ABSTRACT
MOITA, VITOR HUGO CARDOSO. Functional Roles of Phytase and Xylanase Enhancing the
Intestinal Health of Nursery Pigs and Broiler Chickens. (Under direction of Prof. Dr. Sung Woo
Kim).

Feed enzymes have historically been used with the goal to improve nutrient digestibility
and growth performance of monogastric animals. However, recent studies have shown that feed
enzymes, especially phytase and xylanase, may provide potential benefits associated with the
intestinal health and mucosa-associated microbiota of nursery pigs and broiler chickens. The
present research focused on the investigation of the functional roles of phytase and xylanase
enhancing intestinal health of nursery pigs and broiler chickens.

In the first study, the effects of a bacterial 6-phytase on nutrient apparent total tract
digestibility (ATTD) and total nutrient retention (TNR) of nursery and growing pigs were
investigated. For the nursery and growing studies twelve barrows (21 and 63-d-old, respectively)
were individually allotted into metabolism crates following a quadruplicate 3 x 3 Latin square
design with three treatments and three periods. The three dietary treatments were: Positive
control diet (PC): formulated meeting nutrient requirements; Negative control diet (NC): 0.14%
deficient in calcium (Ca) and phosphorus (P); and a diet with phytase (PHY): NC diet + bacterial
6-phytase at 500 FTU/Kkg feed. The supplementation of a bacterial 6-phytase improved the ATTD
of Caand P and TNR of P of nursery pigs, and showed potential benefits on the TNR of N.
Moreover, the supplementation of a bacterial 6-phytase improved ATTD of P and TNR of P of
growing pigs. Results from both experiments indicated that the supplementation of a bacterial 6-
phytase in diets for nursery and growing pigs can be an alternative to reduce the inclusion of

inorganic P sources, whilst still increasing the digestibility of Ca and P, and utilization of P.



The second study investigated the efficacy and optimal level of a bacterial 6-phytase
supplemented beyond traditional dose levels on bone and intestinal health, nutrient digestibility,
and growth performance of nursery pigs. Seventy-two weaned pigs (21-d-old) were allotted to
six treatments based on randomized complete block design (RCBD) with sex and initial BW as
blocks and fed in three dietary phases. The treatments consisted of a NC diet without phytase
meeting nutrient requirements. The other five treatments were a basal diet 0.15% Ca and P
deficient with increasing supplemental levels of phytase (0, 500, 1,000, 2,000, and 5,000 FTU/kg
feed). The supplementation of a bacterial 6-phytase enhanced bone health, nutrient digestibility,
and growth performance of nursery pigs. Phytase supplementation between 950 and 1,900
FTU/kg feed provided the most benefits associated with enhanced bone health and growth
performance of nursery pigs.

The third study aimed to determine supplemental effects of phytase on the modulation of
the mucosa-associated microbiota in the jejunum, intestinal morphology, nutrient digestibility,
bone parameters, and growth performance of broiler chickens. A total of 360 newly hatched
broiler chickens were randomly allotted into six treatments with ten birds per cage based on a
completely randomized design and fed for 27 d. The treatments consisted of a NC diet without
phytase meeting nutrient requirements. The other five treatments were a basal diet 0.15% Ca and
P deficient with increasing supplemental levels of phytase (0, 500, 1,000, 2,000, and 4,000
FTU/kg feed). The supplementation of phytase showed potential benefits on the modulation of
the mucosa-associated microbiota in the jejunum by tending to reduce harmful and increase
beneficial bacteria. Furthermore, phytase showed positive effects enhancing bone health and

intestinal morphology, as well as improving nutrient digestibility of broiler chickens. Phytase



supplementation between 600 and 950 FTU/kg feed provided the most benefits associated with
increased nutrient digestibility of broiler chickens.

The fourth study was conducted to investigate the functional roles of xylanase on the
intestinal health and growth performance of nursery pigs. Sixty pigs (21-d-old) were allotted
based on a RCBD with sex and initial BW as blocks. Dietary treatments met nutrient
requirements with increasing supplemental levels of xylanase (0, 220, 440, 880, 1,760 XU/kg
feed) and were fed to pigs in three dietary phases. The supplementation of xylanase showed
benefits to intestinal health by reducing the abundance and diversity of potentially harmful
bacterium, the oxidative stress in the jejunal mucosa, and digesta viscosity, collectively
enhancing intestinal morphology and nutrient digestibility. Xylanase supplementation between
750 and 1,500 XU/kg feed provided the most benefits associated with reduced oxidative stress
and increased nutrient digestibility of nursery pigs.

Overall, the supplementation of phytase and xylanase for nursery pigs and broiler
chickens reaffirmed the benefits related to enhancement of nutrient digestibility and growth
performance, but also showed functional roles reducing immune and oxidative stress response,
and positively modulating the intestinal mucosa-associated microbiota. The inclusion of these
enzymes may also contribute for a reduction of the feed costs by allowing the use of a wider
range of plant-based feedstuffs without compromising the performance and health of the
animals, as well as the environmental concerns associated with a swine and poultry production

systems.
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CHAPTER 1

NUTRITIONAL AND FUNCTIONAL ROLES OF PHYTASE AND XYLANASE EN-
HANCING THE INTESTINAL HEALTH AND GROWTH OF NURSERY PIGS AND
BROILER CHICKENS



1.1 Abstract

This review paper discussed the nutritional and functional roles of phytase and xylanase
enhancing the intestinal and growth of nursery pigs and broiler chickens. There are different feed
enzymes that are currently supplemented to feeds for nursery pigs and broiler chickens. Phytase
and xylanase have been extensively studied showing consistent results especially related to
enhancement of nutrient digestibility and growth performance of nursery pigs and broiler
chickens. Findings from recent studies raise the hypothesis that phytase and xylanase could play
functional roles beyond increasing nutrient digestibility, but also enhancing the intestinal health
and positively modulating the intestinal microbiota of nursery pigs and broiler chickens. In
conclusion, the supplementation of phytase and xylanase for nursery pigs and broiler chickens
reaffirmed the benefits related to enhancement of nutrient digestibility and growth performance,
whilst also playing functional roles benefiting the intestinal microbiota and reducing the
intestinal oxidative damages. As a result, it could contribute to a reduction of the feed costs by
allowing the use of a wider range of feedstuffs without compromising the optimal performance
of the animals, as well as the environmental concerns associated with a poor hydrolysis of

antinutritional factors present in the diets for swine and poultry.

Key words: Broiler Chickens, Functional Roles, Intestinal Health, Nursery Pigs, 3-phytase, 6-

phytase, Xylanase.



