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Abstract

To determine the effects of super-dosing on pigs fed phosphorous and calcium adequate
or deficient diets (Experiment 1); the optimum level of Corn express phytase (CEP, Experiment
2); and the effects of xylanase/phytase on growth performance (Experiment 3) in pigs fed reduce
nutrient diets, weaned pigs were blocked with initial body weight (BW) and allotted to dietary
treatments. Treatments were: Positive control (PC), P/Ca adequate diets (NRC 2012); Negative
Control (NC), low P (-0.15%) and Ca (-0.12%), +0, 1000, and 4000 FTU/kg of CEP in both PC
and NC (Experiment 1); PC, P/Ca adequate diets; NC, decreased P (0.15%) and Ca (0.1%),+
500, 1000, and 1500 FTU/kg CEP or NC+500 FTU/kg of Hiphos GT (Experiment 2); PC, P/Ca
adequate diet (+500 FTU/kg of phytase); NC, reduced ME and AA of feed; NC+15,000 FTU/kg
of phytase, +0, 12,000 or 16,000 DXU/kg of xylanase (Experiment 3). Data were analyzed by
MIXED procedures of SAS (SAS inst., Cary, NC) with treatments as fixed effect and initial BW
as random effect. In Exp. 1, ADG (P < 0.05) and BW (P < 0.05) were linearly increased with
increasing level of CEP in pigs fed NC diets, but not in those fed PC diets (CEP x P/Ca-level
interaction). CEP supplementation improved percentage bone ash (P < 0.05) quadratically,
independent of P/Ca levels. For Exp. 2, increasing CEP increased ADG (P<0.01), G:F (P <
0.05), and BW (P < 0.05) linearly, and added both phytase at 500 FTU/kg (CEP and HiPhos)
restored growth performance phenotypes to PC diets. In Exp. 3, adding the combination of
16,000 DXU/kg xylanase and super-dosing phytase restored BW (P > 0.10) similar to the PC
when pigs fed reduced ME and AA diets. Pigs fed diets supplement with 16,000 DXU/kg
xylanase or super-dosing phytase alone had similar G:F to the PC fed pigs. In addition, pigs fed
16,000 DXU/kg of xylanase diet had similar carcass composition compared to the NC (P > 0.10).

These experiments suggest phytase in nutrient deficient diets restores growth performance



similar to pigs fed an adequate diet, and corn expressed phytase is as effective as microbial

phytase in pigs.
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Introduction

High concentrations of phytate are found in plant seeds such as corn, canola, and soybean
meals, which preserve phosphorus (P) for these seeds. However, phytate bound P is largely
indigestible to monogastric animals. Thus, phytate is considered an antinutritional factor in
nonruminant livestock production. It is well recognized that dietary supplementation of
exogenous microbial phytases in nonruminant diets effectively improves phytate bound
phosphorus utilization (Jongbloed et al., 1992, Cromwell et al., 1995, Adeola and Cowieson,
2011). In fact, phytase is the most commonly used enzyme feed additive in monogastric diets;
and is used to reduce the antinutritional effect of phytate through improved nutrient digestibility
{including phosphorus, calcium (Ca), and potentially amino acids (AA)} while also mitigating
the environmental impact from excess nutrient excretion in nonruminant meat production
animals (Adeola and Cowieson, 2011). Phytase aids in phytate degradation by liberating
phosphate from myo-inositol hexaphosphate through the stepwise removal of phosphorus (Selle
et al., 2009). The benefits of feeding phytase can be further seen through the recent estimate that
feed enzymes save the global feed market $3 to 5 billion (USD) per year. This large market is
currently dominated by phytases, representing a total of 60% of this market (Adeola and

Cowieson, 2011).

There are many commercially available phytases that vary in efficacy of phytate
dephosphorylation. The activity of phytase is expressed as phytase units or FTU, one FTU is
defined as the quantity of enzyme required to hydrolyze 1 mmol of inorganic phosphorus/min, at
pH 5.5, from an excess of 1.5 mM sodium phytate at 37°C (International Union of Biochemistry,

1979). To further complicate the efficacy of phytase, Adeola and Cowieson (2011) noted that the



impact of microbial phytase on P release depends on dietary phytate concentration, dietary

mineral concentrations, the phytate source, and dosage.

Recently, plants expressing high levels of phytase have been produced through plasmid
transformation by Agrobacterium-mediated transformation into immature maize embryo as
described by Negrotto et al. (2000). These sources seek to serve as a more cost effective means
to include phytase in nonruminant diets since feed is 60 to 70% of the production cost for
farmers. Several different plants have been created expressing these high levels of phytase, these
include tobacco, canola, soybeans, and corn (Bilyeu et al., 2007; Ponstein et al., 2002; Ullah et
al., 1999). Since corn is the major ingredient in nonruminant diets and undergoes little post-
harvest processing, it is an attractive plant to express transgenic microbial-derived phytase
(Nyannor and Adeola, 2008). This suggests that transgenic corn phytase could be a cost effective
alternative to microbial phytase, in helping pigs free more inositol P than standard corn

supplemented with microbial phytase (Li et al., 2013).

These chapters aim to review the function and absorption of P, phytate’s antinutritional
factors, the use of phytase and super-dosing effects of phytase, and corn expressed phytase use as
an alternative to microbial phytases and its effects on growth performance, bone characteristics,

and nutrient digestibility in nursery pigs.
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Chapter 1: Literature Review



Literature Review
Phosphorus

Purpose within plants

Similar to animals, plants need P for normal growth and maturation. Phosphorus plays a
role in photosynthesis, respiration, energy storage and transfer, cell division, cell enlargement,
and several other processes in plants (Fageria et al., 2017). Additionally, P is needed for the
synthesis of nucleic acids and for adenosine triphosphate (ATP). Plants store P in their seeds to
serve as the mineral supply during germination. During seed germination the phytate P is
liberated by endogenous phytases releasing the P to satisfy the needs of the plant embryo.

Therefore, plants need P to complete the normal production cycle.

Purpose within animals

Phosphorus is important in skeletal structure development, but it is also important in soft
tissues. Phosphorus plays a key role in acid-base buffering, osmotic balance, metabolic functions
such as energy utilization and transport, in diester phosphate bonds such as ATP, phospholipids,
fatty acid transport, and amino acid and protein formation (Jongbloed, 1987). Phosphorus is an
essential component in energy utilization systems, cell membranes, bone formation, and nucleic
acid synthesis. Furthermore, Ca and P are the 2 most abundant minerals in bones, comprising 60
to 80% of the bone at a ratio of 1.75 Ca to P (Eeckhout et al., 1995). Phosphorus plays a key role
in skeletal maintenance and development, and enzyme regulation in metabolism and
physiological processes (Humer et al., 2015). Additionally, P is a major energy transporter in
living organisms, the “energy currency” of the body, ATP, requires 3 P atoms per molecule.

Phosphorus also can be found as a component of nucleic acids linking the sugar groups found in



DNA and RNA, and as an activator for many enzymes (Jongbloed, 1987). Overall, P serves a

large role in both plants and animals.

Mechanisms of absorption and regulation

The small intestine is the major site for inorganic P absorption in monogastric animals,
with absorption being greater in the jejunum compared to the ileum and duodenum, with very
little to no absorption in the large intestine (Jongbloed, 1987). Phosphorus is transported across
the intestinal wall starting with mucosal uptake and transported to the serosa, then to body fluid;
this active transport is stimulated by vitamin D (Kowarski and Schachter, 1969). Phosphorus
uptake is regulated by several major compounds, such as parathyroid hormone (PTH), calcitonin,
vitamin D, and fibroblast growth factor (FGF)-23 (Bergwitz and Juppner, 2010; Blaine et al.,
2014; Breves & Schroder, 1991; Shaker and Deftos, 2014; Graf, 1986; and Quarles, 2012). The
hormone, FGF-23 works by inhibiting renal reabsorption of phosphate and subsequently
reducing serum P concentrations and vitamin D in plasma (Bergwitz and Jippner, 2010). While,
PTH activates osteoclast and osteoblast activity regulating bone formation and resorption
depending on circulating PTH concentrations, which directly impact P absorption and release.
This then causes PTH regulation to result in a net increase of serum Ca and a decrease in serum
phosphate concentrations, while Vitamin D is related to increased serum Ca and P
concentrations. Vitamin D stimulates increased intestinal P uptake (Bergwitz and Juppner, 2010).
Other research has shown that increasing the Ca:P ratio has a negative impact on P absorption in

pigs, ducks, and chickens (Reinhart and Mahan, 1986; Xie et al., 2009; Delezie et al., 2015).

Phytate
Phytate is the storage form of P in plants and is found in virtually all seeds (Adeola and

Cowieson, 2011). Phytic acid is poorly soluble in the small intestine of swine and poultry and



therefore the phytate P is not digested efficiently. This is because the endogenous phytase in
monogastrics is very lowly active and incapable of hydrolyzing sufficient amounts of phytate-
bound P (Humer et al., 2015). This is an issue because a large portion of the P found in plant
seeds is bound in this indigestible P molecule, and this can impact both the pig and the
environment.
Structure, location and function

Phytic acid (myo-inositol-1,2,3,4,5,6-hexadihydrogenphosphate; IP6) is the main storage
form of P in plant seeds such as cereal grains and legume meals (Woyengo and Nyachoti, 2013).
Over 60% of the P found in corn is bound as part of phytate, making it poorly available to
nonruminant animals (Reddy et. al., 1982). Phytic acid is unstable when present in the free acid
form (Reddy et al., 1989). The phytic acid is a 6 membered carbon ring which binds 6 phosphate
molecules. The phosphate molecules carry a negative charge that allows for the formation of the
salts. This causes it to form a variety of salts with positively charged metals including Cu, Ca,
Fe, Zn, Mg, and Mn. This mixed salt of phytic acid with various cations is referred to as phytate
(Zeller et al., 2015). When these salts form, it reduces the digestibility of these bound minerals
along with the already reduced P and can precipitate the polyvalent cations (Graf, 1988).
Roughly 90% of phytate found in corn is located in the germ, however, no specific location has
been found in soybeans (O’Dell et al., 1972; Steiner et al., 2007).

Impact

Environment
It is common for diets to be supplemented with phytases to improve P utilization and
reduce negative environmental impacts (Ravindran et al., 2000; Leske and Coon, 1999; Onyango

et al., 2005; Hart et al., 2004). This supplementation works because pigs fed diets devoid of



phytase supplementation can excrete 50 to 80% of their P intake (Kornegay et al., 1997). Pigs
have limited intestinal phytase activity which limits the liberation of phytate P. Without
supplemented phytase, pigs are unable to digest the phytate which results in a larger proportion
of excreted P. Therefore, supplemental phytase can improve phytate P utilization and
subsequently decrease the amount of P excreted into the environment (Adeola, 1999; Nyannor et
al., 2007). This reduction in excreted P is environmentally important because swine excrement is
often applied to land as a fertilizer. When the excrement is applied with excessive P
concentrations over a period of time, the plants and soil cannot absorb enough of the P. With
rainfall, this excess P can drain into watersheds and cause the eutrophication of freshwater
systems (Sharpley et al., 1995; Sims et al., 1998; Correll, 1998). Eutrophication results in
frenzied and excessive growth of algae and vascular plants which leads to the depletion of
dissolved oxygen in the water system (Smith et al., 1999). Without dissolved oxygen in the
water, much of the aquatic life dies. This explosion of microorganisms and reduction in fish
populations can greatly shift species composition at various trophic levels (Correll, 1998).
Phytase has been suggested as an effective method to feed pigs with environmental nutrition in
mind by reducing the amount of excreted P (Kornegay et al., 1997; Leytem and Thacker, 2010).

Baxter et al. (2003) showed how diet composition can be used to manage P amount and
type in pig excreta, and the changes that occur to these excreta types during periods of storage.
Phytase reduces undigested and excess P excretion up to 30% in pigs (Simons et al. 1990), and
31% to 38% in poultry litters (Maguire et al. 2004). Nyannor et al. (2007) found that pigs fed a
phytase supplemented diet excreted less than half the P as pigs fed the untreated control diet.
Nasi et al. (1995) reported that phytase inclusion without P supplementation decreased the

amount of P excreted in the feces by one third when compared to no phytase addition.



These studies indicate that phytase can effectively reduce the risks associated with P
runoff from manure land application. This is achieved by reducing the total P excretion and the

water-soluble P excreted, which greatly reduced the risk of over application of P.

Antinutritional effects of phytate

Phytic acid is a storage form of phosphorus found in plant feedstuffs containing up to
80% of the total P (Kumar et al., 2011). Phytic acid is poorly hydrolyzed by pigs and reduces
nutrient digestibility, thus diminishing nutrient utilization and increasing P excretion (Woyengo
and Nyachoti, 2013). One way in which phytic acid is capable of reducing nutrient availability is
through binding of mineral cations which decreases the available minerals and P in feedstuffs
(Angel et al., 2002). The P from phytic acid remains negatively charged in a range of pH
conditions, therefore, it can bind the positively charged molecules in the diet and potentially bind
endogenous gastrointestinal secretions, thus reducing nutrient digestibility and increasing
endogenous secretions (Woyengo and Nyachoti, 2013). However, phytate does not appear to
impact the digestibility of monovalent cations such as sodium (Na) and potassium (K). There is a
small improvement seen in the Na and K digestibility when phytase is fed at extremely high
(15,000 FTU/kg) concentrations (Keis et al., 2006). Furthermore, when phytate binds Ca these
complexes potentially form metallic soaps with nonesterified fatty acids in the gut which can
inhibit energy being derived from saturated fats (Ravindran et al., 2000).

Woyengo and Nyachoti (2013) listed 4 mechanisms by which phytic acid could increase
the endogenous secretion of minerals. To start, phytic acid may interact with dietary and
endogenous proteins in the stomach, reducing pepsin’s activity. This would prevent the
breakdown of protein in the stomach. Second, the digestive metalloenzymes could bind to phytic

acid through multivalent cations forming insoluble complexes in the small intestine. Thirdly,



phytic acid could bind to endogenously secreted minerals, preventing their reabsorption and
reducing their digestibility; and the final proposed means is that phytic acid may reduce the
reabsorption of endogenously secreted minerals by reducing the absorption of nutrients such as
sugars and AA. This final mechanism impacts mineral absorption by reducing the minerals
absorbed via solvent drag due to the osmotic flow created by the active transport of sugars and
AA.

It appears that dietary phytic acid did not affect AA digestibility when fed in a cornstarch
and casein diet with supplemented phytic acid (Knuckles et al., 1989; Woyengi et al., 2009).
Although it does appear that dietary phytic acid reduced AA digestibility when fed in a corn-
soybean meal diet (Bohlke et al, 2005; Liao et al., 2005; Woyengo and Nyanchoti, 2013). This
indicates that the effect of dietary phytase on AA digestibility may be impacted by diet
composition. When looking at phytate’s antinutritional factors further affecting proteins and AA,
Woyengo and Nyanchoti (2013) noted that phytic acid increases the endogenous AA loss by
increasing the secretion of endogenous enzymes while simultaneously reducing the absorption of
endogenous AA. Furthermore, phytate could reduce protein digestibility by binding to the dietary
protein and proteolytic enzymes in the stomach and small intestine. Cowieson et al. (2006)
observed that phytic acid decreased the true ileal digestibility of amino acids by 8% or more.
Onyango et al. (2008) reported a linear decrease in leucine, lysine, and glutamic acid as phytate
concentration increased in chicken diets. However, there was no reduction of AA digestibility in
pigs fed a cornstarch diet with supplemental phytic acid. It appears that phytic acid is detrimental
to AA digestibility or absorption by binding to dietary protein and enzymes in the stomach and
small intestine or reducing pepsin and trypsin activity (Liu et al., 2009; Reddy et al., 1989).

