ABSTRACT
HERCHLER, MARISSA. Effects of Xylanase and Protease on Gut Health and Growth
Performance of Newly Hatched Broiler Chickens. (Under the direction of Dr. Sung Woo
Kim.)

Feed enzymes have been utilized in animal diets in order to reduce the anti-nutritional
effects of major feedstuffs, such as corn, corn DDGS, and SBM. Reducing the effect of these
anti-nutritional factors, such as NSP, using feed enzymes has been shown to reduce the cost
of production by reducing the requirements or supporting the apparent digestibility of the
nutrients. Research involving the additive effects of xylanase and protease on gut health and
growth performance in broilers has been limited in corn-SBM diets, though previous trials
have indicated little improvement in growth performance using diets with high NSP
feedstuffs.

This study was to investigate the effects of supplemental xylanase and protease (BRI,
Durham, NC) on gut health and growth performance of broiler chickens (288 day-old, male)
fed experimental diets for 28 d. Treatments were based on 2 x 2 factorial arrangement with
xylanase (0 and 15,000 XU/kg) and protease (0 and 300 U/g) as 2 factors with 9
cages/treatment and 8 birds/cage. Birds and feeders were weighed weekly for calculation of
ADG, ADFI, and feed:gain (F:G). On d 7 and 28, 2 birds per pen were randomly chosen to
collect blood and gut tissues for immunoglobulin G (IgG), malondialdehyde (MDA), protein
carbonyl, morphology measurements. lleal digesta were collected to determine viscosity and
apparent ileal digestibility (AID). Digesta viscosity tended to decrease (P = 0.059) and
decreased (P < 0.05) when both enzymes were used in wk 1 and 4, respectively, whereas it
was not affected by using enzymes individually. Protease increased (P < 0.05) villus height

(611 to 689 um) in wk 4. Xylanase decreased (P < 0.05) concentrations of serum IgG (2.66



to 2.06 g/L) and ileal protein carbonyl (0.41 to 0.29 pumol/g protein) in wk 1. Protease tended
to decrease (P = 0.083) serum protein carbonyl (0.78 to 0.66 pumol/L) in wk 1. Protease
decreased (P < 0.05) ileal protein carbonyl (0.39 to 0.31 umol/g protein) in wk 1, which was
more effective (P < 0.05) with xylanase together. Protease decreased (P < 0.05) serum MDA
(0.56 to 0.30 pmol/L) and ileal MDA (0.53 to 0.35 umol/g protein) in wk 4. Xylanase did not
affect AID, whereas protease tended to increase AID of DM (P = 0.064; 74.7 to 76.5%),
which was more effective (P < 0.05) with xylanase together. In wk 1, xylanase decreased (P
<0.05) F:G (1.213 to0 1.173) and tended (P = 0.063) to decrease ADFI (20.1 to 19.4 g/d),
whereas protease reduced (P < 0.05) ADG (17.2 to 16.0 g/d) and ADFI (20.1 to 19.4 g/d).
Overall, protease increased (P < 0.05) F:G (1.504 to 1.528) whereas tended (P = 0.089) to
reduce ADG (51.3 to 50.2 g/d), which was more effective (P < 0.05) with xylanase together.
Mortality was not affected (P > 0.10) by the treatments. In conclusion, xylanase and protease
benefited gut health by decreasing digesta viscosity, enhancing gut morphology, decreasing
gut oxidative stress, and increasing nutrient digestibility, whereas these benefits were not

related to growth performance.
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Chapter 1

Literature Review



Feedstuffs and Anti-nutritional Factors

One goal of the feed industry is to produce least-cost feed products in order to
maximize both profit and nutritional value for optimum performance; however, the largest
cost of livestock production are diets (Yegani and Korver, 2013; Sheppy, 2001). Diet costs
can account for as much as 60 to75% of the cost to raise and process broilers. Minimizing
diet costs can certainly increase profit margins for the industry (Doskovi¢ et al., 2013). As
the global population continues to grow, there is a subsequent increase in the demand for
affordable meat products, such as poultry, pork, or beef (Sheppy, 2001); therefore, it is
becoming more important to ensure that animal diets provide the optimum digestible
nutrients possible in order to raise healthy animals at the least cost to producers.

Major feedstuffs, such as corn and soybean meal (SBM), are important sources of
protein, carbohydrates, amino acids, fat, fiber, vitamins, and minerals in animal diets (Yegani
and Korver, 2013; Wang et al., 2014), but they can present some nutritional problems.
Soybean meal contains several anti-nutritional factors, such as, but not limited to glycinin
and B-conglycinin. Corn and corn distillers dried grains with solubles (DDGS) contain
arabinoxylans, which are non-starch polysaccharides (NSP). These NSP can prevent the
digestion or absorption of carbohydrates and proteins in the gastrointestinal tract (Yegani and
Korver, 2013). The NSP have been shown to decrease performance and nutrient digestion in
animals including poultry (Choct et al., 1996). Dietary supplementation of exogenous feed
enzymes can also be used to help release nutrients, such as starch, proteins, and minerals,

from feed that are not accessible by the animal’s endogenous enzymes, and they can be used



to support the immature digestive systems of young animals (Sheppy, 2001). Being able to
predict the development of the gastrointestinal tract as the birds age allows nutritionists to
adjust the feed matrix for these changes. Exogenous feed enzymes can also reduce the feed
costs by making nutrients more available within the feed. When dietary levels of
metabolizable energy or crude protein can be increased by adding exogenous feed enzymes,
nutritionists can decrease the amount of major feedstuffs being used, such as corn and SBM,
thus reducing the overall cost of the diet (Doskovi¢ et al., 2013).

Not only do feed enzymes reduce diet costs, they also may improve growth
performance, gut health, and environmental conditions by improving digestive capacity, thus
decreasing the moisture in excreta that adversely affect litter quality, and decreasing nutrient
emission into the environment (Doskovi¢ et al., 2013). During the first week after hatch, the
gastrointestinal tract comprises the largest percentage of the total body weight as the bird
partition much of their developmental resources to increase digestive capacity to supply
nutrients needed to support subsequent growth (Croom et al., 1999). During the first 3 weeks
of age, lipase, amylase, and trypsin activities have been shown to be deficient in immature
broiler gastrointestinal tracts (Kaczmarek et al., 2014). The main limiting factor of decreased
nutrient utilization during this period has been shown to be nutrient digestion, rather than
nutrient absorption (Kaczmarek et al., 2014).

The NSP are very complex structures that significantly increase the bulk and viscosity
of intestinal digesta, which compromises the digestibility of nutrients, such as starch, protein,

and fat by blocking their interactions in the mucosa (Choct et al., 1996; Stefanello et al.,



2015). Feed enzymes help reduce digesta viscosity, which allows for increased nutrient
absorption, resulting in an increase in body weight gain and feed: gain (F:G) (Doskovic et al.,
2013). Ultimately, feed enzymes are being investigated as a means of improving the nutrient
availability of major feedstuffs, such as corn and SBM in animal production (Cowieson,
2005).

Because corn has such a high energy value, it is one of the most frequently used
feedstuffs in feed, globally (Summers, 2001). Corn provides about 65% of the metabolizable
energy (ME) and 20% of the protein in poultry diets (Cowieson, 2005). Of the total amount
of undigested energy in a typical corn/SBM diet, 18% comes from fat, 45% from protein, and
37% from starch (Cowieson, 2010). Corn encompasses approximately 10% NSP, which is
primarily made up of arabinoxylan and -galactomannan (Jo et al., 2012). The corn kernel is
comprised of the endosperm, germ, and hull fractions. Within the cell walls of the endosperm
fraction, contains the majority of arabinoxylans; whereas the hull contains xylans and
cellulose. These xylans are indigestible in the small intestine of broilers. Starch and proteins
tend to evade digestion when there are high levels of NSP, and then travel to the large
intestine to be fermented. There is limited energy yield in this process (Meng and Slominski,
2005).

