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ABSTRACT 

 Four experiments were conducted to evaluate the effects of diets with reduced Ca or 

nonphytate P (nPP) levels with supplemental virginiamycin (Vm) on growth performance and 

bone response variables in chicks.  All diets were corn-soybean meal based and all 

treatments were replicated six or eight times with five or six chicks each.  Reducing dietary 

nPP from 0.45 to 0.15, 0.25, or 0.35% decreased most growth and bone response variables. 

The addition of Vm to diets containing 0.35% nPP and above increased both growth and 

bone response variables. The addition of Vm to diets containing 0.25% nPP and below had 

no affect or decreased growth and bone response variables. Reducing dietary Ca levels from 

1.0 to 0.80 or 0.70% decreased bone response variables, and the addition of Vm increased 

these response variables at 0.70% Ca but not at 0.80% Ca.  

 Another experiment was conducted to determine the effect of supplemental Zn, Mn, 

and Cu in the inorganic or organic forms (metal-amino acid complexes) on egg production 

and egg quality during the post-molt production period.  Nine hundred and sixty post-molt 

layers, were randomly assigned to five treatments with 12 replications of 16 layers each.  

The study lasted 32 wk and was divided into eight periods of 28 d each.  The treatments 

consisted of: 1) Control (C) supplemented with inorganic trace minerals; 2) C + organic Zn 

(40 ppm), Mn (40 ppm), and Cu (7 ppm); 3) C + organic Zn (40 ppm); 4) C + inorganic Zn, 

Mn, and Cu to equal Diet 2; 5) C + inorganic Zn equal to Diet 3. The addition of trace 

minerals had variable effects on the egg production and quality during different periods. 

However, in the overall data, none of the forms of trace mineral supplementation affected 

any response criteria. 
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CHAPTER 1 

INTRODUCTION 

Antibiotics are compounds that can either be natural or synthetic in nature, and they are 

used to selectively target, kill, or inhibit the growth of microorganisms (Carlson and Fangman, 2004).  

Virginiamycin (Vm) is a cyclic polypeptide antibiotic complex from Streptomyces virginiae of the 

streptogramin class of antibiotics, and it is commonly used to treat infections caused by Gram-

positive organisms and as a growth promoter in diets for cattle, swine, and poultry (Buresh et al., 

1985a,b; Lee et al., 1996; Ives et al., 2002; Hansen et al., 2003). 

Antibacterial agents may improve growth performance and nutrient utilization by thinning the 

small-intestinal epithelium or by decreasing the production of growth depressing toxins or 

metabolites by intestinal mircoflora (Feighner and Dashkevicz, 1987).  Several researchers have 

reported the nutrient sparing effect of Vm on crude protein, Ca, and P in pigs and poultry (Buresh et 

al., 1985b; Singh et al., 2000; Agudelo et al., 2003).   

The results reported in these studies prompted us to conduct a series of experiments that 

investigated the effects of Vm in diets with adequate or reduced Ca and nonphytate P on growth 

performance and bone response variables.  

Another area of interest has been the effect of egg breakage and the incidence of dirty 

and ungradeable eggs on layer production.  Klecker et al. (2002) estimated that 6 to 8% of all 

losses in egg production are a direct result of low eggshell quality.  Eggshell breakage is directly 

related to the quality of the shell.  The factors affecting eggshell quality include adequacy of 

nutrition, flock health problems, management practices, environmental conditions, and breeding 

(Emery et al., 1984; Lee, 1984; Hurtwitz, 1987; Solomon, 1991).   

The eggshell is approximately 95% calcium carbonate, 0.3% P, 0.3% Mg, and traces of 

Na, K, Zn, Mn, Fe, and Cu (Butcher and Miles, 2002).  The eggshell is made of a matrix 

consisting of interwoven protein fibers and spherical masses and interstitial calcite or calcium 

carbonate crystals (Tullet, 1987; Okubo et al., 1997).  The organic membrane and its 
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relationship with the shell in addition to the mamillary and spongy matrix plays a critical role in 

eggshell strength and quality (Tullet, 1987; Nys et al., 1999; Lavelin et al., 2000).  Therefore, 

shell thickness is the main factor, but not the only factor that determines strength (Butcher and 

Miles, 2002).  Dietary manipulations through the inclusion of Ca, P, and vitamin D3, have been 

the methods traditionally used to improve eggshell thickness.  Recently however, focus has 

been directed to the inclusion of trace minerals that aid in the proper formation of the organic 

matrix (Frost et al., 1990; Frost et al., 1991; Rao et al., 1991; Butcher and Miles, 2002; Klecker 

et al., 2002; Mabe et al., 2003).  

The results reported in these studies prompted us to conduct a study to compare the 

effectiveness of dietary supplementation of Zn, Mn, and Cu in the inorganic or organic forms 

(metal-amino acid complexes) on egg production and quality from post-molt hens. 
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CHAPTER 2 

REVIEW OF LITERATURE 

2.1 THE ROLE OF VIRGINIAMYCIN IN FOOD PRODUCING ANIMALS 

  Virginiamycin (Vm) is an antibiotic produced by a variant of the Streptomyces virginiae 

species.  It was first isolated in 1955 by De Somer and Van Dijck (Miles et al., 1984).  Virginiamycin 

marketed for use in domestic animals is actually a combination of two antibiotics, Vm m1 and Vm s1.  

Virginiamycin m1 binds to ribosomes and inhibits translation by itself, but it is more effective in 

combination with Vm s1 because cooperative binding of these two antibiotics acts synergistically to 

prevent protein synthesis within bacteria (Lee et al., 1996; Hansen et al., 2003).  Virginiamycin is 

commonly used to treat Gram-positive organism infections.  It also has been reported to have 

growth-promoting effects at subtherapeutic levels in diets for cattle, swine, and poultry (Buresh et al., 

1985a,b; Proudfoot et al., 1990; Ives et al., 2002). 

Parks et al. (2001) suggested that Vm controls microbial growth by acting on the mircoflora’s 

biochemical processes in the cell, such as protein synthesis, by inhibiting the elongation of 

Methonobacterium and Escherichia coli, or by reducing lactic acid producing bacteria by 10 to 20 

fold in the stomach.  Also, antibacterial agents may improve growth performance and nutrient 

utilization by thinning the small-intestinal epithelium or by reducing the production of growth 

depressing toxins or metabolites by intestinal mircoflora (Feighner and Dashkevicz, 1987). 

  Virginiamycin inhibits bacterial protein synthesis by binding to the 50s ribosomal subunit 

that blocks normal peptide formation (Cocito et al., 1974; Parfait et al., 1978), which gives Vm a 

broad-spectrum action on bacteria such as Lactobacillus, Bifidobacterium, and Streptococcus.  

Cummings (2003) reported that antibiotics, such as Vm, reduce lactic-acid-producing bacteria, which 

predominate in the upper gastrointestinal tract of the broiler.  While lactic acid producing bacteria 

(Lactoballus, Stretocci, and Staphylococci) help prevent Salmonella, they also are largely 

responsible for retarded growth seen in pigs and chickens (Cummings, 2003).  The reduction in 

bacterial count may increase nutrient availability of the feed because there is less competition for the 

nutrient between the animal and the microflora.   
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2.2 VIRGINIAMYCIN AND NUTRIENT UTILIZATION 

Several researchers have reported the nutrient sparing effects of Vm on crude protein, 

energy, Ca, Mn, and P in pigs and chickens.  Pelura et al. (1980) reported that the addition of Vm to 

low protein diets for 42 d improved weight gain and feed efficiency in pigs.  Agudelo et al. (2003) 

reported that the addition of Vm improved P, Ca, and Zn digestibilities by 28, 11, and 19%, 

respectively, and absolute retention by 33, 19, and 21%, respectively.  Cervantes et al. (2002) 

reported that the addition of Vm to broiler diets marginally deficient in P increased body weight, 

improved feed conversion, and decreased mortality.  These results agree with the findings of Buresh 

et al. (1985b) who reported that the addition of Vm to broiler diets with 0.47% total P or higher 

resulted in an increase in body weight and P utilization.  

Ravindran et al. (1984) reported that the addition of Vm to high fiber diets improved retention 

of P, Mg, Cu, and Mn in pigs, but not in low fiber diets.  They reported that the addition of Vm to high 

fiber diets slowed rate of passage from 20.6 h to 26.7 h.  This slower rate of passage resulted in 

improved digestion coefficients for dry matter, crude protein, ash, and energy metabolization.   

The nutrient sparing effects of Vm are not limited to high fiber, low crude protein diets, or 

diets with deficiencies in some essential minerals.  Buresh et al. (1986) reported that the addition of 

Vm to diets increased methionine utilization as well as feed efficiency in turkey poults.  This 

response agrees with the findings of Harms et al. (1986).  

Henry et al. (1986a) reported that the addition of Vm to a diet low in Mn reduced intestinal 

weight in broilers, which was attributed to a thinning of the intestinal wall.  They also reported that 

the addition of Vm increased Mn utilization regardless of the level of Mn supplementation.  This 

increase in Mn utilization agrees with the hypothesis that Vm increases nutrient utilization by thinning 

the small-intestinal epithelium and by reducing intestinal mircoflora (Feighner and Dashkevicz, 

1987).  Henry et al. (1986a) indicated that a decrease in intestinal mass was important because the 

small-intestinal mucosa is the most rapidly regenerating tissue in the body, and maintenance of a 

greater intestinal mass would result in a greater utilization of nutrients by the intestinal mucosa.  
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They also suggested that decreased thickness of the mucosa may enhance nutrient absorption by 

the host.   

Harms et al. (1986) reported that the addition of Vm increased body weight of birds in diets 

containing four different levels of energy, with the greatest increase occurring at the lowest energy 

level.  The addition of Vm also improved feed efficiency, with a decrease in the kilocalories of ME 

required to produce one gram of broiler weight.  This improvement in feed efficiency agrees with the 

findings of Buresh et al. (1985a) who reported that the addition of Vm to the diet improved body 

weight, feed efficiency, and dietary energy utilization in turkey poults with restricted access to feed.  

Belay and Teeter (1996) reported an increase in carcass weight, breast yield, fat, and protein gain 

as well as dry matter carcass energy content with the addition of Vm.  They also reported that Vm 

increased dressing percentage, which was attributed to the decrease in intestinal weight.  