Woyengo et al. (2010) observed reduced gastric pepsin activity in piglets fed phytic acid. This
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reduction of trypsin and pepsin activity is associated with an increased loss of endogenous AA.
In addition, this increased loss is associated with the decrease in pepsin, trypsin, and gastrin
activity which resulted in an increased secretion of pepsin and mucins. This increased secretion
of mucins is thought to protect the gastrointestinal tract from being digested by hydrochloric acid
and various enzymes whose secretions were also increased by increased pepsin secretion
(Cowieson et al., 2004; Forstner and Forstner, 1994; Munster et al. 1987; Nyachoti et al., 1997,
Onyango et al., 2009). Ultimately it appears that phytate increases endogenous AA losses
through the increased secretion of digestive enzymes and mucins, and through the reduction of
reabsorbed endogenously secreted AA in the small intestine.
Phytase

Introduction

Phytase is the enzyme that catalyzes phytate hydrolysis and frees the inorganic P and
phytate-bound nutrients in plant seed (Yin et al., 2007). In order to reduce the antinutritional
effects of phytic acid, the salt needs to be quickly hydrolyzed (Dersjant-Li et al., 2015; Graf,
1986). The supplementation of phytase increases P utilization in swine and reduces P excretion
by catalyzing the stepwise removal of phosphates from phytic acid (Cromwell et al., 1993, 1995;
Liu et al., 1998). When microbial phytases are added to monogastric diets they preferentially
hydrolyze the ester bond between carbon-3 or carbon-6 and the associated phosphate group of a
fully phosphorylated phytic acid. This frees the phosphate for the animals’ use from the phytate
molecule converting the myo-inositol hexaphosphate (IP6) to myo-inositol pentaphosphate (IP5).
After this 1st hydrolysis, the phytase then sequentially moves around the inositol ring, further
liberating phosphates until one of several mechanisms prevents further activity (i.e. kinetics,

environmental conditions, substrate solubility). Exogenous phytases are mainly active in the
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stomach of pigs where the acidic pH increases the solubility of phytate making it more
susceptible to degradation (Campbell and Bedford, 1992). However, in most cases, phytases are
not able to degrade phytic acid to the inositol ring and free phosphate (Adeola and Cowieson,
2011; Wyss et al., 1999). The stepwise removal of P reduces the antinutritional factors associated
with phytate and increases the digestibility of bound minerals because as phytate is hydrolyzed
its binding capabilities with minerals is greatly reduced (Yu et al., 2012; Lutrell, 1993; Persson et
al., 1998).

Sources of phytase

The small intestine mucosa generates phytate-degrading phytase and phosphatase,
however their activity is considered negligible (Pointillart et al., 1984). Additionally, the gut
microflora can hydrolyze phytate in the hindgut digesta; this is considered unimportant in
absorption because P is mostly absorbed in the upper parts of the small intestine (Kerr et al.,
2000; Seynaeve et al., 2000). Therefore, exogenous phytases are used to reduce the phytate
molecules. These phytases can be subdivided based on where they first remove phosphorus from
the inositol ring. If the phytase removes the phosphate unit on the third carbon it is a 3-phytase;
however, if it first removes the phosphate from the sixth carbon it is a 6-phytase. Generally, 3-
phytases are from microbial origin and 6-phytases are of plant origin and both commence
dephosphorylation at the 3 or 6 carbons of inositol rings, respectively (Dvoiakova, 1998). Most
studies have analyzed different types of exogenous microbial phytases. These exogenous
microbial phytases are derived from different species of bacteria, yeast, and fungi (Harland and
Morris, 1995). The major sources of microbial feed grade phytases have been derived from

Bacillus sp., Aspergillus sp., and Escherichia coli. (Konietzny and Greiner, 2002). With the first
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phytases being from the fungi, yeast, and Aspergillus niger (Dersjant-Li et al., 2015; Nelson et
al., 1971).

As exogenous phytases are now a common feed additive, industry has been searching for
a cost-effective alternative. Microbial phytases are produced through fermentation processes and
their successful incorporation into rations requires special attention to feed processing and diet
formulation (Gontia et al., 2012). When the temperature of pellets reaches approximately 80°C,
the concentration of absorbable P is substantially decreased in feeds that had high levels of
phytase activity in both pig and chicken diets (Jongbloed and Kemme, 1990; Kirkpinar and
Basmacioglu, 2011).

More recently an effective corn expressed phytase was developed. There have been
several transgenic plants produced that express high levels of phytases including canola,
soybeans, tobacco, and corn (Bilyeu et al., 2007; Ponstein et al., 2002; Ullah et al., 1999; Zhang
et al., 2000). However, corn is a good system for transgenic phytase destined for use in animal
feed, because it is not subject to post-harvest heat processing, which is often used with soybeans
and canola. Therefore, corn with transgenic phytase could be incorporated into diets to deliver a
similar phytase activity to microbial phytases (Nyannor et al., 2007). This is advantageous
because corn is generally fed as the largest portion of a pig's diet.

Superdosing

In 2011 when Cowieson et al. published their review, the majority of reports
investigating superdosing phytase showed advantages to using very high doses of phytase;
however, the mechanism was not understood. The earliest noted experiment with “superdosing”
may be Nelson et al. (1971) where the highest dose fed to chicks was 7,600 FTU/kg. This high

level of included phytase resulted in a 94.4% disappearance of phytate-P as compared to 38.9%
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disappearance in chicks fed 950 FTU/kg. After the commercialization of phytase as a feed
additive in 1991, more phytase superdosing trials have been performed. Between 1990 and 2000,
there were several reports with doses of phytase up to 2,500 FTU/kg that showed increased
phytase-P disappearance with increasing phytase dose (Simons et al., 1990; Huyghebaert et al.,
1992; Zhang et al., 2000). In 2003 in one of the first studies with particularly high doses, Shirley
and Edwards (2003) supplemented a corn-based diet with up to 12,000 FTU/kg of microbial
phytase and observed a quadratic increase in phytase-P disappearance with increasing phytase
dosage. The results of Shirley and Edwards (2003) have been confirmed more recently in several
studies where doses up to 10,000 FTU/kg or beyond were used (Augspurger and Baker, 2004;
Cowieson et al., 2006; Brana et al., 2006; Kies et al., 2006; Pirgozliev et al. 2007).

Digestibility

Rutherfurd et al. (2014) stated that a large portion of phytate P release occurs in the
hindgut and is not absorbed. lleal estimates were suggested to be a more accurate reflection of P
availability because the majority of P absorption appeared to occur in the jejunum. Furthermore,
Rutherfurd et al. (2014) suggested that the microbiota of the large intestine of a growing pig
plays a significant role in phytate hydrolysis, especially in unsupplemented diets; thereby
confounding total tract estimates of phytate. Leytem and Thacker (2010) also suggested that the
difference in apparent phytate digestibility coefficient of corn and results from their study
indicate that microbial phytate hydrolysis occurs in the lower digestive tract, where it is not
absorbed and thus appears as phosphate in the feces. Therefore, a large portion of P made
available was not absorbed and was excreted in the feces.

By reducing IP6 concentrations, the antinutritive effects of phytate are reduced. The

lower esters have a much-reduced capacity to chelate divalent cations and further allow access to
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endogenous phytases (Lutrell, 1993). Brana et al (2006) noted that diets with included phytase
can result in an artificial increase of P requirement because of a high Ca:P ratio due to an
improved release of Ca. By decreasing the Ca:P ratio from 2 to 1.2 an increase in phytase
efficiency can be seen (Brady et al., 2002; Liu et al., 1998). Since phytase supplementation
releases P and phytate bound Ca it is common to reduce the concentration of Ca and P in swine
diets when feeding phytase by roughly 0.1% and 0.15% respectively. This reduction of fed Ca
allows for a better response to phytase supplementation in both growth performance and bone

characteristics.

Phosphorus digestibility

Given that around 80% of the P in the body is found in the skeleton and teeth, a
deficiency of P will result in impaired bone mineralization, reduced bone strength, and poor
growth. To meet the pigs’ requirement supplemental inorganic P is added to the diet. More
recently phytase is added to increase the digestibility of phytate P. The response seen to
including exogenous phytase is greater when pigs are fed low-P diets. The improved digestibility
of P is exemplified by the numerous studies showing phytases’ improvements. Mroz et al.
(1992) showed a 24.1% increase for apparent total tract digestibility (ATTD) of P and a 25.8%
increase of apparent ileal digestibility (AID) in pigs fed 800 FTU/kg. Adeola et al. (2004)
reported an increased ATTD of P of growing pigs by at least 20% when diets were supplemented
with 250 FTU/kg. Radcliffe et al. (2006) reported that AID of P increased by 17% when corn-
based diets were supplemented with 500 FTU/kg. Similarly, Kim et al. (2005) reported a 35%
increase in ATTD of P for wheat based diets when supplemented with 500 FTU/kg. However,
when fed at low levels, Woyengo et al. (2008) reported no significant difference between pigs

supplemented with 250 vs. 500 FTU/Kkg. Jones et al. (2010) evaluated the efficacy of different
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commercial phytases largely because there is a wide variation in recommended dosage for
similar P release between different phytase sources and noted that the response seen in bone ash
is similar to manufacture recommendations, however this may vary when fed a diet with
adequate P.

When phytase is supplemented at high levels, it has the potential to replace inorganic P in
the diet. Veum et al. (2006) demonstrated that the phytase response, seen in growth performance
and bone strength, was greater for pigs fed 2,500 or 12,500 FTU when compared to an
unsupplemented diet that met the P requirement. Furthermore, pigs fed low-P phytase diets
consumed more feed, absorbed more P, Ca, and Mg, and excreted less P and Ca than the pigs on
an unsupplemented control diet. Furthermore, Cromwell et al. (1995) showed that the P
requirement of pigs could be met without inorganic P supplementation, in a corn-soybean diet,
given that enough of the P in corn and soybeans is degraded by phytase. Cromwell et al. (1993)
reported that 1,000 FTU increased P availability from 15% in a phytase free diet to 45% in a
phytase supplemented diet.

Calcium digestibility

Woyengo et al. (2008) and Johnston et al. (2004) both reported an increase in AID and
ATTD of Ca. Almeida and Stein (2010) noted that one possible mechanism by which Ca
absorption is increased with phytase is by phytate hydrolysis reducing phytate esters and
therefore reducing the ability of phytate to chelate Ca. As a result, fewer Ca-phytate complexes
are formed and Ca availability is increased when phytase is added to the diet (Selle et al., 2009).
This may also explain why a lower Ca:P ratio is recommended in diets containing phytase than
diets containing no phytase (Bradly et al., 2002; Lei et al., 1994; Liu et al., 2007). Luttrell (1993)

noted that the affinity at which Ca®* binds to phytate increases as the number of phosphate
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substituents increases on the myo-inositol ring, further showing how phytate degradation can
improve Ca digestibility. Stein et al. (2006) described the increased Ca digestibility as due to the
Ca retention increasing as more P is absorbed. Additionally, the increased absorption of Ca in a
diet containing phytase is the result of some Ca being released from the phytate molecule.
Furthermore, exogenous phytases enhance Ca absorption in the small intestine by the partial
hydrolysis of phytate to lower phytate esters in more proximal segments of the gut. Lower
phytate esters have a reduced capacity to chelate Ca, so the Ca-phytate complex formation is
reduced and Ca availability is enhanced.

Amino acid digestibility

Adeola and Cowieson (2011) noted that it seems when titanium dioxide (TiO,) or acid
insoluble ash were used as indigestible markers, there was an improvement in ileal AA
digestibility with phytase as compared to when Cr,O3 was used as a marker, especially in
poultry. There have been several studies that have shown a lack of change in ileal AA
digestibility in response to phytase supplementation (Adeola and Sands, 2003; Onyango et al.,
2005; Woyengo et al., 2008; Liao et al., 2005). However, Woyengo et al. (2008) reported a
numerical increase in AID of AA. More specifically, Kemme et al. (1999) reported that phytase
increased the digestibility of lysine, methionine, threonine, and isoleucine along with the
majority of the nonessential AA. Furthermore, Mroz et al. (1992) only noted a statistically
significant increase in AID of methionine and arginine, and a numerical increase in lysine,
cysteine, tryptophan, histidine and proline. Radcliffe et al., (2006) reported an increase in AID of
glycine, alanine, valine, isoleucine, threonine, aspartate, glutamate, phenylalanine, lysine, and
arginine; and reported that 500 FTU/kg phytase can result in a 0.03% improvement in Lys AID.

There is a lot of variation between the studies that report different digestibilities of AA in
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phytase supplemented pigs, with improvements in lysine and threonine AID occurring the most
frequently within these studies.

Crude protein digestibility

There have been several experiments that have shown that phytase has very little, if any,
effect on apparent or true crude protein digestibility (Traylor et al., 2001; Nasi et al., 1995).
However, there have also been several articles showing a response to supplemental phytase.
Kemme et al. (1999) reported that 900 FTU/kg of phytase in a maize-soybean diet tended to
increase crude protein digestibility by 1.6%. Additionally, Mros et al. (1992) noted a numerical
increase in AID of crude protein; and Radcliffe et al. (2006) reported a linear increase in crude
protein AID with increasing phytase levels, ultimately stating that 500 FTU/kg can replace up to

3.01% of total dietary protein.

Bone bending strength and bone ash

There have been numerous studies that have shown a strong correlation between bone
mineral density and breaking strength. There is a similar improvement seen with increased bone
ash and bone breaking strength with increasing levels of digestible P in both pigs and chickens
(Crenshaw et al., 1981; Cromwell et al., 1972; Qian et al., 1996; Nielsen et al., 2007). Bone
tissue synthesis requires both P and Ca. As more P is used, more Ca is needed for bone synthesis,
resulting in less excreted Ca (Stein et al., 2006). It has also been demonstrated that phytase
supplementation increases bone ash (Brana et al, 2006). Furthermore, a series of studies in
growing pigs examined the relationship between bone mineral density and bone strength, these
studies demonstrated that as bone mineral density increases, bone strength increases as well (Koo
et al., 2001; Van der Meulen et al., 2001). In addition to these studies, Nielsen et al. (2007)

showed an increased bone strength with increased mineral concentrations. Subsequently
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microbial phytase supplementation improves bone breaking strength by increasing the
concentration of minerals in bone (Pagano et al., 2007; Veum et al., 2006).
Scope of research

Phytase allows the swine industry to reduce the environmental impact of swine
production while also producing animals more efficiently. With the recent development of corn
expressed phytase, the efficacy of the phytase and its super-dosing potential are discussed in the
next chapter. To accomplish this two experiments were conducted to determine growth
performance and metacarpal bone characteristics when nursery pigs fed phosphorus and calcium
adequate or deficient diets in experiment 1, and evaluate optimum level of corn-expressed
phytase (CEP) in experiment 2. Further examining the effects of super-dosing phytase an
additional chapter has been added, examining the potential synergistic effects of xylanase and

super-dosing phytase on swine nursery and grow-finish performance.

19



Literature cited
Adeola, O. 1999. Nutrient management procedures to enhance environmental conditions: an
introduction. J. Anim. Sci. 77:427-429.

Adeola, O., A. J. Cowieson. 2011. Board invited review: opportunities and challenges in using
exogenous enzymes to improve nonruminant animal production. J. Anim. Sci. 89:3189—
3218.

Adeola, O., and J. S. Sands. 2003. Does supplemental dietary microbial phytase improve amino
acid utilization? A perspective that it does not. J. Anim. Sci. 81(Suppl. 2): E78-E85. doi:
10.2527/2003.8114 suppl_2E78x

Adeola, O., J. S. Sands, P. H. Simmins, and H. Schulze. 2004. The efficacy of an Escherichia
coli-derived phytase preparation. J. Anim. Sci. 82:2657-2666.

Almeida, F. N., and H. H. Stein. 2010. Performance and phosphorus balance of pigs fed diets
formulated on the basis of values for standardized total tract digestibility of phosphorus.
J. Anim. Sci. 88:2968-2977.

Angel R., N. M. Tamim, T. J. Applegate, A. S. Dhandu, and L. E. Ellestad. 2002. Phytic acid
chemistry: influence on phytin-phosphorous availability and phytase efficiency. J Appl.
Poult. Res. 11:417-480.

Augspurger, N. R., and D. H. Baker. 2004. High dietary phytase levels maximize phytate-
phosphorus utilization but do not affect protein utilization in chicks fed phosphorus- or
amino acid-deficient diets. J. Anim. Sci. 82:1100-1107.