Soybean meal is another major feedstuff used globally for its high nutritional value
and as an excellent source of protein (Wang et al., 2014). When broilers are young, higher
dietary protein is required for optimum growth than when they are older. Since soybean meal

contains high levels of quality protein, it occupies a greater proportion of the starter diet than



in subsequent grower and finisher diets; however, this comes with greater amounts of
antinutritional factors, such as NSPs, soybean agglutinin, soybean protease inhibitors, and the
soybean allergenic proteins glycinin and B-conglycinin (Doskovi¢ et al., 2013; Wang et al.,
2014). Unfortunately, the NSP in SBM cannot be completely utilized by monogastric
animals, such as poultry or swine (Huisman et al., 1998). In order to help reduce the
allergenic effects of glycinin and B-conglycinin within soybeans, special processing
techniques, such as extrusion, high pressure, heating, fermentation, or chemical processing
have been suggested (Kim et al., 2010; Wang et al., 2014). High pressure processing of SBM
changes the conformation of glycinin as it is dissociated into subunits and the groups become
more hydrophobic and contain more sulthydryl groups. At higher pressures (> 300 MPa),
both glycinin and B-conglycinin can become denatured (Wang et al., 2014). Even after
processing, compounds such as B-galactomannans, are still present and can adversely affect
digestibility and growth because there is an associated increased rate of passage of feed
through the gastrointestinal tract (Kim et al., 2003). Glycinin and -conglycinin are major
globulins within soybeans that account for up to 70% of the total seed globulins, in which
glycinin accounts for approximately 40% and f-conglycinin accounts for approximately
30%. Both glycinin and -conglycinin contain cysteine disulphide bonds that can impede
digestion of SBM (Wang et al., 2011). Exogenous protease supplemented to feed aid in
breaking down polysaccharides and cysteine disulphide bonds into a more usable forms
(Huisman et al., 1998; Wang et al., 2011). Protease breaks down cysteine disulphide bonds

by hydrolyzing glycinin and f-conglycinin (Wang et al., 2011), thus allowing the anti-



nutritional factors to be utilized in the gastrointestinal tract. Glycinin and -conglycinin have
been shown to increase serum IgG, decrease villus height, cause damage to intestinal
morphology, and weaken immune function in early weaned pigs (Wang et al., 2014).
Feed Enzymes

There are several different types of enzymes being used in feed production in order to
reduce formula costs and promote health of animals that consume this feed. Some of the most
common feed enzymes used today are phytase, gluconase, mannanase, xylanase, and
protease. They fall into different categories, such as carbohydrases, lipases, proteases,
oxidoreductases, or phosphatases, based on their mode of action (Munir and Magsood, 2013).
There are two proposed mechanisms by which feed enzymes are thought to work and
increase production profitability in poultry. They can either support the apparent digestibility
of nutrients, or reduce the nutrient requirements (Cowieson, 2010). Feed enzymes can be
used individually or in combination, as cocktails. Feed enzymes or the combination of feed
enzymes are chosen based on the nutritional problems the producer may encounter.
Generally, supplemental feed enzymes allow for an increase in nutrient availability to the
host animal by reducing the adverse effects of NSP or anti-nutritional factors within the feed
ingredients. Consequently, growth performance and/or gut health is improved, especially in
young birds with underdeveloped gastrointestinal tracts and digestive capacity. Feed
enzymes are especially beneficial for monogastric animals, unlike ruminants that have

microorganisms in the rumen that do this (Munir and Magsood, 2013).



Use of Feed Enzymes

Of all the feed enzymes, phytases have been adopted most widely in the feed industry
(Kiarie et al., 2015). Phytase is a phosphatase that specifically hydrolyzes phytate and make
its phosphorus more available (Munir and Magsood, 2013). Phytase is an endogenous
enzyme found mainly in the small intestine of the gastrointestinal tract, as well as the crop,
proventriculous, and the gizzard of poultry. When used as an exogenous feed enzyme,
phytase has been shown to improve the digestibility of phosphorous (P), calcium, amino
acids, and energy. There have also been environmental advantages of dietary
supplementation of phytase, as there is less P excretion in the feces if the total dietary
phosphorus is respectively reduced to the degree P bioaviailability is enhanced (Dersjant-Li
et al., 2014). Phytate is the predominant form of P in plant-sourced feedstuffs; it can also
bind to starches, amino acids, and minerals within the diet and make them more indigestible.
In phytate, P is bound as phosphate groups to an inositol ring and has the ability to chelate
cations to form mineral-phytate complexes that are insoluble within diets (Karimi et al.,
2013). Young broilers show little phytase activity in their intestinal mucosa or duodenum,
but the presence of endogenous phytase increases with growth, possibly due to the
maturation of the gut and increased surface area of the intestinal mucosa. Lack of
endogenous phytase can also negatively impact the utilization of P within the body (Morgan
etal., 2015).

Carbohydrases are the most common of the feed enzyme categories. Included in this

category are amylase, glucosidase, lactase, mannanase, and xylanase (Munir and Magsood,



2013). Exogenous carbohydrases are typically added to broiler diets containing cereal grains
as a means of improving growth performance, nutrient utilization, and energy utilization
(Stefanello et al., 2015). Environmental conditions, such as droughts, have been shown to
alter the composition of the endosperm in corn and sorghum that contain the anti-nutritive
components, B-glucans and arabinoxylans. The increase in carbohydrates within cereal grains
can decrease the digestibility of the grains by broilers (Yoder et al., 2015).

B-gluconase is a carbohydrase used to hydrolyze -glucans (Munir and Magsood,
2013). B-glucans are found mainly in barley grains, oats, and rye, which all promote high
viscosity of intestinal digesta (Bedford and Cowieson, 2012; Cox et al., 2010; Mccleary,
2001), and within the cell walls of bacteria, fungi, and yeast (Cox et al., 2010). Within the
body, B-glucans increase the viscosity of digesta within the gastrointestinal tract, therefore
reducing the nutrient absorption of the diet (Mccleary, 2001). B-glucans from fungi and yeast
have been shown to increase immunity in avian species, which adversely affects growth
performance. Immune response has been measured using IgG and IgA levels, where
increased secretions of immunoglobulins help with the elimination of pathogens. The results
of supplemental addition of B-glucans in broiler diets have been inconsistent in reporting
performance. When performance is reduced, it is thought that more energy is allocated to
immune function, rather than growth. Studies that found B-glucans improved performance,
observed an increase in BW during the grower phase of broilers or pigs (Cox et al., 2010).

B-mannans are found in both SBM and guar gum, though more prevalently in the

latter. It has been exhibited in previous experiments involving guar gum that B-mannans are



highly anti-nutritional for monogastric species, such as swine and poultry (Jackson et al.,
2004). B-mannans are polysaccharides composed of repeating sugar units: mannose,
galactose, and glucose. Soybean meal contains approximately 1.61% B-mannans (Karimi et
al., 2013). The NSPs form in plant cell walls as glucomannans and galactomannans (Zou et
al., 2006). Chickens do not have the ability to endogenously produce enzymes to make -
mannans nutritionally available, therefore, exogenous enzymes must be added to the diet to
make them available (Karimi et al., 2013). The hydrolysis and degradation of f-mannan by
B-mannanase has been shown to improve F:G, ME, growth, and feed efficiency, as well as
reduce the water:feed ratio in broilers (Zou et al., 2006). In corn-SBM diets, f-mannanase
helps to improve growth and feed efficiency, which increases as ME decreases. -mannans
are also responsible for increasing viscosity within the digestive system. 3-mannanase can
reduce the viscosity, which allows for an increase in nutrient uptake in the gastrointestinal
tract. This has also been linked to an increase in energy metabolism (Jackson et al., 2004).
Previous studies have indicated better feed utilization, and thus better nutrient utilization
when corn/SBM diets, with added guar meal, were supplemented with enzymes (Daskiran et
al., 2004). Jackson et al. (2004) suggested that 3-mannanase could also be important in
boosting the immune system of broilers and that there was a minimal amount of disease
challenges during their experiment. In a study that measured performance with increased
levels of B-mannans, with 2% added guar gum to simulate feed ingredients with high p-
mannan content, the addition of f-mannanase aided in increasing BW in birds, as compared

to those fed a basic corn-SBM based control diet (Daskiran et al., 2004).
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Xylanase was first introduced into the feed production industry in the late 1990s to
reduce costs in wheat and corn based diets by increasing NSP availability and reducing feed
intake (Cowieson et al., 2010). The inclusion of xylanase in energy-reduced corn-SBM diets
promotes the maintenance of broiler performance at similar levels as nutritionally adequate
energy diets, thus allowing nutritionists to use xylanase as a cost-saving measure in diet
formulation (Williams et al., 2014). Xylanase is naturally produced by bacteria, fungi, and
some insects, such as termites. Research looking into how termites degrade wood has led to
extensive knowledge into how enzymes can be applied industrially. Plant cell walls contain
hemicellulose, cellulose and lignin, which are found in wood and corn alike. Breaking down
these cell wall polysaccharides by using xylanase can aid in increasing the digestibility of
plant products by releasing the encased nutrients (Quian et al., 2015, Zhang et al., 2014).

Xylanase works in two ways: first, by reducing viscosity; second, by releasing
monosaccharides. Monosaccharides are released when NSP are broken down, which
subsequently releases starch within the endosperm. These starches interact with endogenous
amylase, which releases glucose (Zhang et al., 2014). In some studies, xylanase has been
shown to increase P retention, but this has been seen more often in wheat than corn based
diets. In wheat based diets, phytate-P interacts more closely with dietary arabinoxylan fibers,
so the addition of xylanase facilitates access to the phytate-P due to its fiber-degrading
capabilities (Cowieson and Ravindran, 2008). Most research involving xylanase has been in
wheat based diets because there is a higher concentration of NSPs in wheat than corn

(Cowieson et al., 2010), however, xylanase has been shown to increase both energy



11

implementation and growth performance in broilers, even in corn based diets (Gehring et al.,
2013). Xylanase has been primarily used in feeds in order to help reduce the viscosity of
digesta in the small intestine by allowing the partial hydrolysis of NSPs in the upper
gastrointestinal tract (Zhang et al., 2014). It has been suggested that the inclusion of xylanase
in early diets aids in the development of healthy lower gut microbiomes and help in
producing higher carcass yields (Williams et al., 2014).