Virginiamycin also improved caloric efficiency of birds in a thermal neutral environment and 

supplemented with a high energy diet.  Woodward et al. (1988) also reported an increase in both 

shell yield and ready-to-cook yield with the addition of Vm to broiler diets.  

 2.3 BIOAVAILABILITY OF TRACE MINERALS 

  Zinc, Mn, and Cu are important trace minerals in poultry diets; they are required for growth, 

bone development, feathering, enzyme structure and function, and appetite (Leach and Gross, 1983; 

Liu et al., 1994; Mohanna and Nys, 1999; Underwood and Suttle, 1999).  Commercial corn-soybean  

diets may not provide enough trace minerals to meet the requirement for chicks because of the 

“chelating” effects of phytate found in natural plant protein sources such as corn and soybean meal 

(Yan et al., 2001).  Therefore, supplemental trace minerals such as Zn, Mn, and Cu are often added 

to broiler diets in the form of sulfates, oxides, chelates, proteinates, and polysaccharides (Wedekind 

et al., 1992).  Batal et al. (2001) reported that the two feed grade sources of Zn widely used in 

industry are ZnO (72% Zn) and Zn sulfate (36% Zn).  Sulfates are highly water soluble, allowing 

reactive metal ions to promote free radical formation.  This free radical formation results in a 

decreased nutritional value of the diet due to breakdown of vitamins, fats, and oils (Batal et al., 

2001).  The oxide form of Zn has been reported to have a decreased bioavailability.  It has been 
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reported that ZnO has a bioavailability ranging from 61 to 77% relative to Zn sulfate, with tibia Zn 

being more responsive to Zn source than weight gain (Wedekind and Baker, 1990; Wedekind et al., 

1992; Sandoval, 1997).  Cromwell et al. (1989) reported that the inclusion of Cu above 125 ppm as 

Cu sulfate in the diet of weanling pigs increased daily gain, feed efficiency, and increased liver Cu 

levels at 250 ppm, while the addition of CuO at the same levels had no effect on growth variables or 

liver Cu levels. Aoyagi and Baker (1993a) reported that analytical grade Cu sulfate and Cu2O 

increased bile Cu while CuO had no effect; they further stated that CuO had a bioavailability of zero 

in broilers. Ledoux et al. (1991) also stated that the bioavailability of CuO was zero in broilers 

compared with Cu sulfate, which has a bioavailability of 88.5% and Cu carbonate, which has a 

bioavailability of 54.3%, relative to Cu from acetate, which was set at 100%. Manganese sulfate has 

been reported to have a greater bioavailability in broilers compared with MnO and Mn carbonate 

(Black et al., 1984; Wong-Valle et al., 1989). Henry et al. (1986b) reported no difference in daily 

gain, feed intake, or feed conversion between broilers fed MnO and Mn sulfate; they did however 

report that MnO had a relative bioavailability of 79, 58, and 64% for bone, kidney, and liver 

responses compared with Mn sulfate, which was considered to have a relative bioavailability of 

100% for all response variables. 

Because of the relatively high bioavailability of the sulfate forms of trace minerals, they are 

often used as the standards by which bioavailabilities of organic trace minerals are compared (Baker 

and Halpin, 1987).  Organic sources of trace minerals have been reported to have greater 

bioavailability, due to the ability of organic compounds such as amino acids to bind strongly to Zn 

and other divalent minerals under physiological pH conditions (Kidd et al., 1996).  This strong bond 

between the mineral and its organic carrier prevents phytate from binding to the metals in the 

gastrointestinal tract while still being water soluble, thus facilitating mineral uptake into the mucosa 

of the small intestine (Cao et al., 2000).  In the poultry industry, a great deal of attention has focused 

on trace mineral-amino acid complexes. Kidd et al. (1996), reported that Zn-Methionine (Zn-Met) 

differs from inorganic Zn, Zn proteinates, and Zn polysaccarides complexes because it is a specific 

amino acid complex; Zn sulfate complexed to DL-methionine.  Zinc is coordinated between the 
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amino and carboxyl groups of methionine and vacant bonds are occupied by sulfate and water. This 

compound has a chemical ratio of methionine to Zn to sulfate of 1:1:1.  Other trace mineral amino 

acid complexes have been reported to have similar molecular structure; thus, they may behave in a 

similar manner in the small intestine of the chicken.  

Wedekind et al. (1992) reported that the bioavailability of Zn-Met relative to Zn sulfate was 

decreased from 206 to 117% in a conventional corn-soybean diet versus a purified amino acid diet in 

broilers.  They attributed this to the chelating effects of phytic acid in the more complex corn-

soybean diet and the ability of organic complexes to compete more effectively against phytic acid in 

the small intestine of the animal, while Zn present in Zn sulfate forms such a strong bond with phytic 

acid in the small intestine that it is unavailable to the animal for absorption.  Cao et al. (2000) 

reported that feed intake, daily gain, and bone Zn concentration were greatest in birds supplemented 

with organic Zn compared with those supplemented with inorganic Zn, which does not agree with the 

findings of Mohanna and Nys (1999) who reported that weight gain, feed intake, and feed conversion 

in broilers were not influenced by Zn sulfate or Zn-Met.  Pimentel et al. (1991) reported that Zn 

source (ZnO or Zn-Met) had no affect on growth or tibia and liver Zn levels, but that broilers fed Zn-

Met had higher levels of pancreatic Zn. 

Guo et al. (2001) investigated the bioavailability of five organic Cu sources relative to Cu 

sulfate.  They reported that the bioavailability of Cu-Lys, Cu amino acid, and Cu proteinate were all 

higher than Cu sulfate.  Paik (2001) reported that pigs and broilers fed Cu-Met had increased daily 

gain and feed intake, while laying hen performance and eggshell quality were improved in layers fed 

Cu-Met compared with those fed Cu sulfate.  Baker et al. (1991) reported that Cu from Cu2O and 

Cu-Lys had the same bioavailability as Cu sulfate, but that CuO had a bioavailability of zero.  Aoyagi 

and Baker (1993b) investigated the relative bioavailability of Cu in Cu-Met, Cu-Lys, and CuCl relative 

to Cu sulfate; they reported that weight gain and feed intake were not affected by Cu source, and 

there was no difference between the relative bioavailability of Cu-Met and Cu sulfate.  

Smith et al. (1995) reported that the relative bioavailability of Mn proteinate and MnO were 

120 and 91%, respectively, relative to Mn sulfate based on bone Mn.  Baker and Halpin (1987) 
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reported that there was no difference between the bioavailability of Mn sulfate and Mn proteinate 

based on bone Mn levels, weight gain, or feed efficiency.  Henry et al. (1989) reported that the 

relative bioavailability of MnO ranged from 86 to 96%, while Mn-Met had a relative bioavailability of 

108 to 132% compared with Mn sulfate based on liver and kidney Mn concentrations. 

2.4 TRACE MINERALS AND EGGSHELL QUALITY 

 Klecker et al. (2002) estimated that 6 to 8% of all losses in egg production are a direct result 

of low eggshell quality.  Eggshell breakage is directly related to the quality of the shell, and shell 

quality has been shown to decrease with age of the flock (Hurwitz et al., 1998).  As the hen ages, 

she begins laying larger eggs that require more shell.  However, it is physiologically impossible to 

increase the amount of shell that is produced, resulting in thinner shells (Ensminger et al., 1990).  

Secondly, as the hen ages, the mobilization of calcium from bone is decreased, resulting in a 

decrease in the production of calcium carbonate.  For these reasons, the expected eggshell quality 

declines with age (Butcher and Miles, 2002).  

The dry eggshell is approximately 95% calcium carbonate, 0.3% P, 0.3% Mg, with traces of 

Na, K, Zn, Mn, Fe, and Cu (Butcher and Miles, 2002).  The rest of the eggshell is made up of an 

organic matrix consisting of interwoven protein fibers and spherical masses and interstitial calcite or 

calcium carbonate crystals, which influence shell strength (Butcher and Miles, 2002).  The organic 

matrix consists of two regions, the mamillary matrix, and the spongy matrix (Solomon, 1991).  The 

mamillary matrix region is interconnected to protein fibers of the outer shell.  Calcite crystals are 

oriented randomly within each mamillary matrix to form a cohesive mass.  Matrix fibers pass through 

calcite crystals making the matrix an integral part of shell strength.  

Trace minerals such as Zn, Mn, and Cu may affect eggshell quality by their catalytic 

properties for enzymes involved in the process of membrane and eggshell formation and their 

interaction with calcite crystals in the forming eggshell (Mabe et al., 2003).  It also has been 

suggested that there may be an interaction between Ca and microminerals such as Zn and Mn 

(Klecker et al., 2002).  The addition of Zn and Mn has been reported to increase the utilization of Ca 

in hens and to improve the qualitative parameters of the eggshell (Klecker et al., 2002).  This 
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increase in Ca utilization is especially important considering that Ca utilization decreases from 80 to 

50% as the hen enters the last stages of the laying cycle (Ensminger et al., 1990).   

Manganese has been reported to activate the glycosyl transferases involved in the formation 

of mucopolysaccharides (components of proteoglycans), which contribute to the ability to resist 

compressive charges in the epiphyseal zone of the bone (Leach, 1976; Liu et al., 1994).  

Proteoglycans are present in the organic matrix that controls eggshell structure and texture; thus 

influencing its mechanical properties (Nys et al., 1999, Gautron et al., 2001).  Hens fed Mn-deficient 

diets produce eggs with thinner shells, translucent areas, and abnormalities in eggshell 

ultrastructure, particularly in the mammillary layer (Leach and Gross, 1983).  Hossain and Bertechini 

(1998) reported an increase in egg production and egg weight with the supplementation of Mn at 

levels between 50 and 70 mg/kg.  However, de Faria et al. (1999) reported that the supplementation 

of Mn above the requirement had no effect on eggshell quality during the final phase of production. 

Copper has an integral role in eggshell structural soundness; lysyl oxidase is a cuproenzyme 

used in the conversion of lysine to cross-linked desmosine and isodesmosine, which have crucial 

roles in eggshell formation (Mabe et al., 2003).  Copper deficiency in hens results in abnormal 

eggshell formation (Baumgartner et al., 1978; Chowdhury, 1990).  Baumgartner et al. (1978) 

reported that eggshells from Cu-deficient hens were characterized by an abnormal distribution of the 

shell membrane fibers due to alterations in lysine-derived cross-links, which results in egg shape 

deformation and abnormal mechanical properties.  