Baxter, C. A., B. C. Joern, D. Ragland, J. S. Sands, and O. Adeola. 2003. Phytase, high
available-phosphorus corn, and storage effects on phosphorus levels in pig excreta. J.
Environ. Qual. 32:1481-1489. doi:10.2134/jeq2003.1481.

Bilyeu, K. D., P. Zeng, P. Coello, Z. J. Zhang, H. B. Krishnan, A. Bailey, P. R. Beuselinck, and
J. C. Polacco. 2007. Quantitative conversion of phytate to inorganic phosphorus in
soybean seeds expressing a bacterial phytase. Plant Physiology 146:468-477.

Bergwitz, C., and H. Juppner. 2010. Regulation of phosphate homeostasis by PTH, vitamin D,
and FGF23. Ann. Rev. Med. 61:91-104.

Blaine, J., M. Chonchol, and M. Levi. 2014. Renal control of calcium, phosphate, and
magnesium homeostasis. Clin. J. Amer. Soc. Nephrology 10:1257-1272.

Bohlke, R. A., R. C. Thaler, and H. H. Stein. 2005. Calcium, phosphorus, and amino acid

digestibility in low-phytate corn, normal corn, and soybean meal by growing pigs. J.
Anim. Sci. 83: 23962403.

20



Brady, S., J. Callan, D. Cowan, M. Mcgrane, and J. Odoherty. 2002. Effect of phytase inclusion
and calcium/phosphorus ratio on the performance and nutrient retention of grower-
finisher pigs fed barley/wheat/soya bean meal-based diets. J. Sci. Food and Agric.
82:1780-1790.

Brafa, D. V., M. Ellis, E. O. Castafieda, J. S. Sands, and D. H. Baker. 2006. Effect of a novel
phytase on growth performance, bone ash, and mineral digestibility in nursery and
grower-finisher pigs. J. Anim. Sci. 84:1839-1849.

Breves, G., & B. Schroder. 1991. Comparative aspects of gastrointestinal phosphorus
metabolism. Nutr. Res. rev. 4:125-140.

Campbell, G. L., and M. R. Bedford. 1992. Enzyme applications for monogastric feeds: A
review. Can. J. Anim. Sci. 72:449-466.

Correll, D. L. 1998. The role of phosphorus in the eutrophication of receiving waters: a review. J.
Environ. Qual. 27:261-266.

Cowieson, A. J., T. Acamovic, and M. R. Bedford. 2004. The effects of phytase and phytic acid
on the loss of endogenous amino acids and minerals from broiler chickens. Br. Poult. Sci.
45: 101-108.

Cowieson, A. J., T. Acamovic, and M. R. Bedford. 2006. Phytic acid and phytase: Implication
for protein utilisation by poultry. Poult. Sci. 85: 878-885.

Cowieson, A. J., P. Wilcock, and M. R. Bedford. 2011. Super-dosing effects of phytase in
poultry and other monogastrics. Worlds. Poult. Sci. J. 67:225-236.
d0i:10.1017/S0043933911000250

Crenshaw, T. D., E. R. Peo, A. J. Lewis, and B. D. Moser. 1981. Bone strength as a trait for
assessing mineralization in swine: a critical review of techniques involved. J. Anim. Sci.
53:827-835.

Cromwell, G. L., R. D. Coffey, G. R. Parker, H. J. Monegue, and J. H. Randolph. 1995. Efficacy
of a recombinant-derived phytase in improving the bioavailability of phosphorus in corn-
soybean meal diets for pigs. J. Anim. Sci 73:2000-2008.

Cromwell, G. L., V. W. Hays, C. W. Scherer, and J. R. Overfield. 1972. Effects of dietary
calcium and phosphorus on performance and carcass, metacarpal and turbinate
characteristics of swine. J. Anim. Sci. 34:746—751.

Cromwell, G. L., T. S. Stahley, R. D. Coffey, G. R. Parker, H. J. Monegue, and J. H. Randolph.

1993. Efficacy of Phytase in improving the bioavailability of phosphorus in soybean meal
and corn-soybean meal diets for pigs. J. Anim. Sci 71:1831-1840

21



Shaker, J. L., & L. Deftos. 2014. Calcium and phosphate homeostasis. MDText.com, Inc.
Available from: https://www.ncbi.nlm.nih.gov/books/NBK279023/

Delezie, E., K. Bierman, L. Nollet, and L. Maertens. 2015. Impacts of calcium and phosphorus
concentration, their ratio, and phytase supplementation level on growth performance,
foot pad lesions, and hock burn of broiler chickens. J. Appl. Poult. Res. 24:115-126.

Dersjant-Li, Y., A. Awati, H. Schulze, and G. Partridge. 2015. Phytase in nonruminant animal
nutrition: A critical review on phytase activities in the gastrointestinal tract and
influencing factors. J. Sci. Food Agric. 95:878-896. doi:10.1002/jsfa.6998.

Dvorakova, J. 1998. Phytase: sources, preparation and exploitation. Folia microbiologica,
43:323-338.

Eeckhout, W., M. D. Paepe, N. Warnants, and H. Bekaert. 1995. An estimation of the minimal P
requirements for growing-finishing pigs, as influenced by the Ca level of the diet. Anim.
Feed Sci. Tech. 52:29-40.

Forstner, J. F., and G. G. Forstner. 1994. Gastrointestinal mucus. L. R. Johnson, ed. Physiology
of the gastrointestinal tract. 3rd ed. Raven Press, New York, NY.

Gontia, I., K. Tantwai, L. P. S. Rajput, and S. Tiwari. 2012. Transgenic plants expressing
phytase gene of microbial origin and their prospective application as feed. Food Technol.
Biotechnol. 50:3-10.

Graf, E. 1986. Phytic acid: chemistry & applications. In: E. Graf, editor. Phytic Acid: Chemistry
and Applications. Pilatus Press, Minneapolis, MN. p. 1-21.

Harland, B. F., and E. R. Morris. 1995. Phytate: A good or a bad food component? Nutr. Res.
15:733-754. d0i:10.1016/0271-5317(95)00040-P.

Hart, M. R., B. F. Quin, and M. L. Nguyen. 2004. Phosphorus Runoff from Agricultural Land
and Direct Fertilizer Effects. Journal of Environment Quality 33:1954-1972.

Humer, E., C. Schwarz, and K. Schedle. 2015. Phytate in pig and poultry nutrition. J. Anim.
Physiol. Anim. Nutr. (Berl). 99:605-625. doi:10.1111/jpn.12258.

Huyghebaert, G., G. De Groote, and C Geerse. 1992. Effect of microbial phytase on the
utilization of phosphorus by broiler chickens. 1. Effect on the availability of phosphorus
and calcium. Reviews in Agriculture 45:217-228.

Johnston, S. L., S. B. Williams, L. L. Southern, T. D. Bidner, L. D. Bunting, J. O. Matthews, and
B. M. Olcott. 2004. Effect of phytase addition and dietary calcium and phosphorus levels
on plasma metabolites and ileal and total-tract nutrient digestibility in pigs. J. Anim. Sci.
82:705. —714.

22



Jones, C. K., M. D. Tokach, S. S. Dritz, B. W. Ratliff, N. L. Horn, R. D. Goodband, J. M.
Derouchey, R. C. Sulabo, and J. L. Nelssen. 2010. Efficacy of different commercial
phytase enzymes and development of an available phosphorus release curve for
Escherichia coli-derived phytases in nursery pigs. J. Anim. Sci. 88:3631-3644.

Jongbloed, A. W. 1987. Phosphorus in the feeding of pigs: Effect of diet on the absorption and
retention of phosphorus by growing pigs. Doctoral dissertation.

Jongbloed, A., and P. Kemme. 1990. Effect of pelleting mixed feeds on phytase activity and the
apparent absorbability of phosphorus and calcium in pigs. Anim. Feed Sci. Technol.
28:233-242.

Kemme, P. A., A. W. Jongbloed, Z. Mroz, J. Kogut, and A. C. Beynen. 1999. Digestibility of
nutrients in growing—finishing pigs is affected by Aspergillus niger phytase, phytate and
lactic acid levels. Livestock Prod. Sci. 58:119-127.

Kerr, M., H. Classen, and R. Newkirk. 2000. The effects of gastrointestinal tract micro-flora and
dietary phytase on inositol hexaphosphate hydrolysis in the chicken. Poult. Sci. 79:11.

Kies, A. K., P. A. Kemme, L. B. J. Sebek, J. T. M. V. Diepen, and A. W. Jongbloed. 2006. Effect
of graded doses and a high dose of microbial phytase on the digestibility of various
minerals in weaner pigs 1. J. Anim. Sci. 84:1169-1175.

Kim, J. C., P. H. Simmins, B. P. Mullan, and J. R. Pluske. 2005. The effect of wheat phosphorus
content and supplemental enzymes on digestibility and growth performance of weaner
pigs. Anim. Feed Sci. Technol. 118:139-152.

Kirkpinar, F., and H. Basmacioglu. 2011. Effects of pelleting temperature of phytase
supplemented broiler feed on tibia mineralization, calcium and phosphorus content of
serum and performance. Czech J. Anim. Sci. 51:78-84.

Knuckles, B. E., D. D. Kuzmicky, M. R. Gumbmann, and A. A. Betschart. 1989. Effect of myo-
inositol phosphate esters on in vitro and in viva digestion of protein. J. Food Sci. 54:
13481350.

Konietzny, U., and R. Greiner. 2002. Molecular and catalytic properties of phytate-degrading
enzymes (phytases). Int. J. Food Sci. Technol. 37:791-812. doi:10.1046/j.1365-
2621.2002.00617.x.

Koo, M., K. Yang, P. Begeman, M. Hammami, and W. Koo. 2001. Prediction of bone strength in
growing animals using noninvasive bone mass measurements. Calcified Tissue
International 68:230-234.

Kornegay, E. T., A. F. Harper, R. D. Jones, and L. J. Boyd. 1997. Environmental nutrition:

nutrient management strategies to reduce nutrient excretion of swine. Prof. Anim. Sci.
13:99-111. doi:10.15232/S1080-7446(15)31861-1.

23



Kowarski, S., and D. Schachter. 1969. Effects of vitamin d on phosphate transport and
incorporation into mucosal constituents of rat intestinal mucosa. J. Biol. Chem. 244:211-
217.

Lei, X. G, P. K. Ku, E. R. Miller, M. T. Yokoyama, and D. E. Ullrey. 1994. Calcium level
affects the efficacy of supplemental microbial phytase in corn-soybean meal diets of
weanling pigs. J. Anim. Sci. 72:139-143.

Leske, K., and C. Coon. 1999. A bioassay to determine the effect of phytase on phytate
phosphorus hydrolysis and total phosphorus retention of feed ingredients as determined
with broilers and laying hens. Poult. Sci. 78:1151-1157.

Leytem, A. B., and P. A. Thacker. 2010. Phosphorus utilization and characterization of excreta
from swine fed diets containing a variety of cereal grains balanced for total phosphorus.
J. Anim. Sci. 88:1860-1867.

Liao, S. F., W. C. Sauer, A. K. Kies, Y. C. Zhang, M. Cervantes, and J. M. He. 2005. Effect of
phytase supplementation to diets for weanling pigs on the digestibilities of crude protein,
amino acids, and energy. J. Anim. Sci. 83:625-633.

Liu, J., D. W. Bollinger, D. R. Ledoux, and T. L. Veum. 1998. Lowering the dietary calcium to
total phosphorus ratio increases phosphorus utilization in low-phosphorus corn-soybean
meal diets supplemented with microbial phytase for growing-finishing pigs J. Anim. Sci.
75:1292-1298

Liu, N., G. H. Liu, F. D. Li, J. S. Sands, S. Zhang, A. J. Zheng, & Y. J. Ru. 2007. Efficacy of
phytases on egg production and nutrient digestibility in layers fed reduced phosphorus
diets. Poult. Sci. 86:2337-2342.

Liu, N., Y. J..Ru, F. D. Li, J. Wang, and X. Lei. 2009. Effect of dietary phytate and phytase on
proteolytic digestion and growth regulation of broilers. Arch. Anim. Nutr. 63: 292-303.

Luttrell, B. M. 1993. The biological relevance of the binding of calcium ions by inositol
phosphates. J. Biol. Chem. 268:1521-1524.

Maguire, R. O., J. T. Sims, W. W. Saylor, B. L. Turner, R. Angel, & T. J. Applegate. 2004.
Influence of phytase addition to poultry diets on phosphorus forms and solubility in litters
and amended soils. J. env. qual., 33:2306-2316.

Mroz, Z., A. Jongbloed, and P. Kemme. 1992. Digestibility and retention of some dietary
nutrients bound to phytate protein complexes as influenced by microbial phytase and
feeding frequency or level in growing-finishing pigs. Livestock Prod. Sci. 72:126-132.

Munster, D. J., P. F. Bagshaw, and J. G. Wilson. 1987. Peptic erosion of gastric mucus in the rat.
Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 87: 509513.

24



Nasi, M., E. H. Helander, and K. H. Partanen. 1995. Availability for growing pigs of minerals
and protein of a high phytate barley rapeseed meal diet treated with Aspergillus niger
phytase or soaked with whey. Anim. Feed Sci. Technol. 56:83-98.

Nelson, T. S., T. R. Shieh, R. J. Wodzinski, and J. H. Ware. 1971. Effect of Supplemental
Phytase on the Utilization of Phytate Phosphorus by Chicks. J. Nutr. 101:1289-1293.

Nielsen, D. H., F. J. Mcevoy, M. T. Madsen, J. B. Jensen, and E. Svalastoga. 2007. Relationship
between bone strength and dual-energy X-ray absorptiometry measurements in pigs. J.
Anim. Sci. 85:667-672.

Nyachoti, C. M., C. F. M. de Lange, B. W. McBride, and H. Schulze. 1997. Significance of
endogenous gut nitrogen losses in the nutrition of growing pigs: A review. Can. J. Anim.
Sci. 77: 149163.

Nyannor, E. K. D., P. Williams, M. R. Bedford, and O. Adeola. 2007. Corn expressing an
Escherichia coli-derived phytase gene: A proof-of-concept nutritional study in pigs. J.
Anim. Sci. 85:1946-1952. doi:10.2527/jas.2007-0037.

O’Dell, B. L., A. R. De Boland, and S. R. Koirtyohann. 1972. Distribution of phytate and
nutritionally important elements among the morphological components of cereal grains.
J. Agric. Food Chem. 20:718-723. d0i:10.1021/jf60181a021.

Onyango, E. M., E. K. Asem, and O. Adeola. 2008. Phytates reduce uptake of leucine and
glutamate but not lysine and glucose from the intestinal lumen of chickens: short
communication. Acta Vet. Hung. 56:511514.

Onyango, E. M., E. K. Asem, and O. Adeola. 2009. Phytic acid increases mucin and endogenous
amino acid losses from the gastrointestinal tract of chickens. Br. J. Nutr. 101:836-842.

Onyango, E. M., M. R. Bedford, and O. Adeola. 2005. Efficacy of an evolved Escherichia coli
phytase in diets of broiler chicks. Poult. Sci. 84:248-255.

Pagano, A. R., K. R. Roneker, and X. G. Lei. 2007. Distribution of supplemental AppA2 phytase
activity in digesta of various gastrointestinal segments of young pigs. J. Anim. Sci.
85:1444-1452.

Persson, H., M. Turk, M. Nyman, and A. S. Sandberg. 1998. Binding of Cu?, Zn? and Cd? to
inositol tri-, tetra-, penta- and hexa-phosphates. J. Agric. Food Chem. 46:3194-3200.

Pirgozliev, V., O. Oduguwa, T. Acamovic, and M. R. Bedford. 2007. Diets containing
Escherichia coli-derived phytase on young chickens and turkeys: Effects on performance,
metabolisable energy and endogenous secretions and intestinal morphology. Poult. Sci.
86:705-713.

