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ABSTRACT 

Thirteen trials (n=930) were conducted to investigate 

the supplementation of weanling pigs with high levels of Zn 

and to compare the availability of Zn from several Zn 

sources for weanling pigs. In the first four trials, 

supplementing Zn by injecting Zn acetate either i.m. or i.p. 

at various times near weaning did not improve postweaning 

growth performance compared with pigs that were not 

injected. Additionally, stressing pigs by regrouping and 

then injecting Zn acetate did not improve growth 

performance. Serum Zn concentrations were increased in all 

of the trials by the injection of Zn. In the next five 

trials, feeding 3,000, 2,000 or 1,000 mg Zn/kg of diet from 

2nSO4g, Zn-lysine or Zn-methionine did not improve growth 

performance immediately after weaning compared with pigs fed 

diets with 105 mg Zn/kg of diet. Feeding 3,000 mg Zn/kg of 

diet as ZnO (P < .05) improved growth performance above that 

of pigs fed 3,000 mg Zn/kg of diet from the other sources,



but did not improve growth performance compared to controls. 

Lower tissue Zn concentrations suggested a lower 

availability of Zn from ZnO compared with ZnSO4, Zn-lysine 

and Zn-methionine. There was little difference in Zn 

availability among the other sources. In the next three 

trials, feeding diets with different levels of lysine had 

little influence on the availability of Zn from Zn-lysine 

compared to ZnSO4,. Results indicate that Zn from Zn-lysine 

is not absorbed in conjunction with the lysine component of 

the complex. Additionally, there were no differences in the 

availability of Zn from ZnSO, compared to Zn-lysine. In the 

last trial, Zn from ZnO was less available (P < .05) to Zn 

deficient pigs than ZnSO4, Zn-lysine or Zn-methionine when 

rib bone Zn concentration was used as an indicator of Zn 

availability. In summary, supplementing weanling pigs with 

high levels of Zn immediately before or after weaning does 

not appear to improve growth performance. Furthermore, Zn 

from ZnO is less available to weanling pigs than Zn from 

ZnSO,4, Zn-lysine or Zn-methionine.
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Chapter I 

Introduction 

The primary goal of pork producers is the efficient 

production of a product acceptable to the consumer. The 

increased competitiveness of poultry and beef products in 

the marketplace has put increased pressure on swine 

producers to improve their efficiency of production. 

Additionally, pressures from groups with environmental 

concerns represent a new challenge to producers. As 

regulations on the amount of animal waste that can be 

applied to land increase, more pressure is placed on the 

animal industry to increase the efficiency of nutrient 

utilization by animals. Therefore, the swine industry 

currently faces two major challenges: maintaining a secure 

spot in the marketplace and addressing the environmental 

challenges of the future. 

Many methods of improving the efficiency of pork 

production have been investigated over the last several 

decades, but the area that has probably received the most 

attention is that of significantly improving the low level 

of growth performance exhibited by pigs shortly after 

weaning. Some recent reports suggesting that feeding high 

concentrations of zinc to pigs after weaning can reduce 

scouring and improve postweaning growth performance have 

been of keen interest to producers. Research results are



mixed as to whether these therapeutic levels of zinc can 

actually improve growth. Several studies have reported 

growth performance benefits when feeding 2,500 to 3,000 mg 

of zinc per kg of diet during the first two weeks after 

weaning (Kavanagh, 1992; Poulsen, 1992). However, other 

researchers have found no benefits to feeding high levels of 

zinc (Fryer et al., 1992). Therefore, the benefits of 

supplementing weanling pig diets with high concentrations of 

zinc remains questionable. 

However, because producers are showing an interest in 

adopting the practice of feeding high concentrations of zinc 

and because this practice can lead to high levels of mineral 

deposition on land, there is an increased need to find zinc 

sources that are highly available to swine in an effort to 

reduce waste. 

Currently, several organic mineral sources are being 

marketed as being more available to swine than traditional 

inorganic sources. However, the data from trials 

investigating the availability of zinc from these organic 

sources are inconclusive. Some researchers have shown an 

increased availability of zinc from amino acid-mineral 

complexes compared with traditional inorganic sources (Hahn 

and Baker, 1993; Wedekind et al., 1992). Others have shown 

no increased availability of zinc when organic mineral 

complexes have been fed to livestock, compared to 

i
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traditional sources (Aoyagi and Baker, 1993; Hill et al., 

1986). 

The research reported in this dissertation was 

conducted to investigate the effectiveness of supplementing 

pigs with pharmacological levels of zinc to alleviate the 

poor growth performance immediately after weaning. In 

conjunction with this objective, this research examined the 

availability of several inorganic and organic sources of 

zinc to weanling pigs.



Chapter ITI 

Literature Review 

Introduction 

Since Todd et al. (1934) first demonstrated that zinc 

was an essential component of animal diets, zinc has been 

shown to be an integral part of many metabolic processes. 

To date, over 200 proteins containing zinc have been 

identified (Hambidge et al., 1986). The first report 

recognizing the need for zinc in swine was the finding that 

zinc reversed and prevented parakeratosis (Tucker and 

Salmon, 1955). Today, swine producers recognize the role of 

zinc in maintaining optimal growth. Exactly how zinc 

affects growth is not well understood. The relationship 

between zinc and growth as well as the other functions of 

zinc are reviewed in this chapter. Also, the absorption and 

storage of zinc in the body and the availability of zinc 

from sources commonly fed to swine are discussed. 

Functions 

Zinc has three main biological roles: as an acid 

catalyst, a structural ion and a control ion (Williams, 

1989). Thus, zinc acts in numerous metabolic processes 

throughout the body. The unique properties of zinc dictate 

its role in metabolism. Zinc has a relatively small size



and concentrated charge. Additionally, zinc does not have a 

variable valence, which prevents it from susceptibility to 

free radical formation. The small size and high reactivity 

of zinc allow zinc enzymes to have a high rate of reaction 

as well as low selectivity (Williams, 1989). Proteins 

involved in digestion and hormone action often contain zinc 

as these functions require low selectivity or quick action. 

Moreover, the properties of zinc govern the many roles zinc 

plays in biological processes. 

Growth 

Animals deficient in zinc experience reduced feed 

intake and growth rates. King (1990) reported that the 

growth rate of an animal will slow before tissue zinc stores 

are depleted. Chesters and Quarterman (1970) reported a 41% 

reduction in the feed intake of rats fed a zinc deficient 

diet compared with animals fed a zinc-adequate diet. Force 

feeding the zinc deficient rats a zinc deficient diet 

resulted in death. 

The role of zinc in feed intake was further 

demonstrated by Hughes and Dewar (1971), who found that 

zinc-depleted chicks showed a "specific zinc appetite" by 

discriminating between a diet with a high zinc concentration 

over a diet with a low zinc concentration. These results 

illustrate that zinc can be a growth limiting nutrient. The 

specific mechanism by which zinc regulates growth has not



been fully elucidated. However, much is known about the 

roles zinc plays in some of the different processes which 

comprise overall growth. These include the role of zinc in 

protein synthesis and enzyme functions. 

DNA and RNA function. Zinc is an important component 

of DNA and RNA polymerases (Chesters, 1989). Consequently, 

zinc plays a role in controlling protein synthesis. 

Additionally, Prasad and Oberleas (1974) reported decreased 

activity of thymidine kinase activity in mice fed a zinc 

deficient diet for 3 d. Similarly, Williams and Chesters 

(1970) reported a reduction in the incorporation of 

thymidine into DNA in rats that were fed a zinc deficient 

diet for 5 dad compared to pair fed control rats. During the 

same period, incorporation of labelled lysine into protein 

was not affected. The researchers concluded that a 

reduction in protein synthesis is not the primary response 

to zinc deficiency, but a reduction in DNA synthesis 

appeared to be the primary response. Grey and Dreosti 

(1972) found similar results using regenerating liver tissue 

of rats fed a zinc deficient diet for 3 d. In their study, 

thymidine incorporation into DNA was reduced while leucine 

incorporation into protein was not. Again, it appears that 

a reduction in DNA synthesis is the primary response to 

initial zinc deficiency.



Cell division. Researchers have also found that zinc 

is essential for the replication of cells (Guigliano and 

Millward, 1984). Beyond its role in DNA formation, zinc can 

influence the rate of the cell cycle (Chen, 1986). Swinkels 

(1992) reported that serum mitogenic activity was reduced by 

34% in pigs fed a zinc deficient diet compared to control 

animals. The rate of cell differentiation of epithelial 

cells (Chen, 1986), bone cells (Westmoreland, 1971) and 

fibroblasts (Hsu et al., 1974) have all been slowed by zinc 

deficiency. Reducing a zinc supply to tumor cells has also 

been shown to be an effective method of inhibiting these 

rapidly growing cells in animals (De Wys, 1972). 

Hormones. Several of the hormones that regulate growth 

are thought to be associated with zinc metabolism. 

Kirchgessner and Roth (1985) were able to attribute a 

reduced concentration of growth hormone in the serum of rats 

to zinc deficiency. Serum concentrations of growth hormone 

were lower in zinc deficient rats than in the pair fed 

animals. Also, triiodothyronine concentrations have been 

reported to be lower in zinc deficient rats compared with 

pair fed controls (Morley et al., 1980). Oner et al. (1984) 

were able to demonstrate that somatomedin levels were also 

reduced in rats as a result of zinc deficiency. The 

researchers were able to distinguish between the reduction 

in somatomedin levels and the effects of reduced growth



hormone levels by injecting growth hormone into the control 

animals. Injection of growth hormone in the zinc deficient 

controls did not increase somatomedin concentrations. 

Digestive functions 

The zinc content of the intestinal tract is relatively 

high compared to other tissues of the body, which may be 

related to the many roles zinc plays in the intestine. Zinc 

status of the intestine appears to be directly related to 

intestinal cell development. Rats fed a zinc deficient diet 

show a reduction in the production of new intestinal cells 

when compared to pair fed controls (Southon et al., 1985). 

Additionally, rats fed a zinc deficient diet have shorter 

and narrower villi in the jejunum and ileum than pair fed 

control rats (Southon et al., 1986). Zinc supplementation 

of the deficient rats resulted in increased intestinal cell 

proliferation and increased villus height, width and density 

in the small intestine. 

Along with the proliferation of intestinal cells, zinc 

has been shown to have protective roles in the intestine. 

Zinc compounds have been reported to reduce ulcer formation 

by stabilizing membrane integrity and thereby reducing mast 

cell degranulation (Pfeiffer et al., 1987). 

Zinc has also been shown to be a component of many 

digestive enzymes such as carboxypeptidases, tripeptidase, 

aminopeptidase and others (Georgievskii, 1982).



Immunity 

Immune function is also influenced by zinc status 

(Carlomagno et al. 1985; Chandra, 1985). Mice fed a diet 

deficient in zinc have rapid atrophy of the thymus, reduced 

splenocyte numbers, and depressed responses to T-cell 

dependent and T-cell independent antigens (Fraker et al., 

1986). Atrophy of the thymus during zinc deficiency is 

usually of a much greater magnitude than the magnitude of 

the general reduction in body weight (Chandra and Au, 1980). 

Immune function alterations originating from atrophy of the 

thymus have been speculated to be caused by a lowered DNA 

content which may be responsible for a reduction in the 

development and differentiation of thymocytes (Hambidge et 

al., 1986). Zinc repletion of zinc deficient mice resulted 

in improved immune function within 5 d (Fraker et al., 

1986). 

Conflicting results have been reported for the 

influence of zinc on humoral immunity. Beach et al. (1980) 

reported that. zinc deficiency in mice produced abnormal 

serum immunoglobulin profiles. Additionally, Fraker et al. 

(1986) reported that zinc deficiency during periods of rapid 

growth and development can cause severe immune disorders as 

seen in abnormal serum antibody profiles in 4 wk old mice 

fed a zinc deficient diet. In contrast, Cunningham-Rundles



et al. (1981) reported no effects of inadequate zinc intake 

on lymphocytic proliferation and differentiation. 

Zinc also plays several other protective roles that can 

be considered as augmentations of the immune system. During 

infection, serum zinc is lowered by metallothionein 

shuttling zinc to the liver for storage. This is thought to 

lower the availability of zinc to the invading microbes, and 

thus inhibits their replication (Klasing, 1984). 

Additionally, zinc compounds can increase the stabilization 

of lysosomes in the presence of destabilizing agents, 

thereby enhancing the protection of cells (Pfeiffer and Cho, 

1980). 

Stress 

The metabolism of zinc during stress may be related to 

an immune function. Zinc concentrations in the plasma of 

animals decrease during periods of stress (Chvapil, 1976). 

It is hypothesized that this decline in plasma zinc 

concentration may be part of an animal's defense mechanism. 

Chvapil (1976) speculated that low serum zinc concentrations 

during stress may be a mechanism to activate phagocytic 

cells that are inhibited at normal zinc concentrations. 

Zinc supplementation of stressed animals, however, does not 

improve their growth status (Chesters and Will, 1981; 

Kornegay et al., 1993). Chesters and Will (1981) 

supplemented endotoxin stressed pigs with zinc and found no 
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improvement in the growth status of the animals. Kornegay 

et al. (1993) reported that weanling pigs stressed with 

restricted floor space showed no improvement in performance 

with increased dietary zinc supplementation. 

Reproduction 

Zinc is distributed throughout the primary and 

secondary sex organs of the male. The major function of 

Zinc in male reproductive organs appears to be in 

testosterone production and the production and maintenance 

of viable sperm. Abbasi et al. (1980) found that during 

zinc deficiency circulating testosterone levels decrease. 

Additionally, Lei et al. (1976) found that in zinc deficient 

rats, testosterone levels in Leydig cells are depleted. 

Furthermore, Saito et al. (1967) reported that zinc is 

necessary in the semen of rats and dogs to maintain sperm 

viability and motility. 

In the female, the zinc content of the reproductive 

organs (uterus, ovaries and cervix) is low compared with 

other body tissues (Hambidge et al., 1986). However, zinc 

has been shown to influence every stage of the female 

reproductive cycle. Zinc deficient rats have abnormal 

estrous cycles and remain anestrus (Swenerton and Hurley, 

1968). Swenerton and Hurley (1968) found that 

supplementation of the rats with zinc resulted in a normal 

cycle. During gestation, zinc deficient rats were found to 
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mobilize only 1% of their bone zinc (Hurley and Swenerton, 

1971). This amount of zinc mobilization from bone was 

insufficient to prevent teratogenic effects on the fetuses. 

Furthermore, the liver zinc concentrations of the zinc 

deficient pregnant rats were not different from control 

pregnant rats. Hurley and Swenerton's study clearly 

demonstrates the inability of pregnant rats to mobilize 

tissue zinc stores for normal fetal development. Moreover, 

the largest effect of zinc deficiency on gestation is severe 

abnormal development of the fetuses ranging from 

neuromuscular malformation to malformations of the eye 

(Hurley, 1981). In pigs, litter size is not affected by 

dietary zinc concentration, but the number of animals born 

alive and their survivability are affected by dietary zinc 

concentration (Hill et al., 1983; Kalinowski and Chavez, 

1984). However, Pond and Jones (1964) reported no 

improvement in litter size or subsequent growth of pigs from 

gilts fed several different levels of zinc. Hedges et al. 

(1976) reported no improvement in sow performance through 

five parities when different levels of zinc were fed. 

Structure 

Like many other functions of zinc, the exact role of 

zinc in bone is not known. Zinc is thought to play a role 

in the formation of bone matrix because zinc represents a 

large percentage of the composition of matrix (Hambidge et 
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al., 1986). During bone formation, zinc appears to 

influence the activity of the epiphyseal growth plate; a 

deficiency can reduce the activity of the osteocytes 

(Hambidge et al., 1986). Oner et al. (1984) reported a 

strong correlation between tibial epiphyseal widths and bone 

zinc concentrations. They found that rats with wider 

epiphyseal plates had higher femur zinc concentrations and 

higher serum zinc concentrations. 

The normal calcification of bone in rats also appears 

to be dependant on a sufficient supply of zinc (Becker and 

Hoekstra, 1966). In fact, they found that by inducing 

increased bone calcification with vitamin D supplementation, 

more zinc was deposited in bone. 

The sensitivity of bone zinc concentrations to dietary 

Zn levels led Flanagan (1984) to report that bone zinc 

content of rats is a good indicator of overall body zinc 

status. However, another study (Berg and Kollmer, 1987) 

found that bone zinc content is a poor indicator of zinc 

status due to maintenance of bone zinc content during 

periods of altered zinc intake. 

Vision 

Zinc is also an integral component of vision as a part 

of retinol dehydrogenase in the rods of the eye. Retinol 

dehydrogenase functions to convert retinol to retinal which 

is necessary to form rhodopsin for night vision (Morrison et 
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al., 1978). An indicator of zinc deficiency in humans is 

night blindness. 

Body stores 

The highest concentration of zinc in the body is in the 

eye (Hambidge et al., 1986). However, the eye only 

represents a small proportion of total body zinc. Bones and 

muscles contain approximately 80% of body zinc, with muscles 

containing the largest proportion of zinc in the body of 

humans (Jackson, 1989). Highly oxidative red skeletal 

muscles contain higher concentrations of zinc than do 

glycolytic white skeletal muscles (Cassens et al. 1967). 

Hambidge et al. (1986) reported that blood, hair, bone, 

testis and liver are sensitive to feeding different levels 

of zinc, whereas brain, lung, muscle and heart were 

insensitive to dietary levels. Berg and Kollmer (1987), 

however, found that bone stores of zinc do not drop 

appreciably during zinc deficiency in rats. In chickens, 

liver, kidneys, muscle and bone have all been reported to be 

sensitive indicators of zinc status (Henry et al., 1987). 

Rabbits fed a zinc deficient diet had decreased zinc 

concentrations in bone, fur, liver, and testis (Bentley and 

Grubb, 1991). They found, however, that skeletal muscle and 

thymus zinc concentrations were not affected by dietary zinc 

concentrations in rabbits. 
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Most of the zinc in blood is bound in erythrocytes to 

carbonic anhydrase. Only 10 to 20% of zinc in blood is in 

the plasma. Approximately two thirds of the zinc in plasma 

is bound to albumin (Prasad and Oberleas, 1970). When 

comparing the sensitivity of zinc concentrations in plasma 

versus serum, Hambidge et al. (1986) found no differences in 

sensitivity. In fact, zinc concentrations in the plasma 

were not different from the zinc concentrations of the 

serum. 

The consumption of food has been reported to be 

responsible for diurnal variation in plasma zinc 

concentrations in women (Goodall et al., 1987). Liptrap et. 

al. (1970) reported no differences in serum zinc 

concentrations between growing barrows and gilts fed diets 

with several concentrations of zinc for 4 wk. Ullrey et al. 

(1967) reported serum zinc concentrations at birth of .60 

mg/L. Serum zinc concentrations then rose during the first 

two weeks after birth to approximately 1.0 mg/L. At 3 to 5 

wk of age, the serum zinc concentrations dropped to .55 mg/L 

and then recovered to a range of .85 to 1.0 mg/L. After 5 

wk of age, the serum zinc concentrations fluctuated within 

this range through 5 mo. of age. The reason for the drop in 

serum zinc concentrations at 3 wk of age is not known. 

Interestingly, Liptrap et al. (1970) reported a close 

relationship between serum zinc concentrations and growth. 
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Because of this strong relationship, Liptrap et al. (1970) 

concluded that serum zinc is a good indicator of overall 

zinc status. 

The zinc concentration of milk has been reported to 

decrease as lactation progresses in rats (Reiss et al., 

1990). Interestingly, the decrease in zinc concentrations 

in milk corresponds to a decrease in zinc turnover rates in 

the whole body; zinc turnover rates decrease as an animal 

gets older (Reis et al., 1990). It appears that animals 

become more efficient in regulating mineral homeostasis as 

they age. This may be one reason mineral requirements 

decline with age. 

Requirements 

As mentioned above, dietary requirements for zinc 

decline as pigs age (NRC, 1988). Using casein diets, 

Shanklin et al. (1968) found that the zinc requirement for 

baby pigs was between 14 and 20 mg Zn/kg of diet. Levels at 

or below 14 mg Zn/kg of diet resulted in reduced performance 

and low serum zinc concentrations and low serum alkaline 

phosphatase activity compared with pigs receiving higher 

levels. Using autoclaved-spray-dried egg white as the 

protein source, Hankins et al. (1985) reported the zinc 

requirement of baby pigs to be above 19 mg Zn/kg of diet. 

Feeding 19 mg Zn/kg of diet in a phytate free diet resulted 

in parakeratotic lesions in the esophagus. 
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The NRC (1988) recommends 50 mg Zn/kg of diet for 

growing and finishing swine. Using growth performance as an 

indicator, Liptrap et al. (1970) reported a higher zinc 

requirement for growing gilts and boars compared to barrows. 

The recommended zinc requirement for gestating and 

lactating females and boars is 50 mg/kg (NRC, 1988). Hedges 

et al., (1976) reported no differences in sow performance 

through five parities by feeding either 33 or 83 mg/kg. 

Thus, the suggested requirement appears to provide a margin 

of safety. 

Zinc homeostasis 

According to Wastney et al. (1987), there are five 

sites in the body that regulate zinc homeostasis. These 

include intestinal absorption, urinary excretion, release by 

muscle, secretion into the gut, and exchange with red blood 

cells. By controlling the uptake and secretion of zinc, the 

intestinal cell is thought to be the primary regulator of 

zinc homeostasis. During periods of high dietary zinc 

intake, zinc in the intestinal cell is moved into the 

circulatory system and is also secreted into the intestinal 

lumen. During low dietary zinc intake, the amount of Zinc 

secreted into the lumen is decreased (Lonnerdal, 1989). 

Zinc homeostasis is also controlled by the excretion of zinc 

by the kidney and storage of zinc in various tissues such as 

muscle, liver and bone. 
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Deficiency 

The primary characteristics of zinc deficiency are 

reduced feed intake and growth. Animals consuming a diet 

deficient in zinc will reduce feed intake and growth will be 

slowed before body stores are depleted (Wada and King, 

1986). The secondary characteristics of zinc deficiency 

include parakeratosis and hair loss. Some of the other 

symptoms of zinc deficiency include abnormal bone growth, 

arthritis of the joints, impaired reproduction, night 

blindness and diarrhea (Hambidge et al., 1986). 

Many of the deficiency signs of zinc are thought to be 

related to the function of zinc in protein synthesis. 

Additionally, the reduction in feed intake of zinc deficient 

animals is thought to contribute to the symptoms of zinc 

deficiency. In other words, it is difficult to determine if 

many of the symptoms of zinc deficiency are a direct effect 

of reduced zinc intake or an effect of reduced feed intake. 

Zinc deficiency also creates a destabilization of 

membranes as reported by Paterson and Bettger (1985). Rats 

fed a zinc deficient diet had a significant reduction in the 

stability of erythrocyte membranes. 

Tissues in pigs that were found to be sensitive to zinc 

deficiency included liver, kidney, rib bone and pancreas 

(Prasad et al., 1971). Oxidative red muscles have been 

found to be more sensitive to zinc deficiency than 
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glycolytic white muscles of rats (O'Leary et al., 1979). 

Additionally, the RNA content of the liver, kidney, rib bone 

and pancreas of zinc deficient pigs were lower than pair fed 

control pigs (Prasad et al., 1971). 

The gastrointestinal tract is also altered during zinc 

deficiency in rats (Southon et al., 1984). There is a 

significant decrease in absorptive area in the small 

intestine of zinc-deficient rats which is characterized by 

reduced villi height and reduced villi density (Southon et 

al., 1984). 

Development of all male sex organs and spermatogenesiss 

can be negatively affected by zinc deficiency (Hambidge et 

al., 1986). Additionally, gestation, lactation, and all 

other phases of the female reproductive cycle can be 

adversely affected by zinc deprivation (Hurley and 

Swenerton, 1966). 

Toxicity 

Generally, pigs have a very high tolerance for Zinc. 

Pigs can effectively eliminate zinc from the body through 

the feces and urine. Tolerance has been reported for 

weanling pigs fed levels as high as 5,000 ppm (Hahn and 

Baker, 1993). Brink et al. (1959) reported toxic effects 

when weanling pigs were fed 2,000 to 8,000 ppm of zinc as 

zinc carbonate. The toxicity signs they reported were 

depressed growth and severe arthritis at 2,000 ppm and 
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above. Gilts (30 kg of BW) fed 5,000 ppm of zinc as ZnO for 

20 wk showed no signs of toxicity (Hill and Miller, 1983). 

In rats, feeding high levels of zinc resulted in anemia 

characterized by a reduction in hemoglobin levels (Cox and 

Harris, 1960). Magee and Matrone (1960) further reported 

that feeding rats high levels of zinc interfered with iron 

and copper metabolism. They were unable to show an 

interference with copper or iron absorption, only an 

increase in the excretion of these minerals. Consequently, 

a zinc toxicity in pigs may manifest itself by altering 

other mineral metabolism without showing any specific zinc 

related toxicity problems. Hill et al. (1983) did report 

lowered copper and iron concentrations in the liver when 

5,000 ppm of zinc were fed for 20 weeks. 