Zinc also has been reported to improve eggshell quality.  Zinc is a component of the carbonic 

anhydrase enzyme, which supplies the carbonate ions during eggshell formation (Innocenti et al., 

2004).  Inhibition of this enzyme results in lowered bicarbonate ion secretion and an increase in 

shell-less egg production (Nys et al., 1999).  Balnave and Zhang (1993) reported that the addition of 

Zn to saline drinking water reduced the incidence of eggshell defects and improved shell breaking 

strength.  These results agree with the findings of Moreng et al. (1992) who reported that the 

addition of organic Zn improved shell breaking strength compared with unsupplemented diets. 
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Balnave and Zhang (1993) reported that hens receiving supplemental Zn had decreased 

eggshell defects and an increased concentration of calcium-binding protein and carbonic anhydrase 

activity, compounds that aid in eggshell mineralization.  This decrease in eggshell defects is in 

agreement with the findings of Moreng et al. (1992) who reported an increase in eggshell breaking 

strength, shell weight, and shell weight per unit of surface area.  Sahin et al. (2002) reported that 

supplementation of CrPic and Zn sulfate increased egg weight, eggshell thickness, egg specific 

gravity, and Haugh units when layers were subjected to low ambient temperatures.  Kita et al. (1997) 

reported that the addition of dietary Zn-Met did not improve egg quality in layers subjected to high 

ambient temperatures.  Mabe et al. (2003) reported that dietary Zn, Mn, and Cu supplementation did 

not affect percentage eggshell, eggshell index, or eggshell stiffness.  These results disagree with the 

findings of Klecker et al. (2002), who reported that the substitution of 20% to 40% supplemental 

inorganic Zn and Mn with their chelates resulted in an increase in laying hen performance, eggshell 

quality, eggshell strength, eggshell weight, and eggshell thickness.  Lim and Paik (2003) reported 

variable effects with the addition of organic trace minerals on egg production.  They reported that 

Cu-Met increased egg production, specific gravity, and eggshell strength and decreased the 

production of shell-less eggs, while the addition of Zn-Met decreased egg production.  Fakler et al. 

(2002) reported that the production of undergrade eggs and egg efficiency were improved with the 

addition of Availa Zn ® (an organic Zn source) in the diets compared with the basal diet.  Khajaren et 

al. (2002) also reported an improvement in egg production, egg quality, and shell quality in the 

second phase of egg production (38 to 65 wk of age) in layers fed Zn and Mn organic complexes.   

2.5 SUMMARY 

  The review of the literature suggests that it may be possible to improve mineral utilization 

through unconventional methods of diet manipulation.  Virginiamycin has been shown to improve the 

utilization of P, Ca, fiber, and methionine in cattle, swine, and poultry, as well as increase growth 

rate.  The addition of trace minerals has been shown to improve egg production and egg quality due 

to the effects of trace minerals on the organic membrane of the eggshell.  The source of the trace 
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mineral may determine how effectively additional trace mineral supplementation improves egg 

production and egg quality.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 12

CHAPTER 3 

THE EFFECT OF VIRGINIAMYCIN IN DIETS WITH ADEQUATE OR REDUCED DIETARY 
CALCIUM OR NONPHYTATE PHOSPHORUS FOR BROILERS 

3.1 INTRODUCTION 

Virginiamycin (Vm) is a cyclic polypeptide antibiotic complex from Streptomyces virginiae of 

the streptogramin class of antibiotics.  It is commonly used to treat infections from Gram-positive 

organisms or as a growth promotant in cattle, swine, and poultry diets.  The Vm complex consists of 

two major components, Vm factor m1 and s1, which act synergistically to prevent protein synthesis 

within bacteria (Lee et al., 1996).  Parfait et al. (1978) suggested that Vm inhibits the elongation of 

Methonobacterium and Escherichia coli and other Gram-positive bacteria in the intestine, thus 

disrupting bacterial protein synthesis and growth.  It also has been suggested that antibacterial 

agents improve growth performance and nutrient utilization by either thinning the epithelium of the 

small intestine or by reducing the production of growth depressing toxins or metabolites by intestinal 

mircoflora (Feighner and Dashkevicz, 1987).  

Several researchers have reported the nutrient sparing effects of Vm on crude protein, 

energy, Ca, Mn, and P in pigs and chickens.  Pelura et al. (1980) reported that the addition of Vm to 

low crude protein diets improved weight gain and feed efficiency in pigs.  Agudelo et al. (2003) 

reported that Vm improved P, Ca, and Zn digestibility and retention in pigs when compared with 

those fed the control diet.  Cervantes et al. (2002) reported that the addition of Vm to marginally 

deficient P diets for broilers increased body weight, improved feed conversion, and decreased 

mortality.  These recent results agree with the findings of Buresh et al. (1985b), who reported that 

the addition of Vm to diets with 0.47 % total P or greater increased body weight and P utilization.   

 A significant proportion of the endogenous Ca and P in corn and soybean meal are bound to 

phytate (Harland and Oberleas, 1999; Jang et al., 2003).  The phytate-bound minerals have a 

reduced bioavailability to non-ruminant animals, resulting in an increased need for inorganic P 

supplementation (Broz et al., 1994; Johnston and Southern, 2000).  Moore et al. (1999) indicated 

that the biggest problem facing the poultry industry is P runoff into surrounding watersheds.  If Vm 
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can increase P utilization as indicated by Buresh et al. (1985b) and Agudelo et al. (2003), then Vm 

could possibly reduce P runoff by increasing P bioavailability to the animal.  Therefore, the 

objectives of these experiments (EXP) were to investigate the effects of Vm in diets with adequate or 

reduced levels of Ca and nonphytate P (nPP) on growth performance and bone response variables 

in broilers.  

3.2 MATERIALS AND METHODS 

3.2.1 General 
The methods used in these EXP were approved by the Louisiana State University 

Agricultural Center Animal Care and Use Committee.  Each EXP used female Ross x Ross broilers 

obtained from a commercial hatchery on d 0 posthatching.  The broilers were allotted, wingbanded, 

and placed in environmentally controlled brooder batteries1 with raised wire floors for the duration of 

the 0- to 18-d EXP.  

The diets used for these EXP were corn-soybean meal (C-SBM) based and were formulated 

to provide 1.26% total Lys and 3,200 kcal of ME per kilogram of diet (Table 3.1).  The diets met or 

exceeded the nutrient requirements suggested by the NRC (1994) except for Ca and nPP when 

appropriate.  The reduced Ca and nPP levels were achieved by replacing limestone and 

monocalcium phosphate with sand.  

Throughout all EXP, the chicks, feed, and water were checked twice daily, and the feed in 

mash form and water were provided ad libitum.  At the termination of each EXP, all broilers and feed 

were weighed for calculation of daily gain (ADG), daily feed intake (ADFI), gain:feed (G:F), Ca 

intake, and nPP intake.  Calcium intake was calculated by multiplying the Ca content of the diet by 

ADFI.  Nonphytate phosphorus intake was calculated in the same manner.  After weighing, three 

(EXP 1 and 3) or six (EXP 2 and 4) broilers per replicate were randomly selected for bone analyses.  

The left tibia was collected, pooled by replicate, and then frozen until further analyses.  

 

 

 

                                                 
1 Petersime Incubator Company, Gettysburg, OH 
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Table 3.1 Percentage composition of the control diets, as-fed basisa 

Ingredient Experiment 1, 2, and 3 Experiment 4 

Corn 52.46 52.46 

Soybean meal (47.5% CP) 37.96 38.03 

Vegetable oil 5.33 5.31 

Monocalcium phosphate 1.65 1.65 

Limestone  1.51 1.51 

Salt 0.50 0.50 

Trace mineral premixb 0.25 0.25 

DL-Methonine 0.24 0.19 

Choline chloride 0.05 0.05 

 Vitamin premixc 0.05 0.05 

Calculated composition:   

 ME, kcal/kg 3,200 3,200 

 Calcium, % 1.00 1.00 

 Phosphorous, % 0.73 0.73 

 Nonphytate phosphorous, % 0.45 0.45 

 Lysine, % 1.26 1.26 

 Tryptophan, % 0.28 0.28 

 Threonine, % 0.86 0.86 

 TSAA, % 0.91 0.91 

 
a Virginiamycin was added to the basal diet at 9, 11, or 22 ppm to make the respective diets for each experiment.  

Monocalcium phosphate and limestone were replaced by sand to create low Ca or nonphytate P diets for each 

experiment. 
b Provided per kilogram of diet: copper (copper sulfate•5 H2O), 7.0 mg; iodine (potassium iodate), 1.0 mg; iron 

(ferrous sulfate•7 H2O), 50 mg; manganese (manganese sulfate•H2O), 100 mg; selenium (as sodium selenite), 0.15 

mg; and zinc (zinc sulfate•7H2O), 75 mg. 
c Provided per kilogram of diet: vitamin A (retinyl acetate), 8,000 IU; vitamin D3 (cholecalciferol), 3,000 IU; vitamin E 

(DL-alpha-tocopheryl acetate), 25 IU; menadione, 1.5 mg; vitamin B12 (cyanocobalamin), 0.02 mg; biotin, 0.1 mg; 

folacin (folic acid), 1 mg;  niacin (nicotinic acid), 50 mg; pantothenic acid, 15 mg; pyridoxine (pyridoxine•HCl), 4 mg; 

riboflavin, 10 mg; and thiamin (thiamin mononitrate), 3 mg. 
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3.2.2 Experiments 1 and 2  

In EXP 1 and 2, 216 broilers per EXP were allotted to six treatments with six replications of 

six chicks each.  The average initial and final body weights for EXP 1 and 2 were 47 and 488, and 

40 and 523 g, respectively.  The treatments were: Diet 1) C-SBM with 1.00% Ca and 0.45% nPP 

(PC); Diet 2) C-SBM with 0.80% Ca and 0.45% nPP (0.80Ca); Diet 3) C-SBM with 1.00% Ca and 

0.35% nPP (0.35nPP); and Diets 4 to 6) as Diets 1 to 3 supplemented with 11 (EXP 1) or 22 (EXP 2) 

ppm of Vm 2.  

