
ABSTRACT 

LEE, JENNIFER KAY. Super-Dosing Effects of Corn-Expressed Phytase on Growth and Health 

of Nursery Pigs. (Under the direction of Dr. Sung Woo Kim). 

 

The objective of this research was to determine the super-dosing effects of corn-

expressed phytase (CEP, Agrivida, Inc., Medford, MA) as a feed additive on growth 

performance, metacarpal bone characteristics, apparent ileal digestibility (AID) of nutrients, and 

gut health of nursery pigs fed corn-soybean meal based diets either deficient or adequate in P and 

Ca.  

The first study was conducted to investigate the super-dosing effects of supplemental 

CEP (5,000 FTU/g) on growth performance, metacarpal bone characteristics, AID of nutrients, 

and gut health of nursery pigs fed corn-soybean meal based diets deficient in P and Ca. Seventy 

pigs (35 barrows and 35 gilts; 21 d of age with 6.7 ± 0.6 kg BW) were individually housed and 

allotted to 1 of 7 dietary treatments based on a randomized complete block design with initial 

BW and sex as blocks. A negative control diet (NC) was formulated to meet or exceed the 

nutrient recommendations (NRC, 2012) without supplemental CEP. A positive control diet (PC) 

was formulated to be deficient in P and Ca by 0.15 and 0.12%, respectively from the nutrient 

recommendations (NRC, 2012) with supplemental CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 

FTU/kg diet. Pigs were fed for 30 d (Phase 1: 10 d and Phase 2: 20 d) with ad libitum access to 

water and diets. In this study, increasing supplementation of CEP in P and Ca deficient diet 

enhanced growth performance of nursery pigs with increasing bone characteristics, nutrient 

digestibility of nutrients, and gut health. 

The second study was to investigate the super-dosing effects of supplemental CEP (3,962 

FTU/g) on growth performance, metacarpal bone characteristics, AID of nutrients, and gut health 



of nursery pigs fed corn-soybean meal based diets adequate in P and Ca. Pigs (16 barrows and 16 

gilts; 21 d of age with 6.19 ± 0.71 kg BW) were individually housed and allotted to 1 of 4 dietary 

treatments based on a randomized complete block design with initial BW and sex as blocks. Pigs 

were fed a basal diet supplemented with ground CEP to provide phytase activity at 0, 500, 1,500, 

or 3,000 FTU/kg diet. Pigs were fed for 30 d (Phase 1: 10 d and Phase 2: 20 d) with ad libitum 

access to water and diets. In this study, the super-dosing CEP up to 3,000 FTU/kg enhanced 

growth performance of nursery pigs with improved bone characteristics, nutrient digestibility of 

nutrients, and gut health. 

 Collectively, CEP performed as effective as microbial phytase, and super-dosing CEP to 

P and Ca deficient diet continued to improve performance, AID of nutrients, bone characteristics, 

and gut health of nursery pigs. Pigs fed P and Ca deficient diets supplemented with CEP above 

4,000 FTU/kg performed similar to pigs fed a diet adequate in P and Ca. Also, super-dosing CEP 

to P and Ca adequate diets further enhanced growth and health of nursery pigs, and the beneficial 

extra-phosphoric effects were confirmed. 
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1. Introduction 

Plant seeds such as corn and soybean meal are major feedstuffs in animal feed; however, 

they present anti-nutritional effects when fed to monogastric animals. These grains store P in a 

form of phytate-P which is largely unavailable to nonruminant animals and result in a reduced 

digestibility of minerals, amino acids, and energy and excretion of inorganic P into the 

environment (Kerr et al., 2010; Dersjant-Li et al., 2015). In order to solve these problems, dietary 

supplementation of exogenous feed enzymes has been introduced and is now extensively used in 

nonruminant animal feed. Feed enzymes for swine and poultry have become the most 

progressive biotechnological additives in the past decade (Kiarie et al., 2013). Today, the size of 

a global feed enzyme market is worth in excess of US $650 million and is expected to grow 

(Kiarie et al., 2013). In addition, feed enzyme is estimated to save the global feed market a $3 to 

5 billion per year (Barletta, 2010; Adeola and Cowieson, 2011; Kiarie et al., 2013). Phytase has 

become the major portion of the feed enzyme market by accounting for 60% of its total volume 

(Adeola and Cowieson, 2011; Kiarie et al., 2013). Phytase over the last decade has been used as 

a cost-effective replacement of sources of inorganic P, which is the third most expensive nutrient 

in swine diets after energy and protein (Kornegay and Qian, 1996; Woyengo et al., 2014). 

Phytase is associated with phytate degradation and the liberation of orthophosphate from inositol 

phosphate (IP) to remove reactive phytate from the feed (Selle et al., 2009). As microbial 

phytases are commonly used as feed additives today, industries have been looking for alternative 

cost-effective approaches to produce plant seeds that could express high phytase activities since 

the use of microbial phytase is associated with a high production cost (Li et al., 2013; Nyannor 

and Adeola, 2015). Unlike canola and soybean, corn does not require extreme heat during 

postharvest processing. Therefore, corn is considered an attractive source for the production of 



 

3 

transgenic plants expressing phytase as it could be directly incorporated into diets (Nyannor et 

al., 2007). In addition, the further area of research using unconventionally high doses of phytase 

has received attention recently in order to dephytinize the feed (Cowieson et al., 2011). Many 

studies have been conducted to observe the effects of high doses of phytase and concluded that 

including high doses of phytase continued to improve performance, bone characteristics, and 

nutrient digestibility (Kies et al., 2006).  

The aim of this chapter is to review function and absorption of P, anti-nutritional factors 

of phytate, the use of phytase, and super-dosing effects of phytase and to discuss the possibility 

of using phytase expressed in transgenic corn as an alternative to microbial phytase and its super-

dosing effects on the overall health, growth performance, bone characteristics, nutrient 

digestibility, and gut health of nursery pigs.   

2. Phosphorus 

2.1 Introduction 

 Phosphorus is an essential nutrient for animal growth, therefore it is important to supply 

sufficient amounts of P to animals (O’Dell and Sunde, 1997). Phosphorus plays an important role 

in the development and maintenance of skeletal tissue and the regulation of key enzymes in 

metabolism and in physiological processes (Humer et al., 2015). Phosphorus functions as a 

component of nucleic acids to help cell multiplication, growth, and differentiation (Jongbloed, 

1987). When combined with other elements, P plays an essential role in acid-base buffering, 

osmotic balance, metabolic functions such as energy utilization and transport in diester 

phosphate bonds for compounds such as ATP, phospholipid formation, fatty acid transport, and 

amino acid and protein formation (Jongbloed, 1987). Phosphorus is one of the most abundant 

mineral elements found in the body with more than 80% of the total body P stored in the bones 
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and teeth (Takeda et al., 2012). Therefore, P deficiency in an animal could cause defects in bone 

mineralization such as rickets or osteomalacia (Takeda et al., 2012). The animal body contains 4 

to 7 g of P/kg, depending on species and age (Humer et al., 2015). Phosphorus exists in all living 

matter in a form of phosphate (PO4) because elemental P is highly reactive to be found as a free 

element in nature (Crenshaw, 2001). Therefore, in biological systems, ortho-phosphates (PO4) 

are considered as the base unit for metabolism (Crenshaw, 2001).  

2.2 Mechanisms of phosphorus absorption  

Phosphorus is absorbed as inorganic P in the upper parts of the small intestine whereas 

little or no P absorption is observed in the large intestine (Jongbloed, 1987; Liesegang et al., 

2002). It was reported that active phosphate absorption is mostly done in jejunum than 

duodenum (160 vs. 40 nmol/cm2/h) while very little absorption is done in ileum (Crenshaw, 

2001). Therefore, the rest of the undigested P reaching the distal ileum is excreted in the feces 

(Liesegang et al., 2002). The absorption of P in the gut is an active process (Wasserman, 1981). 

The transport of P across the intestinal wall is started with an uptake from mucosa and 

transported to serosa and then to the body fluid, and this transport is stimulated by vitamin D 

(Kowarski and Schachter, 1969; Clark and Rivera-Cordero, 1973). The transport of P consists of 

both passive non-saturable and active saturable transport processes (Danisi and Straub, 1980; 

Lee et al., 1986). The passive non-saturable transport is done by a Na+ independent diffusion 

across the epithelial cells lining the lumen of the intestines, along with the electrochemical 

gradient until equilibrium is reached (Fuchs and Peterlik, 1980; Petersen, 2004). The active 

saturable transport process requires the presence of Na+ (Fuchs and Peterlik, 1980). The Na+ - 

coupled active saturable transport is done by symporters pumping P against the electrochemical 

gradient into the cytosol of the enterocyte (Petersen, 2004). The cellular inorganic P transport 
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mechanisms are completed in at least three steps (Shirazi-Beechey et al., 1988). First, the 

secondary active Na+ - inorganic P cotransport system helps intracellular P to enter across the 

lumen brush border membrane into the enterocyte (Breves and Schröder, 1991). The P is 

transported to the basolateral side of the cell and then extruded across the basolateral membrane 

(Breves and Schröder, 1991). The uptake of P at the mucosal border presents a saturable 

component which drives the intestinal P absorption (Berner et al., 1976). Since the active 

transport is readily saturable, passive transport of P may need high lumen P concentrations 

(Breves and Schröder, 1991). However, the clear mechanisms of intracellular inorganic P 

transport are not yet fully understood (Petersen, 2004).  

2.3 Hormonal regulation of phosphorus homeostasis 

It is well known that P homeostasis is mainly regulated by both renal P excretion and 

intestinal absorption (Neer, 1979). If an animal is fed a diet deficient in P, the proportion of 

dietary P absorption is increased, and renal P reabsorption from the tubuli is also increased so 

that urinary P output can be reduced (Mulroney and Haramati, 1990). Homeostasis of Ca and P is 

regulated by three hormones, parathyroid hormone (PTH), calcitonin, and 1,25-(OH)2D3 (Neer, 

1979). Parathyroid hormone is produced by the parathyroid gland, and the rate of PTH secretion 

is inversely dependent on the extracellular Ca concentration (Habener et al., 1984). Parathyroid 

hormone regulates P metabolism through its action on the kidney (Clark and Rivera-Cordero, 

1973). In the skeleton, PTH plays a key role stimulating resorption of bone mineral and matrix 

resulting in Ca and P release into the circulation (Jongbloed, 1987).  Calcitonin is secreted by the 

thyroid gland, and the rate of calcitonin secretion is stimulated by hypercalcemia (Jongbloed, 

1987). Calcitonin helps bone formation, inhibits bone resorption, and increases renal excretion of 

P (Jongbloed, 1987). Vitamin D is also important for P homeostasis by regulating and 
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stimulating the intestinal absorption of P (Fuchs and Peterlik, 1980). A provitamin D3 (7-

dehydrocholesterol) in the intestinal mucosa is synthesized from cholesterol and is transported to 

the skin to form previtamin D3 when it reacts with ultraviolet radiation (Holick and Clark, 1978; 

Jongbloed, 1987). This previtamin D is then converted to 1, 25 dihydroxycholecalciferol (1, 25-

(OH)2D3 or calcitriol) which is an active form of vitamin D (Petersen, 2004). The 1, 25-(OH)2D3 

stimulates Ca and P absorption in the intestine at the mucosal border, helps Ca and P resorption 

from the bone, and reduces Ca and P excretion from the kidneys (Petersen, 2004). Secretion of 1, 

25-(OH)2D3 is mediated by hypocalcemia by PTH and hypophosphatemia (Jongbloed, 1987). 

The metabolism of P in the body plays important roles which can affect digestion, absorption, 

distribution, and excretion (Takeda et al., 2012). Thus, it is important to include sufficient 

amounts of P in swine feed.  

3. Phytate 

3.1 Structure 

In the U.S., the majority of swine feed is made with feedstuffs such as corn and soybean 

meal. However, the availability of P in most plant seeds is low because plants store P as a phytic 

acid (Crenshaw, 2001). Phytic acid (myo-inositol-1,2,3,4,5, 6-hexakisdihydrogenphosphate; 

C6H18P6O24; IP6) is the main storage form of P in the plant seeds such as cereal grains and 

legume seed meals (Onyango et al., 2009; Woyengo and Nyachoti, 2013). Phytic acid is unstable 

when present in the free acid form (Reddy et al., 1989), therefore it makes a complex with 

divalent metal cations such as Ca, Fe, Zn, Mg, P, and Mn (Morris, 1986).This mixed salt of the 

phytic acid is called phytate (Zeller et al., 2015). Phytate exists mostly as IP6 in feedstuffs and 

has a P concentration of 282 g/kg and a molecular weight of 660 g/mol (Selle et al., 2009). 

Phytic acid is a moderately strong acid with 12 replaceable protons with pKa values ranging from 
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1 to 12 (Onyango et al., 2009). Phytate ion has a wide range of pH to chelate various cations 

between 2 phosphate groups or weakly within a phosphate group (Onyango et al., 2009). Among 

12 replaceable protons, 6 are strongly acidic with pKa values of approximately 1.5, 3 are weaker 

acidic with pKa values from 5.7 to 7.6, and other 3 are very weakly acidic with pka values higher 

than 10 (Costello et al., 1976). Therefore, when phytic acid enters the stomach with low pH, it 

will be negatively charged (Reddy et al., 1982). As phytic acid moves along into the small 

intestine, pH  (6 to 7) becomes greater, and the P groups carry 1 or 2 negatively charged oxygen 

atoms which will result in a high negative charge density (Reddy et al., 1982).  

3.2 Distribution and function in plants 

The availability of phytate P is dependent on the location and chemical association of 

phytate in the seed (O’Dell et al., 1972). Total P and phytate P are mostly present in the outer 

layers of the cereal grains in order to store P and protect oxidative damage during storage (Graf, 

1983). However, the distribution differs among cereals. Phytic acid is mainly found in the 

aleurone layers in most oilseeds, grain legumes, and cereals such as wheat and rice (O’Dell et al., 

1972; Steiner et al., 2007). Nearly 90% of phytate and the major proportion of several mineral 

elements (P, Mg, Fe, Cu, K, Zn, and Mn) are located in the germ of corn while no specific 

location of phytate seems to appear in soybean seeds (O’Dell et al., 1972; Steiner et al., 2007). 

Phytate is formed during the ripening period and is mainly present as Mg, K, and Ca salt 

mixtures (phytin) in plants and contains 1 to 3% of P by weight of cereal grains which account 

for 60 to 90% of the total P in dormant seeds (Graf, 1983; Loewus, 2002). Phytate is a storage 

form of P and other minerals and plays a key role in plant metabolism. When phytate is 

hydrolyzed during germination of seeds, P and other minerals such as Ca and Mg become 

available for germination and development of seedlings (Loewus and Loewus, 1983). In addition, 
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young seedlings use myo-inositol, the end products of phytate hydrolysis, for cell wall formation 

(Loewus and Loewus, 1983). Phytate can also supply energy as it is associated with ATP-

synthesis in seeds (Biswas et al., 1978).  

3.3 Chemical and biochemical properties 

3.3.1 Phytate and mineral interaction 

As phytic acid becomes more negatively charged under small intestinal conditions, it is 

more likely to make a complex with positively charged multivalent cations such as Fe, Zn, Mg, 

and Ca (Cosgrove and Irving, 1980; Reddy et al., 1982). Cations may chelate between 2 

phosphate groups or weakly within a single phosphate group (Onyango et al., 2009). As phytic 

acid contains 12 replaceable protons, a maximum of 12 negative charges should be carried in the 

pH range of the digestive tract of animals in order to completely dissociate the phytate molecule 

(Cosgrove, 1966). Phytate becomes more soluble at lower pH than at higher pH values, making 

phytic acid and mineral complexes more soluble under the acidic conditions of the stomach 

(Selle et al., 2009). As phytate travels from the stomach to the small intestine, the pH increases 

and disturbes absorption of minerals and trace elements (Selle et al., 2009). A poor mineral 

bioavailability is also associated with other factors such as content of phytate and mineral and 

solubility of phytates (Persson et al., 1987). 

3.3.2 Phytate and protein interaction 

 The formation of phytate complexes has been reported to reduce protein and amino acid 

(AA) utilization by changing protein structure which results in poor protein solubility, enzymatic 

activity, and proteolytic digestibility (Lillford and Wright, 1981; Selle et al., 2009). Phytate and 

protein complexes can be formed at both low and high pH values as phytic acid can directly react 

as a result of strong electrostatic interaction or indirectly as a result of interactions between 
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positively charged proteins and negatively charged phosphate groups of phytate (Reddy and 

Salunkhe, 1981). When pH is below the isoelectric point under acidic conditions, the polyanionic 

phytate molecule electrostatically binds with residues of the basic AA  (i.e. arginine, lysine, and 

histidine) to form strong electrostatic linkages (Cheryan and Rackis, 1980; Selle et al., 2009). 

Initially, this binding step is very rapid, followed by a protein-protein aggregation which results 

in precipitation (Rajendran and Prakash, 1993). In monogastric animals, phytate-protein 

complexes are formed when pH under the acidic conditions of the stomach becomes as low as 

2.5 (Deshpande and Damodaran, 1989). When these phytate-protein complexes are formed, 

protein molecules tightly precipitate around the phytate anion, causing the formation of an 

insoluble complex which reduces protein digestibility (Deshpande and Damodaran, 1989; Humer 

et al., 2015). The formation of phytate complexes with protein is affected by various factors such 

as the type of protein, pH values, dietary contents and source of Ca, solubility rate of protein, and 

interactions between proteolytic enzymes, phytate, and protein (Humer et al., 2015). In addition, 

phytate-protein complexes negatively affect the activation of proteolytic enzymes such as pepsin, 

trypsin, and chymotrypsin and also other pancreatic digestive enzymes such as lipase and α-

amylase by reducing digestibility (Caldwell, 1992). This inhibition may be caused by the non-

specific nature of phytate-protein interactions and the chelation of Ca ions for the activity of 

trypsin and α-amylase (Kumar et al., 2010). The reduced protease enzyme activity may also be 

involved in poor protein digestibility (Kumar et al., 2010). The refractory nature of complexed 

protein results in a hypersecretion of pepsin and hydrochloric acid (HCl; Allen and Flemström, 

2005; Selle et al., 2009). Since pepsin and HCl are natural endogenous aggressors, this 

hypersecretion in return has additional outputs of mucus and Na bicarbonate (NaHCO3; 

Cowieson et al., 2004; Allen and Flemström, 2005). The capacity of phytate drags Na into the 
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small intestinal lumen resulting in intestinal uptake of dietary and endogenous AA by Na-

dependent transport systems and Na+/K+-ATPase activity which are known as Na pump (Selle et 

al., 2009). It has been reported that phytate depresses intestinal uptake of AA (Ravindran et al., 

2008). Therefore, an increased mucin secretion results in an increased endogenous loss of AA 

(Humer et al., 2015).  

3.3.3 Phytate and energy interaction 

 It has been suggested that phytate complexes with starch and negatively impacts energy 

utilization and digestibility (Thompson, 1988). Phytate may directly or indirectly bind with 

starch and affect α-amylase activity (Knuckles and Betschart, 1987; Thompson et al., 1987). As 

Ca is required for amylase activity, phytate-Ca interaction may lead to reduced enzyme activity 

which makes it less available for amylase binding (Thompson et al., 1987). Phytic acid also can 

bind with starch through phosphate links which may directly reduce starch digestion (Thompson 

et al., 1987). It has been demonstrated phytate reduced blood glycemic indices in human 

(Thompson et al., 1987). In addition, phytate may form ‘lipophytins’ (complexes with lipids and 

peptides), along with other nutrients such as Ca and Mg (Kumar et al., 2010). Phytate-Ca 

complexes are involved in the formation of metallic soaps in the gut (Ravindran et al., 2000). 

Metallic soaps inhibit the utilization of energy derived from lipids, particularly saturated fats 

(Ravindran et al., 2000).  