Proteases are used to hydrolyze proteins. Some important proteases are keratinase,
pepsin, and, trypsin (Munir and Magsood, 2013). Keratinase is a protease used in corn-SBM
diets to hydrolyze proteins that contain cysteine disulphide bonds. Although the original
purpose of dietary supplementation of keratinase was to improve digestibility of feather
meal, it was subsequently found to improve performance, amino acid utilization, breast meat
production, as well as villus structure and health in the gastrointestinal tract in broilers fed
corn-SBM diets (Wang et al., 2011). According to Guggenbuhl et al (2012), protease
generally has positive effects when combined with other feed enzymes. Alone, this enzyme
has been shown to increase both live performance and crude protein (CP) digestibility in
broilers, as well as improve the nutritional value of SBM (Barekatain et al., 2013). Protease
mainly has effects on the growth and digestion of broilers when supplemented in the starter
diet and fed during the first couple weeks after hatch; however, the effects of the enzyme
decreases when supplemented in subsequent. As Doskovic¢ et al. studied, broilers fed
supplemental protease in SBM based diets had higher body weights and metabolic energy

with no changes in F:G. Higher body weights occurred because protease aids in nitrogen
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retention (Doskovic¢ et al., 2013). In an experiment using weaned pigs, Guggenbuhl et al
(2012) found that apparent ileal digestibility (AID) of certain amino acids, was well as AID
of CP was increased during the second phase of the study (day 29) with the use of an acid-
stable protease (15,000 U/kg) in corn-SBM diets. Proteases have also been shown to be
beneficial when used to improve the nutritional value of SBM after heat treatment. Heat
treatment is applied when soybeans are being processed into SBM to reduce the activity of
anti-nutritional factors in the final product, but excessive heat treatment will reduce the
digestibility of essential amino acids, including lysine (Ghazi et al., 2002).
Combinational Use of Feed Enzymes

The combinational use of feed enzymes has been studied extensively in wheat-based
diets; however, there has also been some research on how enzyme blends improve the
digestibility of corn-SBM diets (Jo et al., 2012). Corn-SBM diets are more digestible than
diets containing other grains and by-products, so the effect of supplemental enzymes
purposed to improve digestibility often has little effect on growth performance or F:G
because nutrients in the diets are not reduced substantially enough to allow for an effect to be
observed. Consequently, further reductions in the dietary ME content could allow for
enzymes to have a greater response (Yegani and Korver, 2013). In studies with swine, Jo et
al. (2012) found there was a 9% increase in G:F when pigs were fed a barley-based diet
supplemented with an enzyme blend of B-glucanase, xylanase, amylase, and pectinase. This
opens opportunities to substitute corn and SBM with low-quality grains, such as rape seed

meal, copra meal, wheat, barley, and palm kernel meal because they are cheaper. Moreover,
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these innovative feed enzyme products help overcome the increased NSP and other
antinutritional factors that are associated with these alternative feedstuffs, and thereby make
the nutrients they contain more available to the animal (Jo et al., 2012).

Commonly in broiler feeds, a blend of amylases, xylanases, and proteases are used to
aid in ileal digestibility, bodyweight gain (BWG), and F:G (Parker et al., 2007). Previous
studies involving the use of xylanase, amylase, and protease in corn-SBM based broiler diets,
showed a 3% increase in energy and amino acid digestibility, as well as a consistent level of
performance with lower nutrient availability (Cowieson and Ravindran, 2008). Cowieson and
Ravindran (2008) concluded in their study that the combinational use of xylanase, amylase,
and protease aids in increasing the availability of energy and amino acid value in corn-SMB
based broiler diets.

Barekatain et al. (2013) conducted an experiment using the factorial combination of
dietary xylanase and protease supplementation to increase nutrient digestion in broilers fed
diets containing sorghum DDGS. These researchers observed that the combination of
xylanase and protease has a lower response on growth performance than either of the
enzymes alone, indicating that protease may negatively affect xylanase activity. One
suggested explanation for the lack of synergy between xylanase and protease is the
degradation of xylanase by protease, which limits the effectiveness of xylanase (Barekatain
et al., 2013). There has been little research conducted based on the combination of these two
feed enzymes, especially in corn-SBM based diets, therefore, there is little knowledge on the

impact xylanase may have on the effects of protease, and vice versa.
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Hypothesis and Objectives

Supplemental enzymes have been intensely studied since first being introduced in the
feed industry. However, there is still much that is unknown regarding how exogenous
enzymes work (Doskovi¢ et al., 2013). Many enzyme studies have focused on wheat, barley,
rice, or rye-based diets because of their high fiber and NSP concentrations (Jo et al., 2012).
Research into feed enzymes and their effects on nutrient availability in corn-SBM based diets
with variable levels of NSP can aid nutritionists in developing diet formulations that can
account for the expected levels of nutrient recovery (Cowieson and Ravindran, 2008). It is
also important to maximize the response of feed enzymes in diets, even when NSP
concentrations are low, as they are in corn, in order to make the maximum profit by investing
in fewer nutritional resources (Cowieson and Ravindran, 2010). The goal of this study was to
evaluate the response of broiler chicks fed a corn-SBM based diet supplemented with
xylanase and protease. Even though previous studies have indicated there is potential for
negative impacts on gut health and performance when combining these two feed enzymes in
sorghum DDGS based diets, there is little research to indicate the same is true for corn-SBM

based diets.



15

Literature Cited

Barekatain, M., C. Antipatis, M. Choct, and P. lji. 2013. Interaction between protease and
xylanase in broiler chicken diets containing sorghum distillers’ dried grains with
solubles. Animal Feed Science and Technology 182:71-81.

Bedford, M., and A. Cowieson. 2012. Exogenous enzymes and their effects on intestinal
microbiology. Animal Feed Science and Technology 173:76-85.

Choct, M., R. J. Hughes, J. Wang, M. R. Bedford, A. J. Morgan, and G. Annison. 1996.
Increased small intestinal fermentation is partly responsible for the anti-nutritive
activity of non-starch polysaccharides in chickens. British Poultry Science 37:609—
621.

Cowieson, A. J. 2005. Factors that affect the nutritional value of maize for broilers. Animal
Feed Science and Technology 119:293-305.

Cowieson, A. J. 2010. Strategic Selection of Exogenous Enzymes for Corn/soy-based Poultry
Diets. J. Poult. Sci. The Journal of Poultry Science 47:1-7.

Cowieson, A., and V. Ravindran. 2008. Effect of exogenous enzymes in maize-based diets
varying in nutrient density for young broilers: growth performance and digestibility
of energy, minerals and amino acids. British Poultry Science 49:37-44.

Cowieson, A., M. Bedford, and V. Ravindran. 2010. Interactions between xylanase and
glucanase in maize-soy-based diets for broilers. British Poultry Science 51:246-257.

Croom, W. J., J. Brake, B. A. Coles, G. B. Havenstein, V. L. Christensen, B. W. Mcbride, E.
D. Peebles, and I. L. Taylor. 1999. Is Intestinal Absorption Capacity Rate-Limiting
for Performance in Poultry?1,2. The Journal of Applied Poultry Research 8:242-252.

Cox, C. M., L. H. Stuard, S. Kim, A. P. Mcelroy, M. R. Bedford, and R. A. Dalloul. 2010.
Performance and immune responses to dietary -glucan in broiler chicks. Poultry
Science 89:1924-1933.

Daskiran, M., R. G. Teeter, D. Fodge, and H. Y. Hsiao. 2004. An evaluation of endo- -D-
mannanase (Hemicell) effects on broiler performance and energy use in diets varying
in -mannan content. Poultry Science 83:662—668.

Dersjant-Li, Y., A. Awati, H. Schulze, and G. Partridge. 2014. Phytase in non-ruminant
animal nutrition: a critical review on phytase activities in the gastrointestinal tract and



16

influencing factors. Journal of the Science of Food and Agriculture J. Sci. Food
Agric. 95:878-896.

Doskovi¢, V., S. Bogosavljevi¢-Boskovi¢, Z. Pavlovski, B. Milosevi¢, Z. Skrbié, S.
Rakonjac, and V. Petricevi¢. 2013. Enzymes in broiler diets with special reference to
protease. Worlds Poult. Sci. J. World's Poultry Science Journal 69:343-360.

Gehring, C. K., M. R. Bedford, and W. A. Dozier. 2013. Extra-phosphoric effects of phytase
with and without xylanase in corn-soybean meal-based diets fed to broilers. Poultry
Science 92:979-991.

Ghazi, S., J. Rooke, H. Galbraith, and M. Bedford. 2002. The potential for the improvement
of the nutritive value of soya-bean meal by different proteases in broiler chicks and
broiler cockerels. British Poultry Science 43:70-77.