3.2.3 Experiment 3 

In EXP 3, 240 broilers were allotted to six treatments with eight replications of five chicks 

each.  The average initial and final weights were 45 and 462 g, respectively.  The treatments were: 

Diet 1) C-SBM with 1.0% Ca and 0.45% nPP (PC); Diet 2) C-SBM with 0.70% Ca and 0.45% nPP 

(0.70Ca); Diet 3) C-SBM with 1.00% Ca and 0.25% nPP (0.25nPP); and Diets 4 to 6) as Diets 1 to 3 

supplemented with 9 ppm of Vm.  

3.2.4 Experiment 4 

In EXP 4, 432 broilers were allotted to 12 treatments with six replications of six chicks each.  

The average initial and final weights were 37 and 432 g, respectively.  Four levels of nPP (0.15, 

0.25, 0.35, or 0.45%) and three levels of Vm (0, 11, or 22) were used in a 4 x 3 factorial 

arrangement.  

3.2.5 Bone Analysis  

After thawing the bones, bone breaking strength (BBS) was determined using a HD 250 

Texture Machine3 fitted with a three-point bend rig with a load cell capacity of 25 kg and cross-head 

speed of 100 mm/min.  After determining BBS, fat was extracted from the tibias by a 36 h Soxhlet 

extraction in ethyl alcohol followed by a 36 h extraction with diethyl ether.  The bones were dried at 

110° C for 24 h and then weighed.  The dry, defatted tibias were dry ashed in a muffle furnace at 

560° C for 24 h.  After cooling, tibia ash was weighed for determination of ash weight, bone ash 

                                                 
2 Stafac 20, Phibro, Fairfield, NJ.   
3 Texture Technologies Corporation, Scarsdale, NY. 
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percentage (BAP), BBS per Ca intake (BBS/Ca), BBS per nPP intake (BBS/nPP), milligrams of tibia 

ash per chick (ASH), tibia ash per Ca intake (ASH/Ca), and tibia ash per nPP intake (ASH/nPP) for 

EXP 1, 2, and 4.  Bone breaking strength per Ca or nPP intake were calculated by dividing the 

kilograms of BBS by total Ca or nPP intake in grams.  Tibia ash was calculated for each treatment 

by dividing the ash weight of the tibias by the number of tibias.  Tibia ash was then divided by total 

Ca or nPP intake to calculate ASH/Ca and ASH/nPP, respectively. 

3.2.6 Statistical Analysis 

Data were analyzed by analysis of variance procedures (Steel and Torrie, 1980) appropriate 

for completely randomized designs by the GLM procedure of SAS4.  In all EXP, contrast statements 

were used to test the main treatment effects and any interactions of Ca, nPP, and Vm.  The pen of 

chicks served as the experimental unit for all response variables. 

3.3 RESULTS 

3.3.1 Experiment 1 

 Reducing dietary Ca decreased (P < 0.01 to 0.07) G:F, Ca intake, BBS, BBS/nPP, ASH, 

and ASH/nPP (Table 3.2).  Reducing dietary nPP decreased (P < 0.01) nPP intake, BBS, ASH, BAP, 

BBS/Ca, and ASH/Ca, but it increased (P < 0.01) ASH/nPP.  The addition of Vm increased (P < 0.04 

to 0.09) ADG, ADFI, Ca intake, nPP intake, BBS, BBS/Ca, BBS/nPP, and ASH/Ca (Figures 3.1 and 

3.2).  The addition of Vm to the 0.80Ca diet increased (Ca x Vm interaction, P < 0.01 to 0.09) ASH, 

ASH/nPP, and ASH/Ca.  The addition of Vm to the 0.35nPP diets increased (nPP x Vm interaction, 

P < 0.03 to 0.10) ADG, ADFI, Ca intake, nPP intake, BBS, BBS/Ca, BBS/nPP, and ASH.  These 

results suggest that Vm increases the availability or utilization of dietary Ca and nPP. 

3.3.2 Experiment 2 

 Reducing dietary Ca decreased (P < 0.01 to 0.04) Ca intake and ASH/nPP, but it increased 

(P < 0.02) BBS/Ca and ASH/Ca (Table 3.3). Reducing dietary nPP decreased (P < 0.01 to 0.05) 

ADG, ADFI, G:F, Ca intake, nPP intake, BBS, BBS/Ca, BAP, ASH, and ASH/Ca, but it increased  

                                                 
4 SAS Inst. Inc., Cary, NC. 
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Table 3.2 Growth performance and bone response variables of broilers fed varying levels of virginiamycin, calcium, and nonphytate 
phosphorus, Experiment 11 

              P = F2 

Virginiamycin, ppm 0 11           Ca x              nPP x 
 
Diet PC 0.80Ca 0.35nPP PC 0.80Ca 0.35nPP PSEM Vm Ca Vm nPP Vm 

Growth performance3 

ADG, g 24.71 23.64 24.09 24.68 24.58 26.19 0.59 0.05 NS NS NS 0.07 

ADFI, g 33.98 32.16 32.10 33.39 34.26 34.94 0.86 0.06 NS NS NS 0.05 

G:F, g/g 0.727 0.701 0.751 0.739 0.724 0.750 0.012 NS 0.07 NS NS NS 

Ca intake, mg/d 340 257 321 334 274 349 8 0.06 0.01 NS NS 0.03 

nPP intake, mg/d 153 145 112 150 154 122 4 0.09 NS NS 0.01 0.09 

Bone response variables4 

BBS, kg 14.1 11.0 10.2 13.9 11.8 13.3 0.7 0.04 0.01 NS 0.01 0.03 

BBS/Ca, kg/g 2.30 2.23 1.76 2.31 2.37 2.12 0.11 0.07 NS NS 0.01 0.10 

BBS/nPP, kg/g 5.11 3.96 5.04 5.13 4.22 6.05 0.27 0.07 0.01 NS NS 0.06 

Ash, % 57.81 57.18 56.39 58.21 57.47 56.96 0.45 NS NS NS 0.01 NS 

ASH, mg 546 446 427 513 503 497 26 NS 0.04 0.09 0.01 0.05 

ASH/Ca, mg/g 90 84 74 85 102 79 4 0.05 NS 0.01 0.01 NS 

ASH/nPP, mg/g 199 149 211 189 181 226 9 NS 0.01 0.03 0.01 NS 
 

1 PC = corn-soybean meal diet (C-SBM) with 1.0% Ca and 0.45% nPP; 0.80Ca = C-SBM with 0.80% Ca and 0.45% nPP; 0.35nPP = C-SBM with 1.0% Ca and 0.35% 

nPP; ADG = average daily gain; ADFI = average daily feed intake; BBS = bone breaking strength; BBS/Ca = kg of BBS per g of total Ca intake; BBS/nPP = kg of 

BBS per g of total nPP intake; ASH, mg = mg of left tibia ash per bird; ASH/Ca = mg of ash per tibia per g of Ca intake; ASH/nPP =  mg of ash per tibia per g of nPP 

intake. 

2 NS = not significant, P > 0.10. 
3 Data are means of six replicates of six broilers per replicate.  Average initial and final body weight were 40 and 494 g and the experiment lasted from 0 to 18 d 

posthatching. 
4 Data are means of three tibias per replicate.   
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Figure 3.1. Bone breaking strength of broilers fed varying levels of virginiamycin, calcium, 
and nonphytate phosphorus, Experiment 1. 
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Figure 3.2. Bone breaking strength per nonphytate intake of broilers fed varying levels of 
virginiamycin, calcium, and nonphytate phosphorus, Experiment 1. 
 

(P < 0.01 to 0.04) BBS/nPP and ASH/nPP.  The addition of Vm increased (Vm, P < 0.02 to 0.07) 

BAP, ASH, ASH/Ca, and ASH/nPP, but there were no interactive effects of Vm and Ca or nPP.  The 

lack of an interaction was because Vm had positive effects in the PC diet and in the reduced Ca and 

nPP diets.  
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3.3.3 Experiment 3 

Reducing dietary Ca decreased (P < 0.03 to 0.06) G:F and BBS, while it increased (P < 0.10) 

ADFI (Table 3.4).  Reducing dietary nPP decreased (P < 0.01) ADG, ADFI, and BBS.  The addition 

of Vm increased (P < 0.02) BBS in birds fed the PC diet but decreased (nPP x Vm, P < 0.06) BBS in 

birds fed the 0.25nPP diet.  

3.3.4 Experiment 4 

Increasing dietary nPP increased (nPP linear, P < 0.01) ADG, ADFI, G:F, Ca and nPP 

intake, BBS, BBS/Ca, BAP, ASH, and ASH/Ca (Table 3.5). Increasing dietary nPP decreased (P < 

0.01) BBS/nPP and ASH/nPP.  The addition of Vm increased (Vm linear, P < 0.03 to 0.09) BBS, 

ASH, ASH/Ca, and ASH/nPP.  The addition of 11 ppm Vm decreased (Vm quadratic, P < 0.07) 

BBS/Ca and BBS/nPP, but the 22 ppm addition increased these response variables (Vm quadratic, 

P < 0.07).  The addition of Vm increased (nPP x Vm, P < 0.05) ADG and BBS in broilers fed diets 

containing 0.35% and 0.45% nPP but not in diets containing 0.15 or 0.25% nPP (Figure 3.3).   

3.4 DISCUSSION 

 Increasing dietary Ca from 0.7% or 0.8% to 1.0% increased G:F and many bone response 

variables, but it did not affect ADG or ADFI.  The lack of increase in ADG and ADFI as Ca levels 

were increased agrees with the findings of Applegate et al. (2003) who reported that increasing the 

level of Ca supplementation from 0.4 to 0.9 % had no effect or decreased ADG from 7 to 21 d or 14 

to 24 d of age, respectively, but these data disagree with findings of other researchers who reported 

that ADG, ADFI, and G:F were increased as dietary Ca levels were increased (Onyango et al., 2003; 

Boling-Frankenbach et al., 2001).  

Increasing dietary nPP increased all growth variables and many bone response variables.  

These results agree with the findings of other researchers.  Onyango et al. (2003) reported that 

growth performance variables and tibia ash were increased linearly, and tibia bone mineral content  

and density were increased linearly and quadratically as dietary concentrations of P were increased. 

