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CHAPTER I 

INTRODUCTION 

Copper is an essential trace mineral that is found in all living tissues. Its 

discovery as a trace element was made prior to the twentieth century when various living 

organisms containing metal compounds not previously suspected to be of biological 

importance were discovered. Two of these copper containing compounds are turacin, a 

red pigment found in the feathers of certain avian species, and hemocyanin, a copper 

containing compound found in the blood of snails (Underwood, 1977). The first 

evidence that copper is an essential nutritional element was released in 1924, when 

experiments with milk-fed rats demonstrated that supplementation with both Fe and Cu 

corrected anemia (Church, 1988). Later research has shown copper to play important 

roles such as constituents of metalloenzymes and blood proteins (McDonald, 1988), 

immune function enhancers, and animal growth promotants (Greene, 1996). 

Among the findings on the importance of copper in animal nutrition are the 

differences in copper affinity for various animal tissues and the different dietary animal 

requirements for copper. It is known that swine are tolerant to high levels of dietary 

copper, whereas cattle are moderately tolerant, and sheep are particularly susceptible to 

copper toxicity (McDonald, 1988). Of all animal products, oysters are known to contain 

the highest levels of copper, about 137 ppm on a dry matter basis (NAS, 1980). 

Copper levels in feed grains and forages vary tremendously due to differences in 

the geographic location of where the animal feeds are grown, and to species differences 
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of various crops and grasses, which are often times at levels of deficiency (NRC, 1989). 

Copper availability also tends to be higher in dry forages versus fresh forages, and higher 

in mature plants than in immature plants (Minson, 1990). It is for these situations that it 

has become a common practice to supplement livestock diets with copper. For many 

years livestock producers have used primarily inorganic sources of copper to supplement 

livestock diets. However, after recent developments of organic trace minerals, more 

attention has been focused on supplementing livestock with organic sources. Many 

research trials around the globe have shown that organic trace minerals may be better 

utilized by animals than the traditional inorganic sources. Such research has shown 

increased mineral retention, increased immune response, and improvements in overall 

growth performance with supplementation of organic minerals. However, conflicting 

research results have also shown no benefits to feeding organic trace minerals. In order 

to prove the theory of organic minerals and their mode of action on mineral metabolism, 

much more vital research is needed. 

The concept of organic trace minerals began when O'Dell and Savage (1957) 

identified an interaction between dietary zinc and protein sources in poultry diets. 

Organic trace minerals derive from physically binding, or chelating any trace mineral 

with an organic constituent. Organic minerals have become synonymous with the terms 

mineral chelates and proteinates. Proteins and amino acids are the primary organic 

constituents used in mineral chelates. The process of chelating trace minerals to an 

organic constituent involves the forming of two to six coordinate-covalent bonds between 

the trace mineral and the organic molecule. The amine and carboxyl groups of amino 
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acids and proteins freely bind to metal ions by coordinate-covalent bonds. The positively 

charged metal ion, the trace mineral, has a higher affinity for the highly electronegative 

organic constituent, thus creating a ligand between the two components (Greene, 1996). 

This ligand aids in maintaining the chelate, allowing the chelate to be carried intact into 

the mucosal cells of the small intestine and be absorbed. Mineral chelation is actually a 

natural process which occurs in soils, plants, and mammals. In mammals, minerals are 

ingested and extracted from ingested feeds, travel from the stomach into the duodenum 

of the small intestine, where they reside in their free Ionic state. The metal ion is then 

absorbed by an amino acid and proceeds to absorb through the mucosal lining of the 

duodenum into the blood stream. Once in the duodenum the minerals can also become 

absorbed by energy-dependent driven diffusion and passive diffusion. However, these 

absorptive processes are much slower and less effective than natural chelation. Through 

mineral research, scientists have discovered how to synthetically chelate minerals and 

amino acids prior to being ingested by the animal. And through this process the amino 

acids are directly absorbed and completely avoid energy-dependent driven and passive 

diffusion processes (Ashmead, 1993). 

The overall objective of this research was to measure the differences in overall 

metabolism of growing beef steers between copper sulfate and a copper amino acid 

chelate. More specifically, the objectives were to: (1) measure copper balance, nitrogen 

balance, protein digestibility, dry matter digestibility, organic matter digestibility, and 

inorganic matter digestibility by growing beef steers fed copper sulfate, a copper chelate, 

or a combination of copper sulfate with the copper chelate; (2) measure the effects of 
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copper sulfate or a copper chelate on in vitro dry matter and organic matter 

digestibility's, ammonia production and mmen pH; (3) determine the solubility and pH 

effects of copper sulfate or a copper chelate using mmen fluid or deionized water. 
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CHAPTER II 

REVIEW OF LFFERATURE 

Role of copper in animal health 

When trace minerals were first discovered to be essential constituents of living 

organisms, copper was among the first of these elements. Copper was first suspected in 

the late 1800's to be a primary component of pigments in feathers and hair. It was much 

later, in 1924, when copper deficiency was found to be linked to anemia. It was these 

discoveries, and many others since that have defined copper as a physiologically 

important element in animal health (Underwood, 1977). 

Copper is known to serve as a cofactor in many animal enzyme systems. It serves 

a critical role in some enzymes to aid in the enzymes catalytic step, while in other 

enzymes copper simply helps to preserve the protein stmcture. Some of the enzymes in 

which copper is involved are lysine oxidase, tyrosinase and cemloplasmin. Aortic 

mpture is a condition found in swine and avians which researchers have linked to the 

copper activated enzyme, lysine oxidase. Lysine oxidase is an enzyme that functions to 

form the crosslinks that help to maintain the integrity of an insoluble, flexible protein 

found in vascular tissue, elastin. Copper aids in activating lysine oxidase, and is bound to 

aortic lysine oxidase in its active state. With aortic mpture, a copper deficiency disables 

the elastin-dependent lysine oxidase, therefore causing the aorta to lose its elasticity and 

eventually mpturing major blood vessels, resulting in death. The cross links of bone 

collagen in bone cartilage are also very similar to the cross links of elastin (Nicholas and 
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Egan, 1975; Underwood, 1977). It is known that the solubility of collagen is inversely 

related to the degree of cross-linking. In 1969, researchers at Purdue University 

witnessed an increase in lysine oxidase activity and lower collagen solubilities in copper 

fed chicks vs. copper deficient chicks (Rucker et al., 1969). 

Another copper enzyme, tyrosinase, is responsible for pigment formation and for 

maintaining the integrity of wool. Copper is present in tyrosinase, which functions in 

forming disulfide cross-links between two cysteine molecules of polypeptide chains in 

the wool fiber (Nicholas and Egan, 1975). A lack of copper has been known to cause a 

lack in tyrosinase activity, resulting in wool that lacks integrity, or "crimp" (McDonald 

et al., 1988). Copper also plays a vital role with active enzymes involved in hemoglobin 

formation. A copper containing protein found in blood plasma, cemloplasmin, plays an 

important role in activating the transport of iron for the synthesis of hemoglobin. It is 

thought that cemloplasmin is an activator for the release of stored iron in the liver, in 

combination with the iron-transport protein transferrin. It is for this reason that copper 

and iron are believed to play dual roles in curing anemia (Nicholas and Egan, 1975). 

Probably the most important role that copper has in animal health is that of 

maintaining effective immune response. Immunoglobulins are a diverse group of 

proteins involved in antibody function (Voet and Voet, 1995). The production of 

immunoglobulin is controlled by an array of copper and zinc-activated enzyme systems 

(Ashmead, 1993). The subunits of immunoglobulin are connected by disulfide bridges 

(Voet and Voet, 1995), similar to that of wool fibers. Copper and tyrosine may also play 

an effective role in the disulfide bonds of immunoglobulin. A wealth of recent research 
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has focused on the importance of copper in the immune system. Woolliams et al. (1986) 

found an increase in resistance to bacterial infections in sheep when supplemented with 

copper than when not supplemented. They also found that bacterial infections within the 

gastrointestinal tract and lungs were more severe in copper deficient lambs (Woolliams 

et al., 1986). Feeder cattle with sufficient blood copper levels have also been known to 

have an increased response to shipping fever vaccinations than copper deficient cattle 

(Berger, 1997). Albion Laboratories performed an study on a Limousine cow-calf herd 

that had been experiencing annual calf mortality rates of 12% to 20% for two consecutive 

years. The study lasted two years, the first year calves were vaccinated with Clostridium 

bacterin/toxoids, rota-coronavims vaccine, killed IBR-PI3-BVD vaccine, and E.coli 

bacterin. At the end of the first year the herd still experienced an 18% calf mortality rate. 

At the beginning of the second year, the cow/calf herd was vaccinated as they were the 

previous year, but this time the herd was supplemented with copper, zinc and manganese. 

Results at the end of the second year showed only a 1% calf death loss (Ashmead, 1993). 

Research performed as far back as the 1950's and 1960's have shown increased 

growth in animals supplemented with copper. Barber et al. (1955) showed 4.31 kg 

increased weight gain in an eighteen week period in pigs fed diets containing 250 ppm 

copper over copper depleted pigs. In 1962, Wallace et al. (1962) showed increased 

weight gain during the first 6 weeks by starter pigs fed diets containing 250 ppm copper, 

as compared to the control diet. Performance continued to improve during the first six 

weeks of a growing phase when supplemented with 150 ppm copper. However, at the 
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end of the six week growing phase copper supplementation did not continue to improve 

weight gain (Wallace et al., 1962). 

Distribution of copper in the bodv 

The levels of copper found in body tissues is directly affected by the level of 

copper intake. In addition, the distribution of copper to the various tissues within the 

body varies between the species, breed, age, and genotype of the animal (Underwood, 

1977). For example, the Scottish Blackface Hill sheep is a naturally copper deficient 

breed (Woolliams et al., 1986). Ward and Spears (1994) also found that Charolais and 

Simmental cattle naturally have lower blood plasma copper levels than Angus cattle. 

Liver, brain, kidneys, heart, pigmented portion of the eye, hair, and wool 

accumulate the highest amounts of copper in most species. The pancreas, spleen, 

skeletal muscle, skin and bone contain moderate copper levels, while the thyroid, 

pituitary, prostrate and thymus are lowest (Church, 1988). 

Liver copper levels are the best indicator of copper status in animals. Liver 

copper concentrations on a dry matter basis range from 15 to 30 ppm for most 

monogastric animals and domestic avians. However, liver copper concentrations of 

mminants and ducks are almost ten times the concentrations for most avians and 

monogastrics (NRC, 1980). Liver copper in cattle is distributed unevenly, the caudate 

lobe tends to have higher concentrations than the dorsal or ventral lobes (Puis, 1989). 

Liver copper levels on a dry matter basis can range fi-om 100 - 400 ppm (NRC, 1989). 

Calves are bom with a storage of copper in the liver, which begins to accumulate after 
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180 days of gestation. The high liver copper concentration of the fetus and newborn calf 

occurs at the expense of the dam. Liver copper in sheep is evenly distributed, with 

adequate levels ranging between 25-100 ppm, on a dry matter basis. Copper does not 

accumulate in fetal liver of sheep to as high of a degree as in cattle, however fetal copper 

in sheep is still deposited in the later part of gestation. Ducks, geese and swans tend to 

accumulate more copper in the liver than that of chickens and turkeys. Mature swine 

tend to deposit more copper in the liver than do growing pigs (Puis, 1989). This may help 

to explain the results by Wallace et al. (1962) when copper supplementation failed to 

increase weight gain when pigs reached the finishing phase. 

Blood semm copper levels usually increase from the 3rd to the 5th month of 

gestation in cattle (Puis, 1989). Elevated blood semm levels are also experienced with 

human pregnancy. In a study with 31 pregnant women, blood semm copper increased 

from average nonpregnant levels of 1.2 |iig/ml to 2.7 jig/ml after the third month of 

pregnancy (Underwood, 1977). Colostmm tends to contain more copper than milk. Milk 

also tends to decrease in copper concentration with the length of lactation (NRC, 1989). 

The higher levels of copper in fetal liver during the later part of gestation, along with 

high copper levels of colostmm at gestation may help to explain the higher blood semm 

copper levels of the mother during pregnancy. Increased copper in blood, blood semm 

and blood plasma are usually indicative of increased transport of copper from the liver 

via blood proteins, particularly cemloplasmin. Human milk is considerably higher in 

copper concentration than cow's milk. Copper levels in human milk have ranged from 
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.24-.34 jxg/ml, as compared to a national average in cow's milk of .086 |ig/ml 

(Underwood, 1977). 

Serum and whole blood copper levels are usually very similar. Copper in whole 

blood is bound to a coloriess protein called erythrocuprein, containing about .34% 

copper. However, not all copper circulating in the blood is available to the animal. 

Blood semm copper levels have also been found not to be a reliable indicator of copper 

status in animals (Puis, 1989). Second to liver copper concentration, blood plasma 

copper is a reliable indicator of copper status, since most of the copper in blood is bound 

to cemloplasmin. The normal concentration of Cu in ruminant plasma is 0.6 to 1.1 |ig/ml 

(Minson, 1990). However, blood copper concentrations are more commonly reported for 

semm copper. Average blood semm levels for adequate copper status for different 

species are: adult male humans, 1.10 |ig/ml; adult female humans, 1.23 |xg/ml; cattle, 

.80-1.50 îg/ml; dogs, .20-.80 îg/ml; swine, 1.30-3.00 |ag/ml; sheep, .70-2.00 îg/ml; 

chickens, .08-.45 |ig/ml; geese, .22-.45 |Lig/ml (Puis, 1989). 