1.2. Introduction

Intestinal health is one of the most discussed contemporary issues in animal nutrition,
due to its significance in the overall biological response of the animals. It is usually described as
based on a combination of different parameters from different metabolic and physiological
reactions that can impact the overall growth and health (Kim and Duarte, 2021). According to
the literature, some of those parameters could be the quantification of anti and proinflammatory
cytokines, immunoglobulins, and oxidative damage products in the digestive tract; assessment of
intestinal morphology; and relative abundance and diversity quantification of the mucosa-
associated microbiota in the jejunum (Campbell et al., 2013; Gresse et al., 2017; Jang and Kim,
2019; Cheng et al., 2021; Duarte and Kim, 2021; Kim and Duarte, 2021; Moita et al., 2022a).

In the first weeks after weaning and hatching, nursery pigs and broiler chickens start
consuming diets with a greater amount of plant-based feedstuffs, which can contain different
antinutritional factors and allergenic compounds that can lead to negative impacts on nutrient
digestibility, growth performance, and intestinal health (Moeser et al., 2007; Kim et al., 2010;
Taliercio and Kim, 2013). Corn and soybean meal are the most commonly used plant-based
feedstuffs in diets for nursery pigs and broiler chickens, which can contain antinutritional and
allergic compounds, such as phytic acid, non-starch polysaccharides (NSP), glycinin, and j3-
conglycinin (Baker et al., 2021; Deng et al., 2022). The negative effects associated with phytic
acid and NSP altering the digestion process may also lead to negative impacts in the intestinal
health and intestinal microbiota of the animals, such as increases in the oxidative stress and
increases in the abundance of pathogenic bacteria, which can be determinant for the intestinal
health and subsequent growth of animals (Ptak et al., 2015; Moita et al., 2021; Petry et al., 2021;

Moita et al., 2022a).



Enzymes are organic catalysts that accelerate reactions and act on specific substrates
and reagents (B6hme, 2001; Nelson and Cox, 2017). The enzyme activity can be affected by
different factors, such as feed mixing temperature, levels of targeted substrate in the feedstuffs,
different levels, types, and combinations of enzymes, and optimal gastric and intestinal pH and
temperature (Béhme, 2001; Ravindran, 2013). The use of feed enzymes has been notarized as an
alternative to increase nutrient digestibility and growth performance of swine and poultry
through the active hydrolysis of antinutritional factors and allergenic compounds present in their
diets (Choct, 2006; Slominski, 2011). Monogastric animals, especially pigs, at their first stages
of growth, cannot effectively secrete endogenous enzymes, and consequently have their nutrient
digestibility and utilization affected (Adeola and Cowieson, 2011; Campbell et al., 2013). Recent
studies have shown feed enzymes, especially phytase and xylanase, might play functional roles
on intestinal health of nursery pigs and broiler chickens, whilst still providing the benefits on
nutrient digestibility and growth performance (Karadas et al., 2010; Ptak et al., 2015; Duarte et
al., 2019; Moita et al., 2022a).

Phytase is a feed enzyme that catalyzes the hydrolysis of phytic acid increasing the
bioavailability of nutrients, especially phosphorus (P) and consequently leading to benefits on
nutrient digestibility and growth performance (Lei and Porres, 2003; Dersjant-Li et al., 2015).
Changes in the bioavailability of nutrients, such as calcium (Ca) and phosphorus, may express
different effects on the intestinal and bone health, and composition and diversity of the intestinal
microbiota of nursery pigs and broiler chickens (Stanley et al., 2014; Mach et al., 2015; Zhao et
al., 2015; Moita et al., 2021). The supplementation of xylanase will catalyze the
depolymerization of the xylan structure into shorter chains and to the breaking down of the cell

wall matrix (Passos et al., 2015; Tiwari et al., 2018). Changes in the chemical structure of xylan



and in the physicochemical properties of the digesta may lead to alterations on intestinal health
parameters, especially the composition and diversity of the intestinal microbiota (Rodica et al.,
2010; Petry et al., 2021).

Based on the mechanisms of action and benefits of supplemental phytase and xylanase
described above, it has been hypothesized that these enzymes could also play functional roles
associated with the intestinal health of nursery pigs and broiler chickens. These functional roles
could be related with a reduction of oxidative damage products and inflammatory cytokines, and
a positive modulation of the intestinal microbiota (Kiarie et al., 2013; Ptak et al., 2015; Petry et
al., 2021; Moita et al., 2022a). This review focused on the characterization and discussion of the
nutritional and functional roles of phytase and xylanase enhancing the intestinal health and
growth of nursery pigs and broiler chickens.

1.3. Antinutritional factors in feeds for nursery pigs and broiler chickens
1.3.1. Phytic acid

Phytate is a mixed salt of phytic acid (myo-inositol hexaphosphate; InsP6) present in
plant-based feedstuffs and is constantly present in diets of monogastric animals (Selle and
Ravindran, 2008; Humer et al., 2015). Phytic acid is described as an antinutritional factor
because it reduces the absorption and digestibility of trace minerals, such as calcium (Ca), zinc
(Zn) and copper (Cu) forming insoluble and indigestible compounds (McCance and Widdowson,
1942; McCance and Walsham, 1948; Halsted et al., 1972; Grases and Costa-Bauza, 2019).
Additionally, it can bind to amino acids, proteins, and enzymes like trypsin and a-amylase,
inhibiting their activity and affecting protein and carbohydrate digestibility (Hill and Tyler,

1954; Singh and Krikorian, 1982; Deshpande and Cheryan, 1984).



In general, around 70% of the P content in cereal grains and oil seeds used in diets for
nursery pigs and broiler chickens is present in the form of phytic acid, which is not bioavailable
for animal utilization (Reddy et al., 1982; Dersjant-Li et al., 2015). Genetics, climate conditions,
location, irrigation, soil nutrition, season, and fertilizer application may have an impact on phytic
acid levels in the plant-based feedstuffs included in the diets (Reddy et al., 1982). The enzyme
responsible for catalyzing the hydrolysis of phytic acid is phytase, however, monogastric animals
lack in the production of endogenous phytase, which means that high levels of inorganic P
sources were included in their diets to match their specific nutritional requirements (Pallauf and
Rimbach, 1997; Lei and Porres, 2003). As a result, there may be an increase in the costs
associated with feed since inorganic P sources tend to be more expensive than other sources of P
(Cap et al., 2012). Additionally, environmental concerns are arising due to an increase in the
excretion of undigested minerals in the manure, leading to soil and water contamination in the
surrounding areas of pig and broiler chicken production systems (Holzel et al., 2012; Misiura et
al., 2020).

During the digestion process for nursery pigs and broiler chickens, phytic acid is soluble
under the acid pH of the gastric phase, which means that it is less susceptible to binding to other
nutrients, reducing their bioavailability (Cheryan and Rackis, 1980; Lei and Porres, 2003). As
the digestion process goes on, the digesta will move to the small intestine, where with different
pH conditions, phytic acid will become insoluble increasing its ability to form indigestible
phytate-complexes with other nutrients (Angel et al., 2002; Humer et al., 2015). Thus, the main
site for catalyzing the hydrolysis of phytic acid will be under acid pH in the stomach of pigs and
proventriculus of broiler chickens, which will also provide better conditions for an optimal

phytase activity (Yi and Kornegay, 1996; Slominski, 2011; Cowieson et al., 2016).