Absorption 

The exact mechanism for zinc absorption is unknown. 

However, much is known about the characteristics of zinc 

absorption. 

General 

Absorption of minerals in newborn animals is known to 

be almost three-fold higher than in adult animals (Sullivan 

et al., 1984). This increased absorption is probably 

necessary for the rapid growth of newborns. Similarly, zinc 

absorption is increased during late gestation and during 

lactation in rats (Davies and Williams, 1977). This appears 
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to be a specific zinc effect because in the same study 

lysine absorption was not increased. 

Site of absorption 

Results from many studies conflict regarding the 

primary site of zinc absorption in the intestinal tract 

(Antonson et al., 1979; Davies, 1980). Davies found that 

fasted rats have the greatest absorption of zinc from the 

duodenum (60%) with the ileum and jejunum accounting for 30 

and 10% respectively. Using non-fasted rats, Antonson et 

al. (1979) found that the ileum was responsible for 60% of 

Zinc absorption with the duodenum and jejunum accounting 

equally for the remainder of the zinc absorption. Using 

complete intact intestinal tracts of pigs, Swinkels (1992) 

reported that the jejunum and ileum were the primary sites 

of zinc absorption. To the contrary, segments of the large 

intestine have also been identified as having the capacity 

to absorb significant amounts of zinc (Wapnir et al., 1985; 

Partridge, 1978). But despite these discrepancies, which 

could be attributed to experimental designs, most agree that 

the upper small intestine has the greatest capability for 

Zinc absorption (Lonnerdal, 1989). Furthermore, because all 

the segments of the G.I. tract exhibit the potential to 

absorb zinc, the amount of zinc absorbed by each segment may 

be dependant on factors such as dietary composition and zinc 

source. 
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Mechanism of absorption 

Two mechanisms of zinc transport appear to exist. The 

first is postulated to be a saturable carrier mediated 

mechanism which is stimulated to increase zinc absorption 

during zinc deficiency situations (Hoadley et al., 1987). 

Kennedy and Lonnerdal (1988) reported a saturable uptake of 

zinc from brush border membrane vesicles of rats. 

Similarly, Blakeborough (1987) described a saturable zinc 

uptake process in the small intestine of the pig that was 

consistent with a carrier mediated process. He also 

reported that the absorption of zinc at the pig brush border 

membrane was pH dependant. A range of pH between 7 and 8 

was found to be necessary for zinc uptake. 

The second mechanism is simple diffusion (Steel and 

Cousins, 1985). This mechanism has been reported by several 

researchers in several species (Steel and Cousins, 1985; 

Blakeborough, 1987). The extent to which simple diffusion 

influences absorption has not been fully elucidated. 

Interactive influences of absorption 

Despite the fact that the exact mechanism for zinc 

absorption remains unknown, much is known about factors that 

influence the absorption of zinc. These factors include the 

zinc status of the animal, the zinc source, the age of the 

animal, and dietary factors. The list of negative 

influences on the absorption of zinc include: high dietary 
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calcium, fiber, low dietary protein, phytate and high iron. 

Factors identified as positive influences on zinc absorption 

include high dietary protein, lysine, cysteine, glycine, low 

dietary iron, and lactose. Conflicting results have been 

reported regarding the influence of histidine, EDTA, 

citrate, picolinate and copper; each of these has been shown 

to have a negative, positive and/or no effect on zinc 

absorption (Cousins, 1985). 

At relatively low doses of dietary zinc, the saturable 

mechanism of zinc absorption appears to control zinc uptake. 

But at higher doses, this mechanism appears to be overridden 

(Coppen and Davis, 1987; Cousins, 1985)). Cousins (1985) 

speculated that at high dietary zinc concentrations, the 

intestinal membrane may allow zinc to pass more freely into 

the intestinal cell by diffusion. Therefore, the body 

regulates zinc absorption to a certain level of dietary 

intake, above which the body must excrete sufficient 

quantities of zinc to avoid toxicity problems. 

Serum zinc carriers such as albumin apparently do not 

influence the absorption of zinc from the intestine. 

Jackson et al. (1981) reported that saturation of serum 

albumin with zinc by intraperitoneal injection of high zinc 

concentrations does not reduce the absorption of zinc. 

Calcium. High levels of dietary calcium have been 

shown to interfere with the uptake of zinc in the intestine 
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(Heth and Hoekstra, 1965). Newland et al. (1958) showed 

that a high calcium diet fed to weanling pigs can alter zinc 

metabolism by reducing zinc stores. Berr et al. (1961) 

reported decreased zinc absorption in pigs fed excess 

calcium. Similarly, Heth et al. (1966) reported that 

calcium decreased zinc absorption in rats fed a semipurified 

diet. The high dietary calcium also reduced the liver and 

kidney stores of zinc in the rats. 

Iron. Iron can also interfere with zinc absorption 

(Momcilovic and Kello, 1979). In rats, high dietary iron 

concentrations have been found to reduce zinc absorption, 

but adequate dietary iron concentrations were not found to 

affect zinc absorption (Fairweather-Tait and Southon, 1988). 

Apparently, the wider the iron to zinc ratio in the diet the 

more magnified the reduction in zinc absorption becomes. [In 

humans, dietary iron to zinc ratios of 1:1 and 2.5:1 were 

insufficient to reduce zinc absorption, but 25:1 greatly 

reduced zinc absorption (Sandstrom et al., 1985). 

Phytate. Phytate is another inhibitor of zinc uptake 

in the intestine. Zinc bound to phytate molecules forms a 

complex that renders the zinc unavailable for absorption. 

Oberleas et al. (1962) reported a reduction in zinc 

availability in growing pigs fed .5 or .7% phytic acid added 

to a soybean meal or casein basal diet respectively. 

Supplementation of these pigs with 100 ppm of zinc returned 
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performance to a level similar to controls. Furthermore, 

using tube-fed zinc deficient rats, Flanagan (1984) found 

that the addition of sodium phytate to the diet increased 

the amount of zinc excreted in the feces. He speculated 

that phytate reduced the reabsorption of endogenously 

secreted zinc. 

Protein. Dietary protein content has also been shown 

to affect zinc status of animals. In rats and swine, a low 

dietary protein content has led to decreased serum or plasma 

zinc concentrations (Filteau and Woodward, 1982; Pond and 

Yen, 1984; Pond et al., 1985). Supplementation of these 

animals with zinc did not increase serum or plasma zinc 

concentrations. These studies suggest that a sufficient 

amount of protein is necessary for zinc absorption. 

Other dietary components have also been found to 

negatively affect zinc uptake. Citrate and picolinate have 

also been reported to reduce zinc absorption by rat brush- 

border-membranes (Menard and Cousins, 1983). Similarly, 

Turnbull et al. (1990) found that citrate and picolinate 

reduced zinc uptake by pig intestinal brush border membrane. 

Availability 

In simple terms, availability refers to the amount of a 

nutrient that can be absorbed and utilized by an animal. As 

previously discussed, the availability of a mineral source 

will depend on several factors, including the mineral status 
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of the animal, dietary components and the health of the 

animal. Increased concern over environmental contamination 

by animal waste has resulted in attempts to identify mineral 

sources that are highly available. As a result, many new 

sources of zinc for animals have been developed which are 

proposed to be highly availability to animals. 

Sources. Inorganic salts have been used to supplement 

livestock diets for decades. Recently, interest in sources 

that might be more available to animals has led to the 

development of organic sources of zinc. These organic 

sources, known as complexes or chelates, are compounds of 

metals such as zinc, copper, iron and manganese combined 

with amino acids, proteins or carbohydrates. 

Inorganic. Traditional sources of zinc for pigs are 

mainly inorganic salts. Sources of zinc commonly fed to 

pigs include ZnO, ZnSO4, ZnCly and ZnCO3. The availability 

of these salts vary. Using evereted sacs of rat duodenum 

and ileum, Seal and Heaton (1983) found that ZnSO, was more 

available than either ZnCly or Zn(PO4)9. Using growth 

performance as an indicator of availability, Edwards (1959) 

found that ZnO was more available to broilers than ZnSOy,. 

He also reported no difference in availability between ZnCO3 

and ZnO or ZnSO,4. Again using body weight gain as an 

indicator of zinc availability, Roberson and Schaible (1960) 

reported no differences in the availability of ZnO, ZnCO3, 

26



and ZnSO4 when fed at several concentrations to broilers. 

Miller et al. (1981) found in weanling pigs that zinc from 

metallic zinc dust was approximately 30% more available than 

zinc from ZnO. Based on tibia zinc concentrations, Wedekind 

and Baker (1990) reported in chicks that the bioavailability 

of zinc from feed grade ZnO was only 44.1% of that of feed 

grade ZnSO4 and 61% as available based on weight gain. 

Chelates and complexes. A metal complex is defined as 

a central metal atom with ligands, at least one of which has 

a free electron pair. Proteins, amino acids and 

carbohydrates typically function as the ligands. A chelate 

is defined as a special form of complex in which two or more 

atoms of a ligand donate their electron pairs to the metal 

to form a ring structure. 

Chelates are postulated to increase the availability of 

minerals by either protecting the mineral from binding to 

non-absorbable ingredients such as phytates, making the 

mineral available for absorption, or by aiding in the actual 

absorption of the mineral. An increase in the absorption of 

the mineral is speculated to be the result of co-transport 

of the zinc with the chelating agent or by presenting the 

Zinc to the absorptive site in a more available form. 

Recent interest in chelated minerals for animal 

nutrition has been stimulated by the discovery that low 

molecular weight ligands can influence the absorption of 
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zinc. Using intestinal perfusion studies in rats, Wapnir 

and Steil (1986) showed that amino acids added to a zinc 

solution significantly increased the absorption of zinc in 

the jejunum and ileum. Tryptophan, histidine, and proline 

all increased zinc absorption in rats to levels above those 

seen in the control rats which were perfused with a ligand- 

free zinc solution. These amino acids formed tightly bound 

complexes with Zinc which led to the speculation that the 

zinc and ligands formed chelates before absorption. fThus, 

the prospect that chelated minerals may be more available 

than other sources has focused recent investigations on the 

availability of these new mineral sources. Fan et al. 

(1982) speculated that an in vitro increase in zinc uptake 

from a zZinc-hisitidine complex was due to a reduction in 

Zinc binding to large ligands that may inhibit zinc from 

freely being absorbed. 

Contrary to the above findings, Dahmer et al. (1972) 

reported no increase in the availability of zinc when 

histidine was fed in a corn-soybean meal diet to weanling 

pigs. These researchers found that an increase in histidine 

up to 2% of the diet could not improve performance to levels 

Similar to pigs fed various levels of zinc supplementation. 

Additionally, the increases in serum zinc, serum alkaline 

phosphatase activity, bone zinc and liver zinc seen with the 

addition of zinc to the diet could not be obtained with the



addition of histidine to the diet. Moreover, no apparent 

increased zinc availability was found with the addition of 

histidine. 

Availability of complexes 

Laboratory animals. Using an everted gut procedure in 

rats, Hill et al. (1987) found no differences in zinc 

absorption between Zn-methionine, Zn-lysine and ZnCl. Also 

using an everted gut technique in rats, Seal and Heaton 

(1983) reported an increase in zinc uptake in the presence 

of histidine and dipicolinic acid. The prescence of 

cysteine, tryptophan, and glutamic acid had no effect on 

Zinc absorption (Seal and Heaton, 1983). Evans and Johnson, 

(1980a) reported that zinc from lactating rats fed zinc 

picolinate is transfered to nursing pups in greater amounts 

than zinc from lactating rats fed zinc acetate. 

Furthermore, Evans and Johnson (1980b) reported that 

supplemental dietary picolinic acid increased the absorption 

of zinc in rats compared with rats that were not 

supplemented with picolinic acid. On the contrary, Roth and 

Kirchgessner (1985) found no differences in absorption or 

utilization of zinc from zinc picolinic, zinc citrate or 

zinc sulfate in rats fed diets with different protein 

sources. Furthermore, Hempe and Cousins (1989) reported no 

difference in the availability of zinc from Zn-methionine 

compared with ZnSO, when fed to rats.



Swine. Hahn and Baker (1993) reported higher plasma 

zinc concentrations for weanling pigs fed a Zn-lysine 

complex compared with ZnSO, or ZnO. In another trial, they 

reported higher plasma zinc concentrations for weanling pigs 

fed either ZnSO, or Zn-methionine compared with pigs fed 

znoO. Interestingly, the pigs fed the ZnO in this trial had 

higher ADG than pigs fed either the ZnSO, or Zn-methionine. 

Hill et al. (1986) reported no differences in performance or 

serum zinc concentrations in pigs fed either ZnSO4, Zn- 

methionine or Zn-methionine and picolinic acid. The zinc 

sources in the study by Hill et al. (1986) were fed at 9 or 

12 mg Zn/kg of a corn-soybean meal basal diet. No 

differences between sources for performance or serum zinc 

concentration were reported during a 112 d growing/finishing 

period. Additionally, no differences in metatarsal zinc 

concentrations were reported for the different sources after 

the finishing phase. Similarly, Kornegay and Thomas (1975) 

found no improvement in the performance of growing pigs fed 

zinc-methionine compared with pigs fed ZnSO4 with 

supplemental methionine. Using zinc depleted growing pigs, 

Wedekind and Lewis (1993) found ZnSOqg to be more available 

than ZnO, Zn-lysine or Zn-methionine when bone zinc 

concentrations were used as an indicator. Similarly, 

Swinkels (1992) did not report an increased availability of 
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a Zn-amino acid complex when compared with ZnSO, for zinc 

depleted weanling pigs. 

Poultry. Using tibia zinc concentration as an 

indicator of availability, Aoyagi and Baker (1993) reported 

no difference in the availability of zinc from Zn-lysine 

when compared with ZnSO, when fed to broilers. In another 

broiler study using tibia zinc concentration, Wedekind et 

al. (1992) reported that Zn-methionine was 117% and 177% 

available compared with ZnSO, when fed in a purified or 

semipurified diet, respectively. Zinc oxide was found to be 

only 61% as available as ZnSO,. Pimentel et al. (1991) 

reported that the availability of zinc in Zn-methionine was 

not different from that of ZnO when fed to chickens. 

Ruminants. Zinc bioavailability from Zn-methionine and 

ZnO were not found to be different in heifers using growth 

rate, plasma zinc and plasma alkaline phosphatase activity 

as indicators of zinc status (Spears, 1989). Also, the 

apparent absorption of zinc in lambs was found to be similar 

for Zn-methionine and ZnO (Spears, 1989). Rojas et al. 

(1994) found no differences in tissue zinc storage in cattle 

fed Zn-methionine, ZnSO, or ZnO. Greene et al. (1988) 

reported an increase in quality grades for steers fed zinc- 

methionine compared to steers fed ZnO. These workers also 

reported an increase in external fat and kidney, pelvic and 

heart fat in steers fed the zinc-methionine compared to ZnO 
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fed steers. No differences in performance were reported 

between the steers fed the different zinc sources. 

Feeding high levels of zinc 

Researchers in Ireland (Kavanagh, 1992) reported that 

feeding 3,000 mg Zn/kg of diet as ZnO to weanling pigs 

reduced postweaning diarrhea and resulted in a corresponding 

increase in performance. Similarly, Poulsen (1992) reported 

a reduction in scouring for pigs two weeks after weaning 

when 2,500 mg Zn/kg of diet as ZnO was fed. Also, Poulsen 

(1992) reported an increase in performance for pigs 

receiving 2,500 or 4,000 mg Zn/kg of diet as ZnO. Hahn and 

Baker (1993) found that weanling pigs fed 3,000 or 5,000 mg 

Zn/kg of diet as ZnO had higher ADG than pigs fed 125 mgZn 

/kg of diet. They also found that pigs fed 3,000 mg Zn/kg 

of diet as ZnSO, had higher ADG than pigs fed the basal diet 

containing 125 mg Zn/kg of diet. 

A proposed mode of action for increased performance by 

feeding high levels of zinc is through the reduction of 

scouring. Zinc deficiency has been reported to be a cause 

of diarrhea (Golden and Golden, 1985). In in vitro 

cultures, high levels of ZnSO, have been found to reduce the 

growth of microbes known to cause diarrhea (Duhamel et al., 

1993). Fryer et al. (1992) found no performance benefit to 

supplementing weanling pig diets with 3,000 mg Zn/kg of diet 

as ZnO. In their study, feed intake, ADG and scouring were 
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not improved by zinc additions to the diets. However, Fryer 

et al. (1992) reported no scouring for pigs on any of the 

treatments. Consequently, if the mode of action is through 

reduced scouring, Fryer et al. (1992) would not have been 

able to see any performance benefits without a scouring 

incidence. The study by Fryer et al. (1992) further 

supports the hypothesis that the mode of action for 

performance improvement appears to be mediated through a 

reduction in scouring. 

Summary 

Zinc has been shown to play a role in many metabolic 

functions. The unique relationship between zinc status, 

growth and feed intake is of primary importance to livestock 

producers. Although the exact mechanisms of how zinc 

affects growth has not been elucidated, a reduction in DNA 

and protein synthesis appear to be influential in the growth 

depression seen in zinc deficient animals. The site and 

mechanism of zinc absorption also have not yet been fully 

identified. Most researchers agree that the small intestine 

plays the major role in a facilitated zinc absorption 

mechanism. The availability of zinc from organic complexes 

versus inorganic sources remains a topic of debate. The 

practice of feeding high levels of zinc to weanling pigs to 

improve performance has been shown to be equally effective 

and ineffective in the literature. Moreover, there remains 
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much to be learned about the mechanisms by which zinc 

affects the functions of the body. 
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Chapter III 

Objectives 

The objectives of this research were two-fold. The 

first objective was to investigate the growth performance 

effects of supplementing weanling pigs with pharmacological 

levels of zinc. The second objective was to evaluate the 

availability of zinc from several sources for weanling pigs. 

The specific objectives of these primary objectives are 

outlined below. 

I. Zinc supplementation of weanling pigs 

A. Attempt to produce a growth stimulating response 
by supplementing weanling pigs with 
pharmacological levels of zinc 

1. Zinc supplementation by injection 

a. Examine types of injection 

b. Examine sources of zinc to inject 

c. Determine amount to inject 

ad. Determine when to inject 

e. Examine factors that may be responsible 
for the performance boost 

1}. Serum blood concentrations 

2). Scouring 

3). Stress 

2. Zinc supplementation by feeding 

a. Determine source of zinc to feed 

b. Determine level of zinc to feed 

c. Determine optimum age to feed the zinc



If. Compare the availability of several zinc sources 
to weanling pigs 

A. Determine tissue storage patterns and 
absorption of Zn, Cu, and Fe in weanling pigs 
fed ZnO, ZnSO4, Zn-lysine or Zn-methionine at 
concentrations of 3,000, 2,000, and 1,000 ppm. 

Compare the absorption and storage of Zn in 
weanling pigs fed feed grade ZnSO, or reagent 
‘grade ZnSO, 

Compare the availability of zinc in Zn-lysine 
and ZnSO, when fed in a low lysine diet and a 
lysine adequate diet 

Compare the availability of zinc in ZnO, 
ZnSO4, Zn-lysine and Zn-methionine when fed to 
zinc deficient weanling pigs 
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Chapter IV 

Effectiveness of zinc acetate injection in alleviating 
postweaning lag in pigs 

ABSTRACT 

Four trials were conducted using crossbred pigs (n=308) 

to determine the effects of Zn acetate injection near 

weaning on serum Zn concentrations and performance. In 

Trial 1, 78 pigs (BW of 5.1 kg and age of 18 d) were 

injected i.m. 3 ad before weaning with either 3 mg of Zn from 

Zn acetate (in saline) per kg of BW or saline. Serum Zn 

concentrations were higher (P < .05) for Zn injected pigs at 

1 wk postweaning than controls. In Trial 2, 96 pigs (BW of 

7.2 kg and age of 26 dad) were used to compare time of i.p. 

injection of Zn (weaning or 12 h postweaning) and amount of 

Zn injected (0, 3 or 4 mg of Zn/ kg of BW). Serum Zn 

concentrations were higher (P <.01) for Zn injected pigs 1d 

after injections and remained higher than controls until 

after wk 2. In Trial 3, pigs (n=30, BW of 6.9 kg and 24 @ 

of age) that were injected with 3 mg of Zn/kKg BW i.p. 3 d 

postweaning had lower (P < .05) ADG and ADFI and lower (P < 

-01) gain/feed from d 4 to @ 7 postweaning than controls. 

Zinc injected pigs had higher (P < .05) serum Zn 

concentrations at d 7. In Trial 4, 104 pigs (BW of 6.4 kg) 

were used in a 2x 2 x 2 factorial arrangement of



treatments: 1) regrouped 3 d before weaning or not 

regrouped, 2) Zn injections (3 mg 1.p.) or placebo, and 3) 

time of injection, 2 d before or 1d after weaning. All 

pigs were weaned at 23 d of age. Pigs injected with Zn at 

either time had higher serum Zn concentrations at wk 1 (P < 

.01) than controls, but performance was similar. Regrouping 

decreased (P < .05) preweaning ADG, but had no effect on 

serum Zn concentrations. Moreover, the injection of Zn 

three days before to three days after weaning did not 

prevent a decrease in performance at weaning although serum 

Zn concentrations were increased. 

Key Words: Pigs, Weaning, Serum, Zinc, Growth, Performance. 

Introduction 

The poor performance exhibited by pigs immediately 

after weaning which is characterized by low feed intake and 

suboptimal daily gains (Ogunbameru et al., 1992) has been 

speculated to be the result of the stress of weaning 

(Funderburke and Seerley, 1990). Removal of pigs from the 

sow and regrouping them are thought to be major contributors 

to the stress of weaning. Stress has also been shown to 

cause a decline in serum Zn concentrations (Chesters and 

Will, 1981). Furthermore, due to the role of Zn in growth, 

animals with suboptimal body Zn were shown to grow more 

slowly (Chesters and Quarterman, 1970; King, 1990). 

Consequently, the possibility exists that there may be a 
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direct relationship between Zn status, stress and 

performance. 

Because serum zinc is known to decline at weaning 

(Ullrey et al., 1968), and because zinc plays a key role in 

regulating feed intake and growth (Grummt et al., 1986), 

this research was directed at determining the influence of 

supplemental zinc on postweaning performance. Trials were 

conducted with Zn treatments designed to maintain serum zinc 

concentrations at weaning to investigate a possible 

beneficial response in performance. Additionally, an 

attempt was made to further characterize the relationship 

between zinc supplementation and the stress that may result 

from regrouping at weaning. 

Materials and Methods 

Crossbred pigs (n=308) were utilized in four trials to 

examine the effects of Zn injections near weaning on 

performance. In Trial 1, 78 pigs (BW of 5.1 kg) were 

blocked by weight, gender and litter, and randomly assigned 

to one of two treatments. The treatments were Zn injection 

(i.m.) with 3 mg of Zn/kg BW as Zn acetate (28.1 mg of Zn 

acetate/ml saline) or an equivalent volume of saline. The 

injections were given in the semitendinosus muscle at an 

average of 18 d of age. Pigs were weaned 3 d after the 

injections and were housed four pigs per pen in plastic 

coated welded wire pens (1.2 m x 1.2 m) in environmentally 
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regulated nurseries. The initial nursery temperature was 

31°C, and was reduced 2°C per week. Pigs were weighed prior 

to injection, at weaning, and at d 2, 7, 14, and 21 

postweaning. Blood was collected via jugular venipuncture 

prior to injection, at weaning, d 7, 14, and 21. Feed was 

removed 30 min prior to bleeding to minimize the effect of 

any recent feed consumption on serum Zn concentrations. 

Blood was analyzed for serum Zn concentration and alkaline 

phosphatase activity. Pen feed consumption was determined 

on each of the weigh days. All pigs were fed the same diet 

(Table 1) and were allowed ad libitum access to feed and 

water. 

In Trial 2, 96 crossbred pigs were weaned at an average 

age of 26 d and an average weight of 7.2 kg, blocked by 

weight, gender, and litter, and then randomly assigned to a 

2 x 3 factorial arrangement of treatments. At weaning or 12 

h after weaning, pigs were injected i.p. with 0, 3 or 4 mg 

of Zn/kg of BW as Zn acetate. The concentration of Zn was 

the same as that used in Trial 1. Control pigs were 

injected with saline (equal volume to pigs receiving the 3 

mg injection). Pigs were housed two/pen (.6 m x 1.2 m) and 

allowed ad libitum access to feed (Table 1) and water. 