3.4 Impact on environment 

Phytate is an anti-nutritional factor that interferes with the absorption of nutrients, thus 

the bioavailability of plant P is limited. As a result, inorganic P is added to the diets of 

monogastric animals, making excess P excretion in the environment (Kies et al., 2006; Veum et 

al., 2006). It has been reported that commercially fed pigs excrete 50 to 80% of P intake when 
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fed diets without phytase supplementation (Kornegay et al., 1997). The high P contents excreted 

in the manure may result in the accumulation of P in soils which leads to various environmental 

pollution (Correll, 1998). As an example, nutrient over-enrichment may lead to harmful algal 

blooms and eutrophication in freshwater lakes, reservoirs, streams, and headwaters of estuarine 

systems (Correll, 1998). These various environmental pollution may lead to fish kills and 

reduced biodiversity which could rise public health risks (Correll, 1998; Humer et al., 2015). 

Hence, P could greatly impact the environment if not managed properly. Thus, effective nutrient 

management is important to reduce P excretion by nonruminants in order to have sustainable 

livestock production (Correll, 1998; Humer et al., 2015).  

4. Phytase 

4.1 Introduction 

The inclusion of exogenous phytase in swine and poultry feeds has become an 

increasingly common practice over the past decade in order to dephosphorylate phytate-P and 

liberate the inherent P component, resulting in an enhanced nutrient digestibility and reduced P 

excretion in the manure (Selle et al., 2009; Yáñez et al., 2013). The enzyme phytase (myo-

inositol hexakisphosphate phosphohydrolase) catalyzes the phytate hydrolysis and releases P and 

phytate-bound nutrients (Yin et al., 2007). Phytases are found in plants, microorganisms, and in 

animal tissues (Greiner and Konietzny, 2010). Phytase has been categorized on 2 bases, 

depending on the site where the hydrolysis of the phytate molecule occurs and on the optimum 

pH conditions (Kumar et al., 2010). Phytases can be divided mainly into 2 categories based on 

the site where the hydrolysis occurs, which are 3-phytases (EC 3.1.3.8) and 6-phytases (EC 

3.1.3.26; Selle et al., 2007). The 3-phytases are mainly of microbial origin, and the 6-phytases 

originate from plant sources with exceptions of soybean phytases which are 3-phytases and E. 
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coli phytases which are 6-phytases (Cosgrove and Irving, 1980; Sandberg and Andlid, 2002). 

Phytases are also classified into 2 major classes depending on their optimum pH: acidic phytases 

(optimum pH: 3.0 to 5.5) and alkaline phytases (optimum pH: 7.0 to 8.0; Yin et al., 2007). 

Independently of their origin (bacterial, fungal, or plant), acidic phytases hydrolyze 5 of the 6 

phosphate groups of phytate resulting in final degradation products of IP1 or even myo-inositol 

(Hayakawa et al., 1990; Greiner et al., 2000). Alkaline phytases found in the mature lily pollen 

and in Bacillus species do not hydrolyze myo-inositol phosphates with 3 or less phosphate groups 

as a substrate, therefore the final degradation product is IP3 (Scott and Loewus, 1986; Greiner et 

al., 2002). Although it is ideal to complete the phytic acid hydrolysis resulting in a myo-inositol 

and phosphate, in the in vivo situation, hydrolysis is done incompletely to result in a mixture of 

inositol-phosphates (e.g. IP5, IP4, IP3; Dersjant-Li et al., 2015). Phytase activity can be affected 

by several factors such as pH stability (acidic pH in the stomach and neutral in the small 

intestine), proteolytic stability, and temperature stability (Konietzny and Greiner, 2002). Phytase 

is classified into different groups based on sizes, structures, and catalytic mechanisms (Greiner 

and Konietzny, 2010). In respect of swine and poultry nutrition, phytate-degrading enzyme 

activity are found in four different sources as endogenous phytase activity is found in the mucosa 

of the small intestine, microfloral enzyme activity is found in the large intestine, intrinsic plant 

phytase activity is found in certain feedstuffs, and exogenous phytase enzymes activity is found 

when included in the diet (Selle and Ravindran, 2008). After hydrolysis is initiated, the phytases 

move around the inositol ring to liberate additional phosphate groups until some conditions stop 

its activity due to environmental conditions, substrate solubility, or kinetics or mechanisms 

(Adeola and Cowieson, 2011). 

4.2 Sources of phytase 
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4.2.1 Mucosal phytase 

 The phytate-degrading capacity of phytase and phosphatase generated by small intestinal 

mucosa is considered negligible (Pointillart et al., 1984). However, it was reported that in the 

jejunum of pigs, mucosal phytase activity towards IP3 to IP6 declined with increasing number of 

phosphate groups which is associated with decreasing solubility (Hu et al., 1996). Therefore, it 

has been suggested that the mucosal phytase might be involved in the dephosphorylation of 

lower esters of myo-inositol phosphate which may help further hydrolysis in the intestine (Hu et 

al., 1996; Selle and Ravindran, 2008). As relatively more research into mucosal phytases has 

been done with poultry, broilers are reported to have the adaptive capacity and increase intestinal 

phytase and phosphatase activity when fed P inadequate diets (Selle and Ravindran, 2007). 

However, it was reported the standard dietary Ca levels negatively impact endogenous phytase 

and phosphatase and result in reduced degradation (Tamim et al., 2004).  

4.2.2 Gut microfloral phytase 

 It is usually assumed that animal waste contains much of the undigested phytate-P 

(Jendza et al., 2006). However, hindgut fermentation in monogastric animals actually degrades 

phytate although Ca negatively affect phytate hydrolysis by microfloral phytase in the large 

intestine (Sandberg et al., 1993). It was reported that less than 16% of phytate-P of total P were 

found in pig feces when fed 4 dietary treatments formulated with corn-soybean meal diets based 

on normal and high-available P corn, with or without phytase supplementation (Baxter et al., 

2003). Also, it was observed that bacteria in the hindgut hydrolyze phytate in the digesta 

(Seynaeve et al., 2000). Absorption of P is mostly completed in the upper parts of the small 

intestine, therefore the phytate P hydrolysis in the large intestine is irrelevant, giving little or no 

benefit to the animal or the environment (Kerr et al., 2000).  
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4.2.3 Intrinsic plant phytase 

 Phytase is intrinsically present in certain plant-sourced feedstuffs to possess plant phytase 

activity (Selle et al., 2009). Phytase activity greatly varies among different types of feedstuffs 

(Weremko et al., 1997; Viveros et al., 2000). High phytase activities are found in rye, triticale, 

wheat, and barley while negligible phytase activities are found in legume seeds and oil seeds 

such as oats, maize, and sorghum (Viveros et al., 2000). Thus, feeds including feedstuffs with 

high phytase activity result in greater absorption of phytate P (Pointillart, 1991). There are 

several factors that affect the phytase activity including moisture content, temperature, and pH 

(Haraldsson et al., 2004). Thus, phytases are inactive in dry cereal due to lack of moisture for 

activation, however, the phytases show the highest activities at slightly low pH (approximately 

5.0) at the temperature approximately at 50 °C (Chang, 1967). Plant phytase such as wheat 

phytase is not able to work at very low pH, and the activity is disregarded since it gives a shorter 

active reaction time (Kies et al., 2001). Also, plant phytase activity could be reduced by high 

temperatures and eliminated when feeds are steam-pelleted at high temperatures above 85 °C 

(Selle et al., 2009).  

4.2.4 Exogenous microbial phytase 

 Exogenous microbial phytases are derived from certain bacteria, yeast, and fungi 

(Harland and Morris, 1995). The first generation of commercial phytase launched in 1991 was 

produced by fungi (Aspergillus niger; Dersjant-Li et al., 2015). Later, the enzymes by other 

forms of microorganisms, such as bacteria and yeast were introduced as more effective phytase 

than those from fungal source (Augspurger et al., 2003; Dersjant-Li et al., 2015). The increased 

phytate hydrolysis with bacterial phytases may be associated with a higher resistance towards 

pepsin activity (Rodriguez et al., 1999). This development has opened new generations of 
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bacterial phytases that could be more effective as feed additives than fungal phytases (Dersjant-

Li et al., 2015). However, the efficacy of phytate hydrolysis may differ between swine and 

poultry as fungal and E.coli phytases had higher P release in pigs when compared with broilers 

(Augspurger et al., 2003). These differences in phytase activities are suggested to be associated 

with different structural and kinetic characteristics between two different species (Augspurger et 

al., 2003). The commercial bacterial phytases can be classified into 2 groups: 3- and 6- phytases, 

depending on the site of carbon hydrolysis of phytic acid (Dersjant-Li et al., 2015). Generally, 3-

phytases are originated from microbial source and hydrolyzed at the third carbon atom of the 

inositol ring, and 6-phytases are from a plant source and hydrolyze at the sixth carbon atom of 

the inositol ring (Adeola and Cowieson, 2011). The 3-phytase from A. niger presents two 

optimum pH at 2.5 and 5.5 while the 6-phytse from wheat presents one optimum pH at 5.5 (Kies 

et al., 2001). It is more effective for phytase to have 2 optimum pH values since it will be able to 

work when it enters the stomach at low pH (Kies et al., 2001). This may be associated with less 

phytase activity of plant phytase than that of microbial phytase in the gut since plant phytase is 

less resistant to pepsin degradation (Phillippy, 1999). In standard feed, 10g/kg of phytic acid (2.8 

g of phytate P/kg) are present and up to 60% can be hydrolyzed by a microbial phytase (Adeola 

and Cowieson, 2011). The microbial phytase is known to improve P digestibility up to 0.17% 

units based on animal-related factors such as species, the age of animals, and retention time and 

dietary-related factors such as phytate source and dose, mineral concentrations, and ingredient 

composition (Adeola and Cowieson, 2011; Dersjant-Li et al., 2015). Although microbial 

phytases are more effective than phytases of plant origin, there is no single phytase that could 

fully dephosphorylate phytic acid (Adeola and Cowieson, 2011). Therefore, a combination of 

phytase and nonspecific phosphatases could be used in the process (Adeola and Cowieson, 2011).  
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4.2.5 Transgenic corn expressing phytase 

As microbial phytase is commonly used as a feed additive today, industries have been 

looking for alternative phytase expression systems that could be cost-effective. Microbial 

phytase is produced by fermentation which requires high production costs and special care in 

feed processing and diet formulation (Gontia et al., 2012). Consequently, many strategies have 

been introduced to increase the bioavailability of P in plant seeds by producing genetically 

engineered livestock to secrete phytase in saliva or transgenic crops to express low phytate level 

or microbial phytase (Gontia et al., 2012). Among many strategies, producing transgenic plants 

(e.g. tobacco seeds, soybeans, and canola) to express high phytase is considered a cost-effective 

option to improve the bioavailability of P in feeds and meets the industrial demand (Pen et al., 

1993; Li et al., 1997; Zhang et al., 2000; Gontia et al., 2012). The transgenic plant expressing 

phytase is generated by microbial phytase-encoding genes with desired properties cloned and 

inserted into plants in order to yield increased levels of phytase (Greiner and Konietzny, 2006). 

In addition, phytase engineered in seeds was shown to be very stable under various conditions 

(Pen et al., 1993). Animal-feeding studies have demonstrated that these plant-derived phytases 

could replace the enzyme produced from the microbial origin (Pen et al., 1993; Zhang et al., 

2000). Corn is an attractive source for the production of transgenic plants expressing phytase 

since it does not require extreme heat during postharvest processing unlike soybean and canola 

(Nyannor et al., 2007). Therefore, corn-expressed phytase (CEP) can be directly incorporated 

into diets (Nyannor et al., 2007). Corn-expressed phytase can increase the bioavailability of P, 

which reduces the inclusion of inorganic P in the feed resulting in a decrease of P excretion (Gao 

et al., 2012; Li et al., 2013).  

4.3 Super-dosing phytase 



 

17 

 In general, commercially available phytases can reduce the inclusion of inorganic P in 

swine feeds, whereby the amount of phytase needed in feeds is based on the diet composition 

and enzyme activity of the product (Selle et al., 2007). It is recommended to include phytase 

doses ranged from 500 to 1,000 FTU/kg in the feed (Adeola and Cowieson, 2011). However, 

recent reports have shown advantages when unconventionally high doses of phytase were used in 

feeds (Cowieson et al., 2011). Including high doses of phytases, so called super-dosing phytases 

(i.e. ≥ 2,500 FTU/kg of feed) are used to de-phytinize the diet, although the exact mechanisms 

are not yet found (Cowieson et al., 2011). Studies from Shirley and Edwards (2003) showed that 

approximately 95% of the phytate P quadratically disappeared by removing anti-nutritional 

effects of phytate when the level of phytate is increased up to 12,000 FTU/kg in corn-based feeds. 

In addition, super-dosing phytase has received attention not only due to phosphate liberation but 

also reduced residual phytate in the gut and generation of myo-inositol with vitamin-like or 

lipotropic effects (Shirley and Edwards, 2003). Super-dosing phytase in swine and poultry feeds 

showed beneficial effects on animal performance as it improves nutrient availability, phosphate 

liberation, or restoration of P/Ca proportionate release (Cowieson et al., 2011).  
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Scope of Thesis 

Based on Literature Review, it was hypothesized that corn-expressed phytase (CEP) will 

reduce the anti-nutritional effects of phytate-bound nutrients and enhance bone characteristics, 

apparent ileal digestibility, and gut health resulting in improvements in growth performance of 

nursery pigs. To test the hypothesis, this thesis was aimed to investigate effects of super-dosing 

corn-expressed phytase on growth and health of nursery pigs based on 2 different studies.The 

first study (Chapter 2) was conducted with nursery pigs fed diets deficient in STTD P and Ca to 

observe the effects of phytate-P utilization when super-dosed corn-expressed phytase is included. 

The second study (Chapter 3) was conducted with nursery pigs fed diets adequate in STTD P and 

Ca to observe the extra-phosphoric effects and nutrient utilization other than P.  
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CHAPTER 2 

SUPER-DOSING EFFECTS OF CORN-EXPRESSED PHYTASE ON GROWTH AND 

HEALTH OF NURSERY PIGS FED DIETS DEFICIENT IN PHOSPHORUS AND 

CALCIUM 



 

32 

Abstract 

This study was conducted to determine the super-dosing effects of corn-expressed 

phytase (CEP, Agrivida, Inc., Medford, MA) on growth performance, metacarpal bone 

characteristics, apparent ileal digestibility (AID) of nutrients, and gut health of nursery pigs fed 

corn-soybean meal based diets deficient in STTD P and Ca. Seventy pigs (35 barrows and 35 

gilts; 21 d of age with 6.7 ± 0.6 kg BW) were individually housed and allotted to 1 of 7 dietary 

treatments in a randomized complete block design with initial BW and sex as blocks. A negative 

control diet (NC) was formulated to meet or exceed the nutrient recommendations (NRC, 2012) 

without supplemental CEP. A positive control diet (PC) was formulated to be deficient in P and 

Ca by 0.15 and 0.12%, respectively from NRC (2012) with supplemental CEP at 0, 500, 1,000, 

2,000, 4,000, and 6,000 FTU/kg diet. Pigs were fed for 30 d (Phase 1: 10 d and Phase 2: 20 d) 

with ad libitum access to water and diets. Feed intake and BW were recorded every 10 d. Fecal 

scores were measured on d 3, 6, 9, 15, 20, and 25. Pigs were euthanized on d 30 to collect 

metacarpal bones to measure breaking strength, weights of bone, ash, P and Ca, jejunal digesta to 

measure viscosity, ileal digesta to measure AID of P, Ca, DM, GE, CP, and EE, tissue to observe 

morphology, and mucosa from the duodenum and the jejunum to measure TNF-α, MDA, and 

protein carbonyl. Data were analyzed using orthogonal polynomials in the MIXED procedure of 

SAS (SAS Inst., Cary, NC) to determine linear and quadratic effects of PC treatments. Specific 

orthogonal contrasts were used to compare the dietary effects between pigs fed NC diet and 

those fed PC diet with CEP supplementation of 0, 500, 2,000, and 4,000 FTU.kg. Increasing CEP 

levels increased (linear, P < 0.05) overall ADG (0.23 to 0.37 kg/d), ADFI (0.42 to 0.52 kg/d), 

and G:F (0.54 to 0.73). Increasing CEP levels increased (linear, P < 0.05) breaking strength (242 

to 408 N), fresh weight (5.85 to 7.22 g), fat-free dry weight (1.19 to 1.73 g), ash (0.58 to 0.91 g), 

P (0.10 to 0.16 g), and Ca (0.21 to 0.34 g) of metacarpal bones. Increasing CEP levels increased 



 

33 

(linear, P < 0.05) AID P (73.94 to 79.91%), AID Ca (72.24 to 87.60%), and AID CP (82.77 to 

84.58%). Increasing CEP levels tended to quadratically change AID DM (P = 0.086; 69.78 to 74. 

73% at PC + 4,000 FTU/kg CEP) and AID GE (P = 0.091; 69.62 to 74.70% at PC + 4,000 

FTU/kg CEP). Increasing CEP levels did not affect AID EE. Increasing CEP levels did not affect 

viscosity in the jejunum. Increasing CEP levels increased (linear, P < 0.05) villus height (387 to 

463 μm), villus width (152 to 174 μm), and villus height to crypt depth ratio (1.56 to 1.79) in the 

duodenum. Increasing CEP levels decreased (linear, P < 0.05) villus width (139 to 121 μm) and 

crypt depth (220 to 169 μm) and increased (linear, P < 0.05) villus height to crypt depth ratio 

(1.89 to 2.40) in the jejunum. Increasing CEP levels decreased (linear, P < 0.05) TNF-α in the 

duodenum (2.21 to 1.75 pg/mg) and in the jejunum (2.31 to 1.26 pg/mg), MDA in the jejunum 

(0.53 to 0.41 μmol/g), and tended to decrease protein carbonyl in the jejunum (3.98 to 3.24 

nmol/mg). In conclusion, super-dosing CEP up to 6,000 FTU/kg improved growth performance, 

bone characteristics, AID of nutrients, and gut health in pigs fed P and Ca deficient diets. Pigs 

fed P and Ca deficient diets supplemented with CEP above 4,000 FTU/kg performed similar to 

pigs fed a diet adequate in P and Ca. 

Keywords: corn-expressed phytase, growth performance, bone characteristics, digestibility, gut 

health, nursery pigs 
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Introduction 

Phytic acid (myo-inositol 1,2,3,4,5,6-hexakisphosphate; IP6) is the main storage form of 

phosphorus (P) in plant-based feedstuffs used in swine feeds such as cereal grains and oil seeds 

(Lavin et al., 2013; Yáñez et al., 2013). About 60 to 90% of P is naturally present in the form of 

mixed salts of phytic acid, called phytate (Graf, 1983; Chung et al., 2013). Phytic acid can bind 

minerals and proteins and inhibit the absorption of these compounds (Cheryan and Rackis, 1980). 

Thus, phytate-bound P has one of the anti-nutritional properties that can result in reduced 

efficiency of P utilization, increased the cost by including inorganic P in the animal feed, and P 

excretion into the environment (Veum et al., 2006; Manobhavan et al., 2016). Consequently, the 

supplementation of exogenous phytase has become common practice to hydrolyze phytate in 

order to increase P availability from phytate and reduce the use of inorganic P in feeds (Walk et 

al., 2013). Beneficial effects from the exogenous phytase are well documented as phytase further 

liberates phytate-bound nutrients such as Ca, Mg, Zn, and proteins resulting in an enhanced 

digestibility of protein and minerals as well as P (Kies et al., 2006).  

