other hand, Cu2+ will most likely interact with oxygen or imidazole nitrogen groups, which 

can be found in glutamate and histidine (Festa and Thiele, 2011). However, Cu needs to be 

regulated in the body as excessive Cu has a high potency to generate oxygen radicals, which can 

lead to oxidative stress in cells (Bremner and Beattie, 1995). 

Manganese 

Manganese is the 25th element on the periodic table with an atomic weight of 54.94u, and 

an electron configuration of [Ar] 3d54s2. Manganese is a silvery-gray metal that was widely used 

to produce iron, steel, and aluminum alloys in the metal industry. Due to its high melting point, 

Mn also exists in solid form at room temperature. Common oxidation states of Mn are +2, +3, 

+4, and +7, with +2 being the most stable form, but oxidation states of -3 to +7 have been 

observed (Kolb, 1988; Cotton et al., 1999). Mn (II) is soluble in water and will form a pink 

aqueous solution with a +2 charge. Complexes such as Mn sulfate (MnSO4), Mn chloride 

(MnCl2), and Mn carbonate (MnCO3) are the common Mn (II) compounds. Mn (III) is formed as 

an intermediate during the oxidation of Mn (II) to Mn (IV) by bacteria through multicopper 

oxidase in the ocean (Webb et al., 2005). Mn (III) is unstable in a normal environment, so it will 

rapidly oxidize and reduce Mn (II) and Mn (IV) as it is both a strong oxidizing agent and 

reducing agent (Johnson, 2006). The oxidation of Mn (II) to Mn (IV) is thermodynamically 

favorable and may also be able to prevent the generation of reactive oxygen species (ROS) or 
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free radicals in the cells (Daly, 2009; Geszvain et al., 2012). Mn (IV) can rapidly oxidize organic 

material to carbon sources for microorganisms and can serve as the terminal electron acceptors in 

the cells (Daly, 2009; Geszvain et al., 2012).  

Zinc 

Zinc (Zn) is the 30th element on the periodic table with an atomic weight of 65.38u. As a 

transition element, Zn has a relatively low melting point which is 419.5°C, but it exists as a 

silvery-gray solid at room temperature. Zinc has an electron configuration of [Ar]3d104s2 and a 

high reduction potential, which enables it to be used as a reducing agent in various scenarios 

(Goodwin, 2012). The redox potential of Zn is -0.724V, so it will not participate in biological 

redox reactions as it will generally exist in Zn2+ oxidation state (Reyes, 1996). The most stable 

oxidation state of Zn ion is +2 under standard temperature and pressure, but oxidation states of -

2, +1, and +2 have been observed. By having a completed d subshell and 2 additional s electrons, 

the chemically bound form of Zn is always the +2 oxidative state (Riordan, 1976). Zn (II) forms 

many binary compounds except the element from the noble gases group due to its reactivity with 

negatively charged groups (Vallee, 1959). Common inorganic compounds of Zn (II) include but 

are not limited to Zn nitrate, Zn sulfate, Zn phosphate, and Zn molybdate (Perry, 2016). Zinc 

usually binds to sulfur or oxygen in nature, and cadmium was found in Zn ores (Vallee, 1959). 

Digestion, Absorption, and Excretion 

Copper 

 Copper, due to its redox nature, needs to be absorbed, transported, and regulated 

systematically through Cu transporter and Cu chaperones (López-Alonso and Miranda, 2020). 

Most of the research on Cu metabolism in mammals has been conducted in humans and mice. 

Therefore, our understanding of ruminant Cu metabolism is very limited. Nevitt et al. (2012) 
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reviewed Cu transport and metabolism in eukaryotes from yeast to mammals and concluded that 

across species, yeast, and mammals shared similarities in basic Cu transport and cellular 

metabolism. In ruminants, however, Cu absorption can be complicated or altered due to the diet 

they consume and their difference in the digestive system. Ruminants developed a 4-chambers 

digestive system, which has a rumen containing a large population of microorganisms to help 

break down fiber materials for energy. Due to the presence of rumen microbes, a reducing 

environment was created as microbes donate electrons when they digest fiber materials. The 

reducing environment in the rumen can promote the formation of insoluble compounds (e.g. 

thiomolybdates), which leads to a decrease in copper (or other trace elements) availability for 

absorption. The reduction in bioavailability of copper (or other nutrients) can lead to 

modifications in the Cu transporters in the small intestine to uptake copper more efficiently. In 

1965, van Campen and Mitchell discovered that in rats, Cu absorption started in the stomach, but 

the greatest amount of Cu was absorbed in the small intestine. The possible reason for Cu 

digestion and absorption occurring in the stomach is due to the low pH environment in the 

stomach. Copper is liberated from the food/feed particles, hence free Cu ions can diffuse through 

the stomach wall and be absorbed into the blood (Tompsett, 1940; Wapnir, 1998; Underwood and 

Suttle, 1999). Copper deficiency was reported after gastric bypass surgery in humans, which 

suggests that the gastric stomach may play a role in Cu digestion and/or absorption (Myint et al., 

2018). However, another Cu absorption study carried out by Fields et al. (1986) failed to observe 

Cu absorption in rat stomachs that were being fed Cu-containing diets and water. While Cu 

absorption in the stomach remains debatable, various studies in rats and humans confirm that 

most of the Cu absorption occurs in the small intestine, specifically in the duodenum and ileum 

(van Campen and Mitchell, 1965; Stern et al., 2007).  
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Copper ions in the gastrointestinal (GI) tract will generally be digested and released from 

food particles as Cu2+. Cupric ions will then need to be reduced into their most active form, Cu 

(I), by Cu (II) reductase (cytochrome B reductase 1; Cybrd1), to be transported through copper 

transporter 1 (CTR1) into enterocyte cytosol (Hassett and Kosman, 1995; Clarkson et al., 2020). 

Approximately 70% of Cu will be absorbed through a specific membrane protein, CTR1, and the 

remaining Cu will be absorbed through nonspecific divalent metal transporter 1 (DMT-1) as Cu2+ 

(Rolfs and Hediger, 1999; López-Alonso and Miranda, 2020). Copper transport 1 protein is the 

first Cu-transport gene that was discovered in yeast to facilitate Cu transport (Dancis et al., 

1994). Copper transport 1 gene was further discovered in HeLa cells in humans and hepatocytes 

and germ cells in bovids (Zhou and Gitschier, 1997; Anchordoquy et al., 2017). Gunshin et al. 

(1997) discovered that DMT-1 (also called DCT-1 and nRAMP2) is a metal transporter that can 

bind to various divalent cations, which are iron (Fe2+), Zn2+, Mn2+, cobalt (Co2+), cadmium 

(Cd2+), nickel (Ni2+), and lead (Pb2+). Transportation of Cu from the lumen of the intestine into 

enterocytes through DMT-1 could be limited as Cu needs to compete with other divalent cations 

(López-Alonso and Miranda, 2020).  

After entering the enterocyte, Cu chaperone proteins will bind to free Cu and transport it 

to other proteins or enzymes. Examples of cytosolic Cu chaperones that are present in the 

enterocyte are superoxide dismutase (SOD), Cu chaperones for SOD (CCS), antioxidant 1 

(ATOX1), cyclo-oxygenase 17 (COX17), glutathione (GSH), amino acids, adenosine 

triphosphate (ATP), and Cu metallochaperones (Suttle, 2012; Maryon et al., 2013; Clarkson et 

al., 2020). Glutathione is important in handling free Cu at the entry step of Cu absorption, 

ATOX1 is a cytosolic protein that moves Cu ions throughout the cytosol, CCS incorporates 
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cytosolic Cu and deliver it to SOD, while COX17 will deliver Cu to cytochrome c oxidase 

(CCO) located in mitochondria. (Suttle, 2012; Maryon et al., 2013; Clarkson et al., 2020).  

Copper in the enterocytes will first be utilized by the enterocyte to generate enzymes and 

for ion balance. Once Cu concentration in enterocytes reaches above the cell’s requirement, it 

will need to be secreted out from the cells via the Golgi body, also known as the secretory 

pathway (Nevitt et al., 2012; Suttle, 2012; Clarkson et al., 2020). Once Cu enters the secretory 

pathway, Cu will first bind to metallothionein (MT), a cysteine-rich protein located in lysosome 

that is responsible for detoxifying and storing free cellular Cu (Cousins, 1985; Nevitt et al., 2012; 

Clarkson et al., 2020). Metallothionein is the common detoxifying agent in the cells that is also 

known to bind a variety of metals such as cadmium, Cu, mercury, and Zn, to convert harmful 

radical ions into non-harmful materials (Fogel and Welch, 1982; Cousins, 1985). Metallothionein 

synthesis is induced by high metal ion concentration in the cell, including but not limited to Zn 

and Cu ions, to protect the cell from free metal ion-induced-cellular damage (Bremner and 

Davies, 1975; Cousins, 1985). Metallothionein also plays an important role in regulating Cu and 

Zn metabolism during fetal and neonatal development (Klein et al., 1991). Once the Cu 

concentration in metallothionein reaches saturation, excess Cu in the Golgi apparatus will be 

secreted out from the enterocytes through ATP7A (ATPase Cu Transporting Alpha; Chelly et al., 

1993; Das et al., 1995; Nevitt et al., 2012; Suttle, 2012; Clarkson et al., 2020). ATP7A is a P-type 

cation-transporting ATPase and in humans, this gene is transcribed in all cell types except in the 

liver (Vulpe et al., 1993). However, a recent study by Tillquist et al. (2022) discovered that 

ATP7A was transcribed in the bovine liver and hepatocyte cell culture, but protein analysis was 

not conducted to confirm the presence of this protein in the liver. When the Cu ion passes 

through interstitial fluid, the oxidation of Cu+ into Cu2+ will occur spontaneously without the 
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requirement of oxidase due to the oxygen tension in the interstitial fluid and will bind to 

transporters in the interstitial fluids to enter the circulation (Gulec and Collins, 2014). Upon 

exiting enterocytes, Cu will bind to albumin, transcuprein, amino acids, or ceruloplasmin present 

in circulation, then transported to the liver for metabolism, distribution, and storage (Bligh et al., 

1992; Linder and Hazegh-Azam, 1996; Stern et al., 2007).  

Albumin is synthesized by the liver during the phase of adequate nutrition and possibly 

stimulated by thyroid hormone and cortisone (Rothschild et al., 1977). Serum albumin has 

various functions, such as maintaining osmotic pressure and transportation of a variety of 

substances or nutrients including Cu (Rothschild et al., 1988). Most of the Cu will be transported 

from the intestine to the liver through blood circulation by binding to the N-terminal histidine 

residue in albumin protein (Bremner and Beattie, 1995). Although Zn is known to have an 

antagonist effect on Cu, it will not affect the transportation of Cu in animals’ bodies, as Zn (II) 

and Cu (II) will bind to different sites of the albumin (Masuoka and Saltman, 1994). Since the 

binding of one mineral will not affect the binding of another mineral, a higher concentration of 

Zn uptake will not affect the rate of Cu transport in the blood. The concentration of 

metallothionein increases in species that lack Cu binding sites in the albumin, which suggests 

that metallothionein might also play a role in Cu transportation (Bremner and Beattie, 1995). 

However, Cu is not a significant inducer in signaling metallothionein synthesis when compared 

to Zn and cadmium (Peterson and Mercer, 1988). This indicates that although metallothionein is 

responsible for Cu transport, only a small portion of Cu will be transported by metallothionein to 

the liver (Peterson and Mercer, 1988; Bremner and Beattie, 1995). The concentration of albumin 

is higher than transcuprein in blood plasma, but transcuprein has a higher affinity for Cu and is 

responsible for one-third of Cu transport from the enterocytes in the circulation (Weiss and 



 8  

Linder, 1985; Linder and Hazegh-Azam, 1996; Clarkson et al., 2020). As certain amino acids are 

charged under physiological pH, they can bind to free Cu ions and assist in transport to the liver 

to prevent the production of ROS in the bloodstream. 

After Cu is absorbed into the circulatory system, Cu will be transported to the liver. The 

liver (hepatocytes) is the major site of Cu storage in mammals. Copper is transported to the liver 

by serum Cu transporters mentioned above and reduced to Cu+ form by NADH oxidase upon 

arrival (Crisponi et al., 2010). CTR1 is responsible for transporting Cu+ into hepatocytes, and the 

mechanism of Cu regulation and transportation within hepatocytes is similar to enterocytes 

(Zhou and Gitschier, 1997; Kim et al., 2009; Clarkson et al., 2020). After Cu enters the liver, it 

will be regulated to either be distributed throughout the body, excreted out through bile, or 

retained in the liver by parenchymal cells (Luza and Speisky, 1996). Hepatocytes have 

potentially three storage pools, with varying levels of availability. Most of the Cu will be in the 

first pool, which is the readily available extractable Cu pool, the remaining Cu will be in a less 

readily available pool in soluble form, and some Cu will potentially be stored in the third pool, a 

potential subset of the second pool, which is a non-extratable, insoluble Cu pool (McArdle et al., 

1989; Bingham et al., 1997; Clarkson et al., 2020). When Cu enters the hepatocytes, it will first 

move to the first pool, then move to the second or third pools after approximately 2h (Bingham 

et al., 1997). GSH, COX17, CCS, ATOX1, SOD, and Golgi apparatus are the Cu chaperones in 

the hepatocytes to transport Cu within hepatocyte, the minor difference between hepatocyte and 

enterocyte is instead of ATP7A protein in Golgi apparatus, ATP7B (~76% homologous to 

ATP7A) is responsible for Cu efflux in the hepatocytes (Bull et al., 1993; Tanzi et al., 1993; 

Huster et al., 2003; Clarkson et al., 2020). The majority of ATP7B is expressed in the liver, but 

the expression in the kidney, placenta, lower levels in the brain, heart, and lungs were observed 
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(Bull et al., 1993; Tanzi et al., 1993; La Fontaine and Mercer, 2007). Copper chaperones for SOD 

traffic Cu to cytosolic Zn-Cu-SOD in the cytosol, while COX17 chaperones Cu into 

mitochondria for metabolic function (Prohaska, 2008; Hepburn et al., 2009; Suttle, 2012; 

Clarkson et al., 2020). ATOX1 will bind to Cu and deliver it to the Golgi apparatus that contains 

ATP7B, which will then incorporate Cu into ceruloplasmin for distribution to other tissues 

(Klomp et al., 1997; de Bie et al., 2005; Suttle, 2012; Clarkson et al., 2020).  

From the liver, Cu will be transported to other body tissues by ceruloplasmin, a member 

of multicopper oxidase enzyme family, that is synthesized by liver that plays a role in the 

distribution of Cu (Bremner and Beattie, 1995; Hellman and Gitlin, 2002). More than 75% of 

total plasma Cu present in blood was found to be bound to ceruloplasmin in ruminants, which 

also suggests that ceruloplasmin plays a big role in Cu transport and distribution (Luza and 

Speisky, 1996). Ceruloplasmin can be a good indicator to measure Cu deficiency in cattle and 

sheep, but it does not represent Cu concentration in the liver (Blakley and Hamilton, 1985). 

Although ceruloplasmin serves as an effective transport protein for Cu, it is not a good Cu donor 

for hepatocytes (Luza and Speisky, 1996). With that, when ceruloplasmin-Cu from peripheral 

tissues return to the liver, the whole molecule of ceruloplasmin will be absorbed into the liver for 

destruction and excretion through bile (Irie and Tavassoli, 1986; Tavassoli et al., 1986; Harris, 

2000; Clarkson et al., 2020).  

In order to incorporate Cu into tissues for physiological function, Cu-containing 

ceruloplasmin will interact with the cell surface to allow Cu separation from ceruloplasmin 

(Ramos et al., 2016). In humans, CTR1 was found across various tissues in human body, 

suggesting that CTR1 plays an essential role in incorporating Cu into the cell (Eisses and Kaplan, 

2005). However, Cu will generally be in a Cu2+ state when it is being transported by 
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ceruloplasmin throughout the circulation (Ramos et al., 2016). As CTR1 protein only allows the 

passing of Cu1+, reductase must be present on the cell surface to assist with Cu entry into the 

cells through CTR1 (Ramos et al., 2016). In addition, simple diffusion following concentration 

gradients might also be the additional method for Cu to enter the cell. This hypothesis is 

proposed by Tong and McArdle (1995), as they observed that micromolar concentration of Cu 

ions can diffuse through high-affinity phospholipid bilayer membrane into the cell to be utilized 

for metabolic function. They concluded that the passive carrier system is utilized by 

cytotrophoblast cells for the uptake of Cu (Tong and McArdle, 1995). When Cu is being 

transported to cells for utilization, cellular organelles will play a role in Cu storage and 

regulation. Lysosomes were found to be responsible for the storage of Cu in liver tissue and the 

excretion of Cu when the Cu concentration is high (Humbert et al., 1982; Gross et al., 1989; 

Polishchuk and Polishchuk, 2016). As lysosome organelle is found in most of the cells in the 

body, this might suggest that Cu might be regulated by lysosome organelle in generic cells.  

One of the mechanisms of biliary excretion of Cu is the sequestering of Cu by lysosome 

in the liver, and the lysosome exocytosis their contents into biliary canaliculi to be excreted out 

of the body (Gross et al., 1989). ATP7B plays an essential role in Cu excretion as it incorporates 

Cu in the cytosol into the trans-Golgi networks (TGN), which can then either bind to 

ceruloplasmin for distribution or bile for elimination (Payne and Gitlin, 1998; Wijmenga and 

Klomp, 2004). ATP7B is localized in TGN under normal physiological conditions but also in 

different cellular compartments depending on the Cu status of the cells (Hung et al., 1997; 

Wijmenga and Klomp, 2004). When the Cu concentration in the hepatocytes increases, ATP7B is 

rapidly translocated from TGN to vesicular compartments throughout the cells but will rapidly 

return to TGN once the Cu level drops (Hung et al., 1997; Roelofsen et al., 2000). In 
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hepatocytes, excretion of excessive Cu through bile required Cu metabolism MURR1 domain 

(COMMD1), which level was regulated by X-linked inhibitor of apoptosis protein (XIAP), 

binding to the N-terminal region of ATP7B (Prohaska, 2008; Collins et al., 2010; Clarkson et al., 

2020). In humans, studies found about 80% of Cu is excreted through bile, whereas 

approximately only 3% of the daily intake of Cu is excreted through the kidney (Winge and 

Mehra, 1990; Harris, 1991). However, in sheep, Cu excretion through urine and bile is very low, 

which can explain the high proneness of Cu toxicity in sheep (Søli and Rambæk, 1978). The 

main route of Cu elimination in sheep is hypothesized to be through the excretion of Cu into the 

GI tract from liver (Søli and Rambæk, 1978).  

Zinc 

 Zinc absorption and transport is a time, temperature, and pH-sensitive process, and the 

uptake of Zn is performed by both saturable and nonsaturable processes (Reyes, 1996). Zinc 

transportation may require energy, or it can diffuse across the membrane as a free ion (Reyes, 

1996). In humans, Zn absorption rate is the highest in the jejunum, followed by the duodenum, 

and the lowest in the ileum (Lee et al., 1989; Maares and Haase, 2020). In calves, most of the Zn 

was absorbed in the upper small intestine and reabsorbed in the lower section of the small 

intestine (Hiers et al., 1968). Some Zn absorption occurs in the rumen, reticulum, and via saliva 

(Weston and Kastelic, 1967; Hiers et al., 1968). Zinc absorption increases significantly by 

glucose addition, and higher Zn concentration will increase glucose absorption, but reduce 

sodium and water absorption in the small intestine (Lee et al., 1989). Zinc absorption in the small 

intestine is mainly mediated by Zrt-, Irt-like protein 4 (ZIP4; also known as SLC39A4), which 

carries ionic Zn from the lumen into enterocytes (Wang et al., 2002). Zinc transporter 5 (ZnT-5) 

variant B (SLC30A5B) is located at the apical membrane of enterocytes, and it can transport Zn 

from the lumen into enterocyte or vice versa (Cragg et al., 2002; Valentine et al., 2007). As ZnT-
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5B is a bidirectional transporter, it might play a role in the regulatory mechanism of Zn 

homeostasis (Jackson et al., 2007; Maares and Haase, 2020). DMT-1 expression increases with 

iron deficiency, but it has higher specificities for Zn, Cd, Mn, and Cu than Fe (McMahon and 

Cousins, 1998a). DMT-1 can bind to Zn, but it is not the main transporter for Zn uptake in the 

small intestine, as Zn absorption was not affected by decreased DMT-1 expression (Tandy et al., 

2000; Yamaji et al., 2001).  Messenger RNA of DMT-1 is the highest in the enterocytes lining the 

crypts and lower villi of the duodenum, instead of the villi tips (McMahon and Cousins, 1998a). 

Zinc within the cell will mainly be bound to proteins, stored in vesicles, or exist in free 

ionic Zn form (Maares and Haase, 2020). Free Zn (II) ions are important as they serve as the 

signaling ion intra- and intercellular communication, but excess amount of free Zn ions can be 

toxic to cells, so they need to be tightly regulated (Bozym et al., 2010; Maret, 2015). Free Zn in 

the cytosol will bind to small molecule ligands and be considered a biologically active form of 

the ion (Bozym et al., 2010; Maret, 2015). The second Zn transporter (ZnT-2) was identified in 

rat kidneys, and its function as the facilitator of Zn into endosomal/lysosomal compartments and 

prevent Zn toxicity in the cell (Palmiter et al., 1996a). ZnT5A and ZnT-7 are mainly located in 

the Golgi apparatus, and they transport Zn into this organelle, which can be essential for dietary 

Zn absorption and the functionality of Zn metalloenzymes (Kirschke and Huang, 2003; Suzuki et 

al., 2005; Huang et al., 2007; Wang and Zhou, 2010). Metallothionein, mainly MT-1 and MT-2, 

synthesis in hepatocytes and enterocytes were upregulated by Zn supplementation through 

injection, and diminished with dietary Zn restriction (Krebs, 2000). Metallothionein functions in 

limiting free Zn concentration by binding to it, and acting as a Zn pool (Davis et al., 1998). 