1.3.2. Non-starch polysaccharides

The non-starch polysaccharides (NSP )have been described as antinutritional factors for
nursery pigs and broiler chickens due to their inability to digest these compounds as a
consequence of the absence of NSP degrading enzymes (Kim et al., 2003; Baker et al., 2021;
Moita et al., 2022a). According to (Baker et al., 2021), around 30% of the composition of the
main plant-based feedstuffs used in diets for nursery pigs and broiler chickens is NSP. The NSP
content in plant-based feedstuffs can vary based on the plant genetics, environment, and storage
conditions after harvesting (Rodica et al., 2010). Xylan, arabinoxylan, -glucans, and cellulose
are some of the main NSP present in those plant-based feedstuffs (Knudsen, 2014; Pedersen et
al., 2014; Jaworski et al., 2015).

Non-starch polysaccharides are described as soluble and insoluble due to their structure,
solubility, and impacts on the physicochemical properties of the digesta (McDonald et al., 2001,
Jha and Berrocoso, 2015). Cereal grains are described as containing higher levels of soluble NSP
when compared to cereal by-products that contain higher levels of insoluble NSP (Knudsen,
2014; Pedersen et al., 2014). Soluble NSP may alter the digesta viscosity, bulkiness, and passage
rate due to its water holding capacity, which may lead to negative effects associated with nutrient
digestibility and intestinal health (Bakker et al., 1998; Tiwari et al., 2018; Duarte et al., 2019;
Moita et al., 2022a). Moreover, insoluble NSP may impact intestinal motility and transit time by
acting as a barrier reducing the side activities of other endogenous enzymes and leading to
detrimental effects on nutrient digestibility (Jha and Berrocoso, 2015; Passos et al., 2015; Chen
et al., 2020). Plant-based feedstuffs used in diets for nursery pigs and broiler chickens can be
classified as viscous and non-viscous based on the concentrations of soluble and insoluble NSP

in their composition (Knudsen, 2014; Jaworski et al., 2015).



Xylan is described as the major class of hemicellulose and one of the main soluble NSP
present in plant-based feedstuffs included in the diets of nursery pigs and broiler chickens
(Rodica et al., 2010; Choct, 2015; Baker et al., 2021). It is also described as a family of
structurally diverse NSP sharing a 3-1,4-linked xylopyranose backbone as a common feature
(Linhardt, 2006; Scheller and Ulvskov, 2010). Classifications of xylan are usually based on the
degree of substitution and type of side groups attached to the backbone (Scheller and Ulvskov,
2010; Kohnke et al., 2011). Arabinoxylan (AX) is the most common form of xylan found in
plant-based feedstuffs such as corn, sorghum, soybean meal, and wheat (Hoebler et al., 2000).

As previously mentioned, soluble NSP, especially xylan, can affect the digesta
properties leading to negative impacts not only associated with nutrient digestibility but also on
the intestinal health and mucosa-associated microbiota in the jejunum (Gutierrez et al., 2014;
Petry and Patience, 2020; Kim and Duarte, 2021). The negative effects of xylan on the digesta
viscosity can be related to its chemical structure, molecular weight, swelling, and water-holding
capacity (Bakker et al., 1998; Choct, 2015). When the digesta viscosity is increased, there are
alterations to its passage rate and bulkiness (Tervila-Wilo et al., 1996; O’Neill et al., 2012). An
increase in the digesta bulk can cause a distention of the digestive tract walls leading to a greater
secretion of satiety hormones and pancreatic secretions that can affect the daily intake of the
animals (McDonald et al., 2011; Duarte et al., 2019).

In nursery pigs and broiler chickens, AX is poorly digested and can lead to a production
of a viscous chyme in the small intestine resulting in an increase in the relative abundance of
pathogenic bacteria, inflammatory and immune response, oxidative stress, and impairment of the
intestinal barrier function (Gutierrez et al., 2014; Lan et al., 2017; Baker et al., 2021). An in vitro

study simulating the digestion process of monogastric animals showed that the supplementation



of xylanase, one of the NSP degrading enzymes, increased the availability of soluble minerals in
corn, wheat, and soybean meal (Garcia et al., 2008). The authors attributed the positive effects on
mineral availability to the inclusion of xylanase that reduced the antinutritional properties of
xylan by breaking down the structural bonds of the xylan. The supplementation of xylanase may
be a potential solution to the antinutritional properties of xylan and other NSP.
1.4. Phytase and xylanase enhancing intestinal health of nursery pigs and broiler chickens
1.4.1. Phytase

a. Characteristics and mechanisms of action

Phytases (myo-inositol hexakiphosphate phosphohydrolase) are a class of phosphatases
enzymes responsible for catalyzing the hydrolysis and release of P of phytic acid present in
plant-based feedstuffs used in diets for monogastric animals (Lei and Porres, 2003; Cowieson et
al., 2016). Throughout a series of stepwise dephosphorylation reactions, phytase will increase the
bioavailability of P and will allow a reduction on the inclusion of inorganic P sources in the diets
(Hayakawa et al., 1990; Konietzny and Greiner, 2002). Phosphorus is an essential nutrient
especially for pigs and broiler chickens playing important roles as a component of co-enzymes in
important metabolic pathways, bone mineralization, and intestinal health (Pallauf and Rimbach,
1997; McDowell, 2003; Cromwell, 2015). Therefore, it is important to optimize the P utilization
by the animals due to economic and environmental concerns associated with the inclusion of
inorganic P sources in the diets (Létourneau-Montminy et al., 2011). The activity of each phytase
is expressed as phytase units (FTU), where one FTU was defined as the amount of phytase
needed for the release of 1 umol of inorganic P per minute from an excess of 15 uM sodium

phytate at pH 5.5 and 37°C (Adeola et al., 2004).



Phytase is a heat labile enzyme, which means that its optimal activity is more
susceptible to be affected at high temperatures usually applied to ensure the quality of some feed
mixing processes (Lei and Porres, 2003; De Jong et al., 2017). Some of the plant-based
feedstuffs used in the diets for nursery pigs and broiler chickens expresses intrinsic phytase
activity, however, in the case of corn and soybean meal, expresses a negligible activity (Reddy et
al., 1982; Zimmermann et al., 2002). A great portion of phytase activity in cereal grains is found
at the aleurone layers, however, it can be reduced when exposed to heat during feed mixing
(Zimmermann et al., 2002).