25



Pointillart, A., N. Fontaine, and M. Thomasset. 1984. Phytate phosphorus utilization and
intestinal phosphatases in pigs fed low phosphorus wheat or corn diets. Nutr. Rep. Int.
22:473-483.

Ponstein, A. S., J. B. Bade, T. C. Verwoerd, L. Molendijk, J. Storms, R. F. Beudeker, and J. Pen.
2002. Stable expression of Phytase (phyA) in canola (Brassica napus) seeds: towards a
commercial product. Molecular Breeding, 10: 31-44.

Qian, H., H. P. Veit, E. T. Kornegay, V. Ravindran, and D. M. Denbow. 1996. Effects of
supplemental phytase and phosphorus on histological and other tibial bone characteristics
and performances of broilers fed semi-purified diets. Poult. Sci. 75:618-626.

Quarles, L. D. 2012. Role of FGF23 in vitamin D and phosphate metabolism: Implications in
chronic kidney disease. Exp. Cell Res. 318:1040-1048.

Radcliffe, J. S., R. S. Pleasant, & E. T. Kornegay. 2006. Estimating equivalency values of
microbial phytase for amino acids in growing and finishing pigs fitted with steered ileo-
cecal valve cannulas. J. Anim. Sci., 84:1119-1129.

Ravindran, V., W.L. Bryden, E.T. Kornegay, 1995a. Phytases: occurrence, bioavailability and
implications in poultry nutrition. Poult. Avian Biol. Rev. 6:125-143.

Ravindran, V., S. Cabahug, G. Ravindran, P. H. Selle, and W. L. Bryden. 2000. Response of
broiler chickens to microbial phytase supplementation as influenced by dietary phytic
acid and non-phytate phosphorous levels. Il. Effects on apparent metabolisable energy,
nutrient digestibility and nutrient retention. Br. Poult. Sci. 41:193-200.
doi:10.1080/00071660050022263.

Reddy, N. R., M. D. Pierson, S. K. Sathe, and D. K. Salunkhe. 1989. Phytates in cereals and
legumes. CRC Press Inc., Boca Raton, FL. 151 pp.

Reddy, N. R., S. K. Sathe, and D. K. Salunkhe. 1982. Phytates in legumes and cereals. Adv.
Food Res. 28:1-92.

Reinhart, G. A., and D. C. Mahan. 1986. Effect of various calcium:phosphorus ratios at low and
high dietary phosphorus for starter, grower and finisher swine. J. Anim. Sci. 63:457—
466.

Rutherfurd, S. M., T. K. Chung, and P. J. Moughan. 2014. Effect of microbial phytase on phytate
P degradation and apparent digestibility of total P and Ca throughout the gastrointestinal
tract of the growing pig. J. Anim. Sci. 92:189-197.

Selle, P. H., A. J. Cowieson, and V. Ravindran. 2009. Consequences of calcium interactions with

phytate and phytase for poultry and pigs. Livest. Sci. 124:126-141. doi:
10.1016/j.livsci.2009.01.006.

26



Seynaeve, M., G. Janssens, M. Hesta, C. Van Nevel, and R. O. De Wilde. 2000. Effects of
dietary Ca/P ratio, P level and microbial phytase supplementation on nutrient
digestibilities in growing pigs: breakdown of phytic acid, partition of P and phytase
activity along the intestinal tract. J. Anim. Physiol. Anim. Nutr. (Berl). 83:193-204.
d0i:10.1046/j.1439-0396.2000.00262. Xx.

Sharpley, A. N., J. S. Robinson, and S. J. Smith. 1995. Bioavailable phosphorus dynamics in
agricultural soils and effects on water quality. Geoderma 67:1-15.

Shirley, R., and H. Edwards. 2003. Graded levels of phytase past industry standards improves
broiler performance. Poult. Sci. 82:671-680.

Sims J.T., R. R. Simard, and B. C. Joern. 1998. Phosphorus loss in agricultural drainage:
Historical perspective and current research. J. Environ. Quality 27:277-297.

Simons, P. C. M., H. A. J. Versteegh, A. W. Jongbloed, P. A. Kemme, P. Slump, K. D. Bos, M.

G. E. Wolters, R. F. Beudeker, and G. J. Verschoor. 1990. Improvement of phosphorus
availability by microbial phytase in broilers and pigs. Br. J. Nutr. 64:525-540.

Smith, V. H., G. D. Tilman, and J. C. Nekola. 1999. Eutrophication: impacts of excess nutrient
inputs on freshwater, marine, and terrestrial ecosystems. Environmental
Pollution 100:179-196.

Stein, H. H., M. G. Boersma, and C. Pedersen. 2006. Apparent and true total tract digestibility of

phosphorus in field peas (Pisum sativumL.) by growing pigs. Canadian J. Anim. Sci.
86:523-525.

Steiner, T., R. Mosenthin, B. Zimmermann, R. Greiner, and S. Roth. 2007. Distribution of
phytase activity, total phosphorus and phytate phosphorus in legume seeds, cereals and

cereal by-products as influenced by harvest year and cultivar. Anim. Feed Sci. Technol.

133:320-334. doi: 10.1016/j.anifeedsci.2006.04.007.

Traylor, S. L., G. L. Cromwell, M. D. Lindemann, and D. A. Knabe. 2001. Effects of level of
supplemental phytase on ileal digestibility of amino acids, calcium, and phosphorus in
dehulled soybean meal for growing pigs. J. Anim. Sci. 79:2634.

Ullah, A. H., K. Sethumadhavan, E. J. Mullaney, T. Ziegelhoffer, and S. Austin-Phillips. 1999.
Characterization of recombinant fungal phytase (phya) expressed in tobacco leaves.
Biochem. Biophysical Res. Comm. 264:201-206.

Van der Meulen, M. C. H., K. J. Jepsen, & B. Miki¢. 2001. Understanding bone strength: size
isn’t everything. Bone. 29:101-104.

Veum, T. L., D. W. Bollinger, C. E. Buff, and M. R. Bedford. 2006. A genetically engineered
Escherichia coli phytase improves nutrient utilization, growth performance, and bone
strength of young swine fed diets deficient in available phosphorus. J. Anim. Sci.
84:1147-1158.

27



Woyengo, T. A., A. J. Cowieson, O. Adeola, and C. M. Nyachoti. 2009. Ileal digestibility and
endogenous flow of minerals and amino acids: responses to dietary phytic acid in piglets.
Br. J. Nutr. 102: 428433.

Woyengo, T. A., J. S. Sands, W. Guenter, and C. M. Nyachoti. 2008. Nutrient digestibility and
performance responses of growing pigs fed phytase- and xylanase-supplemented wheat-
based diets J. Anim. Sci. 86:848-857. d0i:10.2527/jas.2007-0018.

Woyengo, T. A,, B. A. Slominski, & R. O. Jones. 2010. Growth performance and nutrient
utilization of broiler chickens fed diets supplemented with phytase alone or in
combination with citric acid and multicarbohydrase. Poult. Sci., 89:2221-2229.

Woyengo, T. A., and C. M. Nyachoti. 2013. Review: anti-nutritional effects of phytic acid in
diets for pigs and poultry current knowledge and directions for future research. Can. J.
Anim. Sci. 93:9-21.

Wyss, M., R. Brugger, A. Kronenberger, R. Rémy, R. Fimbel, G. Oesterhelt, and A. P. van Loon.
1999. Biochemical characterization of fungal phytases (myo-inositol hexakisphosphate
phosphohydrolase): catalytic properties. Appl. Environ. Microbiol. 65:367-373.

Xie, M., S. X. Wang, S. S. Hou, and W. Huang. 2009. Interaction between dietary calcium and
non-phytate phosphorus on growth performance and bone ash in early White Pekin
ducklings. Anim. Feed Sci. Technol. 151:161-166.

Yin, Q. Q., Q. H. Zheng, and X. T. Kang. 2007. Biochemical characteristics of phytases from
fungi and the transformed microorganism. Anim. Feed Sci. Technol. 132:341-350. doi:
10.1016/j.anifeedsci.2006.03.016.

Yu, S., A. Cowieson, C. Gilbert, P. Plumstead, and S. Dalsgaard. 2012. Interactions of phytate
and myo-inositol phosphate esters (IP1-5) including IP5 isomers with dietary protein and
iron and inhibition of pepsin. J. Anim. Sci. 90:1824-1832.

Zeller, E., M. Schollenberger, M. Witzig, Y. Shastak, I. Kiihn, L. E. Hoelzle, and M.
Rodehutscord. 2015. Interactions between supplemented mineral phosphorus and phytase
on phytate hydrolysis and inositol phosphates in the small intestine of broilers. Poult. Sci.
94:1018-1029. doi:10.3382/ps/pev087.

Zhang, Z. B., E. T. Kornegay, J. S. Radcliffe, J. H. Wilson, and H. P. Veit. 2000. Comparison of

phytase from genetically engineered Aspergillus and canola in weanling pig diets. J.
Anim. Sci. 78:2868.

28



Chapter 2: Effects of a Corn-Expressed Phytase on Growth Performance and Bone Ash of

Nursery Pigs

29



Effects of a Corn-Expressed Phytase on Growth Performance and Bone Ash of Nursery

Pigs

J. P. Knapp, T. C. Tsai, J. N. Broomhead, C. V. Maxwell, J. J. Chewning
Abstract:

Two experiments were conducted to determine growth performance and metacarpal bone
characteristics in nursery pigs fed phosphorus and calcium adequate or deficient diets in
Experiment 1; and evaluate optimum level of corn-expressed phytase (CEP) in Experiment 2. In
each experiment, a total of 288 pigs were blocked by initial body weight (BW) and allotted to 1
of 6 treatments (8 replicates per treatment). Pens were randomly assigned to dietary treatments.
Treatments: Positive control (PC), P/Ca adequate diets devoid of CEP (NRC 2012); Negative
Control (NC), low P (-0.15%) and Ca (-0.12%) diets and GralNzyme® Phytase (CEP) was
supplemented at 0, 1000, and 4000 FTU/kg in both PC and NC diets fed in all 3 phases (14, 12,
14 d) for Exp. 1. In Exp. 2, treatments consisted of: a) PC, P and Ca adequate diets (NRC 2012);
b) NC, decreased P (0.15%) and Ca (0.1%) diets; NC+ c) 500, d) 1000, and e) 1500 FTU/kg
CEP; f) NC+ 500 FTU/kg of Ronozyme® Hiphos GT. Pigs were fed a common phase 1 (8 d)
diet before initiating treatments in phase 2 (14 d), and phase 3 (14 d). All pigs were euthanized at
termination of phase 3 to collect metacarpal bones for ash determination. Data were analyzed by
MIXED procedures of SAS (SAS, Cary, NC) with treatments as fixed effect and initial BW
block as random effect. Orthogonal contrast was performed to determine the effects of increasing
CEP. In Exp. 1, as CEP increased, phase 3 ADG (P < 0.05), overall ADG (P < 0.05), and end
BW (P < 0.05) increased linearly in pigs fed NC diets when compared to PC fed counterpart
(Linear CEP x P/Ca level interaction). Similarly, G:F increased quadratically with increasing

level of CEP in pigs fed the NC diet (P < 0.05). Corn expressed phytase supplementation
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improved weight (P < 0.05) and percentage (P < 0.05) of bone ash in a quadratic manner
independent to dietary P/Ca levels. In Exp. 2, increasing levels of CEP linearly increased overall
ADG (P<0.01), G:F (P < 0.05), and end BW (P < 0.05), which resulted in restored phenotypes in
pigs fed at 500 FTU/kg of CEP, and were comparable to pigs fed Hiphos GT. Results suggest
that pigs fed diets low in P and Ca supplemented with CEP at 500 FTU/kg performed similar to
pigs fed a diet with adequate levels of Ca and P.

Keywords: corn-expressed phytase, growth performance, bone characteristics, nursery pigs

Introduction

Phytate is the main storage form of phosphorus (P) in plant-based feedstuffs (Lavin et al.,
2013; Yanez et al., 2013; Graf, 1983; Chung et al., 2013). Phytate has the ability to bind cationic
minerals and potentially proteins, thereby, inhibiting the absorption of these compounds
(Cheryan and Rackis, 1980). Phytate-bound P has several anti-nutritional properties that can
reduce P use efficiency, increase P excretion into the environment and impact mineral
digestibility (Veum et al., 2006; Manobhavan et al., 2016). Supplementation of exogenous
phytase has become common in industry and is used to hydrolyze phytate to increase P
availability and subsequently reduce the P excreted (Walk et al., 2013). Phytase supplementation
has added benefits in that it liberates phytate-bound nutrients such as Ca, Mg, and Zn resulting in
an enhanced digestibility of these minerals in addition to the P (Kies et al., 2006). Microbial
phytases are the common additive used in industry, however, plant seed including canola,
soybeans and corn, have been produced that express high levels of phytase activity (Li et al.,
2013; Nyannor and Adeola, 2008). Corn is an attractive alternative to microbial phytases because
it does not undergo the heat associated with postharvest processing seen with canola and

soybean. This could allow transgenic corn expressing high levels of phytase to be a cost-
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effective and attractive replacement for microbial phytases. Therefore, CEP can be directly
incorporated into diets. (Nyannor et al., 2007). This also allows for the feeding of
unconventionally high doses of phytase to be incorporated into feeds (i.e. > 2,500 FTU/kg of
feed), serving as an effective means to maximize P release (Adeola and Cowieson, 2011;
Adedokun et al., 2015). These studies were conducted to evaluate the effects of increasing
dietary corn-expressed phytase (from 500 to 1,500 FTU/kg) and compare it to commercial
phytase (HiPhos) on growth performance and bone characteristics in nursery pigs fed P and Ca

deficient diets.

Materials and methods
The institutional Animal Care and Use Committee at the University of Arkansas

reviewed and approved the protocols for both experiments.

Sample collection and processing

At the start of each of the studies and at the end of each of the phases, individual pig
weights and pen feed disappearance were measured in order to calculate ADG, ADFI, and G:F
by phase. At the termination of the study, pigs were euthanized and front feet were removed for
isolation of the metacarpal for bone ash and bending strength determination. Feed samples were
obtained for each batch of feed mixed. These were accumulated for each phase and subsampled
for nutrient analysis.
Bone characteristics

For both studies the front feet were removed and frozen in sealed plastic bags. The right
foot samples were later thawed, extraneous tissue removed, and the 4th metacarpal was retained.
The length and width of the bones at the narrow and longest dimensions of the bone shaft were

measured. Bones were then refrozen in sealed plastic bags for shear force determination as
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described by Combs et al. (1991). The sheer force of the right 4th metacarpal was determined
using an Instron Universal Testing Machine (model 4466, Instron Corp., Canton, MA). Bones
were thawed in sealed plastic bags immediately before testing to prevent desiccation and brought
to room temperature. The matching metacarpal from the left foot, was isolated from extraneous
tissue and ashed in a muffle furnace at 600°C for 8 h. Bone ash was expressed as a percentage of
wet weight.

Experiment 1

Animals and experimental design

A 2 x 3 factorial arrangement of treatments was used to evaluate the response of
weanling pigs to three levels of phytase and two levels of apparent P and Ca. A total of 288
weanling pigs were allotted (21 days of age) to one of the six dietary treatments. The pigs were
individually weighed and blocked by initial weight and sex. Each treatment contained 8 replicate
pens per treatment with 6 pigs per pen. A three-phase feeding program was utilized with pigs fed
different diets in each of the three phases. Pigs were housed in 1.49 x 1.20 M? pens at the
University of Arkansas conventional nursery facility, with ad libitum access to feed and water
for the duration of the experiment.
Experimental diets

Phase 1 was fed for 14 days, phase 2 was fed for 12 days, and phase 3 was fed for 14
days. Six diets were formulated (Table 1). Three diets were formulated with adequate Ca and P,
with increasing levels of CEP (0, 1000, and 4000 FTU/ kg) and formulated to meet nutrient
requirements (NRC, 2012). The remaining three diets were formulated with reduced aP and Ca
(a reduction of 0.15% and 0.13% respectively), with increasing levels of CEP (0, 1000 and 4000

FTU/Kg).
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Statistical analysis

The performance and bone ash data were analyzed using the MIXED procedures of SAS.
Treatment was the fixed effect. Data was analyzed as a 2 x 3 factorial. Orthogonal contrasts were
used to determine the effects of CEP on growth performance and bone ash. Probability values
were considered statistically significant at P < 0.05, and 0.05 < P <0.10 was considered a
statistical trend.