Metallothionein expression in enterocytes is elevated with higher cellular free Zn concentration 

via metal regulatory transcription factor 1 (MTF-1; Andrews, 2000). Higher MT concentration 
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will decrease luminal Zn absorption, which then lowers serum and body Zn levels (Coppen and 

Davies, 1987; Hoadley et al., 1988; Hinskens et al., 2000; Maares and Haase, 2020).  

In order to reach the bloodstream, Zn ions need to be released from the basolateral side of 

enterocytes into the bloodstream. The uptake of dietary Zn into enterocytes is very rapid but the 

transportation of Zn into the bloodstream is reserved (Sahagian et al., 1967). ZnT-1 (SLC30A1) 

is the transporter that excretes Zn out of the cells (Palmiter and Findley, 1995). ZnT-1 is located 

at the basolateral surface of enterocytes, and it is highly expressed in the duodenum and jejunum, 

but not present in the ileum or colon of the intestine (McMahon and Cousins, 1998a). Zinc efflux 

capacity by ZnT-1 is sodium and ATP independent, and the action of this protein is at the level of 

plasma membrane (Palmiter and Findley, 1995; McMahon and Cousins, 1998a; McMahon and 

Cousins, 1998b). ZnT-1 can be found in enterocytes, hepatocytes, and renal tubular cells, and it 

is involved in Zn efflux, reabsorption, and regulation (Victery et al., 1981; McMahon and 

Cousins, 1998a). ZIP5 (SLC39A5) and ZIP14 (SLC39A14) are also localized at the basolateral 

side of enterocytes but their function is to import Zn from blood circulation into enterocytes 

(Wang et al., 2004; Guthrie et al., 2015; Maares and Haase, 2020).  

 Albumin acts as the major transporter for Zn in serum (60%), followed by α2-

macroglobulin (30%), but 12 other transport proteins also bind to Zn (Scott and Bradwell, 1983). 

Zinc was localized mainly in skeletal muscle (~57%), followed by bone (~29%), skin (6%), and 

liver (5%), but the validity of these calculations is limited as these are the approximation from 

biopsies and sections of tissues (Jackson, 1989; Maares and Haase, 2020).  Even though the Zn 

concentration in skeletal muscle and bone is the highest in the body, the turnover rate is slower, 

so it is not readily available for utilization (Brown et al., 2001). Serum Zn is rapidly 

exchangeable, so it is important for Zn distribution throughout the body (Brown et al., 2001).  



 14  

Zinc excretion is an important part of Zn homeostasis to prevent Zn accumulation or 

toxicity. Zn excretion through urinal output is minimal under normal physiological conditions 

due to extensive tubular reabsorption (Victery et al., 1981; McMahon and Cousins, 1998a). In 

dogs, pancreatic secretion contains a large amount of Zn, but most of it will be reabsorbed along 

the small intestine (Montgomery et al., 1943; Miller, 1970). Most species excrete Zn through 

fecal output as their major Zn excretion pathway, with minimal excretion through urine (Miller, 

1970). Other Zn transporters are involved in Zn homeostasis in the body. ZnT-3, first discovered 

in 1996, is fairly similar to ZnT-2, and its function is to facilitate the accumulation of Zn in the 

synaptic vesicles (Palmiter et al., 1996b). The expression of ZnT-3 is restricted to the brain and 

testis, which suggests the importance of Zn at these sites (McMahon and Cousins, 1998a). The 

function of ZnT-3 in the vesicular packaging of Zn can be important in spermatogenesis and 

insulin secretion (Silva and Williams, 2001). ZnT-4, which shares ~60% similarities with ZnT-2 

and ZnT-3, was discovered in mice, with a high abundance in mammary epithelia and brain 

(Huang and Gitschier, 1997). ZnT-4 aids in Zn efflux, compartmentalization, and transport, and it 

also distributes Zn into the maternal milk supply (Lee et al., 1992; McMahon and Cousins, 

1998a).  

Manganese 

 Manganese from the diet will be solubilized in the stomach and released into the 

duodenum to be absorbed (Bai et al., 2008). Manganese is mainly absorbed in the small intestine 

through enterocytes in duodenum and jejunum in Holstein calves (Miller et al., 1972). In 

broilers, the main site of Mn absorption is the ileum (Ji et al., 2006). Divalent metal transporter 1 

(DMT-1) has a relatively high affinity to Mn, which suggests that it is the major transmembrane 

protein for Mn transportation from the lumen into the enterocytes (Canonne-Hergaux et al., 

1999; Roth et al., 2002). The transportation of Mn by DMT-1 can be categorized into transferrin-
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dependent and transferrin-independent pathways, and transferrin-independent pathway is 

preferred on the apical side of the enterocytes (Mackenzie and Garrick, 2005; Roth et al., 2013). 

ZIP8 (SLC39A8) and ZIP14 (SLC39A14), members of the solute carrier 39 (SLC39), also have 

the ability to transport Mn into other cell types (Jenkitkasemwong et al., 2012). ZIP8 is most 

abundant in lung, testis, and kidney tissues while ZIP14 is mainly present in the liver and 

pancreas, and both of them are present in the duodenum to aid in intestinal Mn absorption (Chua 

and Morgan, 1997; Jenkitkasemwong et al., 2012; Wang et al., 2012). ZIP14 was identified to be 

the primary transporter for Mn uptake at basolateral membrane of CaCo-2 cells, which is a 

human intestinal epithelial cell line (Scheiber et al., 2019). Mn was shown to compete with Ca2+ 

to travel through calcium channels into cells, but DMT-1 is still the major pathway for Mn 

absorption (Anderson, 1983; Roth et al., 2002). In broilers, Mn absorption is likely to be a 

carrier-mediated process in duodenum and jejunum but was an unregulated diffusion process in 

the ileum (Bai et al., 2008). Another study that supports the previous finding is the high 

concentration of DMT-1 in the duodenum and the concentration decreases in the subsequent 

segments of the small intestine (Collins, 2006; Roth et al., 2013; Chen et al., 2015).  

 Manganese will be transferred to the basolateral surface once they enter the enterocytes, 

but the mechanism is not fully defined (Roth et al., 2013; Scheiber et al., 2019). Four 

transporters were identified to play a role in the exportation of Mn, they are ATPase 13A2 

(ATP13A2 or PARK9), solute carrier family 30 member 10 (SLC30A10), ferroportin (FPN1 or 

SLC40A1), and secretory pathway Ca2+- ATPase1 (SPCA1; Yin et al., 2010; Tan et al., 2011; 

Madejczyk and Ballatori, 2012; Leyva-Illades et al., 2014; Chen et al., 2015). ATP13A2 is a 

vacuolar/lysosomal transmembrane protein that transports Mn from cytosol to the lumen of 

lysosomes and exports Mn out of the cells (Tan et al., 2011; Chen et al., 2015). SLC30A10 is one 
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of the members of the SLC30 family, which is the cation diffusion facilitator ion transporters 

(Huang and Tepaamorndech, 2013). SLC30A10 is located on the cell surface and acts as the Mn 

efflux transporter that reduces cellular Mn levels to prevent Mn toxicity (Leyva-Illades et al., 

2014). Ferroportin is a transmembrane protein that was widely expressed in duodenum, jejunum, 

ileum, and endothelial cells in the central nervous system (CNS; Wu et al., 2004). Ferroportin is 

suggested to play a role in the excretion of Mn, and it’s regulated by hepcidin produced by the 

liver (Yin et al., 2010; Madejczyk and Ballatori, 2012). Transportation via Ferroporin is 

regulated by pH and transmembrane ion or electrical gradients (Madejczyk and Ballatori, 2012). 

SPCA1 is a transport protein localized in the Golgi apparatus that mediates Mn efflux 

(Madejczyk and Ballatori, 2012).  

After absorption of Mn into the body, Mn transportation within the plasma is mainly 

bound to gamma-globulin and albumin as Mn2+ form, and a small portion (20%) of Mn3+ will 

bind to transferrin (Tf), which is the iron-carrying protein (Aisen et al., 1969; Aschner and 

Aschner, 2005; Studer et al., 2022). Manganese will be delivered to organs that have high 

mitochondria concentration such as liver, pancreas, and pituitary, and the main storage site for 

Mn is the liver  (Doyle and Spaulding, 1978; Studer et al., 2022). Mn will first be transported to 

the liver and absorbed into the liver through the SLC39A14 on the basolateral membrane of 

hepatocytes (Liu et al., 2021). Within the liver, DMT-1 is distributed evenly across hepatocytes, 

which might also aid in Mn transportation into the liver (Trinder et al., 2000).  

Tissues such as brain, retina, and dark skin, which have high energy demand and high 

pigment content, have the highest Mn concentration (Aschner and Aschner, 2005). Bone, liver, 

pancreas, and kidney also have high Mn concentrations (Aschner and Aschner, 2005). Mn in the 

circulation is rapidly cleared by the liver, pancreas, kidney, and intestine (Liu et al., 2021). 
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Excess Mn in the liver will be excreted into bile through SLC30A10 at the apical membrane 

(Tuschl et al., 2012; Liu et al., 2021). In calves, most of the Mn ingested will be excreted through 

biliary excretion (Abrams et al., 1977). Manganese will be removed from the blood in the liver 

and conjugate with bile, then released into the intestine to be excreted via feces, but some Mn 

will be reabsorbed (Schroeder et al., 1966; Aschner and Aschner, 2005; Liu et al., 2021). Mn will 

be reabsorbed from bile back into the liver by SLC39A8 at the apical membrane of hepatocytes 

to prevent Mn deficiency (Lin et al., 2017; Liu et al., 2021). In neonatal animals, biliary 

excretion is poorly developed, so over supplement of Mn during neonatal period can lead to 

various neurological problems (Cotzias et al., 1976). In general, excess Mn excretion is mainly 

through bile, but Mn excretion through pancreatic secretion and sloughed intestinal cells was 

observed in various species with different routes of Mn intake (Burnett et al., 1952; 

Bertinchamps et al., 1966; Papavasiliou et al., 1966; Schroeder et al., 1966; Abrams et al., 1977; 

Davis et al., 1993; Aschner and Aschner, 2005). Only 1% of the Mn will be excreted out from the 

body by bile in mice (Malecki et al., 1996).  

High dietary Mn intake can reduce Mn absorption in the GI tract, enhance liver 

metabolism, and increase biliary excretion of Mn (Britton and Cotzias, 1966; Abrams et al., 

1977; Davis et al., 1993; Malecki et al., 1996). Manganese absorption rate can be different by sex 

and age. In humans, women absorb more Mn than men and have higher plasma ferritin 

concentrations, which suggests that the difference in Mn absorption and metabolism may be 

related to iron status (Finley et al., 1994). The absorption and retention of Mn are higher during 

neonatal period as compared to adult (Keen et al., 1986; Zlotkin et al., 1995). Inorganic forms of 

minerals (sulfate, chlorides, carbonates, oxides) can form insoluble complexes with digesta and 

then be excreted out from the body, which reduces the availability of minerals that can be 
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absorbed and utilized (Acda and Chae, 2001; Studer et al., 2022). Organic minerals on the other 

hand can utilize peptides and amino acids to promote the absorption of minerals in the intestine 

(Ashmead, 1993; Acda and Chae, 2001; Studer et al., 2022). Mn and Fe have antagonistic effects 

on each other as they were both mediated into the enterocytes through DMT-1 (Gunshin et al., 

1997; Malecki et al., 1999). Iron deficiency can promote Mn absorption as iron can inhibit 75% 

of Mn absorption in the small intestine (Roth et al., 2002). The addition of calcium into human 

milk decreases Mn absorption as well (Davidsson et al., 1991). 

Physiological Functions of Copper, Manganese, and Zinc 

Copper, Mn, and Zn are classified as essential trace elements (TM) for most living things, 

which include humans, animals, plants, and microorganisms (NASEM, 2016). In the early 20th 

century, Cu, Mn, Zn, nickel, and cobalt were suggested to be important to soil, plants, and 

animals for their vital functions, such as optimal growth and overall health (McHargue, 1925). 

Other than growth, TM are essential for reproductive features such as embryonic and fetal 

development in livestock as TM serves as the cofactor of many enzymatic and metabolic 

pathways in the body (Hostetler et al., 2003). Levels of Zn, Cu, and Mn were several-fold greater 

in fetus, which indicates that these minerals may be important for fetus development, growth, 

and survival (Hostetler et al., 2003).  

Copper in living systems was first discovered in the 19th century through the mineral 

analysis of the ash of plants, animal blood, and foods (Meissner, 1816; Harless, 1847; Linder and 

Goode, 1991). In general, Cu is required for growth, neurological function, muscle function, iron 

metabolism, enzyme function, and more. Copper is important for the myelination of the central 

nervous system, but the mechanism is still unknown (Wintrobe et al., 1953; Klevay, 2013). 

Plasma Cu is elevated in early pregnancy and continues to increase until the third trimester, liver 



 19  

Cu concentration in newborns is also higher than in adult humans, suggesting that Cu may be 

essential for fetal development (Fay et al., 1949). In humans, fetus hepatocytes store and regulate 

6-8 times higher concentrations of Cu compared to adult hepatocytes (Luza and Speisky, 1996). 

The pattern of declining Cu storage capacity along with aging is also observed in other species 

such as cattle and pigs (Cunningham, 1931). In cattle specifically, liver Cu concentration of the 

fetus, newly born calf, and adult cattle are approximately 260mg/kg, 470mg/kg, and 77mg/kg 

respectively (Cunningham, 1931). The high Cu concentration in fetuses and newborns correlates 

to the low Cu centration in the milk of those species, so a high concentration of Cu storage 

during birth is important for their growth and development (Luza and Speisky, 1996). During 

adult period, Cu concentration will be reduced to an optimum level where excess Cu will be 

readily excreted out from the body by fully developed homeostasis systems (Luza and Speisky, 

1996). 

Copper ion was also required for the functionality of enzymes including but not limited to 

cytochrome oxidase (COX), lysyl oxidase, Cu-Zn SOD-1, extracellular Cu-Zn SOD (SOD3), 

ferroxidase enzymes, hephestin, and ceruloplasmin (Linder and Hazegh-Azam, 1996; Myint et 

al., 2018; Espinosa and Stein, 2021). It is also important for iron transportation, as Cu-

metalloprotein, hephaestin, is responsible for oxidizing ferrous ions into ferric ions at the 

duodenal mucosa to be absorbed (Myint et al., 2018). After absorption, iron will be released by 

ferroportin into the blood, which then can bind to transferrin for hemoglobin synthesis (Myint et 

al., 2018). Ceruloplasmin is another enzyme that aids in iron transfer in blood plasma and 

protects cells against oxidative damage by serving as an oxygen-radicals scavenging agent 

(Linder and Goode, 1991; Linder and Hazegh-Azam, 1996). Cytochrome oxidase is important 

for the survival of prokaryotes and eukaryotes, where it catalyzes 4H+ + 4 e- + O2 ⇌ 2H2O and 
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conserves the energy released from this exergonic reaction for pH gradient conservation 

(Capaldi, 1990). Cytochrome oxidase is also the terminal enzyme in the electron transport chain 

(ETC), where it utilizes oxygen for energy production in mitochondria (Little et al., 2018).  

Copper supplementation to steers can improve dry matter intake, feed efficiency, reduce 

back fat, and improve longissimus muscle areas (Ward and Spears, 1997). Finishing steers that 

received higher Cu concentration also show a lower total serum cholesterol concentration and 

longissimus muscle cholesterol concentration, while having higher unsaturated fatty acid 

composition (Engle and Spears, 2000). Pharmacological levels of Cu were supplemented to the 

young nursery pigs to increase average daily gain and improve waste odor quality (Barber et al., 

1955; Bunch et al., 1965; Armstrong et al., 2000). A reduction in lipid percentage in the 

longissimus muscle was observed in pigs that were fed a pharmacological level of Cu 

(Armstrong et al., 2001). Optimum Cu supplementation can improve neutral detergent fiber 

(NDF) digestibility and growth in cashmere goats (Zhang et al., 2007). Copper is also important 

for the keratinization of wool and oxygen-carrying capacity in sheep (Marston and Lee, 1948). 

Zinc is an essential TM that is required for development, growth, deoxyribonucleic acid 

(DNA), ribonucleic acid (RNA), and protein synthesis, and enzyme functions (Riordan, 1976; 

Prasad, 1995). The essentiality of Zn in the biological system was first shown in the mid-19th 

century when it was found to be important for the growth of eukaryotes, Aspergillus niger 

(Raulin, 1869). Zinc was then recognized to be important for normal growth, development, and 

survival in animals by using mice and rats models (Bertrand and Bhattacherjee, 1935; Stirn et al., 

1935). There are approximately 2800 proteins that require Zn for their regulatory, structural, and 

catalytic functions (Andreini et al., 2006). Malformation in the cell within the CNS indicates that 

DNA synthesis, especially in the head region, is suppressed during Zn deficiency (Eckhert and 
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Hurley, 1977). Zinc is also important for the stability of both RNA and DNA molecules by 

binding to the nucleoside bases (Shin and Eichhorn, 1968; Shin, 1973). Zinc is important for 

proper growth because of its essential role in the cell cycle, where all the phases in this cycle, 

G1àS, SàG2, and G2àmitosis, require the presence of Zn (Riordan, 1976). Zinc is also 

essential for leukocyte function as leukemic cells contain 10% less Zn than normal leukocytes 

(Vallee, 1959). Zinc concentration in human fetal liver is 5-fold higher than in neonatal liver, 

which serves as an indication of the essentiality of Zn in fetal development (Klein et al., 1991). 

High Zn concentration in the ocular tissues was observed in sheep, cattle, dogs, foxes, martens, 

and humans (Underwood, 1977; Karcioglu, 1982). It was hypothesized that Zn is essential to 

maintain the structure and activity of ocular metalloenzymes in the eyes or stabilize the light-

activated proteins in the eyes (Karcioglu, 1982; Shuster et al., 1996). Another hypothesis 

suggests that it may be due to the role of Zn in maintaining the structure and double membrane 

integrity of ocular tissues that were comprised of stacks of double membranes (Grahn et al., 

2001).  

Zinc (II), due to its intrinsic acid properties, is required for many enzymes to function. 

It’s known to be a co-enzyme for the functionality of more than 300 metalloenzymes (Dardenne, 

2002). The first Zn enzyme that was identified was carbonic anhydrase, where the activity of this 

enzyme increases as the Zn concentration increases (Keilin and Mann, 1939). Carbonic 

Anhydrase aids in H2CO3 ⇌ CO2 + H2O, which is important for the carbon dioxide transport in 

the blood (Keilin and Mann, 1939). After the discovery of the first Zn protein, carboxypeptidase 

in bovine pancreatic cells was identified to be another Zn metalloprotein (Vallee and Neurath, 

1954). More research was conducted, and Zn enzymes were classified into several types, which 

are DNA and RNA polymerases, alkaline phosphatases, peptidases, carbonic anhydrases, and 
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alcohol dehydrogenases (Kimura, 1993). The essentiality of Zn in DNA and RNA synthesis and 

cell division was discovered in the 1970s (Vallee, 1977). Zinc is required for the function of 

DNA polymerase, thymidine kinase, and DNA-dependent RNA polymerase, which are the 

enzymes involved in nucleic acid synthesis (Dardenne, 2002). Protein synthesis requires Zn 

finger DNA binding protein, which is also a Zn metalloprotein (Dardenne, 2002).  

Pharmacological levels of Zn supplementation (3000 mg/kg DM) to weanling piglets 

were reported to reduce diarrhea and increase daily gain and feed intake (Hahn and Baker, 1993; 

Poulsen, 1995). The improvement in performances may be correlated to the stability of intestinal 

microflora and coliform diversity or the reduced incidence of E.coli diarrhea observed when Zn 

was supplemented for piglets (Mores et al., 1998; Katouli et al., 1999). Supplementation of Zn to 

ram lambs and rats improves their feed intake, weight gain, testicular growth, and sperm 

production (Underwood and Somers, 1969; Gilabert et al., 1996). Zinc supplementation 

improves average daily gain (ADG) in growing steer and improves quality grade, yield grade, 

marbling, and back fat in the carcass (Spears and Kegley, 2002; Genther-Schroeder et al., 2016). 

Supplementation of Zn in steroid implanted steer improves the effectiveness of the steroid, where 

a higher growth response stimulated by implant was observed in Zn-supplemented steers 

(Messersmith et al., 2021). Zinc supplementation is effective in treating itching tail root eczema 

in cattle (Haaranen, 1962).  

Manganese’s irreplaceable function for reproduction in rats was first discovered in 1931 

(Orent and Mccollum, 1931). Manganese is important for growth, skeletal development, 

reproduction, testicular development, ovulation, and litter health (Orent and Mccollum, 1931; 

Wilson, 1952; Plumlee et al., 1956; Eckhert and Hurley, 1977; Hostetler et al., 2003). Manganese 

is a redox-active metal, which allows it to be utilized as a cofactor of various metalloenzymes 
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within the body and it’s required for enzyme activation (Culotta et al., 2005). Some examples of 

Mn metalloenzymes are oxidases, dehydrogenases, kinases, decarboxylases, sugar transferases, 

DNA polymerases, and RNA polymerases (Sigel, 2000). Manganoproteins, which are the group 

of enzymes that require Mn for activation, include glutamine synthetase, arginase, pyruvate 

decarboxylase, serine/threonine phosphatase, and Mn superoxide dismutase (MnSOD; Fridovich, 

1995; Christianson, 1997). As an important co-factor for the functionality of many enzymes, Mn 

directly or indirectly regulates various processes in the body such as skeletal system 

development, cholesterol synthesis, energy metabolism, function of the nervous and immune 

systems, reproductive hormone function, and many more (Santamaria, 2008; Wang et al., 2018). 