The purpose of this research was to determine whether Vm increased the availability of Ca 

and nPP beyond its effect as a growth promotant.  In EXP 1, reducing nPP to 0.35% decreased BBS 
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Table 3.3 Growth performance and bone response variables of broilers fed varying levels of virginiamycin, calcium, and nonphytate 
phosphorus, Experiment 21 

           P = F2 

Virginiamycin, ppm 0 22         Ca x            nPP x 
 
Diet PC 0.80Ca 0.35nPP PC 0.80Ca 0.35nPP PSEM Vm Ca Vm nPP Vm 

Growth performance3 

ADG, g 27.81 28.04 25.66 28.68 28.29 26.21 0.79 NS NS NS 0.01 NS 

ADFI, g 35.20 35.88 32.92 36.23 35.83 33.78 1.09 NS NS NS 0.04 NS 

G:F, g/g 0.791 0.782 0.78 0.792 0.789 0.782 0.007 NS NS NS 0.01 NS 

Ca intake, mg/d 349 287 329 362 287 338 11 NS 0.01 NS 0.05 NS 

nPP intake, mg/d 157 161 115 163 161 118 5 NS NS NS 0.01 NS 

Bone response variables4 

BBS, kg 18.2 18.5 14.6 19.8 18.8 16.5 1.0 NS NS NS 0.01 NS 

BBS/Ca, kg/g 2.91 3.59 2.47 3.02 3.62 2.75 0.14 NS 0.01 NS 0.01 NS 

BBS/nPP, kg/g 6.46 6.38 7.05 6.72 6.43 7.86 0.30 NS NS NS 0.01 NS 

Ash, % 55.49 55.3 53.9 55.71 55.2 54.97 0.26 0.07 NS NS 0.01 NS 

ASH, mg 539 515 426 605 546 492 27 0.02 NS NS 0.01 NS 

ASH/Ca, mg/g 86 100 72 93 106 80 4 0.04 0.02 NS 0.01 NS 

ASH/nPP, mg/g 192 177 205 206 188 227 8 0.02 0.04 NS 0.04 NS 

 
1 PC = corn-soybean meal (C-SBM) diet with 1.0% Ca and 0.45% nPP; 0.80Ca = C-SBM with 0.80% Ca and 0.45% nPP; 0.35nPP = C-SBM with 1.0% Ca and 0.35% 

nPP; ADG = average daily gain; ADFI = average daily feed intake; BBS = bone breaking strength; BBS/Ca = kg of BBS per g of total Ca intake; BBS/nPP = kg of 

BBS per g of total nPP intake; ASH, mg = mg of left tibia ash per bird; ASH/Ca = mg of ash per tibia per g of Ca intake; ASH/nPP =  mg of ash per tibia per g of nPP 

intake. 

2 NS = not significant, P > 0.10. 
3 Data are means of six replicates of six broilers per replicate.  Average initial and final body weight were 47 and 524 g and the experiment lasted from 0 to 18 d 

posthatching. 
4 Data are means of six tibias per replicate.   
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Table 3.4 Growth performance and bone response variables of broilers fed varying levels of virginiamycin, calcium, and nonphytate 
phosphorus, Experiment 31 

               P = F2 

Virginiamycin, ppm 0 9           Ca x                  nPP x 
 
Diet PC 0.70Ca 0.25nPP PC 0.70Ca 0.25nPP PSEM Vm Ca Vm nPP Vm 

Growth performance3 

ADG, g 24.16 24.67 21.02 24.34 24.96 20.41 0.62 NS NS NS 0.01 NS 

ADFI, g 34.30 35.37 29.83 33.49 35.50 28.93 0.93 NS 0.10 NS 0.01 NS 

G:F, g/g 0.704 0.698 0.706 0.727 0.703 0.708 0.008 NS 0.06 NS NS NS 

Bone response variables4 

BBS, kg 12.7 10.4 9.0 14.3 13.8 8.1 0.7 0.02 0.03 NS 0.01 0.06 

 
1 PC = corn-soybean meal diet (C-SBM) with 1.0% Ca and 0.45% nPP; 0.70Ca = C-SBM with 0.70% Ca and 0.45% nPP; 0.25nPP = C-SBM with 1.0% Ca and 0.25% 

nPP; ADG = average daily gain; ADFI = average daily feed intake; BBS = bone breaking strength. 
2 NS = not significant, P > 0.10. 
3 Data are means of six replicates of six broilers per replicate.  Average initial and final body weight were 45 and 462 g and the experiment lasted from 0 to 18 d 

posthatching. 
4 Data are means of three tibias per replicate.   
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Table 3.5 Growth performance and bone response variables of broilers fed varying levels of virginiamycin and nonphytate 
phosphorus, Experiment 41 

Virginiamycin, ppm 0 11 22 

nPP level 0.15 0.25 0.35 0.45 0.15 0.25 0.35 0.45 0.15 0.25 0.35 0.45 PSEM 

Growth performance2 

ADG, g7,8,9 14.55 22.95 25.92 28.16 13.49 21.79 26.87 28.81 10.75 23.09 27.49 30.11 0.76 

ADFI, g7,8 21.45 29.9 33.48 34.75 18.4 28.11 35.95 35.6 19.29 29.64 36.51 36.32 1.61 

G:F, g/g7 0.678 0.768 0.775 0.813 0.729 0.775 0.755 0.81 0.615 0.779 0.762 0.831 0.025 

Ca intake, mg/d7,8 215 299 335 347 184 281 359 356 193 296 365 363 16 

nPP intake, mg/d7 32 75 117 156 28 70 126 160 29 74 128 163 5 

Bone response variables3 

BBS, kg5,7,9 5.6 8.9 14.4 18.7 3.9 8.0 14.8 19.9 5.2 8.9 16.7 21.2 0.8 

BBS/Ca, kg/g6,7,8 1.45 1.66 2.39 2.99 1.16 1.58 2.31 3.11 1.61 1.67 2.47 3.25 0.13 

BBS/nPP, kg/g6,7,8 9.66 6.64 6.82 6.64 7.76 6.31 6.59 6.91 10.73 6.67 7.09 7.23 0.61 

Ash, %7,8 42.76 49.70 53.81 55.38 41.70 48.37 53.15 57.86 43.26 48.46 53.67 56.54 0.91 

ASH, mg4,7,8 241 311 401 549 224 284 431 665 259 323 463 620 25 

ASH/Ca, mg/g5,7,8 64 58 66 88 69 56 67 105 80 61 71 95 6 

ASH/nPP, mg/g5,7,8425 231 190 195 457 224 192 233 536 242 203 211 32 

 
1 ADG = average daily gain; ADFI = average daily feed intake; BBS = bone breaking strength; BBS/Ca = kg of BBS per g of total Ca intake; BBS/nPP = kg of BBS per g 

of total nPP intake; ASH, mg = mg of left tibia ash per bird; ASH/Ca = mg of ash per tibia per g of Ca intake; ASH/nPP = mg of ash per tibia per g of nPP intake. 

2 Data are means of six replicates of six broilers per replicate.  Average initial and final body weight were 36 and 432 g and the experiment lasted for 18 d. 
3 Data are means of six tibias per replicate. 

4 Vm linear (P < 0.03). 
5 Vm linear (P < 0.09). 
6 Vm quadratic (P < 0.07). 
7 nPP linear (P < 0.01). 
8 nPP quadratic (P < 0.01). 
9 nPP x Vm linear (P < 0.05). 
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Figure 3.3. Bone breaking strength of broilers fed varying levels of virginiamycin and 
nonphytate phosphorus, Experiment 4 
 

and ASH and the addition of Vm increased these response variables.  However, Vm also increased 

feed intake and thus the increase in BBS and ASH could be due to an increase nPP intake and not 

an increased nPP utilization.  However, BBS/nPP was also increased suggesting that Vm increases 

nPP utilization.  The addition of Vm also increased ASH/Ca, but the effect was not significant.  In 

EXP 2, reducing nPP to 0.35% decreased growth and all bone response variables, and the addition 

of Vm improved or tended to improve many of these response variables.  However, Vm was just as 

effective in the PC diet as the diet deficient in nPP.  In EXP 3, reducing nPP levels to 0.25% 

decreased ADG, ADFI, and BBS.  The addition of Vm did not improve any of these response 

variables, and in fact, Vm decreased BBS in birds fed 0.25% nPP.  In EXP 4, decreasing dietary 

nPP levels decreased ADG and BBS and there were significant Vm by nPP interactions.  

Virginiamycin decreased or did not affect ADG or BBS in birds fed 0.15 or 0.25% nPP, respectively, 

but Vm increased ADG and BBS in birds fed 0.35 or 0.45% nPP. 

The results of this research suggest that Vm may not affect Ca utilization beyond its effects 

as a growth promotant.  However, these results are inconclusive because we never had clear 

evidence of a Ca deficiency.  In EXP 1 (0.80% Ca) and EXP 3 (0.70% Ca), BBS was decreased in 
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the low Ca diets.  In EXP 1, the addition of Vm did not affect BBS in chicks fed the low Ca diet, and 

in EXP 3, BBS was increased by the addition of Vm in birds fed the low Ca diet and the PC diet. 

   Buresh et al. (1985b) reported that Vm decreased the amount of P needed to increase 

body weight.  Agudelo et al. (2003) reported a 28% increase in P digestibility, an 11% increase in Ca 

digestibility, and an increase in absolute retention of P, Ca, Zn, and Mg in limit-fed pigs given Vm. 

Henry et al. (1986a) reported that the addition of Vm increased Mn utilization regardless of the level 

of Mn supplementation and reduced intestinal weight in broilers.  The reduction of intestinal weight 

was attributed to a thinning of the intestinal wall.   

There are several theories behind the nutrient sparing effects of Vm.  One hypothesis for the 

nutrient sparing effects of Vm is that it acts on the mircoflora’s biochemical processes in the cell 

(Parks et al., 2001).  Virginiamycin inhibits bacterial protein synthesis by binding to the 50s 

ribosomal subunit and blocks normal peptide formation (Cocito et al., 1974; Parfait et al., 1978).  

This inhibition of protein synthesis gives Vm a broad-spectrum action on bacteria such as 

Lactobacillus, Bifidobacterium, and Streptococcus, which may be responsible for retarded growth in 

broilers (Cummings, 2003).  Thus, by eliminating these harmful small intestine microflora, Vm may 

cause more nutrients to be available for the animal and not diverted to microflora.  