Copper absorption and excretion 

Copper absorption in most animals occurs in the small intestine. In vitro 

absorption studies using everted intestinal sacs from rats show that copper absorption in 

the small intestine was higher in the jejunum, lower in the proximal jejunum, and much 

lower in the ileum. In contrast to most animal species, sheep absorb most of their dietary 

copper in the large intestine (Solomons and Rosenberg, 1984). Copper absorption is 

believed to be regulated by intake and by a copper metalloprotein, metallothionein 
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(Underwood, 1977). Dietary copper is mostly present in complexes with organic 

constituents. It is believed that the acid pH of the stomach causes the complex to break, 

thus releasing the mineral in its ionic state. The element then binds to amino acids and 

oligopeptides secreted from alimentary secretions. This prevents the copper element 

from precipitating as insoluble copper hydroxide in the upper small intestine (Solomons 

and Rosenberg, 1984). Ionic copper is too toxic to remain in the body in substantial 

amounts, therefore it must be bound to organic constituents (Church, 1988). Once in the 

small intestine the bound copper is available for absorption by the mucosal cells. Once 

absorbed by the mucosa, metallothionein regulates the release of copper to the various 

tissues and organs. It has been proposed that metallothionein serves as a temporary 

storage site for excessive amounts of copper, where the copper resides for later demand 

by the body. Abnormal metallothionein synthesis and function is believed to be 

responsible for the high susceptibility to copper toxicity in sheep. Sheep may lack the 

ability to synthesize sufficient metallothionein, or sheep have an abnormal release of 

copper by metallothionein in the lysosomes of liver tissue (Richards, 1989). Once 

metallothionein releases copper from the mucosal cell, the copper can enter the blood 

plasma where it binds loosely to albumin and is delivered to tissues and organs, or can 

pass into the erythrocytes. After copper reaches the liver, it is either stored there or is 

bound to hepatic cemloplasmin and released into the blood semm for circulation (NRC, 

1980). 

In most species, the greater portion of actively excreted dietary copper is 

eliminated primarily via the bile in the feces. Most of the copper excreted in the feces is 
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unabsorbed copper (Underwood, 1977). Average percentages of daily dietary copper 

excreted by mminants in most studies range from 80-92% in feces and 1-3% in urine 

(Church, 1988). 

Dietary copper requirements 

Copper requirements for most species depends tremendously on the concentration 

of other interactive minerals. The two most important minerals related to copper 

requirements are molybdenum and sulfur. Sulfur and molybdenum have an antagonistic 

effect on the animal's copper requirement. A great deal of evidence has shown that 

molybdenum and sulfur form thiomolybdates that react with copper in the mmen, 

forming highly stable insoluble compounds that cannot be digested and absorbed (Ward 

et al., 1993). The antagonistic effects of minerals will be covered in more detail in the 

following sub-section. 

The dietary level of copper in beef cattle diets ranges from 8-15 mg Cu/kg diet 

(ppm), depending on the concentration of molybdenum and copper in the diet. The 

recommended level of copper in diets containing no more than .25 % sulfur and 2 ppm 

molybdenum is 10 ppm of copper. This amount of copper should be enough to prevent 

any antagonistic effects (NRC, 1996). Smart et al. (1986) showed that 10 ppm Cu was 

not sufficient in cows receiving a dietary sulfur level of .35 percent. As a general mle, 

copper requirements tend to increase as dietary levels of molybdenum and sulfur 

increase. The antagonism of molybdenum on copper metabolism is expediated by sulfur, 

often within physiological sulfur limits (NRC, 1996; Ward et al., 1993). As a result, it is 
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cmcial to keep copper and molybdenum at a specific ratio. The minimum Cu:Mo ratio in 

beef cattle diets is 3.0, an adequate ratio of 4.3, and the ideal ratio from 6.0-10.0 (Puis, 

1989) Over the years, the minimum recommended requirements for copper has 

increased as a result of a better understanding of the interactions of molybdenum and 

copper. For example, the 1976 NRC copper requirement for beef cattle was 4 ppm, 

compared to NRC's 1996 requirement of 10 ppm. 

Since sheep are so sensitive to copper toxicity, the Cu:Mo ratio in sheep diets 

should be carefully maintained. Sheep can acquire copper toxicity either by ingesting 

excessive amounts of copper or by eating diets deficient in molybdenum. The 

recommended Cu:Mo ratio should be no less than 2:1, but no greater than 10:1 (Puis, 

1989; Berger, 1991). The concentration of molybdenum in most feeds is 1-3 ppm. The 

recommended dietary copper requirement for sheep is 8-11 ppm (Berger, 1991). 

The minimum dietary requirement of copper for neonatal pigs is 6.0 ppm. 

Dietary copper levels of up to 250 ppm can maximize growth and be fed at the growing 

phase only. However, zinc (150 ppm) and iron (500 ppm) concentrations must also be 

high when feeding high levels of copper to growing pigs. It is also suggested that high 

levels of copper should not be fed to gestating sows, as the fetus may become susceptible 

to copper toxicity (Puis, 1989). 

Interaction of Copper with other minerals 

As already mentioned, molybdenum and sulfur concentrations can have an effect 

on copper metabolism. Any element that has similar physical, chemical, and electrical 
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properties has the ability to interact with copper. Some of the other well known 

interactive elements are iron, zinc, cadmium, silver and mercury. 

The copper-sulfur-molybdenum interaction is probably the most intriguing 

mineral interaction involving copper. It has been hypothesized that sulfates, sulfite, and 

sulfur containing amino acids in the mminant digestive system are degraded in the mmen 

to hydrogen sulfide (Van Soest, 1994). It is these sulfides that react with molybdate, and 

combining with copper to form a thiomolybdate (CUM0S4) anion (McDonald et al., 

1988). This anion then precipitates into an insoluble copper salt. The resulting copper 

salts are complexes that are poorly absorbed by the mucosa in the small intestine. It has 

also been considered that some thiomolybdates are directly absorbed into the 

bloodstream and mobilize tissue copper, resuhing in low concentration of copper in the 

liver (NRC, 1996; McDonald et al., 1988; Minson, 1990). In mminants, dietary sulfate 

exaggerates the antagonism of molybdenum on copper. With pastures containing very 

low sulfur (0.1-0.2%) and high rates of molybdenum, cattle continue to store copper in 

the liver. However, by increasing the amount of dietary sulfur, copper levels in the liver 

begin to decrease (Church, 1988). It is believed that tissue copper levels begin to deplete 

due to the absorption of the thiomolybdates or because copper is so tightly bound to an 

organic complex with molybdenum. In monogastrics, a totally opposite condition occurs 

as in ruminants with high concentrations of sulfates, and dietary sulfate actually lessens 

the copper-molybdenum interaction. It has been proposed that since monogastric 

animals don't have the bacterial fermentation capacity that mminants have, less sulfur is 

degraded by bacteria to sulfides. The higher amounts of undegraded sulfur in 
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nonmminants therefore antagonizes the absorption of molybdenum when high levels of 

molybdenum are ingested. The absorption of copper is not antagonized since tissue 

copper concentrations are generally high when high rates of molybdenum and sulfur are 

fed to nonmminants (Solomons and Rosenberg, 1984). 

Another condition that may have a direct effect on the molybdenum-copper 

interaction in mminants is the soil pH. The soil pH plays a tremendous role on the levels 

of minerals in forages, and the extent of antagonisms by molybdenum and iron. Dr. 

Cheryl Nockels, Colorado State University nutritionist, was quoted as saying that in 

alkaline soils molybdenum tends to have adverse effects on copper uptake by grasses, 

resulting in low copper status in grazing animals (Feedlot, 1997). 

The interaction of copper and zinc is less cleaHy understood than the interactions 

involving molybdenum, sulfur and copper. High levels of zinc have been known to 

negatively effect the copper status of animals. One postulation on the mechanistic effect 

of zinc on copper, is that high levels of zinc increases the levels of metallothionine in the 

intestinal mucosa. Metallothionein has a higher binding affinity for copper than zinc, 

resulting in tightly bound copper within the mucosal cell. Copper absorption across the 

mucosal membrane is actually increased, however the copper is bound so tightly that it is 

not transported and is sloughed off with mucosal cells in the fecal material (Ashmead, 

1982; Patterson et al., 1997). 

With zinc deficient rats plasma copper levels tend to be above normal but in 

copper deficient animals the plasma zinc levels remain constant. A hypothesis for this 

situation is that zinc must be absorbed by an active process and is not inhibited by 

16 

isutiMa^ 



copper, whereas copper must be passively absorbed and is inhibited by zinc. This is 

often seen even at physiological levels of copper and zinc. It is also believed that zinc 

and copper may involve the same transport protein, which has a higher affinity for zinc 

than for copper. If so, this could also support the increased adhesion of copper to 

metallothionein (Ashmead, 1982). 

In a 2 X 2 factorial study with stocker calves grazing oat pasture (Greene, 1995), 

average daily gain (ADG) was increased by 10.5% when zinc was supplemented alone, 

and ADG was decreased by 4% when copper and zinc were supplemented together. 

Pregnant rats fed diets with high concentrations of zinc experienced low copper 

concentrations in the fetuses. Puppies nursing on dams fed high levels of zinc 

experienced stunted growth, low liver and brain copper concentrations, and decreased 

cytochrome oxidase enzyme activity in the brain. However, supplementing with copper, 

while keeping the high zinc level constant alleviated the low copper levels in the 

mother's milk and liver (Solomons and Rosenberg, 1984). Albion laboratories 

(Ashmead, 1982) recommends a zinc:copper ratio of 15:1. 

Iron and copper are also mutually antagonistic. It is well known that copper and 

iron share the same transport protein in the intestinal mucosa, transferrin. Mucosal 

transferrin levels are generally increased during iron deficiency, resulting in increased 

copper absorption by the mocosal cells and increased binding of copper to transferrin. 

The copper is bound to transferrin so tightly that it cannot be released for essential 

biological processes. The higher affinity of copper for transferrin can cause animals to 

display symptoms of anemia, due to a lack of both iron and copper. For mminants, 
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another explanation for the iron-copper interaction is that iron may form ferrous sulfide 

complexes in the mmen. These sulfide complexes then react with the acidic pH in the 

abomasum, solubilize, and dissociate to form insoluble copper complexes (Patterson et 

al., 1997). 

Cadmium is believed to inhibit the absorption of copper by the duodenum more 

severely than zinc, silver, or mercury. Cadmium is also responsible for depositing 

absorbed copper in the blood, heart, and spleen and less copper m the liver. Other 

postulations by scientists conclude that cadmium has no effect on mucosal uptake of 

copper, but may block the transport of copper fi-om the mucosal cell. Cadmium and 

copper may perform similarly to the copper and zinc interaction by increasing 

metallothionein synthesis, increasing the amount of copper retained by metallothionein, 

and decreasing fecal copper excretion. Very little is known about the interaction of 

copper with silver and mercury, but it is believed that they antagonize copper absorption 

similar to that of zinc and cadmium (Solomons and Rosenberg, 1984). 

Copper deficiency and toxicity 

Since the early discoveries of copper in tissue pigments and copper's role in 

curing anemia, a great deal of attention has been directed toward dietary copper 

deficiency. In only the last 36 years have we begun to recognize copper deficiency in 

humans. This is partly a result of genetic disorders, but primarily due to the consumption 

of food and feed crops grown in copper deficient areas from around the worid. 

Coincidentally, the manifestations of copper disorders in humans has proven to be 
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remarkably similar to copper deficiency symptoms in animals. Subclinical copper 

deficiencies occur more frequently than most people and livestock producers realize. 

The presence of subclinical copper deficiency is eventually realized in the long run by 

experiencing decreased immune function, lower fertility rates, and depressed growth 

efficiency (Salt Institute, 1998; Prasad, 1982). 

Identifying a copper deficiency begins with observing livestock, analyzing the 

copper levels of the feed source, determining blood and liver copper levels, and 

observing the animal's response to copper treatment. The first step in identifying a 

copper deficiency involves looking for depigmentation of the hair around the animal's 

eyes and ears. Black-haired animals will turn reddish-brovm or mouse-colored. The hair 

will often look dry, kinky, lack luster, and shed slowly in the spring. Sheep are more 

sensitive to copper deficiency but also tend to display wool deformities, such as wool 

lacking crimp known as "steely" wool (Berger, 1998). 

If copper levels in the diet being consumed is below requirements, immediate 

measures should be taken to increase the copper level in the diet. However, if copper 

levels are sufficient but symptoms of deficiency are being identified, other interactive 

minerals should also be tested for in the diet. An abundance or lack of any of the 

minerals that interact with copper could very likely be responsible for a deficient copper 

status in the animal. 

In cattle, blood semm levels of 0.02-1.00 |Lig/ml or liver copper levels less than 

0.5-10.0 ppm on a dry matter basis are considered deficient. Clinical symptoms have 

occurred in dairy cattle with blood copper levels below 0.3 )ig/ml (Minson, 1990). 
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Deficient blood semm levels for sheep range from .10-1.00 |ig/ml and deficient liver 

copper concentrations range from 0.5 to 4.0 ppm on a wet basis. Swine are classed in a 

deficient copper status when blood semm ranges from 0.09-0.40 ppm and liver copper 

levels are between 0.3-1.02 ppm on a wet basis (Puis, 1989). Although the copper status 

in humans is different for different stages of growth and pregnancy, the normal blood 

semm concentration for a mature male and mature female are 1.10 and 1.23 ng/ml, 

respectively, and liver concentrations for a healthy adult human have shown to be about 

35 ppm, dry matter basis (Underwood, 1977). 

Copper deficiency symptoms are similar for most animals and humans. However, 

sheep tend to display some unique differences in deficiency symptoms. Some common 

symptoms in sheep are discoloration of black-fleeced sheep, a reduction in wool 

production, and ataxia or swayback in newbom lambs. Swayback, a demylinating 

disease unique to sheep, is experienced by newbom lambs bom to ewes that were 

deficient in copper during pregnancy. A deficient copper status of the dam during 

pregnancy prevents proper myelination of the spinal cord of the fetus due to depleted 

activity of the copper metalloenzyme cytochrome oxidase. This occurrence of swayback 

in newbom lambs has increased in Ireland, where a reduction in potato farming and the 

subsequent decreased use of copper-based fungicides and copper-fi-ee anthelmintics has 

created copper deficient pastures (Church, 1988). Aortic mpture is not a common 

deficiency condition in sheep (Nicholas and Egan, 1975). 

Some more common symptoms of copper deficiency in humans and animals are: 

anemia, abnormal bone formation, spontaneous bone fractures, low cemloplasmin 
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activity, reproductive failure, diarrhea, increased susceptibility to internal parasites, heart 

failure, cardiac and arterial aneurysms, and low reproduction due to delayed estms 

(Prasad, 1982; NRC, 1996). 