Environmental conditions were as in Trial 1. Pigs were 

weighed and blood samples were taken via jugular 
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Table 1. Diet compositiona 

  

  

Item Percent 

Corn 57.47 
Soybean meal (44% CP) 24.95 
Dried whey 15.00 
Dicalcium phosphate 1.15 
Limestone .80 
Vitamin premixb .25 
Lysinec .18 
Antibacterial (Mecadox 10) -10 
Mineral premixd . 05 
Selenium premixe .05 

  

oo
 aDiet calculated to contain 18% protein, 1.15% lysine, .8 

Ca and .65% P. 
bSupplied per kilogram of diet: 4,400 IU of vitamin A, 440 
IU of vitamin D, 11 IU of vitamin E, 489.4 mg of choline, 
4.4 mg of riboflavin, 22 mg of d-pantothenic acid, 22 mg 
of niacin, .44 mg of biotin, .022 mg of Bi2, and 1.1 mg of 
vitamin K as menadione dimethylprimidinol bisulfite. 

CL-lysine (78.8%), monohydrochloride, Archer Daniels 
Midlands Co. .Decatur, IL. 

dSupplied per kilogram of diet: 105 mg of Zn, 123 mg of Fe, 
42 mg of Mn, 12 mg of Cu, and 2 mg of I. 

e€Supplied .3 mg of Se per kilogram of diet.



venipuncture at weaning, and at d 1, 4, and 7 postweaning. 

Feed was removed 30 min prior to bleeding. Scouring was 

evaluated daily on a pen basis using a scale of 1 to 5 with 

2 being a normal feces and 5 a liquid defecation (Sweet et 

al., 1990). | 

In Trial 3, 30 crossbred pigs with an average wt of 6.9 

kg and an average age of 24 d were assigned at weaning 

(three pigs/pen) by litter, gender and weight to one of two 

treatments: either a 3 mg/kg BW i.p. injection of Zn as 

zinc acetate (same concentration as in Trial 1) or a saline 

placebo. Each treatment was given 4 dad postweaning. 

Environmental conditions, diet, and feeding were as in the 

previous trials. Blood samples were taken using a jugular 

venipuncture at weaning, and at d 4, 7, 14, 21, and 28 

postweaning. 

In Trial 4, 104 crossbred pigs with an average weight 

of 6.4 kg and an average age of 20 d were assigned by sire, 

gender and litter to a 2 x 2 x 2 factorial arrangement of 

treatments. Treatments were: 1) regrouping or no 

regrouping at 20 @ of age, 2) Zn (3 mg/kg BW) or saline i.p. 

injection, and 3) time of injection at either d 21 or @ 24 

of age. The number of pigs on each sow was not changed by 

regrouping. All pigs were weaned 3 d after treatments 

(average age of 23 d) and placed by treatment in pens with 

either two pigs per pen (.6 m x 1.2 m) or five pigs per pen 
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(1.2 m x 1.2 m). When possible, pigs from the same sow were 

not penned together at weaning in order to maximize the 

potential for stress. Environmental conditions were the 

same as in Trial 1. Blood was collected by jugular 

venipuncture at 20 da of age, weaning, and 1, 2, and 3 wk 

postweaning. Feed was removed 30 min prior to bleeding. 

Pigs were also weighed and pen feed consumption was 

determined at each of the above times. Pigs were allowed ad 

libitum access to feed (Table 1) and water for the duration 

of the trial. 

Blood samples. All blood samples were refrigerated at 

3°C for 24 h and then centrifuged for 10 min at 625 x g. 

Serum was collected and serum Zn concentrations were then 

determined using flame atomic absorption spectrophotometry 

on a Perkin Elmer 5100 (Norwalk, CT). Alkaline phosphatase 

activity was determined (Sigma Procedure 5100, Norwalk, CT) 

using an Autoanalyzer (Centrifichem 500, Union Carbide, New 

York, NY) and a computer controlled vertical photometer 

(Titertek Multiskan MCC/340, Flow Laboratories, McLean, VA). 

Statistical analysis. Each trial was analyzed using 

the General Linear Models procedure of SAS (1988) with pen 

as the experimental unit for the performance and scouring 

data and pig as the experimental unit for the serum data. 

Models included treatment and replicate effects. Each trial 

was also analyzed using the multiple analysis of variance 

54



procedure of SAS to determine the partial correlations 

between performance and serum zinc concentrations. [In Trial 

3, d 4 weight was used as a covariate because the pigs 

assigned to each treatment gained differently prior to 

injection. In Trial 4, all interactions between regrouping, 

Zn treatment and injection time were also analyzed using the 

all possible comparison procedure of SAS (1988). 

In Trial 2, three pigs died. The first pig, which had 

received a saline injection, died on d 3 and was diagnosed 

with mulberry heart disease. The second pig, which had 

received 3 mg of zinc at weaning, died ond 3 and was 

diagnosed with gastroenteritis and meningioencephalitis, 

possibly due to infection at the time of injection. The 

third pig, which had received 3 mg of zinc 12 h after 

weaning, died ond 4 and was diagnosed with polyserositis 

and septicemia. Each of the diagnosis were performed within 

24 h after death at the necropsy lab at the Virginia- 

Maryland Regional College of Veterinary Medicine. All data 

for these pigs were discarded. One pig also died in Trial 4 

due to tracheal puncture during bleeding at weaning. The 

data for this pig were also discarded. 

Results and discussion 

In Trial 1, serum Zn concentrations were not influenced 

at weaning by a preweaning i.m. injection of Zn, but they 

were higher (P < .05) in the zinc treated pigs 1 wk after 
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Table 2. Serum Zn concentrations and alkaline phosphatase 
activity (ALP) of weanling pigs injected with zinc acetate 3 

ad prior to weaning. Trial 1. 

  

  

  

Treatmenta 

Item Control Zincb SEM 

Serum Zn, mg /L 

Preweaning~ .79 .83 .02 

Weaning -62 -62 -O1 

Week 1° -43 -47 -O1 

Week 2° .53 57 .02 

Week 3 -64 -65 -03 

Serum aupPt, U/L 

Preweaning® 263 248 8 

Weaning® 231 255 6 

Week 1 155 160 12 

Week 2 172 177 8 

Week 3 154 153 4 

  

,Thirty-six pigs per treatment mean. 
Zinc acetate injected i.m. (3 mg/Kg BW) 3 da prior to 
weaning. 

qZane injection given prior to bleeding. 
‘Treatment main effect (P < .05 and .10 respectively). 
Due to preweaning differences, preweaning ALP was used as a 
covariate. 
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weaning and tended to be higher (P < .10) after wk 2 

compared with saline treated pigs (Table 2). Serum alkaline 

phosphatase activity was higher (P < .02) in zinc treated 

pigs compared with control pigs at weaning, but they were 

not higher thereafter. There were no differences between 

treatments for ADG, ADFI, and gain to feed ratio. Mean 

values (SEM) across treatments and days were: .23 kg/d 

(.01) for ADG; .42 kg/d (.01) for ADFI; .55 kg/kg (.01) for 

gain to feed. Furthermore, there were no significant 

correlations between serum Zn concentration and performance 

(r = .22). The lack of a positive growth response to Zn 

injection may be attributed to the decline in the serum zinc 

concentrations after weaning. All pigs in this trial 

experienced a drop in serum Zn concentrations similar to 

that seen by Ullrey et al. (1968) and Swinkels (1992). It 

was the goal of this trial to prevent the decline in serum 

Zn concentrations and to determine the resulting effect on 

performance. Consequently, because the serum Zn 

concentrations declined similarly in both groups, an 

observable response in performance may not have been 

possible. The timing, source and concentration of the Zn 

injected may have contributed to the failure of the 

injection to maintain serum Zn concentrations. 

In Trial 2, pigs that received the Zn injection at 

weaning or 12 h postweaning had higher (P < .01) serum Zn 
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concentrations than pigs given the saline placebo, at d 1 

and 3 d postweaning, and the concentrations remained higher 

(P < .01) through wk 2 (Table 3). Average daily gain, ADFI 

and gain/feed ratios were not affected by either level of Zn 

injection. Mean values (SEM) across treatments and days 

were: .28 kg/d (.02) for ADG; .92 kg/d (.05) for ADFI; and 

-30 kg/kg (.03) for gain:feed. Additionally, there were no 

Significant correlations between serum Zn concentrations and 

performance (r = .12). 

The serum Zn concentrations of the control pigs in this 

trial did not decline from preweaning concentrations until 

after d 3 postweaning. In a previous trial in our 

laboratory (unpublished data), it was shown that the i.p. 

injection of Zn at 3 mg/kg BW or 4 mg/kg BW would only 

elevate serum Zn concentrations for about 3 days (Figure 1). 

Therefore, the injection of Zn in this trial did not 

correspond to the time period in which the serum Zn 

concentration was declining. Consequently, the injection of 

Zn to maintain serum Zn concentrations may have been 

administered too early to be effective. 

Scour indexes were not different across treatments, but 

a low incidence of scouring was observed for all treatments 

with an average scour index of 2 for each treatment. 

Therefore, a lack of scouring may have prevented the



Table 3. Serum Zn concentrations of pigs injected with Zn 
acetate at weaning or 12 h postweaning. Trial 2. 

  

  

    

  

Treatment 

Timea Oh 12 h 

zn,b mg/kg BW 0 3 4 0 3 4 SEM 

Initial .60 61 .64 65 .63 .62 .03 

Day 1¢ .67 .72 .74 . 68 .78 81 .03 

Day 3¢ . 60 .67 -70 .59 .67 .68 .02 

Week 1c .53 .64 .68 .50 .66 .68 .02 

Week 2c .38 .44 .47 .34 .49 46 .03 

Week 3 .27 235 .33 .34 .35 .32 .02 

Week 4 .39 .37 .39 .35 ~41 .37 .02 
  

aInjection given postweaning. Serum Zn values expressed as 
mg/L. There were 14 pigs per treatment mean. 

bPigs were given 3 or 4 mg of Zn per kg BW i.p. in the form 
of zinc acetate, or saline in an equivalent volume to the 
3 mg Zn injection. 

CcTreatment main effect (P < .01). 
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detection of a lowered incidence of scouring with the 

injection of zinc as was hypothesized. 

In Trial 3, pigs given the zinc injection had higher (P 

< .05) serum Zn concentrations compared with control pigs on 

dad 7 (Table 4). Zinc injected pigs did not show the drop in 

serum Zn concentrations that was observed for the saline 

treated pigs on d 7. However, serum Zn concentrations did 

not drop as dramatically in this trial as in Trial 1, which 

may have been due to the size or age differences of the pigs 

between trials. The pigs in this trial were older and 

larger (24 d and 6.9 kg) than pigs in Trial 1 (18 d and 5.1 

kg). Additionally, Ullrey et al.(1968) and Swinkels (1992) 

reported a decline in serum Zn concentration in pigs 214 

old. Consequently, the pigs in this trial may have been too 

old to display the magnitude of decline that was reported by 

Ullrey et al. (1968) and Swinkels (1992). Because the 

decline of serum Zn was not of the magnitude as seen 

previously, a positive response to the supplementation of Zn 

may not have been possible. 

Additionally, pigs injected with zinc had decreased (P 

< .05) ADG and ADFI for d4- d 7 compared with pigs given the 

Saline placebo (Table 5). This trend, although not 

statistically significant, continued throughout the 

remainder of the trial. Correspondingly, gain/feed was 
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Table 4. Serum Zn concentrations of weanling pigs injected 
with zinc acetate on d 3 postweaning. Trial 3. 

  

  

  

Treatmenta 

Time Saline Zinc SEM 

Initialb .72 .68 .03 

Day 4 .72 .65 .03 

Day 7¢ .63 .77 .03 

Week 2c -65 84 04 

Week 3c ~74 -85 02 

Week 4 277 -89 04 

  

aSerum Zn concentrations are expressed as mg/L. There were 
15 pigs per treatment mean. 

bzinc (3 mg per kg of BW) injected i.p. on d 4 in the form 
of zinc acetate. 

CTreatment main effect (P < .05). 
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Table 5. Performance of weanling pigs injected with zinc 
acetate on d 3 postweaning. Trial 3. 

  

  

  

Treatment 

Item Saline Zinca SEM 

Body wtb, kg 
Initial 6.9 7.0 -02 
Final 14.1 12.5 -55 

ADGb, kg 
Day 4 .04 .03 O01 
Days 4 to 7c -12 -O1 -02 

Week 1 to 4 -26 20 -02 

ADFIb, kg 
Day 4 .12 .13 .O1 
Days 4 to 7¢ .19 .12 .O1 
Week 1 to 4 -44 ~35 -03 

Gain/feedb 
Day 4 ~22 .16 .07 
Days 4 to 7d .72 .02 07 
Week 1 to 4 .59 -56 -02 

  

aZinc (3 mg per kg of BW) injected i.p. on dad 4 in the form 
of zinc acetate. 

bThere were 15 pigs per treatment mean, d 4 weight was used 
as a covariate. 

c,aTreatment main effect (P < .05 and .01 respectively). 
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Table 6. Serum Zn concentrations of weanling pigs regrouped 
or not regrouped and injected with zinc acetate at one of 

  

  

    

    

  

two times. Trial 4. 

Treatmenta 

Not regrouped Regrouped 

Zn, mg/kg BW 0 0 3 

Day 21 24 21 24 21 24 21 24 SEM 

Initialb -91 .97 .92 .91 -91 .80 .82 .83 .04 

Weaning -70 .74 .82 .71 -67 .64 .67 .60 -02 

Week 1c -53 .60 .67 .67 -54 .55 .67 #.67 -03 

Week 2d -63 -66 .64 -76 -58 -76 .68 ~71 -04 

Week 3 -61 .62 -65 -58 -59 -61 - 60 -58 04 

  

aTwelve pigs per treatment means for not regrouped pigs and 
14 pigs per treatment mean for regrouped pigs except 13 
pigs injected with Zn on d 21 and regrouped (one 

died) .bSerum Zn concentrations are expressed as mg/L. 
c,dTreatment effect (P < .01 and .10 respectively). 
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lower (P < .01) for the d4-7 period for pigs injected with 

zinc compared with control pigs. 

In Trial 4, serum Zn concentrations were higher (P < 

-01) at weaning for pigs that were not regrouped (Table 6). 

These results agree with those of Chesters and Will (1981) 

who reported a decline in plasma Zn concentrations in 

stressed pigs. Pigs that were regrouped also had lower (P < 

.05) preweaning ADG (Table 7). Although zinc treatment had 

no effect on postweaning performance, the partial 

correlation analysis showed that serum Zn concentrations at 

weaning and week 1 were positively correlated (P < .05) with 

ADG and ADFI through week 3 (r = .62). To the contrary, no 

significant correlations were observed in the three previous 

trials. However, in agreement with the findings of Trials 

1, 2, and 3, no performance benefit was seen with the 

supplementation of zinc. It is apparent that regrouping 3 a 

prior to weaning did not afford pigs an advantage over non- 

regrouped pigs, as postweaning performance was not improved. 

Additionally, time of injection had no effect. There were 

also no interactions for performance among regrouping, zinc 

treatment or time of injection. Several possibilities 

exist for the lack of response to the treatments in this 

trial. First, there may be no benefit to these treatments. 

Second, the type and timing of the administration of Zn may 

not be the optimum dosing technique. Evidence of oral 
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Table 7. Performance of pigs regrouped or not regrouped 
before weaning and injected with zinc acetate at one of two 

times. Trial 4. 

  

  

  

  

  

  

  

Treatmenta 

Not regrouped Regrouped 

zn, mg/kg BW . 0 3 0 3 

Day 21 24 21 24 21 24 21 24 SEM 

Body weight, kg 
Initial 6.5 6.4 6.2 6.4 6.4 6.4 6.3 6.0 3 

Final 13.0 12.6 12.3 13.4 12.9 12.5 12.1 12.0 1.0 

ADG, kg 
Preweaningb -26 -28 -2l1 .26 -22 18 .21 -18 05 

Ditod?7 -06 .02 .08 .08 -10 .07 .05 .06 = .02 
D -3 to @d 21¢C .27 -26 -26 .29 -27 .26 .24 -25 .03 

ADFI, kg 
Di1itod 7 -18 -17 -18 -20 -20 .18 .16 -17 ~O1 

D-3 tod 21 .53 -47 -45 .50 -48 .46 .44 -44 .04 

G/F 
Di1itod=?7 -34 -12 -42 - 38 -49 .37 .32 -34 -08 

D-3 tod 21 .53 ~55 -58 ~57 -58 .58 ~57 -58 .04 

  

aTwelve pigs per treatment means for not regrouped pigs and 
14 pigs per treatment mean for regrouped pigs except 13 
pigs injected with Zn ond 21 and regrouped (one died). 

bZinc x group effect (P < .05) 
CThree days preweaning = day -3. 
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administration of supplemental Zn having a positive response 

on performance supports the second possibility (Kavanagh, 

1992). Some swelling that was evident at the site of i.p. 

injection may have been indicative of peritoneal trauma 

which may have influenced the results. However, further 

investigations are needed to determine if this is the case. 

The changes in serum Zn concentrations of the control 

pigs of each of the trials are illustrated in Figure 2. It 

appears that the earlier the pigs are weaned the larger the 

magnitude of the decline in serum Zn concentration one week 

after weaning (Trials 1 and 4 vs. Trials 2 and 3). Serum Zn 

concentrations appear to increase at approximately 28 d of 

age. Interestingly, the performance of the pigs in the 

trials followed the pattern of the serum Zn concentration; 

as serum Zn was declining, BW remained relatively unchanged 

and after d 28 the pigs showed increases in body weights 

(Figure 2). This is the relationship that was the premise 

of this research. The treatments imposed in these trials, 

however, did not significantly alter the serum Zn 

concentration with a concurrent increase in performance as 

hypothesized. 

Implications 

The results of these trials illustrate that the 

injection of zinc acetate to provide pigs with additional Zn 

near weaning did not have a positive effect on performance. 
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Figure 2. Serum Zn concentrations (pooled SEM = .03) and BW 
(pooled SEM = .49) of control pigs from Trials l, 

2, 3, and 4 versus age of the pigs. 
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It remains to be determined whether the injection of zinc in 

another form or under different conditions can be beneficial 

to weanling pigs. Furthermore, because the decline in serum 

Zn concentrations of pigs at weaning was not prevented in 

these trials, the relationship of this decline to 

postweaning performance remains unclear. 
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Chapter V 

Performance and tissue zinc concentrations of weanling pigs 
fed pharmacological concentrations of zinc from ZnO, ZnSOj4, 

Zn-methionine and Zn-lysine 

ABSTRACT 

Five trials were conducted to examine the performance 

and tissue mineral deposition of pigs fed high 

concentrations of zinc from ZnO, Zn-methionine, Zn-lysine 

and ZnSO,. In Trial 1, pigs (n=80, 28 d, 7.5 kg) were 

assigned to dietary treatments of 3,000 mg Zn/kg of diet as 

znO, Zn~methionine, Zn-lysine or ZnSOq4 or a control diet 

with 105 mg Zn/kg of diet for 2 wk. Pigs fed the ZnO diet 

had the highest ADFI (P < .01) during wk 1. Serum, liver, 

and rib Zn concentrations were higher (P < .01) for pigs fed 

the high Zn levels compared with controls. [In Trial 2, pigs 

(n=80, 26 d, 7.1 kg) were fed diets containing 2,000 mg 

Zn/kg of diet from the same sources as in Trial 1. Feeding 

high Zn depressed performance compared with controls (P < 

-01). Pigs fed the high Zn had higher (P < .01) serun, 

liver, kidney, and rib Zn concentrations than controls. In 

Trial 3, pigs (n=70, 23 d, 5.3 kg) were assigned to 

treatments with 1,000 mg Zn/kg of diet from the same sources 
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as in Trial 1. There were no differences in ADG or ADFI. 

Serum and liver Zn concentrations were lower (P < .01) for 

pigs fed the control diet compared with the high Zn diets; 

zinc sources did not differ. In Trials 4 and 5 (n=72, 25d, 

7.1 kg), the data were pooled. Pigs were fed diets 

containing 3,000 mg Zn/kg of diet from feed grade ZnSO4, 

reagent grade ZnSO4,, or feed grade ZnO for 4 wk. During wk 

2, pigs fed the ZnO diet had higher (P < .05) ADG and G/F 

than pigs fed the ZnSO, diets. Serum, liver and kidney Zn 

concentrations were lower for pigs fed the ZnO after wk 2 

than pigs fed the ZnSO,. The results of these trials 

indicate no performance benefit to the feeding of high 

levels of zinc after weaning. Additionally, ZnO is less 

available than ZnSO4, Zn-lysine or Zn-methionine which 

appear to be equally available. 

Key words: Pigs, zinc, availability, complexes, serun, 
tissues. 

Introduction 

Feeding therapeutic levels of Zn to weanling pigs was 

shown to increase performance and reduce scouring 

immediately after weaning (Kavanagh, 1992; Poulsen, 1992). 

In these studies, a beneficial response was reported using 

2,500 to 3,000 mg Zn/kg of diet as ZnO or ZnSO,. However, 

other researchers have reported no benefits with addition of 

high concentrations of Zn to weanling pig diets (Fryer et 
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al., 1992). These conflicting results illustrate a need to 

further evaluate the effects of feeding high concentrations 

of Zn to weanling pigs. 

Interest in using mineral complexes as mineral sources 

for swine has increased because of potential improvements in 

availability compared with inorganic sources. Hahn and 

Baker (1993) suggested a higher availability of Zn, based on 

higher plasma Zn concentrations for weanling pigs fed a Zn- 

lysine complex compared with pigs fed ZnSO, or ZnO. 

However, Wedekind and Lewis (1993) found that ZnSO, was more 

available to pigs than Zn-lysine or Zn-methionine. 

The objectives of this study were to investigate the 

practice of feeding high concentrations of Zn to pigs to 

improve postweaning performance, and to compare the 

availability of several sources of Zn for swine when fed at 

high concentrations. 

Materials and Methods 

Five trials were conducted using 302 crossbred weanling 

pigs. The procedures were similar in Trials 1, 2, and 3, 

and in Trials 4 and 5. 

Trials 1, 2, and 3. Each trial contained a control 

diet with 105 mg Zn/kg of diet and four test diets each 

using one of the following Zn sources: feed grade ZnO 

(Bullard Feed Co., Bremen, IN), reagent grade ZnSO4 (#2Z76-3, 

Fisher Scientific, Fairlawn, NJ), Zn-lysine, or Zn 
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methionine (ZinPro Corp. Inc., Edina, MN). Chromium oxide 

(#C333-3, Fisher Scientific Co., Fairlawn, NJ) was added to 

all of the diets at the rate of .05% for the indirect 

determination of apparent Zn, Cu, and Fe absorption 

(Dellaert et al., 1990). In Trial 1, 80 crossbred pigs with 

an average initial age of 28 + 3 d and weight of 7.5 kg were 

fed either the control diet or a diet containing one of the 

four Zn sources at a level to supply 3,000 mg of Zn per kg 

of diet. In Trial 2, 80 crossbred pigs with an average 

initial age of 26 + 6 d and weight of 7.1 kg were fed 

experimental diets that were calculated to supply 2,000 mg 

of Zn from each of the test sources. [In Trial 3, 70 

crossbred pigs with an average initial age of 23 + 3 d and 

weight of 5.3 kg were fed either the control diet or a diet 

with one of the Zn sources at a level to supply 1,000 mg of 

Zn per kg of diet. 

In each of the trials, pigs were randomly assigned to 

treatments from outcome groups based on weight, gender and 

litter. Pigs were placed two (1 barrow and 1 gilt) per pen 

(.6 mx 1.2 m) for the 2 wk of each trial. The pens had 

plastic welded wire floors and were located in totally 

enclosed environmentally controlled rooms. Room 

temperatures were adjusted according to the recommendations 

of Harp and Huhnke (1992). In each of the trials, pigs were 

given ad libitum access to a standard corn-soybean meal 
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basal diet with 15% added dried whey. The diets met or 

exceeded NRC (1988) estimated recommendations for all 

nutrients (Table 1). Experimental Zn concentrations were 

achieved by replacing an appropriate amount of corn with one 

of the Zn sources. All of the diets contained equivalent 

concentrations of lysine and methionine. Pigs were given ad 

libitum access to nipple waters throughout the trials. The 

care and treatment of the pigs followed published guidelines 

(Consortium, 1988). 

In trial 1, scouring was scored per pen of pigs ona 

scale of one to five as described by Sweet et al. (1991). A 

score of two was considered a normal feces, 5 was considered 

severe scouring, and a score of 1 was a dry stool. Scour 

scores were not taken in Trials 2 and 3 due to an observed 

lack of scouring. 