Guggenbuhl, P., Y. Wache, and J. W. Wilson. 2012. Effects of dietary supplementation with
a protease on the apparent ileal digestibility of the weaned piglet. Journal of Animal
Science 90:152-154.

Huisman, M., H. Schols, and A. Voragen. 1998. Cell wall polysaccharides from soybean
(Glycine max.) meal. Isolation and characterisation. Carbohydrate Polymers 37:87—
95.

Jackson, M. E., K. Geronian, A. Knox, J. Mcnab, and E. Mccartney. 2004. A dose-response
study with the feed enzyme beta-mannanase in broilers provided with corn-soybean
meal based diets in the absence of antibiotic growth promoters. Poultry Science
83:1992-1996.

Jo,J. K., S. L. Ingale, J. S. Kim, Y. W. Kim, K. H. Kim, J. D. Lohakare, J. H. Lee, and B. J.
Chae. 2012. Effects of exogenous enzyme supplementation to corn- and soybean
meal-based or complex diets on growth performance, nutrient digestibility, and blood
metabolites in growing pigs. Journal of Animal Science 90:3041-3048.

Kaczmarek, S. A., A. Rogiewicz, M. Mogielnicka, A. Rutkowski, R. O. Jones, and B. A.
Slominski. 2014. The effect of protease, amylase, and nonstarch polysaccharide-
degrading enzyme supplementation on nutrient utilization and growth performance of
broiler chickens fed corn-soybean meal-based diets. Poultry Science 93:1745-1753.

Karimi, A., C. Coto, F. Mussini, S. Goodgame, C. Lu, J. Yuan, M. R. Bedford, and P. W.
Waldroup. 2013. Interactions between phytase and xylanase enzymes in male broiler
chicks fed phosphorus-deficient diets from 1 to 18 days of age. Poultry Science
92:1818-1823.



17

Kiarie, E., T. Woyengo, and C. M. Nyachoti. 2015. Efficacy of New 6-Phytase from
Buttiauxella spp. on Growth Performance and Nutrient Retention in Broiler Chickens
Fed Corn Soybean Meal-based Diets. Asian Australas. J. Anim. Sci Asian-
Australasian Journal of Animal Sciences 28:1479-1487.

Kim, S. W., E. V. Heugten, F. Ji, C. H. Lee, and R. D. Mateo. 2010. Fermented soybean meal
as a vegetable protein source for nursery pigs: . Effects on growth performance of
nursery pigs. Journal of Animal Science 88:214-224.

Mccleary, B. V. 2001. Analysis of feed enzymes. Enzymes in farm animal nutrition:85-107.

Meng, X., and B. A. Slominski. 2005. Nutritive values of corn, soybean meal, canola meal,
and peas for broiler chickens as affected by a multicarbohydrase preparation of cell
wall degrading enzymes. Poultry Science 84:1242—-1251.

Morgan, N. K., C. L. Walk, M. R. Bedford, and E. J. Burton. 2015. Contribution of
intestinal- and cereal-derived phytase activity on phytate degradation in young
broilers. Poultry Science 94:1577-1583.

Munir, K., and S. Magsood. 2013. A review on role of exogenous enzyme supplementation
in poultry production. EJFA Emirates Journal of Food and Agriculture 25:66-80.

Parker, J., E. O. Oviedo-Rondon, B. A. Clack, S. Clemente-Hernandez, J. Osborne, J. C.
Remus, H. Kettunen, H. Makivuokko, and E. M. Pierson. 2007. Enzymes as Feed
Additive to Aid in Responses Against Eimeria Species in Coccidia-Vaccinated
Broilers Fed Corn-Soybean Meal Diets with Different Protein Levels. Poultry Science
86:643-653.

Passos, A. A., . Park, P. Ferket, E. V. Heimendahl, and S. W. Kim. 2015. Effect of dietary
supplementation of xylanase on apparent ileal digestibility of nutrients, viscosity of
digesta, and intestinal morphology of growing pigs fed corn and soybean meal based
diet. Animal Nutrition 1:19-23.

Sheppy, C. 2001. The current feed enzyme market and likely trends. Enzymes in farm animal
nutrition:1-10.

Stefanello, C., S. L. Vieira, G. O. Santiago, L. Kindlein, J. O. B. Sorbara, and A. J.

Cowieson. 2015. Starch digestibility, energy utilization, and growth performance of broilers
fed corn-soybean basal diets supplemented with enzymes. Poult. Sci. Poultry Science
94:2472-2479.



18

Summers, J. D. 2001. Maize: factors affecting its digestibility and variability in its feeding
value. Enzymes in farm animal nutrition:109-124.

Wang, T., G.-X. Qin, Z.-W. Sun, and Y. Zhao. 2014. Advances of Research on Glycinin and
B-Conglycinin: A Review of Two Major Soybean Allergenic Proteins. Critical
Reviews in Food Science and Nutrition 54:850-862.

Williams, M. P., J. T. Klein, C. L. Wyatt, T. W. York, and J. T. Lee. 2014. Evaluation of
xylanase in low-energy broiler diets. The Journal of Applied Poultry Research
23:188-195.

Yegani, M., and D. R. Korver. 2013. Effects of corn source and exogenous enzymes on
growth performance and nutrient digestibility in broiler chickens. Poultry Science
92:1208-1220.

Yoder, A. D., R. S. Beyer, and C. K. Jones. 2015. The effects of drought-affected grain and
carbohydrase inclusion in starter diets on broiler chick performance. The Journal of
Applied Poultry Research 24:177-185.

Zhang, L., J. Xu, L. Lei, Y. Jiang, F. Gao, and G. H. Zhou. 2014. Effects of Xylanase
Supplementation on Growth Performance, Nutrient Digestibility and Non-starch
Polysaccharide Degradation in Different Sections of the Gastrointestinal Tract of
Broilers Fed Wheat-based Diets. Asian Australas. J. Anim. Sci Asian-Australasian
Journal of Animal Sciences 27:855-861.

Zou, X. T., X. J. Qiao, and Z. R. Xu. 2006. Effect of p-Mannanase (Hemicell) on Growth
Performance and Immunity of Broilers. Poultry Science 85:2176-2179.



Chapter 2

Effects of Xylanase and Protease on Gut Health and Growth Performance of
Newly Hatched Broiler Chickens

19



20

Abstract

This study was to investigate the effects of supplemental xylanase and protease (BRI,
Durham, NC) on gut health and growth performance of broiler chickens (288 day-old, male)
fed experimental diets for 28 d. Treatments were based on 2 x 2 factorial arrangement with
xylanase (0 and 15,000 XU/kg) and protease (0 and 300 U/g) as 2 factors with 9
cages/treatment and 8 birds/cage. Birds and feeders were weighed weekly for calculation of
ADG, ADFI, and feed:gain (F:G). On d 7 and 28, 2 birds per pen were randomly chosen to
collect blood and gut tissues for immunoglobulin G (IgG), malondialdehyde (MDA), protein
carbonyl, morphology measurements. lleal digesta were collected to determine viscosity and
apparent ileal digestibility (AID). Digesta viscosity tended to decrease (P = 0.059) and
decreased (P < 0.05) when both enzymes were used in wk 1 and 4, respectively, whereas it
was not affected by using enzymes individually. Protease increased (P < 0.05) villus height
(611 to 689 um) in wk 4. Xylanase decreased (P < 0.05) concentrations of serum 1gG (2.66
to 2.06 g/L) and ileal protein carbonyl (0.41 to 0.29 pumol/g protein) in wk 1. Protease tended
to decrease (P = 0.083) serum protein carbonyl (0.78 to 0.66 pumol/L) in wk 1. Protease
decreased (P < 0.05) ileal protein carbonyl (0.39 to 0.31 pumol/g protein) in wk 1, which was
more effective (P < 0.05) with xylanase together. Protease decreased (P < 0.05) serum MDA
(0.56 to 0.30 umol/L) and ileal MDA (0.53 to 0.35 umol/g protein) in wk 4. Xylanase did not
affect AID, whereas protease tended to increase AID of DM (P = 0.064; 74.7 to 76.5%),
which was more effective (P < 0.05) with xylanase together. In wk 1, xylanase decreased (P

<0.05) F:G (1.213 to 1.173) and tended (P = 0.063) to decrease ADFI (20.1 to 19.4 g/d),
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whereas protease reduced (P < 0.05) ADG (17.2 to 16.0 g/d) and ADFI (20.1 to 19.4 g/d).
Overall, protease increased (P < 0.05) F:G (1.504 to 1.528) whereas tended (P = 0.089) to
reduce ADG (51.3 to 50.2 g/d), which was more effective (P < 0.05) with xylanase together.
Mortality was not affected (P > 0.10) by the treatments. In conclusion, xylanase and protease
benefited gut health by decreasing digesta viscosity, enhancing gut morphology, decreasing
gut oxidative stress, and increasing nutrient digestibility, whereas these benefits were not

related to growth performance.