As microbial phytases are commonly used as feed additives today, industries have been 

looking for alternative cost-effective approaches to produce plant seeds, such as corn, that could 

express high phytase activities since the use of microbial phytase is associated with a high 

production cost (Li et al., 2013; Nyannor and Adeola, 2015). Corn is suggested as an attractive 

source for the production of transgenic plants expressing phytase since it does not require heat 

during postharvest processing, unlike soybean and canola. Therefore, corn-expressed phytase can 

be directly incorporated into diets. (Nyannor et al., 2007). In addition, including 

unconventionally high doses of phytase in the feeds, so called super-dosing phytase (i.e. ≥ 2,500 

FTU/kg of feed), has been introduced as an effective means to maximize the release of phytate-
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bound nutrients (Adeola and Cowieson, 2011; Adedokun et al., 2015). Thus, this study was 

conducted to evaluate the effects of super-dosing corn-expressed phytase (CEP) on growth 

performance, AID of nutrients, bone characteristics, and gut health in nursery pigs when fed 

STTD P and Ca deficient diets to observe the effects of P utilization and to determine an 

optimum dose level of CEP that could be supplemented in diets.  

  



 

36 

Materials and Methods 

The experimental protocol including animal husbandry and handling was approved by the 

Institutional Animal Care and Use Committee (IACUC) at North Carolina State University.  

Animals and Experimental Design 

This study was conducted at the Metabolism Education Unit at North Carolina State 

University (Raleigh, NC) to determine the super-dosing effects of corn-expressed phytase (CEP; 

phytase activity of 5,000 FTU/g; GralNzyme, Agrivida, Inc., Medford, MA) on nursery pigs 

when fed diets deficient in P and Ca. Seventy newly weaned PIC pigs (35 barrows and 35 gilts; 

6.7 ± 0.6 kg BW) at 21 d of age were obtained from N.G. Purvis Farms, Inc. (Robbins, NC). Pigs 

were weighed and allotted to 1 of 7 dietary treatments (n = 10) based on a randomized complete 

block design with initial BW and sex as blocks. Dietary treatments were supplemented with CEP 

to provide phytase activity at 0, 500, 1,000, 2,000, 4,000, or 6,000 FTU/kg. Phytase activity 

(FTU) is defined as the amount of enzyme activity that liberates 1 μmol of inorganic 

orthophosphate per minute from 0.0051 mol/L sodium phytate at pH 5.5 and 37°C. Pigs were 

individually housed in pens (0.74 m wide, 1.5 m long) equipped with a polyethylene feeder 

attached to the front of the pen, a nipple waterer next to the feeder, and slatted flooring.  

Experimental Diets 

Experimental diets (Table 1) were manufactured at the North Carolina State University 

Feed Mill Education Unit. Corn and soybean meal were used as major feedstuffs in the basal diet 

with negative control diet (NC) formulated to meet or exceed the nutrient recommendations 

(NRC, 2012) without supplemental CEP and a positive control diet (PC) formulated to be 

deficient in P and Ca by 0.15 and 0.12%, respectively from the nutrient recommendations (NRC, 

2012) with supplemental CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 FTU/kg diet. 
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Experimental diets were prepared in 2 phases (Phase 1: 10 d and Phase 2: 20 d) and fed to pigs 

for a total period of 30 d. A NC diet contained 0.44% STTD P and 0.85% Ca for phase 1 and 

0.38% STTD P and 0.75% Ca for phase 2. Basal diets for other 6 treatments contained 0.26% 

STTD P and 0.68% Ca for phase 1 and 0.19% STTD P and 0.59% Ca for phase 2 and these were 

supplemented with CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 FTU/kg diet. The nutrient 

composition and phytase activity in the experimental diets were analyzed (Table 1). 

Experimental diets were prepared in mash form, and pigs had ad libitum access to water and 

experimental diets. Titanium dioxide (0.25%) was added to experimental diets from d 26 as an 

indigestible external marker to calculate apparent ileal digestibility (AID) of nutrients. Pigs and 

feeders were weighed on d 10, 20, and 30 to calculate average daily gain (ADG), average daily 

feed intake (ADFI), and gain:feed (G:F).  

Fecal Score 

Fecal scores of all pigs were determined at 2-time points during this experiment on d 3, 6, 

9, 15, 20, and 25. To determine the severity of post-weaning diarrhea, feces were scored by 

determining the moisture content based on the method described in Gomez et al. (1998) and 

Jensen et al. (2006). Scores were 1 = dry feces, 2 = normal, firm feces, 3 = looser feces leading 

to possible slight diarrhea, 4 = definite diarrhea with unformed, fluid feces, or 5 = severe 

diarrhea with very watery and frothy feces.  

Sample Collection and Processing 

Pigs were fasted for 12 h and fed 6 h prior to sample collection. On d 30, all pigs were 

euthanized via captive-bolt stunning and exsanguination before sample collection. Immediately 

after exsanguination, the gastrointestinal tract was removed. Digesta from the distal jejunum (a 

portion of 30 cm prior to the ileum) were obtained to measure viscosity. Digesta were gently 
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squeezed out of the tissue into 50 mL conical tubes and then placed on ice for an immediate use. 

Digesta from the ileum (a portion of 30 cm prior to the ileo-cecal junction) of small intestine 

were obtained for AID calculation. Digesta were gently squeezed out of the tissue into 50 mL 

conical tubes, weighed, and then frozen at -20°C in sterile containers until being freeze-dried 

(24D x 48, Virtis, Gardiner, NY). The digesta samples were reweighed to calculate dry matter 

content before being processed for nutrient digestibility. The digesta samples were finely ground 

to measure titanium dioxide, dry matter, ether extract, gross energy, crude protein, P, and Ca 

digestibility. Proximal portions of the duodenum and the jejunum (7-cm sections) of each pig 

were collected. Each section was gently flushed and submerged into a 50 mL conical tube 

containing 45 mL of 10% buffered formaldehyde solution (formalin) to be used for histological 

evaluation. The mucosal layer of the duodenum and the jejunum was obtained by opening the 

tissue and gently scraping using a glass slide. Mucosa samples were then transferred into 1.5 mL 

conical tubes and flash frozen in liquid nitrogen. Mucosa samples were stored in a -80°C freezer 

until further analysis of protein concentration, inflammatory cytokines (TNF-a), and oxidative 

products (malondialdehyde and protein carbonyl). The right front feet of each pig were removed 

at the joint comprised of carpal bones between the metacarpals and radius and ulna. The feet 

samples were individually placed in plastic bags and kept frozen in a -20°C freezer until further 

analysis of bone breaking strength, P, and Ca.  

Viscosity  

Viscosity was measured immediately after obtaining jejunal digesta. The jejunal digesta 

samples were homogenized and then transferred into 15 mL conical tubes. These 15 mL digesta 

tubes were centrifuged at 3,000 × g at 4 °C for 10 min, and then 1.8 mL of the supernatants was 

transferred into 2 mL Eppendorf tubes. These 2 mL Eppendorf tubes were centrifuged at 12,000 
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× g at 4 °C for 10 min, and then 1.2 mL of supernatants were transferred into 1.5 mL Eppendorf 

tubes. The supernatants were placed on ice while measuring the viscosity. A viscometer 

(Brookfield Digital Viscometer, Model DV-II Version 2.0, Brookfield Engineering Laboratories, 

Inc., Stoughton, MA) was set at 25 °C, and 0.5 mL of the supernatant was placed in the 

viscometer. Viscosity was averaged from the values between 22.5 s-1 and 45.0 s-1 shear rates.  

Chemical Analysis 

Titanium dioxide was quantified in ground feed and digesta samples based on the method 

described in Myers et al. (2004) and used to calculate dry matter (DM), ether extract (EE), gross 

energy (GE), crude protein (CP), P and Ca digestibility. Dry matter of digesta was quantified by 

weighing digesta samples prior to and after freeze drying, as described in Passos et al. (2015). 

Gross energy was quantified in ground feed and digesta samples using a Parr 6200 Calorimeter 

(Parr Instrument Co., Moline, IL). Ether extract was quantified in ground feed and digesta 

samples using a modified ether extract method (method 920.39; AOAC, 2006). Nitrogen was 

quantified in ground feed and digesta samples using TruSpec N Nitrogen Determinator (LECO 

Corp., St. Joseph, MI) to calculate crude protein (method 992.15; AOAC, 2006). To measure P 

and Ca digestibility, digesta and feed samples were microwave digested similar to the method 

described by Shaw et al. (2002). Approximately 0.5 g of digesta and feed samples were 

measured into 50 mL polypropylene tubes with one hole drilled into the lid, and then 10 mL of 

70% nitric acid (15.8 M; 70% trace-metal grade; Fisher Scientific, Pittsburgh, PA) was added to 

each sample. Samples were lightly covered with paper towel and allowed to digest at room 

temperature for 24 h. Samples were then placed into the microwave digestor (MARS-5; CEM 

Corp., Matthews, NC) and run at 600 W, 50% power, and 110°C with a ramp time of 10 mins 

and a hold time of 15 mins. Samples were allowed to cool in the digestor for 10 min before 
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handling. Digested samples were transferred to 25 mL volumetric flasks, brought to volume with 

deionized water to achieve a final acid concentration of ~40% (v/v), and stored at room 

temperature. All glassware used in the mineral analyses was washed in a citric acid detergent, 

soaked in a 5% nitric acid (v/v) bath for at least 4 h for trace mineral removal, and then rinsed 

with deionized water. Phosphorus concentrations in digesta and feed were measured 

colorimetrically by reaction with ammonium molybdate using a commercial kit (procedure no. 

670; Sigma Diagnostics, St. Louis, MO) after a 1:5 dilution with deionized water as described by 

Armstrong et al. (2002). Calcium concentrations in digesta and feed were measured by flame 

atomic absorption spectrophotometry (AA-7000, Shimadzu, Kyoto, Japan) after a 1:15 dilution 

for digesta and a 1:25 dilution for feed with 5% nitric acid (v/v) containing 0.1% lanthanum 

chloride and 0.2% potassium chloride described by Armstrong et al. (2002). 

Apparent Ileal Digestibility 

Titanium dioxide was measured and calculated using a standard curve and used to 

calculate apparent ileal digestibility (AID). Apparent ileal digestibility (AID, %) of DM, EE, GE, 

CP, P, and Ca was calculated using the titanium dioxide concentration in digesta and feed by 

using the equation: AID = 100 – ([ND/NF] × [TiO2F/ TiO2D] × 100), where ND is the nutrient 

concentration present in the ileal digesta, NF is the nutrient concentration in the feed, TiO2F is 

the titanium dioxide concentration in the feed, and TiO2 is the titanium dioxide concentration in 

the ileal digesta. 

Intestinal Morphology 

The formalin-fixed duodenum and jejunum sections were cut into cross sections and 

placed in cassettes to be sent to the North Carolina State University Histopathology Laboratory 

(College of Veterinary Medicine, Raleigh, NC) for hematoxylin and eosin (H & E) staining and 



 

41 

slide preparation. Each cassette was embedded in paraffin, thin-sectioned, and secured on a 

microscope slide with hematoxylin and eosin (H & E) staining. Ten well-oriented villi and crypts 

were captured with an Olympus CX31 microscope (Waltham, MA), and then the quantification 

of villus height, villus width, and crypt depth was performed with 40x magnification. An average 

of 20 villus height (from the tip of the villi to the villus-crypt junction), villus width (in the 

middle of its length), and crypt depth (from villus-crypt junction to the base of crypt) was 

measured in each slide based on the method described in Touchette et al. (2002). Villus height 

and crypt depth ratio was calculated by dividing the villus height by its associated crypt depth.  

Cytokine  

The tumor necrosis factor-α (TNF-α) was measured in duodenal and jejunal mucosal 

samples. To prepare mucosa samples, a range of 0.50 to 0.51 g of the mucosa was homogenized 

(Tissuemiser, Thermo Fisher Scientific Inc., Rockford, IL) with 1 mL of deionized water, ground, 

and centrifuged at 15, 000 × g at 4 °C for 10 min. A 2 mL of supernatant was obtained for further 

analyses. Prior to performing TNF-α analysis, total protein measurements were done using a 

Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL). After a total protein 

measurement, TNF-α measurements were performed with the porcine TNF-α colorimetric 

ELISA kit (Pierce Biotechnology, Inc., Rockford, IL). Concentrations of TNF-α were expressed 

in pg/mg of total protein. 

Protein Carbonyl and Malondialdehyde (MDA)  

For protein carbonyl analysis, mucosa samples were diluted to 40,000x in deionized 

water and PBS, respectively, for protein carbonyl concentration analysis according to OxiSelect 

™ Protein Carbonyl ELISA Kit (Cell BioLabs, Inc., San Diego, CA). Plates were read at 450 nm 

on a BioTech Synergy HT plate reader (BioTek Instruments, Inc., Winooski, VT). 
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For MDA analysis, mucosa samples were utilized at their original concentrations using 

an OxiSelect ™ TBARS Assay Kit (MDA Quantitation; Cell BioLabs, Inc., San Diego, CA) and 

plates were read at 540 nm on a BioTech Synergy HT plate reader. For the final MDA 

concentration, values were divided by the protein concentration values, which were measured 

using a Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL) and read on a BioTech 

Synergy HT plate reader at 562 nm (BioTek Instruments, Inc., Winooski, VT). 

Bone Characteristics 

The third metacarpal bone from right front feet of the pigs was separated and removed of 

all adhering soft tissue and cartilaginous end caps to measure bone weight, breaking strength, 

and ash weights as described by Crenshaw (1986). The bones were kept frozen in plastic bags to 

prevent moisture loss except when measurements were being performed. Frozen metacarpal 

bones were thawed by leaving in sealed plastic bags at room temperature prior to measuring 

bone weight and breaking strength. Breaking strength of the fresh bones was determined using 

an Instron universal testing machine (model 5565, Instron Corp., Norwood, MA) similar to the 

procedure described by Crenshaw (1986). The full-scale load on the load cell was 5,000 newtons 

(N). The instrument measures newton (N) of force required to break metacarpals placed on 2 

supports spaced 3.0 cm apart when force was applied to the center of the bone by an instrument 

moving at 5 mm/sec. The breaking strength was measured by a pressure sensitive cell and 

recorded on a graph recorder. After the determination of breaking strength, the bones were boiled 

in deionized water for 5 min, dried at 105°C for 24 h, wrapped with cheesecloth, and then 

extracted with ethyl ether to remove fat for 48 h. Ash weight was calculated after the fat-free 

bones were dried at 105°C for 24 h and ashed in a muffle furnace at 250°C, 375°C, and 550°C 

for 2, 2 and 24 h, respectively. The ashed bone samples were microwave digested similar to the 
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method described by shaw et al. (2002). Approximately 0.5 g of ashed bone samples were 

measured into 50 mL polypropylene tubes with one hole drilled into the lid, and then 10 mL of 

70% nitric acid (15.8 M; 70% trace-metal grade; Fisher Scientific, Pittsburgh, PA) was added to 

each sample. Samples were lightly covered with paper towel and allowed to digest at room 

temperature for 24 h. Samples were then placed into the microwave digestor (MARS-5; CEM 

Corp., Matthews, NC) and run at 600 W, 50% power, and 110°C with a ramp time of 10 mins 

and a hold time of 15 mins. Samples were allowed to cool in the digestor for 10 min before 

handling. Digested samples were transferred to 25 mL volumetric flasks, brought to volume with 

deionized water to achieve a final acid concentration of ~40% (v/v), and stored at room 

temperature. All glassware used in the mineral analyses was washed in a citric acid detergent, 

soaked in a 5% nitric acid (v/v) bath for at least 4 h for trace mineral removal, and then rinsed 

with deionized water. Bone ash P concentrations were measured colorimetrically by reaction 

with ammonium molybdate using a commercial kit (procedure no. 670; Sigma Diagnostics, St. 

Louis, MO) after a 1:550 dilution with 5% nitric acid (v/v) as described by Armstrong et al. 

(2002). The 1: 550 diluted samples were further diluted with 5% nitric acid containing 0.1% 

lanthanum chloride and 0.2% potassium chloride and used for Ca measurement by flame atomic 

absorption spectrophotometry (AA-7000, Shimadzu, Kyoto, Japan) as described by Armstrong et 

al. (2002).  

Statistical Analysis 

The experiment was based on a randomized complete block design using initial BW and 

sex as blocks. Data from the PC diets were analyzed using orthogonal polynomials in the Mixed 

procedure of SAS (SAS Inst. Inc., Cary, NC) to determine linear and quadratic effects of PC 

diets. To generate coefficients for unequally spaced treatments for orthogonal polynomials, Proc 
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IML of SAS was used. Specific orthogonal contrasts were also used to compare the dietary 

effects between pigs fed NC diet and those fed PC diet with supplemental CEP at 0, 500, 2,000, 

and 4,000 FTU/kg. The pen was the experimental unit. Treatment and sex were considered fixed 

effects, and initial body weight was considered random effect. Statistical differences with 

probabilities (P) less than 0.05 were considered significant. Probabilities less than 0.10 and equal 

or greater than 0.05 were considered a tendency. 
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Results 

Growth Performance 

Initial BW of pigs did not differ among treatments (Table 2). Increasing supplementation 

of CEP from 0 to 6,000 FTU/kg diet deficient in P and Ca did not affect ADG during phase 1. 

During phase 1, ADG was also not different between NC and PC (P = 0.135; 0.03 vs. -0.03 kg/d), 

PC + 500 FTU/kg CEP (P = 0.388; 0.03 vs. 0.00 kg/d), PC + 2,000 FTU/kg CEP (P = 0.193; 

0.03 vs. -0.02 kg/d), and PC + 4,000 FTU/kg CEP (P = 0.106; 0.03 vs. 0.09 kg/d). 

However, increasing supplementation of CEP from 0 to 6,000 FTU/kg diet linearly 

increased ADG (P < 0.05; 0.26 to 0.41 kg/d during d 10 to 20 and 0.44 to 0.70 kg/d during d 20 

to 30) of the pigs during phase 2. During d 10 to 20 of phase 2, pigs fed NC had increased ADG 

compared with PC (P < 0.05; 0.46 vs. 0.26 kg/d), PC + 500 FTU/kg CEP (P < 0.05; 0.46 vs. 0.34 

kg/d), and PC + 2,000 FTU/kg CEP (P < 0.05; 0.46 vs. 0.35 kg/d). Average daily gain was not 

different between NC and PC + 4,000 FTU/kg CEP (P = 0.640; 0.46 vs. 0.49 kg/d). During d 20 

to 30 of phase 2, pigs fed NC had increased ADG compared with PC (P < 0.05; 0.68 vs. 0.44 

kg/d), PC + 500 FTU/kg CEP (P < 0.05; 0.68 vs. 0.53 kg/d), and PC + 2,000 FTU/kg CEP (P < 

0.05; 0.68 vs. 0.55 kg/d). Average daily gain was not different between NC and PC + 4,000 

FTU/kg CEP (P = 0.364; 0.68 vs. 0.64 kg/d).  

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet linearly increased 

overall ADG (P < 0.05; 0.23 to 0.37 kg/d) of the pigs. During the overall period, pigs fed NC 

had increased ADG compared with PC (P < 0.05; 0.39 vs. 0.23 kg/d), PC + 500 FTU/kg CEP (P 

< 0.05; 0.39 vs. 0.29 kg/d), and 2,000 FTU/kg CEP (P < 0.05; 0.39 vs. 0.30 kg/d). Average daily 

gain was not different between NC and PC + 4,000 FTU/kg CEP (P = 0.660; 0.39 vs. 0.41 kg/d). 
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Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet did not affect ADFI of 

the pigs during phase 1. During phase 1, ADFI was not different between NC and PC (P = 0.347; 

0.14 vs. 0.11 kg/d), PC + 500 FTU/kg CEP (P = 0.178; 0.14 vs. 0.10 kg/d), and PC + 4,000 

FTU/kg CEP (P = 0.385; 0.14 vs. 0.17 kg/d). Pigs fed NC had a tendency for increased ADG 

compared with PC + 2,000 FTU/kg CEP (P = 0.093; 0.14 vs. 0.09 kg/d).  