Experiment 2

Animals and experimental design

A total of 288 weanling pigs were allotted (21 days of age) to one of the six dietary
treatments. The pigs were individually weighed and blocked by initial weight and sex. Each
treatment contained 8 replicate pens per treatment with 6 pigs per pen. A four-phase feeding
program was utilized with pigs fed different diets in each of the last three phases. Pigs were
housed in the University of Arkansas conventional nursery facility, with ad libitum access to
feed and water for the duration of the experiment.
Experimental diets

A common phase 1 diet was fed for the first 7 days to allow time for acclimation to
weaning. Phase 2 was fed for 7 days, phase 3 was fed for 14 days, and phase 4 was fed for 14
days (Table 2). The positive control diet (PC) was formulated with adequate Ca and P, devoid of
CEP and to meet nutrient requirements (NRC, 2012). Four diets were formulated with reduced
aP and Ca (a reduction of 0.15% and 0.10% respectively), with increasing levels of corn-
expressed phytase (0, 500, 1000 and 1500 FTU/Kg). The sixth diet was formulated with reduced

Caand P and 500 FTU/kg of HiPhos.
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Statistical analysis

The performance and bone ash data were analyzed using the MIXED procedures of SAS.
Treatment was the fixed effect. Data were analyzed as a 2 x 3 factorial. Orthogonal contrasts
were used to determine the effects of corn-expressed phytase on growth performance and bone
characteristics. Probability values were considered statistically significant at P < 0.05, and 0.05 <

P < 0.10 considered a statistical trend.
Results
Experiment 1

Growth performance

Main effects of CEP on growth performance are presented in Table 3. During phase 1 and
2, ADG, and G:F were similar among treatments and no significant interactions were observed.
However, during phase 3, and for the phase 1 through phase 3 period, increasing CEP in the low
P NC diet resulted in increasing ADG, while gain was similar in the pigs fed increasing phytase
levels in the adequate PC diet. This resulted in a linear P level x CEP inclusion interaction (Table
4, P <0.05 for phase 3 and overall).

ADFI was not significantly impacted by either P level or CEP level (Tables 3 and 4)
although there was an overall increase in feed intake with increasing dietary CEP in phase 3
(Table 3, P < 0.10). G:F was also improved in phase 3 with increasing level of CEP in pigs fed
the NC low P diet, but G:F was similar among pigs fed the increasing CEP adequate P diet
(Quadratic P level x corn-expressed phytase inclusion interaction, P < 0.05, Table 4).

Body weight tended to increase with increasing dietary CEP (P < 0.10, Table 3). As
might be expected based on ADG in the overall study, BW at the end of the study increased with

increasing level of CEP in pigs fed the NC, low P diet, but was similar among pigs fed increasing
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levels of CEP with adequate P (Linear P level x CEP inclusion interaction, P < 0.05, Table 4).
Table 4 presents the interactions between P level and CEP. Phase 3 ADG and BW increased
with increasing CEP for the low P diets (linear, P < 0.05). Similarly, phase 3 feed efficiency also
increased with increasing CEP in the low P diets (quadratic, P < 0.05, Table 4). However, these
responses in ADG, BW and feed efficiency were not seen in the pigs fed the diets with adequate
P.

Bone characteristics

Metacarpal bone ash was heavier in pigs fed adequate P diets (1 vs. 0.86 g; P < 0.001)
(Table 5). A quadratic response in bone ash with increasing phytase addition was observed (P =
0.049) regardless of P level in the diets (P level by phytase interaction, P = 0.230). Pigs fed 4000
FTU/kg CEP restored the bone ash to a level similar to pigs fed adequate P and Ca without
phytase supplementation.

The percentage of metacarpal bone ash was greater in pigs fed adequate P diets (0.26 vs.
0.23%; P level: P < 0.01) when compared to pigs fed P deficient diets, and a quadratic increase
was observed with increasing level of phytase in the diets fed to pigs (0.24, 0.25, 0.25%, Quad. P
=0.033).

Metacarpal bone width tended to have a quadratic increase when pigs were fed
increasing levels of phytase (8.55, 8.74, 8.74 mm, Quad. P = 0.066). Moreover, increased
phytase in pigs fed low P diets increased bone width and length linearly, whereas a quadratic
response was observed in the adequate fed counterpart (Linear P level x CEP inclusion
interaction, P = 0.100 and P = 0.020, respectively). Pigs fed the low P diet supplemented with
1000 FTU/kg CEP restored the percentage of bone ash, bone width and length when compared to

pigs fed adequate P without adding phytase.
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Experiment 2

Growth performance

Note that the pigs were fed a common diet during phase 1 (Table 2) and the study with
dietary treatments was initiated at the beginning of phase 2.

In all phases, pigs fed the PC diet had numerically improved ADG when compared to
those fed the NC diets although differences were not significant (P > 0.10, Table 6). However,
ADG increased linearly during phase 2 (P < 0.05), phase 4 (P < 0.01) and for the overall study (P
< 0.01) with increasing levels of CEP from 0 to 1,500 FTU/kg of diet (Table 6). The linear
improvement in ADG with increasing CEP during the combined phase 2 and phase 3 periods
approached a tendency (P = 0.10). The ADG in pigs fed the greatest dose of CEP (1,500 FTU/kg
of diet) was greater in phase 4 (P < 0.08) when compared to those fed the NC diets. Overall
ADG tended to be greater (P = 0.10) in pigs fed all CEP levels compared to those fed the NC
diets. Similarly, ADG in pigs fed the greatest level of CEP was numerically greater than that
observed in pigs fed the PC diet in all phases and overall, although differences were not
significant (P > 0.10). ADG in pigs fed HiPhos at 500 FTU/kg was similar in all phases to ADG
observed in pigs fed the PC and CEP at 500 FTU/kg diet (P > 0.10) and ADG was not
significantly improved over that observed in pigs fed the NC diet (P > 0.10). As might be
expected based on ADG, BW at study completion increased with increasing dietary level of CEP
from 0 to 1,500 FTU (P < 0.05). The BW also was improved in pigs fed CEP at 1,500 FTU
compared to pigs fed the NC diet although differences were not significant (P > 0.10).

The ADFI was similar among all treatments in all phases (P > 0.35) with the exception of

phase 4 where ADFI increased linearly (P < 0.01) with increasing level of CEP from 0 to 1,500
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FTU/kg of feed. The ADFI in phase 4 also tended to be greater in pigs fed 1000 or 1500 FTU/kg
CEP when compared to those fed the NC diet (P < 0.10).

Feed efficiency was similar among pigs fed the NC and PC diets. However, G:F
increased linearly with increasing CEP from 0 to 1,500 FTU/kg of diet in phase 3, the combined
phase 2 and 3 periods and for the overall study (P < 0.05). Efficiency also was numerically
greater in pigs fed the greatest level of CEP in all phases when compared to pigs fed the NC diet
although differences were not significant (P > 0.14). Efficiency was also numerically greater in
pigs fed the greatest level of CEP in all phases with the exception of phase 4 when compared to
those fed the PC diet.

Bone characteristics

The effects of CEP on metacarpal bone characteristics (Table 7) indicates that bone
length, bone ash weight, and maximum load tended to increase linearly with increasing level of
CEP from 0 to 1,500 FTU/kg of feed (P < 0.10). Percent ash increased both linearly and
quadratically (P < 0.001) with increasing level of CEP from 0 to 1,500 FTU/kg of feed. In
addition, fresh bone weight, ash weight, and percentage ash in pigs fed the greatest dose of CEP
(1,500 FTU/kg of diet) was greater than observed in pigs fed the NC diet (P < 0.01). Pigs fed the
greatest dose of CEP (1,500 FTU/kg of diet) had similar bone ash weight (P > 0.05) but lower
percent ash (P < 0.05) when compared to those fed the PC diet. However, the opposite was
observed with pigs fed 1000 FTU/kg CEP, in which percent bone ash was similar (P > 0.05) to
PC pigs. Weight and percentage of bone ash were greater in pigs fed HiPhos at 500 FTU/kg of
diet when compared to those fed the NC diet but lower when compared to pigs fed the PC diet (P
< 0.05). Pigs fed 500 FTU/kg CEP had greater percent bone ash (P < 0.05) than the equivalent

dose of HiPhos. For pigs fed all levels of CEP from 500 to 1,500 FTU/kg of feed demonstrated a
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heavier maximum metacarpal load than both the NC and PC (P < 0.05). Metacarpal maximum
load was not significantly different between positive and NC groups. Pigs fed GaiNzyme at
1,000 and 1,500 FTU/kg of feed showed greater maximum load than HiPhos at 500 FTU/kg (P <
0.05), while pigs fed CEP at 500 FTU/kg of feed had similar maximum metacarpal bone
strength, with CEP being numerically greater. Increasing levels of CEP from 500 to 1,500

FTU/kg of feed increased metacarpal maximum load both linearly and quadratically (P < .05).

Discussion

These studies demonstrate that increasing the inclusion rate of CEP in the diet has the
potential to improve ADG and G:F and BW. With the exception of phase 3 in the first
experiment where feed intake increased with increasing CEP, it appeared that the differences in
gain were due to an improved efficiency and not increased intake. The improved efficiency and
intake in phase 3 resulted in numerically superior ADG and BW. The CEP was as effective as
HiPhos on growth phenotypes when supplemented at the same level. Similar effects of phytase
supplementation on growth performance were reported in various other studies, demonstrating
that phytase may be able to enhance growth performance (Sands et al., 2001; Veum et al., 2006;
Zeng et al., 2015). This improved performance could be associated with the different
physiological and biochemical roles in growth and metabolic pathways that P is involved in,
including ATP regeneration, DNA repair and recombination, RNA export, and regulation of
signal transduction (Raboy, 2003). Kornegay (2001) recommended that phytase be fed between
500 and 1500 FTU/kg in swine feeds to maximize phytase activity. However, there have been
several recent studies that show that super-dosing phytase, in this case CEP, in P and Ca
deficient diets improves growth performance beyond the recommended phytase or P inclusion

rates (Augspurger and Baker, 2004; Cowieson et al., 2006; Brafia et al., 2006; Kies et al., 2006;
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Pirgozliev et al., 2007; Shirley and Edwards 2003). These studies show that CEP has the ability
to restore growth phenotypes in pigs fed a P and Ca deficient diet.

Several previous studies have shown that the inclusion of phytase improves apparent ileal
digestibility (AID) of P, Ca and crude protein (Veum et al., 2006; Nyannor et al., 2007; Zeng et
al., 2015). Two mechanisms by which super-dosing phytase contributes to faster phytate
degradation have been suggested. First, Kies et al. (2006) suggested that the increased rate of
phytate degradation allows for additional phytate molecules to be dissolved, however, this is at a
rate that is not achieved at phytase doses of 500 FTU/kg. This is often seen by the increase in the
estimated phytase release the typical commercial doses of phytases, fed at 500 to 750 FTU/kg,
releasing between 0.05 and 0.15% digestible P (Adeola and Cowieson, 2011). To account for
this increase, the current study used 0.15% P release. Kies et al. (2006) also suggested that super-
dosing phytase helps a large part of the active phytase pass through the stomach to continue
working in the small intestine. However, Zeng et al., (2015) noted that more data on phytate in
the different regions of the gastrointestinal tract may be required to find the site of the digestive
tract that is associated with the additional effect on mineral digestibility.

The current studies showed that adding CEP in Ca and P deficient diets restored bone
characteristics; and super-dosing CEP enhanced bone ash percentage and maximum load.
Previous studies have shown that phytase supplementation up to 12,000 FTU/Kkg in low P diets
improved tibia ash from 26% to 41%, tibia ash weight, and total P retention in chickens (Shirley
and Edwards, 2003). This indicates that increased levels of dietary phytase may enhance bone
mineralization by increasing the availability of dietary P and Ca. Increasing overall availability
of P and Ca are associated with initial mineralization and further bone complex remodeling

(Shirley and Edwards, 2003). Similar results demonstrating the effects of super-dosing phytase
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on bone characteristics have been shown in other studies (Kornegay and Qian, 1996; Yafiez et
al., 2013; Manobhaven et al., 2016). The current studies suggest that CEP is as effective as

microbial phytases and super-dosing CEP can further enhance bone characteristics.

Conclusion
Super-dosing CEP up to 4,000 FTU/kg to P and Ca deficient diets enhanced growth
performance, and bone characteristics. Metacarpal bone characteristics such as bone strength and
weight of fresh bone, and ash were all enhanced with super-dosing CEP. These studies
demonstrate that CEP was as effective as microbial phytase, and super-dosing CEP to P and Ca
deficient diet continued to improve performance, and bone characteristics of nursery pigs. Pigs
fed P and Ca deficient diets supplemented with CEP above 1,000 FTU/kg performed similarly to

pigs fed a diet adequate in P and Ca.
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Appendix
Table 1: Experimental diet composition for Experiment 1

Nursery Phase 1 Nursery Phase 2 Nursery Phase 3
PC+0 PC+1000 PC+4000 NC+0 NC+1000 NC+4000 PC+0 PC+1000 PC+4000 NC+0 NC+1000 NC+4000 PC+0 PC+1000 PC+4000 NC+0 NC+1000 NC+4000
Ingredients FTU/kg FTU/Kkg FTUKg FTUKg FTU/kg FTU/kg FTUkg FTUkg FTU/Kg FTU/kg FTUkg FTUKkg FTUKg FTUKkg FTU/kg FTU/kg FTU/Kkg FTU/kg

Corn, % 38.573 38.547 38469 39.808 39.782 39.704 44330 44330 44330 45555 45555 45555  47.280 47.254 47176 48.480 48.454  48.376
Soybean Meal, % 25.000 25.000 25.000 25.000 25.000 25.000 31.600 31.600 31.600 31.600 31.600 31.600 31.600 31.600 31.600 31.600 31.600 31.600
DDGs, % 0.000  0.000 0.000 0.000 0.000 0.000  15.000 15.000 15.000 15.000 15.000  15.000  15.000 15.000  15.000 15.000 15.000  15.000
Poultry Fat, % 3.000  3.000 3.000 2.500 2.500 2.500 3.000 3.000 3.000 2500 2.500 2.500 3.000  3.000 3.000 2500 2500 2.500
MonocalciumP, % 0.800  0.800 0.800 0.065 0.065 0.065 0.750  0.750 0.750  0.025  0.025 0.025 0.700  0.700 0.700  0.000  0.000 0.000
Limestone, % 0.500  0.500 0.500 0.500 0.500 0.500 0.850 0.850 0.850 0.850  0.850 0.850 0.950  0.950 0.950 0.950  0.950 0.950
Salt, % 0.250  0.250 0.250 0.250 0.250 0.250 0.500 0.500 0.500 0.500  0.500 0.500 0.500  0.500 0.500 0.500  0.500 0.500
L-Lysine, % 0.220  0.220 0.220 0.220 0.220 0.220 0.360  0.360 0.360 0.360  0.360 0.360 0.360  0.360 0.360 0.360  0.360 0.360
DL-Methionine, % 0.175  0.175 0.175 0.175 0.175 0.175 0.114 0.114 0.114 0.114 0.114 0.114 0.114 0.114 0.114 0114 0114 0.114
L-Threonine, % 0.053  0.053 0.053 0.053 0.053 0.053 0.066  0.066 0.066 0.066  0.066 0.066 0.066  0.066 0.066 0.066  0.066 0.066
Trace Mineral Premix, % 0.150  0.150 0.150 0.150 0.150 0.150 0.150  0.150 0.150 0.150  0.150 0.150 0.150  0.150 0.150 0.150  0.150 0.150
Vitamin Premix, % 0.250  0.250 0.250 0.250 0.250 0.250 0.250  0.250 0250 0.250  0.250 0.250 0.250  0.250 0.250 0.250  0.250 0.250
Plasma, % 2.500  2.500 2.500 2.500 2.500 2.500 0.500 0.500 0.500 0.500  0.500 0.500 - - - - - -
Fish Meal, % 5.000  5.000 5.000 5.000 5.000 5.000 2,500 2.500 2,500 2500  2.500 2.500 - - - - - -
Whey Powder, % 20.000 20.000 20.000 20.000 20.000  20.000 - - - - - - - - - - - -
Corn Phytase, % 0.000  0.026 0.104 0.000 0.026 0.104 0.000 0.026 0.104 0.000 0.026 0.104 0.000  0.026 0.104 0.000 0.026 0.104
Ethoxiquin, % 0.030  0.030 0.030 0.030 0.030 0.030 0.030  0.030 0.030 0.030  0.030 0.030 0.030  0.030 0.030 0.030  0.030 0.030
Lactose, % 3.500  3.500 3.500 3.500 3.500 3.500 - - - - - - - - - - - -