Mn is essential for immune system against pathogens, it’s important for cytokine, type I 

interferon (IFN), and improve sensitivity in the recognition of foreign DNA (Wang et al., 2018).   

Mn supplementations in swine are higher than the requirement value during gestation, 

lactation, and nursery through finishing diets, however, the benefit of this practice is still 

unknown (Flohr, 2016). One hypothesis is that Mn can influence insulin release and 

gluconeogenesis, which affect carbohydrate metabolism, blood glucose level, and insulin level 

(Hurley et al., 1984). Supplementation of Mn to cattle and sheep diets improved pregnancy rates 

(Wilson, 1966; Egan, 1972). Manganese may also play a role in the metabolic and functional 

properties of the corpus luteum, uterine horn, and caruncles, which can influence progesterone 

secretion in ewes (Hidiroglou and Shearer, 1976). Mn supplementation can also increase insulin 

secretion (increase glucose tolerance) and reduce oxidative stress and NADPH oxidase in the 

liver of patients or experimental rats with type II diabetes (Lee et al., 2013; Burlet and Jain, 

2017). Physiological supplementation of Mn was shown to provide antiviral defenses against 

pathogens (Zhang et al., 2023). 
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Copper, Zn, and Mn are important cofactors of superoxide dismutase, which helps to 

protect the body from harmful radical metabolites (Marklund et al., 1982). Superoxide such as 

ROS interacts with metal-bound SOD and will be decomposed into non-toxic substances, which 

helps to prevent or reduce oxidative stress (Pajarillo et al., 2021). Mitigation of oxidative stress 

by SOD has been observed in bacteria, eukaryotes, mammals, and plants (Farr et al., 1986; 

Alscher et al., 2002; Pajarillo et al., 2021). The evolution of SOD and their metallic center might 

be related to the oxygen level and the order of the transition metals appearing in the biosphere 

(Bannister et al., 1991). The first SOD is theorized to contain iron (Fe2+) at its active site, and 

with the increase in oxygen level in the atmosphere, Mn (III) replaced iron at the active site 

(Bannister et al., 1991). Copper (II)-containing SOD was introduced after the full plenish of 

oxygen in the atmosphere, where the electronic structure of SOD is completely different from 

Mn- and Fe-SOD, then Zn (II) was incorporated into the Cu-SOD later to increase stability to the 

protein structure (Bannister et al., 1991). Manganese-SOD (Mn-SOD or SOD2) is normally 

found in the mitochondria, peroxisomes, and respiratory cells while Cu-Zn containing SOD 

(CuZn-SOD) can be found in the cytosol of the cells (SOD1) or the extracellular space (SOD3; 

Alscher et al., 2002; Sah et al., 2020). The function of SOD isoforms in cells are different, and 

one cannot replace the other (Kim et al., 2005). The chemical mechanism of Mn-SOD in the 

disposal of ROS is theorized to be the redox cycling between trivalent and divalent states 

(Christianson, 1997). The cycling processes occur between Mn3+ + O2
-à Mn2+ + O2 and Mn2+ + 

O2
- à Mn3+ + H2O2, so the net reaction is 2 O2

- à  O2 + H2O2 (Christianson, 1997). The 

mechanism of MnSOD in dealing with superoxide is not fully understood due to its short half-

life and high reactivity, but MnSOD exhibits product inhibition properties (Azadmanesh and 

Borgstahl, 2018). With that property, MnSOD can bind to superoxide, O2
• −–Mn2+– H2O, and 
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oxidize it to form oxidized peroxide-bound Mn, O2
2−–Mn3+– (OH−), and does not let the 

peroxide disassociate, which can keep superoxide inactive (Azadmanesh and Borgstahl, 2018). 

The active enzyme will then further oxidize the complex into HO2−–Mn3+–(OH−), where the 

disassociation of the hydroperoxyl group is favorable, and the disassociated hydroperoxyl can 

bind to the free carboxylate group from amino acid (Azadmanesh and Borgstahl, 2018). 

CuZnSOD has the ability to donate an electron to reduce the oxygen radicals (O2
•-), which then 

can react with a proton to form hydrogen peroxide (H2O2; Alscher et al., 2002; Rahman and 

Biswas, 2006). Elevated levels of H2O2 will inactivate CuZnSOD, then it will be reduced and 

converted to water and oxygen by glutathione peroxidase (GPx) and catalase (Rahman and 

Biswas, 2006). GPx and catalase will be conserved by SOD through the reduction of O2
•- to 

H2O2, and through his feedback loop, cells will be protected against radical molecules (Rahman 

and Biswas, 2006).  

Trace Mineral Deficiency and Toxicity 

Copper 

Copper is used as a growth promoter in pig diets with a concentration of 10 times higher 

than the requirement, which suggests that Cu is well-regulated in pigs (Barber et al., 1955; 

Bunch et al., 1965; Armstrong et al., 2000). Copper imbalance is more likely to occur in 

ruminants, approximately 40% of dairy cattle in Britain have been reported to have excessive 

liver Cu levels (Kendall et al., 2015). A report in 1993 showed that Cu poisoning resulted in 14% 

of deaths in Holstein cows, where they were showing signs of acute anorexia, weakness, mental 

dullness, chocolate-colored blood, and more (Bradley, 1993). Supplementation of Cu to cattle 

has always been a challenge as the range between Cu deficiency and toxicity is very small. The 

incidents of cattle being over-supplemented with Cu to prevent Cu deficiency have increased 
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worldwide in the past few years, especially in dairy cattle (López-Alonso and Miranda, 2020). In 

addition to the narrow margin between deficiency and toxicity, antagonists of Cu in the diet also 

increase the difficulty of Cu supplementation.  

Ruminants, unlike monogastric mammals such as humans and mice, are prone to Cu 

deficiency due to the presence of ruminal microbial populations that reduce the metal ions. 

Reduced metal ions can interact with other minerals or compounds in the rumen, which makes 

Cu supplementation in cattle challenging. Potential antagonistic interaction between Cu, 

molybdenum, and sulfur in ruminants was first proposed by Dick in 1954 where both dietary 

molybdenum and sulfur limit Cu accumulation in the liver, which was further confirmed by other 

research (Hogan et al., 1968; Kline et al., 1971). Copper bioavailability will primarily be affected 

by the three-way interaction between Cu, molybdenum, and sulfur (Dick, 1954; Hogan et al., 

1968; Kline et al., 1971; Suttle, 1977; Suttle, 1991). The presence of microorganisms in the 

rumen rapidly reduces sulfate (from consumption of water, soil, or diet) into sulfide, which can 

then react with molybdate to form thiomolybdates (TMD; Dick et al., 1975; Gooneratne et al., 

1989; Gould and Kendall, 2011). Thiomolybdates will then combine with Cu to form insoluble 

Cu-TMD in the rumen, which will limit the absorption of Cu (Dick et al., 1975). Among all the 

TMD formation, tri- (MoS3/TMD3) and tetrathiomolybdate (MoS4/TMD4) will be more likely to 

bind to Cu and reduce Cu bioavailability in the rumen, hence reducing Cu absorption (Suttle and 

Field, 1983; Suttle, 1991). The formation of monothiomolybdate (MoS/TMD) and 

dithiomolybdate (MoOS2/TMD2) in the rumen, due to a low sulfur concentration environment, 

will not impair Cu absorption (Suttle, 1975; Suttle, 1991). Specifically, consumption of 

molybdenum, with high concentrations of dietary sulfur and low rumen pH will lead to the 

formation of MoS4/ TMD4 in the rumen (Suttle, 1991). These findings suggest that Cu absorption 
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will only decrease with the presence of sulfur and molybdenum in a higher concentration in the 

rumen environment (Suttle and Field, 1983; Suttle, 1991). With low level/absence of Cu in the 

rumen, di-, tri-, and tetrathiomolybdate can be absorbed through the rumen and small intestine 

into circulation, and transported throughout the body (Kelleher et al., 1983; Price et al., 1987; 

Gooneratne et al., 1989; Gould and Kendall, 2011). Thiomolybdates in the bloodstream can then 

bind to free Cu and form insoluble Cu-TMD, hence leading to the reduction in Cu uptake by 

cells or binding to Cu-containing enzymes for their functionality (Dick et al., 1975; Gould and 

Kendall, 2011). In addition, thiomolybdate will also increase the secretion of Cu in sheep 

through bile and kidney, and remove Cu from Cu metalloenzymes (Gooneratne et al., 1985; 

Kumaratilake and Howell, 1989; Suttle, 1991).  

Besides molybdenum and sulfur, Zn also has an antagonist effect on Cu absorption. 

Bremner et al. (1976) utilized high Zn supplementation concentration to suppress the 

development of Cu toxicity and decrease the amount of liver damage in sheep, which suggests 

that excessive Zn concentration will inhibit or decrease Cu absorption and metabolism in the 

small intestine and placental. The reduction in Cu toxicity may be due to the depressed 

absorption of Cu or redistribution of Cu in the liver with increased metallothionein protein 

production due to a high level of Zn (van Campen and Scaife, 1967; Bremner and Marshall, 

1974). Both decreases in absorption and retention of Cu might also be one of the causes that can 

lead to Cu deficiency in animals. Other minerals such as tin, calcium, phosphorus, cadmium, and 

molybdenum, also have a minor antagonist effect on Cu absorption (Lönnerdal, 1996; Park et al., 

2002). High dietary iron greatly reduces Cu concentration in the liver and plasma (Bremner et 

al., 1987; Phillippo et al., 1987). One potential mechanism of iron reduces Cu bioavailability is 

by reacting with sulfide and Cu in the rumen and forming Cu complexes that are not absorbable 
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by the animals, but no evidence is available to support this hypothesis (Standish and Ammerman, 

1971; Gould and Kendall, 2011; López-Alonso and Miranda, 2020).  

Some amino acids such as histidine and cysteine will interact with Cu and form less 

soluble/absorbable Cu complexes, hence, decreasing Cu absorption in the small intestine 

(Lönnerdal, 1996). The bioavailability and solubility of Cu might also be influenced by its 

chemical and physical form when ingested (Johnson et al., 1998). For example, Cu acetate and 

Cu sulfate are more soluble and have higher bioavailability in the gut compared to cupric oxide 

(Johnson et al., 1998). As the liver is the major site for both Cu homeostasis and storage, diet can 

greatly influence hepatic Cu concentration. Hepatic Cu concentration was elevated when fed a 

high Cu diet and declined when Cu intake was low (Underwood, 1971; Cousins, 1985). 

Ruminant diets that are low in Cu and sometimes high in molybdenum and sulfur might also be 

one of the major reasons that ruminants are prone to Cu deficiency (Suttle, 2012).  

Ruminants, including cattle, are susceptible to Cu toxicity because they have a strong 

capacity to store Cu, especially when they are given a low roughage diet (Suttle, 2012). Some 

early clinical symptoms of Cu toxicity are sunk eyes, methemoglobin in the vein, animal 

becoming dull, refusing to eat, but consuming excessive amounts of water (Todd, 1969). Chronic 

Cu toxicity can lead to enteritis, scouring, severe abdominal pain, and eventually lead to death if 

not treated properly (Todd, 1969).  Excess Cu concentration in the cell can be dangerous due to 

its high redox potential, as Cu oxidizes/reduces between Cu+ and Cu2+ states, hydroxyl radicals 

that can damage proteins, nucleic acids, and lipids might be generated (Festa and Thiele, 2011). 

In addition, Cu has the ability to displace other metals from their binding site in metalloproteins, 

which can disrupt protein structure and/or inhibit its functionality and activity (Festa and Thiele, 

2011). As liver is the main storage site for Cu, excessive Cu will most likely accumulate there 
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and inhibit essential enzymes, hence leading to liver malfunction and necrosis (Gummow et al., 

1991). The injured liver will then release excess Cu and oxidative substances into the 

bloodstream, which can lead to vascular damage, lysis of erythrocytes, kidney failure, and 

necrosis in tubular cells (Gummow et al., 1991).  

Cattle that suffer from mild Cu deficiency normally show symptoms of losing healthy 

coat conditions and poor growth (Ferguson et al., 1943; Suttle, 1991). Those who suffer from 

severe Cu deficiency display stiff gait, infertility, diarrhea, and emaciation (Ferguson et al., 1943; 

Phillippo et al., 1982; Suttle, 1991). Merino sheep that were deficient in Cu experience anemia, 

where the oxygen-carrying capacities decrease significantly (Marston and Lee, 1948). 

Demyelination in the corpus callosum, internal capsules, white matter of occipital and frontal 

lobes, and motor pathways in the spinal cord were observed with Cu deficient in lambs 

(Wintrobe et al., 1953). This is because the brain is rich in Cu-transport protein and needs to 

utilize a great amount of oxygen for its function, so the enzyme is not able to function properly 

to prevent oxidative stress with the depletion of Cu (Davies et al., 2013; Klevay, 2013). 

Depletion of Cu also leads to a decrease in the rate of wool production and quality(Marston and 

Lee, 1948). Copper deficiency and also lead to enzootic neonatal ataxia (swayback), 

hypochromic microcytic anemia, hypoferremia, hypocupremia, leukopenia, and bone marrow 

normoblastic hyperplasia (Bennetts and Chapman, 1937; Wintrobe et al., 1953). To determine Cu 

toxicity or deficiency in the animal, hepatic Cu analysis through liver biopsy can be a relatively 

good way to measure the Cu status in the liver (Pfeiffer, 2007). 

One of the significant genetic diseases that influence Cu absorption in the small intestine 

is Menkes disease (MD). Menkes disease is an X-linked recessive disease that leads to multiple 

mutations in the ATP7A protein-encoding gene (Chelly et al., 1993). As Menkes disease leads to 
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mutation(s) in the X-linked ATP7A gene, males are more susceptible to Menkes disease as they 

only have a single X chromosome. Menkes disease can exhibit various severity, where Cu 

absorption in the small intestine is suppressed due to the mutation in ATP7A (Horn and Tümer, 

2002). Mutation in ATP7A will then lead to lower serum Cu and ceruloplasmin concentration, 

which indicates Cu deficiency (Das et al., 1995). As Menkes disease is a genetic disease, Menkes 

patients normally suffer from severe Cu deficiency since they are born, which leads to 

neurological degeneration, hypothermia, and hypopigmentation in early life (Horn and Tümer, 

2002; Kaler et al., 2020). Without proper development and growth due to severe Cu deficiency, 

MD patients are observed with spontaneous bone fractures, and cephalohematomas at birth and 

early death within 3 years of life due to infection, vascular diseases, or neurological degeneration 

(Tümer and Møller, 2010). The definite proof of MD is the detection of genetic defects in ATP7A 

protein (Tümer and Møller, 2010). The general concept of MD treatment is to provide Cu to meet 

the Cu requirement for proper functions of enzymes and tissues in the body as the patient is not 

able to absorb Cu from their diet (Tümer and Møller, 2010). Copper histidine has been proven to 

be the most effective administration form to provide extra Cu to the patient (Kreuder et al., 

1993). There is not a lot of discovery of Menkes disease in cattle, but this does not mean that 

Menkes disease will not happen in cattle. Calves that are born with Menkes disease will normally 

die at birth or within a few months of age, so no adult cattle that are diagnosed with Cu-deficient 

are caused by Menkes disease. 

Another genetic disease that will influence Cu storage and regulation is Wilson’s disease 

(WD). Wilson disease is an autosomal recessive genetic disease that led to mutation(s) in the 

ATP7B gene, which is a protein that is essential for Cu regulation in the liver (Ala et al., 2007). 

Excessive Cu accumulation in the liver due to the mutated ATP7B gene will lead to an increased 
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amount of free Cu in the body, which is exceptionally dangerous as free Cu can lead to 

irreversible cellular damage (Pfeiffer, 2007). In addition, once the accumulation of Cu exceeds 

liver storage capacity, free Cu will leak out from the liver and be deposited in other organs such 

as kidney, hence, an increase in urinary Cu excretion can be a good indication of Wilson’s 

disease (Pfeiffer, 2007). Although some of the Cu will be excreted out through urine, it is 

insufficient to accommodate the excess Cu level in the body (Pfeiffer, 2007). Over time, 

mutations in ATP7B will eventually lead to excessive Cu accumulation in organs such as the 

liver, brain, cornea, and kidneys (Zudenigo and Relja, 1990). The first clinical sign of WD 

disease is typically hepatic dysfunction, where the excess Cu induces permanent damage to the 

liver, which decreases liver’s overall function (Pfeiffer, 2007). Dysfunctional liver may lead to 

multiple metabolic diseases such as osteoporosis, hemolytic anemia, renal tubular dysfunction, 

hyperpigmentation of skin, cardiovascular dysfunction, and many more (Pfeiffer, 2007). 

Although WD is recessive, 10-20% of heterozygous WD patients were diagnosed with mild Cu 

toxicity, they do not show clinical symptoms, but they have a lower ceruloplasmin level (Brewer, 

2001). For WD, genetic testing of ATP7B mutations will be the most accurate way to predict and 

diagnose WD (Ala et al., 2007; Pfeiffer, 2007). Liver transplant is the only available cure for 

WD, but there are other treatments available such as restriction on Cu intake or Zn or tetra-

thiomolybdate administration as both compounds can reduce dietary Cu absorption in the small 

intestine (Pfeiffer, 2007). Wilson disease-like symptoms were discovered in cattle in 1995, where 

it is also characterized by similar metabolic manifestations such as liver fibrosis and spongy 

degeneration of the central nervous system (Wada et al., 1995). 

Zinc 

Zinc availability in the diet and absorption in the small intestine can be influenced by 

various factors. Zinc concentration in the diet, long-term Zn intake level, Zn status, and age can 
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influence Zn absorption rate (Sandström and Cederblad, 1980; Sandström et al., 1988; August et 

al., 1989). When the Zn content in the diet decreases, the percentage of Zn that will be absorbed 

increases (Miller et al., 1968; Miller, 1969). In humans, Zn absorption increases with a higher 

intake of protein (Sandström et al., 1980). Phytate, a stored form of phosphorus in plant material, 

will bind to Zn and decrease its availability in the gut, hence decreasing Zn absorption (O’dell, 

1969; Lönnerdal et al., 1984). Fiber has little effect on Zn absorption, but because most of the 

fiber contains phytate, fiber was mistaken to reduce Zn absorption for a long time (Knudsen et 

al., 1996; Lönnerdal, 2000). Calcium and Cu are unlikely to cause an effect on Zn absorption, but 

toxic levels of cadmium can inhibit Zn absorption (Lönnerdal, 2000). The calcium content in 

phytate-containing diets may influence Zn absorption as calcium tends to form complexes with 

phytate, which then increase Zn availability in the small intestine (Lönnerdal et al., 1984; 

Lönnerdal, 2000). Iron has a competitive interaction with Zn, so higher iron can reduce or inhibit 

the absorption of Zn (Solomons and Jacob, 1981). Ligands/chelators, amino acids, and organic 

acids can be used to improve Zn bioavailability (Lönnerdal, 2000). 

Zinc toxicity can lead to nausea, vomiting, epigastric pain, lethargy, and fatigue (Fosmire, 

1990). High Zn intake can also lead to Cu deficiency, which then leads to anemia, neutropenia, 

impaired immune function, and adverse effects on the ratio of low-density-lipoprotein to high-

density-lipoprotein (LDL/HDL) cholesterol (Fosmire, 1990). Cattle have a relatively high 

tolerance (~500 ppm) for Zn but will be susceptible to Zn deficiency if fed a lower than 

recommended amount (Miller, 1970).  

Zinc deficiency might lead to a compromised immune system resulting in atrophy of 

thymus and disruption of lymphoid tissues (Skrajnowska and Bobrowska-Korczak, 2019). Zinc 

deficiency also leads to a decrease in interleukin 2 production by T lymphocytes, or 
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abnormalities in T-lymphocytes subpopulation (Prasad, 1995). Depletion in Zn can lead to 

hyperkeratosis and parakeratosis, where impaired vision, thickening and roughening of the skin, 

dry hair, alopecia, stiff gait, general dermatitis, swelling and reddening around the mouth, 

nostrils, hocks, and knees, undersized testicles, and inflamed mouth and nose are observed as the 

clinical signs of Zn deficiency in calves (Miller and Miller, 1960; Miller and Miller, 1962; Miller 

and Miller, 1963; Ott et al., 1965a). The homeostatic mechanism for Zn is effective in calves, as 

there is only moderate lower Zn in the liver, pancreas, and bone, and no change of Zn 

concentration in the muscle and brain during a severe Zn deficiency (Miller, 1970). Wound 

healing ability was suppressed, and parakeratosis was observed in calves with Zn deficiency 

(Miller et al., 1965a). Zinc deficiency also led to lower feed efficiency, reduced serum alkaline 

phosphatase, and lower blood hemoglobin in calves (Miller et al., 1965b). In sheep, the clinical 

signs of Zn deficiency include but are not limited to anorexia, reduced feed intake, weight gain, 

and feed efficiency, loose wool, scabby lesions of skin above the hoof and around the eyes, 

general dermatitis, and swollen hocks (Ott et al., 1964; Ott et al., 1965b). 