The failure of Vm to increase the growth and bone response variables at dietary nPP levels 

below 0.35% was not an anticipated response.  One possible explanation for the lack of response to 

Vm at nPP levels of 0.25% and below could be an imbalance of the Ca:nPP ratio.  Hulan et al. 

(1985) reported that as the Ca:nPP ratio was increased from 2.53:1 to 3.38:1 in broiler diets, body 

weight was decreased.  Larger Ca:tP ratios have been reported to decrease the effectiveness of 

phytase in broilers at nPP levels of 0.27% (Qian et al., 1997).  The increase in the Ca:nPP ratio in 

EXP 3 and 4 from 2.22:1 in the PC to 6.67:1 in the 0.15nPP could have similar effects on the 

effectiveness of Vm.  Buresh et al. (1985b) reported that Vm did not affect body weight below 0.47% 

P, while the addition of Vm to diets above 0.47% P resulted in an increase in body weight, feed 

intake, and P utilization, which is consistent with our findings.   
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The results of this research are inconclusive, especially with regard to Ca utilization, in that 

no clear deficiency of Ca was demonstrated.  In one EXP but not another, Vm seemed to improve 

nPP utilization when dietary nPP level was 0.35%.  Virginiamycin had no or negative effects when 

the level of nPP was at or below 0.25%.  In another EXP, Vm improved many of the response 

variables in birds fed the 0.35% nPP diet, but it was equally effective at 0.45% nPP, which is at or 

above the requirement.  The implications of this increased utilization are numerous, such as a 

potential reduction in the amount of Ca and nPP that needs to be supplemented to C-SBM diets and 

a reduced loss of these nutrients to the environment.  Further research is needed to ascertain the 

mode of action of Vm and its potential to increase the utilization of Ca and nPP in C-SBM diets and 

to investigate the relationship between Ca:nPP ratio and Vm.
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CHAPTER 4 

THE EFFECTS OF ORGANIC SOURCES OF ZINC, MANGANESE, AND COPPER ON EGG 
PRODUCTION AND QUALITY IN LAYING HENS 

4.1 INTRODUCTION 

Approximately 8% of all losses in egg production are a direct result of low eggshell quality 

(Klecker et al., 2002).  These losses have a huge impact on the poultry industry (Bell and Weaver, 

2002).  Eggshell breakage is directly related to the quality of the shell, which is affected by adequacy 

of nutrition, management practices, environmental conditions, and breeding (Emery et al., 1984; 

Solomon, 1991).   

Additional trace mineral supplementation may improve eggshell quality and egg production.  

Fakler et al. (2002) reported that the production of marketable eggs and egg efficiency were 

improved in hens supplemented with organic Zn, and Khajaren et al. (2002) reported that organic Zn 

and Mn improved egg production, egg quality, and shell quality in hens 38 to 65 wk of age. 

Leach and Gross (1983) reported that hens fed Mn-deficient diets produced eggs with 

thinner shells, translucent areas, and abnormalities in eggshell ultrastructure, particularly in the 

mammillary layer.  Baumgartner et al. (1978) reported that hens fed a Cu-deficient diet produced 

eggs that had abnormal distribution of shell membrane fibers, egg shape deformation, and abnormal 

mechanical properties due to alterations in lysine-derived cross-links.  The addition of Zn to saline 

drinking water has been reported to reduce the incidence of eggshell defects and improve shell 

breaking strength (Moreng et al., 1992; Balnave and Zhang, 1993). 

Therefore, an experiment (EXP) was conducted to compare the effect of dietary 

supplementation of Zn, Mn, and Cu in the inorganic or organic forms (metal-amino acid complexes) 

on egg production and egg quality during the post-molt period in commercial layers. 
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4.2 MATERIALS AND METHODS 

4.2.1 Experimental Hens and Diets 

 The Louisiana State University Agricultural Center Animal Care and Use Committee 

approved all methods pertaining to animal care. Nine hundred and sixty Hy-Line W-36 layers5 at 63 

wk of age were allotted to five treatments with 12 replications. Each replication consisted of four 

adjoining cages housing four birds per cage resulting in 16 layers per replication. The treatments 

consisted of: 1) Control (C) diet supplemented with trace minerals; 2) C + organic Zn, Mn, and Cu; 3) 

C + organic Zn; 4) C + inorganic Zn, Mn, and Cu; 5) C + inorganic Zn.  Zinc, Mn, and Cu were added 

to provide 40, 40, or 7 ppm, respectively, in the organic (Availa Zn, Mn, or Cu)6 or inorganic (sulfate) 

form. All diets were corn-soybean  based and formulated to provide 2.85, 3.85, or 4.10% Ca; 0.79, 

0.88, and 0.82% total lysine, and 3,101, 3,188, and 3,195 kcal/kg of ME for Molt 1, Molt 2 and 

peaking diet, respectively (Table 4.1).  All diets were formulated to meet or exceed the nutrient 

requirements for laying hens (NRC, 1994). 

The layers were placed in an environmentally controlled tunnel ventilated house with 

galvanized wire metal pens (52.1 cm x 34.3 cm x 30.5 cm) at the Louisiana State University 

Agricultural Center Poultry Farm.  The house contained 640 cages with an under-floor flush system 

and was maintained at approximately 30o C during the day and 18o C during the night throughout the 

EXP.  Each 24-h period consisted of 16 h of incandescent light and 8 h of darkness. The EXP lasted 

32 wk and started after the birds had been molted once.  The hens were fed phase 1 post-molt diet 

for 7 d, phase 2 post-molt diet for 18 d, and switched to peaking-formula diet for the remainder of the 

project. 

4.2.2 Response Variables 

Hen day production (HDP) was assessed daily and then divided into eight time periods of 28 

d each. Hen day production is the total egg production for a period divided by the total hen days for  

that period multiplied by 100.  The same method was used to calculate the percentage of dirty eggs 

                                                 
5 Hy-Line International, West DesMoines, IA 
6 Zinpro Corp., Eden Prairie, Mn 55344 
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Table 4.1 Percentage composition of layer diets, as-fed basis 

Ingredient Molt 1a Molt 2 b Peaking c 

Corn     70.74  60.74  62.40 

Soybean meal (47.5% CP)  20.20  23.99  21.78 

Limestone d   6.48  9.09  9.94 

Monocalcium phosphate  1.88  1.88  1.42 

Tallow    0.00  3.54  3.82 

Salt    0.35  0.37  0.35 

Mineral premix e   0.10  0.10  0.10 

DL-methonine   0.06  0.11  0.08 

Choline chloride   0.05  0.05  0.05 

Vitamin premix f   0.05  0.05  0.05 

Additive g   0.10  0.10  0.10 

Calculated composition       

 ME, kcal/kg    3,101  3,188   3,195 

 Calcium, %        2.85  3.85  4.10 

 Phosphorous, %  0.73  0.73  0.62 

 Nonphytate phosphorous, % 0.50  0.50  0.40 

 Chlorine, %  0.26  0.27  0.26 

 Potassium, %  0.68  0.73  0.69 

 Lysine, %       0.79  0.88  0.82 

 Tryptophan, %  0.17  0.19  0.18 

 Threonine, %  0.58  0.62  0.58 

 TSAA, %   0.60  0.66  0.61 

 
 a Molt 1 layer diet  was fed for 1 wk.   

b Molt 2 layer diet was fed for 18 d.  
c Peaking layer diet was fed for the remainder of the project 
d Limestone was provided as one half fine granula (< 0.32 cm ) and one half course (0.32 cm to 0.64 cm). 
e Provided per kilogram of diet: copper (copper sulfate•5 H2O), 10 mg; iodine (potassium iodate), 1.0 mg; iron (ferrous 

sulfate•7 H2O), 50 mg; manganese (manganese sulfate•H2O), 60 mg; selenium (as sodium selenite), 0.15 mg; and 

zinc (zinc sulfate•7H2O), 60 mg. 
f Provided per kilogram of diet: vitamin A (retinyl acetate), 8,000 IU; vitamin D3 (cholecalciferol), 3,000 IU; vitamin E 

(DL-alpha-tocopheryl acetate), 25 IU; menadione, 1.5 mg; vitamin B12 (cyanocobalamin), 0.02 mg; biotin, 0.1 mg; 

folacin (folic acid), 1 mg;  niacin (nicotinic acid), 50 mg; pantothenic acid, 15 mg; pyridoxine (pyridoxine•HCl), 4 mg; 

riboflavin, 10 mg; and thiamin (thiamin mononitrate), 3 mg. 
g Supplemental trace minerals in the from of organic or inorganic Zn, Mn, and Cu to provide 40 ppm Zn and Mn, and 

7 ppm Cu for Diets 2 and 4, organic or inorganic Zn to provide 40 ppm Zn for Diets 3 and 5, respectively. 
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 (eggs with any adhering feces or blood), cracked eggs (eggs that were cracked or checked with or 

without intact membranes), and shell-less eggs (eggs with soft outer shell). Daily feed intake (ADFI) 

was calculated every 28 d and fresh diets were provided every 14 d. Specific gravity (SG) was 

determined every 28 d on eight randomly selected eggs per replicate by the method of Holder and 

Bradford (1979).  The eggs were submerged in graded levels of salt concentrations ranging from 

1.060 to 1.085 using increments of 0.005, eggs that did not float at 1.085 where assumed to have a 

SG of 1.090. Egg weight (EW) was obtained every 28 d on the eggs used for SG. Egg mass (EM) 

was calculated by dividing HDP by 100 then multiplying by EW. Feed conversion was calculated by 

dividing EM by ADFI.  

4.2.3 Statistical Analysis 

All the data for each period were analyzed with the GLM procedure of SAS7 appropriate for a 

completely randomized design.  The overall data were analyzed using the MIXED procedure of SAS 

appropriate for repeated measures.  Treatment differences were considered significant at P < 0.10. 

4.3 RESULTS 

The addition of trace minerals, regardless of source, had variable effects on egg production 

and quality measures when individual periods were analyzed (Appendices A and B). However, there 

was no effect of dietary treatment on any response variable when the overall data were analyzed 

(Table 4.2).  