A genetic disease in humans discovered in 1962 called Menkes disease is linked 

to a genetic copper deficiency. Menkes disease patients often have white, brittle, twisted 

hair. This condition is believed to be similar to steely wool in sheep, both due to 

malformation of disulfide bonds in the hair fibers. Menkes patients also display a 

number of neurologic disorders such as hypothermia, seizures, and mental retardation. 

Some more common symptoms of Menkes disease are low semm copper, low 

cemloplasmin, normal red blood cell copper levels, low liver copper, increased intestinal 

copper levels and decreased urinary copper excretion, and overall growth failure (Prasad, 

1982). 

Copper deficiency can be corrected by first determining the actual cause of the 

deficiency, and then determining the levels of the other essential elements in the soil, and 

in feed brought from any outside source. Supplementing animal diets with any highly 

bioavailable inorganic or organic source of copper can help to prevent copper deficiency. 

Copper sulfate, copper chloride, and many copper chelates have been shown to be 

acceptable copper sources. However, with the exception of swine, copper oxide should 

not be used to supplement animal diets for copper, as copper oxide is very low in 

availability. It is believed that the more acid pH of the intestinal tract in swine allows 

them the ability to utilize insoluble copper sources, such as copper oxide (Thompson, 

1970). For cattle, feeding a free-choice mixture of salt and 0.20-0.50% copper from 
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copper sulfate has shown to be effective in preventing copper deficiency (Berger, 1998). 

Minson (1990) recommended a mineral supplement containing 1-2 g CuS04/kg for 

grazing cattle and sheep. 

Livestock are often susceptible to copper toxicity, as well. Copper toxicity can 

result from mistakes made in feed formulation by adding too much copper, or by adding 

deficient levels of interactive minerals, such as molybdenum, zinc, and sulfur (Berger, 

1991). Also, uneven mixing procedures of mineral supplements can cause an animal to 

consume toxic levels of copper. 

Copper toxicity has been proposed as a two-step process. The first step occurs 

with the animal accumulating large amounts of copper in the liver. The second step 

involves a sudden release of copper from the liver, thiis creating a sharp increase in blood 

serum copper levels, followed by hemolytic crises (lysing of the red blood cells). About 

six weeks prior to hemolytic crisis, reduced copper enzyme activity occurs in the liver, 

supporting evidence of liver malfunction due to high liver copper concentrations. 

Elevated blood plasma copper levels, about 10-to 20-fold, usually precede clinical 

symptoms by only 24-48 hours. Symptoms of copper toxicity are anorexia, excessive 

thirst and depression, loss of appetite, severe hemoglobinemia, anemia, and ictems. 

Sheep will often die within one to two days of the beginning of these symptoms (Berger, 

1991; McDonald et al., 1988). Hemolysis occurs possibly due to the high concentration 

of active copper in the blood being toxic to the red blood cells, causing oxidative injury 

to hemoglobin and the red cell membrane (Underwood, 1977). Copper can accumulate 
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in the liver over a period of a few weeks to more than one year with only subclinical 

signs of toxicity (Berger, 1991). 

Stress is often what causes the liver to release substantial amounts of copper into 

the bloodstream. It has been hypothesized that stress induces damage to the liver, liver 

cells die and are released into the bloodstream carrying stored copper. Shipping fever in 

sheep, and liver damage from internal parasites have been known to increase the 

animal's susceptibility to copper toxicity. British breeds of sheep in the mountainous 

regions of the western United States tend to have an increased incidence in copper 

toxicity during the fall and winter months with abmpt changes in the weather (Berger, 

1991). 

A condition in humans known as Wilson's disease is a genetic disorder beginning 

with increased liver copper accumulation at birth. The only diagnosis of Wilson's 

disease at birth is above normal liver copper concentrations and decreased cemloplasmin 

activity. At adolescence, most Wilson's disease patients experience a sudden release of 

copper from the liver. At this stage the patient may experience liver failure or severe 

necrosis of the liver. If the patient survives adolescence, the disease then progresses onto 

stage three when copper begins to accumulate in the cerebral section of the brain. Stage 

four, the patient begins displaying neurologic disorders including an abnormal gait, 

tremor, and loss of motor skill coordination. Wilson's disease patients may also 

experience tissue abnormalities, such as arthritis and rickets (Prasad, 1982). 

Toxic concentrations of copper in most animal diets depends to a large extent on 

the levels of molybdenum, sulfur, and iron in the diet. The maximum tolerable level of 
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copper in beef cattle diets is 100 ppm (NRC, 1996). Toxic concentrations of copper in 

the liver and blood semm (wet basis) of cattle are 250-800 ppm and 4.00-11.00 ppm, 

respectively. For svsdne, toxic levels of copper in the liver and semm (wet basis) are 150-

15,000 ppm and 4.50-77.00 ppm, respectively. Copper levels in sheep diets are 

approaching toxicity at >20 ppm. Liver and blood serum copper concentrations (wet 

basis) of sheep in copper toxicity status range from 250-1,000 ppm and 3.30-20.0 ppm, 

respectively (Puis, 1989). 

Copper toxicity can be prevented by ensuring accurate ration formulation and 

adequate feed mixing. Toxicity can also be avoided by paying close attention to the 

molybdenum, iron, sulfur and zinc:copper ratios in animal diets. Frequent soil mineral 

tests from grazing pastures and mineral tests performed on feed brought in from outside 

sources will aid in assuring proper dietary levels of essential minerals (Minson, 1990). 

Development of organic minerals 

The concept of metal chelation first evolved in the late 1800's when scientists 

first recognized that certain atoms existed in more than one valence state. However, 

these early scientists could not understand how atoms with more than one valence state 

could develop a stable compound. In 1893, a German chemist by the name of Alfred 

Werner defined these stable compounds as "complexes." These first complexes were 

identified as molecules with two points of attachment. In 1920, the term chelate was 

applied to these divalent complexes that were defined by Werner. The word "chelate" 

derived from the nature of attachment of the chelating molecule, also knovm as a ligand 
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or organic constituent, to the metal atom. The Greek word "chele" means lobster claw. 

Therefore, the ligand is believed to form a claw, or shield around the metal cation. This 

process helps to hold the cation together, protecting the metal cation from entering other 

chemical reactions. When this chelation process occurs, the chemical and physical 

characteristics of the cation and the ligand are altered. The metal chelate is actually a 

ring stmcture produced from the attraction caused between a positively charged metal 

atom and two or more active sites on a electronegative organic element, or ligand. In the 

1960's, scientists developed the concept of chelating a metal ion prior to feeding the 

element to the animal. Scientists believed that this would create a neutral compound, 

thus protecting the mineral from being complexed with insoluble salts within the 

stomach, rendering the metal unavailable for absorption (Ashmead, 1993). 

Amino acids are very effective metal binders. Scientists decided to chelate a 

metal cation to an amino acid ligand. Research was performed on these compounds, 

which were named "proteinates." Research proved these proteinates to enhance mineral 

absorption. However, at this same time, and into the 1970's, synthetic chelates were also 

being developed. An example of such synthetics is ethylenediaminetetraacetic acid 

(EDTA), a ferric chelate. These synthetics applied the same concept of natural chelation 

and chemical amino acid chelation. The synthetic chelates did create a chelated 

compound, however these synthetics were too stable, or bound so tightly that once 

absorbed the metal remained sequestered by the ligand and could not be utilized. Once 

absorbed into the blood, these synthetics would simply be returned to the lower 

alimentary tract or excreted in the urine. Synthetic chelates where widely used by 
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nutritionists and livestock producers in the 1960's and 1970's. However, they proved to 

be not nutritional and created a bad reputation for any product produced by chelation. 

Metal proteinates continued to be marketed, but yet proteinates had not been officially 

defined by the Association of American Feed Control Officials (AAFCO). In 1970, the 

AAFCO defined a metal proteinate as the product resulting from the chelation or 

complexing of a soluble salt with amino acids or a hydrolyzed protein. Numerous 

companies then began to market their own proteinates. However, most of these 

proteinate compounds were too large to be absorbed (> 1,500 daltons cannot be 

absorbed). The AAFCO then stepped in again and redefined metal chelates by putting 

restrictions on molecular weights, and molar ratios of the amino acids to metals 

(Ashmead, 1993). 

Five categories of organic chelates have been officially defined by the AAFCO 

(1996). These categories are as follows: (1) Metal Amino Acid Complex is the product 

that results from complexing a soluble metal salt with an amino acid. The product must 

contain a specific metal with the minimum metal content declared, i.e., copper amino 

acid complex; (2) Metal (specific amino acid) Complex is the product that results from 

complexing a soluble metal salt with a specific amino acid. The product must contain a 

specific metal as well as a specific amino acid, i.e., copper lysine complex; (3) Metal 

Amino Acid Chelate is the product that results from the reaction of a metal ion from a 

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

three (preferably two) moles of amino acids to form coordinate covalent bonds. The 

average molecular weight of the chelate must not exceed 800. The minimum metal 
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content must be declared. It must be declared as an ingredient as the specific metal 

amino acid chelate, i.e., copper lysine; (4) Metal Proteinate is the product that results 

from the chelation of a soluble salt with amino acids and (or) partially hydrolyzed 

protein. It must be declared as an ingredient as the specific metal proteinate, i.e., copper 

proteinate; and (5) Metal Polysaccharide Complex is the product that results from 

complexing a soluble salt with a polysaccharide solution declared as an ingredient as the 

specific metal complex, i.e., copper polysaccharide complex. (AAFCO, 1996), 

The process of binding the metal cation to the organic constituent also varies 

between the complexes, chelates, and proteinates, and between manufacturers. Not only 

must organic minerals follow AAFCO guidelines, but to be effectively absorbed the 

compounds must be correctly bound. Organic minerals that are not stable enough to 

remain bound in the stomach will release the metal ion, which will become inhibited by 

various chemical reactions within the stomach. Also, if organic compounds are bound 

too tightly, or are too stable, the chelate will not be metabolized after being absorbed. 

Under proper chelation, the chelate becomes metabolized because the ligand releases the 

metal after being absorbed by the mucosal cells, or is metabolized together as a 

compound (Ashmead, 1993). 

Utilization of organic copper sources 

A great deal of effort by researchers over the years has been invested in 

comparing the utilization of organic trace minerals to that of the traditionally used 

inorganic sources. Results from these studies have concluded various opinions and ideas 
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concerning the use of organic minerals in animal diets. Most studies have shown organic 

minerals to be most effective when fed to animals that have been exposed to nutritional, 

immunological, or environmental stress (Greene, 1996). Some research trials have 

shown organic sources to improve immune response, weight gain, and mineral status, 

while others have not shown any advantages of feeding organic sources compared to 

inorganic mineral sources. 

Nockels et al. (1993) measured the anitbody titers of feeder calves that had been 

vaccinated for bovine rhinotracheitis vims (IBRV) and were fed a diet high in 

molybdenum and 10 ppm Cu from a copper proteinate, or copper sulfate. Calves fed the 

copper proteinate had higher IBRV anitbody titers than those calves fed copper sulfate. 

Ward et al. (1993) found no difference between antibody production in growing steers 

fed 5 ppm molybdenum and 5 ppm copper in the form of copper sulfate or copper lysine. 

In another experiment performed by Nockels et al. (1993), 34 kg calves deprived of feed 

and water were supplemented with either copper lysine or copper sulfate. Calves that 

received the copper lysine chelate had 53% greater apparent copper absorption and 

copper retention than those calves fed copper sulfate. With feedlot steers challenged 

with IBRV, steers fed a copper proteinate had lower rectal temperatures than control 

steers, while steers fed copper sulfate had rectal temperatures between that of the 

proteinate group and the control (Blezinger, 1991). Ansotegui et al. (1995) measured the 

effects of an organic mineral mix and an inorganic mineral mix on the cellular immunity 

of crossbred first-calf heifers during the last trimester of gestation. The mineral 

supplements contained 8,818 ppm Zn, 2,472 ppm Cu, 4,987 ppm Mn, and 704 ppm Co in 
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the chelated or sulfate form. Swelling response to epidermal injections of 

phytohmalgglutinin was measured in both treatment groups. Heifers fed the chelated 

mineral supplement had a faster swelling response to the injections than the heifers fed 

the inorganic mineral supplement. This suggests that the chemical form of the mineral 

supplement may effect the initiation of cell-mediated response. 

Research examining the effects of organic copper sources on production 

performance of swine and cattle have also had some confounding results. In a 98-day 

trial using growing steers fed copper sulfate or copper lysine, steers fed copper sulfate 

gained more in the first 21 days than the group fed copper lysine. Over the entire 98-day 

trial, there were no differences in average daily gain between the two treatment groups 

(Ward et al., 1993). Coffey et al. (1994) fed 30-day-old weaned pigs 50, 100, or 200 

ppm copper in the form of copper lysine or copper sulfate. Results showed no difference 

between the levels of copper and copper treatments. However, averaged across levels of 

copper for each treatment, copper lysine treatments showed a 16.8% increased growth 

rate compared to 11.5% for the copper sulfate treatment group, over that of the control 

group. However, copper lysine treatment groups receiving 200 ppm copper had lower 

liver copper concentrations than animals fed the same level of copper in the inorganic 

form. Allison et al. (1997) showed that steers grazed on mountain pasture for 112 days 

had a 4.6% increase in average daily gain when fed a organic mineral supplement 

composed of zinc methionine, copper lysine, manganese methionine and cobalt 

glucoheptonate, as compared to being fed the same elements in their inorganic forms. 
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Increased milk production and lower somatic cell counts have also been witnessed in 

dairy cattle fed organic mineral complexes (Grant, 1997). 