A genetic disease termed acrodermatitis enteropathica (AE) is an inherited autosomal 

defect in dietary Zn absorption (VanWouwe, 1989). Patient with this disease has a defective Zn 

transporter gene, SLC39A4, which encodes Zn transporter ZIP4, that transports Zn across the 

duodenal mucosa (VanWouwe, 1989; Maverakis et al., 2007). The mutation in this gene leads to 

a reduction in Zn absorption in the gut (VanWouwe, 1989). Some clinical symptoms of this 

disease include but are not limited to dermatitis, alopecia, reduced growth rate, intermittent 

diarrhea, and can be lethal in severe cases (VanWouwe, 1989). Human milk, which has better Zn 

bioavailability, is commonly used as a nutritional treatment, but Zn supplementation was able to 

cure all the symptoms (Moynahan, 1974; VanWouwe, 1989). 
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Manganese 

The exposure to high levels of Mn through oral, parenteral, or ambient air in humans, can 

lead to an elevation in tissues Mn concentration, or even Mn toxicity (Santamaria, 2008). 

Neurological damage at globus pallidus was observed in humans who were exposed to Mn, 

which led to a Parkinsonian-like disorder known as “Manganism” (Pal et al., 1999; Witholt et al., 

2000; Culotta et al., 2005; Tuschl et al., 2008). Hereditary familial Mn-induced parkinsonism is 

due to the mutation in Mn export protein, SLC30A10, which leads to Mn accumulation in the 

liver, basal ganglia, and brain (Tuschl et al., 2008; Quadri et al., 2012; Chen et al., 2015). Other 

symptoms that arise due to the mutation of this protein are hypermanganesemia, dystonia, 

polycythemia, and chronic liver disease (Tuschl et al., 2008). Dopamine oxidation by Mn is the 

potential mechanism of neurotoxicity due to the accumulation of Mn2+ in the basal ganglia, 

which is rich in dopamine (Sloot et al., 1996). Mn will inhibit complex I and ATPase complex in 

the electron transport chain, with Mn3+ being the more effective inhibitor (Archibald and Tyree, 

1987; Gavin et al., 1999). The predominant oxidative state is Mn2+, but an excessive amount of 

Mn has a higher risk of producing Mn3+ spontaneously, which can negatively impact the cell 

(Archibald and Tyree, 1987; HaMai et al., 2001).  

Feeding high iron to animals can potentially lead to Mn deficiency, as high dietary iron 

downregulates DMT-1, which can reduce Mn absorption in the small intestine (Miret et al., 2003; 

Hansen et al., 2010). Mice that were deficient in Mn have a lower cytokine production and are 

more susceptible to diseases caused by DNA viruses (Wang et al., 2018). Manganese deficiency 

during early development can lead to impaired growth, skeletal abnormalities, irreversible ataxia, 

compromised reproductive function, abnormal glucose tolerance, and altered lipid and 

carbohydrate metabolism (Keen et al., 1999; Aschner and Aschner, 2005; Rodríguez-Rodríguez 

et al., 2011; Li and Yang, 2018). Impaired growth and lower feed intake were observed in chicks 
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that are Mn deficient (Bolze et al., 1985). Manganese-deficient cows exhibited neonatal 

deformities, reduced breaking strength and length of the humerus bone, and reduced serum 

alkaline phosphatase levels (Rojas et al., 1965). Manganese deficiency can also lead to lameness 

in pigs (Miller et al., 1940). Manganese deficiency in guinea pigs leads to reduced liter size, a 

higher percentage of dead young or premature delivery, and ataxic symptoms at birth (Everson et 

al., 1959).  

Trace mineral source for supplementation of cattle 

 Trace minerals (TM) were supplemented to cattle to prevent TM deficiency, but over-

supplementation of TM can lead to TM toxicity. Trace mineral supplementation in ruminants has 

been challenging due to the antagonistic relationship between elements, which can decrease the 

bioavailability of TM. Trace mineral antagonists, such as Fe, Mo, and S are commonly found in 

grazing environments at varying levels, which makes TM supplementation more complicated to 

satisfy animal’s needs. Trace mineral was often supplemented to grazing cattle as TM-fortified, 

salt-based, or free-choice supplements. In a feedlot setting, TM was normally mixed into the diet 

and fed to cattle. In all scenarios, supplements can be formulated using a variety source of TM 

ingredients that have different chemical characteristics, which contribute to different solubility at 

different sections of the GI tract and eventually contribute to differences in bioavailability.  

 There are 2 main classifications of TM supplementation, which are inorganic TM (ITM) 

and organic TM (OTM; Arthington and Ranches, 2021). Inorganic TM is the most commonly 

used source due to its market availability and lower cost compared to organic TM. Although ITM 

is commonly used for ruminant supplementation formulation, its bioavailability and stability are 

lesser compared to other mineral sources. Inorganic TM are the complexes ionically bound to 

oxygen, chlorine, sulfur, or other non-carbon-based compounds. In general, sulfate and chloride 
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forms of TM are the most bioavailable among ITM, followed by carbonates, with oxides being 

the least bioavailable. Organic TM was introduced around the mid-1990s and was suggested to 

have a higher bioavailability compared to ITM. Seven different complexes were defined as OTM 

by the American Association of Feed Control Officials (1998), they are metal (specific amino 

acid) complexes, metal amino acid complexes, metal amino acid chelates, metal proteinates, 

metal polysaccharide complexes, metal propionates, and yeast derivative complexes. 

Hydroxychloride source of TM, specifically Cu, Mn, and Zn, is a newer source of ITM that 

became available to the feed industry recently. It has lower solubility in water and rumen (Spears 

et al, 2004; Loh et al. 2024), and solubilizes to a similar extent in the abomasum when compared 

to ITM, which is believed to have a higher bioavailability compared to ITM and traditional 

OTM. Other than the increase in bioavailability, other advantages of utilizing OTM are still 

unknown due to conflicting research data. 

Technologies for mRNA analysis 

The ability to measure or analyze nucleic acid in polynucleotide chain, which ultimately 

contains all the information for hereditary and biochemical functions of life, is essential for 

biological research. Deoxyribonucleic acid was first discovered as a 3D double helix structure in 

1953 by Watson and Crick, from the data produced by Rosalind Franklin and Maurice Wilkins 

(Zallen, 2003). DNA replication and protein encoding ability were discussed but the technology 

to map the sequence of DNA was not developed at that time (Heather and Chain, 2016). Initial 

efforts for sequencing focus on pure RNA species, as they can be bulk produced and are shorter 

than DNA molecules, but they were only able to obtain the composition of the RNA, not order 

(Holley et al., 1961; Heather and Chain, 2016). In 1965, the first whole alanine transfer RNA 

(tRNA) sequence in yeast was determined, and the technique to read the sequence of nucleotide 
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was developed within the same year, which allowed researchers to start mapping ribosomal RNA 

(rRNA) and tRNA (Holley et al., 1965; Sanger et al., 1965; Brownlee and Sanger, 1967; Cory et 

al., 1968; Dube and Marcker, 1969). With this method, the first complete protein-coding gene 

sequence was produced in 1972, followed by full RNA genome mapping 4 years later (Jou et al., 

1972; Fiers et al., 1976; Heather and Chain, 2016). This method was slowly adapted to DNA 

sequencing, but the determination of bases was still limited to shorter fragments of DNA (Wu 

and Kaiser, 1968; Padmanabhan et al., 1972; Sanger et al., 1973; Heather and Chain, 2016). In 

1977, Sanger and colleagues made a breakthrough in DNA sequencing technology by developing 

a method called Sanger’s “chain-termination” or dideoxy technique and with this new 

technology, they were able to sequence the DNA of bacteriophage ϕX174 (‘PhiX’), which still 

serve as the positive control in many sequencing experiments today (Sanger et al., 1977a; Sanger 

et al., 1977b). This technology incorporates radio- or fluorescent-labeled dideoxynucleotides 

(ddNTPs) into the DNA pool (containing a fraction of deoxyribonucleotides (dNTPs), the 

monomers of DNA strands), and uses autoradiography to detect the nucleotides in the DNA 

(Heather and Chain, 2016). The accuracy, robustness, and ease of use of this method, Sanger 

sequencing (dideoxy chain termination/first-generation sequencing), made it the most common 

technology used to sequence DNA for many years. Development of polymerase chain reaction 

(PCR) and recombinant DNA technologies further advanced genomic sequencing by providing 

the ability to create purer DNA (Jackson et al., 1972; Cohen et al., 1973; Saiki et al., 1988; 

Heather and Chain, 2016).  

Polymerase chain reaction, a method that amplifies specific pieces of DNA for more than 

a billionfold, was developed by Kary Mullis in the 1980s, which enables researchers to 

manipulate DNA molecules more easily (Mullis and Faloona, 1987; Mullis, 1990; Valasek and 
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Repa, 2005). The development of real-time quantitative PCR (qPCR) utilizes the sensitivity of 

PCR and combines it with the monitoring of ‘real-time’ PCR products as they were generated 

(Higuchi et al., 1992; Higuchi et al., 1993; Valasek and Repa, 2005). Quantitative PCR often 

conducted along with reverse transcription (RT), termed RT-qPCR, is one of the popular methods 

for quantifying differences in gene expression levels from diverse fields of science, including 

agriculture (Taylor et al., 2010). PCR experiment guidelines were published in 2009 to ensure 

the consistency of qPCR data (Bustin et al., 2009; Lefever et al., 2009; Taylor et al., 2010).  

Second-generation sequencing (pyrosequencing) was developed by replacing the radio- 

or fluorescent labeling with luminescent method to measure pyrophosphate synthesis (Heather 

and Chain, 2016). This method consists of two enzyme processes in which pyrophosphate will be 

converted into ATP, which is then used as the substrate for luciferase to produce light proportion 

of the amount of pyrophosphate (Nyrén and Lundin, 1985). Both first- and second-generation 

sequencing are ‘sequence-by-synthesis (SBS)’, which requires direct action of DNA polymerase 

to produce measurable output (Nyrén, 1987; Ronaghi et al., 1996; Heather and Chain, 2016). The 

challenge faced by this method is the non-linear noise produced with 4-5 identical nucleotides, 

which limits the ability to measure how many same nucleotides are in a row (Ronaghi et al., 

1996; Heather and Chain, 2016). Pyrosequencing served as the building block of commercial 

‘next-generation sequencing (NGS)’ that is widely used in research today (Heather and Chain, 

2016). Next-generation sequencing increases the amount of DNA that can be sequenced per run 

and is able to produce reads around 400-500 base pairs (bp) long (Margulies et al., 2005). High-

throughput sequencing was then introduced to perform a huge number of parallel sequencing 

reactions on a micrometer scale (Shendure and Ji, 2008). Solexa method (Ilumina) utilizes flow-

cell to bind to adapter-bracketed DNA molecules and form neighboring clusters of clonal 
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population through PCR reaction (Fedurco et al., 2006; Bentley et al., 2008; Voelkerding et al., 

2009). By having a reversed orientation of DNA strands in a flow cell (produced during the 

cloning process), paired-end (PE) reading is made possible to provide a greater amount of 

information and improve the accuracy of sequencing data (Heather and Chain, 2016). This 

method was further improved by HiSeq, a machine that can provide greater read length and 

depth but is expensive to use (Balasubramanian, 2011; Quail et al., 2012). Alternatively, MiSeq 

machine is available as a low-cost option, with lower throughput but longer read lengths 

(Balasubramanian, 2011; Quail et al., 2012). There is no clear cut between second- and third-

generation sequencing as they utilize the same principle, but in general, those that are capable of 

sequencing single molecules, without the need for DNA amplification (required by all previous 

technologies) are classified as third-generation sequencing (Heather and Chain, 2016; Kulski, 

2016). The most used third-generation sequencing is the single molecule real time (SMRT), DNA 

nucleotides will be imaged one at a time, which allows for the detection of modified bases 

(Flusberg et al., 2010; van Dijk et al., 2014; Heather and Chain, 2016).  

“Omics” was derived from the word “genomics”, which represents the structure and 

function of genes, and comparative hereditary relationships and evolution within and between 

different species when this concept was first introduced (Kuska, 1998). After the advancement of 

NGS, genomics has been narrowed towards mapping genomic sequences, and “-omics” were 

added to integrated fields with large or genome-wide scale studies such as transcriptomics, 

epigenomics, proteomics, metabolomics, and more. (Hocquette et al., 2009). RNA sequencing 

(RNA-seq) is the NGS method to sequence transcriptome (all the RNA transcripts expressed in 

cells, tissues, and organs’ genome) with a high level of sensitivity and accuracy (Wang et al., 

2009; Marguerat and Bähler, 2010; Ozsolak and Milos, 2011). At least 90% of the mammalian 



 40  

genome will be transcribed into RNA, including but not limited to those that support protein 

translation such as ribosomal, transfer, and small nucleolar RNAs (Clamp et al., 2007; Marioni et 

al., 2008). A near complete snapshot of transcriptome can be obtained with a greater sequencing 

depth (100-1000 reads per base pair) in NGS, but the sequence reads obtained from it is 

relatively short (35-500bp), so the reconstruction of the full-length transcripts is essential 

(Metzker, 2010; Martin and Wang, 2011).  

Martin and Wang (2011) summarized the essential steps of RNA-seq, starting with the 

data generation, which is the extraction of RNA and removal of DNA contamination with DNase, 

then the pure RNA will be broken up into short fragments to make RNA selection (mRNA, 

tRNA, rRNA, etc.). The RNA will be reverse transcribed into copy DNA (or complementary 

DNA; cDNA) and sequencing adaptors will be ligated to both ends of the molecule, and another 

fragment size selection can be made (Martin and Wang, 2011). Then, the end of cDNA can be 

sequenced, and paired-end reads can be generated if the sequencing read was conducted from 

both ends. After sequencing, low-quality reads, adaptor sequence, and PCR contaminant are 

filtered to ensure the quality of the data, and the filtered reads will be assembled into transcripts 

(Martin and Wang, 2011). Polymerase chain reaction has the tendency to introduce GC 

(nucleotide pair of Guanine (G) and Cytosine (C)) bias during library preparation, which is a 

major source of errors and unwanted variation during sequencing, but alternative PCR-free 

methods were introduced to elevate the issues (Kozarewa et al., 2009; Aird et al., 2011). The 

expression level of each transcript can be estimated by counting the number of reads that align to 

each transcript after assembly (Martin and Wang, 2011).  

Transcriptomic analysis of mineral transporters is a widely used technology in various 

species (Bai et al., 2008). DMT-1 mRNA levels at the mucosal level and/or different intestinal 
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segments in mice and broilers were evaluated by using qPCR technique (Tchernitchko et al., 

2002; Bai et al., 2008). In cattle, much research was conducted to understand the mechanism of 

nutrient absorption (Fry et al., 2013; Tillquist et al., 2022). Messenger RNA expression of Cu-

responsive genes, such as CTR1, ATP7A, ATOX1, COX17, and Commd1 was measured to 

understand gene responsiveness to Cu treatment and breed differences (Fry et al., 2013). Tillquist 

et al. (2022) utilized qPCR techniques to investigate the mRNA level of 15 Cu-responsive genes 

in the bovid liver and hepatocytes cultured cells. A follow-up study is usually required to confirm 

the findings from transcriptomic and/or PCR data. Proteomic is one of the follow-up studies that 

can be used to confirm the presence of the protein. It is a study on the structure, identification, 

and characterization of peptides and proteins, which provides information on the protein 

abundance, modification, variations, and interactions to help researchers identify the protein 

involved in certain biological processes (Berggård et al., 2007; Hocquette et al., 2009; Malm et 

al., 2014; Kulski, 2016). 

Cell culture 

Cell culture models were first developed by Harrison in 1906 and have been widely 

utilized for research since then. All the cell culture experiments since then were conducted on a 

two-dimensional (2D) model, which is a flat 2D surface, made from polystyrene or glass 

(Haycock, 2011; Jensen and Teng, 2020). In 1997, more than 50% of research on drug absorption 

utilized intestinal epithelial cell culture, predominantly Caco-2 cells (Artursson and Borchardt, 

1997). Epithelial cell culture is gaining popularity due to its ease of performing under controlled 

conditions and its ability to provide new insight into drug absorption mechanisms that weren’t 

observed before (Artursson and Borchardt, 1997; Tavelin et al., 2002). Information from 

epithelial cell line experiments is normally easy to translate into fundamental principles, as it’s 
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less complex than whole tissue models (Artursson and Borchardt, 1997; Tavelin et al., 2002). 

Recent knowledge on active drug transport and passive transcellular and paracellular drug 

transport mechanisms was obtained from studies utilizing epithelial cell culture (Artursson and 

Borchardt, 1997). The variation between cell cultures is something worth paying attention to, as 

there are always some differences in permeability between Caco-2 cells from different 

laboratories (Artursson and Borchardt, 1997). The isolation of cells from tissues and transfer to a 

2D condition may alter their morphology, mode of cell division, and loss of diverse phenotype, 

which can potentially lead to disrupted function, organization of the structure inside the cell, cell 

secretion, and cell signaling (Von Der Mark et al., 1977; Petersen et al., 1992; Nelson and 

Bissell, 2006; Kilian et al., 2010; Kapałczyńska et al., 2018).  

In late 1990 and early 2000, much research suggested that complex biological responses 

such as receptor expression, transcriptional expression, cellular migration, and apoptosis studied 

using the 2D model differ significantly from their original organ or tissues, hence suggesting that 

the 2D model is not an accurate representation of mechanism in native tissues (Weaver et al., 

1997; Abbott, 2003; Lee et al., 2008; Haycock, 2011). To bridge the gap between a 2D model 

and the whole animal, three-dimensional (3D) methods were developed to incorporate the spatial 

organization of the cell into the culture environment, which are more representative of what 

happens in living organisms (Cukierman et al., 2001; Abbott, 2003; Pampaloni et al., 2007). 

Three dimension models were predominantly used in cancer research when it was first 

introduced, as many researchers were able to discover cellular responses to drugs in 3D models 

that were not observed in 2D models (Weaver et al., 1997; Wang et al., 1998). One of the reasons 

is because of the absence of extracellular matrix (ECM) in 2D models, hence researchers might 

miss certain mechanisms due to the absence of this complex mechanical and biochemical 
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interplay (Weaver et al., 1997; Wang et al., 1998; Abbott, 2003). The extracellular matrix 

contains various proteins, such as collagen, elastin, and laminin, that provide tissues with 

mechanical properties, aid in communication between cells, and interact with membrane 

receptors to determine how the cells interpret biochemical cues from their surroundings 

(Roskelley et al., 1994; Roskelley and Bissell, 1995; Weaver et al., 1997; Abbott, 2003; 

Kleinman et al., 2003). Cell differentiation, proliferation, and cellular function that required 

ECM, cell-to-cell, and cell-to-matrix interaction are missing in the 2D cell culture model (Bissell 

et al., 2003; Pampaloni et al., 2007; Ravi et al., 2015; Jensen and Teng, 2020). However, the 3D 

cell culture model has poorer efficiency, life span, repeatability, and comfort of work compared 

to 2D systems (Kapałczyńska et al., 2018). 

There are many techniques available for 3D modeling cell culture and users should 

determine which to use based on cell types and research questions. The 3D models that are 

commonly available include intact animals (both embryos and adults), organ slices, and cell 

cultures in ECM gels (Pampaloni et al., 2007; Kapałczyńska et al., 2018). Rani et al. (2023) 

summarized the 3D cell culture techniques available nowadays and categorized them into two 

main types, which are scaffold-based techniques and scaffold-free techniques.  

The scaffold-based technique is essential for larger or more complex cell cultures as the 

cells will be cultured on substrates that represent ECM, which is closer to its native environment. 

This technique promotes oxygen, nutrients, and waste transportation, which assist cells in 

proliferation, migration, and adhesion within the scaffold. There are two types of scaffolds 

available: 1) In-vitro scaffolds for cell culturing and experimental applications (drug testing); and 

2) Biomedical engineering scaffolds that were utilized in tissue regeneration applications. 

Hydrogel scaffolds are cross-linked polymers of hydrophilic molecules that provide a hydrated 
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environment for cell colonization and infiltration, which is important to provide a template for 

cell adhesion, proliferation, and differentiation (Tibbitt and Anseth, 2009; Li and Deming, 2010; 

Rodrigues et al., 2015; Langhans, 2018). Collagen scaffolds are the commonly used matrix in 

hydrogel for osteoblast and chondrocytes culture or biomedical applications (Lee et al., 2001; 

Zhou et al., 2006; Negri et al., 2007; Jensen and Teng, 2020).  

In scaffold-free techniques, cells were grown without solid support, such as the forced 

floating method, hanging drop method, and agitation-based methods. Spheroids (spherical 

cellular aggregation) are one of the most common 3D cell culture techniques because it’s easy to 

visualize by light or fluorescence microscopy. Hence, this model is critical for experimental 

research on cancer and therapeutics studies and has aided tremendously in understanding cancer 

mechanisms and the development of cancer drugs (Rani et al., 2023). In forced floating methods, 

normally a 96-well plate will be coated with 0.5% poly-2-hydroxyethyl methacrylate (poly-

HEMA) and dried for 3 days. This modifies the surface of the plate so the cell cannot adhere to 

it, which promotes cell-to-cell contact that forces the cells to form 3D spheroids. This method is 

highly reproducible, accessible, and consistent, so it has been utilized by many cancerous studies 

and drug testing (Kelm et al., 2003; Breslin and O’Driscoll, 2013). In the hanging drop method, a 

drop (small aliquot) of cell suspension is added to a microtiter plate, and the plate will be 

inverted to keep the cells at the tip of the drop and remain in place due to gravity and surface 

tension (Kelm et al., 2003; Timmins and Nielsen, 2007). This method is easy, reproducible, and 

produces tightly packed spheroids, but is limited by the volume of liquid used to generate 

spheroids (Kelm et al., 2003; Rani et al., 2023). In agitation-based method, cell suspension is 

cultured in a container that remains in continuous motion by either continuous stirring of the 

cells or the rotation of the container. These motions enhance cell-to-cell communication and 
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adhesion to each other to form spheroids, and not adhere to the surface of the container (Kelm et 

al., 2003). This method aids in the transportation of nutrients and waste and for long-term 

culturing, but the motion can affect cellular physiology (Rani et al., 2023). 