1%

Table 2: Experimental diet composition for Experiment 2

Nursery Nursery Phase 2 Nursery Phase 3 Nursery Phase 4
Phase 1 GralNyme HIPhos GralNyme HIPhos GralNyme HIPhos
PC NC NC+500 NC+ NC+150 NC+500 PC NC NC+500 NC+ NC+150 NC+500 PC NC NC+500 NC+ NC+150 NC+500
Ingredients FTU/kg 1000 0 FTU/kg FTU/kg 1000 0 FTU/kg FTU/kg 1000 0 FTU/kg
Corn, % 42.100 40.905 42.021 41.997 41973 41.949 42.017 44.204 45373 45349 45.323 45301 45369 47.956 49.069 49.045 ###H# 48.998 49.066
Soybean Meal, % 19.000 27.650 27.650 27.650 27.650 27.650 27.650 31.400 31.400 31.400 31.400 31.400 31.400 30.550 30.550 30.550 ####t 30.550 30.550
DDGS, % 0.000 10.000 10.000 10.000 10.000 10.000 10.000  15.000 15.000 15.000 15.000 15.000 15.000 15.000 15.000 15.000 #####H# 15.000 15.000
Poultry Fat, % 3.000 3.000 2550 2,550 2.550 2.550 2.550 3.000 2,500 2.500 2.500 2.500 2.500 3.000 2,550 2.550 2.550 2.550  2.550
Monocalcium P, %  0.690 1.175 0460 0.460 0.460 0.460 0.460 0.715 0.000 0.000 0.000 0.000 0.000 0.710 0.000 0.000 0.000 0.000 0.000
Limestone, % 0.585 0.788  0.845 0.845 0.845 0.845 0.845 0.860 0910 0910 0.910 0.910 0.910 0.945 1.000 1.000 1.000 1.000 1.000
Salt, % 0.250 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500
L-Lysine, % 0.220 0.315 0.312 0.312 0312 0.312 0.312 0.360 0.360 0.360 0.360 0.360 0.360 0.390 0.388 0.388 0.388 0.388 0.388
DL-Methionine, % 0.160 0.152 0.149 0.149 0.149 0.149 0.149 0.135 0.135 0.135 0.135 0.135 0.135 0.123 0.120 0.120 0.120 0.120 0.120
L-Threonine, % 0.038 0.059 0.057 0.057 0.057 0.057 0.057 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078
L-Tryptophan, % 0.028 0.028 0.027 0.027 0.027 0.027 0.027 0.019 0.019 0.019 0.019 0.019 0.019 0.017 0.017 0.017 0.017 0.017 0.017
Trace Mineral Premix, % 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150
Vitamin Premix, % 0.250 0.250 0.250 0.250 0.250 0.250  0.250 0.250 0.250 0.250 0.250 0.250  0.250 0.250 0.250 0.250 0.250 0.250 0.250
Plasma, % 5.000 2.500 2500 2,500 2.500 2.500 @ 2.500 0.500 0.500 0.500 0.500 0.500 0.500 - - - - - -
Fish Meal, % 5.000 2.500 2500 2.500 2.500 2.500 @ 2.500 2.500 2500 2,500 2.500 2.500 @ 2.500 - - - - - -
Milk, Whey Powder, % 20.000 10.000 10.000 10.000 10.000 10.000 10.000 - - - - - - - - - - - -
Corn Phytase, % - 0.000 0.000 0.024 0.048 0.071 0.000 0.000 0.000 0.024 0.048 0.071 0.000 0.000 0.000 0.024 0.048 0.071 0.000
Ethoxiquin, % - 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
Milk, Lactose, % 3.500 - - - - - - - - - - - - - - - - - -
TiO2, % - - - - - - - 0.300 0300 0.300 0.300 0.300 0.300 0.300 0.300 0.300 0.300 0.300 0.300
HiPhos, % - 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.003




Ly

Table 3: Main effects of corn-expressed phytase on growth performance (Exp 1, LS means)

P - Value
Phosphorus Phytase, FTU/kg Main P leve*FTU
Adequate Low SEM 0 1000 4000 SEM P level Phytase P level Linear Quadratic
ADG, kg/d
Phase 1 ADG 0.052 0.046 0.007 0.047 0.041 0.059 0.008 0.48 0.222 048 0.149 0.333
Phase 2 ADG 0.45 0.463 0.023 0.449 0.462 0.459 0.024 0.412 0.768 0.412 0.691 0.546

Phase 3 ADG 0.647° 0.654™ 0.025 0.637% 0.648° 0.666° 0.026 0.559 0.169 0.559 0.064 0.755

Phase 1-2 ADG  0.236 0.239 0.011 0.233 0.235 0.244 0.012 0.762 0.597 0.762 0.314 0.972
Phase 1-3 ADG 038 0.384 0.015 0.374 0.38 0.392 0.016 0.618 0.268 0.618 0.108 0.895

Intake, kg/d

Phase 1 ADFI 0.146 0.135 0.009 0.138 0.13 0.153 0.011 0.292 0.203 0.292 0.143 0.303
Phase 2 ADFI 0.645 0.701 0.046 0.672 0.654 0.693 0.05 0.133 0.68 0.133 0.517 0.557
Phase 3 ADFI 0.974 0966 0.045 0.963 0947 1 0.046 0.736 0.156 0.736 0.101 0.304

Phase 1-2 ADFI 0.377 0.396 0.024 0.385 0.372 0.402 0.026 0.318 0.443 0.318 0.324 042
Phase 1-3 ADFI 0586 0.596 0.03 0.587 0.573 0.612 0.032 0.584 0.231 0584 0.164 0.316
GF

Phase 1 G:F 0.337 0.305 0.043 0.32 0.275 0.368 0.048 0.475 0.257 0.475 0.223 0.265
Phase 2 G:F 0.716 0.693 0.035 0.691 0.747 0.676 0.042 0.62 0.432 0.62 0.544 0.254
Phase 3 G:F 0669 0.68 0.01 0.664 0.688 0.672 0.012 0.434 0.364 0.434 0.93 0.159

Phase 1-2 G:F 0.638 0.621 0.025 0.619 0.656 0.613 0.029 0.594 0.491 0.594 0.646 0.273
Phase 1-4 G:F 0655 0.65 0.013 0642 0.67 0.645 0.016 0.732 0.306 0.732 0.787 0.132
BW, kg

Initial 595° 597® 048 591*° 599° 599° 0.478 0587 0.077 0.587 0.117 0.095
End of Phase 1 6.68°° 6.61° 047 657° 656° 6.81° 0.475 0.596 0.191 0596 0.081 0.625
End of Phase 2 1208 1218 071 1197 121 1232 0.725 0.702 0.525 0.702 0.264 0.882
End of Phase 3 21.14° 21.34% 1.05 20.88* 21.18" 21.65° 1.069 0.586 0.242 0.586 0.098 0.801

X.y.Z.

LS means with different superscripts tend to be different (P < 0.10).

LML procedure of SAS was used to estimate coefficient which then being used in orthogonal contrast analysis for NC,
NC+GralNzyme 500 FTU/kg, NC+GralNzyme 1,000 FTU/kg, and NC+GralNzyme 1,500 FTU/kg.



Table 4: P level by phytase interaction effects of corn-expressed phytase on growth performance in nursery pigs (LS means)

P - Value
Adequate Phosphorus Low Phosphorus P leve*FTU
1000 4000 1000 4000 SE Interaction Linear  Quadratic

ADG, kg/d

Phase 1 ADG 0.049 0.039 0.049 0.045 0.043 0.068 0.011 0.538 0.271 0.912

Phase 2 ADG 0.464  0.469  0.457 0.434 0455  0.462 0.028 0.659 0.375 0.851

Phase 3 ADG 0.665 0.647  0.651 0.609 0.65 0.682 0.028 0.024 0.015 0.2

Phase 1-2 ADG 0.241  0.237  0.238 0.225 0.233 0.25 0.014 0.455 0.22 0.828

Phase 1-3 ADG 0.389 0.381  0.382 0.359 0.379 0.401 0.018 0.089 0.04 0.428
Intake, kg/d

Phase 1 ADFI 0.136  0.126  0.143 0.141 0.134 0.164 0.014 0.803 0.515 0.922

Phase 2 ADFI 0.713 0.691  0.698 0.632 0.616 0.688 0.059 0.68 0.39 0.885

Phase 3 ADFI 0.959 0.96 0.98 0.968  0.933 1.02 0.05 0.48 0.403 0.382

Phase 1-2 ADFI  0.402  0.387  0.399 0.368 0.356  0.406 0.031 0.638 0.353 0.878

Phase 1-3 ADFI  0.597 0.588  0.602 0.578 0558 0.621 0.035 0.533 0.315 0.626
GF

Phase 1 G:F 0335 0252  0.327 0.305  0.298 0.41 0.062 0.591 0.367 0.631

Phase 2 G:F 0.666  0.742  0.672 0.717  0.751 0.68 0.058 0.911 0.758 0.765

Phase 3 GF 0.695 0.677  0.668 0.633 0.698 0.676 0.017 0.042 0.133 0.039

Phase 1-2 GF 0.606 0.65 0.607 0.632  0.662 0.62 0.04 0.979 0.888 0.882

Phase 1-4 GF 0.653 0.658  0.638 0.631 0.682  0.653 0.021 0.456 0.488 0.298
BW, kg

Initial 5.92 5.99 6 59 5.98 5.97 0.479 0.969 0.821 0.916

End of Phase 1 6.6 6.54 6.69 6.53 6.58 6.93 0.488 0.608 0.326 0.896

End of Phase2 12.2 12.17  12.18 11.74  12.04  12.47 0.757 0.486 0.243 0.803

End of Phase 3 2151 2123 2128 2026  21.13  22.02 1.116 0.103 0.048 0.429

1%



1%

Table 5: Effect of GralNzyme on Metacarpal Bone Characteristics in Nursery Pigs (Experiment 1, LS Means).

P - Value
Adequate Phosphorus Low Phosphorus SEvelrETU
0 1000 4000 0 1000 4000 SE P level Linear  Quadratic
Ash, g 0.92 1.02 1.04 0.77 0.85 0.97 0.06 0.2301 0.1038 0.603
Ash, % 0.25 0.26 0.26 0.22 0.24 0.24 0.01 0.2513  0.163 0.3657
Width, n/m 8572 8.83¢ 8.6° 8.53° 8.66" 8.8° 0.17 0.1442 0.1 0.2745

Length, mm 31.36° 31.4%® 30.85°  30.82° 31.29° 31.64° 0.61 0.0641  0.02 0.8478

20C | S means with different superscripts are significantly different (P < 0.10).
LML procedure of SAS was used to estimate coefficient which then being used in orthogonal contrast analysis for NC,
NC+GralNzyme 500 FTU/ka, NC+GralNzyme 1,000 FTU/ka, and NC+GralNzyme 1,500 FTU
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Table 6: Effect of GralNzyme on Growth Performance in Nursery Pigs (Experiment 2, LS means)

NC +

PC NC NC + GralNzyme HiPhos P - Value
FTU/kg 500 1,000 1,500 500 SEM  Treatment Linear' Quadrati(;1
ADG, kg/d
Phase 2 0.172 0.143 0.176 0.18 0.187 0.17 0.014 0.3694 0.0412 0.3682
Phase 3 0.419 0.401 043 0438 0434 0412 0.019 0.6901 0.2013 0.3596
Phase 4 0.633° 0.579° 0.640° 0.634" 0.682" 0.635Y 0.023  0.0788 0.0044 0.7594
Phase 2&3 0.337 0.315 0.345 0.352 0.351 0.331 0.015 05256 0.1016 0.3182
Overall 0.455° 0.421¢ 0.463° 0.465' 0.483” 0.453% 0.015 0.1016 0.0063 0.4157
BW, kg
Initial 6.67 6.7 6.66 6.73 6.64 6.64 0.28 0.9846 0.8205 0.8112

End of phase 2 7.88 7.7 7.89 799 7.95 7.83 0.28 0.8578 0.253 0.49
End of phase 3 ~ 13.75 13.32 13.91 14.12 14.02 13.6 0.47 0.693 0.1799 0.3643
End of phase 4  22.61 21.43 22.87 23 2356 2249 0.67 0.1846 0.0135 0.4355

ADFI, kg/d

Phase 2 0.273 0.209 0.256 0.243 0.246 0.24 0.02 0.352 0.2792 0.2747
Phase 3 0.707 0.661 0.697 0.629 0.631 0.646 0.045 0.6582 0.3956 0.6755
Phase 4 0.992°% 0.913% 0.999°% 1.018"* 1.056° 0.952°Y 0.033  0.0603 0.0041 0.4675
Phase 2&3 0.563 0.511 0.55 0501 0503 0511 0.033 0.6041 0.5999 0.5479
Overall 0.734 0.671 0.73 0.707 0.724 0.687 0.028 0.5198 0.2752 0.4477
GF

Phase 2 0.672 0.674 0.685 0.75 0.75 0.722 0.046 0.587 0.1282 0.9011
Phase 3 0.623 0.621 0.631 0.705 0.712 0.653 0.041 0.2419 0.0312 0.9675
Phase 4 0.665 0.638 0.641 0.637 0.654 0.667 0.017 0.6936 0.5962 0.6807
Phase 2&3 0.624 0.627 0.639 0.709 0.717 0.662 0.035 0.1382 0.0172 0.9517
Overall 0.644 0.63 0.638 0.666 0.679 0.663 0.019 0.4122 0.0416 0.9043

X.y.Z.

LS means with different superscripts tend to be different (P < 0.10).

LML procedure of SAS was used to estimate coefficient which then being used in orthogonal contrast analysis for NC,
NC+GralNzyme 500 FTU/kg, NC+GralNzyme 1,000 FTU/kg, and NC+GralNzyme 1,500 FTU/Kg.
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Table 7: Effect of GralNzyme on Metacarpal Bone Characteristics in Nursery Pigs (Experiment 2, LS means)

PC NC NC + GralNzyme ::gh;s P - Value
FTU/kg 500 1,000 1,500 500 SEM  Treatment Linear: Quadrati(:1

Length, mm 36.87  36.31 36.57  36.75 37 36.39 0.31 0.3862 0.0627 0.9796
Width, mm 9.248  9.113 9.148  9.048 9.365 9.3 4.149 0.451 0.2403 0.2592

Freshbone,g 4.314 3.872° 4.091® 4.090® 4393 4.134° 011 0.003 0636 0.1876
Ash, g 1.122% 0.840° 0.984™ 1.037° 1.098° 00951° 0029 <0.0001 0.0878 0.3522
Ash, % 26.010° 21.610° 24.070° 25.450% 25.090" 23.080° 0.284  <0.0001 <0.0001 <0.0001
Max Load, kgf 35.355% 32.803% 40.089™ 41.648° 42.410° 37.020® 1.566  <.0001 <0001 0.0223

*> s means with different superscripts are significantly different (P < 0.05).