Trials 4 and 5. In Trials 4 and 5, 72 crossbred pigs 

were used to compare the storage and absorption of Zn from 

feed grade ZnO (Bullard Feed Co., Bremen, IN), reagent grade 

ZnSO, (#Z76-3, Fisher Scientific, Fairlawn, NJ), and feed 

grade ZnSO, (Zinc Nacional, S.A. Monterrey, N.L. Mexico) and 

to compare the collection of tissue data after 2 wk on 

treatment diets versus tissue collection after 4 wk on 

treatment diets. Both trials were performed using the same 

protocol. In each trial, 36 pigs (Trial 4: ave age 26 I+
 nN 
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Table 1. Diet compositions (%)@ 

  

  

Item control diet 

Corn 49.9 

Soybean meal (44) 31.0 
Whey 15.0 
Dicalcium phosphate 1.15 
Limestone .80 
Methionine | -60 
Lysine ~55 
Vitamin premix) .25 
Cr203-starch© -20 
Antibacteriald 10 
Mineral premix® 05 
Selenium premixf -05 

  

4Diets calculated to contain 20% protein, .8% Ca, .65% P, 

1.66% lysine and .88% methionine. 
Dsupplied per kilogram of diet: 4,400 IU of vitamin A, 440 
IU of vitamin D, 11 IU of vitamin E, 4.4 mg of riboflavin, 
22 mg of d-pantothenic acid, 22 mg of niacin and 489.4 mg 
choline. 

Scontained 3 g corn starch : 1 g Crj203. 
AMecadox 10, 2.2% carbadox, Animal Health Co. NY.®Supplied 
per kilogram of diet: 105 mg of Zn, 123 mg of Fe, 42 mg of 
Mn, 12 mg of Cu, and 2 mg of I.fsupplied -3mg of Se per 
Kilogram of diet. 
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d, ave BW 7.9 kg; Trial 5: ave age 23 + 3 d, ave BW 6.2 kg) 

were randomly assigned to one of the three treatments from 

outcome groups based on weight, gender and litter. Diets 

were similar to the diets in Trials 1, 2, and 3 and were 

calculated to provide 3,000 mg Zn per kg of diet from each 

of the Zn sources. Chromium oxide was again added to the 

diets at .05% for the indirect determination of apparent Zn, 

Cu, and Fe absorption. For the first 2 wk of the trials, 

the diets contained 15% dried whey and were calculated to 

contain 20% CP. For the second 2 wk, the diets were 

calculated to contain 18% CP with no added whey. The 

treatment of the animals was the same as for Trials 1, 2, 

and 3 except that the pigs were placed three (2 barrows and 

1 gilt) to a pen (1.2 m x 1.2 m) for the first 2 wk and then 

2 (1 barrow and 1 gilt) per pen (1.2 m x 1.2 m) for the 

second 2 wk. 

All trials. In all the trials, pigs were weighed and 

bled via jugular venipuncture at the initiation of each 

trial and then weekly. To avoid postprandial fluctuations 

in serum Zn concentrations, feed was removed from all pigs 

30 min prior to bleeding (Goodall et al., 1987). Blood 

samples were stored for 24 h at 4° C and then centrifuged 

(700 x g) for 10 min. Serum was then removed and serum Zn 

concentrations were determined using atomic absorption 

spectophotometry (Perkin Elmer 5100, Norwalk, CT). Serum



iron concentrations were also determined in Trial 1. The 

procedure for iron determination was the same as for the 

serum Zn determination. 

At the beginning of wk 2 (and wk 4 for Trials 4 and 5) 

random grab samples of feces (approximately 10 g) were 

collected at 0700 and 1900 h from each pen for 1 wk. After 

collection, the feces were dried at 60° C and ground to pass 

a imm screen. The feces were then analyzed for Zn, Fe, Cu, 

and Cr concentration using flame atomic absorption 

spectophotometry. Absorption of Zn, iron and copper was 

then calculated using the indirect method (Dellaert et al., 

1990). 

At the conclusion of all trials (wk 2 for Trials 1, 2, 

and 3 and wk 4 for Trials 4 and 5), the barrow in each pen 

was killed by electro-immobilization and exsanguination. At 

the end of wk 2 for Trials 4 and 5, one of the two barrows 

in each pen was randomly selected and killed. Livers, 

kidneys, and 10th left rib were removed for later mineral 

analysis. In Trial 1, the left external carpi radialis 

muscles were also removed for Zn analysis. Livers and 

kidneys were homogenized and analyzed for Zn, Fe, and Cu 

content. Ribs were dried for 48 h at 60° C and hand ground 

using a mortar and pestal before digestion and Zn 

determination. Muscles were freeze-dried before digestion 

and Zn determination. Tissue, feed and fecal samples were 
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prepared for mineral analysis using nitric/perchloric acid 

wet digestion (AOAC, 1990). Flame atomic absorption 

spectophotometry (Perkin Elmer 5100, Norwalk, CT) was used 

for mineral determinations. 

Data from each trial were analyzed using the GLM 

procedure of SAS (1992) with treatment and replicate in the 

model and pen of pigs as the experimental unit for the 

performance and scouring data, and pig as the experimental 

unit for the serum and organ analysis. A contrast statement 

was used to compare all Zn sources to the control. 

Differences between Zn sources were determined by paired t- 

tests. 

For Trials 4 and 5, the data were pooled because no 

Significant trial x treatment interactions were found. The 

models contained treatment, replicate, trial and trial x 

treatment interactions. Differences between Zn sources were 

determined using paired t-tests. 

Results 

Trial 1. The analyzed Zn concentrations of the diets 

for Trial 1 were 111 mg/kg of diet for the control diet, 

2,902 mg/kg for the ZnO diet, 2,856 mg/kg for the Zn- 

methionine diet, 2,760 mg/kg for the Zn-lysine diet and 

3,293 mg/kg for the ZnSO, diet. 

There were no performance differences between pigs that 

were fed the high Zn diets and pigs that were fed the 
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control diet. Within zinc sources, pigs fed the ZnO diet 

had a higher (P < .05) ADG during wk 1 than pigs fed the Zn- 

methionine (P < .01) or the Zn-lysine (P < .05; Table 2). 

For the overall ADG, pigs fed the ZnO had higher (P < .05) 

ADG than pigs fed the Zn-methionine diet. The ZnO fed pigs 

also had a higher (P < .01) ADFI during wk 1 than the pigs 

fed any of the other treatment diets. 

Control pigs were the only pigs to scour during the 

trial. The treatment effect for scouring was significant 

for d 12 and d 13 (P < .01). Scouring in general was 

minimal; each of the control pens were observed scouring for 

only 2 da during the trial. 

Each week after the initiation of the trial, serum Zn 

concentrations for the control pigs were lower (P < .01) 

than for the pigs fed the high Zn diets (Table 3). The 

serum Zn concentrations of pigs fed the Zn-methionine were 

lower than those of pigs fed the ZnSO, after wk 1. Serum Fe 

concentrations were not different between treatments at any 

of the bleedings and were relatively constant (1.8 mg/L) 

after a rise of approximately .7 mg/L during the first week. 

Feeding 3,000 mg Zn/kg of diet led to higher (P < .01) 

hepatic and kidney Zn concentrations compared with control 

pigs (Table 4). Pigs fed the ZnSO, diet had higher (P < 

-05) Zn concentrations in the liver compared with pigs fed 
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Table 2. Performance of weanling pigs fed diets with high 
concentrations of zinc from different sources 

(Trials 1 and 2)@ 

  

  

  

Treatments 

Control ZnO ZnMet zZnLys ZnSO, SEM 

Trial 1 (3,000 mg Zn/kg of diet) 

ADG, kg 
Week 1 .02 .o4df =-+, 934 -.029 .01 .02 
Week 2 .20 .27 £25 .20 .03 
Wk 1-2 .11 2150 .o7e .12 .09 .02 

ADFI, kg 
Week 1 .22 26a .15¢ .18¢ .18 .02 
Week 2 .61 .79 .62 -58 .06 
Wk 1-2 .42 .53 .40. .38 .04 

G/F 
Week 1 .05 .11 .01 .06 .13 
Week 2 .32 £35 .41 .34 .17 
Wk 1-2 225 .29 .29 .24 .13 

Trial 2 (2,000 mg Zn/kg of diet) 

ADG, kg 
Week 1D .06 014 ~.014 ~.014 .072 .02 
Week 2¢ .24 .30 -31 29 .02 
Wk 1-2 £15 £15 .134 £15 .18@ .01 

ADFI, kg 
Week 1) .19 .14 .114 .13f 1729.01 
Week 2 .44 .43 .43f .45 .519 .03 
Wk 1-2 £31 £29 .27f .29f .349 .02 

G/F 
Week 1 .30 .07 .o1f .o1f .429 .14 
Week 2 255 .70 .72t .579 .05 
Wk 1-2 .49 .53 .54 .54 .03 
  

@Means are for 16 pigs per treatment. 
7.5, and 7.1 kg respectively for Trials 1, 

Initial BW was 

and 2. 

‘SContrast high zinc diets were different from the control 
diet (P < .01 and .05 respectively). 

a-gusing paired t-tests between high zinc diets, means with 
different superscripts differ 
.05). 
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Table 3. Serum zinc concentrations (mg/L) of weanling pigs 
fed diets with high concentrations of zinc from different 

  

  

sources2 

Treatments 

Control ZnO ZnMet ZnLys ZnSO, SEM 
  

Trial 1 (3,000 mg Zn/kg of diet) 

Initial .58 .53 .58 56 .57 .02 

Week 1D .48 .65 ~.538¢ .72 73a 04 

Week 2) 249 .97 1.04 1.06 1.12 .10 

Trial 2 (2,000 mg Zn/kg of diet) 

Initial .72 .64 .67 .71 71 .03 

Week 12 £59 652 .69e .74e .94f .03 

Week 2) .65 695 1.31 1.169 1.49fh .07 

Trial 3 (1,000 mg Zn/kg of diet) 

Initial .82 .83 .86 .89 .82 .03 

Week 1P .61 .67 £75 .69 721 .03 

Week 2b .65 .78 .80 .78 .82 .03 
  

4Means are for 16 pigs per treatment in Trials 1 and 2, and 
14 pigs per treatment mean in Trial 3. 

Scontrast: high Zn diets were higher than the contol diet 
(P < .01). 

c-hyusing paired t-tests between the high Zn diets, means 
with different superscripts differ ©,/4(p < .05), 
e,f(p < .01), 9-2(P < .01). 
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Table 4. Tissue Zn concentrations? of weanling pigs fed 
diets with high concentrations of zinc from different 

sources 

  

Treatments 

  

Control ZnO ZnMet gnLys ZnSO, SEM 
  

Trial 1 (3,000 mg/kg of Zn added) 

Livers©® 155 1,22449 1,0674 

Kidneys© 109 185 168 

Rib bonesCf = = 131 193 199 

Musclesgh 119 97 113 

Trial 2 (2,000 mg/kg of Zn added) 

Livers 160 3471 7474 

Kidneys© 103 y29di = 457e1 

Rib bonesCf 178 2114 236 

Trial 3 (1,000 mg/kg of Zn added) 

Liversh 115 153 136 

Kidneys 127 127 130 

Rib bonesf 168 176 184 

1,721© 1,883© 191 

203 235 25 

212 219 15 

99 105 6 

a e7 636¢ 1,007@3 73 

1437 196) 8 

2144 245e 9 

135 149 13 

120 120 6 

168 187 11 
  

4A11 tissue mineral concentrations reported as mg/kg of DM. 
eans are for 8 pigs per treatment for both Trials 1 and 2, 

7 pigs per treatment mean for Trial 3. 
Scontrast: high zinc diets are different 

diet (P < .01). 
d,€using paired t-tests between the high 

with different superscripts differ (P 
fLeft 10th rib bone. 
GLeft external carpi radialis muscle. 
Neontrast: high zinc diets are different 

_ diet (P < .05). 
1,jJUsing paired t-tests between the high 

with different superscripts differ (P 
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the ZnO or the Zn-methionine. Pigs fed the Zn-lysine diet 

also had a higher (P < .05) hepatic Zn concentration than 

pigs fed the Zn-methionine. There were no differences in 

kidney Zn concentrations among the pigs fed the high Zn 

diets. Liver Fe and Cu concentrations were not different 

across treatments (407 mg/kg of DM, SEM 71; and 49 mg/kg of 

DM, SEM 12, respectively). Feeding the high concentration 

of Zn reduced (P < .05) the Fe concentrations of the kidney 

(136 vs. 165 mg/kg DM), and increased (P < .01) the Cu 

concentrations of the kidneys compared with controls (43 vs 

20 mg/kg DM). 

Pigs fed the Zn-lysine and the ZnSO, diets had higher 

(P < .01 and .05, respectively) Cu concentrations in the 

kidney than pigs fed the Zn-methionine and ZnO diets (55 and 

52 vs. 32 and 34 mg/kg DM, respectively). Although the 

muscle Zn concentrations were lower (P < .05) for pigs fed 

the high Zn diets than for control pigs this difference does 

not appear to be biologically significant. As with the 

livers and kidneys, pigs fed the 3,000 mg Zn/kg of diet had 

higher (P < .01) rib Zn concentrations than control pigs. 

There were no differences in muscle or rib bone Zn 

concentrations among the pigs fed the high Zn diets. Liver 

and kidney weights relative to BW were not different across 

treatments (2.5%, .1 SEM, and .51%, .02 SEM, respectively). 
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Trial 2. The analyzed Zn concentrations of the diets 

for Trial 2 were 105 mg/kg for the control diet, 1,996 mg/kg 

for the ZnO diet, 2,247 mg/kg for the Zn-methionine diet, 

2,061 mg/kg for the Zn-lysine diet and 2,454 mg/kg for the 

ZnSOq4 diet. 

During the first week, pigs fed the control diet had 

higher (P < .01) ADG and ADFI than pigs fed the high Zn 

diets (Table 2). During the second week, ADG for pigs fed 

the control diet was lower (P < .05) than for pigs fed the 

treatment diets. Gain to feed ratios were not different 

between control pigs and treatment pigs during any week or 

over both weeks. During the first week, pigs fed the ZnSO, 

diet had higher ADG (P < .01), and gain to feed ratios (P < 

-05) than pigs fed the other diets with 2,000 mg Zn/kg of 

diet added. Feed intake for pigs fed the ZnSO, diet was 

higher than for pigs fed the Zn-methionine (P < .01) or the 

Zn-lysine (P < .05) diets. However, the ADG, feed intake 

and feed efficiency of pigs fed the ZnSO, were similar to 

the performance levels of the control pigs during the first 

week. 

During the second week, feed intake remained higher (P 

< .05) for pigs fed the ZnSO, diet compared with the Zn- 

methionine fed pigs. The ZnSO, fed pigs also consumed more 

(P < .05) than pigs fed the ZnO diet during the second week. 
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Overall, the pigs fed the ZnSO, diet ate more (P < .05) than 

pigs fed the other high Zn diets. 

For the overall trial, the ADG of the pigs fed the 

ZnSO, diet was only larger (P < .01) than that of pigs fed 

the Zn-methionine diet. The pigs fed the Zn-lysine diets 

converted feed into body weight more efficiently (P < .05) 

during wk 2 than pigs fed the ZnSO4 diet. However, overall 

feed efficiency was not different across treatments. 

As in Trial 1, pigs fed the control diet had lower (P < 

-01) serum Zn concentrations after wk 1 and wk 2 than pigs 

fed the high Zn diets (Table 3). Also after the first week, 

serum Zn concentrations were higher (P < .01) for pigs fed 

the ZnSO, diet than for pigs fed the other high Zn diets. 

After wk 2, pigs fed the ZnSO, diet had higher (P < .01) 

serum Zn concentrations than pigs fed the Zn-lysine or the 

ZnO diets. Pigs fed the Zn-methionine diet also had higher 

(P < .01) serum Zn concentrations after wk 2 than pigs fed 

the ZnO diet. 

Pigs that were fed the high Zn diets had higher (P < 

-01) hepatic, kidney and rib bone Zn concentrations than 

pigs fed the control diet (Table 4). The livers of the pigs 

fed the control diet were heavier relative to BW than pigs 

fed the high Zn diets (2.9 vs. 2.6%). Pigs fed the ZnSO, 

diet had a higher Zn concentration in the liver than pigs 

fed the ZnO (P < .01), Zn-lysine (P < .01) or the Zn- 
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methionine (P < .05) diets. Similarly, pigs fed the ZnSO, 

diet had higher (P < .01) Zn concentrations in the kidneys 

compared with pigs fed the other high Zn diets. The pigs 

fed the Zn-methionine diet also had higher (P < .05) kidney 

Zn concentrations compared with pigs fed the ZnO diet. The 

rib bones of the ZnSO4 fed pigs also had higher (P < .05) Zn 

concentrations than the pigs fed the ZnO or the Zn-lysine 

diets. 

As in Trial 1, the Cu concentrations of the kidneys of 

pigs fed the high Zn diets were higher (P < .01) than in 

pigs fed the control diet (46 vs. 21 mg/Kg DM). There were 

no differences in liver Fe (393 mg/kg DM, SEM 59), kidney Fe 

(120 mg/kg DM, SEM 11) and liver Cu (80 mg/kg DM, SEM 7) 

concentrations. The weights of the kidneys relative to BW 

were not different across treatments (.49%, SEM .02). 

Trial 3. The analyzed Zn concentrations of the diets 

for Trial 2 were 99 mg/kg for the control diet, 939 mg/kg 

for the ZnO diet, 1,014 mg/kg for the Zn-methionine diet, 

973 mg/kg for the Zn-lysine diet and 906 mg/kg for the ZnSO, 

diet. 

Average daily gain and ADFI were not different between 

controls and pigs fed the high Zn diets and there were also 

no differences among pigs fed the high zinc diets (Table 5). 

Pigs fed the Zn-lysine diet had higher (P < .05) gain to 

feed ratios than pigs fed the ZnO diet during the first 
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Table 5. Performance of weanling pigs fed diets with high 
concentrations of zinc from different sources (Trial 3)@ 

  

  

  

Treatments 

Control ZnO zZnMet znLys ZnSO, SEM 

Trial 3 (1,000 mg/kg of Zn added) 

ADG, kg 

Week 1 .06 .03 .04 .06 .04 .01 
Week 2 .24 .24 .24 .27 .26 .01 
Wk 1-2 215 .13 .14 .16 .15 .01 

ADFI, kg 

Week 1 215 .14 £13 .14 .14  .01 
Week 2 .38 .36 .37 .38 .34 .02 
Wk 1-2 .26 .25 225 .26 .24 .01 

G/F 

Week 1 .39 .12b .28 .37¢ .28 .08 
Week 2 .62 .650 645 .70. 762 .03 
Wk 1-2 .56 252d .55bh 611 632°, 02 
  

4Means are for 14 pigs per treatment. Initial BW was 5.3 kg. 
b-Gusing paired t-tests between high zinc diets, means with 

different superscripts differ 
and £,9(Pp < .05). 
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week. However, the gain to feed ratios of the Zn-lysine 

pigs were similar to controls. During the second week, pigs 

fed the high Zn diets had higher (P < .05) gain to feed 

ratios than pigs fed the control diet. Pigs fed the 

ZnSO,.diet had higher (P < .05) G/F than pigs fed either the 

ZnO diet or the Zn-methionine diet. Overall, the pigs fed 

the ZnSO, had higher (P < .05) gain to feed ratios than pigs 

fed the ZnO (P < .01) or the Zn-methionine (P < .05) diet. 

The pigs fed the Zn-lysine diet also had higher G/F than 

pigs fed the ZnoO diet. 

As in Trials 1 and 2, pigs fed the high Zn diets had 

higher (P < .01) serum Zn concentrations after wk 1 and 2 

than pigs fed the control diet (Table 3). There were no 

differences in serum Zn concentrations between pigs fed the 

high Zn diets. 

The liver Zn concentrations of pigs fed the high Zn 

diets were higher (P < .05) than those for pigs fed the 

control diet (Table 5). The liver Cu concentrations of the 

ZnSO, fed pigs were higher than those of pigs fed either the 

Zn-methionine (P < .01) or the Zn-lysine (P < .05) diets (73 

vs. 38 and 47 mg/Kg DM, respectively). There were no 

differences in the liver and kidney weights relative to BW 

across treatments (2.9%, SEM .1 and .59%, SEM .03, 

respectively). Also, there were no differences in liver Fe 

(630 mg/kg DM, SEM 81) concentrations across treatments. 
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Kidney Zn (Table 5), Fe (239 mg/kg DM, SEM 27), and Cu (31 

mg/kg DM, SEM 4) concentrations were not different between 

treatments. Rib bone Zn concentrations were also unaffected 

by the treatments (Table 5). 

Trials 4 and 5. The average analyzed Zn concentrations 

of the diets were 2,870 mg/kg for the reagent grade ZnSO, 

diets, 2,877 mg/kg for the ZnO diets, and 2,810 mg/kg for 

the feed grade ZnSO, diet. 

Pigs fed the ZnO diet had higher (P < .05) ADG during 

wk 2 compared with pigs fed the reagent grade ZnSO4 (P < 

-05) and the feed grade ZnSO, (P < .01) diets (Table 6). 

During wk 4, pigs fed the reagent grade ZnSO, had lower (P < 

.05) ADG than pigs fed the other two diets. The overall ADG 

showed that the pigs fed the reagent grade ZnSO, grew slower 

(P < .05) than the pigs fed the ZnO diet. Feed intake was 

not different across treatments throughout the trial 

(overall ADFI, .86 kg/d, SEM .06). The feed efficiency 

during wk 2 for the pigs fed the ZnO diet was higher (P < 

-01) than that of the pigs fed either of the ZnSO4 sources. 

As with ADG, the pigs fed the reagent grade ZnSO, had lower 

G/F for wk 4 than pigs fed the ZnO (P < .05) or the feed 

grade ZnSO4g (P < .01). This result carried through to the 

overall feed efficiency, in which the pigs fed the reagent 

grade ZnSO, had the lowest G/F (P < .01).



Table 6. Performance, serum Zn concentrations and tissue Zn 
concentrations of weanling pigs fed diets with 3,000 mg/kg 
of zinc added from three inorganic sources (Trials 4 + 5)@ 

  

  

  

Treatments 

ZnO ZnSO4 ZnSO, SEM 
feed grade reagent grade feed grade 

ADG, kg 
Week 1 .06 .05 .07 .O1 
Week 2 .41bd .35¢ .33e .02 
Week 3 .29 £31 .32 .05 
Week 4 2532 .46¢ .538b .03 
wk 1-2 .23 .20 .20 .O1 
Wk 3-4 .27 .23 .29 .02 
Wk 1-4 .260 .21¢ .25 .O1 

G/F 
Week 1 .22 .23 £35 .09 
Week 2 74d .63e .67e .02 
Week 3 .36 .37 .44 .04 
Week 4 228 .20c40 .31¢ .03 
Wk 1-2 .64b .53¢ .59 .02 
Wk 3-4 .32bd .26¢ .36be .O1 
Wk 1-4 .374 .30¢ .390 .O1 

Serum Zn, mg/L 
Initial .73 .76 .72 .02 
Week 1 .90 1.04 1.04 .06 
Week 2 1.624 2.262 1.93 .12 
Week 3 2.184 2.97¢ 2.91 .13 
Week 4 2.204 2.98 2.99e .11 

Tissue Zn concentrations, mg/kg DM 
Week 2 

Liver 910b 1,168 1,312¢ 135 
Kidney 1852 259¢ 258¢ 23 
Rib bone 242 273 267 13 

Week 4 

Liver 1,569 1,592 1,344 176 
Kidney 455 518 454 61 
Rib bone 345 375 350 27 

  

4The data for Trial 4 and 5 were pooled. Means are for 24 
pigs per treatment for weeks 1 and 2 and 16 pigs per 
treatment for weeks 3 and 4. Initial and final body 
weights were 7.2 and 13.8 kg respectively. 

b,C ang 4,eusing paired t-tests between the high Zn diets, 
means with different superscripts differ (P < .05 and 
.O01 respectively). 
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Serum Zn concentrations of pigs fed the ZnO diet were 

lower (P < .01) after 2 wk than those of pigs fed the 

reagent grade ZnSO4 diet but were not different from pigs 

fed the feed grade ZnSO, diet (Table 6). However, after 3 

wk, the pigs fed the ZnO diets had lower (P < .01) serum Zn 

concentrations than pigs fed either of the ZnSO, sources. 

This pattern carried through wk 4 (P < .01). The serum Zn 

concentrations of pigs fed the ZnSO, diets did not differ 

between sources throughout the trials. 

At the end of wk 2, the liver Zn concentrations of the 

pigs fed the ZnO were lower (P < .05) than pigs fed the feed 

grade ZnSO, (Table 6); intermediate values were observed for 

pigs fed the reagent grade ZnSO4. There were no differences 

in liver Fe (439 mg/kg DM, SEM 89), and Cu (69 mg/kg DM, SEM 

12) concentrations. Pigs fed the ZnO diet had lower (P < 

-05) kidney Zn concentrations than pigs fed either ZnSO, 

source. There were no differences in kidney Fe 

concentrations (128 mg/kg DM, SEM 14). Kidney Cu 

concentrations of pigs fed the ZnO were lower (P < .05) than 

the concentrations of pigs fed the feed grade ZnSO, diet (53 

vs. 80 mg/kg DM). There were no differences in rib bone Zn 

concentrations between Zn sources. 