However, increasing supplementation of CEP from 0 to 6,000 FTU/kg diet tended to 

linearly increase ADFI (P = 0.072; 0.47 to 0.52 kg/d) of the pigs during d 10 to 20 of phase 2. 

During d 10 to 20 of phase 2, pigs fed NC had a tendency for increased ADFI compared with PC 

(P = 0.071; 0.60 vs. 0.47 kg/d). Pigs fed NC had increased ADFI compared with PC + 500 

FTU/kg CEP (P < 0.05; 0.60 vs. 0.44 kg/d) and PC + 2,000 FTU/kg CEP (P < 0.05; 0.60 vs. 0.44 

kg/d). Average daily feed intake was not different between NC and PC + 4,000 FTU/kg CEP (P 

= 0.695; 0.60 vs. 0.63 kg/d). Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet 

linearly increased ADFI (P < 0.05; 0.67 to 0.92 kg/d) of the pigs during d 20 to 30 of phase 2. 

During d 20 to 30 of phase 2, pigs fed NC had increased ADFI compared with PC (P < 0.05; 

0.94 vs. 0.67 kg/d), PC + 500 FTU/kg CEP (P < 0.05; 0.94 vs. 0.77 kg/d), and PC + 2,000 

FTU/kg CEP (P < 0.05; 0.94 vs. 0.76 kg/d). Average daily gain was not different between NC 

and PC + 4,000 FTU/kg CEP (P = 0.683; 0.94 vs. 0.91 kg/d).  

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet linearly increased 

overall ADFI (P < 0.05; 0.42 to 0.52 kg/d) of the pigs. During the overall period, pigs fed NC 

had increased ADFI compared with PC (P < 0.05; 0.56 vs. 0.42 kg/d), PC + 500 FTU/kg CEP (P 

< 0.05; 0.56 vs. 0.44 kg/d), and PC + 2,000 FTU/kg CEP (P < 0.05; 0.56 vs. 0.43 kg/d). Average 

daily gain was not different between NC and PC + 4,000 FTU/kg CEP (P = 0.845; 0.56 vs. 0.57 

kg/d). 
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Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet did not affect gain: feed 

(G:F) during phase 1. During phase 1, pigs fed NC had a tendency for increased G:F compared 

with PC (P = 0.050; -0.13 vs. -9.85). Gain to feed was not different between NC and treatments 

with CEP supplementation of PC + 500 FTU/kg CEP (P = 0.660; -0.13 vs. -2.27), PC + 2,000 

FTU/kg CEP (P = 0.703; -0.13 vs. -1.98), and PC + 4,000 FTU/kg CEP (P = 0.908; -0.13 vs. 

0.43) FTU/kg.  

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet linearly increased G:F 

(P < 0.05; 0.24 to 0.81) during d 10 to 20 of phase 2. During d 10 to 20 of phase 2, pigs fed NC 

had increased G:F compared with PC (P < 0.05; 0.79 vs. 0.24). Gain to feed was not different 

between NC and treatments with CEP supplementation of PC + 500 FTU/kg CEP (P = 0.763; 

0.79 vs. 0.74), PC + 2,000 FTU/kg CEP (P = 0.831; 0.79 vs. 0.82), and PC + 4,000 FTU/kg CEP 

(P = 0.950; 0.79 vs. 0.78). Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet did 

not affect G:F during d 20 to 30 of phase 2. During d 20 to 30 of phase 2, G:F was not different 

between NC and PC (P = 0.624; 0.73 vs. 0.76), PC + 500 FTU/kg CEP (P = 0.601; 0.73 vs. 0.69), 

PC + 2,000 FTU/kg CEP (P = 0.975; 0.73 vs. 0.73), and PC + 4,000 FTU/kg CEP (P = 0.685; 

0.73 vs. 0.70).  

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet linearly increased 

overall G:F (P < 0.05; 0.54 to 0.73) of the pigs. During overall period, G:F of pigs fed NC had 

increased G:F compared with PC (P < 0.05; 0.70 vs. 0.54). Gain to feed was not different 

between NC and PC + 500 FTU/kg CEP (P = 0.116; 0.70 vs. 0.64), PC + 2,000 FTU/kg CEP (P 

= 0.772; 0.70 vs. 0.69), and PC + 4,000 FTU/kg CEP (P = 0.827; 0.70 vs. 0.71).   

Fecal Score 
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Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet tended to linearly 

decrease fecal scores (P = 0.061; 2.88 to 2.64) of the pigs on d 3 (Table 3). Fecal scores were not 

different between NC and PC (P = 0.510; 2.78 vs. 2.88), PC + 500 FTU/kg CEP (P = 0.154; 2.78 

vs. 3.01), CEP + 2,000 FTU/kg CEP (P = 0.437; 2.78 vs. 2.90), and PC + 4,000 FTU/kg CEP (P 

= 0.437; 2.78 vs. 2.90).  

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet did not affect the fecal 

scores on d 6. Fecal scores were not different between NC and PC (P = 0.420; 2.68 vs. 2.86), PC 

+ 500 FTU/kg CEP (P = 0.387; 2.68 vs. 2.50), PC + 2,000 FTU/kg CEP (P = 0.885; 2.68 vs. 

2.73), and PC + 4,000 FTU/kg CEP (P = 0.573; 2.68 vs. 2.80).  

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet quadratically changed 

fecal scores (P = 0.002; minimum at 2.20) of the pigs on d 9. Fecal scores were not different 

between NC and PC (P = 1.000; 2.90 vs. 2.90), PC + 500 FTU/kg CEP (P = 0.278; 2.90 vs. 2.70), 

and PC + 2,000 FTU/kg CEP (P = 0.278; 2.90 vs. 2.70). Pigs fed NC had higher fecal scores 

compared PC + 4,000 FTU/kg CEP (P < 0.05; 2.90 vs. 2.20).  

Identical means for fecal scores on d 15, 20, and 25 were considered fecal scores not 

different among treatments (data not shown).  

Viscosity 

 Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet did not affect viscosity 

of jejunal digesta of the pigs (Table 4). The average viscosity of jejunal digesta of the pigs was 

2.12 cP. Viscosity was not different between NC and PC (P = 0.576; 2.07 vs. 1.92 cP), PC + 500 

FTU/kg CEP (P = 0.582; 2.07 vs. 2.20 cP), PC + 2,000 FTU/kg CEP (P = 0.806; 2.07 vs. 2.01 

cP), and PC + 4,000 FTU/kg CEP (P = 0.360; 2.07 vs. 2.32). 

Apparent Ileal Digestibility 
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Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet linearly increased AID 

of P (P < 0.05; 73.9 to 79.9%), Ca (P < 0.05; 72.2 to 87.6%), and CP (P < 0.05; 82.8 to 84.6%). 

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet tended to quadratically change 

AID of DM (P = 0.086; 69.8 to 74.7 at PC + 4,000 FTU/kg CEP) and AID of GE (P = 0.091; 

69.6 to 74.7 at PC + 4,000 FTU/kg CEP). Increasing supplementation of CEP did not affect AID 

of EE. 

Pigs fed NC had higher AID of P compared with PC (P < 0.05; 85.2 vs. 73.9%), PC + 

500 FTU/kg CEP (P < 0.05; 85.2 vs. 73.3%), and PC + 2,000 FTU/kg CEP (P < 0.05; 85.2 vs. 

75.4%). Apparent ileal digestibility of P was not different between NC and PC + 4,000 FTU/kg 

CEP (P = 0.119; 85.2 vs. 80.6%). 

Pigs fed NC had higher AID of Ca compared with PC (P < 0.05; 80.6 vs. 72.2%). 

Apparent ileal digestibility of Ca was not different between NC and PC + 500 FTU/kg CEP (P = 

0.821; 80.6 vs. 79.9%) and PC + 2,000 FTU/kg CEP (P = 0.255; 80.6 vs. 84.1%). Pigs fed NC 

had lower AID of Ca compared with PC + 4,000 FTU/kg CEP (P < 0.05; 80.6 vs. 90.4%). 

Apparent ileal digestibility of DM was not different between NC and PC (P = 0.127; 73.5 

vs. 69.8%), PC + 500 FTU/kg CEP (P = 0.385; 73.5 vs. 71.3%), PC +  2,000 FTU/kg CEP (P = 

0.480; 73.5 vs. 71.8%), and PC + 4,000 FTU/kg CEP (P = 0.597; 73.5 vs. 74.7%).  

Apparent ileal digestibility of GE was not different between NC and PC (P = 0.200; 73.4 

vs. 69.6%). Pigs fed NC had a tendency for higher AID of GE compared with PC + 500 FTU/kg 

CEP (P = 0.064; 73.4 vs. 67.9%). Apparent ileal digestibility of GE was not different between 

NC and PC + 2,000 FTU/kg CEP (P = 0.384; 73.4 vs. 70.9%) and PC + 4,000 FTU/kg CEP (P = 

0.662; 73.4 vs. 74.7%).  
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Pigs fed NC had a tendency for higher AID of CP compared with PC (P = 0.061; 85.5 vs. 

82.8%).  Pigs fed NC had a higher AID of CP compared with PC + 500 FTU/kg CEP (P < 0.05; 

85.5 vs. 82.2%). Pigs fed NC had a tendency for higher AID of CP compared with PC + 2,000 

FTU/kg CEP (P = 0.051; 85.5 vs. 82.6%). Apparent ileal digestibility of CP was not different 

between NC and PC + 4,000 FTU/kg CEP (P = 0.722; 85.5 vs. 86.0%). 

Apparent ileal digestibility of ether extract was not different between NC and PC (P = 

0.592; 73.5 vs. 70.2%), PC + 500 FTU/kg CEP (P = 0.979; 73.5 vs. 73.6%), PC + 2,000 FTU/kg 

CEP (P = 0.588; 73.5 vs. 70.1%), and PC + 4,000 FTU/kg CEP (P = 0.611; 73.5 vs. 70.2%). 

Intestinal Morphology 

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet linearly increased villus 

height (P < 0.05; 387 to 463 μm), villus width (P < 0.05; 152 to 174 μm), and villus height to 

crypt depth ratio (P < 0.05; 1.56 to 1.79; Table 5)of the duodenum of the pigs. However, 

increasing supplementation of CEP from 0 to 6,000 FTU/kg diet did not affect crypt depth of the 

duodenum of the pigs.  

Villus height of the duodenum was not different between NC and PC (P = 0.403; 414 vs. 

387 μm), PC + 500 FTU/kg CEP (P = 0.998; 414 vs. 414 μm), PC + 2,000 FTU/kg CEP (P = 

0.429; 414 vs. 440 μm), and PC + 4,000 FTU/kg CEP (P = 0.290; 414 vs. 449 μm). Villus width 

of the duodenum was not different between NC and PC (P = 0.901; 153 vs. 152 μm) and PC + 

500 FTU/kg CEP (P = 0.315; 153 vs. 161 μm). Pigs fed NC had lower villus width compared 

with PC + 2,000 FTU/kg CEP (P < 0.05; 153 vs. 169 μm) and PC + 4,000 FTU/kg CEP (P < 

0.05; 153 vs. 175 μm). Crypt depth of the duodenum was not different between NC and PC (P = 

0.210; 278 vs. 254 μm), PC + 500 FTU/kg CEP (P = 0.484; 278 vs. 292 μm), PC + 2,000 

FTU/kg CEP (P = 0.977; 278 vs. 279 μm), and PC + 4,000 FTU/kg CEP (P = 0.471; 278 vs. 264 
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μm). Villus height to crypt depth ratio of the duodenum was not different between NC and PC (P 

= 0.631; 1.50 vs. 1.56), PC + 500 FTU/kg CEP (P = 0.646; 1.50 vs. 1.44), and PC + 2,000 

FTU/kg CEP (P = 0.469; 1.50 vs. 1.59). Pigs fed NC had a tendency for lower villus height to 

crypt depth ratio of the duodenum compared with PC + 4,000 FTU/kg CEP (P = 0.094; 1.50 vs. 

1.72). 

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet did not affect villus 

height of the jejunum of the pigs. Increasing supplementation of CEP from 0 to 6,000 FTU/kg 

diet linearly decreased villus width (P < 0.05; 140 to 121 μm) and crypt depth (P < 0.05; 220 to 

169 μm) of the jejunum of the pigs. Increasing supplementation of CEP from 0 to 6,000 FTU/kg 

diet linearly increased villus height to crypt depth ratio (P < 0.05; 1.89 to 2.40) of the jejunum of 

the pigs.  

Villus height of the jejunum was not different between NC and PC (P = 0.409; 381 vs. 

409 μm), PC + 500 FTU/kg CEP (P = 0.246; 381 vs. 420 μm), and PC + 4,000 FTU/kg CEP (P = 

0.499; 381 vs. 404 μm). Pigs fed NC had higher villus height compared with PC + 2,000 FTU/kg 

CEP (P < 0.05; 381 vs. 455 μm). Villus width of the jejunum was not different between NC and 

PC (P = 0.124; 130 vs. 140 μm), PC + 500 FTU/kg CEP (P = 0.124; 130 vs. 131 μm), and PC + 

2,000 FTU/kg CEP (P = 0.124; 130 vs. 121 μm). Pigs fed NC had higher villus width compared 

with PC + 4,000 FTU/kg CEP (P < 0.05; 130 vs. 118 μm). Crypt depth of the jejunum was not 

different between NC and PC (P = 0.795; 217 vs. 220 μm) and PC + 500 FTU/kg CEP (P = 

0.114; 217 vs. 198 μm). Pigs fed NC had higher crypt depth compared with treatments with PC + 

2,000 FTU/kg CEP (P < 0.05; 217 vs. 181 μm) and PC + 4,000 FTU/kg CEP (P < 0.05; 217 vs. 

193 μm). Villus height to crypt depth ratio of the jejunum was not different between NC and PC 

(P = 0.517; 1.77 vs. 1.89). Pigs fed NC had lower villus height to crypt depth ratio compared 
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with PC + 500 FTU/kg CEP (P < 0.05; 1.77 vs. 2.14) and PC + 2,000 FTU/kg CEP (P < 0.05; 

1.77 vs. 2.54). Pigs fed NC had a tendency for lower villus height to crypt depth ratio compared 

with PC + 4,000 FTU/kg CEP (P = 0.059; 1.77 vs. 2.11).  

Cytokine 

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet linearly decreased TNF-

α concentration in the duodenum (P < 0.05; 2.21 to 1.75 pg/mg) and the jejunum (P < 0.05; 2.31 

to 1.26 pg/mg) of the pigs (table 6).  

Concentration of TNF-α in the duodenum was not different between NC and PC (P = 

0.918; 2.17 vs. 2.21 pg/mg), PC + 500 FTU/kg CEP (P = 0.235; 2.17 vs. 2.68 pg/mg), PC + 

2,000 FTU/kg CEP (P = 0.553; 2.17 vs. 2.42 pg/mg), and PC + 4,000 FTU/kg CEP (P = 0.515; 

2.17 vs. 1.89 pg/mg). Pigs fed NC had a tendency for lower TNF-α concentration compared with 

PC (P = 0.097; 1.38 vs. 2.31 pg/mg). Concentration of TNF-α in the jejunum was not different 

between NC and PC + 500 FTU/kg CEP (P = 0.211; 1.38 vs. 2.06 pg/mg) and PC + 4,000 

FTU/kg CEP (P = 0.799; 1.38 vs. 1.53 pg/mg). Pigs fed NC had lower TNF-α concentration 

compared with PC + 2,000 FTU/kg CEP (P < 0.05; 1.38 vs. 2.72 pg/mg). 

Protein Carbonyl and Malondialdehyde (MDA)  

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet tended to quadratically 

change protein carbonyl concentration (P = 0.093; minimum at 1.88 nmol/mg) in the duodenum 

of the pigs (Table 7). Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet tended to 

linearly reduce protein carbonyl concentration (P = 0.050; 3.98 to 3.24 nmol/mg) in the jejunum 

of the pigs. Concentration of protein carbonyl in the duodenum was not different between NC 

and PC (P = 0.307; 2.33 vs. 2.66 nmol/mg), PC + 500 FTU/kg CEP (P = 0.774; 2.33 vs. 2.23 

nmol/mg), PC + 2,000 FTU/kg CEP (P = 0.167; 2.33 vs. 1.88 nmol/mg), and PC + 4,000 FTU/kg 
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CEP (P = 0.957; 2.33 vs. 2.31 nmol/mg). Pigs fed NC had a tendency for lower protein carbonyl 

concentration in the jejunum compared with PC (P = 0.086; 3.15 vs. 3.98 nmol/mg) FTU/kg diet. 

Pigs fed NC had lower protein carbonyl concentration in the jejunum compared with PC + 500 

FTU/kg CEP (P < 0.05; 3.15 vs. 4.20 nmol/mg). Concentration of protein carbonyl in the 

jejunum was not different between NC and PC + 2,000 FTU/kg CEP (P = 0.525; 3.15 vs. 3.47 

nmol/mg) and PC + 4,000 FTU/kg CEP (P = 0.710; 3.15 vs. 3.33 nmol/mg). 

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet did not affect MDA 

concentration in the duodenum of the pigs (Table 7). However, increasing supplementation of 

CEP from 0 to 6,000 FTU/kg diet linearly reduced MDA concentration (P < 0.05; 0.53 to 0.41 

μmol/g) in the jejunum of the pigs. Concentration of MDA in the duodenum was not different 

between NC and PC (P = 0.889; 0.41 vs. 0.43 μmol/g), PC + 500 FTU/kg CEP (P = 0.432; 0.41 

vs. 0.48 μmol/g), PC + 2,000 FTU/kg CEP (P = 0.488; 0.41 vs. 0.36 μmol/g), and PC + 4,000 

FTU/kg CEP (P = 0.926; 0.41 vs. 0.42 μmol/g). Pigs fed NC had higher MDA concentration in 

the jejunum compared with PC (P < 0.05; 0.67 vs. 0.53 μmol/g), PC + 500 FTU/kg CEP (P < 

0.05; 0.67 vs. 0.53 μmol/g), and PC + 4,000 FTU/kg CEP (P < 0.05; 0.67 vs. 0.46 μmol/g). 

Concentration of MDA in the jejunum was not different between NC and PC + 2,000 FTU/kg 

CEP (P = 0.172; 0.67 vs. 0.57 μmol/g).  

Bone Characteristics 

Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet linearly increased 

breaking strength (P < 0.05; 242 to 408 N), fresh bone weight (P < 0.05; 5.85 to 7.22 g), fat-free 

dry weight (P < 0.05; 1.19 to 1.73 g), ash (P < 0.05; 0.58 to 0.91 g), P (P < 0.05; 0.10 to 0.16 g), 

and Ca (P < 0.05; 0.21 to 0.34 g) of metacarpals (Table 8). Increasing supplementation of CEP 

from 0 to 6,000 FTU/kg diet linearly increased ash in fresh bone (P < 0.05; 9.97 to 12.69%) and 
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fat-free dry bone (P < 0.05; 49.17 to 52.90%). Increasing supplementation of CEP from 0 to 

6,000 FTU/kg diet linearly increased Ca in fresh bone (P < 0.05; 3.70 to 4.67%). However, 

increasing supplementation of CEP from 0 to 6,000 FTU/kg diet did not affect the Ca in fat-free 

dry bone. Increasing supplementation of CEP from 0 to 6,000 FTU/kg diet linearly increased P 

in fresh bone (P < 0.05; 1.17 to 2.22%) and fat-free dry bone (P < 0.05; 8.48 to 9.23%).  

Pigs fed NC had a tendency for higher breaking strength of metacarpals compared with 

PC (P = 0.073; 308 vs. 242 N). Breaking strength of metacarpals was not different between NC 

and PC + 500 FTU/kg CEP (P = 0.725; 308 vs. 295 N), PC + 2,000 FTU/kg CEP (P = 0.738; 

308 vs. 320 N), and PC + 4,000 FTU/kg CEP (P = 0.886; 308 vs. 313 N). 