4.4 DISCUSSION 

 The trace minerals Zn, Mn, and Cu all have an integral role in eggshell formation (Mabe et 

al., 2003).  Thus, we conducted this EXP to determine if additional Zn, Mn, and Cu supplementation 

in the inorganic and organic form would affect hen production responses.  

 Organic sources of these trace minerals have been reported to have greater bioavailability 

than inorganic trace minerals because they prevent phytate from binding to the metals in the  

gastrointestinal tract while still being water soluble; thus, facilitating mineral uptake in the small 

intestine (Kidd et al., 1996; Cao et al., 2000). 

                                                 
7SAS Inst. Inc., Cary, NC. 
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Table 4.2 Overall egg production responses 1 

Treatment HDP 2,a Dirty 3,a   Cracked 3,a Shell-less3,a SG 4,a  EW 4,a   ADFIa EM 5,a     Feed conversion 6,a 

  % % % %  g g g g/g 

Control (C) 76.70 4.61 1.01 0.25 1.080 64.64 98.83 49.71 0.51 

C + Org Zn, Mn, Cu 76.97 3.77 1.03 0.18 1.079 64.61 98.17 49.80 0.51 

C + Org Zn 76.93 3.91 0.88 0.16 1.080 64.18 97.21 49.48 0.52 

C + Inorg Zn, Mn, Cu 77.44 3.79 1.11 0.18 1.081 65.15 99.21 50.54 0.51 

C + Inorg Zn 77.30 3.99 0.92 0.18 1.080 64.77 97.99 50.15 0.52 

PSEM 0.88 0.41 0.16 0.06 0.001 0.40 1.13 0.58 0.01 

 
1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication for the entire 224 d period. HDP = hen day production, SG = specific 

gravity, EW = egg weight, ADFI = average daily feed intake, EM = egg mass. 
2 Total eggs produced divided by total hen days multiplied by 100.  
3 Data calculated by dividing total eggs collected intact, dirty, cracked, or shell-less by total hen days. 
4 Means of eight eggs per replicate.  
5 EM = Hen day production divided by 100 multiplied by egg weight.  
6 Feed conversion = egg mass divided by feed intake.  
a Significant period effect, P < 0.01. 
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The addition of trace minerals, regardless of source, had no effect on HDP during any 

period.  These findings do not agree with those of Klecker et al. (2002) who reported an increase in 

egg production for layers fed diets supplemented with Mn and Zn chelates.  Sahin et al. (2002) also 

reported that layers fed supplemental Cr and Zn, either individually or together, had an increased 

egg production or improved feed efficiency.  Lim and Paik (2003) reported that the addition of 

organic Cu, Zn, and Mn had variable effects on egg production and egg quality.  The addition of 

organic Cu increased egg production, while the addition of organic Zn decreased egg production.  

They further reported that the combination of organic Zn and Mn tended to decrease egg production, 

while the combination of organic Zn, Mn, and Cu did not affect egg production.  Lim and Paik (2003) 

also reported that shell-less and broken egg production were highest in the organic Zn, Mn, and Cu 

combination, but lowest in hens fed the diet with organic Cu.  They suggested that the antagonistic 

relationship between Cu and Zn could be the reason for the decrease in eggshell quality seen in 

hens fed the diet with organic Zn, Mn, and Cu.  These findings are similar to those of Lima et al. 

(2000) who reported that the addition of Zn and Mn in the organic or inorganic form did not improve 

egg production.  Kita et al. (1997) also reported that the addition of organic Zn to diets of layers 

subjected to high ambient temperature did not affect egg production, eggshell quality, or egg weight.  

Mabe et al. (2003) reported that the addition on Zn, Mn, and Cu did not affect eggshell percentage in 

older hens (60 to 73 wk) regardless of source, while inorganic sources of Zn, Mn, and Cu slightly 

decreased eggshell percentage in a younger group of hens (32 to 45 wk).  Klecker et al. (2002) 

reported an increase in laying hen performance, eggshell quality, eggshell strength, and eggshell 

weight when 20% and 40% of supplemental inorganic Mn and Zn were replaced with the organic 

forms.  

Balnave and Zhang (1993) reported that the addition of Zn to saline drinking water reduced 

the incidence of eggshell deformities.  This response is consistent with the role Zn plays in eggshell 

formation.  Zinc is a component of the carbonic anhydrase enzyme, which supplies carbonate ions 

during eggshell formation; inhibition of this enzyme results in an increase in the production of shell-

less eggs (Nys et al., 1999; Innocenti et al., 2004).   
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The addition of trace minerals in the organic and inorganic forms had variable effects on egg 

production and egg quality measures.  Other than the decrease in the percentage dirty and shell-

less eggs early in the EXP, there were no consistent effects of mineral or source on any other 

response criteria.  This lack of response is evident in the overall data, where no significant effects 

were observed.  This lack of results may be due to the fact that our trace mineral mix provided 

adequate trace minerals, and that supplementation with additional trace minerals is not warranted.  

This theory is consistent with the findings of Dale and Strong (1998) who reported that additional Mn 

and Zn supplementation above the NRC requirement for post-molt hens had no effect on eggshell 

quality.  Another possible reason why the results of this EXP differ from the results of other 

researchers is the length of this study which, lasted 32 wk, compared with the 13 wk for Mabe et al. 

(2003) and 8 wk for Lim and Paik (2003).  The beneficial effects of additional trace mineral 

supplementation were not evident after the early stages of the EXP.  The age of the hens may also 

have contributed to the results obtained in this study.  Shell quality has been shown to decrease with 

age of the flock.  According to Ensminger et al. (1990), egg size increases as the hen ages, but it is 

impossible to increase shell production and deposition, which results in thinner shells.  The efficiency 

of Ca mobilization from the bone also decreases with age and this leads to a decrease in the 

production of calcium carbonate for shell production resulting in a decrease in SG and egg quality as 

the hen ages (Butcher and Miles, 2002). More long-term studies need to be conducted on the effects 

of trace mineral supplementation on egg production and eggshell quality of older hens that have 

been previously molted before any recommendations can be made. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 The purpose of the first research project was to determine whether Vm increased the 

availability of Ca and nPP beyond its effect as a growth promotant in diets formulated to be deficient 

in Ca and nPP. Decreasing dietary Ca to 0.70 or 0.80% from 1.0% failed to decrease growth in the 

first three EXP, it did however decrease BBS in EXP 3.  These results agree with the role Ca plays 

in bone formation.  Decreasing nPP decreased most growth and bone responses in all four EXP.   

 The addition of Vm to the marginally deficient Ca diets overcame some of the negative 

responses associated with feeding these diets.  The addition of Vm to diets containing 0.35% nPP 

and above increased growth and bone response variables.  The addition of Vm to diets with less 

than 0.35% nPP decreased some growth and bone response variables, which was not an 

anticipated response. 

 The results, although inclusive, seem to point to an improved utilization of nPP and, to a 

lesser extent, Ca in broilers fed diets supplemented with Vm.  The implications of this increased 

utilization are numerous, such as a potential reduction in the amount of Ca and nPP that needs to be 

supplemented to corn-soybean meal (C-SBM) diets and a reduced loss of these nutrients to the 

environment.  Further research is needed to ascertain the mode of action of Vm and its potential to 

increase the utilization of Ca and nPP in C-SBM diets and to investigate the relationship between 

Ca:nPP ratio and Vm. 

The purpose of the second research project was to compare the effect of dietary 

supplementation of Zn, Mn, and Cu in the inorganic or organic forms on egg production and egg 

quality during the post-molt period in commercial layers. 

The addition of trace minerals in the organic and inorganic forms had variable effects on egg 

production and egg quality measures with few consistent responses.  There were no consistent 

effects of mineral or source on any other response criteria other than the decrease in the percentage 

dirty and shell-less eggs early in the EXP.  This lack of response is evident in the overall data, where 

no significant effects were observed.  This lack of results may be due to the fact that our trace 
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mineral mix provided adequate trace minerals, and that supplementation with additional trace 

minerals is not warranted. Additional research is needed to investigate the effects of trace mineral 

supplementation in the organic and inorganic forms on egg production and egg quality in post-molt 

hens with diets not adequate in the trace minerals being investigated. 
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APPENDIX A 
EGG PRODUCTION RESPONSES FOR PERIODS 1 THROUGH 8 

Table A.1 Egg production responses for Periods 1 and 21 

Treatment HDP 2 Dirty 3   Cracked 3 Shell-less3 SG 4  EW 4   ADFI EM 5     Feed conversion 6 

  % % % %  g g g g/g 
Period 1 
Control (C) 45.83 6.52a 0.56a 0.17 1.082 60.81 92.78a 27.83 0.30 

C + Org Zn, Mn, Cu 46.98 4.19b 0.63a 0.14 1.082 62.27 93.74a 29.27 0.31 

C + Org Zn 46.29 4.97b,c 0.26b 0.06 1.082 60.92 96.66b 28.21 0.29 

C + Inorg Zn, Mn, Cu 46.60 4.57b,c 0.45a,b 0.06 1.081 62.41 94.64a 29.09 0.31 

C + Inorg Zn 47.31 5.58a,c 0.42a,b 0.05 1.082 61.66 93.12a 29.12 0.31 

PSEM 1.51 0.54 0.12 0.06 0.001 1.08 0.84 1.01 0.01 

Period 2 
Control (C) 82.85 7.66a 0.59 0.12a 1.084 63.65 105.78 52.73 0.50 

C + Org Zn, Mn, Cu 83.39 5.95b 0.50 0.07a,b 1.084 62.93 103.58 52.48 0.51 

C + Org Zn 84.71 5.88b 0.57 0.07a,b 1.083 62.61 103.89 53.04 0.51 

C + Inorg Zn, Mn, Cu 84.13 5.73b 0.62 0.02bb 1.083 63.05 104.20 53.04 0.51 

C + Inorg Zn 83.89 6.19a,b 0.45 0.02b 1.084 62.71 103.88 52.61 0.51 

PSEM 0.82 0.67 0.14 0.04 0.001 0.45 1.10 0.65 0.01 
 

1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication for a period of 28 d. HDP = hen day production, SG = specific gravity, 

EW = egg weight, ADFI = average daily feed intake, EM = egg mass. 
2 Total eggs produced divided by total hen days multiplied by 100.  
3 Data calculated by dividing total eggs collected intact, dirty, cracked, or shell-less by total hen days. 
4 Means of eight eggs per replicate.  
5 EM = Hen day production divided by 100 multiplied by egg weight.  
6 Feed conversion = egg mass divided by feed intake.  
a,b,c Means with different superscripts differ, P < 0.10. 