At the same time that the gastric phase of digestion provides better conditions for the
hydrolysis of phytic acid, it also provides better conditions for optimal phytase activity (Yi and
Kornegay, 1996; Lei and Porres, 2003). Generally, phytases tends to work under a pH range of 3
to 5.5, which is accomplished in the stomach of pigs and birds by acidic secretions (Selle and
Ravindran, 2008; Slominski, 2011). Since the pH in the small intestine is more favorable for
proteolytic enzymes, there is a possibility that phytase could be broken down or inactivated by
other active endogenous proteases (Yi and Kornegay, 1996; Lei and Porres, 2003). There are
many other factors besides heat that can also affect the optimal activity of phytase, such as diet
composition, storing conditions, and gastric and intestinal pH (Lei and Porres, 2003; Rojas and
Stein, 2017).

With the improvement of manufacturing technologies in the last few years, there was an
increase on the production and development of new types of phytase (Slominski, 2011; Cap et
al., 2012; Mrudula Vasudevan et al., 2019). They can be classified based on the form (liquid,
powder, granule), microorganism sources (bacterial, fungi, yeast) optimal pH range (acidic or

alkaline), and the position of the carbon where the dephosphorylation of phytate will initiate (3-
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and 6-phytase products) (Cowieson et al., 2009; Kumar et al., 2010; Dersjant-Li et al., 2015).
Recently, phytase has been supplemented beyond the manufacturer standard dose levels, also
known as “super dosing”, and showed potential results that are discussed as “extra-phosphoric
effects” (Cowieson et al., 2011; Dersjant-Li and Kwakernaak, 2019; Lu et al., 2019a; Moita et
al., 2022b). The “extra-phosphoric” effects due high doses of phytase are usually described as a
greater release and uptake of P and other nutrients, and the subsequent generation of lower
inositol esters and myo-inositol (Selle and Ravindran, 2008; Dersjant-Li and Kwakernaak, 2019;
Grases and Costa-Bauza, 2019; Lu et al., 2019a).

b. 3- and 6-phytase

Phytase can be classified based on the location of the carbon where the hydrolysis of the
inositol ring will initiate (Deshpande and Damodaran, 1989; Kumar et al., 2010; Dersjant-Li et
al., 2015). The 3-phytase (EC 3.1.3.8) is described by initiating the dephosphorylation at the
third carbon atom of the inositol ring, whereas the 6-phytase (EC 3.1.3.26) initiate at the sixth
carbon atom, which may result in an enhanced hydrolysis of the inositol ring (Cosgrove, D and
Irving, 1980; Sandstrom and Sandberg, 1992). The pH change towards a less acidic environment
whereas the digesta goes to the small intestine can be a determinant factor for phytase activity
because the pH in the small intestine is favorable for other endogenous proteolytic enzymes (Yi
and Kornegay, 1996; Lei and Porres, 2003). As a result, phytase may have natural decrease in its
optimal activity and may be broken down by other endogenous proteases, becoming almost
inactive in the small intestine (Yi and Kornegay, 1996; Lei and Porres, 2003).

Theoretically, 6-phytase may express optimal activity at a broader range of pH being
more active and resistant than 3-phytase at the small intestine environment (Lei and Porres,

2003; Choct, 2006; Cowieson et al., 2016). However, previous research has shown a variation
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among the results associated with growth performance, nutrient digestibility, and utilization
between 3-phytase and 6-phytase, especially related to the growth stage when the animals were
supplemented (Augspurger et al., 2003; Adeola et al., 2006; Sands et al., 2009; Goodband et al.,
2013; Guggenbuhl et al., 2016; Cambra-Lopez et al., 2020; Moita et al., 2022b).

During the last few years, the supplementation of 3- and 6-phytase at different levels for
swine and poultry at different stages of growth has shown consistent results, ranging from
improvements on nutrient digestibility and growth performance to intestinal health parameters
and modulation of the intestinal associated microbiota (Tables 1 and 2). Generally, 6-phytase are
more commonly used in swine and poultry production systems compared to 3-phytase, due to the
benefits associated with the mode of action of this phytase. Based on the compiled data from
Tables 1 and 2, when 6-phytase was supplemented on average at 1,800 and 14,400 FTU/kg feed
showed respectively 13.3 and 17.2% of improvement in the ADG of broiler chickens compared
to 12.6% from 3-phytase when supplemented 1,800 FTU/kg feed (Figure 1). For nursery pigs,
when 6-phytase was supplemented on average at 1,000 and 8,400 FTU/kg feed showed
respectively 19 and 21.2% of improvement in the ADG compared to 17.2% from 3-phytase when
supplemented 960 FTU/kg feed. (Figure 2). The changes on the ADG of broiler chickens and
nursery pigs reported on figures 1 and 2 may indicate that 6-phytase could be supplemented at
similar levels of 3- phytase and still provide greater changes on the ADG of the animals.
Additionally, when 6-phytase was supplemented above the traditional levels showed greater
changes in the ADG of both broiler chickens and nursery pigs, when compared with the

traditional supplemental levels (500-1,000 FTU/kg feed).
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c. Supplementing phytase beyond traditional levels

The concept of supplementing phytase beyond traditional levels, also known as “super
dosing” phytase, emerged due to economic and environmental concerns associated with high
amounts of inorganic P sources in diets of swine and poultry, as well as the quality and
availability of the main plant-based feedstuffs, such as corn and soybean meal (Cowieson et al.,
2011; Cowieson et al., 2016; Holloway et al., 2019). Thus, it was hypothesized that an inclusion
of phytase 3-fold or greater than the recommended manufacturer dose could enhance the phytic
acid dephosphorylation leading to an increase in the bioavailability of P and other nutrients, and
the generation of myo-inositol and lower inositol phosphate esters (Grases and Costa-Bauza,
2019; Holloway et al., 2019; Lu et al., 2019b).

Inositol can be found in mammalian cells and tissues in the forms of myo-inositol or
phosphatidylinositol, and it is considered an important cellular mediator for signal transduction
and a regulator of growth metabolism (Hawthorne and White, 1976; Holub, 1986; Liu et al.,
2010). Additionally, it is known to play insulin-like effects, such as increasing the insulin
sensitivity by enhancing the concentration of phosphatidylinositol (3,4,5)-trisphosphate (PIP3),
and by increasing the insulin secretion by pancreatic -cells (Lee and Bedford, 2016; Walk et al.,
2016; Lu et al., 2019Db). Part of the benefits of the “extra phosphoric effects” are attributed by
authors due to a greater generation of myo-inositol, and lower inositol phosphate esters more
susceptible to hydrolysis and side activities of other endogenous enzymes (Cowieson et al.,
2009; Walk et al., 2013; Grases and Costa-Bauza, 2019; Lu et al., 2019b). The other part is
attributed due to a greater generation and uptake of P, Ca, amino acids, and other nutrients that
were trapped in the phytate-complexes and not bioavailable for the animals (Dersjant-Li and