Key Words: gut health, growth performance, xylanase, protease
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Introduction

With an increase in the demand and cost to use corn to produce ethanol as an
alternative fuel source (Williams et al., 2014), producers want to ensure that their feeds are
being optimally utilized, with as little nutritional waste possible. It is important for producers
to provide their livestock with the maximum nutrients to raise healthy animals at the least
cost. Three major feedstuffs in livestock feed are corn, corn distillers’ dried grains with
solubles (DDGS), and soybean meal (SBM). Corn and DDGS contain about 10% non-starch
polysaccharides (NSP), which are made up of arabinoxylan and B-galactomannan (Jo et al.,
2012). The two major anti-nutritional components of SBM are glycinin and -conglycinin,
which make up about 70% of the total seed globulins (Wang et al., 2014). These anti-
nutritional factors can decrease performance and nutrient digestibility in monogastric animals
(Choct et al., 1996; Huisman et al., 1998). Because these feed ingredients are included at
such a high rate within diets, the effects of the anti-nutritional factors are multiplied, resulting
in a significant decrease in performance and gut health.

Supplementation of feed enzymes in the diets of broilers has been investigated as a
means to reduce endogenous losses and improve the availability of nutrients from major feed
ingredients (Cowieson, 2005). Xylanase has been shown to improve energy digestion and
growth performance in corn-based diets (Gehring et al., 2013), as well as reduce digesta
viscosity in the small intestine. Xylanase is used to alleviate the anti-nutritional effects of
structural NSP of feedstuffs cell walls, and facilitate the nutrient release from viscous NSP

complexes (Zheng et al., 2014). Protease has been shown to improve the nutritional value of
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SBM in animal diets, and improve CP digestibility and growth performance in broilers
(Bareketain et al., 2013). Protease primarily functions by breaking cysteine disulphide bonds
and by hydrolyzing glycinin and f-conglycinin (Wang et al., 2011).

Dietary supplementation of corn-SBM with a blend of xylanase and protease has not
been extensively studied. Previous studies have demonstrated little improvement in growth
performance when these two enzymes are combined; however, these studies were done in
broilers fed diets containing wheat or sorghum DDGS that contain higher levels of NSP than
in corn-SBM diets. It is hypothesized that xylanase and protease have additive beneficial
effects on gut health and performance in monogastric animals, thus justifying dietary
supplementation of corn-SBM diets with a blend of xylanase and protease. Using xylanase
may allow other enzymes to access trapped nutrients, so xylanase supplementation may
allow the supplemental protease to access glycinin and -conglycinin and thereby reduce
their effect on allergenic inflammation in the gastrointestinal tract. The goal of this research
was to investigate the additive or synergistic effects of dietary xylanase and protease

supplementation on gut health and growth performance of broiler chicks.
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Materials and Methods

The experimental protocol involving animal husbandry and handling was approved
by the Institutional Animal Care and Use Committee (IACUC) at North Carolina State
University (Raleigh, NC). This experiment was conducted in Scott Hall at North Carolina
State University (Raleigh, NC).
Animal Housing

A total of 288 day-old, male broiler chickens (Ross 708) were used. The birds were
hatched at North Carolina State University Chicken Education Unit (CEU). On the day of
hatch birds were weighed and randomly allotted to 36 cages (Alternative Design
Manufacturing & Supply, Siloam Springs, AR); based on 4 dietary treatments (8 birds per
cage). Feed and water were consumed ad libitum with one feed trough per cage and an
adjustable double nipple-drinker within the cage. Birds were provided 23 h of light and 1 h of
darkness. The temperature from hatching to 7 d was maintained at 29 to 32°C, 26 to 29°C
from 7 to 10 d, 23 to 26°C from 10 to 14 d, and 22 to 23°C from 14 to 28 d. Drinkers and
feed were checked and temperatures recorded daily.
Experimental Design and Diets

Birds were assigned to a completely randomized experimental design of treatments as
a factorial arrangement of 2 dietary levels of xylanase (0 and 100 g/MT feed; 0.01%; 15,000
XU/kg feed) and 2 dietary levels of protease (0 and 500 g/MT feed; 0.05%; 300 U/g feed).
Each of the 4 treatment combinations were replicated by 9 cages containing 8 chicks per

cage. Experimental diets (Tables 1 and 2) were manufactured at North Carolina State
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University Feed Mill Education Unit and formulated to meet or exceed the nutrient
requirements specified for Ross 708 broiler chickens (Aviagen, 2014). Diets included corn
(57%; particle size: 20%, 1,100 to 1,200 pm; and 80%, 400 pm), soybean meal (32% in
starter and 26% in grower feeds), poultry fat (2% in starter and 3% in grower feeds), and
DDGS (5% in starter and 10% in grower feeds). The grower diet contained TiO2 (0.5%) as an
indigestible marker to calculate ileal digestibility of nutrients. Starter diet was fed from hatch
to 14 d, followed by grower diet from 14 to 28 d. Treatment diets were mixed using a Scott
mixer: the dry mix time for 180 seconds and the wet mix (after the addition of liquid fat) for
90 additional seconds. The feed was fed as a mash diet.
Growth Performance

Birds and feeders were weighed on d 7, 14, 21, and 28 for calculation of body weight
(BW), average daily feed intake (ADFI), average daily gain (ADG), and feed:gain (F:G). The
F:G was calculated as ADFI divided by ADG. Dead birds were removed from cages and
weighed for subsequent mortality calculations and adjusted growth performance.
Sample Collection and Processing

Ond 7 and 26, 72 birds (2 birds per cage) were randomly selected for sampling using
the random number generator in Excel software (Microsoft Corporation, Redmond, WA).
Using 22 gauge, 1 inch needles and 3 or 5 mL syringes blood was collected by heart puncture
of chicks sampled on d 7, and by wing vein or jugular vein on d 26. Birds were immediately
euthanized by cervical dislocation following blood collection on d 7, in accordance with

IACUC protocol, whereas birds blood sampled on d 26 were returned to their respective
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cages for the remainder of the study. Blood was transferred to a 10 mL BD Vacutainer for the
collection of serum. Tubes sat at room temperature (21°C) for 5 h to allow clotting and were
then centrifuged for 10 min at 3,000 x g for serum collection. Serum samples were stored at -
80°C until further analysis.

Ond 7, tissue samples (2 cm before Meckel’s Diverticulum to Meckel’s
Diverticulum) were collected from the jejunum of 2 randomly selected birds in each pen and
used for histological measurements. The jejunum tissues samples were pooled by cage. On d
28, birds were euthanized by cervical dislocation, and a 2 cm portion of the ileum
immediately following Meckel’s Diverticulum, was collected for histological measurements.
These tissues from the 2 randomly selected birds in each cage were pooled. At both 7 and 28
days, the lumen of the 2 cm gut sections were gently flushed with 10% buffered
formaldehyde solution and then transferred into a 50 mL vial containing 45 mL 10% buffered
formaldehyde solution (formalin) for subsequent histological preparation. These fixed gut
tissues sections were cut into cross sections and sent to the North Carolina State University
Histopathology Laboratory (College of Veterinary Medicine, Raleigh, NC) for hematoxylin
and eosin (H & E) staining and slide preparation. Villus height, villus width, and crypt depth
were measured using an Olympus CX31 microscope (Waltham, MA). The same person
performed all analysis of intestinal morphology.

Ond 7, the ileum, from Meckel’s diverticulum to a point 2 cm above the ileo-ceca
junction, was used to collect digesta contents and mucosa scraping. The digesta was

squeezed out of the tissue into a 1.5 mL conical tube for subsequent viscosity analysis, and
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then placed on ice. Viscosity was measured using a Brookfield DV2T Viscometer
(Middleboro, MA). The mucosa was sampled by opening the tissue and using a glass slide to
collect the mucosa. Mucosa samples were then transferred to 1.5 mL conical tube and flash
frozen in liquid nitrogen. Mucosa samples were stored in the -80°C freezer until further
analysis of protein concentration, then protein carbonyl, Immunoglobulin G (IgG), and
malondialdehyde (MDA). This process was duplicated for the birds sampled on d 28, using a
portion of the ileum from 2 to 10 cm below the Meckel’s Diverticulum.

Additional digesta samples were obtained on d 28 from the ileum at an area from 5 to
10 cm above the ileo-ceca junction for AID calculation. The digesta samples were weighed,
then frozen at -20°C until being freeze-dried (24D x 48, Virtis, Gardiner, NY). These were
then reweighed to calculate dry matter content before being processed for nutrient
digestibility. Digesta samples were finely ground for titanium dioxide, dry matter, lipid, gross
energy, and crude protein digestibility analyses.
19G, Protein Carbonyl, and Malondialdehyde (MDA) Measurement

Mucosa samples (500 mg) were suspended in 0.5 mL PBS and homogenized
(Tissuemiser, Thermo Fisher Scientific Inc., Rockford, IL). Serum and Mucosa samples were
diluted to 40,000x in deionized water and PBS, respectively, for protein carbonyl
concentration analysis according to OxiSelect ™ Protein Carbonyl ELISA Kit (Cell BioLabs,
Inc., San Diego, CA) and plates were read at 450 nm on a BioTech Synergy HT plate reader

(BioTek Instruments, Inc., Winooski, VT).
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For 1gG analysis, serum was diluted to 8000x and mucosa was diluted to 80x with
water and PBS, respectively, then analyzed using Chicken 1gG ELISA Quantitation Set
(Bethyl Laboratories, Inc., Montgomery, TX) and plates were read at 450 nm on a BioTech
Synergy HT plate reader (BioTek Instruments, Inc., Winooski, VT).