 43

Table A.2 Egg production responses for Periods 3 and 41 

Treatment HDP 2 Dirty 3   Cracked 3 Shell-less3 SG 4  EW 4   ADFI EM 5     Feed conversion 6 

  % % % %  g g g g/g 

Period 3 
Control (C) 84.94 5.81 0.88 0.12a,c 1.081 63.70 105.37 54.10 0.52 

C + Org Zn, Mn, Cu 85.96 4.53 0.95 0.04a,b 1.081 63.88 105.36 54.91 0.52 

C + Org Zn 86.10 4.75 0.83 0.04a,b 1.081 64.10 108.02 55.19 0.51 

C + Inorg Zn, Mn, Cu 86.68 4.84 0.98 0.00a 1.081 64.49 108.13 55.90 0.52 

C + Inorg Zn 86.39 4.90 0.82 0.17c 1.082 63.40 106.30 54.76 0.52 

PSEM 0.95 0.59 0.21 0.04 0.001 0.51 1.29 0.71 0.01 

Period 4 
Control (C) 83.92 4.57 0.70 0.10 1.079 65.66a 105.07 55.10 0.52 

C + Org Zn, Mn, Cu 84.15 4.01 1.20 0.11 1.080 65.43a,b 103.75 55.06 0.53 

C + Org Zn 83.73 3.88 1.10 0.13 1.080 64.23b 104.26 53.79 0.52 

C + Inorg Zn, Mn, Cu 84.82 4.66 0.83 0.07 1.080 65.21a,b 104.17 55.30 0.53 

C + Inorg Zn 84.36 4.54 0.96 0.27 1.080 64.55a,b 104.22 54.44 0.52 

PSEM 0.95 0.57 0.22 0.08 0.001 0.53 1.24 0.76 0.01 
 

1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication for a period of 28 d. HDP = hen day production, SG = specific gravity, 

EW = egg weight, ADFI = average daily feed intake, EM = egg mass. 
2 Total eggs produced divided by total hen days multiplied by 100.  
3 Data calculated by dividing total eggs collected intact, dirty, cracked, or shell-less by total hen days. 
4 Means of eight eggs per replicate.  
5 EM = Hen day production divided by 100 multiplied by egg weight.  
6 Feed conversion = egg mass divided by feed intake.  
a,b,c Means with different superscripts differ, P < 0.10. 

 



 44

Table A.3 Egg production responses for Periods 5 and 61 

Treatment HDP 2 Dirty 3   Cracked 3 Shell-less3 SG 4  EW 4   ADFI EM 5     Feed conversion 6 

  % % % %  g g g g/g 

Period 5 
Control (C) 81.14 2.69 1.04 0.27 1.079 66.14a,b 97.14 53.62 0.55a,b 

C + Org Zn, Mn, Cu 80.45 2.56 1.01 0.12 1.079 65.79a 96.03 52.93 0.55a,b 

C + Org Zn 80.89 2.82 0.77 0.24 1.079 65.30a 97.40 52.81 0.54b 

C + Inorg Zn, Mn, Cu 82.44 2.41 1.16 0.11 1.078 66.39a,b 96.71 54.72 0.57b 

C + Inorg Zn 81.24 2.67 0.95 0.18 1.079 67.28b 97.52 54.65 0.56a,b 

PSEM 1.09 0.37 0.26 0.07 0.001 0.51 1.33 0.74 0.01 

Period 6 
Control (C) 80.17 3.04 1.04 0.31 1.077 65.65a,b 103.21 52.59 0.51 

C + Org Zn, Mn, Cu 80.27 2.52 1.24 0.15 1.076 65.34a 102.19 52.44 0.51 

C + Org Zn 79.56 2.50 1.01 0.18 1.077 64.81a 101.86 51.51 0.51 

C + Inorg Zn, Mn, Cu 81.27 2.87 1.39 0.30 1.088 65.90a,b 102.97 53.54 0.52 

C + Inorg Zn 80.69 2.46 1.30 0.19 1.077 66.79b 102.77 53.88 0.52 

PSEM 1.35 0.42 0.29 0.10 0.005 0.51 1.13 0.83 0.01 
 

1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication for a period of 28 d. HDP = hen day production, SG = specific gravity, 

EW = egg weight, ADFI = average daily feed intake, EM = egg mass. 
2 Total eggs produced divided by total hen days multiplied by 100.  
3 Data calculated by dividing total eggs collected intact, dirty, cracked, or shell-less by total hen days. 
4 Means of eight eggs per replicate.  
5 EM = Hen day production divided by 100 multiplied by egg weight.  
6 Feed conversion = egg mass divided by feed intake.  
a,b,c Means with different superscripts differ, P < 0.10. 
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Table A.4 Egg production responses for Period 7 and 81 

Treatment HDP 2 Dirty 3   Cracked 3 Shell-less3 SG 4  EW 4   ADFI EM 5     Feed conversion 6 

  % % % %  g g g g/g 

Period 7 
Control (C) 77.65 2.90 1.35 0.35 1.077 65.69a,c 99.64a 51.00 0.51 

C + Org Zn, Mn, Cu 78.73 3.30 1.19 0.32 1.078 65.27a 98.58a,c 51.35 0.52 

C + Org Zn 77.80 3.34 1.46 0.18 1.078 65.96a,c 96.42c 51.33 0.53 

C + Inorg Zn, Mn, Cu 78.56 2.69 1.88 0.37 1.078 66.96c 99.17a,c 52.63 0.53 

C + Inorg Zn 78.10 2.69 1.34 0.22 1.077 66.12a,c 99.16a,c 51.65 0.52 

PSEM 1.30 0.51 0.34 0.11 0.001 0.55 1.23 0.95 0.01 

Period 8 
Control (C) 77.09 3.66 1.93 0.58 1.076 65.79 81.69a 50.71 0.64a 

C + Org Zn, Mn, Cu 75.80 3.08 1.51 0.51 1.074 65.97 82.13a 49.98 0.62a 

C + Org Zn 76.33 3.15 1.08 0.35 1.075 65.52 69.12b 49.93 0.75b 

C + Inorg Zn, Mn, Cu 75.00 2.58 1.59 0.46 1.075 66.82 83.68a 50.12 0.62a 

C + Inorg Zn 76.36 2.90 1.09 0.34 1.076 65.68 76.96a,b 50.13 0.68a,b 

PSEM 1.58 0.50 0.28 0.22 0.001 0.57 4.12 1.02 0.04 
 

1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication for a period of 28 d. HDP = hen day production, SG = specific gravity, 

EW = egg weight, ADFI = average daily feed intake, EM = egg mass. 
2 Total eggs produced divided by total hen days multiplied by 100.  
3 Data calculated by dividing total eggs collected intact, dirty, cracked, or shell-less by total hen days. 
4 Means of eight eggs per replicate.  
5 EM = Hen day production divided by 100 multiplied by egg weight.  
6 Feed conversion = egg mass divided by feed intake.  
a,b,c Means with different superscripts differ, P < 0.10. 
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APPENDIX B 

EFFECT OF TRACE MINERAL SUPPLEMENTATION ON RESPONSE VARIABLES 
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 Figure B.1. Effect of trace mineral supplementation on hen day production1 

1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication. C = corn 

soybean meal (C-SBM) control; OZMC = C-SBM with organic Zn, Mn, and Cu; OZ = C-SBM with organic Zn; 

IZMC = C-SBM with inorganic Zn, Mn, and Cu; OZ = C-SBM with inorganic Zn.  
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 Figure B.2. Effect of trace mineral supplementation on percentage dirty eggs1 
1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication. C = corn 

soybean meal (C-SBM) control; OZMC = C-SBM with organic Zn, Mn, and Cu; OZ = C-SBM with organic Zn; 

IZMC = C-SBM with inorganic Zn, Mn, and Cu; OZ = C-SBM with inorganic Zn.  
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 Figure B.3. Effect of trace mineral supplementation on percentage cracked eggs1 
1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication. C = corn 

soybean meal (C-SBM) control; OZMC = C-SBM with organic Zn, Mn, and Cu; OZ = C-SBM with organic Zn; 

IZMC = C-SBM with inorganic Zn, Mn, and Cu; OZ = C-SBM with inorganic Zn.  
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 Figure B.4. Effect of trace mineral supplementation on percentage shell-less eggs1 
1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication. C = corn 

soybean meal (C-SBM) control; OZMC = C-SBM with organic Zn, Mn, and Cu; OZ = C-SBM with organic Zn; 

IZMC = C-SBM with inorganic Zn, Mn, and Cu; OZ = C-SBM with inorganic Zn.  
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 Figure B.5. Effect of trace mineral supplementation on egg weight1 
1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication. C = corn 

soybean meal (C-SBM) control; OZMC = C-SBM with organic Zn, Mn, and Cu; OZ = C-SBM with organic Zn; 

IZMC = C-SBM with inorganic Zn, Mn, and Cu; OZ = C-SBM with inorganic Zn.  
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 Figure B.6. Effect of trace mineral supplementation on average daily feed intake1 
1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication. C = corn 

soybean meal (C-SBM) control; OZMC = C-SBM with organic Zn, Mn, and Cu; OZ = C-SBM with organic Zn; 

IZMC = C-SBM with inorganic Zn, Mn, and Cu; OZ = C-SBM with inorganic Zn.  
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 Figure B.7. Effect of trace mineral supplementation on egg mass1 
1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication. C = corn 

soybean meal (C-SBM) control; OZMC = C-SBM with organic Zn, Mn, and Cu; OZ = C-SBM with organic Zn; 

IZMC = C-SBM with inorganic Zn, Mn, and Cu; OZ = C-SBM with inorganic Zn.  
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 Figure B.8. Effect of trace mineral supplementation on feed conversion1 
1Data are means of 12 replications of 16 hens (four cages of four hens each) per replication. C = corn 

soybean meal (C-SBM) control; OZMC = C-SBM with organic Zn, Mn, and Cu; OZ = C-SBM with organic Zn; 

IZMC = C-SBM with inorganic Zn, Mn, and Cu; OZ = C-SBM with inorganic Zn.  
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