Dusel, 2019; Grases and Costa-Bauza, 2019; Holloway et al., 2019; Lu et al., 2019b).
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The “extra phosphoric effects” associated with supplementing phytase beyond traditional
levels are well documented and shows a wide range of benefits, such as enhancement of nutrient
digestibility, growth performance and intestinal health of pigs and broiler chickens (Cowieson et
al., 2011; Zeng et al., 2015; Lee et al., 2017; Dersjant-Li and Dusel, 2019; Dersjant-Li and
Kwakernaak, 2019; Holloway et al., 2019; Lu et al., 2019b; Moran et al., 2019; Moita et al.,
2021; Moita et al., 2022b).

d. Effects of supplementing phytase on the intestinal health of nursery pigs and
broiler chickens

Recently, different studies were conducted to investigate the effects of phytase on the
intestinal health and microbiota of nursery pigs and broiler chickens (Kiarie et al., 2013; Ptak et
al., 2015; Borda-Molina et al., 2016; Lee et al., 2016; Mancabelli et al., 2016; Nari et al., 2020;
Shili et al., 2020; Moita et al., 2021). The authors reported a wide range of positive effects of
phytase supplementation not only related to growth performance, nutrient digestibility, and bone
health, but especially related to intestinal health.

Moita et al. (2021) reported a tendency in the increase of the relative abundance of
Lactobacillus and decrease in Helicobacter and Pelomonas populations of the mucosa-associated
microbiota in the jejunum of nursery pigs fed with phytase at 2,000 FTU/kg feed. The authors
attributed these effects to pH alterations possibly caused by reduction of dietary Ca levels in the
diets with phytase, and by the active hydrolysis of the phytate-complexes by phytase increasing
the bioavailability of Ca and other minerals that can also affect the gastric and intestinal pH.
Additionally, it was reported an increase in the jejunal villus height, apparent ileal digestibility of

nutrients, and bone health. Although the authors observed positive effects in the modulation of
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the mucosa-associated microbiota in the jejunum, no effects were observed in the inflammatory
and oxidative stress parameters.

In another study conducted by Ptak et al. (2015), the authors observed increases in
Lactobacillus and decreases in Streptococcus populations in the ileum of broiler chickens
supplemented with phytase at 5,000 FTU/kg feed. The authors explained these effects with
alterations in the pH values in the crop, ileum, and caeca and short chain fatty acids production
caused by the supplementation of phytase. Phytase supplementation altered the pH values in
different gastric and intestinal sections, which may lead to a creation of a more acidic
environment favoring beneficial bacteria and leading to a bacteriostatic effect against pathogenic
bacteria. Additionally, an increase in the total short chain fatty acids, DL-lactate, and acetic acid
in the ileum was reported with the addition of phytase, all of which are considered antioxidants
and potential bacterial substrate. According to the authors, these findings coupled with the pH
alterations in the crop, ileum, and caeca may be responsible for the positive effects observed in
the microbiota of broiler chickens.

Karadas et al. (2005) reported increased concentrations of coenzyme Q10 in the liver of
broiler chickens and turkeys when phytase was supplemented at 500 and 2,500 FTU/kg feed.
Coenzyme Q10 can enhance the antioxidant status of the animals by either targeting generated
free radicals or through the regeneration of tocopherols and ascorbate, which are also antioxidant
compounds (Geng et al., 2004; Surai et al., 2004). Additionally, it can provide protective effects
against metabolites originated from lipid peroxidation and protein oxidation, such as
malondialdehyde (MDA) and protein carbonyl (PC) (Geng et al., 2004; Surai et al., 2004).
According to the authors, the increased bioavailability and uptake of nutrients, especially

minerals, through the active hydrolysis of phytate by phytase may enhance the antioxidant status
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of birds, by increasing the concentration of coenzyme Q10. On the other hand, the authors also
believed that the greater bioavailability and uptake of metal ions from the minerals may have
triggered the secretion of coenzyme Q10 as a response to increased oxidative damage.

In a study evaluating the effects of a corn-expressed phytase for nursery pigs, Lee et al.
(2016) reported positive effects not only related to growth performance, but especially to
intestinal health. Phytase supplementation increased villus height in the duodenum, jejunum, and
on the villus height to crypt depth ratio in the duodenum. Additionally, it was also observed a
tendency towards the reduction of the concentrations of tumor necrosis factor alpha (TNF-a) in
the duodenum and MDA in the jejunum. These findings are in accordance with previously
discussed studies reaffirming the positive effects of phytase through an active hydrolysis of
phytate, and consequently a greater bioavailability and uptake of nutrients.

Another possible mechanism of phytase related to intestinal health may be associated
with the “extra-phosphoric” effects aimed with the supplementation of high doses of this
enzyme. As previously mentioned, these effects are characterized and discussed as a greater
bioavailability and uptake of nutrients, and a greater generation of myo-inositol and lower
inositol esters (Walk et al., 2013; Holloway et al., 2019; Lu et al., 2019b; Lu et al., 2019a).
Moran et al. (2019), observed an increase in plasma myo-inositol, and serum zinc and copper
levels of nursery pigs when phytase was supplemented at 2,500 FTU/kg feed. Although the
authors did not measure other intestinal health related parameters, they observed positive effects
on the growth performance of the pigs during their first ten days after weaning, which is one of
the most critical periods for the pig.

In another study, Lu et al. (2019a) also observed an increase in plasma myo-inositol and

lower inositol esters concentrations, together with increased growth performance when phytase
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was supplemented above 500 FTU/kg feed for nursery pigs. It was also reported an increase in
the concentrations of glucose transporter type 4 (GLUT4) in the muscle plasma membranes and
correlated with the increase in plasma myo-inositol concentrations. Glucose transporter type 4 is
known to increase tissue glucose uptake during insulin signaling (Dang et al., 2010). In this
study, the authors hypothesized that phytase could be contributing to enhance the growth
performance of nursery pigs through a different mechanism besides the increase on the
bioavailability and uptake of nutrients, especially P.

Even though different studies reported positive effects on the intestinal health of nursery
pigs and broiler chickens by supplementing phytase, there is still no consensus among authors
regarding the mechanisms behind these benefits.