For MDA analysis, serum and mucosa samples were utilized at their original
concentrations using an OxiSelect ™ TBARS Assay Kit (MDA Quantitation) (Cell BioLabs,
Inc., San Diego, CA) and plates were read at 540 nm on a BioTech Synergy HT plate reader.
For the final MDA concentration, values were divided by the protein concentration values,
which were measured using a Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford,
IL) and read on a BioTech Synergy HT plate reader at 562 nm (BioTek Instruments, Inc.,
Winooski, VT).

Chemical Analysis

Titanium dioxide was quantified in ground feed and digesta samples as described in
Myers et al. (2004) and used to calculate dry matter, lipid, gross energy, and crude protein
digestibility. Dry matter was quantified by weighing digesta samples prior to and after freeze
drying, as described in Passos et al. (2015). Gross energy was quantified in ground feed and
digesta samples using a Parr 6200 Calorimeter (Parr Instrument Co., Moline, IL) as described
in Passos et al. (2015). Lipid was quantified using a modified ether extract method (AOAC,
2006) as described in Passos et al. (2015). Crude protein was quantified in ground feed and
digesta samples using TruSpec N Nitrogen Determinator (LECO Corp., St. Joseph, MI) as

described in Passos et al. (2015).
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Apparent Ileal Digestibility

Titanium dioxide was calculated using a standard curve and used to calculate AID of
dry matter, lipid, gross energy, and crude protein. Dry matter digestibility was calculated
using the associated titanium dioxide levels in the feed and digesta as follows:

TiO, feed DM digesta

D M 0 =1 - (1
ry Matter (%) 00 — (100 « TiO, digesta i DM feed

Lipid digestibility was quantified using the equation:

TiO, feed Lipidindigesta
*
TiO, igesta  Lipidin feed

Lipid (%) = 100 — (100

Gross energy digestibility was calculated using the equation:

TiO, feed GE digesta
*
TiO, digesta  GE feed

Gross Energy (%) = 100 — (100 =

Crude protein digestibility was quantified using the equation:

TiO, feed CP digesta

rude Protein (%) ( “Ti0, digesta CP feed

Statistical Analysis

This experiment was in a completely randomized design based on a 2 x 2 factorial
arrangement of treatments. Therefore, all data were analyzed with one-way ANOVA and a
Mixed procedure of SAS 9.4 (SAS Institute Inc, Cary, NC). Significance was observed with
probability levels of P < 0.05 and tendencies were observed with probability levels of 0.05 <

P <0.10.
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Results

Viscosity

Viscosity (Table 3) was not affected by the xylanase or protease treatments alone.
The combinational treatment tended (P = 0.059) to decrease viscosity during wk 1 and
reduced (P < 0.05) viscosity during wk 4.
Histology

Xylanase had no effects on villus height, crypt depth, or villus width (Table 4)
throughout the duration of the experiment. Protease tended (P = 0.071) to decrease jejunal
villus width (79 to 72 um) in wk 1 and increased (P < 0.05) ileal villus height (611 to 689
pm) in wk 4. The combinational treatment tended to decrease (P = 0.091) ileal crypt depth in
wk 4.
1gG, Protein carbonyl, and MDA

Xylanase had no effects on protein carbonyl concentrations (Table 5) in serum,
however, xylanase reduced (P < 0.05) ileal mucosa protein carbonyl (0.41 to 0.29 pumol/g
protein) in wk 1. Protease tended (P = 0.083) to decrease concentrations of protein carbonyl
(0.78 to 0.66 pmol/L) in blood serum during wk 1. Protease reduced (P < 0.05) ileal mucosa
protein carbonyl (0.39 to 0.31 pmol/g protein) concentrations during wk 1, which was more
effective (P < 0.05) with xylanase and protease together. The combinational treatments had
no effects on serum protein carbonyl concentrations in wk 1 or wk 4. There were no
treatment effects during wk 4 on protein carbonyl concentrations in neither the blood serum

nor the ileal mucosa.
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Xylanase reduced (P < 0.05) serum IgG (2.66 to 2.06 g/L) concentration (Table 5)
during wk 1. Protease did not affect serum or ileal mucosa IgG concentrations in wk 1 or wk
4. The combinational treatment had no effects on serum or ileal mucosa IgG concentration.

None of the treatments had an effect on serum or ileal mucosa MDA (Table 5)
concentrations in wk 1. Xylanase had no effect on serum or ileal MDA concentrations,
whereas protease reduced (P < 0.05) MDA concentrations in both serum (0.55 to 0.30
pmol/L) and ileal mucosa (0.53 to 0.35 pumol/g protein) in wk 4. The combinational
treatment tended to decrease (P = 0.087) MDA concentrations of ileal mucosa in wk 4.
Apparent Ileal Digestibility

Xylanase had no effect (on AID (Table 6). Protease tended (P = 0.064) to increase
AID of dry matter (74.73 to 76.48 %), which was more effective (P < 0.05) with the addition
of xylanase, and tended (P = 0.084) to increase AID of lipids (52.14 to 57.00 %). The
combinational treatment tended (P = 0.080) to increase AID of gross energy. AID of crude
protein was not effected by any of the treatments.

Live Performance

Xylanase did not affect BW or ADG (Table 7) during this study; however, xylanase
tended (P = 0.063) to decrease ADFI (16.6 to 16.5 g/d), which was more effective (P < 0.05)
when supplemented with protease, and decreased (P < 0.05) F:G (1.213 t0 1.173) in wk 1.

Protease supplementation reduced (P < 0.05) BW (165 to 157 g), ADG (17.2 to 16.0
g/d), and ADFI (20.1 to 19.4 g/d), which were more effective (P < 0.05), especially when in

combination with xylanase. Protease tended (P = 0.054) to increase F:G (1.174 to 1.212) in
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wk 1. From wk 1 to 2, protease reduced (P < 0.05) ADFI (34.3 to 33.6 g/d), especially when
in combination with xylanase (P < 0.05). Protease reduced (P < 0.05) BW (165 to 157 g) and
ADG (67.5 to 65.0 g/d) in wk 3 and tended (P = 0.089) to reduce BW overall. Protease
increased (P < 0.05) F:G (1.514 to 1.569) in wk 3, especially in combination with xylanase,
as indicated by the significant (P < 0.05) interaction effect. From wk 3 to 4, protease
increased (P < 0.05) F:G (1.608 to 1.642), which was more effective (P < 0.05) with
xylanase together. Overall, protease tended (P = 0.089) to reduce ADG (51.3 to 50.2 g/d) and
increased (P < 0.05) F:G (1.504 to 1.528), which was more effective (P < 0.05) with
xylanase together. In wk 4, the combination of xylanase and protease tended (P = 0.097) to
effect ADG and increased (P < 0.05) F:G. Mortality was not affected by the dietary
treatments (Table 8).
Discussion

Digesta viscosity is influenced by the feedstuffs that compose the diet, especially
those with high levels of NSP (Amerah et al., 2008). High viscosity within the
gastrointestinal tract can slow the rate of passage of digesta and hinder digestion and
absorption of nutrients (Choct et al., 1999). Xylanase has been shown to reduce the effects of
NSP, especially arabinoxylans, which are found in highly viscous cereal grains, such as corn
(Romero et al., 2014). The NSP are partially depolymerized by feed enzymes, such as
xylanase, which can decrease the molecular size of particles, thus decreasing viscosity of the

digesta (Choct et al., 1999).
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This study indicated that the combination of dietary xylanase and protease
supplementation reduced digesta viscosity in broilers fed a corn-SBM based diet. These
results correspond with the AID data, where DM and GE digestibility were increased by the
addition of xylanase to the protease treatment. It is possible that the combination of xylanase
and protease allowed enzymes to access NSP that would not have been accessible by either
of the supplemental feed enzymes alone.