Pigs fed NC had higher fresh bone weight of metacarpals compared with PC (P < 0.05; 

7.19 vs. 5.85 g). Fresh bone weight of metacarpals was not different between NC and PC + 500 

FTU/kg CEP (P = 0.117; 7.19 vs. 6.52 g), PC + 2,000 FTU/kg CEP (P = 0.236; 7.19 vs. 6.68 g), 

and PC + 4,000 FTU/kg CEP (P = 0.282; 7.19 vs. 7.65 g). 

Pigs fed NC had higher fat-free dry bone weight of metacarpals compared with PC (P < 

0.05; 1.80 vs. 1.19 g), PC + 500 FTU/kg CEP (P < 0.05; 1.80 vs. 1.40 g), and PC + 2,000 

FTU/kg CEP (P < 0.05; 1.80 vs. 1.54 g). Fat-free dry bone weight of metacarpals was not 

different between NC and PC + 4,000 FTU/kg CEP (P = 0.978; 1.80 vs. 1.80 g). 

Pigs fed NC had higher ash of metacarpals compared with PC (P < 0.05; 0.89 vs. 0.58 g) 

and PC + 500 FTU/kg CEP (P < 0.05; 0.89 vs. 0.71 g). Pigs fed NC had a tendency for higher 

ash of metacarpals compared with PC + 2,000 FTU/kg CEP (P = 0.065; 0.89 vs. 0.79 g). Ash of 

metacarpals was not different between NC and PC + 4,000 FTU/kg CEP (P = 0.256; 0.89 vs. 

0.95 g). 
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Pigs fed NC had higher P of metacarpals compared with PC (P < 0.05; 0.16 vs. 0.10 g) 

and PC + 500 FTU/kg CEP (P < 0.05; 0.16 vs. 0.13 g). Pigs fed NC had a tendency for higher P 

of metacarpals compared with PC + 2,000 FTU/kg CEP (P = 0.089; 0.16 vs. 0.14 g). Phosphorus 

of metacarpals was not different between NC and PC + 4,000 FTU/kg CEP (P = 0.413; 0.16 vs. 

0.17 g). 

Pigs fed NC had higher Ca of metacarpals compared with PC (P < 0.05; 0.33 vs. 0.21 g) 

and PC + 500 FTU/kg CEP (P < 0.05; 0.33 vs. 0.27 g). Pigs fed NC had a tendency for higher Ca 

of metacarpals compared with PC + 2,000 FTU/kg CEP (P = 0.070; 0.33 vs. 0.29 g). Calcium of 

metacarpals was not different between NC and PC + 4,000 FTU/kg CEP (P = 0.425; 0.33 vs. 

0.34 g). 

Pigs fed NC had higher ash in fresh bone of metacarpals compared with PC (P < 0.05; 

12.41 vs. 9.97%) and PC + 500 FTU/kg CEP (P < 0.05; 12.41 vs. 10.84%). Ash in fresh bone of 

metacarpals was not different between NC and PC + 2,000 FTU/kg CEP (P = 0.263; 12.41 vs. 

11.81%) and PC + 4,000 FTU/kg CEP (P = 0.917; 12.41 vs. 12.35%). Ash in fat-free dry bone of 

metacarpals was not different between NC and PC (P = 0.851; 49.56 vs. 49.17%), PC + 500 

FTU/kg CEP (P = 0.743; 49.56 vs. 50.08%), and PC + 2,000 FTU/kg CEP (P = 0.270; 49.56 vs. 

51.46%). Pigs fed NC had a tendency for higher ash in fat-free dry bone of metacarpals 

compared with PC + 4,000 FTU/kg CEP (P = 0.089; 49.56 vs. 52.52%). 

Pigs fed NC had higher P in fresh bone of metacarpals compared with PC (P < 0.05; 2.20 

vs. 1.71%) and PC + 500 FTU/kg CEP (P < 0.05; 2.20 vs. 1.94%). Phosphorus in fresh bone of 

metacarpals was not different between NC and PC + 2,000 FTU/kg CEP (P = 0.309; 2.20 vs. 

2.09%), and PC + 4,000 FTU/kg CEP (P = 0.679; 2.20 vs. 2.16%). Phosphorus in fat-free dry 

bone of metacarpals was not different between NC and PC (P = 0.458; 8.80 vs. 8.48%), PC + 
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500 FTU/kg CEP (P = 0.668; 8.80 vs. 8.96%), PC + 2,000 FTU/kg CEP (P = 0.445; 8.80 vs. 

9.10%), and PC + 4,000 FTU/kg CEP (P = 0.366; 8.80 vs. 9.16%). 

Pigs fed NC had higher Ca in fresh bone of metacarpals compared with PC (P < 0.05; 

4.58 vs. 3.70%). Pigs fed NC had a tendency for higher Ca in fresh bone of metacarpals 

compared with PC + 500 FTU/kg CEP (P = 0.058; 4.58 vs. 4.14%). Calcium in fresh bone of 

metacarpals was not different between NC and PC + 2,000 FTU/kg CEP (P = 0.269; 4.58 vs. 

4.34%), and PC + 4,000 FTU/kg CEP (P = 0.917; 4.58 vs. 4.47%). Calcium in fat-free dry bone 

of metacarpals was not different between NC and PC (P = 0.969; 18.29 vs. 18.29%), PC + 500 

FTU/kg CEP (P = 0.288; 18.29 vs. 19.10%), PC + 2,000 FTU/kg CEP (P = 0.452; 18.29 vs. 

18.87%), and PC + 4,000 FTU/kg CEP (P = 0.347; 18.29 vs. 19.02%). 
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Discussion 

The current study showed that super-dosing CEP to P and Ca deficient diets enhanced 

growth performance by linearly increasing overall ADG, ADFI, and G:F of nursery pigs. Similar 

effects of phytase supplementation on growth performance were reported in previous studies, 

suggesting phytase may provide the capacity to enhance growth performance (Sands et al., 2001; 

Veum et al., 2006; Zeng et al., 2015). The improved BW gain in the current study may be 

associated with increased feed intake and feed efficiency. Phosphorus and P-containing 

compounds are involved in physiological and biochemical roles in growth and metabolic 

pathways, including serving as regulators in signal transduction pathways and functioning in 

RNA export, DNA repair and recombination, and ATP regeneration (Raboy, 2003). Thus, super-

dosing CEP to P and Ca deficient diets appears to increase the availability of STTD P and 

provide metabolic benefits. It is recommended to include phytase between 500 and 1,500 

FTU/kg in swine feeds to achieve maximum effects of phytase on performance (Kornegay, 2001). 

However, the current study showed that super-dosing CEP to P and Ca deficient diets improved 

growth performance when CEP was supplemented beyond the recommended dose levels of 

phytase. The results on ADG and ADFI showed better effects at CEP dose levels of 4,000 

FTU/kg than that of 6,000 FTU/kg, reaching a plateau at 4,000 FTU/kg. This may indicate that 

an optimum dose level of CEP that could be supplemented in swine diets is approximately at 

4,000 FTU/kg diet.  

Pigs at the weaning are susceptible to enteropathogens such as E.coli and rotaviruses 

which are associated with the occurrence of diarrhea (Nabuurs, 1998). Diarrhea is the most 

obvious clinical sign of illness after early weaning (Nabuurs, 1998). The relationship between 

weaning and diarrhea could negatively affect morphology and net absorption in the small 
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intestine (Nabuurs, 1998). The current study showed that super-dosing CEP to P and Ca deficient 

diets showed the reduced fecal scores towards the end of the trial, suggesting that super-dosing 

CEP may mitigate post-weaning diarrhea and enhanced nutrient absorption and morphology in 

the small intestine.  

Diet composition, especially those with high levels of non-starch polysaccharides (NSP), 

is reported to influence viscosity and rate of passage of digesta in the gastrointestinal tract of pigs 

and poultry (Woyengo and Nyachoti, 2013). Including viscous grains such as barley, wheat, and 

rye in swine diets has been associated with high digesta viscosity which leads to increased 

digesta transit times, intestinal mass, and undigested constituents (Kiarie et al., 2013). However, 

it was reported that the pigs fed corn-soybean meal based diet would have a relatively low 

viscosity in the gastrointestinal tract (Chung et al., 2013). Therefore, super-dosing CEP in the 

current study was not expected to change the jejunal viscosity of pigs, and the corresponding 

result was observed in this study. 

 In the current study, super-dosing CEP linearly improved AID of P, Ca, and CP and 

tended to quadratically change (maximum effects at 4,000 FTU/kg CEP) AID of DM and GE. 

Similar results were reported in previous studies (Veum et al., 2006; Nyannor et al., 2007; Zeng 

et al., 2015). However, the clear mechanism of continuing improvement in P digestibility by 

super-dosing phytase has not yet been found. Kies et al. (2006) provided two possible 

explanations suggesting super-dosing phytate may contribute to a faster degradation of phytate. 

The faster degradation of phytate may create space for additional phytate molecules to dissolve, 

however, these molecules would not completely dissolve at phytase dose of 500 FTU/kg (Kies et 

al., 2006). Typically, commercial doses of phytases of 500 to 750 FTU/kg are reported to release 

between 0.05 and 0.15% digestible P in poultry and pig (Adeola and Cowieson, 2011). The other 
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possible explanation suggests that super-dosing phytase may help a large part of the active 

phytase pass through the stomach to continue working in the small intestine (Kies et al., 2006). 

However, more data on phytate in the stomach, the duodenum, and the ileum may be required to 

find the site of digestive tracts that is associated with the additional effect on mineral digestibility 

(Zeng et al., 2015). Forster et al. (1999) reported that up to 4,500 FTU/kg of an A. niger phytase 

increased phytate digestibility from 7 to 45%, suggesting super-dosing CEP may be associated 

with not only P utilization but also extra-phosphoric effects. However, more research is needed 

to clearly explain the mechanisms of digestibility of P and other nutrients. 

The intestinal morphology can represent gut health status as shorter villi and deeper 

crypts have been associated with the presence of toxins (Choi et al., 2011). The intestinal 

epithelium functions as a natural barrier against pathogenic bacteria and toxic substances in the 

intestinal lumen (Paul et al., 2007). Therefore, factors such as stressors or pathogen may be 

involved in reduced permeability of the natural barrier and disturbed nutrient absorption in the 

intestinal epithelium, which could potentially lead to inflammatory processes at the intestinal 

mucosa (Paul et al., 2007). After weaning, piglets experience changes in morphology which 

result in shortened villi and deepened crypts in the small intestine (Nabuurs, 1998). In the current 

study, super-dosing CEP to P and Ca deficient diets linearly increased villus height, villus width, 

and villus height to crypt depth ratio in the duodenum. No effect was shown in villus height, 

whereas a decrease in villus width and crypt depth and an increase in villus height to crypt depth 

ratio were observed in the jejunum. Similar effects were reported in previous studies (Wu et al., 

2004; Pirgozliev et al., 2007; Smulikowska et al., 2010). Villus cells are produced from stem 

cells within the crypts (Woyengo et al., 2011). The villus cells migrate up along the tip of the 

villus as they differentiate into goblet cells and absorptive enterocytes (Woyengo et al., 2011). 
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Thus, improved morphology in the duodenum and the jejunum may be associated with the rate of 

cell proliferation in the crypt depth which is stimulated by the presence of nutrients in the lumen 

of the small intestine (Woyengo et al., 2011). The result from the reduced villus width was 

unexpected and no explanation can be provided for this finding. However, super-dosing CEP to 

P and Ca deficient diet results in reduced crypt depth and increased villus height to crypt depth 

ratio, suggesting these results may mitigate the damage from atrophy of the villus width. 

Cytokines are pro-inflammatory mediators which regulate the immune and inflammatory 

responses (Pié et al., 2004). The intestinal epithelial cells form a physical barrier to prevent toxic 

compounds and pathogens from entering the intestinal mucosa and systemic circulation (Pié et 

al., 2004). As one of the cytokines, TNF-α is stimulated to regulate the inflammatory response by 

activating neutrophils, macrophages, and other cell types such as eosinophils (Jung et al., 1995). 

Phytates may irritate the intestinal epithelial cells directly or by increasing the growth of 

intestinal microflora which results in inflammation and increased production of cytokines 

(Pirgozliev et al., 2007). An activation of the immune system increases production of antibodies 

which may result in the tissue damage and the production of free radicals (Pirgozliev et al., 2007). 

In the current study, super-dosing CEP to P and Ca deficient diets linearly reduced TNF-α 

concentration in the duodenum and the jejunum. These results suggest phytase may reduce the 

inflammation of the intestinal wall. 

Protein carbonyl and malondialdehyde are biomarkers of oxidative stress. Protein 

carbonyls are formed due to oxidation of amino acid residues or protein backbones. 

Malondialdehyde is formed due to oxidation of oxygen free radicals. As MDA is the end product 

of lipid peroxidation, lipid peroxidation can also be observed with MDA concentration (Wu et al., 

2015). The current study on effects of super-dosing CEP showed that protein carbonyl 
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concentration had a tendency for a linear reduction in the jejunum. This result corresponds with 

the result on MDA as concentration was linearly reduced in the jejunum. Similar results were 

reported by Karadas et al. (2005) as broilers fed diets supplemented with phytase had reduced 

hepatic oxidative stress and increased antioxidant status compared with birds fed diets not 

supplemented with phytase. It is well reported that the beneficial effects from super-dosing 

phytase may be associated with the generation of myo-inositol with vitamin-like or lipotropic 

effects (Cowieson et al., 2011). Synthesis of inositol in the liver or elsewhere in the body may 

facilitate transport of fats and fat-soluble nutrients which may improve growth (Cowieson et al., 

2011). The lipotropic effect of inositol may be associated with an indirect protective effect 

against fatty liver syndrome (Cowieson et al., 2011). 

The current study showed that super-dosing CEP to P and Ca deficient diets enhanced 

bone density and weight of fresh bone, fat-free dry bone, ash, P, and Ca. Shirley and Edwards 

(2003) showed that phytase supplementation up to 12,000 FTU/kg in low-P diets improved tibia 

ash from 26 to 41%, tibia ash weight from 0.200 to 0.601 g/tibia, total P retention from 51 to 

80%. These results indicate that higher levels of dietary phytase may enhance bone 

mineralization by increasing the availability of dietary P and Ca. Increasing the overall 

availability of P and Ca are associated with initial mineralization and further complex 

remodeling of bones (Shirley and Edwards, 2003). Similar results were shown in other studies 

(Kornegay and Qian, 1996; Yáñez et al., 2013; Manobhavan et al., 2016). The current study may 

suggest that CEP was as effective as microbial phytase and super-dosing CEP further enhanced 

the bone characteristics. 
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Conclusion 

 Collectively, super-dosing CEP up to 6,000 FTU/kg to P and Ca deficient diets enhanced 

growth performance, fecal score, AID of nutrients, and morphology in the duodenum and the 

jejunum of the nursery pigs. The concentration of TNF-α, protein carbonyl, and MDA was 

reduced in the duodenum and the jejunum of the nursery pigs. Metacarpal bone characteristics 

such as bone strength and weight of fresh bone, fat-free dry bone, ash, P, and Ca were all 

enhanced with super-dosing CEP. According to the outcome of this study, CEP was as effective 

as microbial phytase, and super-dosing CEP to P and Ca deficient diet continued to improve 

performance, AID of nutrients, bone characteristics, and gut health of nursery pigs. Pigs fed P 

and Ca deficient diets supplemented with CEP above 4,000 FTU/kg performed similar to pigs 

fed a diet adequate in P and Ca. 
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Table 1. Composition of experimental diets (P1 Early-wean: first 10 d post-weaning; P2 Pre-

starter: 20 d after P1) 

  

Treatment1 

Phase 1 Phase 2 

  NC   PC   NC   PC 

Ingredient, % 
    

Yellow corn 50.33 50.33 60.46 60.46 

Soybean meal 30.00 30.00 30.00 30.00 

Whey permeate 10.00 10.00 2.00 2.00 

Blood plasma 2.00 2.00 1.50 1.50 

L-Lys HCl 0.45 0.45 0.30 0.30 

DL-Met 0.20 0.20 0.10 0.10 

L-Thr 0.15 0.15 0.07 0.07 

Poultry fat 3.40 3.40 2.50 2.50 

Salt 0.22 0.22 0.22 0.22 

Vitamin premix2 0.03 0.03 0.03 0.03 

Mineral premix3 0.15 0.15 0.15 0.15 

Monocalcium phosphate 1.00 0.00 1.00 0.00 

Limestone 1.45 1.45 1.30 1.30 

Antibiotics4 0.38 0.38 0.13 0.13 

ZnO 0.25 0.25 0.25 0.25 

Additive (corn or corn-

expressed phytase) 
0.00 1.00 0.00 1.00 

Total 100 100 100 100 

Calculated composition 
    

DM, % 90.16 90.05 89.59 89.48 

ME, kcal/kg 3,406 3,440 3,391 3,425 

CP, % 21.06 21.14 20.95 21.03 

SID5 Lys, % 1.37 1.37 1.23 1.23 

SID Met + Cys, % 0.77 0.77 0.68 0.68 

SID Trp, % 0.23 0.23 0.23 0.23 

SID Thr, % 0.81 0.81 0.73 0.73 

Ca, % 0.85 0.68 0.75 0.59 

P, STTD, % 0.44 0.26 0.38 0.19 

P, total, % 0.66 0.46 0.62 0.41 
1NC: negative control diet formulated to meet or exceed the nutrient recommendations  

(NRC, 2012) without supplemental CEP.; PC: positive control diet (PC) formulated to be 

deficient in P and Ca by 0.15 and 0.12%, respectively from the nutrient recommendations (NRC, 

2012) with supplemental CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 FTU/kg diet. 
2The vitamin premix provided the following per kilogram diet: 13,227,513 IU of vitamin A; 

3,968,254 IU of vitamin D3; 66,138 IU of vitamin E; 40 mg of vitamin B12; 13,228 mg of 

riboflavin; 110,229 mg of niacin; 22,046 mg of d-pantothenic acid; 3,968 mg of menadione;  
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Table 1. Continued 

40 IU of biotin.  
3The mineral premix provided the following composition: Mineral premix provided the 

following composition: 1.1 % of Cu; 198.0 mg/kg of I; 7.3 % of Fe; 2.2 % of Mn; 198.0 mg/kg 

of Se; 7.3 % of Zn. 
4Antibiotics: 0.2% of pennchlor 100g and 0.17% of denagard 10 were added in phase 1;  

0.12% of mecadox 10 was added in phase 2, respectively.  
5SID = standardized ileal digestible.          
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Table 2. Growth performance of nursery pigs fed diets supplemented with increasing levels of corn-expressed phytase (0 up to 6,000 

FTU/kg diets) 

         
P-value 

 
PC NC 

 
PC NC vs. 