Stem cell culturing is ineffective in 2D models but provides valuable response and insight 

in 3D models with spheroids formation (Jensen and Teng, 2020; Rani et al., 2023). Organotypic 

explants (cultured piece(s) of tissue/organ removed from the host) were used if the complete 

information is required in whole animals (i.e. fruit fly and zebrafish), which provide critical data 

as the cells are physically located in their native niche (Ravi et al., 2015). Organoids can be 

obtained from either embryonic stem cells (ECSs), induced pluripotent stem cells (iPSCs), or 

stem cells from neonatal/adult (ASCs; Lancaster and Knoblich, 2014; Huch and Koo, 2015; 

Corrò et al., 2020). Organoid cell self-organization requires the activation of various signaling 

pathways by intrinsic or extrinsic cellular components such as ECM and media (Corrò et al., 

2020). This 3D cell culture model is mainly used for brain and neural tissues and is grown on 

gels or semi-permeable membranes with growth medium or isotonic solution (Rani et al., 2023). 

Bovine enterocyte cell cultures will be essential to understand cell physiology and 

absorption mechanism in bovine small intestine (Zhan et al., 2020). Primary bovine intestinal 

epithelial cell culture (BIEC) was conducted by Zhan et al. in 2017, where they successfully 

culture primary BIEC and established a novel clone cell method. Primary cell culture is the 

culture of cells, either in suspension (3D) or adhesion (2D), freshly obtained from the host, 

instead of the culture of immortalized cell lines, similar to organoids. (Peehl, 2005; Funel, 2014). 

Organoids will self-organize and result in “mini-organs”, while primary cells generate spheroids, 

multicellular structures that formed through cell-to-cell communication (Kumari, 2020). Primary 
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cell culture in ruminant fields was first introduced in 2001 to investigate the interaction of E. coli 

157:H7 and bovine cells in the rumen, ileum, colon, and rectum (Dibb-Fuller et al., 2001).  

The nutrient absorption mechanism in bovine is worth investigating separately from mice 

and human cell culture models due to the differences in the digestion system. Matthews and 

Webb (1995) investigated the absorption of amino acids through gastrointestinal epithelial tissues 

by mounting the tissues between two chambers (mucosal and serosal orientation) that contain 

treatment buffer on the mucosal side and Krebs Ringer Phosphate buffer (KRP) on the serosal 

side under physiological conditions and measure the uptake of the nutrient by the tissues. 

Absorption of Zn from different sources through rumen and omasum was also investigated by 

Wright et al. (2008), with a similar method, but the exact mechanism of Zn uptake was not 

provided. With the establishment method for BIEC, nutrient absorption, regulation, and immune 

regulation after pathogen infection in bovine can be investigated more intensively (Dibb-Fuller et 

al., 2001; Zhan et al., 2017; Zhan et al., 2020). Bovine intestinal epithelial cell culture was 

successfully used to investigate the effect of propionate on key genes that are involved in the 

gluconeogenic pathway in bovine jejunum (Zhan et al., 2020).   
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CHAPTER 2 - TRACE MINERAL SOURCE INFLUENCES TRACE MINERAL 
SOLUBILITY IN WATER AND MINERAL BINDING STRENGTH TO RUMINAL DIGESTA 

 

 

 

Summary 

 Two experiments were conducted to examine the impact of trace mineral (TM) source on 

in vitro and in vivo solubility characteristics. Experiment 1: Hydroxy TM (HTM) and sulfate TM 

(STM) sources of Cu, Mn, and Zn were incubated separately in water for 24 h. Immediately after 

mixing, initial pH of each solution was greater (P < 0.03) for HTM compared to STM for all 

elements. Final pH tended to be greater for Cu (P = 0.09) and Zn (P = 0.07) from HTM compared 

to STM. Water solubility of Cu, Mn, and Zn from STM was greater (P < 0.01) than HTM 

sources. Experiment 2: Eight steers fitted with rumen cannula were blocked by body weight and 

randomly assigned to treatments. Treatments consisted of 10 mg Cu, 40 mg Mn, and 60 mg 

Zn/kg DM from either STM or HTM sources. Steers were individually fed a cracked corn-corn 

silage-based diet. Treatments were top-dressed daily. Rumen contents were collected at 0, 2, and 

4 h post-feeding on d 1 and 14. On d 15, strained ruminal fluid and particle-associated 

microorganisms were obtained. Zinc was more tightly bound (P = 0.01) to the digesta in HTM-

supplemented steers compared to STM on d 14. These data indicate that TM source influences 

pH and solubility of Cu, Mn, and Zn in water and may affect rumen soluble Cu concentrations 

and binding strength of Zn to solid digesta. 
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Introduction 

 It has been well established that hydroxy trace minerals (HTM) sources of copper (Cu) 

and zinc (Zn) are relatively insoluble in water, whereas sulfate trace minerals (STM) sources of 

Cu and Zn are highly soluble in water (Cao et al., 2000; Spears et al., 2004; Arthington, 2015). 

When the pH of the aqueous solution is reduced below 4.0 with hydrochloric acid (HCl), Cu and 

Zn from both HTM and STM are highly soluble (Cao et al., 2000; Spears et al., 2004). In 2017, 

Faulkner and Weiss (2017) were the first to report that Cu, manganese (Mn), and Zn from HTM 

improved fiber digestibility in lactating dairy cows compared to iso-amounts of supplemental 

Cu, Mn, and Zn from STM sources. High soluble concentrations of Cu and Zn in the ruminal 

environment can negatively impact rumen fermentation (Durand and Kawashima, 1980). 

Therefore, the authors hypothesized that high rumen solubility of Cu, Mn, and Zn from STM 

sources may have impaired rumen microbial fermentation.  

 Recent research has confirmed the findings of Faulkner and Weiss (2017). Using a rumen 

pulse dose technique in canulated steers, Cu and Zn from HTM were less soluble in the rumen 

than Cu and Zn from STM sources when steers received a corn silage-steam-flaked based diet 

(Caldera et al., 2019), a medium-quality hay diet (Guimaraes et al., 2021), and a diet formulated 

for a high producing dairy cow (Guimaraes et al., 2022). Furthermore, Cu and Zn from HTM 

were less tightly bound to ruminal solid digesta than Cu and Zn from STM (Caldera et al., 2019; 

Guimaraes et al., 2021). Lactating dairy cows (Daniel et al., 2020; Miller et al., 2020) and steers 

(Guimaraes et al., 2021; Guimaraes et al., 2022) supplemented with STM also had lower fiber 

digestion than those receiving HTM. 

 Solubility experiments comparing different trace mineral (TM) sources have used in vitro 

techniques or in vivo bolus dose models to investigate TM ruminal solubility. Limited research 
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has investigated the impact of TM sources on these parameters through dietary inclusion. 

Therefore, the objectives of this study were to: 1) determine the effect of TM source (HTM vs 

STM) on pH and solubility of Cu, Mn, and Zn after incubation in water (pH 7.0); and 2) compare 

the effect of dietary TM source in vivo on: a) ruminal soluble TM concentrations, b) TM binding 

strength toward rumen digesta, and c) TM concentration in rumen bacteria and protozoa after 

feeding a diet supplemented with Cu, Mn, and Zn from STM or HTM sources. We hypothesized 

that STM forms of Cu, Mn, and Zn would have greater solubility in water, reduce water pH, have 

a greater solubility and binding strength to rumen digesta within the rumen, and bioaccumulate 

in protozoa and bacteria to a greater extent than HTM sources of Cu, Mn, and Zn. 

Materials and methods 

Ethical Statement 

Prior to the initiation of this experiment, all animal care, handling, and procedures 

described herein were approved by the Colorado State University Animal Care and Use 

Committee (IACUC approval #1555 and #3574) 

Mineral sources and composition 

Two different sources of minerals were used throughout the entire experiment: 1) sulfate 

sources of trace minerals (STM): Cu sulfate pentahydrate (CuSO4·5H2O), Mn sulfate 

monohydrate (MnSO4·H2O), and Zn sulfate monohydrate (ZnSO4·H2O), and 2) hydroxy sources 

of trace minerals (HTM): IntelliBond C (Cu2(OH)3Cl2; Selko USA), IntelliBond M 

(Mn2(OH)3Cl; Selko USA), IntelliBond Z (Zn5(OH)8Cl2·H2O; Selko USA).  

Experiment 1 (In vitro solubility study) 

 The solubility of Cu, Mn, and Zn from STM and HTM sources in this experiment was 

analyzed as described by Spears et al. (2004) with slight modification. Briefly, approximately 

0.025g of Cu, Zn, and Mn from STM and HTM were brought to a final volume of 50 mL with 
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deionized (DI) water in 50 mL conical tubes (n = 4 replicates/element/source, N = 24). Tubes 

were capped and swirled to mix the solution, and initial pH was measured. Samples were 

incubated for 24 h at 39°C with agitation at 200 rpm. After 24 h, samples were filtered through 

ashless filter paper (Whatman plc, Maidstone, UK), and the final pH of the filtrates was 

measured. The filtrate was then analyzed for mineral concentration. 

Experiment 2 

Animals and Diets 

 Eight crossbred Angus steers (509 kg ± 10 kg; approximately 1.5 years of age) fitted with 

ruminal cannula were utilized in this study. Before TM supplementation, all steers were 

transitioned to a diet formulated for a high-producing lactating dairy cow without Cu, Mn, and 

Zn supplementation for 28 d (Table 1). After the 28 d acclimation period, steers were stratified 

by body weight (BW) to treatments and individually housed where they received their respective 

trace mineral treatments: 10 mg Cu, 40 mg Mn, and 60 mg Zn/kg dry matter (DM) from either 

STM or HTM sources (n = 4/treatment). Each steer received approximately 11.6 kg of the basal 

diet (as-fed basis) per day for 14 d and individual intakes were recorded and measured daily. Dry 

distiller’s grain (DDG) was used as the carrier for the treatment. Treatment mixtures were top-

dressed onto the feed and mixed thoroughly by hand after basal diet delivery. The basal diet 

contained 7, 57, and 35 mg/kg of DM of Cu, Mn, and Zn, respectively. Trace mineral 

supplements used in the experiment were analyzed and TM concentration ranged between 335-

368 mg Cu, 1120-1580 mg Mn, and 2030-2340 mg Zn/kg DM of DDG, which was included as 

2% of the diet. With the addition of TM supplementation, steers received approximately 16 mg 

Cu, 92 mg Mn, and 91 mg Zn/kg of DM.  
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Rumen contents were thoroughly mixed by hand and approximately 150 g rumen samples 

were collected in three 50 mL conical tubes from the geometric center of the rumen at 0, 2, and 4 

h post-feeding on d 1 and d 14 of the experiment. The conical tubes were centrifuged at 1500 x g 

for 15 minutes immediately after collection and the supernatant was separated from the pellet. 

Both the supernatant and pellet were stored separately at -20°C until analyzed for Cu, Mn, and 

Zn concentrations. Copper, Mn, and Zn concentrations within the supernatant were considered to 

be soluble whereas the Cu, Mn, and Zn concentrations in the digest were considered to be 

insoluble.  

Dialysis 

 Dried digesta (pellet) samples from experiment 2 were exposed to dialysis for the 

investigation of the binding strength of minerals to the digesta. Dialysis tubing (regenerated 

cellulose, MWCO: 12-14kD, width: 45 mm, vol/length: 6.4mL/cm; Spectrum™ Spectra/Por™, 

Fisher Scientific, Waltham, MA, USA) was prepared as described by Caldera et al. (2019). 

Briefly, dialysis tubing was cut into 15 cm segments and treated with 1mM 

ethylenediaminetetraacetate (EDTA) in 2% sodium bicarbonate solution to remove metal 

contamination. Treated dialysis tubing was rinsed with DI water, and stored in a solution 

containing 50% ethanol and 1mM EDTA at 4°C. Dialysis tubing was rinsed with DI water three 

times before use. Dialysis procedures were conducted as described by Jones et al. (1985) and 

Guimaraes et al. (2021) with slight modifications. Briefly, 0.25 g of samples were dialysis 

against 0.01 M EDTA in 0.05 M Tris (EDTA-Tris) buffer, adjusted to a pH of 6.8 using 6 M 

hydrochloric acid (HCl) and 10 M sodium hydroxide (NaOH). Samples were mixed with 10 mL 

of EDTA-Tris buffer and transferred into rinsed dialysis tubing. Samples were then dialyzed 

against 1.0 L of Tris-EDTA buffer for 16 h at 4°C with continuous stirring. The buffer was 
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replaced with another 1.0 L of EDTA-Tris buffer and the dialysis continued for another 6 h at 

4°C. After dialysis, samples were removed from the dialysis bags and placed into a pre-weighed 

acid-washed crucible. Samples were dried at 60 °C for 24 h, dry ashed at 600°C  or 12 h, 

reconstituted in 1.2 N HCl, and then analyzed for Cu, Mn, and Zn.  

Protozoa and Bacteria mineral concentration 

 Approximately 250 g of rumen samples were collected from the geometric center of the 

rumen from each steer 2 h post-feeding 14 d after treatment initiation. Strained ruminal fluid 

(SRF) and particle-associated organisms (PAO) collection methods were adapted from methods 

described by Craig et al. (1984) with slight modifications. Collected rumen samples were 

squeezed through 8 layers of cheesecloth into three 50 mL conical tubes to obtain SRF. Half of 

the remaining digesta (approximately 125g) was placed in a bag and washed with phosphate-

buffered saline (PBS) to obtain PAO. Protozoa and bacteria fractions were extracted through 

procedures described by Olubobokun et al. (1988) and De Mulder et al. (2017) with slight 

modifications. Briefly, SRF and PAO samples were centrifuged at 650 x g for 15 minutes to 

obtain protozoa pellet. The supernatant from the tubes was transferred into a new set of 50 mL 

conical tubes for bacteria extraction. The remaining pellet was washed again with PBS and 

centrifuged at 650 x g for 15 minutes. The pellet was the protozoa fraction of the samples and 

was analyzed for protozoal Cu, Mn, and Zn concentrations. The supernatant was then centrifuged 

at 25,000 x g for 30 minutes, the pellet obtained represented the bacteria fraction of the samples. 

The supernatant was discarded, and the bacteria pellet was washed with PBS and recentrifuged at 

25,000 x g for 30 minutes. The supernatant was discarded, and the bacterial pellets were 

analyzed for bacterial Cu, Mn, and Zn concentration.  
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Mineral analysis 

 Dry matter analysis was conducted on all solid samples prior to mineral analysis. All 

solid samples were analyzed using a dry ashing method according to the official methods of 

analysis (AOAC, 2016). In brief, approximately 1g of sample was weighed into an acid-washed 

crucible and ashed in a Thermo-Fisher Thermolyne muffle furnace at 600°C for 12 h. After 

ashing, samples were weighed and resuspended in a total of 5 mL of boiling 1.2 M HCl for 

mineral analysis. Samples were reconstituted with DI water to a total volume of 10 mL.  

Liquid samples were digested using an open vessel digestion method adapted from Edgell 

(1989) with slight modification. Briefly, 1 mL of samples were mixed with 70% nitric acid 

(Trace Element grade; ThermoFisher, Waltham, MA) at a 1:1 ratio. Sample-acid mixtures were 

left to react at room temperature under a fume hood for 10 minutes. After 10 minutes, samples-

acid mixtures were placed into 70 °C water bath for 4 h with occasional swirling. Samples were 

removed from the water bath and allowed to cool to room temperature. After cooling, 1 mL of 

30% hydrogen peroxide was added to the sample-acid mixture and allowed to react for 10 

minutes. Samples were transferred back into the 70°C water bath for 2 h. Samples were then 

diluted with DI water to fit within a linear range of a standard curve generated by linear 

regression of known TM concentrations and analyzed for Cu, Mn, and Zn via Atomic Absorption 

Spectroscopy (PinAAcle 500, PerkinElmer, Waltham, MA).  

Statistical Analysis 

 All analyses in this experiment were performed for a randomized block design using R 

Statistical software version 4.3.2 and packages within R ( R Core Team, 2023). Initial pH, final 

pH, TM (Cu, Mn, Zn) concentration, and solubility percentage from experiment 1 and protozoal 

and bacterial TM concentrations from experiment 2 were analyzed using a student’s t-test. Trace 

mineral concentrations in the digesta and soluble fractions from experiment 2 and TM 
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contractions of the digesta post-dialysis were analyzed using a linear mixed-effects model (lme4 

ver. 1.1-32; Bates et al., 2015; Kuznetsova et al., 2017). A three-way interaction between 

treatment x day x hour was analyzed using type III Analysis of Variance (car ver. 3.1-1; John and 

Sanford, 2019), with animal being the random effect in the statistical model. A two-way 

interaction (treatment x day) was investigated using a linear mixed-effects model with animal 

being the random variable. Least-squares means between treatment groups were estimated using 

emmeans package (ver. 1.8.5; Lenth et al., 2024). For all response variables, a P-value of less 

than or equal to 0.05 was considered significant, and tendencies were determined with a P-value 

greater than 0.05 but less than or equal to 0.10.  

Results 

Experiment 1 (In vitro solubility study) 

 The influence of trace mineral source on pH and TM solubility is shown in Table 2. 

Initial pH, at the time of mixing each TM source with water, was lesser for STM sources of Cu 

(P = 0.02), Mn (P = 0.006), and Zn (P = 0.002) compared to HTM sources of Cu, Mn, and Zn. 

Final pH following a 24-h incubation in DI water at 39°C tended to be lesser for Cu (P = 0.09) 

and Zn (P = 0.07) from STM sources compared to Cu and Zn from HTM sources. Final pH was 

similar for both Mn sources (P = 0.16). At the end of the incubation, percent solubility of Cu, 

Mn, and Zn was greater (P < 0.01) for STM compared to HTM sources.  

Experiment 2 

Table 3 describes the influence of TM source on soluble and insoluble Cu, Mn, and Zn 

concentrations in ruminal fluid and solid digesta fractions. There were no treatment x hour (P > 

0.40) or treatment x day x hour (P > 0.30) interactions. Therefore, only main effects and the 

treatment x day interactions are shown. Data are compared by day within treatment and/or by 
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treatment within day. There was a tendency (P = 0.087) for a treatment x day interaction for 

digesta Mn concentrations. Overall, Mn concentrations in digesta tended (P = 0.098) to be 

greater in STM supplemented steers on d 14 compared to HTM supplemented steers. 

Furthermore, Mn concentrations in digesta increased (P = 0.004) by 44.4% from day 1 to day 14 

in STM supplemented steers. There was also a tendency (P = 0.055) for a treatment x day 

interaction for ruminal soluble Cu concentration. Ruminal soluble Cu concentrations increased 

(P = 0.002) by 27 % from day 1 to day 14 in STM supplemented steers.  

Dialysis 

The influence of dialyzing rumen solid digesta against EDTA-Tris buffer on the 

remaining Cu, Mn, and Zn concentrations of rumen solid digesta on day 1 and day 14 of the 

experiment are shown in Table 4. There were no treatment x hour (P > 0.40) or treatment x day x 

hour (P > 0.10) interactions for any response variables. Therefore, data were compared by day 

within treatment and/or by treatment within day. A treatment x day interaction was detected (P = 

0.024) for Zn remaining in the digesta post-dialysis. Zinc concentrations in rumen solid digesta 

were similar on d 1 for both treatments. On d 14, Zn concentration in the digesta of steers 

supplemented with HTM was greater (P = 0.01) than steers supplemented with STM. Post 

dialysis, the digesta collected from STM (P < 0.001) and HTM (P = 0.02) supplemented steers on 

day 1 had lesser Zn concentration compared to day 14.  

Protozoa and Bacteria mineral concentration 

The concentration of Cu, Mn, and Zn in protozoal and bacterial fractions in SRF and 

PAO are shown in Table 5. Trace mineral source had no impact (P > 0.10) on Cu, Mn, and Zn 

concentrations of particle-associated or strained ruminal fluid bacteria or protozoa. 
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Discussion 

 The present study indicates that Cu, Mn, and Zn from HTM have a lower solubility in 

water when compared to STM sources. The solubility of Cu from the current study is similar to 

the findings from Spears et al. (2004), where Cu from HTM was approximately 70% less soluble 

in water compared to Cu from STM. The solubility of Mn and Zn from the current study also 

follows the same trends as Cu, where Mn and Zn from HTM had a lower solubility compared to 

Mn and Zn from STM sources (Cao et al., 2000). Water is a dipole molecule, with a strong 

electronegative oxygen that attracts electrons from hydrogens, causing the hydrogens to have a 

partial positive charge (Murray et al., 2009). Due to the electrostatic forces of the dipole property 

of water, the sulfate molecule and the metal ion disassociate in water. In contrast, the covalent 

bond strength between hydroxychloride molecule and a particular element (e.g., Cu) within the 

crystalline matrix is greater than the electrostatic forces of water making the hydroxychloride-

element molecule less soluble in water (Arthington, 2015). Manganese from HTM had a greater 

solubility when compared to Cu and Zn from HTM. The reason for the greater solubility is not 

well understood. Perhaps the reason for greater solubility in Mn from HTM in water compared to 

Cu and Zn from HTM sources is due to the difference in the number of protons between Mn 

(~25), Cu (~29), and Zn (~30). As the strength of a covalent bond depends on the extent of 

overlap of orbitals involved, the lower proton number in Mn may lead to a weaker positive force 

attraction towards the orbiting electrons compared to Cu and Zn, which may result in greater 

disassociation and solubility of HTM Mn in an aqueous environment.  