At the conclusion of the trials, there were no 

differences in hepatic Zn (Table 6), Fe (424 mg/L, SEM 55), 

and Cu (26 mg/kg DM, SEM 4) concentrations or kidney Zn 
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(Table 6), Fe (170 mg/kg DM, SEM 10) and Cu (116 mg/kg DM, 

SEM 12). Similarly, there were no differences in rib bone 

Zn concentrations among the treatments (Table 6). The liver 

and kidney weights relative to BW were not different across 

treatments (2.9 %, SEM .09 and .57%, SEM .04, respectively). 

The calculated digestibilities of Zn, copper, and iron 

were inconclusive. Many calculated values were negative. 

The standards run with the feces and feed samples indicate a 

very low laboratory error rate (less than 5%). Thus, the 

apparent absorption data were not used for comparison of 

availability of the sources. 

Discussion 

The results of these trials indicate no performance 

benefit to feeding high levels of Zn after weaning. In 

Trials 1 and 4 + 5 the ZnO fed pigs had a performance 

advantage for the first 2 wk after weaning when compared 

with pigs fed the other sources at 3,000 mg Zn/kg of diet, 

but showed no improvement over the controls. In Trials 2 

and 3, pigs fed the high concentrations of Zn performed at 

or below the levels of control pigs. These results are 

similar to others who have reported no performance-enhancing 

effects with the feeding of high levels of zinc (Fryer et 

al., 1992). 

Although scouring was measured only in Trial 1, where 

the control pigs were the only pigs to scour, our data 
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indicates that the feeding of high concentrations of Zn may 

reduce scouring in weanling pigs. In fact, the failure of 

pigs to scour in our trials may have inhibited the positive 

growth response seen by others (Poulsen, 1992). If the mode 

of action for feeding high concentrations is mediated 

through a reduction in scouring as speculated by Poulsen 

(1992), this may explain why only a limited performance 

response was seen in our trials. Fryer et al. (1992), who 

found no performance improvement in response to the addition 

of high Zn to weanling pig diets, also reported no scouring 

in their study. 

The data collected to evaluate the availability of the 

Zn sources does not indicate a higher availability for a 

particular Zn source. Feeding the high concentrations of Zn 

in Trials 1, 2 and 3 elevated serum Zn concentrations above 

the levels of pigs fed the control diets, but differences 

between pigs fed the various Zn sources were limited. The 

higher serum Zn concentrations for pigs fed the ZnSO, diets 

in Trial 2 may be real despite the higher concentration of 

Zn in that diet. Expressed as an increase in serum Zn per 

mg of added Zn above the control diet Zn concentration 

(Kornegay, 1972), the pigs fed ZnO had only 44% the increase 

in serum Zn concentration compared with the pigs fed ZnSO, 

(Table 7). Similarly, the Zn-lysine fed pigs and the Zn- 

methionine fed pigs had 75% and 86% of the increase in serum 
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Table 7. Relative availability of Zn from different Zn 
sources compared with znSo,@ 

  

Zinc Sources 

  

ZnO ZnMet zZnLys ZnSO4 
  

Trial 1 (3,000 mg Zn/kg of diet) 

Serum (wk 2) 86 101 109 100 

Livers 70 61 110 100 

Kidneys 68 53 88 100 

Rib bones? 79 89 111 100 

Trial 2 (2,000 mg Zn/kg of diet) 

Serum (wk 2) 44 86 75 100 

Livers 28 94 94 100 

Kidneys 28 58 43 100 

Rib bones 59 93 66 100 

Trials 4 + 5¢ ZnO ZnSO,4 (feed) ZnSOqg (reagent) 

Serum (wk 2) 84 117 100 

Serum (wk 4) 74 100 100 

Livers (wk 2) 78 112 100 

Kidneys (wk 2) 71 100 100 

Rib bones (wk2) 89 98 100 
  

AValues were calculated by subtracting the Zn concentration 
of the control diet from each of the sources. Similarly, 
the tissue Zn concentration of the control diet was 
subtracted from the tissue Zn concentration from each 
source. The tissue Zn concentration was then divided by the 
concentration of Zn in the respective diet. These values 
were then expressed as a percentage of the values for ZnSO,. 
bueft 10th rib bone. 
CPooled data. Dietary Zn levels were calculated to be 3,000 
mg/Kg of diet. Values are expressed as percentages of the 
tissue Zn concentration of pigs fed reagent grade ZnSO,. 
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Zn per mg of added Zn in the diet compared with the pigs fed 

the ZnSO, diet. In Trials 4 + 5, the serum data after 2 wk 

indicates a 84% availability of the ZnO compared with the 

reagent grade ZnSO4. This suggests a higher availability of 

ZnSOq4 over the ZnO and possibly the other sources, but 

because our diets in Trial 2 were found to have different Zn 

concentrations and because there were no differences at the 

other dietary Zn concentrations our serum data only suggests 

a higher availability of ZnSO, over the Zno. 

As with the serum data, the feeding of 3,000 and 2,000 

mg of Zn per kg of diet resulted in an increased level of Zn 

accumulation in the livers, kidneys and rib bones compared 

with control pigs. These results are in agreement with 

Ansari et al. (1976), who reported increases in liver, heart 

and tibia Zn concentrations when rats were fed 2,400 and 

3,600 mg Zn/kg of diet. Feeding the 1,000 mg Zn/kg of diet 

for 2 wk only increased the liver Zn concentrations above 

the control level; kidney and rib Zn concentrations were not 

elevated above the concentrations of the control pigs. 

Similarly, Ansari et al. (1976) reported that feeding rats 

1,200 mg Zn/kg of diet did not increase kidney or tibia Zn 

concentrations above the levels of control rats fed 38 mg 

Zn/kg of diet. 

Similar to the serum data, the results for the tissue 

data do not strongly indicate a higher availability for any 
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particular Zn source. After adjusting the data on a tissue 

Zn deposition per mg Zn above the control (Table 7), there 

appeared to be some differences between the Zn sources. In 

Trial 1, pigs fed the Zn-lysine appeared to store higher 

levels of Zn in livers and ribs compared with pigs fed 

ZnSO4; pigs fed ZnO or Zn-methionine stored less Zn in the 

liver and ribs. In Trial 2, in which pigs were fed 2,000 mg 

Zn/kg of diet instead of 3,000 mg Zn/kg as in Trial 1, Zn 

stored in the liver appeared to be slightly lower for pigs 

fed Zn-lysine and Zn-methionine compared with pigs fed 

ZnSO4; pigs fed ZnO had the lowest concentrations of Zn 

stored. Kidney and rib Zn concentrations seemed to follow a 

Similar trend but were more variable. Collectively, the 

serum and tissue results show that the ZnO was less 

available than the other sources. The Zn-methionine and Zn- 

lysine appear to be slightly less available or equally 

available when compared with the ZnSO4,. Using bone and 

plasma zinc concentrations as zinc availability indicators 

Wedekind and Lewis (1993) also found the relative 

availability of ZnO lower than ZnSO,. Wedekind and Lewis 

(1993) also reported a lower availability of Zn-lysine and 

Zn-methionine compared with the availability of ZnS0O,. 

There was an increase in the storage of copper in the 

kidneys of pigs fed 3,000 and 2,000 mg Zn/kg of diet 

compared with control pigs. These results support the work 
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of Cousins and Lee-Ambrose (1992), who reported that 

increased dietary Zn induced metallothionein synthesis 

primarily in the kidney. Therefore, because metallothionein 

has a higher affinity for copper than for Zn, increased 

dietary Zn may result in increased copper accumulation in 

the kidney, as seen here. 

The iron concentrations of the livers and kidneys were 

consistently unaffected by the dietary Zn concentrations. 

These results differ from the results of Hill et al. (1983), 

who reported decreased iron storage in sows fed high Zn 

concentrations. The age or reproductive state of the sows 

versus the pigs in our trials may have resulted in the 

difference between the results. 

The results of Trials 4 + 5, show no differences in the 

availability of feed grade ZnSO, and reagent grade ZnSOj,. 

Serum, liver, kidney and rib bone Zn concentrations were not 

different between the sources. Either source should be 

considered adequate for availability comparisons involving a 

ZnSO, source for pigs. 

Additionally, the results of Trials 4 + 5 which 

compared the accumulation of tissue minerals after feeding 

high Zn for 2 wk versus after feeding for 4 wk, indicate 

that the 2 wk data appears to more accurately reflect the 

previously established relative availability of ZnO and 

ZnSO4. Wedekind and Baker (1990) reported that the 
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availability of Zn from ZnO was approximately 60% of that 

from ZnSO, when fed to broilers. Our 2 wk results show a 

79% availability of Zn from ZnO compared to ZnSO4, whereas 

the 4 wk data shows no difference in availability. This 

discrepancy may be related to an increased absorption rate 

of Zn at the younger age. As the pigs got older the 

absorption rate may have declined or reached a saturation 

point, resulting in similar concentrations of Zn being 

deposited in the tissues. However, because the serum data 

show higher Zn concentrations when the ZnSO, was fed 

compared to when the ZnO was fed at both 2 wk and 4 wk, a 

more likely explanation is that the older pigs became more 

efficient at eliminating excess Zn. Therefore, at 4 wk the 

tissues may not have been accumulating Zn at the same 

proportion as at 2 wk. Moreover, it appears that a 2 wk 

feeding period is sufficient to discriminate differences in 

tissue mineral accumulations in pigs and that serum Zn 

concentrations appear to remain indicative of availability 

for at least 4 wk. 

Among the tissues used as availability indicators, the 

liver appears to be the most sensitive and most consistent 

relative to Zn status. Hepatic Zn concentrations were 

consistently elevated when the high Zn levels were fed at 

1,000, 2,000 and 3,000 mg/kg of diet. Additionally, the 

trends of Zn accumulation between the sources appeared to be 
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magnified to the largest extent in the liver. Based on the 

tissue accumulation of Zn in Trial 3 (1,000 mg Zn/kg of 

diet), the rib bones and kidneys appeared to be less 

sensitive indicators of Zn status than the liver. These 

results are in agreement with the results of Berg and 

Kollmer (1987), who found bone Zn concentrations of rats to 

be insensitive to dietary Zn status. 

Contrary to the findings of Henry et al. (1987) with 

broilers, muscle tissue appears to be a poor indicator of Zn 

status. Feeding 3,000 mg Zn/kg of diet for 2 wk lowered the 

muscle Zn concentration below the concentration of the 

control pigs fed 105 mg Zn kg of diet. Similar results have 

not been previously reported. The magnitude of the 

differences in this trial indicate that there is not a large 

degree of difference in the muscle Zn concentrations. 

Consequently, although a statistical difference existed, it 

does not appear that there is a biologically significant 

difference. Others have reported an insensitivity of muscle 

to high dietary Zn concentrations (Ansari et al., 1976). 

The results of the estimations of the apparent 

digestibility of Zn using the indirect indicator method were 

inconclusive. The variability of the values and the large 

number of negative calculated values suggest that the 

indicator method described by Dellaert et al. (1990) for use 

with macrominerals is not a useful method for determining 
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the apparent digestibilities of microminerals. Furthermore, 

the high concentrations of Zn fed in these trials would have 

led to very low percentages of absorbed Zn making the 

sensitivity of the indirect method lower. Even with an 

acceptable experimental error, these percentages in many 

cases would be negative, as obtained in these trials. 

Therefore, our results indicate that the indirect method of 

determining mineral absorption as described by Dellaert et 

al. (1990) is insensitive to differences in micromineral 

availability when the minerals are fed at high 

concentrations. 

Implications 

The results of these trials show no performance 

benefits for the inclusion of high concentrations of Zn to 

weanling pig diets in the absence of scouring. Furthermore, 

there appears to be little difference in the availability of 

Zn from ZnSO4, Zn-methionine and Zn-lysine when comparing 

serum Zn concentrations and tissue Zn accumulations 

resulting from feeding high dietary Zn concentrations. The 

availability of ZnO appears to be lower than that of ZnS0O,, 

Zn~lysine and Zn-methionine. Feeding high concentrations of 

Zn does not appear to be an effective method of evaluating 

Zn availability in swine as it is in poultry. 
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Chapter VI 

A comparison of zinc availability from a Zn-lysine complex 

and ZnSO, forweanling pigs 

Abstract 

Three trials (n=272) were conducted to compare the 

availability of Zn from ZnSO, and Zn-lysine for weanling 

pigs fed lysine deficient and adequate diets. The first two 

trials (n=128, ave age 27 d, ave BW 7.7 kg) consisted of 

four dietary treatments. Two treatments contained 2,000 mg 

Zn/kg of diet from ZnSO, or Zn-lysine added to a basal corn- 

soybean meal diet that contained .65% lysine. The other two 

treatments were the same as the first two plus .45% lysine 

as L-lysine. The Zn-lysine complex added .45% lysine. Pigs 

fed the diets with Zn-lysine had higher (P < .01) ADG and 

G/F than pigs fed the diets with ZnSO,. After 4 wk, serum 

and hepatic Zn concentrations were higher (P < .01) for pigs 

fed the Zn-lysine than for pigs fed ZnSO4. Kidney and rib 

bone Zn concentrations showed no Zn source effects. In 

Trial 3, 144 crossbred pigs (ave age 28 d, BW 7.7 kg) were 

assigned to one of eight treatments. Three dietary lysine 

levels (.80%, .95% and 1.10%) were fed with either ZnSO, or 

Zn-lysine at a level to supply 100 mg/kg of Zn. The two 

additional diets contained either the high or low lysine 

level with no added Zn. The low lysine level reduced ADG 
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and G/F (P < .01) compared with pigs fed the other two 

lysine levels. There were no differences in tissue or serum 

Zn concentrations between Zn sources, but pigs fed diets 

without supplemental Zn had reduced serum and liver Zn 

concentrations (P < .01). Overall, there appears to be no 

difference in Zn availability between ZnSO, and Zn-lysine 

for weanling pigs. 

Key words: Pigs, zinc, lysine, availability, serum, salt. 

Introduction 

Recent interest in mineral chelates and complexes for 

animal nutrition has been stimulated by the discovery that 

low molecular weight ligands can increase the absorption of 

minerals. Wapnir and Stiel (1986) reported that adding 

amino acids to a Zn solution increased the absorption of Zn 

in rats. The amino acids were thought to bind tightly with 

the Zn and form complexes before absorption. Mineral 

complexes are postulated to increase the availability of a 

mineral by either protecting the mineral from binding to 

non-absorbable ingredients or by aiding in the transport of 

the mineral across the brush border membrane. 

The results of research on the availability of mineral 

complexes for swine have been mixed. Hahn and Baker (1993) 

reported higher plasma Zn concentrations in pigs fed a Zn- 

lysine complex compared with pigs fed ZnSO4 or ZnO. On the 

other hand, Wedekind and Lewis (1993) found that Zn from 
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ZnSO, was more available than Zn-lysine or Zn-methionine 

when bone Zn concentrations were used as an indicator of Zn 

availability. 

The objectives of this research were to compare the 

availability of Zn from ZnSO, and Zn-lysine for weanling 

pigs fed lysine deficient and lysine adequate diets. 

Materials and methods 

Three trials were performed to evaluate the 

availability of Zn from a Zn-lysine complex compared with 

ZnSO4 for pigs fed lysine deficient and adequate diets. 

Trials 1 and 2 had the same protocols except for the number 

of pigs in each trial. In Trial 1, 48 crossbred pigs 

(average age of 26 + 2 d and BW of 7.1 kg) were used and in 

Trial 2, 80 crossbred pigs (average age of 28 + 2 d and BW 

of 8.2 kg) were used. In Trial 3, 144 crossbred pigs 

(average age of 28 d and BW of 7.7 kg) were used to further 

evaluate the availability of Zn for pigs when ZnSO, or Zn- 

lysine were added to supply 100 mg Zn/kg of diet in diets 

ranging in lysine concentration from .80% to 1.10%. 

In Trials 1 and 2, pigs were randomly assigned to four 

dietary treatments from outcome groups based on weight, 

gender, and litter. Diet compositions are shown in Table 1. 

The basal diets were calculated to contain 18% CP and .65% 

lysine which is approximately 60% of the recommended lysine 
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Table 1. Diet compositions for Trials 1 and 2 (%) 

  

  

  

Diet@ 

Item I IT Til IV 

Corn 71.38 70.30 71.83 70.75 

Soybean meal (44) 14.30 14.30 14.30 14.30 

Corn gluten meal (61) 10.00 10.00 10.00 10.00 
Dicalcium phosphate 1.66 1.66 1.66 1.66 
Limestone ~74 74 ~74 .74 
Vitamin premix? 25 -25 25 25 
Cr503 .20 .20 .20 .20 
Antimicrobial© .10 -10 -10 .10 
Mineral premixd 05 -05 05 05 
Selenium premix 05 05 05 .05 
Lysine® 45 45 --- --- 
ZnSO, 82 --- 82 --- 
Zn-lysinef --- 1.90 -- -.-1.90. 

  

4Diets calculated to contain 18% protein, .8% Ca, .65% P, 
and 2,000 ppm of Zn. Diets I and IV contained 1.10% lysine 
Diet II contained 1.55% lysine and Diet III contained .65% 
lysine. 

bsupplied per kilogram of diet: 4,400 IU of vitamin A, 440 
IU of vitamin D, 11 IU of vitamin E, 4.4 mg of riboflavin, 
22 mg of d-pantothenic acid, 22 mg of niacin and 489.4 mg 
choline. 

SMecadox 10, 2.2% carbadox, Animal Health Co. NY. 
dsupplied per kilogram of diet: 105 mg of Zn, 123 mg of Fe, 
42 mg of Mn, 12 mg of Cu, and 2 mg of I. 

&crystalline lysine (78% L-lysine). 
fuyzin 100 contained, 10% Zn and 18% lysine. Supplied by 
ZinPro Corp. Inc., Edina, MN. 
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requirement (NRC, 1988). Dietary treatments were: 1) basal 

(.65% lysine) plus 2,000 mg Zn/kg of diet as ZnSO, (#276-3, 

Fisher Scientific, Fairlawn, NJ), 2) basal (.65% lysine) 

plus 2,000 mg Zn/kg of diet as Zn-lysine (ZinPro Corp. Inc., 

Edina, MN), 3) basal (1.1% lysine), plus 2,000 mg Zn/kg of 

diet as ZnSO4, and 4) basal (1.1% lysine) plus 2,000 mg 

Zn/kg of diet as Zn-lysine. Diet 2 contained a total of 

1.1% lysine which included the lysine in the Zn-lysine 

complex. Diet 4 contained a total of 1.55% lysine which 

included lysine in Zn-lysine. All the diets were calculated 

to meet or exceed the estimated requirements for all other 

nutrients except sodium (.02% for the ZnSO, diets and .035% 

for the Zn-lysine diets) and chlorine (.04% for the ZnSO, 

diets and .046% for the Zn-lysine diets). 

The treatments for Trial 3 are shown in Table 2. The 

diets were calculated to contain 20% CP and meet the NRC 

(1988) estimated requirements for all nutrients except for 

Zn and lysine. The experiment was designed as a 2 x 3 

factorial arrangement of treatments with two Zn sources 

(ZnSO4g and Zn-lysine to provide 100 mg Z2n/kg of diet) and 

three lysine levels (.80%, .95% and 1.10%). Two additional 

control diets were added to the trial; these treatments were 

the low or high lysine level with no supplemental Zn. The 

pigs were randomly assigned to treatments in the same manner 

as in Trials 1 and 2. 

108



€° 
OS 

‘pT 

‘NW 
‘euipg 

‘our 
‘dio 

orguiz 
Aq 

porddng 
‘ausk] 

%g] 
pue 

UZ 
% 0] 

peureUoo 
YO] 

WIZAT, 
‘(UZ 

%9OC) 
aIeJ[NS 

OUIZ 
Opes 

poo A, 
"(auIsd]-J} 

%8/) 
auIsAy 

aUT|feISsAID, 

"AN 
“0D 

WieaH 
[ewyuy 

“xopeques 
%7°Z 

‘(qI/3 
OF) 

OL XopeseW,, 
1 

fp 
‘UL 

{9 
‘ng 

‘og 
‘ad 

:(34/3u) 
portddns 

osnyxtur 
siyL, 

“1 E126 
‘esonxaq 

199000" 
““O2s%eN 

‘p7000° 
‘
O
I
 

‘710° 
“O“He’OS 

UW 
‘720° 

‘OTHSeOSND 
$67 

“OtHLe’OSe 
*(84/8) 

pourejuos 
xiuiosd 

yeJourW 
does], 

“aUIJOYO 
BWI 

p' 6Rp 
pue 

uoRTU 
jo 

Bui 
7Z 

‘plow 
SluayojuRd-p 

Jo 
Bu 

ZZ 
‘UIARLYJOQU 

Jo 
Sui 

p'p 
‘A 

UTWRWA 
JO 

QI 
[] 

‘Cd 
UlWeIA 

Jo 
AI 

Opp 
SV 

UTWRIIA 
JO 

AI 
OOP’ 

py 
:J01p 

JO 
WeIdO;Ny 

Jod parddng, 
‘q 

ayeyAyd 
9% 67° 

pue 
‘q) 

%¢9° 
pue 

ed 
% 

08° 
‘ulaj}OId 

apNId 
%0Z 

UTe}UOD 
0} payejnoes), 

 
 

 
 

 
 

- 
pCO’ 

780° 
761° 

9
7
 

PSC 
Str 

99P" 
Yyose)s 

Or 
- 

Ol 
- 

Or 
- 

- 
goulsh’]-uZ 

- 
820° 

- 
- 

870° 
- 

820° 
- 

fOSUZ 
PBC" 

ZO’ 
ZOP’ 

761 
O17 

- 
810° 

810° 
ouishy 

Or’ 
Or’ 

Or’ 
Or 

Or’ 
Or’ 

Or’ 
OP’ 

Wes 
Or 

Or’ 
Or 

Ol’ 
Or 

Or 
Or 

Or 
jeiqosonunuy 

00°] 
00°1 

00'1 
00°T 

00°T 
00°1 

00°T 
00°1 

xtueid 
* "WL 

Jefeds 
SC 

CZ 
Ce 

Ce 
Ce" 

CZ" 
Ct 

C2" 
qxiweid 

u
l
e
 A 

LS’ 
LS’ 

LS’ 
LS’ 

LS’ 
LS’ 

LS’ 
LS 

QUO}SOUNT 
09°1 

09°] 
09°1 

09°1 
09°1 

09°] 
09°1 

09°] 
syeydsoyd 

payeuronyoq 
00°6 

00°6 
00'6 

00°6 
00°6 

00'6 
00°6 

00°6 
(% 79) 

Jeow 
uajnjs 

uI0D 
98°61 

98°61 
98°61 

986! 
98°61 

98 °6] 
98°61 

98°61 
(% 

py) 
fea 

ueaqkog 
pL'99 

p
9
9
 

pL'99 
pL'99 

pL'99 
pL'99 

bL'99 
pL'99 

(¢°g) 
Woo 

punolHn 

O
l
 

Olt 
Ol 

66" 
6" 

03° 
08° 

08° 
% 

‘oursh] 
O01 

rey 
0 

OO} 
001 

001 
00] 

0 
34/3u 

‘UZ 

S
J
o
I
q
 

€ 
JBL, 

JO} 
syatq 

Jo 
uontsodwioy 

*z 
a[qeRL, 

109



After the treatments were assigned, pigs were placed 

two (1 barrow and 1 gilt) per pen (.6 m x 1.2 m) in Trials 1 

and 2 and three (at least 1 barrow) to a pen (.6 m x 1.2 m) 

in Trial 3. The pigs were allowed ad libitum access to the 

diets and to nipple waterers for 4 wk of the trials. The 

pens had plastic welded wire floors and were located in 

environmentally controlled rooms. Room temperatures were 

adjusted according to the recommendations of Harp and Huhnke 

(1992). The care and treatment of the pigs followed 

published guidelines (Consortium, 1988). 

In Trials 1 and 2, pigs were weighed and bled via 

jugular venipuncture at the initiation of the trial and then 

weekly. In Trial 3, pigs were weighed weekly and bled 

initially and then every 2 wk. To avoid postprandial 

fluctuations in serum Zn concentrations, feed was removed 

from all pigs 30 min prior to bleeding. Blood samples were 

stored for 24 h at 4° C and then centrifuged (700 x g) for 

10 min. Serum was then removed and serum Zn concentrations 

were determined using atomic absorption spectophotometry 

(Perkin Elmer 5100, Norwalk, CT). 