 
0 500 1,000 2,000 4,000 6,000 

 
SEM Linear Quadratic 0 500 2,000 4,000 

BW, kg 
        

  
    

D 0 6.7 6.7 6.7 6.8 6.7 6.8 6.7 0.3 0.456 0.989 0.788 0.852 0.868 0.950 

D 10 6.5 6.7 7.1 6.6 7.7 6.9 7.1 0.4 0.099 0.088 0.136 0.386 0.230 0.127 

D 20 9.1 10.1 10.7 10.1 12.5 11.0 11.7 0.7 0.007 0.043 0.004 0.063 0.070 0.325 

D 30  13.5 15.4 15.6 15.6 18.9 18.0 18.5 0.9 <0.001 0.068 <0.001 0.006 0.011 0.671 

ADG, kg/d 
              

D 0 to 10 -0.03 0.00 0.04 -0.02 0.09 0.01 0.03 0.03 0.113 0.070 0.135 0.388 0.193 0.106 

D 10 to 20 0.26 0.34 0.36 0.35 0.49 0.41 0.46 0.04 0.001 0.037 <0.001 0.016 0.036 0.640 

D 20 to 30 0.44 0.53 0.49 0.55 0.64 0.70 0.68 0.03 <0.001 0.580 <0.001 <0.001 0.004 0.364 

Overall 0.23 0.29 0.30 0.30 0.41 0.37 0.39 0.03 <0.001 0.062 <0.001 0.006 0.010 0.660 

ADFI, kg/d 
              

D 0 to 10 0.11 0.10 0.12 0.09 0.17 0.10 0.14 0.02 0.396 0.314 0.347 0.178 0.093 0.385 

D 10 to 20 0.47 0.44 0.50 0.44 0.63 0.52 0.60 0.05 0.072 0.419 0.071 0.033 0.026 0.695 

D 20 to 30 0.67 0.77 0.74 0.76 0.91 0.92 0.94 0.05 <0.001 0.435 <0.001 0.012 0.006 0.683 

Overall 0.42 0.44 0.45 0.43 0.57 0.52 0.56 0.04 0.003 0.348 0.005 0.017 0.009 0.845 

G:F 
              

D 0 to 10 -9.85 -2.27 -0.04 -1.98 0.43 -0.10 -0.13 3.73 0.164 0.253 0.050 0.660 0.703 0.908 

D 10 to 20 0.24 0.74 0.73 0.82 0.78 0.81 0.79 0.13 0.03 0.046 0.002 0.763 0.831 0.950 

D 20 to 30 0.76 0.69 0.66 0.73 0.70 0.77 0.73 0.06 0.584 0.345 0.624 0.601 0.975 0.685 

Overall 0.54 0.64 0.66 0.69 0.71 0.73 0.70 0.03 <0.001 0.023 <0.001 0.116 0.772 0.827 
1NC: negative control diet formulated to meet or exceed the nutrient recommendations (NRC, 2012) without supplemental CEP.  
2PC: positive control diet (PC) formulated to be deficient in P and Ca by 0.15 and 0.12%, respectively from the nutrient 

recommendations (NRC, 2012) with supplemental CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 FTU/kg diet.
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Table 3. Fecal scores of nursery pigs fed diets supplemented with increasing levels of corn-expressed phytase (0 up to 6,000 FTU/kg 

diets) 

         
P-value 

 

PC2 NC1 
 

PC NC vs. 

 
0 500 1,000 2,000 4,000 6,000 

 
SEM Linear Quadratic 0 500 2,000 4,000 

Fecal score3 
              

D 3 2.88 3.01 2.90 2.90 2.90 2.64 2.78 0.11 0.061 0.259 0.510 0.154 0.437 0.437 

D 6 2.86 2.50 2.60 2.73 2.80 2.33 2.68 0.20 0.195 0.244 0.420 0.387 0.885 0.573 

D 9 2.90 2.70 2.70 2.70 2.20 2.90 2.90 0.13 0.413 0.002 1.000 0.278 0.278 <0.001 
1NC: negative control diet formulated to meet or exceed the nutrient recommendations (NRC, 2012) without supplemental CEP. 
2PC: positive control diet (PC) formulated to be deficient in P and Ca by 0.15 and 0.12%, respectively from the nutrient 

recommendations (NRC, 2012) with supplemental CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 FTU/kg diet. 
3Fecal score was measured on d 3, 6, 9, 15, 20, and 25 based on 1 to 5 scale: 1 = dry feces, 2 = normal, firm feces, 3 = looser feces 

leading to possible slight diarrhea, 4 = definite diarrhea with unformed, fluid feces, or 5 = severe diarrhea with very watery and frothy 

feces. 
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Table 4. Viscosity (cP) of jejunal digesta and apparent ileal digestibility (AID, %) of P, Ca, DM, GE, CP, and EE in nursery pigs fed 

diets supplemented with increasing levels of corn-expressed phytase of corn-expressed phytase (0 up to 6,000 FTU/kg diets) 

         
P-value 

 

PC2 NC1 
 

PC NC vs. 

 
0 500 1,000 2,000 4,000 6,000 

 
SEM Linear Quadratic 0 500 2,000 4,000 

Jejunum  
              

Viscosity, cP3 1.92 2.20 2.15 2.01 2.32 2.24 2.07 0.22 0.318 0.684 0.576 0.582 0.806 0.360 

Digestibility, % 
              

AID P 73.9 73.3 81.0 75.4 80.6 79.9 85.2 2.5 0.034 0.382 <0.001 <0.001 0.002 0.119 

AID Ca 72.2 79.9 83.5 84.1 90.4 87.6 80.6 2.3 <0.001 0.001 0.008 0.821 0.255 0.002 

AID DM 69.8 71.3 70.4 71.8 74.7 70.2 73.5 1.9 0.509 0.086 0.127 0.385 0.480 0.597 

AID GE 69.6 67.9 70.6 70.8 74.7 69.1 73.4 2.3 0.447 0.091 0.200 0.064 0.384 0.662 

AID CP 82.8 82.2 85.2 82.6 86.0 84.6 85.5 1.2 0.047 0.331 0.061 0.025 0.051 0.722 

AID EE 70.2 73.6 72.1 70.1 70.2 70.4 73.5 5.7 0.754 0.935 0.592 0.979 0.588 0.611 
1NC: negative control diet formulated to meet or exceed the nutrient recommendations (NRC, 2012) without supplemental CEP.  
2PC: positive control diet (PC) formulated to be deficient in P and Ca by 0.15 and 0.12%, respectively from the nutrient 

recommendations (NRC, 2012) with supplemental CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 FTU/kg diet. 
3cP = centipoise (1 cP = 1/100 dyne s/cm2). 
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Table 5. Morphology of duodenum and jejunum in nursery pigs fed diets supplemented with increasing levels of corn-expressed 

phytase (0 up to 6,000 FTU/kg diets) 

         
P-value 

 

PC2 NC1 
 

PC NC vs. 

 
0 500 1,000 2,000 4,000 6,000 

 
SEM Linear Quadratic 0 500 2,000 4,000 

Duodenum, μm 
              

Villus height 387 414 427 440 449 463 414 24 0.023 0.397 0.403 0.998 0.429 0.290 

Villus width 152 161 165 169 175 174 153 7 0.008 0.138 0.901 0.315 0.044 0.007 

Crypt depth 254 292 276 279 264 263 278 15 0.497 0.447 0.210 0.484 0.977 0.471 

VCR3 1.56 1.44 1.58 1.59 1.72 1.79 1.50 0.09 0.008 0.992 0.631 0.646 0.469 0.094 

Jejunum, μm 
              

Villus height 409 421 399 455 404 404 381 27 0.722 0.437 0.409 0.246 0.033 0.499 

Villus width 140 131 131 121 118 121 130 4 <0.001 0.014 0.124 0.994 0.113 0.040 

Crypt depth 220 198 196 181 193 169 217 9 <0.001 0.403 0.795 0.114 0.004 0.049 

VCR 1.89 2.14 2.06 2.54 2.11 2.40 1.77 0.14 0.031 0.218 0.517 0.042 <0.001 0.059 
1NC: negative control diet formulated to meet or exceed the nutrient recommendations (NRC, 2012) without supplemental CEP. 
2PC: positive control diet (PC) formulated to be deficient in P and Ca by 0.15 and 0.12%, respectively from the nutrient 

recommendations (NRC, 2012) with supplemental CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 FTU/kg diet. 
3Villus height to crypt depth ratio. 
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Table 6. Immunological parameters of nursery pigs fed diets supplemented with increasing levels of corn-expressed phytase (0 up to 

6,000 FTU/kg diets) 

         
P-value 

 

PC2 NC1 
 

PC NC vs. 

 
0 500 1,000 2,000 4,000 6,000 

 
SEM Linear Quadratic 0 500 2,000 4,000 

TNF-a3, pg/mg 
              

Duodenum 2.21 2.68 2.33 2.42 1.89 1.75 2.17 0.36 0.038 0.666 0.918 0.235 0.553 0.515 

Jejunum 2.31 2.06 1.83 2.72 1.53 1.26 1.38 0.40 0.041 0.440 0.097 0.211 0.018 0.799 
1NC: negative control diet formulated to meet or exceed the nutrient recommendations (NRC, 2012) without supplemental CEP.  
2PC: positive control diet (PC) formulated to be deficient in P and Ca by 0.15 and 0.12%, respectively from the nutrient 

recommendations (NRC, 2012) with supplemental CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 FTU/kg diet. 
3TNF-α: tumor necrosis factor α. 
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Table 7. Protein carbonyl and malondialdehyde (MDA) concentrations in duodenum and jejunum of nursery pigs fed diets 

supplemented with increasing levels of corn-expressed phytase of corn-expressed phytase (0 up to 6,000 FTU/kg diets) 

         
P-value 

 

PC2 NC1 
 

PC NC vs. 

 
0 500 1,000 2,000 4,000 6,000 

 
SEM Linear Quadratic 0 500 2,000 4,000 

Protein carbonyl, nmol/mg 
             

Duodenum 2.66 2.23 2.57 1.88 2.31 2.41 2.33 0.23 0.655 0.093 0.307 0.774 0.167 0.957 

Jejunum 3.98 4.20 3.37 3.47 3.33 3.24 3.15 0.36 0.050 0.356 0.086 0.036 0.525 0.710 

MDA, μmol/g 
              

Duodenum 0.43 0.48 0.32 0.36 0.42 0.40 0.41 0.07 0.830 0.454 0.889 0.432 0.488 0.926 

Jejunum 0.53 0.53 0.45 0.57 0.46 0.41 0.67 0.05 0.043 0.426 0.039 0.034 0.172 0.002 
1NC: negative control diet formulated to meet or exceed the nutrient recommendations (NRC, 2012) without supplemental CEP.  
2PC: positive control diet (PC) formulated to be deficient in P and Ca by 0.15 and 0.12%, respectively from the nutrient 

recommendations (NRC, 2012) with supplemental CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 FTU/kg diet. 
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Table 8. Metacarpal bone characteristics of nursery pigs fed diets supplemented with increasing levels of corn-expressed phytase (0 up 

to 6,000 FTU/kg diets) 

         
P-value 

 

PC2 NC1 
 

PC NC vs. 

 
0 500 1,000 2,000 4,000 6,000 

 
SEM Linear Quadratic 0 500 2,000 4,000 

Metacarpals 
        

  
    

BS3, N 242 295 305 320 313 408 308 30 <0.001 0.751 0.073 0.725 0.738 0.886 

Fresh4, g 5.85 6.52 6.62 6.68 7.65 7.22 7.19 0.36 <0.001 0.058 0.003 0.117 0.236 0.282 

FFD5, g 1.19 1.40 1.42 1.54 1.80 1.73 1.80 0.08 <0.001 0.006 <0.001 <0.001 0.008 0.978 

Ash, g 0.58 0.71 0.71 0.79 0.95 0.91 0.89 0.05 <0.001 0.001 <0.001 <0.001 0.065 0.256 

P, g 0.10 0.13 0.13 0.14 0.17 0.16 0.16 0.01 <0.001 0.004 <0.001 0.010 0.089 0.413 

Ca, g 0.21 0.27 0.27 0.29 0.34 0.34 0.33 0.02 <0.001 0.008 <0.001 0.014 0.070 0.425 

Ash, % 
              

In fresh 9.97 10.84 10.77 11.81 12.35 12.69 12.41 0.28 <0.001 0.014 <0.001 0.006 0.263 0.917 

In FFD  49.17 50.08 50.21 51.46 52.52 52.90 49.56 0.58 <0.001 0.070 0.851 0.743 0.270 0.089 

Ca, % 
              

In fresh 3.70 4.14 4.11 4.34 4.47 4.67 4.58 0.13 <0.001 0.105 <0.001 0.058 0.269 0.638 

In FFD  18.29 19.10 19.15 18.87 19.02 19.48 18.29 0.39 0.106 0.891 0.969 0.288 0.452 0.347 

P, % 
              

In fresh 1.71 1.94 1.94 2.09 2.16 2.22 2.20 0.07 <0.001 0.025 <0.001 0.023 0.309 0.679 

In FFD 8.48 8.96 9.04 9.10 9.16 9.23 8.80 0.23 0.047 0.221 0.458 0.668 0.445 0.366 
1NC: negative control diet formulated to meet or exceed the nutrient recommendations (NRC, 2012) without supplemental CEP.  
2PC: positive control diet (PC) formulated to be deficient in P and Ca by 0.15 and 0.12%, respectively from the nutrient 

recommendations (NRC, 2012) with supplemental CEP at 0, 500, 1,000, 2,000, 4,000, and 6,000 FTU/kg diet. 
3BS: breaking strength. 
4Fresh bone. 
5Fat-free dry bone.
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CHAPTER 3 

SUPER-DOSING EFFECTS OF CORN-EXPRESSED PHYTASE ON GROWTH AND 

HEALTH OF NURSERY PIGS FED DIETS ADEQUATE IN PHOSPHORUS AND 

CALCIUM 
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Abstract 

This study was conducted to investigate the super-dosing effects of phytase from corn-

expressed phytase (CEP, Agrivida, Inc., Medford, MA) on growth performance, metacarpal bone 

characteristics, apparent ileal digestibility (AID) of nutrients, and gut health of nursery pigs fed 

corn-soybean meal diets adequate in P and Ca. Thirty-two pigs (16 barrows and 16 gilts; 21 d of 

age with 6.2 ± 0.7 kg BW) were allotted to 1 of 4 dietary treatments based on a randomized 

complete block design with initial BW and sex blocks. Pigs were fed a basal diet supplemented 

with ground CEP at 0, 500, 1,500, or 3,000 FTU/kg. Pigs were fed for 30 d (Phase 1: 10 d and 

Phase 2: 20 d) with ad libitum access to water and diets. Analyzed phytase activities were 96, 

320, 1,190, and 2,210 FTU/kg in Phase 1 diets and 60, 541, 898, 2,150 FTU/kg in Phase 2 diets, 

respectively. Feed intake and BW were recorded every 10 d. Fecal scores were measured on d 3, 

6, 9, 15, 20, and 25. Pigs were euthanized on d 30 to collect metacarpal bones to measure 

breaking strength, weights of bone and ash, and contents of P and Ca, jejunal digesta to measure 

viscosity, ileal digesta to measure AID of P, Ca, DM, GE, CP, and EE, duodenal and jejunal 

tissue to observe morphology, jejunal tissue to quantify numbers of proliferating enterocytes in 

crypts, and mucosa from the duodenum and the jejunum to measure Tnf-α, MDA, and protein 

carbonyl. Data were analyzed using orthogonal polynomials in the MIXED procedure of SAS 

(SAS Inst., Cary, NC) to determine linear and quadratic effects of treatments. Increasing CEP 

levels tended to increase (linear, P = 0.052) overall ADG (0.33 to 0.41 kg/d). Increasing CEP 

levels tended to change (quadratic, P = 0.058) breaking strength (323 to 401 N at 1,500 FTU/kg 

CEP ) of metacarpal bones. Increasing CEP levels increased (linear, P < 0.05) fat-free dry weight 

(2.02 to 2.72 g), ash (0.98 to 1.44 g), P (0.17 to 0.25 g), and Ca (0.36 to 0.52 g) of metacarpal 

bones. Increasing CEP levels increased AID CP (linear, P < 0.05; 69.1 to 77.4%) and tended to 
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increase AID EE (linear, P = 0.088; 54.9 to 65.7%). Increasing CEP levels tended to reduce 

(quadratic, P = 0.078) viscosity (2.55 to 2.15 cP at 1,500 FTU/kg CEP) in the jejunum. 

Increasing CEP levels increased (linear, P < 0.05) villus height (420 to 559 μm), villus width 

(138 to 181 μm), and villus height to crypt depth ratio (1.47 to 2.08) in the duodenum. Increasing 

CEP levels increased (linear, P < 0.05) villus height (426 to 491 μm) in the jejunum. Increasing 

CEP levels did not affect the numbers of proliferating enterocytes in crypts of the jejunum. 

Increasing CEP levels tended to reduce (linear, P = 0.080) MDA concentration (0.5 to 0.34 

umol/g protein) in the jejunum. In conclusion, super-dosing CEP up to 3,000 FTU/kg to diets 

adequate in P and Ca further enhanced growth performance, bone characteristics, AID of 

nutrients, and gut health of nursery pigs. 

Key words: corn-expressed phytase, growth performance, bone characteristics, digestibility, gut 

health, nursery pigs 
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Introduction 

Phytic acid (myo-inositol 1,2,3,4,5,6-hexakisphosphate; IP6), the storage form of 

phosphorus (P), is naturally present in plant-based feedstuffs used in swine feeds, synthesized 

during seed development, and accumulated in mature seeds (Chen et al., 2008; Woyengo and 

Nyachoti, 2013). Phytic acid is very unstable when in free acid form, therefore is present as 

phytate which is a mixed salt of the phytic acid (Reddy et al., 1989; Yáñez et al., 2013). Phytate 

is known as an anti-nutritional compound due to its chelating ability of phytate with minerals and 

AA, thereby reducing protein digestibility and availability of P, Ca, and other minerals (Selle and 

Ravindran, 2008; Walk et al., 2013). Thus, supplementation of exogenous microbial phytase in 

swine feeds became an effective means to improve the utilization of phytate-P and reduce P 

excretion into the manure which causes algal blooms and eutrophication of surface waters 

(Veum et al., 2006; Nyannor et al., 2007).  

As microbial phytases are commonly used as feed additives today, recent advances in 

recombinant DNA have enabled the production of genetically modified plants, such as corn, 

expressing phytase (Pen et al., 1993; Li et al., 1997). These plants expressing phytase could be a 

cost-effective option since the microbial phytase requires a high production cost (Chen et al., 

2008; Li et al., 2013; Nyannor and Adeola, 2015). Unlike canola and soybean, corn does not 

require extreme heat during postharvest processing, therefore corn is considered an attractive 

source for the production of transgenic plants expressing phytase as it could be directly 

incorporated into diets (Nyannor et al., 2007). Recently, including unconventionally high doses 

of phytase, so called super-dosing phytase (i.e. ≥ 2,500 FTU/kg of feed), has shown beneficial 

effects as maximizing the release of phytate-bound nutrients (Cowieson et al., 2011). Although 

clear mechanisms are not found, many studies have reported positive effects of super-dosing 



 

83 

phytase resulting in an enhanced performance, nutrient digestibility, and bone characteristics 

(Adeola and Cowieson, 2011). Thus, this study was conducted to evaluate the effects of super-

dosing corn-expressed phytase (CEP) on growth performance, AID of nutrients, bone 

characteristics, and gut health in nursery pigs when fed available P and Ca adequate diets to 

observe the extra-phosphoric effects and utilization of nutrients other than P. 
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Materials and Methods 

The experimental protocol including animal husbandry and handling was approved by the 

Institutional Animal Care and Use Committee (IACUC) at North Carolina State University.  

Animals and Experimental Design 

This study was conducted at the Metabolism Education Unit at North Carolina State 

University (Raleigh, NC) to determine the super-dosing effects of corn-expressed phytase (CEP; 

phytase activity of 3,962 FTU/g; GralNzyme, Agrivida, Inc., Medford, MA) on nursery pigs 

when fed diets adequate in P and Ca. Thirty-two newly weaned PIC pigs (16 barrows and 16 

gilts; 6.2 ± 0.7 kg BW) at 21 d of age were obtained from N.G. Purvis Farms, Inc. (Robbins, NC). 

Pigs were weighed and allotted to 1 of 4 dietary treatments (n = 8) based on a randomized 

complete block design with initial BW and sex as blocks. Dietary treatments were supplemented 

with ground CEP to provide phytase activity at 0, 500, 1,500, or 3,000 FTU/kg.  Phytase activity 

(FTU) is defined as the amount of enzyme activity that liberates 1 μmol of inorganic 

orthophosphate per minute from 0.0051 mol/L sodium phytate at pH 5.5 and 37°C. Pigs were 

individually housed in pens (0.74 m wide, 1.5 m long) equipped with a polyethylene feeder 

attached to the front of the pen, a nipple water next to the feeder, and slatted flooring.  