When dissolved in water, STM sources of Cu, Mn, and Zn reduced pH to a greater extent 

than Cu, Mn, and Zn from HTM. This observed reduction in initial and final pH is due to the 

disassociation of metals (M; Cu, Mn, and Zn) and SO!
"# by the surrounding water molecules, 
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which are dipolar molecules that can hydrolyze weak ionic bond within MSO4. The reaction 

between metals and water, M"$ + 2H"O	 ↔ MOH$ + H%O
$, increases the concentration of 

H3O+, which leads to the reduction of pH. Initial pH values were greater for HTM vs STM of Cu, 

Mn, and Zn by 2.62, 1.51, and 1.15 pH units, respectively. After 24h incubation at 39°C, the 

solution containing Cu and Zn from HTM tended to have a greater final pH compared to STM. 

In general, the addition of Cu, Mn, and Zn from STM to water created a lower pH environment.  

The rumen environment is very complex compared to controlled in vitro environments 

due to the presence of feed, microorganism populations, enzymes, ligands, etc. which can lead to 

mineral reduced mineral solubility and bioavailability. For example, high concentrations of 

soluble sulfur and molybdenum in the rumen can interact with soluble Cu and form insoluble Cu 

thiomolybdate complexes, which reduces Cu bioavailability (Dick et al., 1975; Suttle and Field, 

1983). The diet used in the current study was low in TM antagonists, so the solubility 

characteristic may differ with higher TM antagonists in the diet. The in vitro rumen fermentation 

model can serve as a good indicator of what might be happening in the rumen, however, due to 

the buffering agents used, lower liquid-to-TM ratio, and the lack of removal of VFA from the 

system, interpretation of results is limited (Clarkson et al., 2021).  

In the current study, Mn concentration in the digesta of steers fed HTM tended (P = 

0.098) to be lower compared to STM on day 14, which may indicate that more Mn was released 

from HTM, but soluble Mn concentration was not different between treatments. A study 

conducted by Caldera et al. (2019) observed a lesser soluble Mn concentration at 4 and 8 h post-

dosing, and higher soluble Mn concentration in ruminal fluid 24 h post-dosing in HTM-

supplemented steers compared to STM-supplemented steers. Guimaraes et al. (2021) observed 

similar results when steers were fed medium-quality grass hay, where the soluble Mn 
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concentration in the rumen was greater at 4 and 6 h post-dosing, but lesser at 18 h post-dosing in 

steers receiving STM than HTM. In addition, higher soluble Zn and Cu concentrations were 

observed in steer dosed with STM compared to HTM (Caldera et al., 2019; Guimaraes et al., 

2021). In the present study, soluble concentrations of Zn and Cu were not affected by TM source. 

The potential reason that contributes to the difference between the current study and previous 

studies may be how the TM was delivered to the animals. In this study, TM supplementation was 

added to the total mixed ration, while studies conducted by Caldera et al. (2019) and Guimaraes 

et al. (2021) utilized direct bolus dosing of TM treatments into the rumen. Genther and Hansen 

(2015) utilized dietary TM supplementation and observed lower rumen soluble Zn and Cu when 

expressed as a percent of whole rumen fluid concentration in HTM compared to STM 

supplemented cattle.  

The binding strength of the mineral towards the digesta can also influence the 

bioavailability of TM. Although no difference was observed in Zn concentration in the digesta, 

Zn concentration in the digesta post-dialysis was greater in steers supplemented with HTM 

compared to STM on d 14, which indicates that Zn from HTM had a stronger binding strength 

toward the digesta compared to Zn from STM. The binding strength of Zn toward digesta 

changed over time. Post-dialysis, Zn concentration in the digesta was greater on day 14 

compared to day 1 for both treatments, which may indicate that the binding strength increased 

over time. The amount of Cu and Mn not released following dialysis was not affected by TM 

source. In contrast, steers pulse dosed with HTM had a greater release of Cu and Zn from solid 

digesta than those dosed with STM following dialysis (Caldera et al., 2019).  

Mineral concentration in protozoal and bacterial fractions of rumen contents was not 

influenced by trace mineral source. The methods used in this study were adapted from 
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Olubobokun et al. (1988) and De Mulder et al. (2017). Olubobokun et al. (1988) and De Mulder 

et al. (2017) utilized diaminopimelic acid analysis, differential interference microscopy, and 16S 

sequencing to determine the purity of their protozoa and bacteria fractions. The authors reported 

that after fractionation of ruminal contents via filtration and centrifugation, the protozoal fraction 

contained bacteria associated with small feed particles. Although not measured in the current 

study, it is likely that the protozoa fraction contained bacteria, which most likely contributed to 

the Cu, Mn, and Zn concentrations of the protozoal fraction. A study conducted by Gresakova et 

al. (2018) observed a higher Mn bacterial concentration in sheep fed Mn glycine hydrate 

compared to Mn sulfate. They also observed variations in Cu, Mn, and Zn concentrations in 

rumen protozoal and bacterial fractions when different Mn concentrations were supplemented. A 

potential reason for the discrepancies between studies may be due to the length of the feeding 

period. In the current experiment, the feeding period was 14 days compared to the study 

conducted by Gresakova et al. (2018), which was 16 weeks. A longer feeding period may be 

required to change the mineral concentration in the protozoa and bacteria population residing in 

the rumen.  

Conclusion 

 Results from the in-vitro study of this experiment indicate that HTM is less soluble than 

STM in water and that STM Cu, Mn, and Zn decrease the solute pH at neutral pH environments. 

Hydroxy TM also contributed to a higher initial pH for all elements and tended to have a higher 

final 24 h pH for Zn and Cu compared to STM. Dietary intake of different mineral sources can 

potentially influence Mn solubility and Zn binding strength toward the digesta. This study did 

not observe changes in TM concentration in the protozoal and bacterial fraction of rumen fluid. 
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Longer term studies to investigate the interaction of TM source with rumen microorganisms are 

warranted. 
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Table 2.1. Ingredient and nutrient composition of the basal diet. (Experiment 2) 

Item  
Ingredient, % dry matter basis  
   Corn silage 27.64 

   Cracked corn 34.40 

   Distiller’s grains 12.78 

   Alfalfa hay 10.91 

   Wheat straw 8.44 

   Liquid supplement1 5.00 

   Limestone 0.67 

   Salt 0.17 

Analyzed nutrient composition (DM basis)  
   DM, % as fed 59.8 
   Crude protein, % 16.3 
   Acid detergent fiber, % 18.6 
   Neutral detergent fiber, % 31.1 
   Ether extract, % 6.4 
   NEg, Mcal/kg2 1.08 
   NEm, Mcal/kg3 1.73 
   Calcium, % 0.95 
   Magnesium, % 0.27 
   Phosphorus, % 0.31 
   Potassium, % 0.89 
   Sodium, % 0.21 
   Sulfur, % 0.20 
   Copper, mg/kg 6.97 
   Manganese, mg/kg 56.51 
   Zinc, mg/kg 34.52 
   Iron, mg/kg 111.26 
   Molybdenum, mg/kg 0.64 

1Liquid supplement provided in a molasses suspension: 3.72% NPN (urea), 14.07% Calcium, 
0.11% Phosphorus, 1.81 % Potassium, 110,000 IU/kg vitamin A, 9.4 IU/kg vitamin E, and 440 
g/metric ton of monensin (Rumensin 90, Elanco Animal Health, Greenfield, IN, USA).  
2NEg = Net energy for gain.  
3NEm = Net energy for maintenance.  
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Table 2.2. Influence of trace mineral source on in vitro initial and final pH and trace mineral 
solubility after 24 hours of incubation in deionized water at 39°C. (Experiment 1) 

Item 
Treatment 

SEM3 P < 
HTM1 STM2 

Initial pH     
    Cu 8.16 5.54 0.5 0.03 
    Mn 7.60 6.10 0.3 0.01 
    Zn 7.32 6.17 0.2 0.01 
Final pH     
    Cu 5.82 4.18 0.3 0.10 
    Mn 6.75 4.98 0.4 0.16 
    Zn 6.16 4.55 0.3 0.07 
Solubility (%)4     
    Cu 1.34 70.35 13.1 0.01 
    Mn 13.88 93.75 15.1 0.01 
    Zn 3.13 98.23 17.4 0.01 

1HTM = 0.025g of Cu from CuOHCl, 0.025g of Mn from MnOHCl, and 0.025g of Zn from 
ZnOHCl were incubated in 50mL of deionized water for 24 hours at 39°C. 
2STM = 0.016g of Cu from CuSO4, 0.022g of Mn from MnSO4, and 0.039g of Zn from ZnSO4 

were incubated in 50mL of deionized water for 24 hours at 39°C. 
3SEM = standard error of the mean. 
4Solubility of each element following a 24-hour incubation in deionized water at 39°C
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Table 2.3. Influence of trace mineral source on copper, manganese, and zinc concentrations of ruminal fluid and digesta fractions on 
day 1 and day 14 of the experiment. (Experiment 2) 

Item4 
Day 

SEM3 
P= 

Day 1 Day 14 
HTM1 STM2 HTM1 STM2 Trt Day Hour Trt*Day 

Digesta, 
mg/kg          
  Cu 29.70 30.02 22.41 25.70 2.6 0.611 0.085 0.152 0.650 
  Mn 127.10 162.06x 141.21a 234.04b,y 21.7 0.217 0.013 0.924 0.087 
  Zn 153.91 153.98 187.62 210.20 20.1 0.724 0.058 0.757 0.625 
Soluble, 
mg/L          
  Cu 0.78 0.71x 0.83 0.98y 0.05 0.684 0.007 0.543 0.055 
  Mn 2.80 2.74 1.89 2.27 0.26 0.769 0.002 <0.001 0.294 
  Zn 1.93 1.90 3.11 3.70 0.31 0.637 <0.001 0.038 0.124 

1HTM = 10 mg Cu/kg DM from CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg Zn/kg DM from ZnOHCl. 
2STM = 10 mg Cu/kg DM from CuSO4; 40 mg Mn/ kg DM from MnSO4; 60 mg Zn/kg DM from ZnSO4. 
3 SEM = standard error of the mean. 
4The interaction of hour post-feeding (0, 2, and 4 h) or the interaction of hour post-feeding x treatment x day were not significant 
sources of variation in the model. Therefore, mineral concentrations were averaged for hour of sampling within a day.   
a,bDifferent superscripts indicate a significant difference between treatments within day; P-value < 0.10. 
x,yDifferent superscripts indicate a significant difference between days within the same treatment; P-value < 0.05.  
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Table 2.4. Influence of dialyzing rumen solid contents against EDTA-Tris buffer for 22 hours on the remaining copper, manganese, 
and zinc content of rumen solid digesta collected, averaged across 0, 2, and 4 hours post-feeding, on day 1 and day 14 of the 
experiment. (Experiment 2) 

Item4 
Day 

SEM3 
P= 

Day 1 Day 14 
HTM1 STM2 HTM1 STM2 Trt Day Hour Trt*Day 

Digesta, mg/kg          
  Cu 15.92 14.51 22.08 10.94 3.5 0.181 0.755 0.447 0.245 
  Mn 17.80 18.63 21.96 25.15 1.6 0.579 0.016 0.026 0.560 
  Zn 9.61x 10.17x 20.06a,y 14.74b,y 1.5 0.102 <0.001 0.402 0.024 

1HTM = 10 mg Cu/kg DM from CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg Zn/kg DM from ZnOHCl. 
2STM = 10 mg Cu/kg DM from CuSO4; 40 mg Mn/ kg DM from MnSO4; 60 mg Zn/kg DM from ZnSO4. 
3 SEM = standard error of the mean. 
4 The interaction of hour post-feeding (0, 2, and 4 h) or the interaction of hour post-feeding x treatment x day were not significant 
sources of variation in the model. Therefore, mineral concentrations were averaged for hour of sampling within a day.   
a,bDifferent superscripts indicate a significant difference between treatments within day; P-value < 0.05. 
x,yDifferent superscripts indicate a significant difference between days within the same treatment; P-value < 0.05.
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Table 2.5. Influence of trace mineral source on copper, manganese, and zinc concentrations 
(mg/kg DM) in protozoa and bacteria associated with the liquid and solid phases of ruminal 
contents. (Experiment 2) 

Item 
Treatment 

SEM3 P = 
HTM1 STM2 

Protozoa     

  SRF4     

    Cu  82.91 95.42 4.1 0.149 
    Mn 401.71 358.97 42.8 0.654 
    Zn 484.17 458.72 18.2 0.666 
  PAO5     

    Cu 100.08 101.01 3.5 0.906 
    Mn 330.76 337.35 27.1 0.915 
    Zn 602.86 580.25 26.1 0.589 
Bacteria     

  SRF4     

    Cu 80.51 105.77 17.8 0.526 
    Mn 312.35 313.34 25.4 0.986 
    Zn 456.95 570.88 85.6 0.555 
  PAO5     

    Cu 75.68 73.55 6.0 0.879 
    Mn 321.35 288.84 19.4 0.445 
    Zn 547.08 480.49 30.7 0.318 

1HTM = Rumen contents were obtained from steers supplemented with 10 mg Cu/kg DM from 
CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg Zn/kg DM from ZnOHCl for at least 14 
days. 
2STM = Rumen contents were obtained from steers supplemented with 10 mg Cu/kg DM from 
CuSO4; 40 mg Mn/ kg DM from MnSO4; 60 mg Zn/kg DM from ZnSO4 for at least 14 days. 
3SEM = standard error of the mean. 
4Strained ruminal fluid. 
5Particle-associated microorganisms 
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CHAPTER 3 - TRACE MINERAL SOURCE INFLUENCES IN VITRO FERMENTATION 
CHARACTERISTICS AND TRACE MINERAL SOLUBILITY 

 

Summary 

Two experiments were conducted to determine: 1) the impact of strained rumen fluid (SRF) 

alone or SRF with particle-associated microorganisms (PAO) included and dilution on in vitro 

dry matter digestibility (DMD) and 2) the impact of trace mineral (TM) source on in vitro 

fermentation characteristics and TM solubility under simulated abomasal and intestinal 

conditions. In Experiment 1, three cannulated steers were adapted to a diet formulated to meet 

the nutrient requirements for lactating dairy cows. Strained RF was obtained by straining rumen 

content through 2 layers of cheesecloth. Half of the remaining digesta was washed with 

McDougall’s buffer and filtered through 2 layers of cheesecloth to obtain PAO. Both SRF and 

PAO were filtered again through 8 layers of cheesecloth. Strained RF was mixed with either 

McDougall’s buffer (SRF) or PAO (SRF+PAO) at a ratio of 1:2 or 1:4 and incubated at 39°C for 

12 h using the ground basal diet as the substrate. Digestibility of DM was greater in digestion 

tubes containing SRF and SRF+PAO at a 1:2 ratio. In Experiment 2, eight steers fitted with 

ruminal cannula were blocked by body weight and assigned to one of two treatment groups. 

Treatments consisted of 10 mg Cu, 40 mg Mn, and 60 mg Zn/kg DM from either: 1) sulfate 

(STM) or 2) hydroxychloride (HTM) sources. Steers were housed in individual pens and fed the 

same diet as described in experiment 1. Dietary TM treatments were mixed with dried distillers 

grains and mixed in the diet, by hand, immediately after basal diet delivery. Dietary treatments 

were fed for 14 d. On day 15,  SRF+PAO was collected from each steer (STM-RF and HTM-RF) 

and used in a series of in vitro crossover experiments. In vitro substrates (S) used were the 

ground diets consumed by the animals on each treatment (STM-S and HTM-S). Incubations 
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containing HTM-S had greater (P < 0.01) total VFA concentration and propionic acid molar 

proportions, but lesser (P < 0.01) acetic acid molar proportions than STM-S. Rumen fluid from 

steers supplemented with HTM had a greater (P < 0.03) total VFA than STM-RF at 24h post 

incubation. After 12 h post incubation, the molar proportion of propionic acid in HTM-RF was 

lesser (P = 0.04) than STM-RF. After simulated abomasal digestion, soluble Mn concentration in 

HTM-S was greater (P < 0.01) than STM-S. These data indicate that the source of trace minerals 

can influence in vitro rumen fermentation characteristics and Mn solubility under simulated 

abomasal conditions. 

Introduction 

Ruminal in vitro techniques are a widely used methodology in animal nutrition research 

for studying ruminal digestion and fermentation characteristics (Craig et al., 1984; Vinyard and 

Faciola, 2022). The ruminal in vitro method was first introduced by Tilley and Terry (1963), 

where a mixture of 10 mL of strained rumen fluid (SRF) and 40 mL of McDougall’s solution 

(McDougall, 1948) was used for incubation. This method is still widely used by many 

investigators examining rumen fermentation characteristics (Mabjeesh et al., 2000; Gifford et al., 

2021; Tangredi et al., 2023). However, particle-associated microorganisms (PAO) make up a 

major proportion of total rumen microorganisms. When PAO was combined with SRF 

microorganisms, greater fiber digestion, protein digestion, and enzyme activity were observed 

when compared to SRF and McDougall’s buffer mixture (Brock et al., 1982; Craig et al., 1984; 

Craig et al., 1987). Therefore, understanding the impact of PAO in combination with SRF is 

important when using an in vitro system to study the impact of dietary supplements on rumen 

fermentation characteristics.  
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Copper (Cu), zinc (Zn), and manganese (Mn) are essential trace minerals (TM), but 

excess amounts of these minerals can have negative impacts on rumen fermentation (Slyter and 

Wolin, 1967; Forsberg, 1978; Durand and Kawashima, 1980). Trace mineral source can 

influence TM solubility in the rumen and a higher concentration of soluble Cu and Mn has been 

reported to decrease in vitro rumen fermentation (Slyter and Wolin, 1967; Forsberg, 1978; Cao et 

al., 2000). Faulker and Weiss (2017) were the first to observe a greater fiber digestibility when 

hydroxy trace mineral (HTM) sources of Cu, Mn, and Zn were supplemented to lactating dairy 

cows compared to sulfate trace mineral (STM) sources. Furthermore, steers that received Cu, Zn, 

and Mn in STM had lesser fiber digestibility and total ruminal volatile fatty acid (VFA) 

concentrations compared to steers that received iso-concentrations of Cu, Zn, and Mn from HTM 

(Guimaraes et al., 2021). However, the mechanism(s) of the influence of soluble TM on rumen 

fermentation characteristics is unknown. Using in vitro techniques to investigate fermentation 

characteristics in the rumen and mimic different portions of the gastrointestinal tract to study 

mineral solubility is common practice and helps to provide some insight into the impact of trace 

mineral source on fermentation characteristics and mineral solubility. Historically, treatments of 

interest are typically added to the substrate used for in vitro fermentation, and rumen fluid from 

common donor animals, not receiving the treatments of interest is used. Therefore, two 

experiments were conducted to determine: 1) the impact of PAO inclusion in SRF and the ratio 

with McDougall’s buffer on in vitro dry matter disappearance (DMD) and 2) the impact of TM 

source on in vitro rumen fermentation characteristics and TM solubility in simulated abomasal 

and intestinal environments. We hypothesized that SRF containing PAO organisms with a lower 

dilution ratio with McDougall’s buffer would have greater in vitro DMD compared to RF 

without PAO and RF with a higher dilution ratio with McDougall’s buffer. For experiment 2, we 
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hypothesized that HTM sources of Cu, Mn, and Zn would have improved in vitro DMD, fiber 

digestibility, total VFA, and higher solubility in simulated abomasal and intestinal conditions 

compared to STM sources of Cu, Mn, and Zn. 

Materials and methods 

Ethical Statement 

Prior to the initiation of this experiment, all animal care, handling, and procedures 

described herein were approved by the Colorado State University Animal Care and Use 

Committee (CSU IACUC approval #1555 and #3574) 

Animals and Diets  

 Eight crossbred Angus steers (509 kg ± 10 kg BW; approximately 1.5 years of age) fitted 

with ruminal cannula were acclimated to a corn-corn silage-based diet described by Loh et al. 

(2024; basal diet: DM: 59.8%, CP: 16.29%, ADF: 18.63%, NDF: 31.08%, NEg: 1.08 Mcal/kg, 

NEm: 1.73 Mcal/kg, TDN: 71.39%, calcium: 0.95%, phosphorus: 0.31%, sulfur: 0.2%, copper: 7 

mg/kg, manganese: 56.5 mg/kg, and zinc: 34.5 mg/kg; Supplementary Table S1) for 21 days. The 

diet was formulated to meet or exceed NASEM (NASEM, 2021) requirements for lactating dairy 

cattle with the exception of Cu, Mn, and Zn.  

Experiment 1: In Vitro Method Evaluation 

Three steers were randomly selected from the steers described above for ruminal in vitro 

method evaluation. Rumen fluid collection methods were adapted from procedures described by 

Craig et al. (1984) with slight modifications as described below. The basal diet, described above, 

was collected, dried, and ground through a 2 mm screen using a Wiley Mill. Rumen contents 

from 3 cannulated steers were collected 2h post-feeding, squeezed through 2 layers of 

cheesecloth, and mixed to obtain strained ruminal fluid (SRF). Strained rumen fluid was filtered 

through 8 layers of cheesecloth and mixed with McDougall’s buffer at 1:2 and 1:4 ratios (SRF: 
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McDougall’s buffer) to generate 2 digestion solutions: SRF 1:2 and SRF 1:4. Half of the 

remaining rumen contents (digesta) from obtaining SRF were placed in thermoses containing 

pre-warmed (39°C) McDougall’s buffer. Pre-warmed McDougall buffer was used to rinse and 

flush the digesta to remove PAO from the solid digesta. The McDougall’s buffer-PAO solution 

(abbreviated as PAO) was mixed with SRF  at 1:2 and 1:4 ratios (SRF: McDougall’s buffer-PAO 

solution). The mixtures were then filtered through 8 layers of cheesecloth to generate other 2 

digestion solutions: SRF+PAO 1:2 and SRF+PAO 1:4. A total of 4 different digestion solutions 

were used in this experiment: 1) SRF 1:2, 2) SRF 1:4, 3) SRF+PAO 1:2, and 4) SRF+PAO 1:4 

(Figure 1).  Thirty milliliters of digestion solution were added into 50 mL conical tube 

containing 0.5 g of ground basal diet and incubated at 39°C for 12h (3 replicates/digestion 

solution; n = 12). After incubation, conical tubes were centrifuged at 2000 x g for 20 minutes and 

the supernatant was discarded. The pellet was dried at 60°C for 48h and DMD was determined. 