Obtaining the optimum copper status of animals is the primary concern when 

supplementing trace minerals. By measuring blood plasma, blood semm, or liver copper 

levels, a producer can accurately determine if he/she is actually getting any benefit from 

feeding a mineral supplement. Having adequate copper status in an animal herd assures 

that enough copper is present in the blood stream to allow for proper enzymatic and other 

physiological functions. Ward and Spears (1994) found that steers fed 5 ppm copper 

from a copper proteinate, copper carbonate, or copper sulfate along with 5 ppm 

molybdenum in their diet, the steers fed the copper proteinate had an adequate liver 

copper status compared to the other treatments which failed to meet adequate liver 

copper status. Ward et al. (1993) found no differences in plasma copper levels between 

steers fed a high molybdenum diet supplemented with copper lysine or copper sulfate. 

Kegley and Spears (1994) also found that plasma copper levels were also similar in steers 

fed copper lysine or copper sulfate. 

Many different perspectives are viewed on the effects of the solubility of organic 

and inorganic minerals in the digestive tract, and on the absorption of the mineral in the 

duodenum. Some scientists believe that the increased bioavailability of organic trace 

minerals is attributed to the increased solubility of some organic minerals. 

Manufacturers of organic trace minerals often suggest that organic minerals are highly 

soluble, yet chemically stable to where they will not participate in reactions that can 

inhibit absorption (Brown and Zeringue, 1993). Ward et al. (1993) suggests that a form 
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of copper that does not interact with thiomolybdates or sulfur and would remain soluble 

within the digestive system would be favorable for increased bioavailability of the metal 

cation. However, other researchers suggest that lower solubility of the mineral while in 

the digestive tract would be more desirable. Copper carbonate, for example has a lower 

solubility in water than copper sulfate. The lower solubility of the metal cation could 

help it to resist interaction with molybdenum and sulfur. Chapman and Bell (1963) 

found relative results using Hereford steers. They found higher levels of copper in the 

blood and blood plasma of steers fed copper carbonate than in steers fed copper sulfate 

and other various inorganic sources. However, fecal and urinary copper excretion was 

extremely higher for copper carbonate treatment groups than for the copper sulfate 

groups. Copper sulfate, copper nitrate, and copper chloride displayed favorable copper 

absorption and retention rates well above that for copper carbonate. 

The process by which organic minerals are complexed varies tremendously 

between manufacturers (Young, 1997). The author feels that much more research is 

needed with organic minerals to test the effectiveness of the chelation process by which 

the various organic minerals are complexed. If researchers can eventually link a 

chelation process that yields maximum mineral utilization by the animal to a high or low 

level of solubility within the digestive tract, more consistent and favorable mineral 

chelates will be available to livestock producers, and will help them realize a greater 

benefit from utilizing organic trace minerals. 
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CHAPTER III 

EXPERIMENT I: EFFECTS OF COPPER SOURCE AND COPPER 

LEVEL ON COPPER DIGESTIBILITY AND 

METABOLISM BY GROWING BEEF STEERS 

Abstract 

Four crossbred beef steers were utilized in a 4 x 4 Latin Square design 

metabolism trial to determine the digestibility and metabolism of copper sulfate and a 

copper amino acid complex, Availa-Cu® (Zinpro Coporation, Eden Prairie, MN). 

Variables measured were apparent dry matter digestibility, apparent organic matter 

digestibility, apparent inorganic matter digestibility, nitrogen balance, apparent protein 

digestibility, and copper balance. Steers were housed in individual metabolism crates in 

the metabolism unit at the Texas Tech University Teaching and Research Farm at New 

Deal, Texas. Records of total daily feed, feces, urine, and feed refusals were kept to 

measure all of the variables. The trial consisted of four periods, with a ten day treatment 

adaptation period, followed by a seven day collection period. Copper treatments were 

delivered as a topdress to the basal diet daily at each moming feeding period. The basal 

diet was offered to approximate 90% ad libitum. The different copper treatments were: 

A-75.32 mg of supplemental copper from copper sulfate (CUSO4); B-106.89 mg of 

supplemental copper from Availa-Cu; C-81.79 mg of supplemental copper from Availa-

Cu; and D-106.20 mg of supplemental copper composed of half CuS04,and half from 

Availa-Cu. Dry matter intake for treatment A was higher (P<.05) than all of the other 
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treatments. However, there were no differences (P>.05) in dry matter digestibility, 

organic matter digestibility, inorganic matter digestibility, nitrogen balance, or protein 

digestibility. Dry matter digestibility ranged from 73.28 to 74.65%. Organic matter 

digestibility and inorganic matter digestibility ranged from 73.79 to 74.62%, and 71.14 to 

71.92% respectively. Nitrogen balance results showed that nitrogen retention as a 

percent of intake ranged from 37.22 to 41.96%. Protein digestibility (Table 3.7) ranged 

from 60.12 to 61.64%. Copper balance results were different (P<.05) between copper 

excretion, copper retention, and copper absorption for copper sulfate and Availa-Cu. 

Copper retention and absorption values were considerably higher (257.88% and 

200.42%, respectively) for the Availa-Cu treatment, C, compared to the copper sulfate 

treatment ,A. Utilization also appeared to be enhanced with an increase in the amount of 

copper supplemented. However, there were no differences (P>.05) in copper balance 

between treatments B and D. Blood semm copper levels for each treatment numerically 

supported the retention and absorption values in terms of the amount of copper in the 

semm, but were not different (P>.05) among treatments. 

Introduction 

The use of organic trace minerals in animal nutrition has been practiced for better 

than thirty years. However, there is much that researchers have not leamed about the 

effectiveness of organic mineral sources and the mechanisms by which they are 

metabolized. Numerous researchers have found benefits from some organic trace 

minerals, while others have not. Many nutritionists believe that highly soluble inorganic 
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minerals are just as effectively absorbed and retained as are organic mineral sources 

(Ward et al., 1993; Nockels et al., 1993). However, there is still belief that organic 

minerals are less suseptible to antagonistic interactions within the gastrointestinal tract 

than the highly soluble inorganic minerals. The purpose of this research was to 

determine if copper sulfate and an organic copper source, a copper amino acid chelate, 

are utilized differently by growing beef steers. 

Materials and Methods 

A 4 X 4 Latin Square design metabolism trial was conducted to study the effects 

of copper source and level of supplemental copper on copper digestibility and 

metabolism by growing beef steers. Four crossbred beef steers were purchased on 

January 28, 1997 from Lubbock Stockyards Inc., Lubbock, Texas. Average weight of the 

four steers upon arrival at the Burnett Center, Texas Tech University, New Deal, Texas 

on January 28, 1997 was 218.48 ± 6.12 kg. All steers were properly implanted with 

Synovex S, vaccinated with an IBR-BVD-PI3-BRSV-LEPTO 5 and a Fortress® 7 

clostridial vaccine, dewormed with Ivomec Plus® Injectable (Ivermectin), and 

intermuscularly injected with an oxytetracycline antibiotic (Oxycure 200®). The steers 

were kept in an outdoor feedyard pen at the Burnett Center until the metabolism trial 

began. The steers remained at the Burnett Center where they were halter broke and fed a 

copper depleted receiving diet for twenty-two days. Fifteen days prior to the beginning 

of the metabolism trial the steers were introduced to the basal metabolism trial diet. 
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A basal diet was formulated to meet the NRC requirements of protein, calcium 

and phosphorous for 272 kg steers (NRC, 1996). The basal diet was formulated to 

contain no supplemental copper, 13.00% cmde protein, .45% calcium and .23 % 

phosphorous on a dry matter (DM) basis. A trace mineral premix was added at .25% of 

the diet, which contained all essential trace elements except for copper. The basal diet 

and trace mineral premix are listed in Table 3.1. Diets were mixed in batches weighing 

45 kg. The trace mineral premix, a vitamin D premix, and ammonia chloride were hand 

added to each batch prior to mixing. The diet was stored in 55 gallon drums and 

transported to the metabolism unit twice a week. 

The four copper treatments were mixed in 100 grams of ground grain sorghum 

and delivered to each steer as a topdress to the basal diet during each moming feeding. 

The steers were fed at 7:30 a.m. and 5:30 p.m. throughout the entire trial. 

The four treatments are as follows: 

A Basal diet + 125 mg Cu/day from copper sulfate (CUSO4); 

B Basal diet + 125 mg Cu/day from a copper amino acid complex; 

C Basal diet + 93.75 mg Cu/day from a copper amino acid complex; 

D Basal diet + 125 mg Cu/day, 50% Cu from CUSO4 + 50% from a copper 

amino acid comlex. 

During the moming of March 6, 1997 the steers were weighed and transported to 

the Metabolism unit, where each steer was assigned to an individual metabolism crate. 

Average weight of the steers on March 6,1997 was 259.07 ± 6.78 kg. Each steer was 

also injected with an oxytetracycline, Oxycure 200®, to prevent the steers from 
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developing shipping fever and reduce other possible sources of stress. 

The metabolism crates were constmcted of painted iron pipe, and were equipped 

with 55 gallon plastic, barrel feeders, and painted metal automatic water bowls. The 

front and rear portions of the flooring in the metabolism crates were made of wood, and 

covered with mbber matting. The middle portion of the crate floor, directly under the 

steer's sheath, was made of expanded metal to allow urine to pass through and to collect 

any fecal material. Directly under the crate, beneath the expanded metal portion of the 

flooring, a removable stainless steel tray was installed to collect urine. The urine tray 

was sloped at an angle to where the urine would immediately drain into a two-and-one-

half gallon plastic container. Following the emptying of each urine container on each 

collection day, 400 ml of a 40% HCL solution was added to each empty container. The 

40% HCL solution kept the urine at an acidic pH of 1 to 2, minimizing the loss of urinary 

nitrogen to the volatilization of ammonia. An additional screen made of galvanized 

metal was attached to the urine tray to help collect any feces or hair that may have passed 

through the expanded metal flooring. At the rear of each metabolism crate, a steel tray 

was placed to collect the feces. The evening following the first day of each collection 

period each crate was thoroughly cleansed with water using a high-pressure washer. The 

urine and fecal trays were also cleaned and installed in the moming at the beginning of 

each collection period. The crates were housed inside the metabolism building, where 

the steers were protected from inclement weather. 

When placed in the metabolism crates on March 6, 1997, the steers began a 7-day 

adjustment period to become accustomed to the crates. During these seven days the 
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steers continued to eat their copper depleted diet and did not receive any supplemental 

copper. The 7-day crate adjustment period was also used to establish a feed intake rate 

of 90% ad libiUim. Feed was offered at 90% ad libitum to establish feeding rate at the 

beginning of each treatment introduction period. Water was offered free choice. Ad 

libitum feed intake was established from averaging over a period of three days for full 

eating capacity of each animal. The estimated dry matter intake for 272 kg steers is 7.6 

kg per day (70% DM) (NRC, 1996). The full eating capacity of each steer was 

determined by subtracting the orts from the amount of feed made available to the animal 

over a 24 hour period. Once ad libitum feed intake was determined, 10% of that 

calculation was deducted, thus resulting in an estimated 90% ad libitum intake for each 

individual steer. The difference in dry matter feed intake between steers was carefully 

monitored and not allowed to exceed a difference of 1.92 kg per day throughout the trial. 

Following the 7-day crate adjustment period the steers were assigned to the four 

copper treatments for treatment period # 1, in the following order: 

Steer #92 => Treatment A 

Steer #93 => Treatment B 

Steer #94 => Treatment C 

Steer #95 => Treattnent D. 

Treatments were rotated in numerical order by steer at the end of each collection 

period. For example, at the end of treattnent period # 1, steer #92 received treatment D, 

steer #93 received diet A, steer # 94 received tteattnent B, and steer #95 received 

treatment C. Each new treatment period continued in the same foward rotation until 
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each steer recieved each tteattnent once throughout the four tteattnent penods. 

The steers were fed the basal diet plus 100 grams of each assigned tt-eatment 

topdress for ten days to adjust to the tteatment period. Following the 10-day tteattnent 

adjustment period, the steers continued to receive the assigned copper treatments for the 

particular treatment period, while feces, urine and orts were collected every moming 

following feeding at 7:30 a.m. for seven consecutive days. Therefore, each of the four 

tteatment periods consisted of a 10-day adjustment, followed by a 7-day collection 

period. 

Total collections of urine, feces and orts were weighed, recorded, and sampled 

daily during the 7-day collection period. The urine from each steer was filtered through a 

fine stainless wire mesh, and measured using a 2000 ml graduated cylinder. Total daily 

urine excreted by each steer was recorded after deducting the 400 ml of added volume 

from the HCL solution. Once the urine was measured and recorded, a 200 ml sample 

was collected, placed in a glass bottle and refrigerated. Daily urine samples were 

compiled over the seven day collection period in the same glass bottle. At the end of the 

collection period, a 200 ml subsample was taken and frozen. 

Feces were also collected, weighed and recorded. After recording measurements, 

the feces from each steer were individually mixed by hand with a wooden stirrer for 

approximately three minutes. Following mixing, a 454 g sample was collected and 

frozen in a plastic bag. Each day the 454 g fecal samples from each respective steer were 

compiled and frozen. At the end of each 7-day collection period, the individually 

compiled feces from each steer was thawed. After thoroughly mixing the compiled 
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feces, a 3.5 lb (1.59 kg) subsample of the feces was taken and dried in a forced-air drying 

o 

oven at 55 C for 48 hours, weighed back and recorded. The screens on the urine ttays 

were cleaned of all fecal matter on the last day of each collection period. The fecal 

matter from the urine screens was weighed, sub-sampled, dried as described above, and 

weighed back. These numbers were then added to the other dry matter fecal weight to 

determine the total dry matter weight of the feces. The fecal matter from the urine ttay 

screens was discarded once the dry matter weights were determined. The dried feces 

from each respective steer, tteatment and period was ground through a 1 mm screen 

using a Wiley Mill. 
Orts from each steer were collected, weighed and dried in a forced-air drying 

o 

oven at 55 C for 48 hours, weighed back and recorded. The dry matter weights of the 

orts for each day were then subtracted from the respective day's feed allowance, to 

accurately calculate daily dry matter intake. 

The basal diet was sampled every time feed was delivered from the Burnett 

Center to the Metabolism Unit (tv^ce weekly). Two hundred and twenty-seven gram 

samples from each feed delivery were co-mingled, frozen and sub-sampled for later 
analysis. 