Gastrointestinal morphology can also be impacted by the amount of NSP present in
diets. Diets with high NSP can negatively impact villus height and the ratio of villus height to
crypt depth in pigs fed wheat based diets (Passos et al., 2015). Villus height corresponds to
the ability of the enterocytes to absorb nutrients; enterocytes increase their absorptive
capacity as they rise from the base of the villi to the top. Crypt depth can be increased by
damage to the enterocytes by bacteria (Parsaie et al., 2007). This study indicated that
xylanase alone did not affect villus height, crypt depth, or villus width in broilers fed corn-
SBM diets. Similarly, Passos et al. (2015) found there was no effect of xylanase on
gastrointestinal morphology in pigs fed corn-SBM diets. On the other hand, we observed
protease decreased villus width measured at wk 1 and increased villus height at wk 4,
whereas the combination of xylanase and protease tended to decrease crypt depth at wk 4,
indicating an improvement in morphology. This corresponds with the results of the protein
oxidation tests for 1gG and protein carbonyl in the serum and ileum of the broilers at wk 1 or

wk 4, indicating increased gastrointestinal health.
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Glycinin and B-conglycinin, 2 anti-nutritional factors present in SBM, have the
potential to impair gastrointestinal morphology and immunity in monogastric animals fed
corn-SBM diets (Wang et al., 2011). Immunoglobulin G (IgG) in serum and ileal mucosa
was used to quantify immune function in broiler chicks at wk 1 and wk 4 of age. Feeding
SBM, especially in early weaned pigs, can result in increased serum 1gG (Wang et al., 2014).
Wang et al. (2011) observed no changes in serum IgG levels when keratinase was added to
corn-SBM pig diets. Contrary to previous experiments, the data indicated that there were no
effects on 1gG levels in the serum or mucosa by either protease or the combination of
protease and xylanase. On the other hand, xylanase decreased serum IgG of chicks measured
at wk 1 of age.

Protein carbonyls are formed when amino acid residues or protein backbones are
oxidized. There is often an increase in protein carbonyl, which is used as an indicator of
protein oxidation, when SBM is heat treated with soy protein isolate or wheat peptides. When
these amino acids are changed, there can be modifications in protein function, resulting in
increased viscosity, solubility, emulsification, and water-holding capacity. This leads to
reduced nutritional value of SBM (Wu et al., 2014). This study indicated that xylanase,
protease, and the interaction between these 2 enzymes decreased ileum mucosa levels of
protein carbonyl at wk 1. The interaction between xylanase and protease further decreased
serum protein carbonyl as compared to xylanase or protease alone. According to this data,
there may have been recovery within the gastrointestinal tract to decrease protein carbonyl

and IgG levels without the aid of enzyme supplementation after wk 1.
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Malondialdehyde is used as an indicator of oxidative stress. The MDA can become
elevated when various diseases are present or when there is an excess of oxygen free radicals.
Lipid peroxidation can also be measured with MDA concentration, as MDA is the final
product of lipid peroxidation (Wu et al., 2015). This study indicated that protease decreased
MDA concentration in both the serum and mucosa tissue, and the combination of xylanase
and protease tended to decrease MDA concentrations in the ileal mucosal tissue at wk 4 of
the experiment. This decrease in MDA concentration corresponds with the tendency to
increase lipid digestibility in the ileum with the inclusion of protease in the diet and indicates
an increase in gastrointestinal health.

Apparent ileal digestibility of dry matter was improved with the inclusion of protease,
and enhanced the effects when combined with xylanase. The interaction between xylanase
and protease also increased the digestibility of gross energy, and protease alone increased the
digestibility of lipid. Guggenbuhl et al. (2012) found that the inclusion of protease in corn-
SBM diets did not affect AID in newly weaned pigs after wk 2; however, during the second
phase (wk 3 to 4) it was found that there was an improvement in AID of crude protein
digestibility, but no improvement in AID of energy digestibility. It was also reported that the
inclusion of protease has led to inconsistent results in both AID and performance in broilers
(Guggenbuhl et al., 2012). These inconsistencies could have been due to differences in feed
ingredients or variations of NSP within the feed ingredients.

Xylanase is used to reduce the adverse effects of NSP, commonly found in corn and

DDGS, on gastrointestinal health, leading to an increase in performance (Gehring et al, 2013;
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Zhang et al., 2014). Protease, on the other hand, has been used to improve performance and
gastrointestinal health by reducing the amount of anti-nutritional factors present in SBM
(Barekatain et al., 2013). During wk 1, we saw that xylanase improved F:G while decreasing
ADFI. This indicates there was less feed being ingested by the birds, while still maintaining
BW and ADG. Protease decreased ADG, and ADFI during wk 1, which corresponded to an
increase in F:G. This occurred because the birds had to eat more feed to maintain their BW.
The interaction between xylanase and protease enhanced the negative impact protease had on
BW, ADG, and ADFI during the first week. Protease also decreased BW in the grower (wk 3
to 4) phase of the study, decreased overall ADG, and increased wk 3 to 4 and overall F:G,
especially when in combination with xylanase as indicated by a significant interaction effect.

Xylanase has been found to improve BW, as well as F:G at wk 3 (Zhang et al., 2014).
Previously, studies have indicated that the dietary addition of xylanase or protease,
individually can increase performance indicators in broilers (Stefanello et al., 2015; Wang et
al., 2011). According to Wang et al. (2008), studies investigating the effects of keratinase
supplementation in corn-SBM diets, have resulted in significant improvement of growth
performance. In their study, keratinase increased BW and improved F:G in SBM or
cottonseed meal based diets (Wang et al., 2008). Doskovi¢ et al. (2013) found that protease
led to a higher BW due to increased nitrogen retention.

Little research has investigated the combinational effects of xylanase and protease in
corn-SBM based diets; however, Kalmendal and Tauson (2012) found that there was no

significant change in performance when xylanase with or without protease treatments were
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added to wheat-SBM diets, as compared to the control treatment. Barekatain et al. (2013)
found that the interaction between xylanase and protease resulted in little significance in
growth performance in broilers fed sorghum DDGS based diets, similar to this study, where
the interaction led to few improvements in performance.

In our study, broilers were fed nutritionally adequate diets and had no nutritional or
pathogenic challenges. This lack of challenges within the gastrointestinal system allowed the
feed enzymes to improve gut health, but there were not enough nutritional or pathogenic
deficits to show improvement in growth, as well. For future studies investigating the
combination of xylanase and protease in corn-SBM diets, it may be useful to incorporate
some of these challenges into the system in order to test whether or not growth performance
will correlate with gut health. In conclusion, xylanase and protease benefited gut health by
decreasing digesta viscosity, enhancing gut morphology, decreasing gut oxidative stress, and
increasing nutrient digestibility, however these benefits were not related to any improvement

in growth performance.
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Table 1. Ingredient and calculated chemical composition of experimental starter! diets on an

as fed basis for 28 d

Starter
Xylanase, 15,000 U/g 15,000
Protease, 300 U/g 0 300 0 300
Ingredient %
Yellow corn 57.30 57.25 57.30 57.24
Soybean meal 31.75 31.75 31.75 31.75
DDGS, corn 5.00 5.00 5.00 5.00
L-Lys HCI 0.13 0.13 0.13 0.13
DL-Met 0.18 0.18 0.18 0.18
L-Thr 0.10 0.10 0.10 0.10
Dical P (6-01-080) 1.98 1.98 1.98 1.98
Limestone, ground (6-02-632) 0.82 0.82 0.82 0.82
Vitamin premix? 0.05 0.05 0.05 0.05
Mineral premix® 0.20 0.20 0.20 0.20
Salt 0.50 0.50 0.50 0.50
Choline chloride, 60% 0.20 0.20 0.20 0.20
Selenium premix 0.05 0.05 0.05 0.05
Poultry fat 1.73 1.73 1.73 1.73
Xylamax 0.00 0.00 0.01 0.01
Versazyme 0.00 0.05 0.00 0.05
TiO2 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00
Calculated composition
ME, kcal/kg 2,976 2,974 2,959 2,974
Digestible Lys, % 1.10 1.10 1.10 1.1
Digestible Met + Cys, % 0.78 0.78 0.78 0.78
Digestible Trp, % 0.25 0.25 0.25 0.25
Ca, % 0.89 0.89 0.89 0.89
Available P, % 0.44 0.44 0.44 0.44
Analyzed content
Xylanase, EPU/kg 0 0 14,961 15,712
Protease, EPU/kg 0 315 0 333

IStarter diets were fed from d 0 to 14 and switched to grower diets on d 14

2V/itamin premix (NCSU-90) provided per kilogram of diet: Vitamin A, 6,600 1U; cholecalciferol,
2,000 IU; Vitamin E, 33 1U; Vitamin B12, 19.8 ug; riboflavin, 6.6 mg; niacin, 55 mg; pantothenic acid, 11 mg;
Vitamin K, 2 mg; folic acid, 1.1 mg; thiamine, 2 mg; pyridoxine, 4 mg; biotin, 126 mg.