Experiment 2: Animals and Trace Mineral Supplementation 

Animals, trace mineral supplementation, and total Cu, Mn, and Zn intake are described in 

Loh et al. (2024). In brief, eight steers fitted with ruminal cannula were blocked by BW and 

assigned randomly to one of two treatment groups. Treatments consisted of 10 mg Cu, 40 mg 

Mn, and 60 mg Zn/kg DM from either 1) sulfate (STM) or 2) hydroxychloride (HTM). Steers 

were housed in individual pens equipped with automatic waterers and concrete feed bunks. 

Steers were fed the corn-corn silage-based diet, described in Experiment 1, once daily in the 

morning. Dietary TM treatments were mixed with dried distillers grains (200g) and mixed in the 

diet, by hand, immediately after basal diet delivery. Dietary treatments were fed for 14 d. On day 

15, rumen fluid was collected from each steer and used in a series of in vitro experiments.  
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In vitro incubations - rumen 

Prior to initiating the in vitro experiments, the basal diet was ground using a Wiley Mill 

fitted with a 2 mm screen. The ground basal diet was mixed with 10 mg Cu, 40 mg Mn, and 60 

mg Zn/kg DM from either: 1) STM (STM-S) or 2) HTM (HTM-S) and was used as the substrate 

for in vitro fermentation. Rumen fluid was collected from each steer (n=4/treatment) using the 

SRF+PAO method at a 1:2 (SRF:PAO) ratio on d 15 of the experiment as outlined in experiment 

1. Total volume of the digestion solution and substrate amount were modified to allow for DMD 

and NDF analysis. Briefly, 150 mL of SRF+PAO at 1:2 ratio (SRF: McDougall’s buffer-PAO 

solution) from each steer receiving STM (STM-RF) or HTM (HTM-RF) was added into 250 mL 

Erlenmeyer flasks containing 5.0 g of either STM-S or HTM-S in triplicate, using a cross over 

design (3 replicates/time point (0, 12 and 24 h)/substrate (STM-S or HTM-S)/8 steers (STM-RF 

or HTM-RF), n = 144; Figure 2). The digestion vessels were incubated for 12 and 24 h at 39°C 

with digestion vessel being hand swirled every 4 h. After each incubation time, the contents in 

250 mL Erlenmeyer were centrifuged at 2000 x g for 15 minutes. After centrifugation, 1.6 mL of 

supernatant was transferred into microcentrifuge tubes containing 0.4 mL of 25% 

metaphosphoric acid. The microcentrifuge tubes were then stored at -20°C until VFA analysis 

could be conducted. The remaining contents in each digestion tube were dried at 60°C and used 

to determine the digestibility of DM (DMD) and neutral detergent fiber (NDFD). DMD was 

calculated using the following equation: 
('(')'*+	-.'/0)#1.2*'('(/	-.'/0))

'(')'*+	-.'/0)
× 	100%. Dried samples 

were then ground using a pestle and mortar before NDF analysis using Ankom 200 Fiber 

analyzer (ANKOM Technology, NY, USA). 
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In vitro incubations - abomasum and intestine 

At the same time rumen contents were collected for in vitro incubation, a second 

sampling was conducted to determine the impact of TM source on Cu, Mn, and Zn solubility 

using a sequence of in vitro pH changes and enzyme additions to mimic the abomasal and 

duodenal environments. Diet preparation and rumen fluid collection were similar as previously 

described for the rumen in vitro incubation, with slight modifications. Briefly, after obtaining 

rumen fluid from the steers (HTM-RF or STM-RF; n=4/treatment), 30 mL of SRF+PAO at 1:2 

(SRF:PAO) ratio was added into 50 mL conical tubes containing 0.5 g of diet + substrate 

treatment (HTM-S or STM-S) and incubated at 39°C for 24 h (3 replicates/substrate source/8 

steers, n = 48). After the 24 h incubation, the 50 mL digestion tubes were centrifuged at 2000 x g, 

and then abomasal and intestinal digestion was mimicked by using procedures described by 

Ward and Spears (1993) with slight modifications. Briefly, abomasal digestion was simulated by 

adding a mixture of 1.5% pepsin (CAS 9001-75-6; Acros Organics) in 0.97 M HCl to 

fermentation vessels to lower the pH to 2.5. The acidified in vitro vessels were incubated for 2 h 

at 39°C. After the 2 h incubation, tubes were centrifuged at 2000 x g  for 15 minutes and 2 mL of 

the supernatant was removed to determine abomasal soluble Cu, Mn, and Zn concentrations. The 

pH of the remaining solution in the digestion tube was then increased to approximately 6.5 by 

the addition of 3.5% pancreatin (8 x USP; CAS: 8049-47-6; Sigma-Aldrich) in a 1 M NaHCO3 

solution. The mixture was mixed and incubated for another 2 h at 39°C. Following incubations, 

the mixture was centrifuged at 2000 x g to obtain supernatant fraction for mineral analysis. 

Mineral analysis 

Liquid samples were digested using an open vessel digestion method adapted from Edgell 

(1989) with slight modification. Briefly, 2 mL of samples and 2 mL of 70% nitric acid (trace 

element grade; ThermoFisher, Waltham, MA) were added into 15 mL conical tubes. The tubes 
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were left to stand at room temperature for 10 min and then incubated in a 70°C water bath for 4 h 

with occasional mixing. Two mL of 30% hydrogen peroxide was then added to each tube, and 

the tubes were left to react at room temperature for 10 minutes before being placed in a 70°C 

water bath for another 2h. All tubes were brought to a total volume of 10 mL with deionized 

water before analysis for Cu, Mn, and Zn using an atomic absorption spectrometer (PinAAcle 

500, PerkinElmer, Waltham, MA). 

Statistical analysis 

 Power calculation was reconducted with data obtained from experiment 1 using Russ 

Lenth’s power calculator (Lenth, 2006). All analyses in this experiment were performed using R 

Statistical software version 4.3.2 and packages within R (R Core Team, 2023). For experiment 1, 

a linear model was fitted. A Type III Analysis of Variance was conducted using Tukey HSD 

methods to investigate the interaction between method (SRF vs SRF+PAO) and ratio (1:2 vs 1:4) 

on in vitro DMD. For experiment 2, a linear mixed model was fitted with the restricted 

maximum likelihood method to investigate the effects of all two and three-way interactions with 

animals considered as the random variable (package lme4 ver. 1.1-32; Bates et al., 2015; 

Kuznetsova et al., 2017). Models from experiment 2 were analyzed with Type III Analysis of 

Variance (car ver. 3.1-1; John and Sanford, 2019) conducted using the Kenward-Roger method. 

Estimated marginal means between groups were estimated and pairwise comparisons were 

conducted using the emmeans package (ver. 1.8.5; Lenth et al., 2024). For all response variables, 

a p-value less than or equal to 0.05 was considered significant.  
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Results 

Experiment 1 (In Vitro Method Evaluation) 

 The power of this study is 0.86, by using n = 6, levels of treatment = 2, SD = 1.48, alpha 

= 0.05, and detectable contrast = 2.5. The influence of SRF and SRF+PAO and dilution ratio on 

in vitro dry matter disappearance is shown in Figure 3 (means, standard error of the means, and 

p-values for main effects and interaction are provided in Supplementary Table S2). There was a 

two-way interaction (P < 0.001) between method (SRF or SRF+PAO) and ratio (1:2 or 1:4). 

Following a 12 h digestion, SRF+PAO at a 1:4 ratio had a lesser (P < 0.001) DMD compared to 

SRF+PAO with 1:2 ratio and SRF with a 1:2 and 1:4 ratio. Strained rumen fluid at a 1:4 ratio 

with McDougall’s buffer has a lesser (P < 0.03) DMD compared to SRF and SRF+PAO at a 1:2 

ratio. Strained rumen fluid and SRF+PAO at a 1:2 ratio had similar (P = 0.94) DMD after 

incubation at 39°C for 12 h.  

Experiment 2 

 The influence of rumen fluid source and substrate trace mineral source of Cu, Mn, and Zn 

on in vitro DMD and NDFD is shown in Table 1. Dry matter disappearance and NDFD were not 

influenced (P > 0.2) by rumen fluid source, substrate treatment, or their interaction. 

The influence of rumen fluid source and substrate trace mineral source of Cu, Mn, and Zn 

on in vitro VFA composition is shown in Table 2. There were no three-way interactions (P > 

0.05) detected between rumen fluid source, substrate treatment, and time. Therefore, only two-

way interactions and main effects are reported. There was a rumen fluid source x substrate 

source interaction (P < 0.02) for total VFA molar concentrations and molar proportion of acetic 

acid and propionic acid. Fermentation vessels containing HTM-S had greater (P < 0.01) total 

VFA and molar proportions of propionic acid, but lesser (P < 0.01) molar proportions of acetic 
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acid than STM-S, averaged across time when rumen fluid from HTM-supplemented steers 

(HTM-RF) was used for incubation. There was also a rumen fluid x hour interaction observed for 

total VFA and molar proportion of acetic acid, propionic acid, and butyric acid. Steers receiving 

dietary HTM supplementation had greater (P = 0.0246) total VFA molar concentrations than 

STM supplemented group at 24 h post incubation, averaged over substrate treatment. The molar 

proportion of acetic acid at 0h was greater (P < 0.001) than at 12h and 24h in both STM-RF and 

HTM-RF, and greater (P = 0.001) at 12h compared to at 24h in HTM-RF. At 12 h post-

incubation, molar proportions of propionic acid in vessels incubated with HTM-RF were lower 

(P = 0.037) than molar proportions of propionic acid in vessels incubated with STM-RF. The 

molar proportion of propionic acid at 12h and 24h were greater (P < 0.001) than 0h in both STM-

RF and HTM-RF. The molar proportion of butyric acid at 0h was lesser (P < 0.001) than 12h and 

24h in both STM-RF and HTM-RF. The molar proportion of butyric acid at 12h was lesser (P = 

0.001) than at 24 h in HTM-RF. The molar proportion of isobutyric acid was greater (P = 0.009) 

in digestion vessels containing HTM-RF compared to digestion vessels containing STM-RF.  

 The effect of rumen fluid source and substrate treatment on in vitro simulated abomasal 

and intestinal TM solubility are shown in Table 3. There were no 2-way interactions between the 

rumen fluid source and substrate treatment (P > 0.20), therefore, only main effects are reported. 

Following in vitro simulated abomasal digestion of solid digesta, soluble Mn concentration in 

HTM-S was greater (P < 0.001) than in STM-S. Intestinal soluble Cu, Mn, and Zn concentrations 

and abomasal soluble Zn and Cu were not influenced (P > 0.05) by treatment.  

Discussion 

The present study compared in vitro DMD when incubated with SRF or SRF+PAO at a 

1:2 vs 1:4 ratio with McDougall’s buffer for 12 h. In general, a greater DMD was observed when 
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a 1:2 ratio of SRF with McDougall’s buffer or SRF+PAO was used compared to a 1:4 ratio 

dilution, and both 1:2 ratio of digestion solutions produced similar DMD. Dry matter 

disappearance was lower in SRF and SRF+PAO at a 1:4 ratio, with SRF+PAO having the lowest 

DMD. The improvement in dry matter digestibility observed in SRF or SRF+PAO with a 1:2 

ratio may be due to an increase in microorganism numbers and/or species that aid with digestion 

(Senshu et al., 1980; Craig et al., 1984; Craig et al., 1987). Although VFA was not analyzed in 

experiment 1, the utilization of PAO+SRF was suggested to generate a similar VFA pattern 

compared to in vivo experiments, which provides a better prediction of VFA composition 

(Senshu et al., 1980). In addition, a higher in vitro rate of fiber digestion was observed when 

PAO was incorporated (Craig et al., 1984). With the findings from current study along with 

previous literature, SRF+PAO at 1:2 ratio was used for experiment 2. 

In vitro DMD and NDFD were not influenced by TM sources in the current study, which 

is similar to the findings by Genther and Hansen (2015). Genther and Hansen (2015) 

supplemented different concentrations (low or high) and sources (STM or HTM) of Cu, Mn, and 

Zn through dietary inclusion for 12 d. They measured in situ DMD and NDF at 6, 12, 24, and 

36h and did not observe an effect of TM source on in situ DMD and NDFD. In contrast, lower 

NDFD was observed in lactating dairy cows (Faulkner and Weiss, 2017) and steers (Caldera et 

al., 2019; Guimaraes et al., 2021; Guimaraes et al., 2022) supplemented with STM compared to 

HTM-supplemented cattle. The discrepancies in findings between studies may be due to 

differences in TM supplementation concentration (5/10/20/25mg Cu, 15/20/32/40/60mg Mn, and 

30/35/60/12mg Zn/DM), technique used (in-situ degradability, total tract digestibility, or in vitro 

degradability), and diet composition (varies in fiber and starch proportions; Genther and Hansen, 

2015; Faulkner and Weiss, 2017; Caldera et al., 2019; Guimaraes et al., 2021; Guimaraes et al., 
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2022). In addition, the discrepancies in results may be due to the difference in the liquid-to-solid 

ratio between in vivo studies and the in vitro model used in this study. Studies conducted by 

Reynolds et al. (2004) and Park et al. (2011) reported a liquid-to-solid ratio of approximately 6:1 

in early lactation  dairy cows. The liquid-to-solid ratio in the current study was 30:1, which was 

5 times more diluted than the rumen environment of lactating dairy cows. A more diluted liquid-

to-solid ratio may impact in vitro response variables. Future in vitro experiments should take into 

consideration the rumen liquid-to-solid ratio.  

 Total VFA molar concentrations were lesser by approximately 20% in STM-S compared 

to HTM-S when HTM-RF was used for incubation. The total VFA molar concentration in the 

digestion vessel incubated with HTM-RF is greater than digestion vessels incubated with STM-

RF by approximately 40% at 24h post incubation. The in vitro data from the current experiment 

suggest that both long-term (rumen fluid source) and short-term (substrate treatment) HTM 

supplementation improved total VFA production. Previous research reported greater total VFA in 

the rumen of steers supplemented with HTM compared to STM when fed a dairy-type diet 

(Guimaraes et al., 2022) and medium-quality grass hay diet (Guimaraes et al., 2021). This study 

also observed a lower acetic acid molar proportion and a higher molar proportion of propionic 

acid in HTM-S. This suggests an increase in starch digestion was occurring in HTM-S (Bannink 

et al., 2006). The molar proportion of butyric acid was not influenced by TM treatment in this 

study, which is similar to previous findings reported by Guimaraes et al. (2022). In contrast, 

studies conducted by Guimaraes et al. (2021) and Daniel et al. (2020) reported a greater molar 

proportion of butyric acid in the rumen fluid of steers supplemented with STM. 

Soluble Mn concentration was greater in HTM-S by about 7% than STM-S following 

simulated abomasal digestion, which may indicate more Mn from HTM may be more available 
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for absorption by the small intestine after immediate release from the abomasum into the 

duodenum. However, in vitro soluble Mn concentration did not differ across treatments 

following simulated intestinal digestion. This suggests that Mn from both sources may be 

similarly soluble and available for absorption after the increase in pH in the later portions of the 

small intestine. In contrast, soluble Cu and Zn concentrations were not affected by the treatment 

following simulated abomasal digestion. The solubilities of Cu and Zn from this study are 

supported by previous in vitro studies conducted by Spears et al. (2004) and Cao et al. (2000). 

These researchers reported similar solubility for Cu and Zn from different sources when HCl was 

used to lower the pH of the solution in vitro.  

Conclusion  

Factors impacting Cu, Mn, and Zn solubility in different portions of the gastrointestinal 

tract of beef cattle are extremely complex and challenging to study. The current experiment 

utilized rumen fluid from animals that had received dietary treatments of interest prior to 

extracting the rumen fluid for in vitro use. Data indicate that rumen fluid obtained from cattle 

receiving different trace mineral sources prior to collection impacted fermentation characteristics 

and solubility as indicated by a rumen fluid x substrate interaction. Furthermore, these data also 

indicate that using different dilutions of rumen fluid to buffer ratio and the microbial 

composition of the rumen fluid used for in vitro analysis can alter DMD. Future research is 

needed to investigate the mechanisms by which trace minerals are solubilized, absorbed, and 

metabolized in the digestive tract of beef cattle. A better understanding of trace mineral solubility 

in the gastrointestinal tracts will allow for more accurate trace mineral supplementation to 

ruminants. 
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Tables and Figures 

 

Figure 3.1. Experimental design for experiment 1. 
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Figure 3.2. Experimental design for experiment 2. 1Rumen fluid was collected from steers that 
received the following dietary TM treatment for 14 days: HTM-RF = 10 mg Cu/kg DM from 
CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg Zn/kg DM from ZnOHCl; STM-RF = 
10 mg Cu/kg DM from CuSO4; 40 mg Mn/ kg DM from MnSO4; 60 mg Zn/kg DM from ZnSO4. 
Rumen fluid was used as the digestion solution for the in vitro experiment. 2Total mixed rations 
were mixed with the following treatment and used as the substrate for in vitro fermentation 
vessels: HTM-S = 10 mg Cu/kg DM from CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg 
Zn/kg DM from ZnOHCl; STM-S = 10 mg Cu/kg DM from CuSO4; 40 mg Mn/ kg DM from 
MnSO4; 60 mg Zn/kg DM from ZnSO4. 
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Figure 3.3. Influence of strained rumen fluid (SRF) or SRF with particle-associated 
microorganisms (PAO) and dilution ratio on in vitro dry matter disappearance after incubation at 
39°C for 12 hours. 1Methods: SRF = Strained Rumen fluid; or SRF + PAO = Strained Rumen 
fluid + particle-associated microorganisms. 2Ratio: 1:2 =  Strained Rumen fluid: McDougall’s 
buffer or Strained Rumen fluid: particle-associated microorganisms, 1:2 ratio; or 1:4 =  Strained 
Rumen fluid: McDougall’s buffer or Strained Rumen fluid: particle-associated microorganisms, 
1:4 ratio. a,b,c = Means with different superscript differ; p-value < 0.05. 
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Table 3.1. Influence of trace mineral source on dry matter (DM) and neutral detergent fiber (NDF) digestibility from rumen fluid 
obtained from canulated beef steers receiving either hydroxy or sulfate trace mineral sources of copper, manganese, and zinc 
(Experiment 2). 

Item 

Rumen Fluid1 

SEM3 

P = HTM-RF STM-RF 
Substrate2 

HTM-S STM-S HTM-S STM-S 
Rumen 
fluid 

source 
Time 

Substrate 
source 

Rumen 
fluid 

source x 
substrate 
source 

Rumen 
fluid 

source x  
Time 

N4 = 24 24 24 24       
DM 
Digestibility, % 

          

  12h 49.36 49.92 50.19 52.98 1.2 0.893 <0.001 0.414 0.323 0.079 
  24h 61.15 62.82 58.92 60.08 1.3      

NDF 
Digestibility, % 

          

  12h 38.75 39.67 40.52 46.04 1.7 0.387 <0.001 0.447 0.402 0.487 
  24h 56.76 55.48 56.17 54.14 1.3      

1Rumen fluid collected from steers that received the following dietary TM treatment for 14 days: HTM-RF = 10 mg Cu/kg DM from 
CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg Zn/kg DM from ZnOHCl; STM-RF = 10 mg Cu/kg DM from CuSO4; 40 mg Mn/ 
kg DM from MnSO4; 60 mg Zn/kg DM from ZnSO4. 
2Total mixed ration were mixed with the following treatment and used as the substrate for in vitro fermentation vessels: HTM-S = 
10 mg Cu/kg DM from CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg Zn/kg DM from ZnOHCl; STM-S = 10 mg Cu/kg DM 
from CuSO4; 40 mg Mn/ kg DM from MnSO4; 60 mg Zn/kg DM from ZnSO4. 
3SEM = standard error of the mean. 
4N = 24 (n = 12/Time (12h and 24h))   
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Table 3.2. Influence of trace mineral source on volatile fatty acid (VFA) from rumen fluid obtained from canulated beef steers 
receiving either hydroxy or sulfate trace mineral sources of copper, manganese, and zinc (Experiment 2). 