On day seven at 1:00 p.m. of each collection period, blood samples were obtained 

from each steer via jugular venipuncture for blood semm copper determination. Blood 

samples were collected in properly labled, 10 cc Vacutainer tubes and immediately 

refrigerated for 24 hours. Blood samples were centrifuged at 2000 rpm for 15 minutes 

o 

and the semm was pipetted into labled plastic tubes and frozen at -20 C for further 
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analysis. 

At the conclusion of the trial on June 13, 1997, the steers were removed from the 

metabolism crates, ttansported back to the Bumett Center, weighed and placed back in 

the feedyard to be fed until ready for slaughter. Average weight of the steers at the end 

of the ttial was 415.53 ± 17.17 kg. 

Analyses 

Diet. A one pound sub-sample of the basal diet, collected throughout the ttial, 

was dried in the same maimer as the orts and feces. Percent dry matter of the basal diet 

was calculated by dividing the oven dried weight by the air dry weight, and multiplying 

that figure by 100. The basal diet sub-sample was then ground through a 1 mm screen 

using a Wiley Mill. One gram samples of the ground basal diet were used to determine 

further dry matter and ash determinations, according to dry matter and dry ashing 

procedures outlined by Harris (1970). To determine the percent cmde protein of the diet, 

the percent nitrogen in the diet was determined using the Kjeldahl procedure. Duplicate 

sub-samples (1.0 g each) were analyzed using a Tecator Kjeltec Auto analyzer. Percent 

cmde protein of the diet was determined by multiplying the percent nitrogen in each 

sample (DM basis) by 6.25 (Cullison and Lowrey, 1987). The percent nitrogen and cmde 

protein of the duplicate samples were averaged, which resulted in the average percent 

nitrogen and cmde protein for the diet. 

To determine the copper content of the diet, as well as that of the treatment 

topdresses, the ground samples were dry ashed in porcelain cmcibles, in duplicate, in a 
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550°C muffle furnace for six hours. Fifteen milliliters of a 20% nitric acid solution was 

added to the ashed diet samples and allowed to digest overnight. The ash-acid solution 

was then filtered through a funnel fitted with #42 Whatman filter paper. The cmcibles 

were rinsed twice with distilled water, and the acid-water effluent was drained into a 100 

ml volumetric flask and was brought to volume with distilled water (Perkin-Elmer, 

1973). Copper concenfrations of the diet were then determined by testing the acid 

digested samples with a Perkin-Elmer 2380 Atomic Absorption Flame 

Spectrophotometer at 324.8 nm against a copper AAS Standard Solution. The amount 

of copper in the diet, and the treatments, was then calculated by using the following 

formula: 

mg Cu/g of sample = ug/ml X dilution factor. 

1000 sample wt. (grams) 

This factor was then multiplied by the total grams of diet fed per day per animal for each 

respective treatment period. 

Feces. One gram sub-samples of the ground fecal samples from each respective 

collection period were dried and ashed according to the same procedures as those applied 

to the diet analysis. Percent Nifrogen excreted in the feces was determined by testing 1.0 

g duplicate sub-samples of the fecal matter using the Kjeldahl procedure. The percent 

cmde protein in the feces was determined by multiplying the percent nifrogen by 6.25. 

The average dry matter nittogen and protein percentages of the duplicate sub-samples 

were calculated by averaging the two sub-samples. Fecal copper levels were also dry 

ashed at 550**C for six hours and digested in a 20% nitric acid solution, as described for 
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the diet above. The digested fecal sub-samples were then testing for copper 

concentration using the same atomic absorption spectrophotometer as was used to 

analyze the diet (Perkin-Elmer, 1973). The average copper concenttations of the feces 

for each collection period was determined by multiplying the total amount of feces 

excreted per tteattnent in grams, per day, per collection period, by the number of 

milligrams of copper per gram of sub-sample (DM basis). 

Urine. At the end of the metabolism trial, the urine samples were thawed out and 

3 ml duplicate sub-samples from each collection period were tested for % nittogen using 

the Kjeldahl procedure. The specific gravity of 1 ml of urine excreted by each steer and 

their respective treatments was averaged. The average specific gravity of each steer's 

urine across all treatment periods was used to calculate % urine nitrogen excretion, using 

the following formula: 

% urine N = (mlof Acid) .14. 

(specific gravity of 1 ml) (3 ml urine) 

Average percent nitrogen concentrations were determined by averaging the nitrogen 

percentages of the duplicate sub-samples. The results were then multiplied by the total 

urine excreted in grams for each tteatment for each collection period. To determine 

urine copper concentrations, duplicate 5 ml sub-samples of urine from each treatment, 

from each collection period were filtered through a funnel fitted with #42 Whatman filter 

paper into 10 ml test tubes. The urine sub-samples were then analyzed for copper 

concenttation by atomic absorption specfrophotometiy. The urine sub-samples were 

initially diluted with distilled water, however this caused the copper concentration to be 
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too low for the spectrophotometer to detect. It was determined that urine copper 

concentrations could be determined using raw urine. The atomic absorption readings 

were expressed as ^g Cu/ml urine. The readings from the duplicate sub-samples were 

then averaged. In order to determine the average amount of urine copper excreted for 

each treatment during each collection period, the following formula was used: 

mg urine Cu/day = df X ug/ml X average milliliters of urine excreted/day 

1000 

where dilution factor (df) = avg daily volume of urine + 400 ml of HCL solution. 

avg daily volume of urine 

Water samples were collected directly from the faucet that provided the steer's 

water throughout the metabolism trial. Water samples were taken weekly and compiled 

throughout the trial. These water samples were stored in a glass container, sub-sampled 

and analyzed for copper concenfrations using atomic absorption specfrophotometry. 

Blood Serum. Blood semm samples collected during each collection period were 

thawed and tested for serum copper concenfrations. The TCA precipitation method using 

atomic absorption spectrophotometry was used to analyze serum copper levels (Preston, 

1992). Semm copper level for each treatment was tested in duplicate. For each sample, 

2 ml of serum were added to 8 ml of a 10% TCA solution, shaken vigorously using a 

vortex, and allowed to stand at room temperature for 20 minutes. Each sample was then 

centrifuged for 20 minutes, the supernatant pipetted off, placed in a labled test tube for 

immediate analysis of copper concenttation. To determine the copper concenfration in 
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|ig Cu/ml semm, the following formula was used: 

^g Cu/ml of semm = ^g/ml X dilution factor. 

Semm copper concenfrations are reported as mg Cu/L of semm using the following 

formula: 

mg Cu/L = ug Cu/ml X 1000. 

1000 

Calculations and statistical analysis 

Apparent dry matter digestibility. Apparent dry matter digestibility was 

determined for each day of each 7-day collection period for each tteatment. It was 

determined by calculating the daily dry matter intake (DMI) and the daily dry matter 

fecal excretion (DMF) for each collection period, using the following formula: 

DM (kg) = (% DM of the diet x daily feed intake for the 7-day collection period 

(kg)) - Orts (DM) 

where % DM equals 84.7% DM, feed intake equals daily feed consumed (as fed), 

and orts (DM) equals dry matter feed refusals; 

DMF (kg) = % DM of the feces x daily fecal excretion for each 7-day collection 

period; 

Apparent dry matter digestibility % = DMI (kg) -DMF (kg). 

DMI (kg) 

Apparent organic matter digestibility. Apparent organic matter digestibility for 

each day of each collection period was determined by calculating organic matter intake 
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and organic matter excreted in the feces. Organic matter of the diet and feces was 

determined by dry ashing a 1 g sub-sample in a muffle furnace at 550°C for 6 hours. The 

ash weight was subfracted from the sub-sample dry matter weight, resulting in the sub-

sample organic matter weight. The following formulas were used: 

Organic matter (g) = dry matter weight (g) - ash weight (g); 

Percent organic matter = organic matter (g): 

dry matter weight (g) 

Organic matter intake (kg) = DMI (kg) x percent organic matter in the diet; 

Organic matter excreted in the feces (kg) = DMF (kg) x percent organic matter 

in the feces; 

Apparent organic matter digestibility = 

organic matter intake (kg) - organic matter excreted in the feces (kg). 

organic matter intake (kg) 

Apparent inorganic matter digestibility. The apparent inorganic matter 

digestibility was determined similar to that of apparent organic matter digestibility. The 

same ash samples used to determine organic matter were used to determine inorganic 

matter. Percent inorganic matter was calculated by dividing the ash weight of the sub-

sample by the dry matter weight. The following calculations were used: 

Percent inorganic matter = ash weight (g): 

dry matter weight (g) 

Inorganic matter intake = DMI (kg) x percent inorganic matter in the diet; 

Inorganic matter in the feces = DMF (kg) x percent inorganic matter in the 
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feces; 

Apparent inorganic matter digestibility = 

inorganic matter intake (kg) - inorganic matter in the feces (kg), 

inorganic matter intake (kg) 

Nittogen balance. Nifrogen balance was calculated for each steer, for each day of 

each collection period. Nitrogen retention in kilograms per day was determined by 

calculating nitrogen intake, nittogen excreted in the feces and nitrogen excreted in the 

urine. The following formulas were used: 

Nifrogen intake (kg) = % nifrogen in the feed (DM basis) x DMI (kg); 

Nitrogen excreted in feces (kg) = % nifrogen in feces (DM Basis) x DMF (kg); 

Nitrogen excreted in urine (kg) = % nitrogen in urine x daily urine excreted 

for each 7-day collection period in kilograms; 

where total weight of urine in grams for each steer was converted to kilograms by 

dividing by 1000 g; 

Nitrogen retention (kg) = nitrogen intake (kg) - nifrogen excreted in feces (kg) 

- nifrogen excreted in urine (kg). 

Nifrogen retention as a percent of nifrogen intake was also determined for each 

steer, each day using the following formula: 

Nitrogen retention as a percent of nifrogen intake = nifrogen retention (kg). 

nitrogen intake (kg) 

The amount of nifrogen excreted in the feces as a percent of intake, and the 

amount of nitrogen excreted in the urine as a percent of intake were also determined. 
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The following formulas were used: 

Nitrogen excreted in the feces as a percent of nitrogen intake = 

nitrogen excreted in the feces (kg), 

nifrogen intake (kg) 

Nitrogen excreted in the urine as a percent of nifrogen intake = 

Nitrogen excreted in the urine (kg), 

nifrogen intake (kg) 

Apparent protein digestibility. Apparent protein digestibility coefficients were 

determined by calculating protein intake and the amount of protein excreted in the feces 

(DM Basis) for each day of each 7-day collection period. The following formulas were 

used: 

Protein intake (kg) = DMI (kg) X % protein in the diet; 

Protein excreted in the feces (kg) = DMF (kg) X % protein in the feces; 

Apparent protein digestibility = protein intake (kg) - protein in feces (kg). 

protein intake (kg) 

Copper balance. Many parameters were involved in determining copper balance. 

Copper retention was determined by calculating for each 7-day collection period the 

daily copper intake, the daily amount of copper excreted in the feces, and the daily 

amount of copper excreted in the urine. The copper concenfrations determined from the 

sub-samples tested by atomic absorption spectrophotomety were used to determine 

copper intake and copper excretion. The following formulas were used: 
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Copper Intake (mg) = (mgCuyg of diet x DMI(g)) +(mgCugoffreafrnent 

topdress x 100 g) 

where 100 g is the daily amount of freatment topdress added to the diet: 

Copper excreted in the feces (mg) = mg Cu/g of feces x DMF(g); 

Copper excreted in the urine (mg) = mg Cu/ml of urine x daily amount of 

urine excreted in milliliters; 

Copper retention (mg) = Cu intake (mg) - fecal Cu excreted (mg) - urinar> 

Cu excreted (mg). 

Copper retention expressed as a percent of copper intake was also determined for 

each steer, and each day of each collection period. The following formulas were used: 

Copper retention as a percent of copper intake = copper retention (mg). 

copper intake (mg) 

In order to determine the percentage of dietary and supplementary copper 

excreted daily, urinary and fecal copper excretion as a percentage of copper intake were 

individually determined. The following formulas were used: 

Fecal copper as a percent of copper intake = fecal Cu (mg); 

Cu intake (mg) 

Urinary copper as a percent of copper intake = urinary Cu (mg). 

Cu intake (mg) 

In order to account for any copper excreted resulting from the abrasion of 

mucosal cells or from copper excreted back into the gasttointestinal fract, the apparent 

absorption of copper by the steers for each day of each collection period was determined. 
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Apparent absorption of copper considers the amount of copper ingested, and that amount 

excreted only in the feces (Ammerman et al., 1995). The following formula was used: 

Apparent copper absorption = Cu intake (mg) - fecal Cu (mg). 

Cu intake (mg) 

The experimental design of the metabolism ttial was a 4 x 4 Latin Square. The 

mean of each steer for each treatment was the experimental unit. Data were analyzed by 

analysis of variance using the general linear models (GLM) procedure of SAS. Least 

squares means were separated by two-tailed t-tests (PDIFF option). The independent 

variables in the model statement included steer, freatment, collection period, day(period), 

and intake. Analysis of blood serum copper included steer, diet, and period as 

independent variables. The models for apparent dry matter digestibility, apparent organic 

matter digestibility and apparent inorganic matter digestibility initially included intake of 

the respective unit as a covariate in the model. However, intake was not statistically 

significant and therefore was excluded from the final analyses (SAS, 1995). 

Results and Discussion 

Animal Health 

In general, the health of the steers throughout the trial was outstanding. However, 

on day four, March 17, 1997, of the 10-day freatment adjustment period of period 

number one, the steers began to show signs of severe coccidiosis. All four steers were 

taken out of the crates and placed in individual feeding pens for six days at the Bumett 

Center. All four steers were administered an oxytefracycline (Oxycure 200®), and 
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immediately drenched with a coccidiastat, Corid® (Amprolium), and a Salsbur>'® 

vitamin/elecfrolyte solution. Caution was taken to assure that the vitamin/elecfrolyte 

solution did not contain any supplemental source of copper. While the steers were 

removed from the metabolism crates, they received 2.72 g/d of Amprolium in the form of 

a medicated Hi-Pro® No. 1365 medicated cmmble. The steers continued to receive their 

respective freatments for treatment period one while they were out of the crates. After 

six days of being removed from the metabolism crates the steers were placed back into 

their originally assigned crates. Coccidiosis treatments stopped and the steers continued 

to complete the remaining six days of the freatment infroduction period The steers 

overcame the coccidiosis and continued to perform well until the fifth day of collection 

period one, when steers # 94 and #95 began to scour. The collection period for freatment 

period one was completed, however it was decided to not analyze data collected from the 

original freatment period one. The trial continued with periods 2, 3 and 4, with period 

one being repeated after the completion of period four. The steers continued to perform 

well from period two to the completion of the trial. The total number of days that the 

steers where on trial was ninety-nine days, with a total of ninety-three days in the crates. 