Experimental Diets 

Experimental diets (Table 1) were manufactured at the North Carolina State University 

Feed Mill Education Unit. Corn and soybean meal were used as major feedstuffs in the basal diet. 

The basal diet was formulated to meet or exceed the nutrient recommendation (NRC, 2012) and 

supplemented with ground CEP to provide phytase activity at 0, 500, 1,500, or 3,000 FTU/kg. 

Experimental diets were prepared in 2 phases (Phase 1: 10 d and Phase 2: 20 d) and fed to pigs 

for a total period of 30 d. The basal diet contained 0.44% STTD P and 0.83% Ca for phase 1 and 
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0.36% STTD P and 0.74% Ca for phase 2. The nutrient composition and phytase activity in the 

experimental diets were analyzed (Table 1). Experimental diets were prepared in mash form, and 

pigs had ad libitum access to water and experimental diets. Titanium dioxide (0.25%) was added 

to experimental diets from d 26 as an indigestible external marker to calculate apparent ileal 

digestibility (AID) of nutrients. Pigs and feeders were weighed on d 10, 20, and 30 to calculate 

average daily gain (ADG), average daily feed intake (ADFI), and gain:feed (G:F).  

Fecal Score 

Fecal scores of all pigs were determined at 2-time points during this experiment on d 3, 6, 

9, 15, 20, and 25. To determine the severity of post-weaning diarrhea, feces were scored by 

determining the moisture content based on the method described in Gomez et al. (1998) and 

Jensen et al. (2006). Scores were 1 = dry feces, 2 = normal, firm feces, 3 = looser feces leading 

to possible slight diarrhea, 4 = definite diarrhea with unformed, fluid feces, or 5 = severe 

diarrhea with very watery and frothy feces.  

Sample Collection and Processing 

Pigs were fasted for 12 h and fed 6 h prior to sample collection. On d 30, all pigs were 

euthanized via captive-bolt stunning and exsanguination before sample collection. Immediately 

after exsanguination, the gastrointestinal tract was removed. Digesta from the distal jejunum (a 

portion of 30 cm prior to the ileum) were obtained to measure viscosity. Digesta were gently 

squeezed out of the tissue into 50 mL conical tubes and then placed on ice for an immediate use. 

Digesta from the ileum (a portion of 30 cm prior to the ileo-cecal junction) of small intestine 

were obtained for AID calculation. Digesta were gently squeezed out of the tissue into 50 mL 

conical tubes, weighed, and then frozen at -20°C in sterile containers until being freeze-dried 

(24D x 48, Virtis, Gardiner, NY). The digesta samples were reweighed to calculate dry matter 



 

86 

content before being processed for nutrient digestibility. The digesta samples were finely ground 

to measure titanium dioxide, dry matter, ether extract, gross energy, crude protein, P, and Ca 

digestibility. Proximal portions of the duodenum and the jejunum (7-cm sections) of each pig 

were collected. Each section was gently flushed and submerged into a 50 mL conical tube 

containing 45 mL of 10% buffered formaldehyde solution (formalin) to be used for histological 

evaluation. The mucosal layer of the duodenum and the jejunum was obtained by opening the 

tissue and gently scraping using a glass slide. Mucosa samples were then transferred into 1.5 mL 

conical tubes and flash frozen in liquid nitrogen. Mucosa samples were stored in a -80°C freezer 

until further analysis of protein concentration, inflammatory cytokines (TNF-a), and oxidative 

products (malondialdehyde and protein carbonyl). The right front feet of each pig were removed 

at the joint comprised of carpal bones between the metacarpals and radius and ulna. The feet 

samples were individually placed in plastic bags and kept frozen in a -20°C freezer until further 

analysis of bone breaking strength, P, and Ca.  

Viscosity  

Viscosity was measured immediately after obtaining jejunal digesta. The jejunal digesta 

samples were homogenized and then transferred into 15 mL conical tubes. These 15 mL digesta 

tubes were centrifuged at 3,000 × g at 4 °C for 10 min, and then 1.8 mL of the supernatants was 

transferred into 2 mL Eppendorf tubes. These 2 mL Eppendorf tubes were centrifuged at 12,000 

× g at 4 °C for 10 min, and then 1.2 mL of supernatants were transferred into 1.5 mL Eppendorf 

tubes. The supernatants were placed on ice while measuring the viscosity. A viscometer 

(Brookfield Digital Viscometer, Model DV-II Version 2.0, Brookfield Engineering Laboratories, 

Inc., Stoughton, MA) was set at 25 °C, and 0.5 mL of the supernatant was placed in the 

viscometer. Viscosity was averaged from the values between 22.5 s-1 and 45.0 s-1 shear rates.  
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Chemical Analysis 

Titanium dioxide was quantified in ground feed and digesta samples based on the method 

described in Myers et al. (2004) and used to calculate dry matter (DM), ether extract (EE), gross 

energy (GE), crude protein (CP), P and Ca digestibility. Dry matter of digesta was quantified by 

weighing digesta samples prior to and after freeze drying, as described in Passos et al. (2015). 

Gross energy was quantified in ground feed and digesta samples using a Parr 6200 Calorimeter 

(Parr Instrument Co., Moline, IL). Ether extract was quantified in ground feed and digesta 

samples using a modified ether extract method (method 920.39; AOAC, 2006). Nitrogen was 

quantified in ground feed and digesta samples using TruSpec N Nitrogen Determinator (LECO 

Corp., St. Joseph, MI) to calculate crude protein (method 992.15; AOAC, 2006). To measure P 

and Ca digestibility, digesta and feed samples were microwave digested similar to the method 

described by Shaw et al. (2002). Approximately 0.5 g of digesta and feed samples were 

measured into 50 mL polypropylene tubes with one hole drilled into the lid, and then 10 mL of 

70% nitric acid (15.8 M; 70% trace-metal grade; Fisher Scientific, Pittsburgh, PA) was added to 

each sample. Samples were lightly covered with paper towel and allowed to digest at room 

temperature for 24 h. Samples were then placed into the microwave digestor (MARS-5; CEM 

Corp., Matthews, NC) and run at 600 W, 50% power, and 110°C with a ramp time of 10 mins 

and a hold time of 15 mins. Samples were allowed to cool in the digestor for 10 min before 

handling. Digested samples were transferred to 25 mL volumetric flasks, brought to volume with 

deionized water to achieve a final acid concentration of ~40% (v/v), and stored at room 

temperature. All glassware used in the mineral analyses was washed in a citric acid detergent, 

soaked in a 5% nitric acid (v/v) bath for at least 4 h for trace mineral removal, and then rinsed 

with deionized water. Phosphorus concentrations in digesta and feed were measured 



 

88 

colorimetrically by reaction with ammonium molybdate using a commercial kit (procedure no. 

670; Sigma Diagnostics, St. Louis, MO) after a 1:5 dilution with deionized water as described by 

Armstrong et al. (2002). Calcium concentrations in digesta and feed were measured by flame 

atomic absorption spectrophotometry (AA-7000, Shimadzu, Kyoto, Japan) after a 1:15 dilution 

for digesta and a 1:25 dilution for feed with 5% nitric acid (v/v) containing 0.1% lanthanum 

chloride and 0.2% potassium chloride described by Armstrong et al. (2002). 

Apparent Ileal Digestibility 

Titanium dioxide was measured and calculated using a standard curve and used to 

calculate apparent ileal digestibility (AID). Apparent ileal digestibility (AID, %) of DM, EE, GE, 

CP, P, and Ca was calculated using the titanium dioxide concentration in digesta and feed by 

using the equation: AID = 100 – ([ND/NF] × [TiO2F/ TiO2D] × 100), where ND is the nutrient 

concentration present in the ileal digesta, NF is the nutrient concentration in the feed, TiO2F is 

the titanium dioxide concentration in the feed, and TiO2 is the titanium dioxide concentration in 

the ileal digesta. 

Intestinal Morphology 

The formalin-fixed duodenum and jejunum sections were cut into cross sections and 

placed in cassettes to be sent to the North Carolina State University Histopathology Laboratory 

(College of Veterinary Medicine, Raleigh, NC) for hematoxylin and eosin (H & E) staining and 

slide preparation. Each cassette was embedded in paraffin, thin-sectioned, and secured on a 

microscope slide with hematoxylin and eosin (H & E) staining. Ten well-oriented villi and crypts 

were captured with an Olympus CX31 microscope (Waltham, MA), and then the quantification 

of villus height, villus width, and crypt depth was performed with 40x magnification. An average 

of 20 villus height (from the tip of the villi to the villus-crypt junction), villus width (in the 
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middle of its length), and crypt depth (from villus-crypt junction to the base of crypt) was 

measured in each slide based on the method described in Touchette et al. (2002). Villus height 

and crypt depth ratio was calculated by dividing the villus height by its associated crypt depth. 

The enterocyte proliferation of mucosal cells of the jejunum was evaluated by counting cells that 

were positive for protein Ki-67 using an Image JS software (Almeida et al., 2012). The same 

person performed all analysis of intestinal morphology. 

Cytokine  

The tumor necrosis factor-α (TNF-α) was measured in duodenal and jejunal mucosal 

samples. To prepare mucosa samples, a range of 0.50 to 0.51 g of the mucosa was homogenized 

(Tissuemiser, Thermo Fisher Scientific Inc., Rockford, IL) with 1 mL of deionized water, ground, 

and centrifuged at 15, 000 × g at 4 °C for 10 min. A 2 mL of supernatant was obtained for further 

analyses. Prior to performing TNF-α analysis, total protein measurements were done using a 

Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL). After a total protein 

measurement, TNF-α measurements were performed with the porcine TNF-α colorimetric 

ELISA kit (Pierce Biotechnology, Inc., Rockford, IL). Concentrations of TNF-α were expressed 

in pg/mg of total protein. 

Protein Carbonyl and Malondialdehyde (MDA)  

For protein carbonyl analysis, mucosa samples were diluted to 40,000x in deionized 

water and PBS, respectively, for protein carbonyl concentration analysis according to OxiSelect 

™ Protein Carbonyl ELISA Kit (Cell BioLabs, Inc., San Diego, CA). Plates were read at 450 nm 

on a BioTech Synergy HT plate reader (BioTek Instruments, Inc., Winooski, VT). 

For MDA analysis, mucosa samples were utilized at their original concentrations using 

an OxiSelect ™ TBARS Assay Kit (MDA Quantitation; Cell BioLabs, Inc., San Diego, CA) and 
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plates were read at 540 nm on a BioTech Synergy HT plate reader. For the final MDA 

concentration, values were divided by the protein concentration values, which were measured 

using a Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL) and read on a BioTech 

Synergy HT plate reader at 562 nm (BioTek Instruments, Inc., Winooski, VT). 

Bone Characteristics 

The third metacarpal bone from right front feet of the pigs was separated and removed of 

all adhering soft tissue and cartilaginous end caps to measure bone weight, breaking strength, 

and ash weights as described by Crenshaw (1986). The bones were kept frozen in plastic bags to 

prevent moisture loss except when measurements were being performed. Frozen metacarpal 

bones were thawed by leaving in sealed plastic bags at room temperature prior to measuring 

bone weight and breaking strength. Breaking strength of the fresh bones was determined using 

an Instron universal testing machine (model 5565, Instron Corp., Norwood, MA) similar to the 

procedure described by Crenshaw (1986). The full-scale load on the load cell was 5,000 newtons 

(N). The instrument measures newton (N) of force required to break metacarpals placed on 2 

supports spaced 3.0 cm apart when force was applied to the center of the bone by an instrument 

moving at 5 mm/sec. The breaking strength was measured by a pressure sensitive cell and 

recorded on a graph recorder. After the determination of breaking strength, the bones were boiled 

in deionized water for 5 min, dried at 105°C for 24 h, wrapped with cheesecloth, and then 

extracted with ethyl ether to remove fat for 48 h. Ash weight was calculated after the fat-free 

bones were dried at 105°C for 24 h and ashed in a muffle furnace at 250°C, 375°C, and 550°C 

for 2, 2 and 24 h, respectively. The ashed bone samples were microwave digested similar to the 

method described by shaw et al. (2002). Approximately 0.5 g of ashed bone samples were 

measured into 50 mL polypropylene tubes with one hole drilled into the lid, and then 10 mL of 
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70% nitric acid (15.8 M; 70% trace-metal grade; Fisher Scientific, Pittsburgh, PA) was added to 

each sample. Samples were lightly covered with paper towel and allowed to digest at room 

temperature for 24 h. Samples were then placed into the microwave digestor (MARS-5; CEM 

Corp., Matthews, NC) and run at 600 W, 50% power, and 110°C with a ramp time of 10 mins 

and a hold time of 15 mins. Samples were allowed to cool in the digestor for 10 min before 

handling. Digested samples were transferred to 25 mL volumetric flasks, brought to volume with 

deionized water to achieve a final acid concentration of ~40% (v/v), and stored at room 

temperature. All glassware used in the mineral analyses was washed in a citric acid detergent, 

soaked in a 5% nitric acid (v/v) bath for at least 4 h for trace mineral removal, and then rinsed 

with deionized water. Bone ash P concentrations were measured colorimetrically by reaction 

with ammonium molybdate using a commercial kit (procedure no. 670; Sigma Diagnostics, St. 

Louis, MO) after a 1:550 dilution with 5% nitric acid (v/v) as described by Armstrong et al. 

(2002). The 1: 550 diluted samples were further diluted with 5% nitric acid containing 0.1% 

lanthanum chloride and 0.2% potassium chloride and used for Ca measurement by flame atomic 

absorption spectrophotometry (AA-7000, Shimadzu, Kyoto, Japan) as described by Armstrong et 

al. (2002).  

Statistical Analysis 

The experiment was based on a randomized complete block design using initial BW and 

sex as blocks. Data were analyzed using orthogonal polynomials in the Mixed procedure of SAS 

(SAS Inst. Inc., Cary, NC) to determine linear and quadratic effects of experimental diets. To 

generate coefficients for unequally spaced treatments for orthogonal polynomials, Proc IML of 

SAS was used. The pen was the experimental unit. Treatment and sex were considered fixed 

effects, and initial body weight was considered random effect. Statistical differences with 
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probabilities (P) less than 0.05 were considered significant. Probabilities less than 0.10 and equal 

or greater than 0.05 were considered a tendency. 
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Results 

Growth Performance 

Initial BW of pigs did not differ among treatments (Table 2). Increasing supplementation 

of CEP from 0 to 3,000 FTU/kg diet adequate in Ca and P did not affect ADG during phase 1. 

Increasing supplementation of CEP from 0 to 3,000 FTU/kg feed linearly increased ADG (P < 

0.05; 0.32 to 0.49 kg/d) of the pigs from d 10 to 20 during phase 2. Increasing supplementation 

of CEP from 0 to 3,000 FTU/kg diet tended to linearly increase overall ADG (P = 0.052; 0.33 to 

0.41 kg/d) of the pigs. Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet did not 

affect ADFI during phase 1 and 2. Increasing supplementation of CEP from 0 to 3,000 FTU/kg 

feed did not affect G:F during phase 1 and 2.  

Fecal Scores 

 Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet did not affect 

fecal scores on d 3, 6, 9, 15, and 20 (Table 3). Identical means for fecal scores on d 25 were 

considered fecal scores not different among treatments (data not shown).  

Viscosity 

Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet tended to quadratically 

change viscosity (P = 0.078; 2.55 to 2.15 cP at 1,500 FTU/kg CEP) of jejunal digesta of the pigs 

(Table 4).  

Apparent Ileal Digestibility 

Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet did not affect AID of P, 

Ca, DM, and GE (Table 4). Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet 

linearly increased AID of CP (P < 0.05; 69.08 to 77.41%) of the pigs. Increasing 
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supplementation of CEP from 0 to 3,000 FTU/kg diet tended to linearly increase AID of EE (P = 

0.088; 54.91 to 65.66%) of the pigs.  

Intestinal Morphology 

Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet linearly increased villus 

height (P < 0.05; 420 to 559 μm), villus width (P < 0.05; 138 to 180 μm), and villus height to 

crypt depth ratio (P < 0.05; 1.47 to 2.08) of the duodenum of the pigs (table 5). However, 

Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet did not affect crypt depth of the 

duodenum of the pigs.  

Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet linearly increased villus 

height (P < 0.05; 425.6 to 490.9 μm) of the jejunum of the pigs. Increasing supplementation of 

CEP from 0 to 3,000 FTU/kg diet did not affect villus width, crypt depth, and villus height to 

crypt depth ratio of the jejunum of the pigs. Increasing supplementation of CEP from 0 to 3,000 

FTU/kg diet did not affect the number of Ki-67 positive cells in the crypt of the jejunum of the 

pigs. 

Cytokine 

Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet did not affect the 

concentration of TNF-α in the duodenum and the jejunum of the pigs (Table 6). 

Protein Carbonyl and Malondialdehyde (MDA)  

Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet did not affect protein 

carbonyl concentration in the duodenum and the jejunum of the pigs (Table 7). 

Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet did not affect MDA 

concentration in the duodenum of the pigs (Table 7). However, increasing supplementation of 



 

95 

CEP from 0 to 3,000 FTU/kg diet tended to linearly reduce MDA concentration (P = 0.080; 0.50 

to 0.34 μmol/g) in the jejunum of the pigs. 

Bone Characteristics 

Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet quadratically changed 

breaking strength (P = 0.058; 323 to 401 N at 1,500 FTU/kg) of the metacarpal bones (Table 8). 

Increasing supplementation of CEP from 0 to 3,000 FTU/kg diet did not affect the fresh weight 

of the metacarpal bones. However, increasing supplementation of CEP from 0 to 3,000 FTU/kg 

diet linearly increased fat-free dry weight (P < 0.05; 2.02 to 2.72 g), ash (P < 0.05; 0.98 to 1.44 

g), P (P < 0.05; 0.17 to 0.25 g), and Ca (P < 0.05; 0.36 to 0.52 g) of metacarpal bones. Increasing 

supplementation of CEP from 0 to 3,000 FTU/kg diet linearly increased ash in fresh bone (P < 

0.05; 15.06 to 18.31%) and fat-free dry bone (P < 0.05; 48.75 to 52.77%). Increasing 

supplementation of CEP from 0 to 3,000 FTU/kg diet linearly increased P content in fresh bone 

(P < 0.05; 2.67 to 3.21%) and fat-free dry bone (P < 0.05; 8.66 to 9.33%). Increasing 

supplementation of CEP from 0 to 3,000 FTU/kg diet linearly increased Ca content in fresh bone 

(P < 0.05; 5.62 to 6.61%) and fat-free dry bone (P < 0.05; 18.21 to 19.06%). 
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Discussion  

Many studies reported that phytase may provide the capacity to enhance growth 

performance of pigs fed P deficient diets (Sands et al., 2001; Veum et al., 2006; Nyannor et al., 

2007). However, effects of phytase on growth performance of pigs fed P adequate diets remain 

controversial. The current study showed that super-dosing CEP to P and Ca adequate diets 

tended to increase ADG of nursery pigs. Similar results on growth performance were reported in 

previous studies (Beers and Jongbloed, 1992; Cabahug et al., 1999; Watson et al., 2006). Beers 

and Jongbloed (1992) reported that weaner pigs fed P adequate diets containing 2.9g/kg non-

phytate P supplemented with 1,450 FTU/kg phytase increased growth rate by 12.8%, feed intake 

by 8.5%, and feed efficiency by 4.4%. These effects of phytase to enhance growth performance 

of pigs fed P adequate diets may not be entirely associated with increased P availability (Selle 

and Ravindran, 2008). There is the possibility that phytase enhanced availabilities of macro- and 

trace mineral and the utilization of protein/amino acids and even energy by eliminating anti-

nutritional effects of phytate (Selle and Ravindran, 2008). These extra-phosphoric effects also 

correspond with AID P, Ca, and CP results from the current study. 