Item 

Rumen Fluid1 

SEM3 

P = HTM-RF STM-RF 
Substrate2 

HTM-S STM-S HTM-S STM-S 
Rumen 
fluid 

source 
Time 

Substrate 
source 

Rumen 
fluid 

source x 
substrate 
source 

Rumen 
fluid 

source x 
Time 

N4 =  36 36 36 36       
Total VFA, 
mM 

          

  0h 103.90 75.99 81.15 84.24 6.8 0.233 <0.001 0.016 0.029 <0.001 
  12h 245.74 162.29 184.24 179.44 14.3      

  24h 282.44 267.57 170.34 165.69 16.9      

VFA, 
mM/100mM 

          

  Acetic Acid           

    0h 59.51 61.12 59.84 59.93 0.55 0.372 <0.001 0.188 0.013 0.015 
    12h 52.85 56.75 52.26 50.32 0.64      

    24h 51.53 51.81 51.37 51.40 0.35      

  Propionic 
Acid 

          

    0h 27.75 27.05 27.11 27.19 0.39 0.217 <0.001 0.358 0.014 <0.001 
    12h 30.32 28.64 33.17 34.60 0.55      

    24h 30.71 30.35 33.27 33.17 0.41      

  Isobutyric 
Acid 

          

    0h 0.92 0.76 0.66 0.68 0.04 0.009 <0.001 0.105 0.096 0.485 
    12h 0.65 0.54 0.48 0.48 0.02      

    24h 0.70 0.72 0.53 0.52 0.02      
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  Butyric Acid           

    0h 11.82 11.07 12.38 12.20 0.34 0.635 <0.001 0.265 0.127 <0.001 
    12h 16.18 14.07 14.09 14.59 0.44  

    
    24h 17.06 17.12 14.83 14.91 0.37  

    
1Rumen fluid collected from steers that received the following dietary TM treatment for 14 days: HTM-RF = 10 mg Cu/kg DM from 
CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg Zn/kg DM from ZnOHCl; STM-RF = 10 mg Cu/kg DM from CuSO4; 40 mg Mn/ 
kg DM from MnSO4; 60 mg Zn/kg DM from ZnSO4. 
2Total mixed ration were mixed with the following treatment and used as the substrate for in vitro fermentation vessels: HTM-S = 
10 mg Cu/kg DM from CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg Zn/kg DM from ZnOHCl; STM-S = 10 mg Cu/kg DM 
from CuSO4; 40 mg Mn/ kg DM from MnSO4; 60 mg Zn/kg DM from ZnSO4. 
3SEM = standard error of the mean. 
4N = 36 (n = 12/Time (0h, 12h and 24h))   
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Table 3.3. Influence of trace mineral source on the solubility of trace mineral following simulated abomasal and intestinal digestion 

Item 

Rumen Fluid1 

SEM3 
P = HTM-RF STM-RF 

Substrate treatment2 

HTM-S STM-S HTM-S STM-S 
Rumen fluid 

source 
Substrate source 

Rumen fluid x 
Substrate 

n = 12 12 12 12     
Abomasal, mg/L         

  Cu 0.18 0.17 0.23 0.20 0.01 0.568 0.163 0.435 
  Mn 7.69 7.06 7.83 7.42 0.17 0.807 <0.001 0.407 
  Zn 2.06 1.83 2.17 2.11 0.08 0.427 0.389 0.562 
Intestinal, mg/L         

  Cu 0.30 0.32 0.38 0.39 0.01 0.067 0.059 0.563 
  Mn 1.21 1.34 1.46 1.45 0.04 0.132 0.409 0.382 
  Zn 1.99 2.00 2.11 2.04 0.04 0.712 0.642 0.455 

1Rumen fluid was collected from steers that received the following dietary TM treatment for 14 days: HTM-RF = 10 mg Cu/kg DM 
from CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg Zn/kg DM from ZnOHCl; STM-RF = 10 mg Cu/kg DM from CuSO4; 
40 mg Mn/ kg DM from MnSO4; 60 mg Zn/kg DM from ZnSO4. 
2Total mixed ration were mixed with the following treatment and used as the substrate for in vitro fermentation vessels: HTM-S = 
10 mg Cu/kg DM from CuOHCl; 40 mg Mn/ kg DM from MnOHCl; 60 mg Zn/kg DM from ZnOHCl; STM-S = 10 mg Cu/kg DM 
from CuSO4; 40 mg Mn/ kg DM from MnSO4; 60 mg Zn/kg DM from ZnSO4. 
3 SEM = standard error of the mean. 
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CHAPTER 4 – APPLICATION AND FUTURE DIRECTIONS 

 

 

 

Application 

Copper (Cu), manganese (Mn), and zinc (Zn) are essential microminerals, as known as 

trace minerals (TM), which are required in milligram amounts in the diet and assist with 

maintenance, development, and growth in cattle (NASEM, 2016). Supplementation of TM is 

critical for cattle in grazing, feedlot, and dairy operations to prevent TM deficiencies. However, 

over-supplementation of TM can lead to toxicities, so proper TM supplementation programs are 

important for the health and productivity of animals. Various forms of TM are available in the 

market, each with different chemical properties at different sections of the gastrointestinal (GI) 

tract, leading to variations in their bioavailability. There are many forms of TM available to be 

fed to cattle, which are categorized into organic (OTM) and inorganic TM (ITM; Clarkson et al., 

2021). The commonly used TM sources are in inorganic form, where the metal ion is ionically 

bound to non-metal such as carbonate, chloride, oxide, and sulfate (Arthington and Ranches, 

2021; Clarkson et al., 2021). Inorganic TM is frequently used in livestock diets and the 

formulations of mineral supplements as it is cheaper and more available on the market (Greene, 

2000; Arthington and Ranches, 2021). However, ITM is generally less bioavailable and less 

stable compared to other forms of TM (Arthington and Ranches, 2021). Across various forms of 

ITM, sulfate and chloride have the highest bioavailability, followed by carbonates, and oxides 

being the least bioavailable form for cattle (Arthington and Ranches, 2021). Organic trace 

minerals generally refer to OTM that are covalently bound to an organic ligand, such as amino 

acid. Organic TM offers higher bioavailability in nonruminants, but its advantages in ruminants 
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are still unclear as the effect of supplementing OTM to cattle on grazing systems has been highly 

variable (Kabaija and Smith, 1988; Ahola et al., 2004; Marques et al., 2016).  

Hydroxychloride TM (HTM) is a relatively new form of ITM, but unlike traditional ITM, 

HTM complexes are formed by covalent bonds, which contribute to OTM-like properties 

(Arthington, 2015). The differences in chemical properties of different TM sources can influence 

their bioavailability and efficacy as supplements. Solubility plays a big role in determining 

bioavailability as it allows the minerals to be released from a more complex compound into its 

ionic form, which could be absorbed into the bloodstream of the animals (Ibrahim et al., 1990; 

Underwood and Suttle, 1999; Clarkson et al., 2021). Studies conducted by Spears et al. (2004) 

and Cao et al. (2000) showed that Cu and Zn from Cu sulfate were soluble in water while Cu and 

Zn from tribasic Cu chloride (hydroxy) were almost insoluble in water. To our knowledge, no in 

vitro study was conducted to compare the solubility of Mn from different sources. In order to 

understand the impact of different sources on the solubility of Cu, Zn, and Mn in water, 

experiment 1 in chapter 2 of this dissertation incubated Cu, Mn, and Zn from sulfate (STM) and 

hydroxychloride (HTM) in water for 24 hours to compare the solubility of Cu, Zn, and Mn from 

different sources. The result from this study indicated that Cu, Mn, and Zn had lower solubility 

when incubated in water, which can be the indicator of the solubility of these elements in the 

rumen. Although TM solubility in the rumen is lower than in the in vitro model due to the 

complexity of the rumen environment, in-vitro solubility is still a good indicator of the solubility 

of TM in the rumen (Clarkson et al., 2021; Vigh et al., 2023). Additionally, we observed that Mn 

from HTM had a greater solubility in water when compared to Cu and Zn from HTM, which we 

think is due to the difference in the number of protons between Mn (~25), Cu (~29), and Zn 

(~30). The solubility of TM in the rumen can play a big role in determining the bioavailability of 
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the elements. Mineral interactions, specifically antagonistic interaction, can reduce the retention 

and bioavailability of minerals. Iron (Fe), molybdenum (Mo), and sulfur (S) are the commonly 

known elements that are antagonistic to Cu, where they can reduce the availability of Cu for 

absorption and/or the availability of Cu for metabolism. Copper bioavailability will primarily be 

affected by the three-way interaction between Cu, molybdenum, and sulfur (Dick, 1954; Hogan 

et al., 1968; Kline et al., 1971; Suttle, 1977; Suttle, 1991). The presence of microorganisms in the 

rumen rapidly reduces sulfate (from consumption of water, soil, or diet) into sulfide, which can 

then react with molybdate to form thiomolybdates (TMD; Dick et al., 1975; Gooneratne et al., 

1989; Gould and Kendall, 2011). Thiomolybdates can then combine with Cu to form insoluble 

Cu-TMD in the rumen, which will limit the absorption of Cu (Dick et al., 1975). Thiomolybdates 

before binding to Cu are soluble and can be absorbed into the body. Thiomolybdates in the 

bloodstream are “Cu hungry.” They will bind to any free Cu ion available and form insoluble Cu-

TMD, hence leading to the reduction in Cu uptake by cells or binding to Cu-containing enzymes 

for their functionality (Dick et al., 1975; Gould and Kendall, 2011; López-Alonso and Miranda, 

2020). In addition, TMD will also increase the secretion of Cu in sheep through bile and kidney, 

and remove Cu from Cu metalloenzymes (Gooneratne et al., 1985; Kumaratilake and Howell, 

1989; Suttle, 1991). In addition, high dietary iron greatly reduces Cu concentration in the liver 

and plasma (Bremner et al., 1987; Phillippo et al., 1987). One potential mechanism by which 

iron could decrease Cu bioavailability is by reacting with sulfide and Cu in the rumen and 

forming Cu complexes that are not absorbable by the animals, but no evidence is available to 

support this hypothesis (Standish and Ammerman, 1971; Gould and Kendall, 2011; López-

Alonso and Miranda, 2020).  
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Experiments to compare TM solubility in the rumen from different TM sources have used 

in vitro techniques or in vivo bolus dose models to investigate TM ruminal solubility. Limited 

research has investigated the impact of TM sources on these parameters through dietary 

inclusion. The current study utilized dietary inclusion for TM supplementation to simulate real-

life applications and investigated solubility and fermentation characteristics using a cross-over 

design to have a deeper understanding of the relationship between rumen microbes and TM. By 

analyzing the solubility and the binding strength of TM in the rumen in experiment 2, we have a 

better understanding and estimation of the amount of soluble TM in the rumen which can 

potentially negatively impact microbial fermentation in the rumen. We also analyzed the TM 

concentration in the protozoa and bacteria to better understand the distribution and the role of the 

TM in the rumen. We observed Zn and Mn have different solubility coefficients and binding 

strengths in the rumen of steers being fed different source of TM, which is similar to previous 

published studies.  

 In experiment 4, we utilized the same set of steers from experiment 2 and conducted an in 

vitro experiment by obtaining rumen fluid from the same steers after 14 days of supplementation 

with sulfate or hydroxy source of TM. Before the initiation of the in vitro project, we conducted 

a pilot study to test a different in vitro digestion method. In this method, we incorporated the 

particle-associated microorganisms (PAO) in our strained rumen fluid (SRF) and used either 1:2 

or 1:4 dilution (SRF or SRF+PAO: McDougall’s buffer) with McDougall’s buffer. Since SRF at 

1:4 dilution (SRF: McDougall’s buffer) was first proposed by Tilley and Terry (1963), many 

studies are still utilizing this method (Mabjeesh et al., 2000; Gifford et al., 2021). However, 

when PAO was combined with SRF microorganisms, greater fiber digestion, protein digestion, 

and enzyme activity were observed when compared to SRF and McDougall’s buffer mixture 
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(Brock et al., 1982; Craig et al., 1984; Craig et al., 1987). In the current study, a greater dry 

matter disappearance (DMD) was observed when a 1:2 ratio of SRF or SRF+PAO to 

McDougall’s buffer was used compared to a 1:4 ratio dilution (SRF or SRF+PAO: McDougall’s 

buffer). Strained rumen fluid + PAO: McDougall’s buffer at a 1:4 ratio had the lowest DMD in 

the current study. Although we did not analyze VFA, the utilization of PAO+SRF was suggested 

to generate a similar VFA pattern compared to in vivo experiments (Senshu et al., 1980). With 

these findings, we decided that SRF+PAO at a 1:2 ratio would be the best approach for the 

subsequent in vitro experiments. These data could serve as a reference for future research in 

deciding which type of in vitro digestion solution to use when examining fiber digestion in 

rumen fluid.  

In the experiments in Chapter 3, we utilized a cross-over study design to investigate the 

dietary effect (long-term effect) and short-term effect of TM source on solubility and 

fermentation characteristics. Trace mineral supplementation via dietary inclusion was considered 

the long-term effect, which can potentially change the rumen environment, while the short-term 

effect was the addition of the TM supplement into the in vitro digestion tube at the time of 

incubation (Figure 3.1). Historically, treatments of interest were typically added to the substrate 

used for in vitro fermentation and incubated with rumen fluid from common donor animals that 

were not receiving the treatments of interest. The current experiment utilized rumen fluid from 

animals that had received the dietary treatments of interest prior to extracting the rumen fluid for 

in vitro use. In current study, total VFA molar concentrations were lesser by approximately 30% 

in STM-S compared to HTM-S when HTM-RF was used for incubation. The in vitro data from 

the current experiment suggest that both long-term (rumen fluid source) and short-term (substrate 

treatment) HTM supplementation improved total VFA production. The molar proportion of VFA 



 131  

also changed when different sources of TM were used. Current studies suggest that short-term 

HTM could lead to a higher proportion of carbohydrate fermentation. We also evaluated the TM 

solubility in the abomasum and intestine by using the in vitro models. We observed a higher 

soluble Mn under simulated abomasal conditions which suggests Mn may be more available for 

absorption by the small intestine after immediate release from the abomasum into the duodenum. 

However, future researchers should pay attention to the liquid-to-solid ratio. In current study, the 

liquid-to-solid ratio was 30:1, which was 5 times more diluted than the rumen environment of 

lactating dairy cows (6:1). 

Future Directions 

The results from current study are inconsistent when compared to previous literature 

published on this topic. Future research should be conducted to investigate the relationship 

between TM source, rumen digesta, metal solubility, and bioavailability. Longer term studies to 

investigate the interaction of TM source with rumen environments are needed to understand the 

distribution of TM within the microbial community, solubility, redox potential, and fermentation 

characteristics. Furthermore, more research is also needed to investigate the mechanisms by 

which TM is solubilized, absorbed, and metabolized in the digestive tract of beef cattle. A better 

understanding of TM solubility in the gastrointestinal tracts will allow for more accurate TM 

supplementation to ruminants. There are a few models that we can utilize to study TM 

absorption, storage, and metabolism in live ruminants. As the knowledge we currently have on 

mineral metabolism is based on yeast, mice, and human models, more study in ruminants is 

required in order to properly supplement the animals. The interaction between feed particles, 

microorganisms, minerals, and their antagonist should be investigated to understand the 

variability that exists. 
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Trace element supplementation in ruminants is still challenging, especially Cu 

supplementation, due to the narrow window between toxicity and deficiency (Strickland et al., 

2019; López-Alonso and Miranda, 2020; Abramowicz et al., 2021; Borobia et al., 2022). The 

optimum level of TM supplementation is still widely discussed to maximize animal performance 

without causing toxicity and deficiency, especially when performance-maximization 

technologies (direct-fed microbial, beta-agonists, steroids, feed additives, and more) are utilized. 

As previous research suggests, there is an interaction of TM with those compounds (Messersmith 

et al., 2021; Henderson et al., 2024; Hong et al., 2024). Without detailed knowledge of TM 

absorption, storage, and metabolism understanding, the interpretation of these research data is 

limited. Utilizing the yeast, mice, and human models to explain TM in ruminants is not 

appropriate, as ruminants have a unique digestive system (reducing environment in the rumen), 

which can contribute to alterations in TM availability to the animal. There are multiple 

technologies that can be used to investigate TM metabolism, which were discussed in Chapter 1.  

Cell culture can serve as a great tool to investigate nutrient absorption and/or metabolism 

on a cellular level, as we will have the ability to isolate single cell out from the whole tissues. 

However, the variation between cell cultures is something worth paying attention to, as there are 

always some differences in permeability between Caco-2 cells from different laboratories 

(Artursson and Borchardt, 1997). For ruminants, there is no commercially available cell line such 

as Caco-2 cells. In order to investigate nutrient metabolism accurately, we need to use 

enterocytes and hepatocytes harvested from ruminants (bovid or ovis) to understand the 

mechanism of nutrient absorption, storage, and metabolism in ruminants. After establishing the 

stable cell lines, different doses of TM can be added into the media, and we can measure viable 

cells, TM concentration in the media and cell after incubation, and also harvest the cell to 
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examine the “-omics”. There are limited studies that have successfully cultured enterocytes and 

hepatocytes from bovid and ovis tissues, and the reproducibility of the procedure is challenging 

in different laboratories (Loret et al., 2009; Hamilton et al., 2018; Zhang et al., 2021). 

Other than cell culture, there are other methods that are considered more “traditional” and 

relatively more expensive. One of the methods is feeding trials, where we separate the animals 

into different groups, and feed them different levels of TM for a certain period. After the feeding 

period, intestinal, liver, and muscle tissues can be harvested during slaughter to investigate the 

differential expression of genes related to TM absorption. The differential expression of mRNA 

and different protein concentrations of transport-related proteins in those tissues along with TM 

concentration analysis could provide us with information on the mechanism of TM metabolism. 

This type of trial could be costly depending on sample size, feeding duration, and animal housing 

and care.  

Utilizing a Ussing chamber is another method that we can apply to investigate nutrient 

absorption at the tissue level, specifically intestinal tissue. Ussing chambers allow the researcher 

to maintain the viability of the tissues (and monitor viability over time) after harvest to measure 

transports of nutrients across multiple layers of tissues (Clarke, 2009). To utilize a Ussing 

chamber, we need to “clip” the harvested intestinal tissues as a flat sheet between 2 chambers, 

with one chamber facing the mucosal membrane and another chamber facing the serosal 

membrane (Figure 4.1; Clarke, 2009). By using Ussing chambers, we will be able to measure the 

amount and rate of nutrient uptake through the intestinal tissues and the rate of release from the 

intestine. After noticing the reduction in electric signal, which is an indication of the loss of 

tissue integrity, we could harvest the tissues and conduct transcriptomic and/or proteomic 

analysis. With all the information combined, we should be able to gain insight into TM 
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absorption in the small and large intestines. The challenges of using Ussing chambers are tissue 

viability and feed contamination, which can hinder the accuracy in predicting the amount and 

rate of nutrient absorption.   

One of my interests is also to investigate the mechanism of Cu, Mn, and Zn uptake and 

utilization in kidney, heart, brain, muscle, and other organs in ruminants. Among these elements, 

Cu has the ability to induce cell death when the concentrations exceed the threshold set in the 

cell. Some researchers have investigated the mechanism of Cu-induced cell death and suggest the 

potential of using Cu as a cancer treatment (Tsvetkov et al., 2022). Although cancer is not a 

concern in ruminant animals, the knowledge we gained in ruminant research (that was not widely 

researched in human or mouse models), can contribute to the pool of knowledge that not only 

benefits the food animal production industry but also contributes to other fields.  
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Figure 4.1. Ussing chamber design. Figure obtained from “A guide to Ussing chamber studies of 
mouse intestine” by Lane L. Clarke (2009) 
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APPENDICES 
 
 
 

Supplementary Table S3.1. Ingredient and nutrient composition of the basal diet.  
Item  
Ingredient, % dry matter basis  
   Corn silage 27.64 
   Cracked corn 34.40 
   Distiller’s grains 12.78 
   Alfalfa hay 10.91 
   Wheat straw 8.44 
   Liquid supplement1 5.00 
   Limestone 0.67 
   Salt 0.17 
Analyzed nutrient composition (DM basis)  
   DM, % as fed 59.8 
   Crude protein, % 16.3 
   Acid detergent fiber, % 18.6 
   Neutral detergent fiber, % 31.1 
   Ether extract, % 6.4 
   NEg, Mcal/kg2 1.08 
   NEm, Mcal/kg3 1.73 
   Calcium, % 0.95 
   Magnesium, % 0.27 
   Phosphorus, % 0.31 
   Potassium, % 0.89 
   Sodium, % 0.21 
   Sulfur, % 0.20 
   Copper, mg/kg 6.97 
   Manganese, mg/kg 56.51 
   Zinc, mg/kg 34.52 
   Iron, mg/kg 111.26 
   Molybdenum, mg/kg 0.64 

1Liquid supplement provided in a molasses suspension: 3.72% NPN (urea), 14.07% Calcium, 
0.11% Phosphorus, 1.81 % Potassium, 110,000 IU/kg vitamin A, 9.4 IU/kg vitamin E, and 440 
g/metric ton of monensin (Rumensin 90, Elanco Animal Health, Greenfield, IN, USA).  
2NEg = Net energy for gain.  
3NEm = Net energy for maintenance. 
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Supplementary Table S3.2. Influence of strained rumen fluid (SRF) or SRF with particle-
associated microorganisms (PAO) and dilution ratio on in vitro dry matter disappearance after 
incubation at 39°C for 12 hours. 

Item 
Method1 

SEM3 
P < 

SRF SRF+PAO Method Dilution 
Method x 
Dilution 

N4 =  6 6     
Ratio2       
   1:2 69.58 69.17 2.9 0.001 0.001 0.001 
   1:4 66.53 46.59     

1Methods: SRF = Strained Rumen fluid; or SRF + PAO = Strained Rumen fluid + particle-
associated microorganisms. 
2Ratio: 1:2 =  Strained Rumen fluid: McDougall’s buffer or Strained Rumen fluid: particle-
associated microorganisms, 1:2 ratio; or 1:4 =  Strained Rumen fluid: McDougall’s buffer or 
Strained Rumen fluid: particle-associated microorganisms, 1:4 ratio.  
3 SEM = standard error of the mean. 
4N = 6 (n = 3/ratio (1:2 and 1:4))  