Average daily gain for all four steers for the ninety-nine days on trial was 1.56 ± . 16 

kg/day. 

Diet analysis 

The results of the diet analysis showed the basal diet to contain 84.7% DM, 

15.18% cmde protein (CP), 2.43% N, and 2.4 ppm Cu. Analysis results of the individual 
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tteatment topdresses are provided in Table 3.2. The percent cmde protein was higher 

than the 13% CP diet that was formulated. All of the treatment topdresses were also 

considerably lower in copper concentration than what was originally formulated. 

Although the intended comparisons of copper source and level of copper were not 

possible, the levels of copper in each tteatment topdress still allowed the author to make 

valuable interpretations. The level of copper in treatment A was comparable to the 

copper level in tteatment C, and B was comparable to D. Sampling variation, feed 

mixing variation, variation of the copper source, and variation caused by laboratory 

techniques could be responsible for the differences between the formulated and the 

analyzed treatments. Copper concentrations of the raw copper sources (Availa-Cu and 

CUSO4) showed Availa-Cu to be consistent with the manufacturers analysis (10% Cu), 

however the copper sulfate product used showed to be 22.88% copper, lower than the 

manufacturers guarantee of 25.20% copper. Water samples were tested for copper level, 

but copper concentrations were too low to detect by atomic absorption 

spectrophotometry. Preston (1991) also found water copper levels at the Texas Tech 

University Research Facility at New Deal too low to be detected by atomic absorption. 

No further analyses were performed on mineral concenttations of the drinking water 

source. 

Apparent dry matter digestibility 

The effect of the copper level and copper source on dry matter intake and dry 

matter digestibility is presented in Table 3.3. There were differences in dry matter intake 
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between treatments (P<.05). However, intake results are questionable considenng the 

fact that the steers were fed limited intake (90% ad libittmi), and precautions were taken 

not to allow the intake between steers to vary too extremely. Also, these results are not 

consistent with research performed by Ward et al. (1993), which found no differences in 

dry matter intake between steers fed copper lysine or copper sulfate. Coffey et al. (1994) 

also found no differences in dry matter intake between pigs fed copper sulfate or copper 

lysine. Differences in apparent dry matter digestibility were not statistically significant 

between treatments. However, treatments with the higher levels of copper, treatments B 

and D, did show a 1% numerical increase in digestibility over the lower copper level 

treatments, freatments A and C. Miller et al. (1966) found no differences in dry matter 

digestibility between goats and calves fed a diet sufficient in zinc or a diet deficient in 

zinc, but they did notice a greater rate of growth in the animals fed the diet sufficient in 

zinc. Their conclusion was that zinc deficient animals must utilize the digested nutrients 

less efficiently than animals fed adequate levels of zinc. It is very difficult to conclude 

whether or not copper supplementation or the level of copper had any effect on the 

efficiency of growth or nutrient utilization. Although the average daily gain for the entire 

metabolism ttial was notable, there was no copper deficient conttol group to compare to 

and support the hypothesis of enhanced total nuttient utilization by copper 

supplementation. 
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Apparent organic and inorganic matter digestibility 

The effects of copper source and copper level on apparent organic and inorganic 

matter digestibility are listed in Tables 3.4 and 3.5, respectively. Test results showed no 

differences between treatments for organic and inorganic matter digestibility (P>.05). 

However, the tteattnent receiving the highest amount of supplemental copper from the 

organic source, freatment B, had a numerically higher level of digestibility than the other 

treatments. 

Nifrogen balance and apparent protein digestibility 

Nifrogen balance and apparent protein digestibility measurements are provided in 

Tables 3.6 and 3.7, respectively. Nitrogen balance was not affected by freatment (P>.05). 

Although not statistically significant, treatments with the highest level of supplemental 

copper, freatments B and D, had numerically higher percentages of dietary nifrogen 

excreted in the urine than treatments A and C. Apparent protein digestibiltiy ranged from 

60.81% to 62.29%, but was not different among freatments (P>.05). 

Copper Balance 

Data from copper balance measurements are listed in Table 3.8. Differences 

among freatments were different (P<.05) for fecal copper excretion, urinary copper 

excretion, fecal copper as a percent of intake, urinary copper as a percent of intake, 

copper retention, copper retention as a percent of intake, and copper absorption. Blood 

serum copper levels were not different between treatments (P>.05). Although no 
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freatments showed to be deficient in copper status, freatments containing copper sulfate, 

treatments A (CUSO4) and D (50% Availa-Cu + CUSO4) had numerically lower blood 

semm copper concentrations than the two treatments containing only Availa-Cu, 

treatments B and C. Values for retention and absorption were similar for freatments B 

and D, which consumed similar amounts of copper, 123.53 and 122.71 mg/d, 

respectively. Treatment D provided slightly higher retention and absorption values than 

B. Steers in treatment A and C consumed comparable amounts of copper, 92.46 and 

98.53 mg/d, respectively. However, retention and absorption values were dramatically 

different between freatments A and C. The apparent copper absorption rates were fairly 

consistent with the 40% copper absorption rate suggested by Baker and Johnson (1997), 

with the exception of treatment A. Treatment C (Availa-Cu) retained 257.88% more 

copper than treatment A (Copper sulfate). An increase in copper retention is indicative 

of either increased copper absorption or decreased endogenous loss (Nockels et al., 

1993). Treatment C also absorbed 200.42% more copper than treatment A. These 

results are considerably higher than those found by Nockels et al. (1993), which 

concluded that stressed calves fed copper lysine retained 354% more copper, and 

absorbed 53.43% more copper than calves fed copper sulfate. They also noticed that 

urinary copper excretion was reduced in the animals fed copper lysine compared to 

animals fed copper sulfate. This suggests that copper lysine and copper sulfate were 

metabolized differently. Results from this experiment are consistent with the findings by 

Nockels et al. (1993). Urinary and fecal copper excretion were both reduced (P<.05) in 

treatment C (Availa-Cu) as compared to treatment A (CUSO4). Urinary copper excretion 
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was also reduced, numerically, by the Availa-Cu tteattnent (Treattnent B) as compared to 

the same level of copper in the form of copper sulfate combined with Availa-Cu 

(Treatment D). Fecal copper excretion was numerically higher in treatment B than in D, 

but not statistically different. 

The percent of dietary copper excreted in the feces and urine, separately, or fecal 

and urinary copper as a percent of copper intake is listed in Table 3.8. Results show that 

copper source and level of copper supplemented did effect the amount of dietary copper 

excreted (P<.05). The results were fairly consistent with the rates of dietary copper 

excretion stated by Chuch (1988). Percentages of dietary copper excreted by most 

mminants range from 80-92% in the feces and 1-3% in the urine. All three treatments 

containing Availa-Cu had much lower rates of dietary copper excreted in the feces 

compared to the copper sulfate treatment. Treatment A (P<.05) The treatment containing 

only copper sulfate (treatment A) was the only tteatment consistent with Church. Percent 

dietary copper excreted in the urine was lower for the treatments containing only Availa-

Cu (P<.05), compared to the treatments containing copper sulfate. These results may 

also help to defend the suggestion that Availa-Copper and copper sulfate are metabolized 

differently (Nockels et al., 1993). 

Implications 

The results from this experiment suggest that copper from a copper amino acid 

complex is better utilized than copper from copper sulfate. At the level of daily copper 

intake of 92.46 and 98.53 mg/d from copper sulfate and a copper amino acid complex 
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(Availa-Cu®), respectively, the complex had significantly higher absorption rates, higher 

copper retention, lower fecal and urinary excretion (P<.05) and numercially higher blood 

semm copper levels. At the level of daily copper intake of 125.53 and 122.71 mg/d from 

Availa-Cu and a 50-50% mixttire of Availa-Cu and copper sulfate, respectively, the two 

copper sources were very similar in fecal copper excretion, copper retention, and copper 

absorption. However, the treatment made up of 50% copper sulfate had numerically 

higher levels of copper excreted in the urine. All copper treatments were not 

significantly different in blood semm copper levels, but all treattnents containing copper 

sulfate were numerically lower than their respective Availa-Cu treatments. 

Many questions are yet to be answered conceming the mechanism by which 

mineral chelates are metabolized, compared to their respective inorganic sources. A 

logical suggestion for the lower utilization of copper sulfate may be explained by sulfur 

interactions within the mmen. Copper sulfate may be more susceptible to forming 

insoluble complexes within the intestine, such as cupric sulfide and thiomolybdates 

(Church, 1988). Although the sulfur content of the two sources used in this experiment 

are not known, the amount of sulfur and copper in copper sulfate could be more available 

for ionic interactions. Another hypothesis for the mode of action of the amino acid 

complex used in this experiment is that the complex may be fractionally soluble, yet 

remaining intact in the intestine, and is protected from any antagonisms. Other similar 

studies using organic copper sources, such as copper lysine, found no significant 

differences in animal utilization between the organic source and copper sulfate (Coffey et 

al., 1994; Ward et al., 1993). Obviously, these findings do not compare to the results 
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from this experiment. Young (1997) explained that the question is not if organic chelates 

are better utilized than inorganic sources, the question is which chelate is most 

effectively bound. The author also believes that the variation in chelates on the market, 

is due primarily to the process by which the metal and the organic constituent are bound. 

More attention needs to be directed to research that links the better animal utilization of 

individual mineral chelates on the market to the most effective chelation process. 

Another implication conceming the use of the amino acid comlex used in this 

experiment, is that it might not be necessary to feed 100% chelates, considering that 

there was not much difference in copper utilization between the chelate tteatment 

(treatment B) and the 50% chelate treatment, treatment D. Although treatment D did 

have a numerical lower blood semm copper level (1.07 mg/L) than treatment B ( 1.78 

mg/L), the blood semm copper level was well into the adequate range of .80 to 1.5 mg/L 

(Puis, 1989). At the estimated cost of one cent per head per day of feeding the amino 

acid chelate, costs could be reduced by using only half of the recommended daily 

allowance, while still achieving acceptable copper status in an animal herd. However, 

more research supporting the findings in this experiment are needed before this concept 

can be promoted. 
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Table 3.1 Composition of the basal diet. 

Ingredient Percent (DM Basis) 
Steam flaked grain sorghum 75.72 
Cottonseed meal 6.09 
Cottonseed hulls 8.00 
Urea 0.60 
Molasses 3.00 
Fat, vegetable 2.00 
Limestone 1.14 
Sah 0.70 
Ammonium chloride 0.30 
Potassium chloride 0.20 
Trace mineral premix^ 0.25 
Vitamin A premix^ 0.25 
Rumensin premix'̂  1.00 
Tylan premix'̂  0.50 
Vitamin D premix^ 0.25 

^Trace mineral premix provides 7.0 ppm of I, 23.1 ppm of Mn, 21.1 ppm of Zn, and 13 
ppm of Co. 
^Vitamin A premix provides 136,116 lU of Vitamin A acetate. 
'̂ Rumensin premix provides 360 mg Monensin/head/day. 
'̂ Tylan premix provides 66.64 mg Tylosin/head/day. 
Vitamin D premix provides 50,0000 lU of vitamin D. 
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CHAPTER IV 

EXPERIMENT II: EFFECTS OF COPPER SOURCE AND COPPER LEVEL 

ON IN VITRO DIGESTIBILITY, pH AND AMMONL\ RELEASE 

Abstract 

In vitro rumen fermentation tests were performed to determine the effect of 

copper sulfate and a copper amino acid complex, Availa-Cu® (Zinpro Corporation, Eden 

Prairie, MN) on dry matter digestibility, organic matter digestibility, and ammonia 

production. The Moore modification of the Tilley and Terry in vitro digestion procedure 

was used for this experiment. Treatments contained 50, 100, and 150% of the same ratio 

of feedxopper used in the metabolism trial in Experiment I. The 100% level was 

composed of 50% copper from copper sulfate and 50% from Availa-Cu. The 50 and 

150% levels were assigned to each individual copper source. Copper treatments were 

mixed together with com starch, and one gram of the com starch and mineral mixture 

was placed in a 100 ml in vitro tube with 50 ml of buffered rumen fluid, which was 

collected from a fistulated steer fed a high concenttate diet. The rumen fluid was 

strained through two layers of cheesecloth and mixed with McDougal's Artificial Saliva 

at the rate of 30 parts mmen fluid and 70 parts artificial saliva. Each tteatment was 

digested for 4, 8, 12,16,24, and 48 hours in a 39° C water bath for determination of dry 

matter and organic matter digestibility. Ammonia production was determined after 8, 16, 

and 24 hours of digestion There were no differences in dry matter and organic matter 

digestibility between, or across treatments. However, digestibility did increase linearly 
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with time, but with no difference across tteattnents. Copper tteattnents did have a 

significant effect on the level of ammonia produced between treatments at each hour of 

digestion. However, ammonia production did increase with time for all tteatments, 

including the control. Across all hours of digestion, copper from Availa-Cu at the high 

levels of supplementation decreased (P<.05) ammonia production compared to that of the 

control. There were no differences in pH when measured with a treatment x hour effect, 

however across all hours of digestion the two Availa-Cu treattnents had higher pH's than 

all other treatments (P<.05). 