3Trace mineral (TM-90) premix provided in milligrams per kilogram of diet: Manganese, 120; zinc,
120; iron, 80; copper, 10; iodine, 2.5; cobalt, 1.0. Selenium premix as either sodium selenite or organic
selenium (Sel Plex 50) was provided to each diet at a level to assure a concentration of either 0.1 or 0.3 ppm.
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Table 2. Ingredient and calculated chemical composition of experimental grower® diets on an

as fed basis for 28 d

Grower
Xylanase, 15,000 U/g 15,000
Protease, 300 U/g 0 300 0 300
Ingredient %
Yellow corn 56.9 56.85 56.89 56.84
Soybean meal 25.92 25.91 25.92 25.91
DDGS, corn 10.01 10.01 10.01 10.01
L-Lys HCI 0.20 0.20 0.20 0.20
DL-Met 0.15 0.15 0.15 0.15
L-Thr 0.10 0.10 0.10 0.10
Dical P (6-01-080) 1.64 1.64 1.64 1.64
Limestone, ground (6-02-632) 0.79 0.79 0.79 0.79
Vitamin premix? 0.05 0.05 0.05 0.05
Mineral premix® 0.20 0.20 0.20 0.20
Salt 0.50 0.50 0.50 0.50
Choline chloride, 60% 0.20 0.20 0.20 0.20
Selenium premix 0.05 0.05 0.05 0.05
Poultry fat 2.79 2.79 2.79 2.79
Xylamax 0.00 0.00 0.01 0.01
Versazyme 0.00 0.05 0.00 0.05
TiO2 0.50 0.50 0.50 0.50
Total 100 100 100 100
Calculated composition
ME, kcal/kg 3,032 3,031 3,032 3,030
Digestible Lys, % 1.02 1.02 1.02 1.02
Digestible Met + Cys, % 0.72 0.72 0.72 0.72
Digestible Trp, % 0.22 0.22 0.22 0.22
Ca, % 0.79 0.79 0.79 0.79
Available P, % 0.40 0.40 0.40 0.40
Analyzed content
Xylanase, EPU/kg 0 0 14,460 13,943
Protease, EPU/kg 0 355 0 353

1Grower diets were fed from d 14 to 28

2V/itamin premix (NCSU-90) provided per kilogram of diet: Vitamin A, 6,600 1U; cholecalciferol,
2,000 IU; Vitamin E, 33 1U; Vitamin B12, 19.8 ug; riboflavin, 6.6 mg; niacin, 55 mg; pantothenic acid, 11 mg;
Vitamin K, 2 mg; folic acid, 1.1 mg; thiamine, 2 mg; pyridoxine, 4 mg; biotin, 126 mg.

3Trace mineral (TM-90) premix provided in milligrams per kilogram of diet: Manganese, 120; zinc,
120; iron, 80; copper, 10; iodine, 2.5; cobalt, 1.0. Selenium premix as either sodium selenite or organic
selenium (Sel Plex 50) was provided to each diet at a level to assure a concentration of either 0.1 or 0.3 ppm.



Table 3. Viscosity of ileal digesta (cP!) in broilers fed experimental diets for 28 d
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Xylanase, 15,000

Ul/g 0 15,000 P value?
Protease, 300 U/g 0 300 0 300 SEM Xyl Prot Int
WKk 1, cP 300 335 440 287 043 0314 0.208 0.059
WKk 4, cP 298 377 443 234 056 0989 0.202 0.009

1cP = centipoise (1 cP = 1/100 dyne s/cm?)
2 Xyl: effect of xylanase; Prot: effect of protease; and Int: interaction
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Table 4. Jejunum*and ileum? villus height (um), crypt depth (um), and villus width (um) in
broilers fed experimental diets for 28 d

Xylanase, 15,000

Ulg 0 15,000 P value®
Protease, 300 U/g 0 300 0 300 SEM Xyl Prot Int
Villus height, pm
Wk 1 354 362 362 392 17.06 0.273 0.268 0.508
Wk 4 605 662 616 716 3094 0.302 0.017 0.491
Crypt depth, um
Wk 1 105 117 112 111 529 0.861 0.322 0.213
Wk 4 117 113 104 115 424 0.193 0.501 0.091
Villus width, pm
Wk 1 80 73 77 70 384 0417 0.071 0.971
WKk 4 88 83 83 90 350 0.725 0.741 0.109

IHistology was measured in the jejunum of chicks sampled at 7 d of age.
2Histology was measured in the ileum of chicks sampled at 28 d of age
3 Xyl: effect of xylanase; Prot: effect of protease; and Int: Xyl X Prot interaction effect



Table 5. 1gG, Protein carbonyl, and MDA measured from blood serum and ileal mucosal
tissue in broilers fed experimental diets for 28 d

Xylanase, 15,000

Ul/g 0 15,000 P value!
Protease, 300 U/g 0 300 0 300 SEM Xyl Prot Int
1gG

Serum, g/L

Wk 1 280 251 196 215 0.19 0.003 0.797 0.203
Wk 4 221 204 226 208 021 0408 0.834 0.955
lleum, mg/g

protein

Wk 1 0.20 0.26 0.21 020 0.03 0501 0430 0.326
Wk 4 020 0.17 0.15 0.09 0.04 0.111 0.217 0.617

Protein carbonyl
Serum, pumol/L

Wk 1 0.80 0.70 0.76 0.62 0.07 0.404 0.083 0.776
WKk 4 0.70 0.64 0.68 0.66 0.03 0.899 0.262 0.520
lleum, pumol/g

protein

Wk 1 0.41 040 037 021 002 <0.001 <0.001 0.001
Wk 4 0.19 0.18 0.19 019 0.01 0.699 0492 0.927

Malondialdehyde
Serum, umol/L

Wk 1 043 0.37 045 052 0.07 0225 0918 0.361
Wk 4 058 0.30 053 0.30 0.07 0.760 0.002 0.711
lleum, pmol/g

protein

Wk 1 055 0.81 0.60 0.66 0.11 0598 0.147 0.362
WK 4 061 033 045 037 0.06 0295 0.004 0.087

1 Xyl: effect of xylanase; Prot: effect of protease; and Int: Xyl X Prot interaction
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Table 6. Apparent ileal digestibility (AID, %) of DM, GE, lipid, and crude protein in broilers
fed experimental diets for 28 d

Xylanase, 15,000

Ulg 0 15,000 P value?
Protease, 300
U/g 0 300 0 300 SEM Xyl Prot Int
AID, %
Dry matter 75.78 7556 73.68 77.39 090 0.881 0.064 0.038
Grossenergy 75.66 71.85 72.06 7591 210 0914 0.992 0.080
Lipid 54.34 5758 49.93 56.40 270 0.311 0.084 0.557
Crude protein  85.04 83.79 83.83 84.78 1.16 0.929 0.899 0.353

1 Xyl: effect of xylanase; Prot: effect of protease; and Int: Xyl X Prot interaction



Table 7. Growth performance of broiler chickens fed experimental diets for 28 d*
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Xylanase, 15,000

Ul/g 0 15,000 P value?
Protease, 300 U/g 0 300 0 300 SEM Xyl Prot Int
BW, g
Initial 45 45 45 45 0 0.862 0.656  0.629
WKk 1 163 159 167 154 2 0.799 0.002 0.044
Wk 2 437 429 437 430 5 0906 0.132  0.944
WKk 3 903 882 916 886 10 0.403 0.018 0.613
Wk 4 1460 1455 1499 1446 17 0.385 0.089 0.160
ADG, g/d
Wk 1 168 164 175 155 0.3 0.796 0.002  0.045
Wk 2 39.2 385 386 394 0.6 0.788 0.875 0.234
Wk 3 665 648 685 652 09 0.218 0.009 0.391
Wk 4 79.7 818 833 800 16 0.579 0.707  0.097
Wk 1to2 280 274 280 275 04 0.908 0.134 0.941
Wk 3to 4 731 733 759 726 1.0 0325 0.136  0.094
Overall 506 504 519 500 06 0.385 0.089 0.160
ADFI g/d
Wk 1 200 202 202 185 04 0.063 0.042  0.017
Wk 2 484 479 486 479 04 0.794 0.114  0.703
Wk 3 102.2 100.7 1020 1032 1.3 0379 0937 0.292
Wk 4 137.1 1359 1376 1388 1.8 0.344 0996  0.490
Wk 1to2 342 340 344 332 02 0.205 0.007 0.031
Wk 3to 4 119.7 1183 1198 1210 14 0.309 0968  0.350
Overall 769 762 771 771 07 0.459 0.612 0.613
F:G
Wk 1 1190 1.235 1.158 1.188 0.063 0.044 0.054 0.706
Wk 2 1236 1246 1262 1218 0.016 0967 0.308  0.109
Wk 3 1537 1554 1490 1584 0.011 0453 <0.001 0.001
Wk 4 1723 1665 1.654 1738 0.021 0922 0541  0.002
Wk 1to2 1221 1242 1229 1209 0.013 0341 0955 0.121
Wk 3to 4 1.637 1.615 1579 1668 0.012 0.842 0.008 <0.001
Overall 1522 1513 1485 1542 0.009 0.609 0.008 0.001

1Each mean represents 9 cages of 8 birds (d0 to d7) or 6 birds (d8 to d 28).

2 Xyl: effect of xylanase; Prot: effect of protease; and Int: Xyl X Prot interaction
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Table 8. Effects of feed enzyme supplementation on mortality in broilers experimental diets
for 28 d
Xylanase, 15,000
Ulg 0 15,000 P value!
Protease, 300 U/g 0 300 0 300 SEM Xyl Prot Int
Mortality, % 022 011 000 0.22 012 0.641 0.641 0.167

1 Xyl: effect of xylanase; Prot: effect of protease; and Int: Xyl X Prot interaction