LML procedure of SAS was used to estimate coefficient which then being used in orthogonal contrast analysis for NC,
NC+GralNzyme 500 FTU/kg, NC+GralNzyme 1,000 FTU/kg, and NC+GralNzyme 1,500 FTU
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Effects of Xylanase and Super-Dosing Phytase on Nursery and Grow-Finish Performance

J. P. Knapp, T. C. Tsai, C. V. Maxwell, J. J. Chewning

Abstract
This experiment was conducted to determine the effect of xylanase and super-dosing phytase on
nursery and grow-finish performance. A total of 270 pigs were blocked by initial BW and
allotted to 1 of 5 treatments (9 replicates per treatment). Pens were assigned randomly to dietary
treatments. Treatments were: a) Positive Control (PC), P adequate diet (NRC, 2012) with 500
FTU/kg of feed phytase credit on aP (0.12%) and Ca (0.13%) release; b) Negative Control (NC),
98% of ME as PC and AA deficient diet with 500 FTU/kg of feed; c) NC diet supplemented with
15,000 FTU phytase/kg of diet, and 0, d) 12,000 and e) 16,000 Danisco endo-xylanase units
(DXU) of xylanase/kg of diet. Pigs were fed a common phase 1 (14 d) diet before treatments
were initiated in phase 2 (14 d) and 3 (14 d). At the end of phase 3, 35 pens (210 pigs) continued
on the grower/finisher experiment and were fed a five-phase feeding regime. Data were analyzed
by MIXED procedures of SAS (SAS, Cary, NC) with treatment as the fixed effect and initial BW
block as a random effect. Orthogonal contrasts were performed to determine the effects of
increasing xylanase. Increasing xylanase improved ADG quadratically in the overall
grower/finisher period, and for the entire study (P < 0.05), which restored final BW in pigs fed
superdosing levels of phytase together with 16,000 DXU/kg of xylanase to the level observed in
PC. Pigs fed the NC with 16,000 DXU/kg had a greater ADFI in nursery than PC (P < 0.01). The
G:F was greater in PC than NC in overall nursery and grower (P < 0.05). Pigs fed the NC and
12,000 DXU had reduced G:F during overall grower, and grower/finisher periods as well as the
entire study when compared to all other treatments (P < 0.05). However, pigs fed NC with

16,000 DXU/kg or superdosing phytase alone had a similar G:F as the PC in the overall grower,
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overall grower/finisher periods and for the entire study. In addition, pigs fed superdosing level of
phytase and 16,000 DXU/kg of diet had similar carcass composition when compared to pigs fed
the NC diet (P < 0.05). Results of the current study suggests that superdosing phytase and 16,000
DXU/kg xylanase in pigs fed reduced nutrient diets can restore growth and carcass composition

to levels observed in pigs fed the PC diet.

Keywords: xylanase, phytase, growth performance

Introduction

Many of the coproducts that are used in swine diets to reduce feed cost contain high
levels of phytate and fiber (Jaworski et al., 2015; Rojas et al., 2013). Phytate is the main storage
form of phosphorus (P) in plant-based feedstuffs (Lavin et al., 2013; Yafiez et al., 2013; Graf,
1983; Chung et al., 2013). Pigs are unable to break down phytate and xylan hemicellulose due to
lack of adequate endogenous enzymes secreted (Pointillart et al., 1987; Nortey et al., 2008; Selle
and Ravindran, 2008). This makes the use of exogenous enzymes useful in improving nutrient
utilization. The supplementation of exogenous phytase has become common in industry to
hydrolyze phytate to increase P availability and subsequently reduce the P excreted (Cromwell et
al., 1993, 1995; Liu et al., 1998; Walk et al., 2013). Furthermore, high levels of phytase
supplementation have been shown to improve growth rate and feed efficiency in pigs by
improving P digestibility (Mroz et al., 1992; Adeola and Cowieson, 2011; Adedokun et al.,

2015).

Xylanase supplementation improves fiber digestibility and has been shown to enhance
nutrient digestibility (Passos et al., 2015). However, Woyengo et al. (2008) reported that the
simultaneous inclusion of xylanase and phytase in wheat-based diets for growing pigs had no

synergistic effects for nutrient digestibility, while Ndou et al. (2015) reported that
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supplementation of phytase and xylanase improved growth rate, feed efficiency and ATTD of
fat. Jang et al. (2017) showed no significant interactions between xylanase and phytase
supplementation on growth performance, carcass characteristics and apparent total tract
digestibility. However, it appears that the varying results for xylanase supplementation are
dependent on different amounts of substrates for xylanase depending on which feed ingredients
were used (Diebold et al., 2004). Overall, xylanase has been shown to enhance nutrient
digestibility (Atakora et al., 2011). superdosing of phytase at very high dietary levels has been
shown to enhance growth performance beyond the expected improvement in performance as a
result of release of phytate P (Shirley and Edwards, 2003; Cowieson et al., 2006; Braria et al.,
2006; Kies et al., 2006). Therefore, the objective of this study was to evaluate efficacy of
superdosing phytase and determine the effect of increasing dietary xylanase on growth

performance in pigs fed a superdosing level of phytase.

Materials and Methods
The institutional Animal Care and Use Committee at the University of Arkansas

reviewed and approved the protocols for both experiments.

Animals and Experimental Design

Nursery phases

A total 270 crossbred pigs at weaning (21 days of age) were blocked by gender and initial
BW into 9 weight blocks; within blocks, pens of pigs (45 pens with 6 pigs/pen) were randomly
assigned to 1 of 5 dietary treatments (9 reps/treatment). A 3-phase feeding program was utilized
with pigs fed different diets in each of the three phases. All diets were typical nursery diets that
were formulated to meet nutrient requirements (NRC, 2012; Table 8). These pigs were fed a

common starter diet for 14 days to allow time for acclimation to weaning. Pigs were housed in
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1.49 x 1.20 M? pens at the University of Arkansas conventional nursery facility, with ad libitum

access to feed and water for the duration of the experiment.

Grower/Finisher Phases

A total of 35 median-weight-block pens of pigs (210 pigs) continued on the experiment.
A four-phase feeding program was utilized and pigs were continued on the same treatments they
received during the nursery phase. Pigs were fed different diets in each of the four phases. All
diets were typical corn-soy grower and finisher diets (Table 9 and 10). Pigs were housed in 1.49
x 2.99 M? pens the University of Arkansas Grow-Finisher facility, with ad libitum access to feed
and water for the duration of the experiment. Tenth rib backfat measurements and LM area were

estimated on all pigs at the end of the study to estimate carcass fat-free lean.

Experimental Diets

A starter diet was fed for the first 14 days to allow time for acclimation to weaning
(Table 8). Nursery phase 1 and phase 2 was fed for 14 days (Table 8). For the remainder of the
nursery and grower/finisher phases (Tables 9 and 10, respectively). Pigs were fed one of the
following treatments: Treatment 1, the positive control diet (PC) was formulated with 500
FTU/kg of phytase accounting for aP (0.12%) and Ca (0.13%) release from phytase, to meet
nutrient requirements (NRC, 2012). Treatment 2, the negative control (NC) was formulated with
500 FTU/kg of phytase, with reduced AAs and to meet 98% of the metabolizable energy
compared to the PC. Treatments 3, 4 and 5 were the NC with: 3, 15,000 FTU/kg of phytase
(0.03%), 4, 12,000 DXU of xylanase/kg (0.008%) and 15,000 FTU of phytase/kg (0.03%), and 5,
16,000 DXU of xylanase/kg (0.01%) of diet and 15,000 FTU phytase/kg (0.03%) of diet

respectively.
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Sample Collection and Processing

At the start of the study and at the end of each phase, individual pig weights, as well as
pen feed disappearance, were measured for each phase to calculate average daily gain (ADG),
average daily feed intake (ADFI) and gain to feed ratio (G:F). Feed samples were obtained for
each batch of feed mixed. These were accumulated for each phase and subsampled for nutrient

analysis.

Statistical Analysis

The performance and bone ash data were analyzed using the MIXED procedures of SAS.
Treatment was the fixed effect. Orthogonal contrasts were used to determine the effects of
phytase and xylanase level on growth performance. Probability values were considered

statistically significant at P < 0.05, and 0.05 to P < 0.10 considered a statistical trend.

Results

Growth Performance

During the overall nursery phase of the study, pigs fed the nutrient deficient diet, with
0.03% phytase and 0.01% xylanase grew more rapidly (P < 0.06) than pigs fed the PC diet
formulated to normal amino acid specifications and containing 500 FTU phytase/kg of diet
(Table 11). During the grower 2 phase and the overall grower phase, pigs fed the nutrients
deficient diet with 0.03% phytase and 0.008% xylanase had reduced ADG when compared to
those fed the 0.03% phytase diet or the phytase and 0.01% xylanase. This resulted in a
significant quadratic phytase x xylanase effect (P < 0.01). A similar quadratic effect was
observed for the overall grower/finisher phase and for the entire nursery/growing/finishing study

(P < 0.05).
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During nursery phase 2 and for the overall nursery phase, pigs fed the NC diet consumed
more feed than those fed the PC diet (P < 0.10 and P < 0.05, respectively; Table 12). Similarly,
pigs fed the nutrient deficient diet with 0.03% phytase and 0.01% xylanase consumed more feed
(P <0.01) in nursery phase 2 and for the overall nursery period when compared to pigs fed the

positive control diet.

Feed efficiency was greater in pigs fed the PC diet (Table 13) when compared to those
fed the NC diet in nursery phase 2 and the overall nursery period as well as during grower phase
2 and the overall grower phase (P < 0.05). Similarly, G:F was greater during nursery phase 2 and
the overall nursery period in pigs fed the PC diet when compared to those fed the nutrient
deficient diet with 0.03% phytase and 0.01% xylanase (P < 0.10 and P < 0.05, respectively).
Additionally, pigs fed the nutrient deficient diet with 0.03% phytase and 0.008% xylanase had
reduced G:F during grower phase 2, the overall grower period, the combined growing and
finishing period as well as the overall study when compared to all other treatments (P < 0.05). In
contrast, when pigs were fed 0.03% phytase and 0.01% xylanase or 0.03% phytase alone, G:F
was restored to a level similar to the PC in grower 2, grower overall, grower/finisher overall and
the overall study. It should be noted that G:F in the grower 2, the overall grower period, the
overall grower/finishing phases as well as the overall study tended to decrease with the inclusion
of 0.008% xylanase with phytase but improved with the increased inclusion level of 0.01%

xylanase (P < 0.001, quadratic effect).

As might be expected based on ADG, pigs fed the nutrient deficient diet with 0.03%
phytase and 0.01% xylanase tended to be heavier at the end of the nursery phase 2 (P < 0.10;
Table 14) when compared to pigs fed the PC diet. However, pigs fed the nutrient deficient diet

with 0.03% phytase and 0.008% xylanase had reduced BW when compared to all other
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treatments at the end of the grower 2 period and were lighter than pigs fed all other treatments
with the exception of the pigs fed the NC diet with 0.03% phytase at the end of the finishing 1

period (P < 0.05). However, BW was similar among all treatments at study completion.

Carcass Characteristics

The effect phytase on carcass composition are presented in Table 15. Pigs fed the NC diet
had increased yield compared to those fed the PC diet (P < 0.05). Percent lean was greater in pigs
fed the NC diet when compared to those fed the nutrient deficient diet with 0.03% phytase and
0.01% xylanase (P < 0.05). Loin muscle depth was greater in pigs fed the PC diet when
compared to those fed 0.03% phytase or 0.03% phytase with either 0.008% xylanase or 0.01%
xylanase (P < 0.05). The 10" rib back fat was greater in pigs fed 0.03% phytase with either
0.008% xylanase or 0.01 % xylanase when compared to those fed the NC diet or the NC diet

with 0.03% phytase (P < 0.05).

Discussion

This study evaluated the combined effects of super-dosing xylanase and phytase on
growth performance and carcass characteristics. There were no differences in weight gain and
feed efficiency between the different levels of xylanase supplementation in the nursery phase.
However, during the grower phases a quadratic response was observed with increasing xylanase
supplementation. The phytase and xylanase supplementation in the pigs fed 0.03% phytase and
0.008% xylanase resulted in a reduced ADG and BW when compared to super-dosing phytase
alone or the higher level of xylanase supplementation (0.01%). The pigs fed the diet with 0.03%
phytase alone and the 0.03% phytase with 0.01% xylanase had similar grower phase 2 and

finisher phase 1 ADG and BW compared to the pigs fed the PC diet.
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It has been well documented that phytase addition increases P digestibility (Kerr et al.,
2010, Adeola et al., 2004; Cowieson et al., 2011). Phytase dephosphorylates the phytate found in
cereal grains to free P while also liberating nutrients that are bound to phytate, thereby, providing
more nutrients to pigs fed phytase-containing diets (Selle and Ravindran, 2008). Additionally,
super-dosing (feeding high levels) of phytase may remove the antinutritional effects that phytate
has on the diets for a more efficient use of minerals and other dietary ingredients (Cowieson et
al., 2004; Cowieson et al., 2011; Selle et al., 2012). Previous studies have shown that as phytase
supplementation increases, it results in increased ADG and G:F, in low-P or P-deficient diets
through increased P digestibility (Brafia et al, 2006; Zeng et al., 2014). This is seen in the present
study where the inclusion of 0.03% phytase restored the growth phenotypes of the NC to levels

similar to that of the PC.

Woyengo et al. (2008) reported no synergistic response with the simultaneous inclusion
of xylanase and phytase, for pigs fed a diet with reduced Ca and P, on any of the response
criteria measured. While in the present study, increasing the xylanase concentrations resulted in
increased back fat thickness and decreased percent lean (P < 0.05). However, in the study by
Jang et al. (2017) no effect of xylanase supplementation was seen on carcass characteristics in
pigs fed a diet with reduced metabolizable energy. Jang et al. (2017) did show an improved

carcass leanness that was improved by phytase supplementation.

Several explanations have been proposed to explain the inconsistent effect of xylanase
supplementation on growth characteristics. It is thought that digesta flow rate is different for
different feeding methods, and possibly ad libitum access to feed alters the xylanase response
(Dierick et al., 1989). Furthermore, the availability of different substrates for xylanase,

depending on which feed ingredients that are included in the diets, could explain the inconsistent
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results between studies (Diebold et al., 2004). Finally, the duration of feeding the treatment may

impact the inconsistency of the response to xylanase supplementation. Jang et al. (2017) fed

xylanase for 100 d before the digestibility assessments were made, where no differences were

seen; while other previous studies showed positive responses from xylanase supplementation fed

for less than 55 d (Nortey et al., 2008; Woyengo et al., 2008). Longland et al. (1993) reported

that non-starch polysaccharide digestibility in wheat increased over time as pigs responded to the

dietary fiber from cereal basal diets. Therefore, an increased feeding duration could allow pigs

and the gut microbes time to adapt to a high fiber diet, which could result in a decreased effect of

xylanase supplementation. Furthermore, Urriola and Stein (2012) showed that the innate fiber
digestibility of pigs and total capacity for fiber degradation increases as BW increases, which

may result in a diminished xylanase response in heavier pigs when compared to lighter pigs.