Introduction 

Ammonia produced within the mmen is simply the deamination of amino acids 

and peptides from ingested feed by mmen bacteria. Bacteria utilize this ammonia to 

synthesize microbial protein, which the animal then absorbs. However, this is not always 

an efficient process. Unsoluble proteins that can avoid rumen degradation and pass 

directly to the small intestine for further digestion and absorption will be more efficiently 

utilized by the animal for maintenance and growth. However, a level of ammonia that is 

not so high that the animal experiences ammonia toxicity, and not so low that the mmen 

microbes cannot survive is very critical. Nutritionist's are continuously trying to increase 

the amount of dietary protein that is non-degradable in the mmen, while still maintaining 

a sufficient amount of ammonia in the mmen for the bacteria. Researchers have shown 

that products such as mineral salts, sodium biocarbonate, and various ionophore products 

can improve the efficiency of feed utilization by altering rumen fermentation. The 
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purpose of this experiment was to determine if copper from copper sulfate or a copper 

amino acid complex had an effect on in vitro mmen fermentation by measuring the 

percent dry matter digestibility, percent organic matter digestibility, pH, and ammonia 

production. 

Materials and Methods 

In vitto dry matter digestibility, organic matter digestibility and residual ammonia 

experiments were conducted following the completion of the metabolism trial in June of 

1997. Experiments were conducted in the Nutrition Lab of the Animal Sciences 

Department, Texas Tech University. 

Dry matter digestibility and organic matter digestibility were determined after 4, 

8, 12, 16, 24 and 48 hours of incubation in mmen fluid collected from a fistulated steer 

fed a concenttate diet. Digestibilities were determined using 1 g of com starch with two 

sources of copper, at three different concentrations. In vitro tests followed the Moore 

modification of the Tilley and Terry procedure (Harris, 1970). The cmde protein (CP) of 

the treatment substrates were brought to 13% CP with urea. The treatments were as 

follows: 

1 => Conttol, no copper added 

2 => Com starch + CUSO4 at 50% of the estimated copper requirement 

3 => Com starch + Availa Copper at 50% of the estimated copper requirement 

4 => Com starch + CUSO4 at 50% of the estimated copper requirement + 

Availa Copper at 50% of the estimated copper requirement 
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5 => Com starch + CUSO4 at 150% of the estimated copper requirement 

6 => Com starch + Availa Copper at 150% of the estimated copper 

requirement. 

The proper amounts of copper to add to the substrate were calculated using the 

same ratio of average daily dry matter intake (g) in vivo:grams of copper source for each 

respective treatment. The average daily dry matter intake during the metabolism trial 

was 7.02 kg. The tteatment substrates with the proper amounts of copper for each 

treatment were made in 100 g amounts. Each treatment batch was mixed by hand for ten 

minutes. One gram samples of each treatment were dried at 100°C for 24 hours for dry 

matter determination, and ashed for six hours at 550°C in a muffle furnace for organic 

matter determination . One gram samples of each tteatment were then placed in 100 ml 

centrifuge tubes. Rumen fluid was strained through four layers of cheese cloth to remove 

all feed particles and buffered using McDougals Artificial Saliva. The mmen fluid and 

buffer were mixed to contain 30 parts mmen fluid to 70 parts buffer. Fifty milliliters of 

the buffered mmen fluid solution were added to the 100 ml in vitro tubes and all O2 was 

displaced with CO2 to maintain anaerobic conditions. The tubes were then placed in a 

39°C waterbath for the proper amount of incubation time. Three tubes were used per 

treatment, per incubation hour. This procedure was repeated three times, for a total of 

nine tubes per tteatment, per incubation hour. Once the incubation time was completed, 

tubes were removed from the water bath and frozen. The tubes were then thawed and the 

liquid and residue was filtered through porcelain cmcibles fitted with a glass wool mat. 

The cmcibles were then dried at 100° C for 24 hours to determine dry matter 
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digestibility. Once the dry matter digestibilities were determined, the cmcibles were 

ashed in a muffle furnace for 6 hours at 550°C to determine organic matter digestibility. 

In vitro procedures were also performed to determine the effects of the different 

copper tteatments on dry matter and organic matter digestibilities, and residual ammonia 

using pure cellulose. The treatment substrates were made in the same manner as those 

substtates for the com starch tteatments. Urea was used also used as the nitrogen source 

(13% CP) for the cellulose substrates. The in vitro procedures were carried out three 

times, and the results showed that digestion was minimal, even after 48 hours of 

incubation. pH tests were conducted on the raw rumen fluid collected from a fistulated 

steer fed alfalfa, and on the buffered mmen fluid solution. The pH of the raw mmen 

fluid tested at a pH of 6.81. The pH of the buffered mmen fluid solution tested at 7.12. 

According to Cullison and Lowrey (1987), effective utilization of urea nittogen is 

accomplished at a pH below a level of 6 in the presence of an adequate supply of readily 

fermentable carbohydrates. It was concluded that the pH conditions were not 

physiologically favorable for microbial utilization of urea nitrogen, thus limiting 

microbial activity and optimal digestion. The data from the in vitro residual ammonia 

tests using the cellulose substrate treatments were not further analyzed. 

Ammonia production was determined using the same com starch + copper 

treatments. Ammonia production was tested after 8, 16 and 24 hours of incubation. Four 

grams of each tteattnent substtate was added to 200 ml of buffered rumen fluid in a 400 

ml in vitto bottle. All of the O2 in the bottles was displaced with CO2 to maintain 

anaerobic conditions, and fitted with mbber stoppers. The bottles were incubated in a 

74 

fgttmateimmiamt^al^^am^&iM. 



39° C waterbath for the exact time of incubation. After the proper amount of incubation 

time had passed, 5 ml of the fluid solution was removed and added to a 10 ml plastic 

centrifuge tube. One ml of a 5% HgCb solution was added to the sub-samples to halt 

further ammonia production. The sub-samples were centnftiged and frozen for later 

analysis. Sub-samples were then thawed, pH tested, and tested for residual ammonia 

using a method outlined by Preston (1985). Twenty microliters (ul) of each 5 ml 

subsample were added to 4 ml of phenol colored reagent and 4 ml of alkaline-

hypocholorite reagent. The samples were vortexed, and then incubated in a 39°C water 

bath for fifteen minutes. Ammonia samples were then tested using a Perkin Elmer DU®-

50 Series Spectrophotometer at 625 nm. Residual ammonia production is expressed as 

mg of NHs/dl. 

Calculations and Statistical Analysis 

Dry matter digestibility. Dry matter digestibility was determined for each 

treatment for each incubation time. It was determined by calculating the dry matter 

(DM) weight of the sample, the dry matter weight of the buffered mmen fluid solution 

(the Blank) and the dry matter weight of the digested sample. These calculations were 

performed identically to that of the dry matter digestibilities in vivo, with the exception 

of the value of the blank. The percent matter digestibility (DMD) was determined using 

the following formula: 

%DMD = 100 - (DM wt. of the digested sample (g) - DM wt. of the blank (Q)\ 

DM wt of the sample (g) 
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Organic Matter Digestibility. Organic matter digestibility (OMD) was also 

determined for each treatment for each incubation time. OMD was determined by 

calculating the percent organic matter of the sample, the organic matter weight of the 

corresponding blank and the percent organic matter of the digested sample. These 

calculations were performed identically to that of the organic matter digestibilities in 

vivo, with the exception of the value of the blank. 

The following formula was used to determine the percent OMD: 

%OMD = 100 - (OM wt of the digested sample (g) - OM wt of the blank (g)). 

OM wt of the sample (g) 

Data for dry matter digestibility, organic matter digestibility and residual 

ammonia between treatments, replications and incubation time were analyzed by analysis 

of variance using the GLM procedure of SAS (1995), and the overall least squares means 

for treatments were separated by two-tailed t-tests (PDIFF option). Independent variables 

in the model statement for dry matter and organic matter digestibilities included 

replication, treatment, hour, and treatment x hour. Independent variables for ammonia 

production tests included pH, as well as the variables mentioned above. 

Results and Discussion 

Results from the in vitto dry matter and organic matter tests are presented in 

Tables 4.1 and 4.2, respectively. Treatments were not different from the control (P>.05) 

at all hours of digestion. Digestion rates did increase lineariy with incubation time for 

each treatment, but with no significant difference. Across all treatments from 4 to 24 
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hours of incubation, digestion rates ranged from 83.01% to 98.65%, and 90.25% to 

99.98% for dry matter and organic matter digestibility, respectively. 

Treatment showed to have an effect on ammonia production (P<.05) at 4,8, and 

16 hours of incubation, respectively. Data for each treatment, at each hour of digestion 

are provided in Table 4.3. Ammonia concenfrations increased lineariy with time for each 

treatment (P<.05), which seems physiological since ammonia from protein degradation 

increases the longer the feed is retained (NRC, 1985). However, the treatment that 

contained half copper sulfate and half Availa-Cu experienced a decrease, rather than an 

increase in ammonia production between 16 and 24 hours of digestion. Differences 

between tteatments in the increase of ammonia from 8 to 24 hours of digestion were not 

different (P>.05). After 24 hours of digestion, treatments with the higher levels of copper 

had lower ammonia levels than the control (P<.05). Across all hours of digestion, all 

copper treatments produced numerically lower levels of ammonia than the conttol 

treatment. Table 4.4 provides the levels of ammonia produced across all hours of 

incubation. These results are consistent with Thomson et al. (1979). They found that 

incorporation of a mixture of metal salts in the diet improved the efficiency of microbial 

protein synthesis and increased the uptake of amino acids by the small intestine. Since 

ammonia is derived from the degradation, or deamination of amino acids and peptides, 

lower levels of ammonia production in the copper treatments compared to the control 

may be a sign that copper supplementation limits the deamination of dietary protein, and 

may enhance protein utilization in vivo (Church, 1988). Another concept conceming the 

deamination of the copper chelate, is that if ammonia is produced, it is a sign that the 
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metal is no longer complexed to the organic constittient (Ward and Spears, 1993). 

Although ammonia was produced in the copper chelate treatments, the level of ammonia 

was lower than the control. The chelate might be bound tight enough to produce the 

same effect explained by Thomson et al. (1979). Treatment also had an effect on pH of 

the mmen fluid across all hours of digestion (P<.05), but did not effect pH when tested 

against a treatment x hour interaction. Hydrogen concentrations (pH) are presented in 

Tables 4.3 and 4.4 along with the ammonia concentration measurements. Across all 

hours of digestion, the pH of treatments 2,4, and 5 were not signigicantly different, as 

well as for tteatments 3 and 6. The pH of all of the copper containing treattnents were 

statistically higher than the control. As a general mle, the higher the pH, the more rapid 

the absorption of ammonia in the mmen (Florida, 1997). When comparing the pH 

concentrations between copper sources at the 50% and 150% copper levels (treatments 

2,3,5 & 6), Availa-Cu had a higher (P<.05) pH at both levels of copper supplementation. 

This could indicate that Availa-Cu increases the rate at which ammonia would be 

absorbed in the mmen. However, this assumption is hypothetical, since no ammonia 

absorption or ammonia recycling occurs in vitro as would occur the animal (NRC, 1985) 

Implications 

In vitro tests did not produce any results showing a significant effect of copper 

source and copper level on dry matter and organic matter digestibility. The results from 

the ammonia production tests stimulate some interesting ideas. All copper tteatments 

produced lower ammonia concentrations than that of the control, which contained no 
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supplemental copper, ft is possible that inorganic metal salts and the copper amino acid 

complex behave similarly by increasing the efficiency of protein degradation in the 

mmen, thus allowing more of the protein to bypass degradation and become absorbed in 

the small intestine. However, copper levels exceeding what was used in this experiment 

may reduce bacteria activity, creating ammonia concentrations too low for the mmen 

bacteria to survive, thus lowering the rate of digestion and limiting feed intake, in vivo 

(Church, 1988). Also, copper added at 50% of the estimated copper requirement in the 

form of the copper chelate (Treatment 3) had the highest pH of all of the treatments, 

including the control. The higher the rumen pH, generally the faster deamination and 

absorption of ammonia occurs. This may be beneficial, as long as the ammonia is not 

released in excess of the bacterial requirement, causing possible ammonia toxicity. 

Ammonia toxicity usually occurs when ammonia concentrations exceed 100 mg/dl. 

More research is needed on the effects of mineral salts and organic chelates on the rates 

of protein degradation and bypass protein in the mmen. 
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CHAPTER V 

EXPERIMENT lU: EFFECT OF COPPER SOURCE AND COPPER 

LEVEL ON SOLUBILITY AND pH IN RUMEN FLUID AND 

DEIONIZED WATER 

Abstract 

The solubility of copper from copper sulfate and a copper amino acid complex, 

Availa-Cu® (Zinpro Corporation, Eden Prairie, MN) were determined in mmen fluid and 

deionized water. Rumen fluid was collected from two individually fistulated steers, one 

steer fed a high concentrate diet and one fed a roughage diet. The solubilities of three 

levels of copper were tested, 1.25,2.50, and 3.75 mg Cu/ml of liquid. The pH of the 

fluid was also recorded to determine if solubilities were effected by hydrogen 

concentration. The effects of copper source and level of copper on pH were also tested 

in drinking water taken from the water source used in the metabolism trial in Experiment 

I. Solubilites of the copper treatments in most of the fluids were different (P<.05) 

between tteatments and levels of supplemental copper. In mmen fluid from a 

concentrate fed steer, solubilities were not significantly different between sources or 

between the lower and median copper levels, but the two higher copper levels had higher 

(P<.05) solubilities than the lower supplemented levels. At the lower and median copper 

levels in mmen fluid from a roughage fed steer, the amino acid complex had a higher 

solubility than copper sulfate, but there were no diferences between copper sources at the 

highest level of supplemental copper. In both sources of mmen fluid, the pH decreased 
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as the level of copper supplementation increased for each copper source (P<.05). In 

deionized water, solubilities were higher for the copper sulfate treatments than the 

Availa-Cu treatments. However, the solubility of Availa-Cu decreased with a decrease in 

pH (P<.05). Solubilties of copper sulfate increased with an increase in copper 

supplementation, but the solubilities of Availa-Cu decreased as the supplemented level 

increased. Also, the pH of the deionized water and the drinking water reacted the same 

as in the two sources of mmen fluid for both copper sources. In general, solubilities of 

both copper sources were equally low. However, in deionized water solubility of Availa-

Cu was much lower than copper sulfate at all levels of supplemented copper (P<.05). 