Pigs at the weaning could easily experience diarrhea because they are susceptible to 

enteropathogens such as E.coli and rotaviruses (Nabuurs, 1998). The post-weaning diarrhea is in 

relation to morphology and net absorption in the small intestine (Nabuurs, 1998). The current 

study showed that super-dosing CEP to P and Ca adequate diets showed the reduced fecal scores 

towards the end of the trial. This result may explain that the extra-phosphoric effects of CEP 

mitigate post-weaning diarrhea and improve the nutrient absorption and morphology during the 

early nursery period.  
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Digesta viscosity is affected by feedstuffs that contain high levels of non-starch 

polysaccharides (NSP; Woyengo and Nyachoti, 2013). Increased gut viscosity may be associated 

with reduced substrate access and absorption of nutrients (Selle and Ravindran, 2007). Viscous 

cereal grains such as barley, wheat, and rye have been reported to increase digesta viscosity 

which could slow the rate of passage of digesta and delay the nutrient absorption (Kiarie et al., 

2013). The result from the current study showed a tendency for a quadratic change (minimum 

effect at 1,500 FTU/kg CEP) in viscosity. The positive effects of viscosity may be associated 

with the rate of passage of digesta. However, since the result showed a quadratic change, further 

research may be needed to clearly explain. 

In the current study, super-dosing CEP linearly increased AID of CP and tended to 

linearly increase AID of EE. Similar results were reported in previous studies (Selle and 

Ravindran, 2007; Chung et al., 2013; Adedokun et al., 2015). It has been reported that the extra-

phosphoric effects from super-dosing of phytase extend to mineral, amino acid, vitamin, and 

energy metabolism resulting in an enhance animal viability, health, and efficiency (Cowieson et 

al., 2011). The nutrients that may be most influenced by the extra-phosphoric effects from super-

dosing of phytase are the amino acids such as glycine, serine, threonine and proline and the 

minerals such as calcium, zinc, iron, sodium and magnesium (Cowieson et al., 2011). The super-

dosing phytase may also be associated with energetic effects, both directly and indirectly. The 

direct effects are to improve solubility and digestibility of nutrients, and indirect effect are to 

reduce endogenous loss, or net effects are to reduce the synthesis of endogenous protein 

(Cowieson et al., 2011). This corresponds with the results from the current study. Apparent ileal 

digestibility of P, Ca, DM, and GE was not affected in the current study, and these results may 
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suggest super-dosing CEP did not provide more capacity to enhance AID of P, Ca, DM, and GE 

as pigs were fed diets that were adequate in all nutrients.  

In the current study, the length of villus height, width, and crypt depth and villus height 

to crypt depth ratio were used as morphology parameters to evaluate gut health status (Hu et al., 

2016). The intestinal epithelium plays an important role in inhibiting pathogenic bacteria and 

toxic substances in the intestinal lumen (Paul et al., 2007). Shorter villi and deeper crypts have 

been associated with the reduced permeability of the natural barrier and nutrient absorption in the 

intestinal epithelium, which could cause inflammatory processes at the intestinal mucosa (Paul et 

al., 2007). In the current study, super-dosing CEP to P and Ca adequate diets increased villus 

height, width, and villus height to crypt depth ratio in the duodenum. Super-dosing CEP to P and 

Ca adequate diets also increased villus height in the jejunum. Similar results were reported in a 

previous study done by Wu et al. (2004). In the current study, the extra-phosphoric effects seem 

to continue improving intestinal epithelium. The jejunum showed less effect from super-dosing 

CEP, and this may be explained that more nutrient absorption did not occur as the diet was 

already nutritionally adequate. The length of crypt depth in the jejunum was not affected by 

super-dosing CEP. This corresponds with the results of Ki-67 as enterocyte proliferation did not 

differ among treatments. The effect of super-dosing CEP in nutritionally adequate diets has not 

been studied to a much extent and showed varied results, therefore further research is needed. 

Cytokines play an important role in regulating the immune and inflammatory responses 

as pro-inflammatory mediators (Pié et al., 2004). The intestinal epithelial cells form a barrier to 

inhibit toxic compounds from entering the intestinal mucosa and systemic circulation (Pié et al., 

2004). As one of the cytokines, TNF-α is released to regulate the inflammatory response when 

affected by a bacterial pathogen (Jung et al., 1995). It was reported that phytates may negatively 
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affect the intestinal epithelial cells directly or by increasing the growth of intestinal microflora 

which results in inflammation and release of cytokines (Pirgozliev et al., 2007). The current 

study showed that the extra-phosphoric effects from super-dosing CEP to nutritionally adequate 

diets were not associated with TNF-α concentration, corresponding with results on growth 

performance and morphology.  

Protein carbonyl and malondialdehyde (MDA) are indicators of oxidative stress. Protein 

carbonyl in mucosa is an indicator of protein oxidation. Malondialdehyde indicates oxidative 

stress in the form of lipid peroxidation. Levels of MDA indicate increase when various diseases 

or stressors generate an excess of oxygen free radicals (Wu et al., 2015). The current study 

showed the effects of super-dosing CEP to P and Ca adequate diets did not affect the 

concentrations of protein carbonyl and MDA among treatments except for the tendency of 

reduced MDA concentrations in the jejunum. The beneficial effects from super-dosing phytase 

may generate myo-inositol with vitamin-like or lipotropic effects which are associated with 

antioxidant effects (Cowieson et al., 2011). Synthesis of inositol in the liver or elsewhere in the 

body may also be associated with fats and fat-soluble nutrients which may promote growth 

(Cowieson et al., 2011). The lipotropic effect of inositol may be associated with an indirect 

protective effect against fatty liver syndrome (Cowieson et al., 2011). This result corresponds 

with AID of EE which also had a tendency to increase.  

In the current study, pigs fed increasing supplementation of super-dosing CEP in P and 

Ca adequate diets had a tendency to quadratically change (maximum effects at 1,500 FTU/kg 

CEP) breaking strength. Fat-free dry weight, ash, P, and Ca were all linearly increased. Similar 

results have been shown in several studies (Watson et al., 2006; Cowieson et al., 2011; Walk et 

al., 2013). The current study was conducted with P and Ca adequate diets, and P and Ca 
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digestibility were not further enhanced. Therefore, these improvements in fat-free dry weight, 

ash, P, and Ca may have been associated with extra-phosphoric effects from phytate hydrolysis 

rather than effects from P utilization. 

 

  



 

101 

Conclusion 

 Collectively, super-dosing CEP up to 3,000 FTU/kg to P and Ca adequate diets enhanced 

growth performance, fecal score, AID of CP and EE, and morphology in the duodenum and the 

jejunum of the nursery pigs. The concentration of MDA had a tendency to be reduced in the 

jejunum of the nursery pigs. Metacarpal bone characteristics such as bone strength and weight of 

fat-free dry bone, ash, P, and Ca were all enhanced by super-dosing CEP. According to the 

outcome of this study, super-dosing CEP to P and Ca adequate diets further enhanced growth and 

health of nursery pigs, and the beneficial extra-phosphoric effects were confirmed. 
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Table 1. Composition of basal diets (P1 Early-wean: first 10 d post-weaning; P2 Pre-starter: 20 d 

after P1) 

  Phase 1 Phase 2 

Ingredient, % 
  

Yellow corn 34.07 52.89 

Soybean meal 27.00 30.00 

Whey permeate 25.00 8.00 

Blood plasma 5.00 3.00 

Fish meal, menhaden 2.00 0.00 

L-Lys HCl 0.29 0.25 

DL-Met 0.17 0.12 

L-Thr 0.10 0.07 

Poultry fat 3.40 2.50 

Salt 0.22 0.22 

Vitamin premix 0.03 0.03 

Mineral premix 0.15 0.15 

Dicalcium phosphate 0.00 0.70 

Limestone 1.45 1.20 

Antibiotics 0.38 0.13 

ZnO 0.25 0.25 

Additive (corn or corn-

expressed phytase) 
0.50 0.50 

Total 100 100 

Calculated composition 

  DM, % 90.90 89.60 

ME, kcal/kg 3,410 3,382 

CP, % 22.20 21.70 

SID Lys, % 1.40 1.27 

SID Met + Cys, % 0.78 0.72 

SID Trp, % 0.26 0.25 

SID Thr, % 0.83 0.77 

Ca, % 0.83 0.74 

P, STTD, % 0.44 0.36 

P, total, % 0.63 0.60 
1The vitamin premix provided the following per kilogram diet: 13,227,513 IU of vitamin A; 

3,968,254 IU of vitamin D3; 66,138 IU of vitamin E; 40 mg of vitamin B12; 13,228 mg of 

riboflavin; 110,229 mg of niacin; 22,046 mg of d-pantothenic acid; 3,968 mg of menadione; 40 

IU of biotin.  
2The mineral premix provided the following composition: Mineral premix provided the 

following composition: 1.1 % of Cu; 198.0 mg/kg of I; 7.3 % of Fe; 2.2 % of Mn; 198.0 mg/kg 

of Se; 7.3 % of Zn. 
3Antibiotics: 0.2% of pennchlor 100g and 0.17% of denagard 10 were added in phase 1; 0.12%  

of mecadox 10 was added in phase 2, respectively.  
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Table 1. Continued 
4SID = standardized ileal digestible.   
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Table 2. Growth performance of nursery pigs fed diets supplemented with increasing levels of 

corn-expressed phytase (0 up to 3,000 FTU/kg diets) 

  Treatment1 
SEM 

P-value 

  0 500 1,500 3,000 Linear Quadratic 

BW, kg 
       

D 0 6.20 6.20 6.20 6.20 0.34 0.965 0.982 

D 10 6.90 6.80 6.80 7.20 0.39 0.289 0.250 

D 20 10.20 11.30 10.20 12.10 0.71 0.039 0.315 

D 30  16.10 17.40 16.40 18.60 1.03 0.049 0.510 

ADG, kg/d 
       

D 0 to 10 0.07 0.07 0.06 0.10 0.02 0.286 0.229 

D 10 to 20 0.32 0.44 0.34 0.49 0.04 0.014 0.401 

D 20 to 30 0.59 0.61 0.62 0.65 0.04 0.170 0.970 

Overall 0.33 0.37 0.34 0.41 0.03 0.052 0.492 

ADFI, kg/d 
       

D 0 to 10 0.15 0.13 0.12 0.17 0.03 0.449 0.171 

D 10 to 20 0.48 0.58 0.49 0.63 0.07 0.126 0.526 

D 20 to 30 0.89 0.95 0.95 0.98 0.06 0.236 0.732 

Overall 0.51 0.55 0.52 0.59 0.05 0.167 0.668 

G:F 
       

D 0 to 10 0.509 0.523 0.502 0.575 0.08 0.527 0.703 

D 10 to 20 0.684 0.779 0.701 0.790 0.04 0.108 0.682 

D 20 to 30 0.666 0.645 0.657 0.672 0.02 0.650 0.578 

Overall 0.652 0.678 0.660 0.704 0.03 0.177 0.674 
1The basal diet formulated to meet or exceed the nutrient recommendation (NRC, 2012) and 

supplemented with ground CEP to provide phytase activity at 0, 500, 1,500, or 3,000 FTU/kg. 
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Table 3. Fecal scores of nursery pigs fed diets supplemented with increasing levels of corn-

expressed phytase (0 up to 3,000 FTU/kg diets) 

  Treatment1 
SEM 

P-value 

  0 500 1,500 3,000 Linear Quadratic 

Fecal score2 
       

D 3 3.32 2.69 3.46 3.55 0.55 0.320 0.851 

D 6 2.19 2.06 2.25 2.44 0.17 0.178 0.668 

D 9 2.06 2.38 2.13 2.19 0.14 1.000 0.699 

D 15 2.13 2.00 2.01 1.88 0.21 0.405 0.971 

D 20 2.06 2.00 2.06 2.00 0.05 0.525 0.739 
1The basal diet formulated to meet or exceed the nutrient recommendation (NRC, 2012) and 

supplemented with ground CEP to provide phytase activity at 0, 500, 1,500, or 3,000 FTU/kg. 
2Fecal score was measured on d 3, 6, 9, 15, 20, and 25 based on 1 to 5 scale: 1 = dry feces, 2 = 

normal, firm feces, 3 = looser feces leading to possible slight diarrhea, 4 = definite diarrhea with 

unformed, fluid feces, or 5 = severe diarrhea with very watery and frothy feces. 
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Table 4. Viscosity (cP) of jejunal digesta and apparent ileal digestibility (AID, %) of P, Ca, DM, 

GE, CP, and EE in nursery pigs fed diets supplemented with increasing levels of corn-expressed 

phytase of corn-expressed phytase (0 up to 3,000 FTU/kg diets) 

  Treatment1 
SEM 

P-value 

  0 500 1,500 3,000 Linear Quadratic 

Jejunum  
       

Viscosity, cP2 2.55 2.19 2.15 2.26 0.18 0.253 0.078 

Digestibility, % 
       

AID P 82.8 84.2 81.6 81.8 1.3 0.259 0.815 

AID Ca 66.6 70.9 72.9 72.4 2.6 0.170 0.227 

AID DM 58.8 60.1 60.6 58.7 3.0 0.900 0.541 

AID GE 58.6 59.5 60.4 58.2 3.0 0.869 0.533 

AID CP 69.1 72.9 77.8 77.4 3.0 0.024 0.138 

AID EE 54.9 63.0 66.1 65.7 4.3 0.088 0.163 
1The basal diet formulated to meet or exceed the nutrient recommendation (NRC, 2012) and 

supplemented with ground CEP to provide phytase activity at 0, 500, 1,500, or 3,000 FTU/kg. 
2cP = centipoise (1 cP = 1/100 dyne s/cm2). 
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Table 5. Morphology of duodenum and jejunum and proliferation of enterocytes of jejunum in 

nursery pigs fed diets supplemented with increasing levels of corn-expressed phytase (0 up to 

3,000 FTU/kg diets) 

  Treatment1 
SEM 

P-value 

  0 500 1,500 3,000 Linear Quadratic 

Duodenum, μm 
       

Villus height 420 432 481 559 38 0.004 0.818 

Villus width 138 156 158 181 7 0.001 0.900 

Crypt depth 284 263 260 283 22 0.876 0.360 

VCR2 1.47 1.74 1.85 2.08 0.19 0.016 0.579 

Jejunum, μm 
       

Villus height 426 435 500 491 26 0.046 0.247 

Villus width 132 138 127 139 5 0.587 0.271 

Crypt depth 246 259 244 260 12 0.611 0.686 

VCR 1.75 1.71 2.05 1.92 0.12 0.183 0.304 

Ki-67, % 
       

Jejunum 37.06 37.56 37.20 33.38 2.24 0.150 0.432 
1The basal diet formulated to meet or exceed the nutrient recommendation (NRC, 2012) and 

supplemented with ground CEP to provide phytase activity at 0, 500, 1,500, or 3,000 FTU/kg. 
2Villus height to crypt depth ratio. 
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Table 6. Immunological parameters of nursery pigs fed diets supplemented with increasing levels 

of corn-expressed phytase (0 up to 3,000 FTU/kg diets) 

  Treatment1 
SEM 

P-value 

  0 500 1,500 3,000 Linear Quadratic 

TNF-α2, pg/mg 
       

Duodenum 6.53 5.36 6.22 5.55 0.40 0.330 0.928 

Jejunum 4.49 4.06 3.89 4.22 0.45 0.771 0.371 
1The basal diet formulated to meet or exceed the nutrient recommendation (NRC, 2012) and 

supplemented with ground CEP to provide phytase activity at 0, 500, 1,500, or 3,000 FTU/kg. 
2TNF-α: tumor necrosis factor α. 
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Table 7. Protein carbonyl and malondialdehyde (MDA) concentrations in duodenum and 

jejunum of nursery pigs fed diets supplemented with increasing levels of corn-expressed phytase 

of corn-expressed phytase (0 up to 3,000 FTU/kg diets) 

  Treatment1 
SEM 

P-value 

  0 500 1,500 3,000 Linear Quadratic 

Protein carbonyl, nmol/mg 
       

Duodenum 7.46 7.17 8.18 8.36 0.86 0.331 0.886 

Jejunum 4.72 4.80 5.22 4.82 0.64 0.838 0.506 

MDA, μmol/g  
       

Duodenum 0.83 0.73 0.82 0.68 0.08 0.248 0.685 

Jejunum 0.50 0.40 0.39 0.34 0.06 0.080 0.468 
1The basal diet formulated to meet or exceed the nutrient recommendation (NRC, 2012) and 

supplemented with ground CEP to provide phytase activity at 0, 500, 1,500, or 3,000 FTU/kg. 
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Table 8. Metacarpal bone characteristics of nursery pigs fed diets supplemented with increasing 

levels of corn-expressed phytase (0 up to 3,000 FTU/kg diets) 

  Treatment1 
SEM 

P-value 

  0 500 1,500 3,000 Linear Quadratic 

Metacarpal bone 
       

Breaking strength, N 323.02 346.93 401.07 340.13 29.08 0.634 0.058 

Fresh bone weight, g 6.61 7.64 7.38 7.81 0.48 0.114 0.516 

Fat-free dry weight, g 2.02 2.29 2.33 2.72 0.15 0.002 0.990 

Ash, g 0.98 1.16 1.21 1.44 0.08 <0.001 0.817 

P, g 0.17 0.21 0.21 0.25 0.01 <0.001 0.906 

Ca, g 0.36 0.42 0.44 0.52 0.03 <0.001 0.950 

Ash, % 
       

In fresh bone 15.06 15.34 16.40 18.31 0.56 <0.001 0.656 

In fat-free dry bone 48.75 50.66 51.92 52.77 0.46 <0.001 0.018 

Ca, % 
       

In fresh bone 5.62 5.57 5.92 6.61 0.22 0.001 0.420 

In fat-free dry bone 18.21 18.37 18.74 19.06 0.30 0.024 0.757 

P, % 
       

In fresh bone 2.67 2.72 2.88 3.24 0.10 <0.001 0.532 

In fat-free dry bone 8.66 8.98 9.11 9.33 0.11 <0.001 0.235 
1The basal diet formulated to meet or exceed the nutrient recommendation (NRC, 2012) and 

supplemented with ground CEP to provide phytase activity at 0, 500, 1,500, or 3,000 FTU/kg. 
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CHAPTER 4 

GENERAL CONCLUSION 
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 Anti-nutritional effects of phytate in major feedstuffs are directly associated with growth 

and health of nursery pigs and further affects the environment. In order to solve these problems, 

sufficient amounts of phytase should be included in the diet of nonruminant animals such as 

swine and poultry. In this study, it was hypothesized that corn-expressed phytase (CEP) will 

perform as efficient as microbial phytase and reduce the anti-nutritional effects of phytate-bound 

nutrients to enhance growth performance, bone characteristics, apparent ileal digestibility, and 

gut health of nursery pigs. To test the hypothesis, this thesis was conducted to investigate effects 

of super-dosing corn-expressed phytase on growth and health of nursery pigs based on 2 

different studies. 

 The first study showed that super-dosing CEP up to 6,000 FTU/kg to P and Ca deficient 

diets enhanced growth performance, bone characteristics, apparent ileal digestibility, and gut 

health of nursery pigs. The outcome of this study showed the use of CEP was as effective as 

microbial phytase, and super-dosing effects from CEP to P and Ca deficient diet was associated 

with continued growth and improved health. Pigs fed P and Ca deficient diets supplemented with 

CEP above 4,000 FTU/kg performed similar to pigs fed a diet adequate in P and Ca. Therefore, it 

seems that the optimum dose level of CEP may be approximately 4,000 FTU/kg diets. However, 

further research would be needed to confirm this new hypothesis. 

 The second study showed that super-dosing CEP up to 3,000 FTU/kg to P and Ca 

adequate diets may be associated with having the extra-phosphoric effects as continued growth 

and improvements in health were observed. The further improvements in growth performance, 

bone characteristics, apparent ileal digestibility, and gut health were observed. However, not 

many studies have been conducted with P and Ca adequate diets to see the extra-phosphoric 

effects. Thus, further research would be needed to explain in details. 