1.4.2. Xylanase

a. Characteristics and mechanisms of action

Xylanases are described as a carbohydrase and classified under the glycosyl hydrolase
enzyme family, which means that they catalyze the hydrolysis of glycosidic bonds in complex
sugars compounds (Schurz, 2001; Bhardwaj et al., 2019; Baker et al., 2021). In this context,
xylanase will catalyze the hydrolysis of 1,4-B-D-xylopyranosyl linkages of xylan, mitigating the
antinutritional effects associated with this type of NSP (Bhardwaj et al., 2019; Petry et al., 2020).
As a result, xylanase can contribute to the reduction of digesta viscosity and release otherwise
entrapped nutrients by facilitating increased access of other endogenous enzymes to their
substrates leading to benefits in nutrient digestibility and growth performance (Schurz, 2001;
Duarte et al., 2019; Singh et al., 2021; Moita et al., 2022a). Additionally, it can also contribute to
the generation of fermented NSP-released compounds such as, xylooligosaccharides (XOS) and

arabinoxylooligosaccharides (AXOS), that can increase the subsequent energy generation and
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play a prebiotic role that can lead to alterations in the composition and diversity of the intestinal
microbiota (Craig et al., 2020; Petry and Patience, 2020; Baker et al., 2021).

Endo-xylanases (endo -1,4-xylanase, EC 3.2.1.8) are described as hydrolyzing B-D-
xylosidic bonds of the interior xylan backbone (Bhardwaj et al., 2019) and exo-xylanases (exo-p-
1,4-xylanase, EC 3.2.1.37) by hydrolyzing the reducing and/or non-reducing end from long-
chain xylo-oligomers (Juturu and Wu, 2014). From a commercial and industrial point of view,
endo-xylanases are more commonly used in swine and poultry production due to its
manufacturing process and availability (Juturu and Wu, 2014). Xylanase can be produced from
different sources such as, yeast, fungi, and bacteria, which can determine the standard
supplemental level, optimal conditions, and enzyme activity (Bhardwaj et al., 2019). The genetic
and functional information, as well as the classification of different xylanases under the
glycoside hydrolase family can be found at CAZy database (http://www.cazy.org). The activity
of xylanase can be expressed as xylanase unit (XU), where one unit will liberate 1 pumol of
reducing sugar measured as xylose equivalents from xylan per minute under standard assay
conditions.

Besides optimal temperature and pH conditions, it is important to ensure the presence of
the targeted substrate in the diets in order to optimize dietary enzyme activity and enhance its
associated benefits. Monogastric animals, especially swine and poultry, do no not endogenously
secrete the necessary enzymes to hydrolyze xylan (Baker et al., 2021), which according to (Petry
and Patience, 2020) may require nine enzymes to completely hydrolyze and saccharify it. The
main plant-based dietary feedstuffs (corn, soybean meal, wheat, sorghum) can contain up to 30%
of NSP in their composition. Increased price and availability concerns coupled with relatively

high levels of NSP among these feedstuffs offers opportunities for the supplementation of
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xylanase in swine and poultry diets to aid in the mediation of deleterious effects induced by NSP
due to the inability of the animal to produce endogenous enzymes to properly hydrolyze xylan.

Based on the results of studies described on Table 2, the supplementation of xylanase
showed on average a greater percentage of improvement in the ADG of nursery pigs compared
to broiler chickens (Figure 4). Compared to growing and finishing pigs, which also shows
potential results supplementing xylanase, nursery pigs have an immature digestive system and
capacity as a result of the wide range of stressors affecting them after weaning. As the pigs grow
during nursery phase, the levels of NSP in their diets tends to increase since there will be a
greater inclusion of plant-based feedstuffs. Recently, more studies are being conducted
evaluating the supplementation xylanase for nursery pigs, and they have been showing potential
results, especially related to enhancements in nutrient digestibility and intestinal health (Passos et
al., 2015; Tiwari et al., 2018; Duarte et al., 2019; Moita et al., 2022a). These findings may raise
an opportunity for increasing the inclusion of xylanase in diets for nursery pigs.

The efficacy of xylanase supplementation in swine and poultry diets has been relatively
variable in comparison with phytase with some studies reporting improvements in the reduction
of digesta viscosity and growth performance as well as positive alterations in intestinal health
and microbiota, however other studies reported no effects (Table 3 and Table 4). These
inconsistent results from xylanase supplementation could be due to a myriad of factors such as
animal species and growth stage, diet composition, supplementation level, and xylanase
properties. Based on the compiled data from Tables 3 and 4, xylanase supplementation showed
on average 8.1% of improvement in the ADG of broiler chickens (Figure 5) and 9.8% of

improvement in the ADG of nursery pigs (Figure 6).
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b. Effects of supplementing xylanase on the intestinal health of nursery pigs and
broiler chickens

Throughout the last few years there were an increase on the interest in the investigation
of the effects of xylanase related with the intestinal health of broiler chickens and nursery pigs
(Figures 7 and 8). Several studies were conducted investigating the effects of xylanase on the
intestinal health and microbiota of nursery and broiler chickens (McCafferty et al., 2019; Craig et
al., 2020; Petry et al., 2020; Petry et al., 2021; Singh et al., 2021; Moita et al., 2022a). The
authors reported a wide range of positive effects of xylanase supplementation not only related to
growth performance and nutrient digestibility, but especially related to intestinal health.

The reduction of digesta viscosity and increase in nutrient digestibility are described as
some of the primarily established benefits of xylanase supplementation for pigs and broiler
chickens. Most of the studies for broiler chickens showed consistent improvements related to the
reduction of jejunal digesta viscosity (= 37%), which may account for other benefits reported in
each of the respective described studies (Figure 9). For nursery pigs, xylanase also showed
potential improvements related to the reduction of jejunal digesta viscosity (27.6%; Figure 10).
These benefits may contribute for the expression of other possible benefits, such as, reduction of
the oxidative stress, positive modulation of the intestinal microbiota, and enhancement of growth
performance. However, there were studies that even reporting a reduction in the digesta viscosity
did not report improvements on the growth performance (Passos et al., 2015; Moita et al.,
2022a).

reported reduced digesta viscosity and increased apparent ileal digestibility (AID) of
neutral detergent fiber (NDF), crude protein (CP), and ether extract (EE) of nursery pigs

supplemented with increasing levels of xylanase (0, 220, 440, 880, 1,760 XU/kg feed), whereas
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no effects on the overall growth performance. Firstly, the authors attributed these benefits to the
depolymerization of the B-1,4 xylan bonds into shorter chains that possibly led to alterations in
the physicochemical properties of the digesta and consequently reduced its viscosity and
bulkiness. A higher digesta viscosity can alter the passage rate and reduce the interaction
between digesta and other endogenous enzymes and lipid emulsifiers. Secondly, they also
believed that the depolymerization of the xylan bonds led to an increase in the release of trapped
nutrients and fermentable NSP-released compounds. The results from Moita et al. (2022a) agrees
with other studies that also reported supplemental effects of xylanase reducing digesta viscosity
and increasing digestibility of both nursery pigs and broiler chickens (Liu and Kim, 2017; Duarte
et al., 2019; Chen et al., 2020). A reduction in digesta viscosity and bulkiness, and subsequent
generation of trapped nutrients and fermentable NSP-released compounds bioavailability may
contribute to the positive results observed in growth performance and nutrient digestibility, but
especially on the modulation of mucosa-associated microbiota in the jejunum and jejunal
oxidative stress and morphology parameters.