Introduction 

The solubility of mineral supplements is a subject that has received much debate. 

There have been a few experiments performed with copper lysine and copper sulfate that 

found no differences in solubility and animal utilization between the two sources. 

However, research has shown that some of the competitive organic minerals on the 

market have distinctly low solubilities. Very little research has been reported on the 

differences in animal utilization of these lower soluble organic minerals. The purpose of 

this experiment was to determine the solubility of Availa-Cu in comparison to copper 

sulfate. 
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Materials and Methods 

Solubility tests of copper sulfate and Availa-Cu® were conducted to determine 

the percent solubility of the two copper sources in mmen fluid and deionized water. 

Drinking water from the steers' water source used in Experiment I was also used to test 

only the effects of copper source and level on the pH of drinking water. The amount of 

each copper source tested corresponded with the recommended daily in vivo allowance 

of supplemental copper from the copper chelate. The different solubility treatments 

varied with the percent of requirement. The different solubility treatments are as 

follows: 

1 CUSO4 at 50% of the requirement (1.25 mg Cu/ml); 

2 Copper chelate at 50% of the requirement (1.25 mg Cu/ml); 

3 CUSO4 at 100% of the requirement (2.5 mg Cu/ml); 

4 Copper chelate at 100% of the requirement (2.5 mg Cu/ml); 

5 CUSO4 at 150% of the requirement (3.75 mg Cu/ml); 

6 Copper chelate at 150% of the requirement (3.75 mg Cu/ml); 

7 Control, no copper. 

The proper amount of each copper source for the respective treatment was added 

to 30 ml of fluid in a 50 ml in vitro tube. The fluids were mmen fluid collected from a 

fistulated steer fed alfalfa hay, mmen fluid from a fistulated steer fed a concentrate diet, 

or pure distilled water. Three tubes were assigned per tteattnent. The tubes were 

incubated in a 39°C water bath for eight hours. The tubes were then removed from the 

water bath, centtifuged to separate liquid from particulate matter, and pH tested. A 5 ml 
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sub-sample was taken from each ttibe and refrigerated. One-tenth of a milliliter (. 1ml) of 

solution from each treatment replication was then added to a 100 ml volumetric flask and 

brought to volume with a 1% nitric acid solution. The samples were then tested for 

copper concentration against a standard copper solution made from copper sulfate using 

a Perkin-Elmer 2380 Atomic Absorption Specfrophotometer at 324.8 nm. The raw 

liquids were tested for copper content prior to adding the supplemental copper, but the 

copper levels in the raw fluids was too low to detect. 

Calculations and statistical analysis 

The copper concentrations of the solution in mg/ml was determined using the following 

formula: 

mg Cu/ml = ug Cu/ml X dilution factor. 

1000 mg 

The above calculation results in the concentration of copper in solution following 

eight hours of incubation. In order to calculate the percent copper solubility, the above 

results were divided by the original amount of copper added per milliliter of solution for 

each treatment. Copper solubility was determined using the following formula: 

% Solubility = mg Cu/ml after incubation. 

mg Cu/ml added prior to incubation 

The percent copper solubility and pH levels between treattnents and replications 

were analyzed by analysis of variance using the general linear models (GLM) procedure 

of SAS (SAS, 1995), and overall least squares means for freatments were separated by 
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two-tailed t-tests (PDIFF option). Independent variables used in the model statement 

were treatment and pH. 

Results and Discussion 

The results from the solubility of the copper treatments in mmen fluid from a 

concentrate fed steer, rumen fluid from a roughage fed steer, deionized water, and effects 

on pH in drinking water are provided in Tables 5.1, 5.2, 5.3, and 5.4, respectively. Test 

results showed that copper source and copper level had a significant effect on copper 

solubility. In mmen fluid from a concentrate fed steer, solubility was extremely low at 

the 1.25 mg/ml and 2.5 mg/ml levels (1.25% to 2.60%), with no significant difference 

between treatments at each level. At the level of 3.75 mg/ml, solubility of both 

treatments were similar, but higher than both treatments at the 1.25 mg/ml and 2.5 mg/ml 

(P<.05). 

In mmen fluid from a roughage fed steer, solubility of the chelate was statistically 

higher than copper sulfate at the levels of 1.25 mg/ml and 2.5 mg/ml (P<.05). Solubility 

between the lower, median, and high levels of copper for each copper source were also 

different (P<.05). At the higher level of added copper, 3.75 mg/ml, solubility of the two 

treatments were not significantly different. 

In deionized water, solubility of the copper chelate decreased as the amount of 

added copper increased (P<.05). With the copper sulfate treatments, there was no 

significant difference in solubility as the amount of added copper increased. The 
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solubility of copper sulfate was higher than all of the copper chelate treattnents, at all 

levels (P<.05). 

In mmen fluid from a concentrate fed steer, the pH levels between copper sources 

showed that the chelate had a higher pH than copper sulfate at the level of 1.25 mĝ ml 

and 2.5 mg/ml of added copper, but not at the 3.75 mg/ml level (P<.05). But 

numerically, the copper chelate had a higher pH than copper sulfate at each level of 

copper. Between copper levels and copper sources there was a difference in pH (P<.05). 

When comparing these pH results against the solubility results, there was a numerical 

increase in solubility as the pH decreased. 

In mmen fluid from a roughage fed steer, the pH levels of each copper source at 

the levels of 1.25 mg/ml and 3.75 mg/ml of added copper were not different, but at the 

2.5 mg/ml level the chelate had a higher (P<.05) pH than the copper sulfate tteatment. 

Although the chelate had a higher pH than the copper sulfate treatment at the 2.5 mg/ml 

level, solubility of the chelate was higher. As the level of added copper increased, 

solubility increased along with a decrease in pH for both copper sources. However, when 

analyzing the differences between the levels of added copper and copper sources, the 

chelate had a higher solubility and lower pH than copper sulfate. The lower solubility of 

copper sulfate may be due to copper sulfate participating in forming insoluble 

thiomolybdates in the mmen fluid, and the chelate avoids this interaction and becomes 

more soluble. It may be possible that the chelate avoids this interaction by remaining 

intact, yet still becoming fractionally soluble. However, the remaining copper in the 

chelate that did not become soluble may have been sequestered by these insoluble 
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thiomolybdates, or did not become soluble and will be passed into the lower intestinal 

tract and become directly absorbed. 

In deionized water, the copper sulfate treatments had a higher pH than the chelate 

at each level of added copper (P<.05). Within each level of added copper, higher 

solubilites reflected lower pH levels. As the treatment levels of copper sulfate increased 

the pH decreased (P<.05), and solubility increased numerically. However, solublity and 

pH of the copper chelate treatment decreased as the level of added copper increased 

(P<.05). The higher solubility of the copper sulfates in deionized water may be 

explained by the abscence of the participating elements that could have formed insoluble 

complexes with the copper sulfate. 

Similar effects of the copper treatments on the pH of deionized water occurred in 

drinking water. Numerically, the copper sulfate treatments had a lower pH at each level 

of added copper, as compared to the copper chelate. Also, the pH of the drinking water 

decreased as the level of copper from each copper source increased. Due to a small 

number of degrees of freedom (df), there was no statistical difference in the effects of 

copper source and copper level on pH, but numerically there was a difference. 

The results from the solubility test of the copper tteatments in rumen fluid from 

both the concentrate and roughage fed steers is consistent with Emanuele and Staples 

(1994). They found that the copper concentration of mmen fluid in fistulated Holstein 

heifers was less than 1 ppm, and that more copper flowed from the mmen daily (33.4 vs. 

37.5 mg/d) when the pH of the mmen was low. The outflow of copper in mminal solids 

in their study averaged 41% of the total mminal outflow of copper. The generally low 
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solubility of copper in all treattnents of this experiment may be due to copper becoming 

sequestered by microorganisms, or forming insoluble complexes in the 
rumen. 

Implications 

Mineral solubility and absorption is an area that deserves more investigation. 

Results from this experiment were not consistent with those of Ward and Spears (1992), 

and Kegley and Spears (1994). They found no distinct differences in mmen solubility 

between copper lysine and copper sulfate. However, Brown and Zeringue (1993) did 

find some intriguing results in their sttidy using two different copper proteinates, two 

different copper amino acid chelates, and a copper lysine complex, in a buffer solution of 

pH 5, at the same level of copper, 1.25 mg/ml. The percent solubilities in their study 

above were 5.1, 17.9, 12.4,94.3, and 18.1%, for each supplement, respectively. These 

results suggest that there is a significant difference between sources of organic minerals, 

some being more soluble than others. This difference in solubility between different 

manufacturer's organic minerals may also be responsible for the variance noticed in 

animal utilization of these different products. Results from this experiment comparing 

Availa-Cu and copper sulfate were similar to those found by Brown and Zeringue. At the 

copper level of 1.25 mg/ml in the form of Availa-Cu in rumen fluid from a concenttate 

fed steer, pH 5.25, solubility was 1.69%, whereas one of the copper proteinates used in 

Brown and Zeringues study had a solubility of 5%, under similar conditions. In rumen 

fluid from a roughage fed steer, Availa-Cu at the same level had a solubility of 26.52%, 

compared to the 17.9% solubility of a copper proteinate used in the study mentioned 
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above. However, it must be considered that these copper concentrations in vitto exceed 

the concentrations that would be found in the mmen. Brown and Zeringue found that 

solubilities of the copper supplements were much higher at concentrations lower than 

1.25 mg/ml. Concentrations lower than 1.25 mg/ml were not used in this experiment. 

Although there were differences in solubility of the different products used in Brown and 

Zeringue's study, gel filtration tests of the filtrate showed that the soluble metal was no 

longer complexed. If this is tme of some chelates, it would be interesting to know if 

animals receiving the less soluble organic supplement utilized the metal better than 

animals receiving the more soluble chelates, as did the animals in Experiment I of this 

research. More research is needed to investigate the solubility of lower levels of Availa-

Cu, together with further metabolism and performance trials to support the idea that 

lower solubility of this copper amino acid complex, Availa-Cu, may be responsible for 

better utilization. 
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CHAPTER VI 

RESEARCH CONCLUSIONS 

For many years, numerous researchers and manufacturers of mineral chelates 

have claimed that mineral chelates are utilized by animals more efficiently than the 

traditionally used inorganic mineral supplements. However, there has also been research 

that noted no differences between the chelates and the inorganic minerals. The purpose 

of this research was to determine if copper from a copper amino acid chelate, Availa-

Cu® (Zinpro Corporation, Eden Prairie, MN), was better utilized than copper from 

copper sulfate by growing beef cattle. 

Results from a 4 x 4 Latin Square design metabolism trial showed that growing 

beef steers utilized more copper when supplemented Availa-Cu versus copper sulfate. 

Availa-Cu treatments had lower levels of fecal and urinary copper excretion, and higher 

levels of copper retention and absorption than that of the copper sulfate treatment 

(P<.05). Steers also showed an increase in copper utilization as the amount of 

supplemental copper from Availa-Cu increased (P<.05). The treatment composed of half 

Availa-Cu and half copper sulfate was not significantly different in copper excretion, 

retention and absorption from the Availa-Cu tteatment containing a similar amount of 

supplemental copper. Although not statistically different, Availa-Cu tteatments had 

numerically higher blood serum copper concenttations than tteatments composed 

entirely, or partially of copper sulfate. 
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Results from in vitro rumen fermentation tests showed no significant effect of 

copper source or the level of supplemental copper on dry matter and organic matter 

digestion of a com starch-urea substrate. Ammonia production across 8, 16, and 24 

hours of digestion showed that copper supplemented at three times the ratio of copper:dry 

matter intake in vivo from copper sulfate and Availa-Cu produced significantly lower 

levels of ammonia than that of the control treatment (P<.05). 

Solubilities of copper from copper sulfate and Availa-Cu in rumen fluid increased 

as the concentration of supplemental copper increased, and pH decreased (P<.05). The 

solubility of copper from both sources was higher in rumen fluid collected from a 

fistulated steer fed a roughage diet than in rumen fluid collected from a concentrate-fed 

steer. In deionized water, copper sulfate was almost 100% soluble, and solubility 

increased as the concentration of supplemental copper increased and pH decreased. 

However, in deionized water Availa-Cu decreased in solubility as the concentration of 

supplemental copper increased and the pH decreased. In drinking water taken from the 

same water source used to water the steers in the metabolism trial, the pH of the water 

behaved the same as in the rumen fluid with both copper sources. 

The increased utilization of copper when supplemented from Availa-Cu may be 

explained from two points of view. First, it has been well documented that high levels of 

sulfur can interact with dietary copper within the gastrointestinal tract, or can aggravate 

the antagonism of molybdenum on copper. Although the actual sulftir content of the 

basal diet and the copper supplements used in this research were not determined, it is 

possible that the amount of sulfur from copper sulfate exceeded the amount of sulfur in 
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Availa-Cu. The percentages of the sulftir containing amino acids methionine and 

cysteine in Availa-Cu are .98 and .15%, respectively. By dividing the molecular weight 

of sulfur by the total molecular weight of copper sulfate, it is found that sulfur compnses 

20% of copper sulfate. At the rates of copper sulfate and Availa-Cu used in the 

metabolism trial, it is estimated that 99.2 mg of additional sulftir was supplemented from 

copper sulfate compared to 14.13 mg of sulfur containing amino acids supplied from the 

Availa-Cu treatment at the manufacturers recommended dosage. By looking at these 

"book values" it is evident that the copper sulfate treatment added a considerable amount 

of sulftir to the daily feed intake. 

The increased utilization of Availa-Cu could also be due to its low solubility. In 

this research the solubilities of both copper sulfate and Availa-Cu were considerably low. 

However, it is possible that the insoluble copper in copper sulfate became sequestered by 

insoluble complexes, whereas the insoluble copper portions in Availa-Cu remained 

bound to its organic constituent, therefore being available for later absorption in the 

small intestine. The variation in research results of the different mineral chelates could 

be due to the manner in which the chelated products are complexed. More research is 

needed to determine if there are actual differences in rumen solubility and animal 

utilization due to the method by which mineral chelates are complexed. 
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