Conclusion

Super-dosing phytase in energy deficient diets restored growth performance, while
feeding 0.03% phytase and 0.01% xylanase restored growth performance and carcass
characteristics similar to that of pigs fed the PC. The effects of phytase and xylanase increased
ADG, BW, and feed efficiency in the grower and early finisher phases. These studies
demonstrate that phytase and xylanase supplemented in energy deficient diets restored
performance, and carcass characteristics in pigs. Pigs fed energy deficient diets supplemented
with 0 or 16,000 DXU/kg of xylanase performed similarly to pigs fed a diet with adequate

energy.
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Appendix
Table 8: Experimental diet composition nursery phases (as fed basis)

Starter Nursery Phase 1 Nursery Phase 2
PC NC NC+1500 NC+1200 NC+1600 PC NG NC+1500 NC+1200 NC+1600
Ingredients FTU/kg 0 BXU/kg 0 BXU/kg FTU/kg 0 BXU/kg 0 BXU/kg

Corn, % 32.76 57.24 60.22 60.30 60.29 60.29 61.17 64.22 64.22 64.21 64.21
Soybean Meal, % 11.00 21.00 19.35 19.25 19.25 19.25 23.03 21.30 21.30 21.30 21.30

Soycomil-P, % 5.00 - - - - - - - - - -
Poultry Fat, % 2.50 2.32 1.05 1.05 1.05 1.05 235 1.08 1.08 1.08 1.08
MonocalciumP, % - 0.10 0.10 0.10 0.10 0.10 0.27 0.27 0.27 0.27 0.27
Limestone, % 0.70 0.77 0.77 0.77 0.77 0.77 1.00 1.00 1.00 1.00 1.00
Salt, % 0.25 0.40 040 0.40 0.40 0.40 055 0.55 0.55 0.55 0.55
L-Lysine,% 0.25 0.41 041 041 0.41 0.41 055 0.55 0.55 0.55 0.55
DL-Methionine, % 0.14 0.15 0.12 0.12 0.12 0.12 0.13 0.11 0.11 0.11 0.11
L-Threonine, % 0.04 0.11 0.10 0.10 0.10 0.10 0.15 0.14 0.14 0.14 0.14
L-Tryptophan, % 0.01 0.04 0.03 0.03 0.03 0.03 0.05 0.04 0.04 0.04 0.04

Zn0, % 0.32 - - - - - - - - - -

Copper Sulfate, % 0.06 - - - - - - - - - -
Trace Mineral Premix, % 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Vitamin Premix, % 0.25 0.25 0.25  0.25 0.25 0.25 025 0.25 0.25 0.25 0.25

Plasma, % 4.00 2.00 2.00 2.00 2.00 2.00 - - - - -

Fish Meal, % 6.50 3.00 3.00 3.00 3.00 3.00 - - - - -

Milk, Whey Powder, % 20.00 12.00 12.00 12.00 12.00 12.00 - - - - -
Quantum Blue, % 0.04 0.01 0.01 0.03 0.03 0.03 0.0068 0.0068 0.0068 0.0068 0.0068
Ethoxiquin, % 0.03 0.03 0.03  0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
TiO2,% - - - - - - 0.30 0.30 0.30 0.30 0.30

Milk, Lactose, % 3.50 - - - - - - - - - -

Oat Groat, % 12.50 - - - - - - - - - -
L-valine, % - 0.03 0.03 0.03 0.03 0.03 0.02 0.01 0.01 0.01 0.01
Econase XT 25, % - - - - 0.008 0.010 0.00 0.00 0.00 0.008 0.010
CornDDGS, % - - - - - - 10.00 10.00 10.00 10.00 10.00
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Table 9: Experimental diet composition grower phases (as fed basis)

Grower Phase 1 Grower Phase 2
PC NC NC+1500 NC+12000 NC+16000 PC NC NC+1500 NC+12000 NC+16000
Ingredients FTUkg BXU/kg BXU/kg FTU/kg BXU/kg BXU/kg

Corn, % 63.572 68.035 68.012 68.005 68.002  69.344 72.944 72921 72.913 68.002
Soybean Meal, % 11.250 8.940 8.940 8.940 8.940 5.750 4.300 4.300 4.300 8.940
Corn DDGS, % 20.000 20.000 20.000  20.000 20.000  20.000 20.000 20.000 20.000 20.000

Fat, % 2.500 0.460 0.460 0.460 0.400 2.500 0.460  0.460 0.460 0.400

Calcium Phosphate, % 0.210 0.210 0.210 0.210 0.210 0.075 0.085  0.085 0.085 0.210
Limestone, % 1.115 1.115 1.115 1.115 1.115 1.020 1.080  1.030 1.030 1.115

Sodium Chloride, % 0.170 0.170 0.170 0.170 0.170 0.100 0.100 0.100 0.100 0.170
L-Lysine, % 0.575 0.600 0.600 0.600 0.600 0.585 0.585  0.585 0.585 0.600
DL-Methionine, % 0.067 0.031  0.031 0.031 0.031 0.044 0.001 0.001 0.001 0.031
L-Threonine, % 0.133 0.112  0.112 0.112 0.112 0.140 0.107  0.107 0.107 0.112
L-Tryptophan, % 0.061 0.048  0.048 0.048 0.048 0.067 0.050 0.050 0.050 0.048
L-Valine, % 0.011 0.003 0.003 0.003 0.003 0.018 0.000  0.000 0.000 0.150
L-Isoleucine, % - - - - - 0.022 0.008  0.003 0.003 0.150

Trace Mineral Premix, % 0.150 0.150  0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.030

Vitamin Premix, % 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.030
Quantum Blue, % 0.007 0.007 0.030 0.030 0.030 0.007 0.007  0.030 0.030 0.003
Ethoxiquin, % 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.000
Econase XT 25, % 0.000 0.000 0.000 0.008 0.010 0.000 0.000  0.000 0.008 0.010
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Table 10: Experimental diet composition finisher phases (as fed basis)

Finisher Phase 1 Finisher Phase 2
PC NC+1500 NC+12000 NC+16000 PC NC NC+1500 NC+12000 NC+16000
Ingredients FTU/kg BXU/kg BXU/kg FTU/kg BXU/kg BXU/kg

Comn, % 73.986 77.512 77.489 77.482 77.479  84.190 87.625 87.602 87.594 87.592
Soybean Meal, % 1.375 0.000 0.000 0.000 0.000 1.300 0.000  0.000 0.000 0.000
Corn DDGS, % 20.000 20.000 20.000  20.000 20.000  10.000 10.000 10.000 10.000 10.000

Fat, % 2.500 0.443 0.443 0.443 0.443 2500 0.453 0.453 0.453 0.453
Calcium Phosphate, % 0.000 0.015 0.015 0.015 0.015 0.000 0.010 0.010 0.010 0.010
Limestone, % 0.925 0.930 0.930 0.930 0.930 0.880 0.890  0.890 0.890 0.890

Sodium Chloride, % 0.100 0.100 0.100 0.100 0.100 0.150 0.150 0.150 0.150 0.150
L-Lysine, % 0.570 0.570 0.570 0.570 0.570 0.465 0.465  0.465 0.465 0.465

DL-Methionine, % 0.029 0.000 0.000 0.000 0.000 0.014 0.000  0.000 0.000 0.000
L-Threonine, % 0.142 0.108 0.108 0.108 0.108 0.134 0.099 0.099 0.099 0.099
L-Tryptophan, % 0.069 0.050  0.050 0.050 0.050 0.055 0.037 0.037 0.037 0.037
L-Valine, % 0.011 0.000 0.000 0.000 0.000 0.019 0.000  0.000 0.000 0.000
L-Isoleucine, % 0.032 0.011 0.011 0.011 0.011 0.033 0.011 0.011 0.011 0.011

Trace Mineral Premix, % 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
Vitamin Premix, % 0.125 0.125 0.125 0.125 0.125 0.127 0.125 0.125 0.125 0.125
Quantum Blue, % 0.007 0.000 0.030 0.030 0.030 0.007 0.007  0.030 0.030 0.030
Ethoxiquin, % 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030

Econase XT 25, % 0.000 0.000 0.000 0.008 0.010 0.000 0.000  0.000 0.008 0.010
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Table 11: Effect of phytase and xylanase on ADG in wean to finisher pigs (LS means)

Treatment P-Value
0.03% QB+ 0.03% QB+ Linear uad. NC vs 0.03% PC vs 0.03%
PC NC 0.03%QB 0.0080/SXT O.Ol%QXT SEM Tt QB+XT25 Q§+XT25 PCvs NC QB+ 0.01% XT QB+ 0.01% XT
ADG, kg/d
NP 1 0.443 0.458 0.455 0.471 0.468 0.014 0.6485 0.4145 0.7552 0.4663 0.5973 0.2201
NP 2 0.578 0.587 0.6 0.616 0.635 0.025 0.5144 0.3609 0.7142 0.803 0.176 0.1231
Nursery overall 0.51  0.522 0.528 0.544 0.552 0.014 0.2697 0.2254 0.861 0.5611 0.1431 0.0505
Gl 0.682 0.701 0.669 0.689 0.665 0.031 0.9102 0.9227 0.5479 0.6471 0.3985 0.6956
G2 0.820° 0.791° 0.812° 0.650% 0.855" 0.026 <0.0001 0.4348 <0.0001  0.433 0.0888 0.3387
G overall 0.792" 0.768°  0.776" 0.661% 0.808" 0.023 0.0009 0.5661 <0.0001  0.4582 0.2197 0.6174
F1 0.914Y 0.890Y 0.776% 0.893Y 0.860 0.038 0.1021 0.0501 0.3012 0.6452 0.5614 0.3018
F2 0.689 0.632 0.729 0.669 0.696 0.041 0.5387 0.4125 0.5173 0.3247 0.2672 0.8973
F overall 0.82 0.783 0.768 0.811 0.792 0.018 0.2616 0.192 0.3122 0.1451 0.7248 0.2615
GIF overall 0.813° 0.776™ 0.770%® 0.748% 0.799% 0.015 0.0287 05185  0.0194  0.0802 0.2652 0.4991
Overall 0.760 0.734% 0.7317 0.714" 0.756" 0.013 0.0902 0.4669 0.0327  0.1554 0.2158 0.8464

& b.¢ Means with a different superscript differ, P < 0.05.
*Y Means with a different superscript differ, P < 0.10.
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Table 12: Effect of phytase and xylanaseon ADFI in wean to finisher pigs (LS means)

Treatment P-Value
0.03% 0.03% QB+ 0.03% QB+ Linear Quad. NC vs 0.03% QB+ PC vs 0.03%
PC NC 0B 0008%xT  001%xT EM T opixtos oBext2s TOVNC 001 XT OB+ 0.01% XT
ADFI, kg/d
NP 1 0.624 0.655 0.648 0.661 0.668 0.017 0.4886 0.416 0.8974 0.2253 0.6072 0.0922
NP 2 0.946% 1.034% 1.040°  1.058" 1.094° 0.032 0.0424 0.2817 0.5333 0.0621 0.1842 0.0028
Nursery overall 0785 0.845° 0.844°  0.860° 0.881° 0.019 0.0282 0.2179 0.5735 0.0418 0.1919 0.0018
Gl 128 1375 1.326 1.437 1.305 0.082 0.6774 0.8196 0.2396 0.4178 0.552 0.8269
G2 1.789 1.904 1.815 1.807 1.884 0.061 0.6056 0.5712 0.4327 0.1972 0.8263 0.2803
G overall 1664 1.774 1.695 1.716 1.742 0.06 0.7399 0.61 0.8366 0.209 0.7136 0.3668
F1 2.642 2652 2.449 2.617 2.505 0.097 0.4889  0.4431 0.3342 0.9412 0.2938 0.3279
F2 2,589 2.388 2.504 2.6 2.541 0.087 0.442 0.6072 0.5575 0.1144 0.2253 0.6972
F overall 2.62 2542 2472 2.61 2.52 0.083 0.6952 0.4591 0.365 0.5154 0.8548 0.4064
G/F overall 2197 2203 2.129 2.215 2.176 0.067 0.9016 0.4736 0.5814 0.9574 0.7849 0.8261
Overall 1945 1.962 1.906 1.973 1.943 0.056 0.9302 0.5018 0.6146 0.8237 0.8112 0.9872

&P Means with a different superscript differ, P < 0.05.
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Table 13: Effect of phytase and xylanase on feed efficiency in wean to finisher pigs (LS means)

Treatment P-Value
pC NC 0.03% 0.03% QB+ 0.03% QB+ SEM Tt Linear Quad. PCwvs NCwvs0.03% PCvs0.03%
QB 0.008% XT  0.01% XT QB+XT25 QB+XT25 NC QB+ 0.01% XT QB+ 0.01% XT
GF
NP 1 0.71 0.698 0.702 0.714 0.694 0.015 0.875 0.971 0.3492 0.589 0.8515 0.4722
NP 2 0.609 0.567 0.576 0.582 0.577 0.012 0.2029 0.8754 0.7437 0.024 0.5804 0.0761
Nursery overall 0.649" 0.619° 0.624* 0.633% 0.622* 0.008 0.1034 0.8906 0.3292 0.0143 0.7506 0.0292
G1 0.498 0.468 0.472 0.444 0.472 0.014 0.1505 0.5786 0.1413 0.1386 0.839 0.1971
G2 0.455° 0.415° 0.444°  0.348 0.450° 0.011 <0.0001 0.0506 <0.0001 0.0188 0.0378 0.7513
G overall 0.463° 0.426° 0.450° 0.367° 0.454% 0.01 <0.0001 0.0583 <0.0001 0.0138 0.0589 0.5064
F1 0.347 0.337 0.317 0.337 0.344 0.011 0.3501 0.0806 0.8747 0.5117 0.6292 0.8611
F2 0.273 0.271 0.293 0.26 0.281 0.014 0.5785 0.3081 0.215 0.9581 0.6267 0.6641
F overall 0.317 0.312 0.308 0.305 0.318 0.007 0.6383  0.4959 0.2524 0.5756 0.519 0.9314
GIF overall 0.367° 0.352° 0.359°  0.328? 0.366" 0.007  0.002  0.496 0.0002  0.1402 0.1554 0.9537
Overall 0.388° 0.374° 0.382°  0.353° 0.388"° 0.007 0.0057 0.4674  0.0007 0.1635 0.1717 0.9775

2 b.¢ Means with a different superscript differ, P < 0.05.
*Y Means with a different superscript differ, P < 0.10.
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Table 14: Effect of phytase and xylanase on BW in wean to finisher pigs (LS means)

Treatment P-Value
PC NG 0.03% 0.03% QB+ 0.03% QB+ SEM it Linear Quad. PCwvs NCwvs0.03% PCvs0.03%
QB  0.008% XT  0.01% XT QB+XT25 QB+XT25 NC QB+ 0.01% XT QB+ 0.01% XT
BW, kg
Initial 9.34 9.59 9.65 9.49 9.36 0.19 0.7144 0.2945 0.7529 0.3622 0.3866 0.9375
End of NP1 15.54 16 16.02 16.09 15.89 0.31 0.7722 0.8575 0.666 0.3181 0.7957 0.451
End of NP2 23.63 2421 24.43 24.72 24.78 0.47 0464 05711 0.9892 0.3949 0.3958 0.1007
EndofG1 33.28 34.78 3457 34.67 34.24 0.79 0.6384 0.8487 0.7123 0.1769 0.6233 0.3803
EndofG2 69.27° 68.67° 69.21° 62.82° 71.08" 165 0.014 0.6608 0.0008 0.7901 0.0946 0.4302
EndofF1 9574° 93.76° 90.52% 85.77% 95.20° 21 0.0111 05497 0.0036 0.4991 0.6232 0.852
Endof F2 116.41Y 112.97% 109.35¢ 108.53" 114.90% 242 0.1048 0.2504 0.095 0.3079 0.5655 0.6504
End of F3 128.72 125.02 124.43 121.62 128.07 21 01231 0.5627 0.0398 0.2093 0.2982 0.8226

2P Means with a different superscript differ, P < 0.05.
XY Means with a different superscript differ, P < 0.10.
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Table 15: Effect of phytase and xylanase on carcass composition (LS means)

Treatment P-Value
PC Ne  003% 003%QB+ 0.03%QB+ Linear Quad. PCvs NCvs0.03% PCvs0.03%
QB  0.008% XT 0.01% XT QB+XT25 QB+XT25 NC QB+ 0.01% XT QB+ 0.01% XT
HCW, kg 208.9 201.35 198.12 200.8 205.69 352 02107 0.1743 0.4518 0.1301 0.3766 0.5115
Yield, % 61.68% 62.64° 63.00°  62.42% 62.36% 0.28 0.0316 0.0797 0.8638 0.0198 0.4718 0.0903
Lean, % 5455 5502° 54.74° 53.71° 53.87% 0.32 0.0244 0.024  0.4055 0.2944 0.0141 0.128
LM depth, mm  67.95° 65.76™ 64.11%°  62.40° 65.15" 0.86 0.0015 0.9104 0.0263 0.0743 0.6061 0.0251
BF, mm 18.20° 16.85% 17.29° 19.18" 19.35° 0.62 0.0237 0.0133  0.7559 0.1225 0.007 0.1902

2 b.¢ Means with a different superscript differ, P < 0.05.
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