Moreover, a reduction on the MDA (41%) and PC (21%) concentrations in the jejunal
mucosa were reported as indicators of reduced oxidative stress. These results are in agreement
with Duarte et al. (2019) and Petry et al. (2020), whereas Tiwari et al. (2018) and Chen et al.
(2020) did not observe any xylanase related effects to oxidative stress status. Overall, there is
still no consensus about the specific mechanisms of xylanase modulating the oxidative stress and
enhancing antioxidant capacity. Petry et al. (2020) suggested that a potential mechanism could
be due to an increasing fragmentation of the xylan structure and subsequent generation of
fermentable NSP-released compounds, more specifically comprised phenolic compounds such

as, ferulic acid. Ferulic acid can play antioxidant (Ogiwara et al., 2002) and antimicrobial
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functions (Borges et al., 2013) and was shown to be correlated with oxidative stress status of pigs
(Wang et al., 2020) and with a reduction of pathogenic bacteria concentration in the feces
(Arzola-Alvarez et al., 2020).

The potential mechanism of xylanase associated with the reduction of inflammatory
response parameters remains unclear. Chen et al. (2020) reported decreased plasma
concentration of TNF-a and peptide YY (PYY) of nursery pigs. The authors believed that the
active hydrolysis of the B-1,4 xylan bonds generating oligosaccharides coupled with the observed
reduction in digesta viscosity may have contributed to the reduction of pro-inflammatory
cytokines such as TNF-a, that are known as mediators of the immune response. The reduction of
the plasma concentration of PY'Y by xylanase in nursery pigs by May et al. (2015), however it
did not show the same effects for broiler chickens (Singh et al., 2012). The supplementation of
xylanase has been showing consistent results regarding the reduction of digesta viscosity and
increasing nutrient digestibility between nursery pigs and broiler chickens (Cowieson et al.,
2005; Garcia et al., 2008; Duarte et al., 2019; Craig et al., 2020; Moita et al., 2022a). On the
other hand, nursery pigs and broiler chickens may express different responses to the use of
xylanase on the intestinal health parameters.

According to Duarte and Kim (2021), the intestinal microbiota can be altered at
different taxonomic levels based on the given fermentable substrate. In this context, the short
chain fatty acids, XOS, and AXOS potentially released from the xylan structure would be rapidly
fermented by beneficial bacteria populations such as, lactic acid bacterial, and may exert
prebiotic functions (Petry et al., 2021). The results from Moita et al. (2022a) showed a tendency
on the reduction of the relative abundance (RA) of Cupriavidus and Megasphera and on the

increase of Succinivibrio and Pseudomonas in jejunal mucosa of nursery pigs. Hespell (1992)
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found a correlation between a low abundance of Succinivibrio with gastrointestinal disorders and
loss of intestinal integrity in the colon of humans, and (Pu et al., 2020) reported this genus
degrading cellulose and hemicellulose. These shifts in the jejunal bacterium population may
indicate changes in the intestinal environment and substrates towards a healthier state, as a
consequence of the positive effects observed in the nutrients digestibility and reduced viscosity.
Petry et al. (2021) also observed positive effects of xylanase supplementation in the modulation
of the microbiota by increasing the RA of Lactobacillus and Bifidobacterium, and decreasing
Streptococcus and Turicibacter in the ileum digesta; and increasing Bifidobacterium and
decreasing Escherichia-Shigella in the ileum mucosa of growing pigs. Regarding the effects of
xylanase on the intestinal microbiota of broiler chickens, (Liu and Kim, 2017) observed a
decrease in the RA of Escherichia coli and an increase in Lacbotobacillus in the cecum, whilst
(Singh et al., 2021) reported an increase of Rumonococcaceae also in the cecum.

Although the effects of xylanase positively modulating the intestinal microbiota of
nursery pigs and broiler chickens shows great potential, further investigation is still desired in
order to elucidate the specific mechanisms of action. A positive modulation of the intestinal
microbiota even at different levels and sections can contribute to enhance positive effects
associated with other parameters and overall biological response. An increase in the RA of
selected beneficial bacteria may increase the endogenous secretion of other degrading enzymes
and short chain fatty acids, collectively enhancing nutrient digestibility, intestinal health, and
growth performance of nursery pigs and broiler chickens. Even showing variable results, the
supplementation of xylanase also shows positive results associated with the intestinal health of

nursery pigs and broiler chickens. However, there still no consensus among authors regarding the
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different mechanisms of action of xylanase among the evaluated parameters, animal species, and
inclusion levels.
1.5. Conclusions

In conclusion, 6-phytase seems to be more effective and to provide a wider range of
benefits compared to 3-phytase, especially related to growth performance. The supplementation
of 6-phytase for nursery pigs and broiler chickens reaffirmed the positive results related to
enhancement of nutrient digestibility, bone health, and growth performance, but also showed
functional roles reducing oxidative stress parameters, and positively modulating the intestinal
microbiota. Supplementing phytase beyond traditional levels (500 to 1,000 FTU/kg feed), so
called “super-dosing” (above 1,000 FTU/Kkg feed), showed a more active hydrolysis of phytic
acid providing “extra-phosphoric effects” that were further reflected in improvements on
intestinal and bone health, nutrient digestibility, growth performance of nursery pigs and broiler
chickens.

The supplementation of xylanase can effectively reduce the digesta viscosity of nursery
pigs and broiler chickens, which in turn could lead to potential benefits associated with the
reduction of immune and oxidative stress parameters, positive modulation of intestinal
microbiota, and enhancement of nutrient digestibility. Therefore, the growth performance of the
animals can be potentially enhanced by supplementing xylanase.

Overall, the supplementation of phytase and xylanase in diets for nursery pigs and
broiler chickens reaffirmed their nutritional roles enhancing nutrient digestibility and growth
performance, whilst also playing functional roles reducing the oxidative stress response, and
possibly through the modulation of the mucosal microbiota in the small intestine. As a result, it

could contribute to a reduction of the feed costs by allowing the use of a wider range of
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feedstuffs without compromising the optimal performance of the animals, as well as the
environmental concerns associated with a poor hydrolysis of antinutritional factors present in the

diets for nursery pigs and broilers chickens.
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1.6. Scope of Current Research

Feed enzymes are widely supplemented showing positive results in the nutrient
digestibility and growth performance of pigs, especially during the nursery phase, and broiler
chickens. Pigs and broiler chickens in their first stages of growth have their digestibility capacity
impaired due to a lack in the secretion of endogenous enzymes and a larger presence of
antinutritional factors in their diets.