At the conclusion of each trial, the barrow from each 

pen in Trials 1 and 2 and a randomly selected barrow from 

each pen in Trial 3 were killed by electo-immobilization and 

exsanguination for the collection and subsequent 

determination of mineral concentrations of the left 10th rib 
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bones, livers, and kidneys. Extraneous tissue was removed 

from the livers and kidneys before they were homogenized and 

analyzed for Zn, iron and copper content. After removal of 

extraneous tissue, ribs were only analyzed for Zn 

concentration. Ribs were dried for 48 h at 60° C before 

digestion and Zn determination. All mineral analysis were 

done using nitric/perchloric acid wet digestion (AOAC, 1990) 

and flame atomic absorption spectophotometry (Perkin Elmer 

5100, Norwalk, CT). 

In Trials 1 and 2, the data were pooled because no 

trial x treatment interactions were found. The data were 

then analyzed using the GLM procedure of SAS (1990). The 

models included treatment and replicate effects with the pig 

as the experimental unit for the serum and organ data and 

pen of pigs as the experimental unit for the performance 

data. Because treatment differences in ADFI during wk 4 may 

have influenced the amount of Zn absorbed, ADFI during wk 4 

was used as a covariate for the serum Zn analysis at wk 4 

and for the analysis of the organ tissue data. Orthogonal 

contrasts were used to determine Zn, lysine and Zn x lysine 

interactions. 

In Trial 3, the total data set was analyzed using the 

GLM procedure of SAS (1990). The two diets without 

supplemental Zn were then dropped from the data set and the 

data were analyzed as a 2 x 3 factorial with replicate, Zn, 
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lysine and the Zn x lysine interaction effects in the model. 

Orthogonal contrasts were used to compare the Zn deficient 

control diets to the diets with similar lysine levels. 

Orthogonal contrasts were also used to compare specific 

diets with different lysine levels. 

Results 

Trials 1.and 2. The average analyzed Zn concentrations 

of the diets for Trials 1 and 2 were 1,925 mg of Zn per 

kilogram of diet; variation between diets was less than 51 

mg/kg of Zn. 

The main effects of Zn-source and lysine level were 

Significant. Pigs fed the Zn-lysine diets had higher (P < 

-01) ADG and gain to feed ratios than pigs fed the ZnSO, 

(Table 3). Average daily feed intake during wk 4 was higher 

(P < .01) for pigs fed the Zn-lysine diets compared with 

pigs fed the ZnSO, diets (.67 vs. .59 kg, respectively). 

However, overall feed intake was not different between pigs 

fed the different Zn sources. Pigs fed the .65% lysine diet 

had higher (P < .05) ADG than pigs fed the 1.10% lysine 

diets. The Zn x lysine interaction effect showed that pigs 

fed the low lysine basal diet and the Zn-lysine grew faster 

(P < .01) than pigs fed the Zn-lysine with the 1.10% lysine 

diet. Similarly, the overall interaction effect for feed 

efficiency showed that pigs fed the Zn-lysine with the low 

lysine basal diet had higher (P < .01) gain to feed ratios 
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Table 3. Performance and tissue zinc concentrations of 
weanling pigs fed 2ZnSOq4 or Zn-lysine in a marginally lysine 
deficient diet or a lysine adequate diet. Trials 1 and 24 
  

  

  

  

  

Treatments 

Basal diet lysine % 1.10 .65) 

Zn source ZnSO, Zn-lysine ZnSO, Zn-lysine 

Total lysine, % 1.10 1.55 .65 1.10 SEM 

ADG, kg 

Wk 1-4°¢89 .13 .15 .12 18 .O1 

ADFI, kg 

Wk 1-4 .38 .38 .39 -42 -O1 

Gain/ feed 

Wk 1-4¢°9 .33 -40 231 44 .O1 

Serum Zn, mg/L 

Initial .78 .75 .77 .72 .03 

Week 1 91 .82 .88 .83 .04 

Week 24 1.22 1.11 1.26 1.17 05 

Week 3f 1.36 1.34 1.48 1.45 .04 

Week 4ch 1.33 1.51 1.43 1.57 215 

Liver zn,ch 700 838 523 808 77 

Kidney, zn 239 217 251 232 14 

Rib, zneh 230 237 253 247 9 
  

4Performance and serum means are for 32 pigs per treatment 
and organ means are for 16 pigs per treatment. 

Dprior to the addition of the Zn sources. 
C,4zinc effect (P < .01 and .05 respectively). 
e,fiysine effect (P < .05 and .01 respectively). 
9Zinc x lysine effect (P < .01). 
tissue Zn concentrations are in mg/kg of DM. Means are 
adjusted using ADFI during week 4 as a covariate. 
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than pigs fed the 1.10% lysine diet supplemented with the 

Zn-lysine. 

The serum Zn concentrations were higher (P < .05) after 

wk 4 for pigs fed the Zn-lysine diets compared with pigs fed 

the ZnSO, diet (Table 3). The serum Zn concentrations of 

pigs fed the low lysine basal diets were higher (P < .01) 

than the serum Zn concentrations of pigs fed the 1.10% 

lysine diets. 

The Zn concentrations of the livers of pigs fed the Zn- 

lysine diets were higher (P < .01) than those of pigs fed 

the ZnSO, diets (Table 3). Lysine levels had no effect on 

the Zn concentration of the livers. The Zn sources and 

lysine levels had no effect on the iron and copper 

concentrations of the livers (459 mg/kg of DM, SEM 38 and 31 

mg/kg of DM, SEM 4, respectively). 

The Zn concentrations of the rib bones were higher (P < 

.05) for pigs fed the low lysine diets compared with the 

pigs fed the 1.10% lysine diets (Table 3). Zinc source had 

no effect on the Zn concentrations of the ribs. 

The Zn concentration of the kidneys were not different 

between the sources of Zn and levels of dietary lysine 

(Table 3). The kidneys of pigs fed the Zn-lysine were 

lighter relative to BW than those of pigs fed the ZnSO, (.51 

vs. .55%). The copper concentrations of the kidneys of pigs 

fed the ZnSO, were higher (P < .05) than the levels of the 
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pigs fed the Zn-lysine (75 vs. 65 mg/kg of DM). The Fe 

concentrations of the kidneys were not different across 

treatments (144 mg/kg of DM, SEM 6). 

Trial 3. The performance effects in Trial 3 were due 

to the low lysine diets. Pigs fed the low lysine diets with 

supplemental Zn had lower (P < .01) overall ADG and gain to 

feed ratios than pigs fed the diets with the two higher 

levels of lysine (Table 4). Feeding the low Zn levels did 

not reduce performance compared with pigs fed the diets 

supplemented with 100 mg Zn/kg of diet. There were no 

treatment effects on feed intake. 

The pigs receiving the diets with no supplemental Zn 

had lower (P < .01) serum Zn concentrations at 2 wk and 4 wk 

compared with the diets with added Zn and similar lysine 

concentrations (Table 4). Also,.the serum Zn concentrations 

of pigs fed the diets with .80% lysine and supplemental Zn 

were lower (P < .01) at wk 4 than those of pigs fed the 

diets with the higher lysine levels with supplemental Zn. 

There were no serum Zn concentration differences between the 

2n sources. 

Pigs fed the diets without Zn supplementation had lower 

(P < .01) liver, kidney, and rib Zn concentrations than pigs 

fed similar lysine levels with Zn supplementation. There 

were no Zn source effects on the Zn concentrations of the 

115



‘(1O’ 
> 

d) 
S[eag] 

oursA] 
sepruis 

pue 
ourz 

ajenbape 
YIM 

syoIp 
W
o
O
 

JasjIp 
SyoIp 

OUIZ 
MO] 

ISEIUOD, 

*(Ajaatoodsa1 

CO" 
pue 

10° 
> 

d) OUIZ YIM 
sap 

auIsAT 
% {| 

PUR 
CG" 

WOdy 
JOJJIP UZ 

Poppe 
PIM 

SjoIp oUISA] 
%OB’ 

sISBNUOD,., 
37 

6 pl 
M
d
 

feuy 
‘3¥ 

LL 
M
G
 

[etuy 
“uauayean 

iad 
sdid 

g 
Joy 

ore 
S
u
v
a
 

anssty, 
‘yUoWNBeI) 

Jod 
sdid 

g] 
JO} 

oye 
SUBAW 

UINJas 
puke 

OURULIOJAg, 

 
 

 
 

 
 

L 
091 

791 
68 

OL] 
Qc 

ZLI 
6LI 

LOI 
para 

¢ 
ZI 

601 
76 

rit 
Cll 

SIT 
CZI 

66 
pohOUphy 

€] 
LO} 

Lvl 
76 

ISI 
Cr 

Tr 
091 

O01 
ploary] 

(
N
C
 
8
4
/
8
)
 

suoIye;j}UINU0D 
UZ 

ONsstL 

70" 
LL 

EL 
OC’ 

CL’ 
EL’ 

19° 
L9° 

SE" 
pal? 

199M 
€0" 

79" 
09° 

Ie’ 
99° 

79" 
9° 

19° 
9¢° 

po 
198M 

ZO" 
Or 

LY’ 
Gr 

SP’ 
LY’ 

Sr’ 
6b" 

LY’ 
yeniuy 

T
/
d
w
 

‘uz 
w
n
d
a
s
 

Z0° 
79° 

19° 
79" 

6S" 
79" 

IS’ 
Os’ 

OS’ 
gb-T 

AM 
poayjureH 

€0° 
pr 

Zr 
Or’ 

Sp 
Sr 

Iv’ 
Cr 

Leo 
p-T 

4M 
384 

T
H
A
V
 

Z0° 
L@ 

97 
87 

87 
87 

Iv 
7
 

b
o
b
 

M
 

34 
‘
O
V
 

was 
OL'T 

Ol'l 
Ol'l 

66" 
66" 

03° 
03° 

03" 
% 

‘ouIsh] 
OOT 

OOT 
0 

O01 
O01 

O01 
OOT 

1) 
3x /du 

“UZ, 

shJ-UZ 
’OSsuzZ, 

sXJ-uZ 
 "*OSuzZ 

sAJ-uZ 
*QSuzZ 

S
J
U
D
U
E
O
I
 

a 
(RU, 

S
o
n
o
s
 

UZ, 
JUIJAJJIP 

puv 
SUISAT 

JO 
SJaAI] 

[BIOADS 
YIM 

SIP 
poy 

sdid 
BulpuvaM 

JO 
SUOTeI]UDOUOD 

OUIZ 
aNsst) 

puv 
VOURUIOJIIg 

“p 
I[QUL 

116



livers. Similarly, there were no Zn source effects on the 

Zn concentrations of the rib bones. 

Feeding the diets with .80% lysine supplemented with Zn 

resulted in higher (P < .05) kidney Zn concentrations than 

feeding the diets with the higher levels of lysine with Zn 

supplementation. Similarly, kidney Cu concentrations were 

higher (P < .01) in pigs fed the .80% lysine diet with Zn 

compared with pigs fed the diets with higher lysine and Zn 

supplementation (39 vs. 32 mg/kg of DM). 

The Zn x lysine interaction effect showed a higher 

copper concentration in the livers of pigs fed ZnSO4 with 

the two low levels of lysine (30 vs. 23 mg/kg DM) compared 

with pigs fed the Zn-lysine (P < .01). But, ZnSO, fed pigs 

had lower liver copper concentrations (24 vs. 39 mg/kg of 

DM) when the high lysine diets were fed compared with pigs 

fed the Zn-lysine diets (P < .01). The pigs fed the low Zn 

diets also had lower (P < .01) kidney copper concentrations 

than pigs fed the diets with similar lysine levels and Zn 

supplementation (low lysine: 22 vs. 39 mg/kg DM and high 

lysine: 16 vs. 32 mg/kg DM). Liver and kidney iron 

concentrations were not affected by the treatments (406 

mg/kg DM, SEM 52 and 118 mg/kg DM respectively). 

Discussion 

The performance of the pigs in Trials 1 and 2 were 

lower than from other trials where 2,000 mg Zn/kg of diet 
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were fed to weanling pigs (Chapter V). This can be 

attributed to the deficient level of salt in the diets used 

in this study. The performance seen here is similar to the 

performance reported by Kornegay et al. (1991) who fed low 

salt diets. Honeyfield and Froseth (1985) fed 4 wk old pigs 

similar levels of Na and Cl and reported almost identical 

performance levels to those seen in our study. The sodium 

in the Zn-lysine may have contributed to the higher 

performance seen by the pigs fed the Zn-lysine diets. 

The reduction in performance of the pigs fed the low 

lysine diets in Trial 3 is consistent with the results of 

other research that found .80% lysine insufficient for 

supporting maximal growth (Asche et al., 1985). 

It does not appear that the low salt levels of the 

diets in Trials 1 and 2 affected the absorption of Zn. The 

serum and tissue Zn concentrations of pigs in these trials 

are higher than the the concentrations of pigs fed the same 

Zn sources at 2,000 mg of Zn per kg of diet in Chapter V. 

The feeding of the high Zn in this trial for 4 wk compared 

with 2 wk in the previous trial may account for the higher 

tissue concentrations here. If the low salt diet were to 

have affected Zn uptake, then tissue Zn concentrations would 

probably have been closer to the levels of the 2 wk trial or 

perhaps even lower. Additionally, Partridge (1987) reported 

no effects on Zn absorption in pigs fed a variety of salt 
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levels. Similarly, Kornegay et al. (1991) reported that 

bone mineralization in growing pigs was not affected by 

feeding Na deficient diets. 

In the present study, the feeding of 2,000 mg/kg of Zn 

for 4 wk produced differences in tissue Zn concentrations, 

whereas the feeding of 3,000 mg/kg of Zn for 4 wk in Chapter 

V (Trials 4 and 5) did not produce differences in tissue Zn 

concentrations between pigs fed different Zn sources. This 

may be a result of feeding a lower dietary Zn concentration 

here (2,000 vs. 3,000 mg Zn/kg) or perhaps the low lysine 

diets in conjunction with the lower performance may have 

resulted in the accumulation of Zn to the point were 

differences were obtained in this trial. 

The liver, kidney and rib Zn concentrations of pigs 

fed the diets with supplemental Zn in Trial 3 are similar to 

the concentrations of pigs fed control diets in Chapter V 

(livers: 152 vs. 143 mg/kg DM, kidneys 115 vs. 113 mg/kg DM, 

ribs: 168 vs. 159 mg/kg DM, present study and Chapter V, 

respectively). 

Reduced tissue Zn concentrations for pigs fed the diets 

with the low levels of Zn agrees with reports by Hill et al. 

(1986) and Swinkels (1992) who showed reduced Zn 

concentrations in the serum, livers, kidneys and bones of 

pigs fed Zn deficient diets. 
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The higher concentration of Zn in the serum and livers 

of pigs fed the Zn-lysine diets in Trials 1 and 2 suggest a 

higher availability of the Zn from Zn-lysine compared with 

ZnSOq4g. Hahn and Baker (1993) also reported higher plasma Zn 

concentrations in pigs fed Zn-lysine compared with pigs fed 

ZnSO4g. However, in Trial 3 there were no differences in 

serum or tissue Zn concentrations between Zn sources. 

Similarly, feeding 2,000 mg of Zn per kg of diet in Chapter 

V did not result in differences between Zn sources. This 

discrepancy may be due to several things. First, Trials 1 

and 2 were designed to afford the Zn-lysine pigs an 

advantage in Zn absorption. The initial hypothesis was that 

in a lysine deficient situation the pigs fed the Zn-lysine 

would accumulate more Zn because of the increase in lysine 

demand. Our results clearly show an increase in Zn 

absorption in pigs fed the Zn-lysine diet with the reduced 

lysine basal diet compared with the pigs fed ZnSO4 with the 

low lysine basal diet. However, the pigs fed the Zn-lysine 

with the low lysine did not have higher hepatic Zn 

concentrations than pigs fed either Zn source with the 1.10% 

lysine diet. Therefore, the difference in Zn accumulation 

can not be separated from the differences in lysine content 

of the diets. All of the pigs receiving the adequate lysine 

levels had similar Zn concentrations. The Zn source effect 

seen in these trials appears to be due primarily to the 

120



reduced Zn concentrations of pigs fed the combination of low 

lysine and ZnSO4, rather than an independent increased 

availability of Zn from Zn-lysine. 

Secondly, although there is no evidence to suggest that 

the low salt levels of the diets in these trials influenced 

the Zn status of the pigs, a salt effect can not be ruled 

out. To the authors knowledge, no one has investigated the 

specific relationship between Zn absorption and dietary salt 

concentration. 

Because there were no differences between the pigs fed 

the .65% lysine diet with the Zn-lysine and the pigs fed the 

Zn-lysine with the 1.10% lysine, it appears that the Zn in 

Zn-lysine is not transported in conjunction with the lysine. 

If this were the case, the increased demand for lysine 

should have led to an increase in Zn-lysine absorption in 

the pigs fed the low lysine diet compared with the pigs fed 

the Zn-lysine and 1.10% lysine. If the lysine and Zn were 

transported intact, the Zn-lysine fed pigs would have had a 

higher accumulation of Zn than the pigs fed the ZnSO, with 

the adequate lysine. However, the pigs fed these two diets 

had similar Zn concentrations in the liver suggesting that 

the Zn in Zn-lysine is not co-transported with the lysine. 

Interestingly, reducing the dietary lysine content from 

1.10% to .80% in Trial 3 did not reduce the accumulation of 

liver Zn concentrations as in Trials 1 and 2 where the 
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lysine level was reduced from 1.10% to .65%. The liver Zn 

concentrations from Trial 3 showed no differences in Zn 

accumulation between the pigs fed the different lysine 

levels whereas, in Trials 1 and 2, feeding .65% lysine with 

ZnSO, resulted in a lowered Zn accumulation compared with 

pigs fed 1.10% lysine. This discrepancy may be due to the 

extremely low lysine level of the .65% lysine diet compare 

to all the other diets. 

The tissue mineral concentrations in Trial 3 also show 

no difference in the availability of the two Zn sources. 

These results disagree with the results of Wedekind and 

Lewis (1993) who reported a higher availability Zn from 

ZnSO, compared with Zn-lysine. Additionally, Hahn and Baker 

(1993) reported a higher availability of Zn from Zn-lysine 

compared with ZnSO4,. However, the results of these trials 

do agree with our previous findings (Chapter V) that showed 

no clear advantage in Zn availability of either source. 

In agreement with the findings reported in Chapter V, 

the feeding of higher levels of Zn in Trial 3 elevated the 

kidney copper concentrations above those of the Zn deficient 

pigs. As previously described (Chapter V), the feeding of 

Zn may be stimulating metallothionein production and causing 

the accumulation of copper in the kidneys (Cousins and Lee- 

Ambrose, 1992). 
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Implications 

These trials indicate no differences in the 

availability of Zn from Zn-lysine and ZnSO4. Additionally, 

our research does not support the hypothesis that Zn from 

the organic complex Zn-lysine is more available due to a co- 

transport of the Zn with the lysine into the enterocyte. 

Therefore, the use of some of the organic Zn sources to 

reduce the amount of Zn in swine waste may be unwarranted. 
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Chapter VII 

A comparison of zinc availability from ZnO, Zn-methionine, 

Zn-lysine and ZnSO, when fed to zinc deficient pigs 

Abstract 

This research compared the availability of Zn-lysine, 

zn-methionine, ZnO and ZnSOq4 in Zn deficient pigs. Forty- 

eight crossbred weanling pigs which had been fed a Zn 

deficient semi-purified diet (17 mg Zn/kg) for 21 d, were 

randomly assigned to semi-purified diets with one of the 

four Zn sources added to supply 30 mg Zn/kg of diet. There 

were no differences in ADG, ADFI or gain/feed during the 21 

d depletion or 7 da repletion periods. After 3 and 7 d of Zn 

repletion, serum Zn concentrations were increased but were 

not different between Zn sources. Liver and kidney Zn 

concentrations determined at the end of 7 d were also not 

different between Zn sources; however, the Zn concentration 

of the 10th ribs from pigs fed the ZnO diet were lower (P < 

-05) than those for pigs fed the Zn-lysine or the ZnSO, 

diets. Moreover, during a 7 d repletion of Zn deficient 

pigs, the availability of Zn from Zn-lysine, Zn-methionine, 

ZnO and ZnSOq4 was Similar, although a slightly lower Zn 

concentration was obtained for the 10th rib of pigs fed Zno. 

Key words: Pigs, Zn-deficiency, Availability, bones, serum. 
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Introduction 

The use of organic complexed mineral sources in the 

livestock industry has increased. It is generally thought 

that these organic mineral sources are more available than 

traditional inorganic sources. Several researchers have 

reported an increased availability of organic sources of Zn 

compared with inorganic sources in swine and poultry 

(Wedekind et al., 1992; Aoyagi and Baker, 1993; Hahn and 

Baker, 1993). Others have not found an improvement in Zn 

availability when organic sources were fed compared with 

inorganic sources (Hill et al., 1986; Wedekind and Lewis, 

1993). In light of these conflicting results, there is a 

need to further investigate the availability of organic 

mineral sources for swine. 

The purpose of this research was to compare the 

availability of Zn from two zinc-amino acid complexes and 

two inorganic zinc sources when fed to Zn deficient pigs. 

Materials and Methods 

Crossbred pigs with an average initial weight of 8.4 kg 

were weaned at 28 + 2 d of age and placed 2 or 3 per pen 

with littermates in stainless steel cages (.91 m x 1.2 moor 

-61 mx 1.5m). The pigs were fed a semipurified marginally 

zinc deficient diet (Table 1). The diet was calculated to 

contain 20% CP and 17 mg Zn/kg of diet. This diet was 
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Table 1. Diet composition (%)@ 

  

  

Item % 

Corn starch) 33.66 

Dextrose©® 30.00 
Isolated soy proteind 20.00 
Corn oil 6.00 
Cellulose® 3.00 
Dynafosf 2.90 
Mineral mix9 1.66 
Dyna-Kf 1.44 
caco3 .58 
Vitamin mixh -40 
Dynamatef .36 
  

4piet calculated to contain 20% CP, 1.15% lysine, .84% Ca, 
.69% P and 3,570 ME/kg. 
Beargill Inc., Minneapolis, MN. 
SCerelose dextrose 2001, Corn Products, Summit-Argo, IL. 
Appsoor, Protein Technologies International, St. Louis, MO. 
fpurified powder cellulose BH200, International Filler Co., 
North Tonawanda, NY. 
fpynafos contained 20% Ca (min), 18.5% P, and .185% F (max); 
Dynamate contained 22% S (min), 18% K, and 11% Mg; Dyna-K 
contained 96.5% KCl (min) and 50% K. Pitman-Moore Inc., 
Mundelein, IL. 

JProvided the following amounts per kilogram of diet: 50 mg 
of Fe as FeSO4°7H20, 6 mg of Cu as CuSO4°5H20, 4 mg of Mn 
as MnSO4°H20, 140 ug of I as KIO3, 30 mg of Se as Na jSe03, 
and 16,300 mg/kg of dextrose was used as a carrier. 

Nprovided the following amounts per kilogram of diet: 4,950 
IU of vitamin A, 660 IU vitamin D3, 33 IU vitamin E, 6 mg 
vitamin K, 3.3 mg riboflavin, 35.2 mg niacin, 19.8 mg 
pantothenic acid, .022 mg vitamin By3, 1,184 mg choline, 
2.6 mg thiamin, 3 mg vitamin Be, .4 mg biotin, 2 mg 
folacin, 1,200 mg D,L-methionine.



reported by Swinkels (1992) to significantly deplete the Zn 

stores of young pigs after a 24 or 32 d feeding period. 

Pigs were fed approximately 75% of the estimated ad libitum 

intake in three equal feedings per day and were given ad 

libitum access to deionized water for 21d. Ond 21, 48 

pigs were randomly assigned to treatments from outcome 

groups based on weight, gender and litter. The treatments 

included 30 mg Zn/kg of diet added as: 1) feed grade ZnO 

(Bullard Feed Co., Bremen, IN), 2) Zn-methionine (ZinPro 

Corp. Inc., Edina, MN), 3) Zn-lysine (ZinPro Corp. Inc., 

Edina, MN) or 4) reagent grade ZnSO, (#276-3, Fisher 

Scientific, Fairlawn, NJ). The Zn sources replaced the 

appropriate amount of corn starch in the zinc deficient 

diet. Pigs were placed two (1 barrow and 1 gilt) per pen in 

painted steel pens (.6 m x 1.2 m) with plastic coated welded 

wire floors and stainless steel feeders. Pigs were given ad 

libitum access to feed and nipple waters for 1 wk. 

Pigs were bled via jugular venipuncture at the begining 

of the depletion, ond 16 and d 21 of the depletion, and on 

d 3 and d 7 of the repletion. Blood samples were 

refrigerated at 4°C for 24 h and centrifuged (700 x g) for 

10 min. Serum was then removed and Zn concentrations were 

determined using flame atomic absorption spectophotometry 

(Perkin Elmer 5100, Norwalk, CT). Pigs were weighed 
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initially, at d 21 of the depletion period and at the end of 

the 7 d repletion period. 

At the end of 7 dad repletion, the barrow from each pen 

was killed via electro-immobilization and exsanguination. 

Livers, kidneys and left 10th rib bones were removed for 

determination of mineral concentrations. Mineral analyses 

were performed using nitric/perchloric acid digestion (AOAC, 

1990) followed by flame atomic absorption spectophotometry 

(Perkin Elmer 5100, Norwalk, CT). 

The data were analyzed using the GLM procedure of SAS 

(1990). The models contained replicate and treatment 

effects. The experimental unit for the performance data was 

the pen of pigs, whereas, the individual pig was used as the 

experimental unit for the serum data and tissue data. 

Paired t-tests were used to determine differences between 

specific diets. 

Results and discussion 

The analyzed Zn concentrations were 12 mg/kg for the 

depletion diet, 43 mg/kg for the ZnO diet, 46 mg/kg for the 

Zn-methionine diet, 42 mg/kg for the Zn-lysine diet and 46 

mg/kg for the. ZnSO, diet. 

Average daily gains, ADFI and gain/feed during the Zn 

depletion period and during the Zn repletion period were 

Similar among all treatments (Table 2). The performance of 

pigs in this trial is similar to the performance of Zn 
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Table 2. Performance, serum Zn and tissue Zn concentrations 

of weanling pigs fed a Zn deficient diet followed by the 
same diet with 30 mg/kg of Zn added from different sources? 

  

  

  

Treatments 

Z2no Z2nMet ZnLys ZnSO4 SEM 

Body Wt, kg 
Pre-deficiency 8.22 8.23 8.44 8.67 14 

Initial (d21) 9.78 9.79 9.73 9.82 ~04 

Week 1 (d28) 11.21 11.08 11.31 11.10 .19 

ADG, kg 
Deficiency 07 .07 .06 -05 ~O1 

Repletion 7 d -21 -18 .23 .18 .03 

Overall -11 .10 -10 .09 -O1 

ADFI, kg 
Repletion 7 a 37 -42 38 -35 .03 

G/F | 
Repletion 7 da -56 -44 58 -51 -05 

Serum Zn, mg/L 
Initial ~79 -82 75 -79 -03 

Depletion d 16 -52 -51 ~52 -55 -02 

Depletion d 21 ~35 -35 -40 .38 -02 

Repletion d 3 49 ~51 ~51 -47 .02 

Repletion d 7 48 50 49 49 .02 

Tissue Zn, mg/kg of DM 
Livers 136 133 181 151 17 

Kidneys 107 100 110 104 4 

Rib bones 243) 252 259¢ 263¢ 5 
  

4Pperformance and serum means are for 12 pigs per treatment 
and tissue means are for 6 pigs per treatment. 

b,Cusing paired t-tests means with different superscripts 
are different (P < .05). 
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deficient pigs repleted with 15 or 45 mg/kg of Zn reported 

by Swinkels (1992). Swinkels (1992) also reported no 

differences between pigs repleted with ZnSO, or a Zn-amino 

acid chelate (Albion Laboratories, Cadco Inc., Des Moines, 

IA). 

During the depletion period, serum Zn concentrations 

decreased (Table 2) to levels similar to those reported by 

Swinkels (1992); in both experiments serum Zn dropped to 

approximately .35 mg/L. The longer depletion period used by 

Swinkels (24 and 32 da) did not produce serum Zn 

concentrations lower than the concentrations obtained in our 

21 da depletion period (.38 vs. .37 mg/L respectively). 

In our study, the serum Zn concentrations increased 

from d 0 to ad 3 of Zn repletion. Continued feeding of the 

repletion diets to d 7 did not result in a further increase 

in the serum Zn concentrations. The serum Zn concentration 

of .50 mg/L resulting from feeding 30 mg Zn/kg of diet for 7 

d falls directly between the serum Zn concentrations 

obtained by Swinkels (1992) after feeding 15 and 45 mg Zn/kg 

of diet for 7 d (.40 and .60 mg/L, respectively). 

As reported by Swinkels (1992), there were no 

differences in serum Zn concentrations between Zn sources. 

Similarly, Wedekind and Lewis (1993) reported no differences 

in plasma Zn concentrations when Zn deficient pigs were 

repleted with the same Zn sources as in this trial. 
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The Zn concentrations of the livers and kidneys were 

not different between treatments (Table 2). Swinkels (1992) 

also reported no difference in liver and kidney Zn 

concentrations in Zn depleted pigs fed either ZnSO, or a Zn- 

amino acid chelate. The liver and kidney Zn concentrations 

obtained in our trial are higher than those obtained by 

Swinkels (1992) after a 32 d Zn depletion followed by a 6d 

repletion with 15 mg Zn/kg of diet (livers: 150 vs. 76 mg/kg 

of DM; kidneys: 105 vs. 95 mg/kg of DM, respectively). 

However, our liver and kidney Zn concentrations are lower 

than values obtained for Zn depleted pigs repleted with 45 

mg Zn/kg of diet for 6 d (Swinkels, 1991; livers: 150 vs. 

188 mg/kg of DM; kidneys: 105 vs. 147 mg/kg of DM, 

respectively). 

The 10th rib Zn concentrations of the pigs fed the Zno 

were lower (P < .05) than the values for pigs fed the ZnSO, 

or the Zn-lysine (Table 2). Intermediate values were 

observed for pigs fed Zn-methionine. Similarly, Wedekind 

and Lewis (1993) also reported a lower bone Zn concentration 

in metacarpal and vertebrae bones from Zn depleted pigs fed 

ZnO compared with pigs fed ZnSO4,. However, Wedekind and 

Lewis (1993) did not find higher bone Zn concentrations for 

pigs fed Zn-lysine compared with pigs fed Zno. 

Hepatic Fe and Cu concentrations were not different 

between treatments (536 mg/kg of DM, SEM 71, and 128.5 mg/kg 
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of DM, SEM 33, respectively). Kidney Fe and Cu 

concentrations were also not affected by the treatments (132 

mg/kg of DM, SEM 6, and 27 mg/kg of DM, SEM 3, 

respectively). Liver and kidney weights relative to BW were 

also not different between treatments (2.4%, SEM .1, and 

.52%, SEM .3, respectively). 

A possible reason for not finding differences in Zn 

concentrations between the Zn sources in the serum, livers, 

and kidneys may be the Zn content of the water during the 

repletion period. The water was analyzed to contain 16 mg 

Zn/L. If the water intake is assumed to be 2.5 to 3 times 

the feed intake, then the pigs would have been receiving 

15.6 mg of Zn in the feed and 17.3 to 18.2 mg of Zn in the 

water. Therefore, the pigs were obtaining slightly more Zn 

from their water intake than their feed intake. The Zn 

concentration of the water in this trial was much higher 

than trials reported by Hill et al (1986) using Zn deficient 

Pigs. Hill et al. (1986) used water with 1.1 mg/L of Zn in 

the water of Zn deficient pigs and found no differences in 

Zn availability between ZnSO, or Zn-methionine when fed at 9 

or 12 mg Zn/kq. 

The contribution of the zinc from the water was a known 

factor during the repletion period. One goal of this trial 

was to determine if differences between sources could be 

obtained using tap water during the repletion phase. From 
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our results, it appears that the zinc contribution of the 

water may have reduced the possibility of obtaining 

differences between the dietary Zn sources in the serum, 

livers, and kidneys. However, as mentioned previously, our 

results are similar to the results of Hill et al. (1986) who 

used water with a much lower Zn concentration. 

On the other hand, the Zn concentration of the 10th rib 

showed differences between sources. The rib bone may be 

more responsive to the dietary Zn concentrations fed during 

the repletion of Zn deficient pigs; however, pigs in 

previous trials were not responsive when high dietary levels 

(100, 1,000, 2,000, and 3,000 mg Zn/kg) of Zn were fed 

(Chapters V and VI). Hill et al. (1986) and Wedekind and 

Lewis (1993) have suggested that bone is sensitive to 

dietary Zn sources, and is therefore a good indicator of Zn 

status when low levels of Zn are fed. 

Implications 

This trial does not support the hypothesis that Zn from 

Zn-lysine or Zn-methionine is more available to weanling 

pigs than traditional inorganic Zn sources. Zinc repletion 

of Zn deficient pigs with 30 mg Zn/kg of diet from Zn- 

lysine, Zn-methionine, ZnSO, or ZnO showed no differences in 

serum, liver or kidney Zn concentrations between sources. 

Based primarily on a slightly lower Zn concentration of rib 
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bones, the availability of Zn from ZnO appeared to be less 

than that of Zn from Zn-lysine and ZnSO,. 
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Chapter VIII 

SUMMARY 

Zinc supplementation 

The primary objective of this research was to examine 

the supplementation of weanling pigs with high 

concentrations of Zn. The previously established 

relationship between growth performance and zinc status of 

an animal (Chesters and Quarterman, 1970) led us to examine 

whether weanling pigs are deficient in Zn immediately after 

weaning. Research has shown that serum Zn concentrations 

drop around weaning and that serum Zn is a good indicator of 

body Zn status (King, 1990). Additionally, the dietary 

supplementation of pigs after weaning with 3,000 mg/kg to 

2,500 mg/kg has been reported to improve growth performance 

(Kavanagh, 1992; Poulsen, 1992). The mechanism involved in 

the improvement of growth is not known. 

Injection trials. The initial trials were conducted to 

prevent the decline in serum Zn concentrations around 

weaning and thus improve postweaning performance. Several 

methods of injection (i.m. and i.p.) and multiple injection 

times (3 d prior to weaning, weaning, 12 h after weaning, 4 

d after weaning) were unsuccessful for preventing the 

decline in serum Zn concentrations. An additional trial was 
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conducted to investigate the role of stress on serum Zn 

concentrations and performance. Previous research showed 

that serum Zn concentrations decline in pigs when stressed 

(Chesters and Will, 1981). No performance improvement were 

observed with the injection of Zn or by stressing pigs prior 

to weaning, but, the decline in serum Zn was prevented by Zn 

injection. Additionally, there was a positive correlation 

between serum Zn concentrations and performance, although 

performance was not improved above the level of controls by 

the injection of Zn. 

Feeding Trials. In the next series of trials, the 

dietary Zn supplementation of weanling pigs was examined. 

Previous research had found improvements in scouring and 

performance when pigs were fed high concentrations of Zn 

(Kavanagh, 1992; Poulsen, 1992). In the first trial, 3,000 

mg Zn/kg of diet was fed from four different Zn sources to 

weanling pigs for 2 wk immediately after weaning. There 

were no performance differences between pigs fed the high Zn 

diets and pigs fed a control diet containing 105 mg Zn/kg of 

diet. Scouring was minimal. If the mode of action for 

feeding high Zn concentrations and improving performance is 

mediated through scouring as speculated by Poulsen (1992), 

then the lack of scouring may have prevented the positive 

performance response reported by others (Kavanagh, 1992; 

Poulsen, 1992). The follow-up trials in which 2,000 and 
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1,000 mg Zn/Kg of diet were fed also showed no improvements 

in performance above control levels. 

Supplementation conclusions. The results of these 

trials indicate no improvement in the performance of 

weanling pigs supplemented with high concentrations of Zn by 

injection or by dietary supplementation. Additionally, 

preventing the drop in serum Zn concentrations after weaning 

does not result in a beneficial response in performance. 

Furthermore, it is beyond the scope of this research to 

determine whether feeding high concentrations of Zn during 

periods of severe scouring results in an improvement in 

performance. 

Zine Availability 

The secondary objective of this research was to compare 

the availability of Zn from two inorganic and two organic Zn 

sources. Researchers have suggested an increased 

availability of Zn in organic zinc complexes compared with 

traditional inorganic sources (Hahn and Baker, 1993). 

However, other research has shown no difference in the 

availability of Zn from organic and inorganic sources (Hill 

et al., 1986; Wedekind and Lewis, 1993). 

Feeding high levels. The approach used to investigate 

the availability of Zn in these trials was to feed high 

levels of Zn for a short period (2 wk) and compare the 

accumulation of Zn in tissues. Henry et al. (1987) reported 
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that feeding high Zn levels to chickens was an effective 

method of distinguishing differences in availability. 

Feeding, 3,000, 2,000 and 1,000 mg of Zn from ZnO, Zn- 

methionine, Zn-lysine and ZnSO, showed that Zn from ZnO is 

less available than the other sources. Liver, kidney, and 

rib Zn concentrations were found to be lower than for those 

of pigs fed the other sources. Feeding 2,000 and 3,000 mg 

Zn/kg resulted in the largest tissue differences. 

Additionally, our results showed no difference in Zn 

availability from reagent grade ZnSO, and feed grade ZnSO, 

and that feeding 3,000 mg Zn/kg for 2 wk was sufficient to 

produce differences in tissue Zn accumulations between Zn 

sources. 

Lysine x Zine interaction. The role of lysine in the 

absorption of Zn from a Zn-lysine complex and from ZnSO, was 

investigated in the next trials. However, feeding diets 

ranging from a severely deficient lysine content (.65%) to 

an adequate lysine content (1.10%) showed little influence 

on Zn accumulation in tissues. Feeding pigs a diet 

containing .65% lysine lowered the amount of Zn deposited in 

the livers compared with pigs fed an adequate lysine level 

(1.10%). Because pigs fed the diet with .65% lysine and Zn- 

lysine did not show increased Zn accumulation in tissues 

compared with pigs fed ZnSO,4, this research does not support 

the speculation that Zn from Zn-lysine is co-transported 
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with the lysine component of the complex. Additionally, the 

trials showed no difference in serum, liver, kidney and 10th 

rib Zn concentrations between pigs fed ZnSO, or Zn-lysine. 

Therefore, there appears to be no difference in Zn 

availability between these two sources. 

Zinc deficiency. Finally, feeding Zn deficient pigs 

diets supplying 30 mg Zn/kg of diet from ZnO, Zn-methionine, 

Zn-lysine or ZnSO, showed that 10th rib Zn concentrations 

were lower for pigs fed ZnO than for pigs fed the other 2n 

sources. There were no differences in serum, liver or 

kidney Zn concentrations between the different sources. 

Therefore, ZnO appeared to be less available than the other 

sources based on rib Zn concentration. 

Overall conclusions 

From the results of these trial, there appears to be no 

performance benefit to supplementing weanling pigs with high 

concentrations of Zn by feeding or injecting Zn. 

Additionally, Zn from ZnO is less available to weanling pigs 

than Zn from Zn-lysine, Zn-methionine or ZnSO,. 

Furthermore, the availability of Zn from Zn-lysine, Zn- 

methionine and ZnSO4 appears to be similar. 
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142



Appendix Table 1. Performance of pigs injected with Zn 
acetate 3 d prior to weaning. 

  

  

  

Treatment4 

Item Control Zinc? SEM P-value 

BW, kg 
Preweaning (3d) 5.2 5.2 .03 -52 
Weaning 5.9 6.0 04 -74 
Post-weaning (2d) 5.6 5.6 04 35 
Week 1 6.2 6.3 -10 -54 

Week 2 8.1 8.2 -16 -63 

Week 3 10.7 11.1 -19 ~26 

ADG, kg 
Preweaning 26 .25 -O1 67 
Post-weaning (2d) -.19 -.17 -O1 -20 
Week 1 (d2-d7) .12 .13 .02 -81 
Week 2 -28 .28 ~-O1 -88 

Week 3 -37 -40 ~02 -30 

Weaning -wk 1 03 04 -O1 62 
Weaning -wk 2 -16 .16 -O1 69 
Weaning -wk 3 23 24 -O1 28 

ADFI, kg 
Postweaning (2d) -O1 02 .003 16 
Week 1 (d2-d7) .20 £21 .02 .74 
Week 2 -44 ~46 - 02 - 46 

Week 3 . -67 - 66 -02 -68 

Weaning- wk 1 15 16 ~O1 .67 
Weaning- wk 2 16 .16 -O1 47 
Weaning- wk 3 -42 42 -O1 ~71 

  

aThirty-six pigs per treatment. 
bzinc acetate injected i.m. (3 mg/kg of BW) 3 d prior to 
weaning. Controls injected with an equal volume of saline. 
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Appendix Table 2. Serum Zn concentrations of pigs injected 
with one of two concentrations of Zn acetate. 

  

  

  

Treatment? 

3 mg/kg 4 mg/kg SEM 

Body weight, kg 20.6 19.1 1.0 

Serum Zn, mg/L 

Initial -68 .69 .06 

6 h? .91 1.49 .14 

12 nd .78 1.12 .06 

24 hb .68 86 04 

36 h -83 -83 -03 

48 h -68 75 .04 

72h -62 75 04 

  

4six pigs per treatment mean. 
bpreatments differ (P < .01). 
Treatments differ (P < .05). 
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Appendix Table 3. Body weights and ADG of pigs injected 
with Zn acetate at weaning or 12 h postweaning. 

  

  

  

  

Treatment 

Time@ Oh 12 h 

zn,? mg/kg BW 0 3 4 0 3 4 SEM 

Body wt, kg 
Initial 7.2 7.3 7.1 7.3 7.2 7.3 1.0 

Day 1 6.9 7.0 6.8 6.9 6.9 7.0 1.0 

Day 3 7.3 7.4 7.2 7.5 7.4 7.3 1.1 

Week 1 7.6 7.7 7.6 7.9 7.8 7.7 #1.2 

Week 2 9.1 9.4 8.9 9.7 9.5 9.2 1.6 

Week 3 11.5 12.1 11.7 12.5 12.4 11.6 2.6 

Week 4 14.0 14.8 14.7 15.2 15.0 14.4 2.8 

ADG, kg 
Day 1 -.27 -.31 -.35 -.39 -.27 -.34 -03 

D2tod 3 -11 -14 14 -19 -15 -11 . 03 

D4tod 7 -12 ~il ~14 - 16 -15 -11 #.03 

Week 2 21 ~24 -20 225 -24 -22 .03 

Week 3 -34 -40 -39 -40 -41 -35 .04 

Week 4 -41 - 46 -50 -46 -44 ~47 -05 

Di1itod 7 - 06 -06 ~07 -10 -09 -06 .02 

D1 to wk 2 -13 -16 ~14 -17 -17 -13 -02 

D 1 to wk 3 -20 ~24 222 -25 25 -20 .02 

D1 to wk 4 225 -29 -28 -30 -29 -26 .02 

  

4Injection given postweaning. 
treatment mean. 

bpigs were given 3 or 4 mg of Zn per kg of BW i.p. 

There were 14 pigs per 

in the 
form of Zn acetate or saline in an equivalent volume to the 
3 mg Zn injection. 
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Appendix Table 4. Average daily feed intake and feed 
efficiency of pigs injected with Zn acetate at weaning or 

12 h postweaning. 

  

  

  

  

Treatment? 

Time | Oh 12 h 

zn, mg/kg BW 0 3 4 0 3 4 SEM 

ADFI, kg 
Day 1 -O1 -90 -02 - 00 -900 -00 .O1 

D2tod 3 -22 -32 ~26 ~-41 -35 -30 .02 

D4todv7 -40 -42 -43 -48 -48 ~44 -03 

Week 2 -73 72 -68 275 ~77 -67 .04 

Week 3 1.05 1.19 1.16 1.23 1.19 1.07 .08 

Week 4 1.44 1.48 1.59 1.67 1.60 1.52 -11 

Di1ltod?7 -27 -32 -31 ~39 -36 -32 .02 

D1 to wk 2 ~50 -52 49 ~57 -56 -49 .03 

D1 to wk 3 - 67 ~72 -58 -71 - 88 -66 .09 

D1 to wk 4 -85 -91 -91 -98 96 -87 .05 

Gain/feed 
D2 tod 3 -21 -41 -40 ~43 44 -22 .17 

D4tod 7 -29 -26 -28 -36 -31 -20 .07 

Week 2 -28 ~33 -31 -33 -30 -32 -04 

Week 3 .38 34> .36 .33 .33 .32 .04 

Week 4 -29 -32 ~33 ~27 .29 -31 #.03 

Ditod 7 -15 -18 -18 -23 225 -O7 .08 

D1 to wk 2 ~25 ~31 ~27 .30 ~29 -23 .04 

D1 to wk 3 -31 -32 -32 -31 -31 -28 -03 

D1 to wk 4 -31 -32 -32 -30 -30 -30 .03 

  

4Injection given postweaning. There were 14 pigs per 
treatment mean. Pigs were given 3 or 4 mg of Zn per kg of 
BW i.p. in the form of Zn acetate or saline in an equivalent 
volume to the 3 mg Zn injection. 
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Appendix Table 5. Scour scores of pigs injected with Zn 
acetate at weaning or 12 h postweaning. 
  

  

  

  

Treatment? 

Time Oh 12 h 

an 0 3 4 0 3 4 SEM 

Day» 
1 2.3 2.1 2-0 2.5 2el 2.1 4 

2 2.1 2.1 2.1 2.3 2.0 2.3 5 

3 2.4 2.0 2.3 2.3 2.4 2.4 7 

4 3.1 2.3 2.4 2.5 2.8 3.0 1.2 

5 2.8 2.3 2.8 2.6 3.0 2.9 1.2 

6 3.1 2.4 3.1 3.1 2.1 3.1 1.2 

7 3.1 2.4 2.8 3.0 2.5 2.6 1.1 

8 3.4 3.1 3.1 3.5 3.3 3.5 1.3 

9 3.1 2.9 2.9 3.1 3.0 2.9 1.1 

10 3.0 2.6 2.8 2.6 2.9 2.4 1.1 

11 3.0 2.6 2.8 2.3 2.9 2.9 1.1 

12 2.8 2.6 2.9 2.5 2.6 2.8 8 

13 3.0 2.3 2.5 2.6 2.8 2.5 1.1 

14 3.3 2.5 2.9 2.8 3.6 2.9 1.1 

15 3.1 2.5 2.6 2.9 3.4 3.1 1.0 

16 2.5 2.8 3.0 2.4 3.4 2.8 1.0 

17 2.5 2.6 2.6 2.1 2.8 2.4 9 

18 2.6 2.4 2.8 2.0 2.4 2.5 8 

19 2.1 2.3 2.8 2.1 2.3 2-1 7 

20 2.1 2.0 2.5 2.1 2.8 2.0 2 

21 2.0 2.1 2.3 2.1 2.6 2.1 5 

  

aInjection given postweaning. There were 14 pigs per 
treatment mean, 8 pens (2 pigs per pen) per treatment. 
Pigs were given 3 or 4 mg of Zn per kg of BW i.p. in the 
form of Zn acetate or saline in an equivalent volume to the 
3 mg Zn injection. 

Oscoring: 1 - dry feces 
- normal feces 
- slightly watery feces 
- very watery feces 
- extremely watery feces OI

 
&
 
W
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Appendix Table 6. Performance of weanling pigs injected 
with 3 mg/kg of BW of Zn as Zn acetate on d 3 postweaning. 

  

  

  

Treatment? 

Saline Zinc SEM 

Body weight, kg 
Initial 6.9 7.0 -O2 

Day 4 7.2 7.0 .02 
Week 15 7.4 7.1 .06 
Week 2 8.5 7.8 21 

Week 3 10.5 9.5 . 30 

Week 4 14.1 12.5 -55 

ADG, kg 
Day 4 .04 .03 .O1 
D4 to a 7b .12 .O1 .02 
Week 2 - 16 -10 -03 

Week 3 29 ~24 -O5 

Week 4 -50 -43 05 

Week 1-2 -11 -06 -O1 

Week 1-3 -17 -l2 -O1 

Week 1-4 26 20 -O2 

ADFI, kg 
Day 4 .12 .13 .O1 
D4 tod 7b .19 .12 .O1 
Week 2 -28 -20 -03 

Week 3 .50 -39 -04 

Week 4 -82 72 07 

Week 1-2 21 -15 02 

Week 1-3 ~3l -23 02 

Week 1-4 -44 -35 -03 

Gain/feed 
Day 4 22 .16 .07 
D4 tod 7b .72 .02 .07 
Week 2 55 54 - O07 

Week 3 -57 -59 -08 

Week 4 -61 - 60 03 

Week 1-2 -56 -42 04 

Week 1-3 57 -52 -03 

Week 1-4 59 - 56 -O2 

  

4Zinc injected i.p. on d 4 after weaning. Fifteen pigs per 
treatment mean. 

btTreatment effect (P < .05). Weight at dad 4 used as a 
covariate for all variables other than d 4 weight. 
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Appendix Table 7. Performance of weanling pigs regrouped or 
not regrouped 3 d prior to weaning and injected or not 
injected with 3 mg/kg BW of Zn at one of two times. 

  

  

  

  

  

Treatment? 

Not regrouped Regrouped 

Zn, mg/kg BW 0 3 0 3 

Day 21 24 21 24 21 24 21 24 SEM 

BW, kg 
Initial 6.5 6.4 6.2 6.4 6.4 6.4 6.3 6.0 .3 
Weaning 7.3 7.3 6.8 7.2 7.0 6.9 6.9 6.5 .4 
Week 1 7.7 7.4 7.3 7.7 7.7 7.4 7.3 7.0 .4 
Week 2 9.6 9.5 9.2 9.3 9.6 9.4 9.1 9.0 .6 

Week 3 13.0 12.6 12.3 13.4 12.9 12.5 12.1 12.01.0 

ADG, kg 
Preb,c -26 -28 -21 -26 ~22 -18 ~21 -18 .05 

Week 1 -06 -02 - 08 -08 -10 -07 -05 -06 .02 

Week 2 -27 -29 .27 222 -28 -28 -25 -29 .04 

Week 3 -49 -45 44 -59 -47 ~45 -44 -42 .06 
Pre-wk 1 .12 -10 11 -13 -13 -10 -10 -10 .02 
Pre-wk 2 .18 -18 -18 -17 -19 -18 -16 -18 .02 

Pre-wk 3 27 -26 ~26 -29 27 -26 ~24 -25 .03 

ADFI, kg 
Week 1 .18 17 -18 -20 20 -18 .16 -17 .01 
Week 2 -48 -47 -46 -49 -48 -44 -44 -45 .04 

Week 3 93 -76 .72 -80 .78 ~76 -71 -71 .08 
Week 1-2 ~33 ~32 -32 -35 ~34 -31 -30 31 .03 

Week 1-3 .53 47 -45 -50 -48 -46 -44 -44 .04 

Gain/feed 
Week 1 34 -12 -42 .38 -49 37 -32 -34 .08 
Week 2 57 - 63 - 60 -43 -58 -63 58 -63 .07 
Week 3 -55 -59 -61 ~71 -61 -60 -62 -60 .06 

Week 1-2 .51 -50 ~55 -42 ~55 56 -51 -56 .05 
Week 1-3 ~53 ~55 -58 -57 -58 -58 -57 -58 .04 

  

4Twelve pigs per treatment mean for pigs that were not 
regrouped and 14 pigs per mean for regrouped pigs except 13 
pigs injected with Zn on d 21 and regrouped (one died). 
Pre=preweaning. 

C,dgn x group effect (P < .05 and .10, respectively). 
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Appendix Table 8. Performance of weanling pigs fed diets 
with 3,000 mg Zn/kg of diet added from different sources@ 

  

  

  

Treatments 

Control ZnO zZnMet zZnLys ZnSO, SEM 

Body Wt, kg 
Initial? 7.49 7.51 7.53 7.51 7.52 .07 
Week 1 7.66 7.78 7.32 7.39 7.46 .14 
Week 2 9.04 9.64 8.52 9.12 8.85 .30 
Final? 9.62 10.35 8.81 9.75 9.38 .37 

ADG 
Week 1° .02 .04 -.03 -.02 -O1 .02 

Week 20 .20 £27 .17 £25 .20 .03 

Final 24 .29 £35 215 £31 .27  .08 

Wk 1-26 .11 £15 .07 .12 .09 .02 

Wk 1-finald £13 .18 .08 .14 .12 .02 

ADFI 
Week 1¢ .22 .26 .15 .18 18 .02 

Week 2) .61 .79 .64 .62 .58 .06 

Final 24d £93 1.13 1.01 1.08 .87 .09 

Wk 1-24 .42 .53 .39 .40 .38 .04 

Wk 1 -final1P .48 .60 .47 .48 .44 .04 

G/Fe 
Week 1¢ .05(.09) .11(.15)-.57(.20)-.15(.11)-.15(.06) .13 

Week 2C¢ .32(.33) .35(.34)-.64(.27) .41(.40) .34(.34) .17 

Final 2 a2 .34(.31) .34(.31)-.18(.15) .31(.29) .32(.31) .13 

Wk 1-2¢ .25(.26) .29(.28)-.43(.18) .29(.30) .24(.24) .13 

Wk 1-Final©®.27(.27) .30(.30)-.21(.17) .29(.29) .26(.27) .10 
  

@Means are for 16 pigs per treatment. 
(P < .10, .01 and .05 respectively). 

©&G/F values in parenthesis are calculated values not LSM's. 
b,c,apreatment effect 
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Appendix Table 9. Serum zinc and iron concentrations of 
weanling pigs fed 3,000 mg Zn /kg of diet from different 

  

  

  

sources? 

Treatments 

Control ZnO 2nMet ZnLys ZnSO4 SEM 

2n, ppm 

Initial .58 .53 .58 .56 57 .02 

Week 1) .48 .65 .58 .72 .73 .04 

Week 2b .49 .97 1.04 1.06 1.12 .10 

Final .46 1.05 1.07 1.18 1.44 .12 

Fe, ppm 

Initial 1.10 1.20 1.14 .85 1.10 .22 

Week 1 1.43 1.73 1.89 1.62 1.92 -17 

Week 2 1.94 1.69 1.70 1.85 1.66 215 

Final 1.76 1.79 1.86 1.76 1.71 .13 
  

@Means are for 16 pigs per treatment. 
Beontrast: control diet vs. high Zn diets (P < .01). 
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Appendix Table 10. Mineral concentrations of the livers, 
kidneys, muscles and bones of weanling pigs fed diets wi 

3,000 mg Zn/kg of diet from different sources? 
th 

  

  

  

Treatments 

Control ZnO ZnMet ZnLys ZnSO, SEM 

Liver wt, °° 2.9 2.6 2.5 2.4 2.3 1 

Kidney wt, 3) 50 .53 .53 .50 -48 .02 

Livers (mg/kg of DM) 

znd 155 1224e 10679 1721 aiss3f 191 

Fe 492 318 411 409 405 71 

Cu 44 39 52 58 50 12 

Kidneys (mg/kg of DM) 

znd 109 186 168 203 235 25 

Fec (165 128 135 126 156 13 

cud 20 34e1 32e1 55) 52f 5 

Musclesk (mg/kg of DM) 

zne 119 97 113 99 105 6 

Rib bones! (mg/kg of DM) 

znq 131f 193f9g 1999 2129 2199 15 
  

aMeans are for 8 pigs per treatment. 
bweights are a percentage of live body wt. 
C,dcontrast: control diet vs. high Zn diets (P < .05, and 
-01, respectively). 

&-Jusing paired t-tests means with different superscripts 
are different ©-f(p < .05), 9-h(p < .05), 1/J(P < .O1). 
Left external carpi radialis muscle. 

lneft 10th rib bone. 

152



Appendix Table 11. Performance of weanling pigs fed diets 
with 2,000 mg Zn/kg of diet added from different sources@ 

  

  

  

  

Treatments 

Control ZnO zZnMet znLys ZnSO4 SEM 

Body Wt, kg 
Initial 7.07 7.09 7.04 7.16 7.12 .04 

Week 1D 7.52 7.114 7.008 7.114 7.612 .11 

Week 2 9.21 9.24 g.gi9f 9.309 9.622 .16 

ADG 
Week 12 .06 .01 -.01 -.01 .07 .02 

Week 2° -24 30 ~26 -31 -29 -02 

Wk 1-2 £15 .15 .134 .15 .18© .01 

ADFI 
Week 1) .19 .14 .114 .13f 1789 .01 

Week 2 .44 .43f .43f 245 .519 .03 

Wk 1-2 £31 .29f .27f .29f .349 .02 

G/F 
Week 1 .30 ~.o1f -.11f -.13f .429 1.14 

Week 2 .55 .70 .61 .72t £579. .05 

Wk 1-2 .49 .53 .47 .54 .54 .03 

@Means are for 16 pigs per treatment. 
*SContrast: control diet vs. high Zn diets (P < .01 and 
-05, respectively). 
~SuUsing paired t-tests means with different superscripts 
are different 4-/€(p < .01), and £:9(P < .05). 
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Appendix Table 12. 

Zn/kg of diet from different sources@ 

Serun, liver, kidney, and bone mineral 
concentrations of weanling pigs fed diets with 2,000 mg 

  

  

  

Treatments 

Control ZnO zZnMet Z2nLys ZnSO, SEM 

Serum Zn, mg/l 

Initial .72 .64 .67 .71 .71 .03 

Week 1) .59 .65¢ .69C .74c 944 103 

Week 2) .65 .95Ce 1,31f 1.16¢ 1.494 .07 

Liver wt, $1. 2.9 2.7 2.6 2.5 2.6 1 
Kidney wt, %1 .48 .50 247 .49 .50 .02 

Livers (mg/kg of DM) 

zn? 160 347¢ 7479 636¢ 10079h = 73 

Fe 409 479 294 416 365 59 

cu 77 87 719 g2h 719 7 

Kidneys (mg/kg of DM) 

znd 103 129°9 =. 157Ch 143¢ 196d 8 

Fe 117 135 114 121 111 11 

Cub 21 38 47 49 49 6 

Rib bones] (mg/kg of DM) 

znd 178 2119 236 2149 245n 9 
  

4Serum means are for 16 pigs per treatment, and tissue means 
are for 8 pigs per treatment. 

Dcontrast: control diet vs. high Zn diets (P < .O1). 
C-hysing paired t-tests means with different superscripts 
are different, ©-4(p < .01), @-f(p < .01), ana 9-H(p < 
_.05). 
lWweights are a percentage of live body wt. 
JLeft 10th rib bone. 
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Appendix Table 13. Performance of weanling pigs fed diets 
with 1,000 mg Zn/kg of diet added from different sources? 

  

  

  

Treatments 

Control ZnO zZnMet znLys ZnSO4 SEM 

Body Wt, kg 
Initial 5.29 5.28 5.30 5.35 5.35 .06 

Week 1 5.71 5.51 5.57 5.75 5.66 .10 

Week 2 7.37 7.16 7.26 7.63 7.46 .16 

ADG 
Week 1 . 06 .03 .04 .06 .04 .O1 

Week 2 .24 .24 .24 .27 .26 .O1 

Wk 1-2 215 .13 .14 .16 .15 .O1 

ADFI 
Week 1 215 .14 .13 .14 .14 .O2 

Week 2 138 .36 .37 .38 .34 .02 

Wk 1-2 .26 £25 .25 .26 £24 .O1 

G/F 
Week 1 .39 .12¢ .28 2374 .28 .08 

Week 2) .62 .65¢ .64C .70 .764 §=.03 

Wk 1-2 .56 .52C8 2559 .614 .63fh 102 
  

4Means are for 14 pigs per treatment. 
Scontrast: control diet vs. high Zn diets (P < .05). 
c~husing paired t-tests means with different superscripts 
are different ©,4(p < .05), @-f(p < .01) and 9/4(p < 1.05). 
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Appendix Table 14. Serum, liver, kidney, and bone mineral 
concentrations of weanling pigs fed diets with 1,000 mg 

Zn/kg of diet from different sources? 

  

  

  

Treatments 

Control ZnO ZnMet znLys ZnSO4 SEM 

Serum Zn, mg/l 

Initial .82 .83 86 .89 .82 .03 

Week 1) .61 .67 .75 .69 .71 .03 

Week 25 .65 .78 .80 .78 .82 .03 

Liver wt, 3h 3.1 2.9 3.0 2.8 2.8 1 
Kidney wt, 32 .56 .60 .60 .60 .59 .03 

Livers (mg/kg of DM) 

Zne 115 153 136 135 149 13 

Fe 649 600 745 569 586 81 

cu 67 56 3gd a7ft 73°90 10 

Kidneys (mg/kg of DM) 

Zn 127 127 130 120 120 6 

Fe 246 264 231 226 227 27 

cu 26 35 37 29 29 4 

Rib bones! (mg/kg of DM) 

zn 168 176 184 168 187 11 
  

4Serum means are for 16 pigs per treatment, and tissue means 
are for 8 pigs per treatment. 

b,Ccontrast: control diet vs. high Zn diets (P < .01 and 
-05, respectively). 
“9JUsing paired t-tests means with different superscripts 
are different, 4,/@(P < -01), ana £,9(Pp < .05). 

hweights are a percentage of live body wt. 
lLeft 10th rib bone. 
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Appendix Table 15. Performance of weanling pigs fed three 
Zn sources to provide 3,000 mg Zn/kg of diet? 

  

  

  

Treatments 

ZnSO, (reagent) ZnO ZnSO, (feed) SEM 

Body Wt, kg 
Initial 7.17 7.19 7.20 .39 
Week 1 7.50 7.58 7.66 .42 
Week 2 9.93 10.43 9.94 .53 
Week 3 11.96 12.64 12.32 71 
Week 4 13.04 14.33 14.12 .72 

ADG, kg 
Week 1 -O5 - 06 O07 -OL 

Week 2 .352 410d .334 .02 
Week 3 .31 .29 .32 .05 
Week 4 2155 .24¢ .26¢ .03 
Wk 1-2 .20 .23 .20 .O1 
Wk 1-3 .23 .26 £25 .02 
Wk 1-4 .215 .26¢ -25 .O1 

ADFI, kg 
Week 1 .19 .17 .18 .O1 
Week 2 .56 .55 .49 .03 
Week 3 .90 £85 .75 .05 
Week 4 .90 £85 .83 .06 
Wk 1-2 .37 .36 .33 .02 
Wk 1-3 .67 .64 .58 .04 
Wk 1-4 .90 £85 .33 .06 

Gain/feed 
Week 1 .23 ~22 35 -09 

Week 2 .634 .74e 674 .02 
Week 3 .37 .36 .44 .04 
Week 4 .20bd .28¢ .31¢ .03 
Wk 1-2 253) .64Cc .59 .02 
Wk 1-3 .35bd 241° .43¢ .02 
Wk 1-4 .304 372 .39e¢ .O1 
  

@Means are for 24 pigs per treatment for weeks 1 and 2 and 
16 pigs per treatment for weeks 3 and 4. 

pooled from two trials. 
b-eusing paired t-tests means with different superscripts 

are different b,C(p < .05), 
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Appendix Table 16. Serum zinc concentrations of weanling 
pigs fed three Zn sources to provide 3,000 mg Zn/kg of diet? 

  

  

  

Treatments 

ZnSO, (reagent) ZnO ZnSOq4g (feed) SEM 

zn, mg/l 

Initial .76 .73 .72 .02 

Week 1 1.04 .90 1.04 .06 

Week 2 2.260 1.62¢ 1.93 .12 

Week 3 2.97) 2.18¢ 2.91 .13 

Week 4 2.980 2.20¢ 2.99b 2121 
  

4Means are for 24 pigs per treatment for the first 2 weeks 
and 16 pigs per treatment for weeks 3 and 4. These data 
are pooled from two trials. 

b,Cusing paired t-tests means with different superscripts 
are different (P < .01). 
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Appendix Table 17. Mineral concentrations of the livers, 
kidneys, and rib bones of weanling pigs fed several Zn 

sources to provide 3,000 mg Zn/kg of diet? 
  

  

  

Treatments 

ZnSO, (reagent) Zno ZnSO, (feed) SEM 

Week 2 
Liver wt, %P 2.6 2.6 2.6 -13 
Kidney wt, % 52 -50 -61 04 

Livers (mg/kg of DM) 
zn 1,168 910¢ 1,3124 135 
Fe 522 430 364 89 

Cu 61 69 76 12 

Kidneys (mg/kg of DM) 
zn 259¢ 185d 258C¢ 23 
Fe 139 130 114 14 

cu 61 53¢ god 8 

Rib bones® (mg/kg of DM) 
Zn 273 242 267 13 

Week 4 

Liver wt, %> 2.7 3.1 2.8 .09 
Kidney wt, 3» .54 .61 .57 .04 

Livers (mg/kg of DM) 
Zan 1,592 1,569 1,344 176 

Fe 494 370 410 55 

Cu 23 26 29 4 

Kidneys (mg/Kg of DM) 
an 518 455 454 61 

Fe 186 171 153 10 

Cu 130 115 102 12 

Rib bones® (mg/kg of DM) 
zn 375 345 350 27 

  

4Means are for 8 pigs per treatment. These data are pooled 
from two trials. 

bweights are a percentage of live body wt. 
c,dusing paired t-tests means with different superscripts 

are different (P < .05). 
fLeft 10th rib bone. 
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Appendix Table 18. Performance of weanling pigs fed ZnSO4 or 
Zn-lysine with a lysine deficient or lysine adequate diet? 

  

Basal lysine, % 

Treatments 

  

-65 

  

  

  

Zn source ZnSO, Zn-lysine ZnSO, Zn-lysine 

Total lysine, % 1.10 1.55 -65 1.10 SEM 

Body Wt, kg 
Initial 7.13 7.13 7.18 7.14 .15 
Week 1 7.26 7.26 7.23 7.31 .12 
Week 2 8.30 8.31 8.23 8.47 .14 
Week 3) 9.47 9.64 9.34 10.04 .16 
Week 4bcf 10.64 11.42 10.53 12.29 .19 

ADG 
Week 1 .02 .02 .o1 .02 .O1 
Week 2 .15 215 .14 .17 .O1 
Week 35 .17 .19 .16 .23 .O1 
Week 4bdf .17 £25 .17 .32 .O1 
Wk 1-2 .08 .08 .08 .09 .O1 
Wk 1-3be .11 .12 .10 .14 .O1 
Wk 1-4bcf .13 .15 .12 .18 .01 

ADFI, kg 
Week 1 ~15 15 15 -17 -O1 

Week 2 .31 .28 .32 .30 .O1 
Week 3° .49 44 -50 -51 02 
Week 4D .59 .65 .59 .69 .02 
Wk 1-2 .23 .22 .24 .24 .O1 
Wk 1-3¢ 31 .29 .32 33 -O1 
Wk 1-4 .38 .38 .39 .42 .O1 

Gain/feed 
Week 1 .O1 .01 .o1 .02 .09 
Week 2 .49 .53 .47 54 .04 
Week 35 .35 .43 .32 .44 .02 
Week 4be .28 .38 .29 .47 .02 
Wk 1-2 .36 .38 .31 .39 .03 
Wk 1-3be .36 .41 £31 .42 .O1 
Wk 1-4bf .33 .40 £31 .44 .O1 
  

4Means are for 32 pigs per treatment. These data are pooled 
data from two trials. 

ben effect (P < .01). 
C,diysine effect (P < .05 and .01 respectively). 
e,f7n*lysine effect (P < .05, and .01 respectively). 
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Appendix Table 19. Mineral concentrations of the livers, 
kidneys and rib bones of weanling pigs fed ZnSO4q4 or Zn- 
lysine with a lysine deficient diet or a lysine adequate 

  

  

  

  

  

diet4 

Treatments 

Basal lysine, % -65 

Zn source ZnSO4 Zn-lysine ZnSO, Zn-lysine 

Total lysine, % 1.10 1.55 -65 1.10 SEM 

Liver wt, %P 2.3 2.4 2.5 2.5 .05 
Kidney wt, 3° .53 .52 .02 

Livers (mg/kg of DM) 

Zne 700 838 523 808 77 

Fe 429 416 425 406 26 

Cu 41 39 46 32 4 

Kidneys (mg/Kg of DM) 

an 239 217 251 232 14 

Fe 151 139 138 137 6 

cud 77 65 73 64 5 

Rib bones® (mg/kg of DM) 

znt 230 237 253 247 9 
  

4Means are for 16 pigs per treatment. Because of differences 
between treatments ADFI for wk 4 was used as a covariate in 
the analysis of this data to account for possible 
influence. These data are pooled data from two trials. 
eights are a percentage of live body wt. 

C,dgn effect (P < .01 and .05, respectively). 
EfLeft 10th rib bone. 
fuysine effect (P < 
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Appendix Table 20. Performance of weanling pigs fed Zn- 
lysine or ZnSO, with diets containing different levels of 

  

  

  

  

  

lysine? 

Treatments 

Zn source ZnSOq ZnLy Z2nSOqg ZnLy ZnSO, ZnLy 

zn, ppm 0 100 100 100 ~°&100 0 100 100 

Lysine, % .80 .80 .80 95 95 1.1 1.1 1.1 SEM 

BW, kg 
Initial 7.7 7.8 7.7 7.7 47.7 #768 767 7.7 .05 
Week 1 8.8 8.5 8.6 8.6 9.0 8.7 8.6 8.7 .14 
Week 2 10.3 9.9 9.9 10.4 10.5 10.5 10.3 10.3 .19 
Week 3. 12.2 11.6 11.5 12.1 12.5 12.6 11.9 12.1 .36 
Week 49 14.4 14.1 13.6 15.5 15.7 15.7 14.9 15.3 .59 

ADG, kg 
Week 1° .15 .09 .12 .12 .18 .14 .13 .14 .02 
Week 2© .21 -21 .19 .25 .22 £25 .24 23. .02 
Week 3 .27 .24 .24 .25 .29 .30 .22 .26 .04 
Week 4D .31 .35 .30 .48 245 .44 .43 -44 .05 
Wk 1-2P .18 215 215 .19 .20 .20 .19 .19 .01 
Wk 1-3[ .21 .18 .18 .21 2.23 .23 .20 .21 .02 
Wk 1-42 124 .22 .21 .28 28 .28 .26 .27 .02 

ADFI, kg 
Week 1 .18 .15 .13 .15 .20 1.15 .16 .15 .02 
Week 2 .37 .32 .33 .34 .38 £35 .34 .32 .02 
Week 3 .56 .51 .47 .52 255 .54 .42 .52 .05 
Week 4 .76 .80 .69 .78 .82 .78 .74 .75 .03 
Wk 1-2 .28 .24 .23 £25 .29 225 .25 .24 .02 
Wk 1-3 .37 .33 .31 .34 .37 £35 .31 .33  .02 
Wk 1-4 .47 245 -41 45 .48 -46 .42 .44 .03 

G/F 
Week 1 .84 .66 .84 .82 1.13 £95 .84 1.01 .18 
Week 2° .58 -64 -58 .74 - 60 .73 -71 -73 .04 
Week 3 .49 .49 .48 .48 51 3.55 .52 .50 .06 
Week 4D .34 .44 -AL .61 «=©=.55—iw 57 .58 .60 .07 
Wk 1-2P .66 .63 .67 .76 .69 .79 275 .80 .02 
Wk 1-32 1.57 .57 .57  .62 .61 .66 .65 .64 .03 
Wk 1-42 .50 .50 .51 .62 .59 .62 .61 .62 .02 
  

4Means are for 18 pigs per treatment. 
b,Ccontrast: -65% lysine diets with supplemental Zn vs. 
diets with .95% and 1.10% lysine and supplemental Zn (P < 
-0O1 and .05, respectively. 
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Appendix Table 21. Mineral concentrations of the livers, 
kidneys, and rib bones of weanling pigs fed Zn-lysine or 
ZnSO, with diets containing different levels of lysine® 
  

  

  

  

Treatments 

Zn source 2nSOqg ZnLy ZnSO, ZnLy ZnSO, ZnLy 

Zn, ppm 0 100 100 100 100 0 100 100 

Lysine, % .80 80 -80 ~95 ~95 1.1 1.1 1.1 SEM 

  

Liver wt, %b¢ 
3.0 3.4 3.1 3.2 3.1 2.9 3.1 3.2 .08 

Kidney wt, %P 
-55 -58 ~53 -52 -52 -52 -50 ~54 -03 

Livers (mg/kg of DM) 

znce 100 160 142 143 151 92 147 167 13 

Fe 493 372 505 367 369 310 431 402 52 

Cu 26 33 24 26 21 34 24 39 4 

Kidneys (mg/kg of DM) 

gncd 95 125 118 113 114 92 109 112 5 

Fed 116 114 #144 +4106 #6113 «114 «123 117 8 

cuce 22 Al 37 32 30 16 30 34 3 

Rib bones! (mg/kg of DM) 

Zne 107 179 172 158 176 89 162 160 7 

  

4Means are for 6 pigs per treatment. 
bweights are a percentage of live body wt. 
Ccontrast: no zinc diets vs. diets with supplemental zinc 
and the respective similar lysine levels (P < .01). 

d,@€contrast: .65% lysine diet with zinc vs. diets with 
supplemental Zn and .95% and 1.10% lysine (P < .05 and .Ol, 
respectively). 

fLeft 10th rib bone. 
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Appendix Table 22. 
kidneys, and rib bones of weanling pigs fed a Zn deficient 

diet followed by diets with 30 mg Zn/kg of diet from 
different sources? 

Mineral concentrations of the livers, 

  

  

  

Treatments 

ZnO ZnMet ZnLys ZnSO4 SEM 

Liver wt, 2.5 2.4 2.3 2.3 1 
Kidney wt, ~51 ~57 ~51 -50 -03 

Livers 

2n, ppm 136 133 181 151 17 

Fe, ppm 584 516 566 477 71 

Cu, ppm 131 150 141 92 33 

Kidneys 

Zn, ppm 107 100 110 104 4 

Fe, ppm 133 121 133 139 6 

Cu, ppm 30.7 27.6 28.9 22.4 2.9 

Rib bones© 

zn, ppm 243d 252 259e 263 5 
  

4Means are for 6 pigs per treatment. 
eights are a percentage of live body wt. 

CLeft 10th rib bone. 
‘€Using paired t-tests means with different superscripts 

are different (P < .05). 
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