Some of the main antinutritional factors that can most impact the health and subsequent
performance of nursery pigs and broiler chickens are phytic acid and NSP, with a greater focus
on xylans. Corn and soybean meal, which are the most commonly used plant-based feedstuffs in
diets for nursery pigs and broiler chickens, can contain relatively high levels of phytic acid and
xylans, and can be subjected to constant pricing and availability variations. Additionally, there
are raising environmental concerns associated with the high inclusion levels of inorganic P
sources, which are leading to increasing water and soil contamination in the surrounding areas of
pigs and broiler chickens production systems.

Phytic acid and xylans can lead to negative impacts not only associated with nutrient
digestibility and growth performance, but also with intestinal health of nursery pigs and broiler
chickens. There are many types of feed enzymes available in the market targeting a wide range
of antinutritional factors and allergenic compounds in the diets. In this context, the dietary
supplementation of phytase and xylanase in diets for nursery pigs and broiler chickens, has
shown a greater consistency and efficacy in the results throughout the years, especially
associated with the enhancement in the nutrient digestibility and growth performance.

Phytase and xylanase, are catalyzers for the hydrolysis of phytic acid and -1,4- xylan

bonds, respectively. With a reduction in the antinutritional properties of phytic acid and xylan,
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there may be a possibility that the supplementation of phytase and xylanase could also improve
the intestinal health of nursery pigs and broiler chickens. The intestinal health can positively or
negatively impact the biological response and overall health of the animals. Some of the factors
affecting the intestinal health of nursery pigs and broiler chickens could be related to dietary
antinutritional factors properties from phytic acid and NSP, especially xylans.

Therefore, it has been hypothesized that the supplementation of phytase and xylanase
through an active hydrolysis of phytic acid and xylan can provide additional benefits related to
the intestinal health of nursery pigs and broiler chickens. Additionally, the supplementation of
phytase and xylanase may allow a reduction in the inclusion of high levels of inorganic P
sources, and provide more alternatives to plant-based feedstuffs to be considered in the
formulation of diets for nursery pigs and broiler chickens. Thus, this research was conducted
focusing on the investigation of the functional roles of phytase and xylanase on the intestinal

health of pigs, with a greater focus on the nursery phase, and broiler chickens.
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Table 1. A list of studies since 2000 describing effects of 3- and 6-phytase supplemented individually at different levels in diets for
broiler chickens

Duration, Activity, 0 * o
day of age Type FTUJKg feed Yo change Reference
ADG! (16%), ADFI? (7%), Ca® digestibility (12%), P* (Zhang et al.,
14-35 3-phytase 0-2,500 digestibility (16%) 2000a)

i i i ADG (5%), G:F° (4%), lysine digestibility (6%), arginine (Ravindran et
7-28 3-phytase 0-1,000 digestibility (5%), AME® (3%) al., 2001)
21-40 3-phytase 0-800 ADG (2%), FCR (-3%), bone ash (4%) (Ygggi)a"’

i 8 i ADG (15%), ADFI (8%), FCR (-7%), bone ash (15%), bone (Lanetal.,
1-43 ND 0-1,000 Ca (8%), plasma P (45%) 2002)

i i i ADG (6%), Ca retention (13%), P retention (9%), bone ash (Viveros et al.,
1-43 3-phytase 0-500 (5%), plasma Ca (-2%), plasma P (7%) 2002)
8-22 3-phytase 0-1,000 ADG (34%), G:F (16%), bone ash (14%) (A‘;?Sg‘gg’;)r €

ADG (6%), ADFI (3%), Ca retention (8%), P retention (Brenes et al
1-19 3-phytase 0-600 (11%), tibia ash (2%), bone Ca (3%), bone P (2%), plasma 2003) N
Ca (5%), plasma P (5%)
ADG (44%), ADFI (36%), plasma P (65%), bone ash (36%), (Shirley and
1-17 3-phytase 0-12,000 Ca retention (15%), P retention (36%), phytate P Edwar dsy2003)
disappearance (57%), AME (6%) '
ADG (13%), ADFI (9%), G:F (5%), bone ash (9 %), DM® (Jendza et al
1-42 3-phytase 0- 1,000 digestibility (2%), energy digestibility (2%), P digestibility N
(14%) 2006)
1-42 3-phytase 0-750 ADG (4%), ADFI (3%), bone ash (3%) (Paérc‘)%g; al.,

1.7 3-phytase 0-600 ADG (6%), ADFI (6%), bone ash (5%) (Watzs(‘)’gg;t al.,

1-51 3-phytase 0-600 ADG (-3%), ADFI (-3%), G:F (-1%) (Povg’ggg al.,
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Table 1. Continued

Plasma P (7%), P retention, Ca retention (11%), bone ash

(Rousseau et al.,

22-38 3-phytase 0-500 (1%) 2012)
22-42 3-phytase 0-1,000 ADG (7%), G:F (8%), plasma P (48%), bone ash (11%) (Taggg'szt)a"’
22-42 3-phytase 0-4,000 ADG (17%), ADFI (7%), FCR (-10%), plasma Ca (-16%) (Taggg'sf)t)a"’

i i i ADG (2%), ADFI (2%), FCR (-4%), bone Ca (31%), bone P (Srikanthithasan
1-35 3-phytase 0-1,000 (28%), liver weight (33%), heart weight (~25%) et al., 2020)

AME (4%), P digestibility (28%), N*° digestibility (3%), (Ravindran et
7-25 6-phytase 0- 800 lysine digestibility (2%), threonine digestibility (5%), DM al., 2000)
retention (3%), P retention (10%), N retention (6%) B
1-43 6-phytase 0-1,000 ADG (9%), ADFI (8%), tibia ash (7%), toe ash (8%) (D"gggj)t al.,
ADG (15%), ADFI (12%), FCR (-3%), jejunum digesta

i i i viscosity (-17%), ileum digesta viscosity (-25%), duodenum

1-22 6-phytase 0-500 villus height (8%), jejunum crypt depth (-11%), jejunum (Wuretal., 2004)
goblet cell number (-37%)

) i i ADG (16%), ADFI (11%), tibia ash (6%), Ca digestibility (Onyango et al.,

1-22 6-phytase 0-1,000 (129%), P digestibility (13%) 2005)
ADG (37%), ADFI (13%), FCR (-28%), AME (5%), bone

) i i ash (20%), P retention (22%), phytate P digestibility (28%), (Cowieson et al.,

1-15 6-phytase 0-24,000 lysine digestibility (29%), threonine digestibility (2%), total 2006)
indispensable amino acid digestibility (4%)
923  Gphytase  0-10,000 ADG (26%), bone ash (21%) e
1-22 6-phytase 0-2,500 ADG (15%), ADFI (16%), AME (2%) (P;gozz(')';;’) et
FCR (-4%), tibia ash (5%), gizzard proximal pH (11%),

i i i jejunum pH (2%), ileum proximal pH (1%), ileum distal pH (Walk et al.,

1-17 6-phytase 0-5,000 (6%). lysine digestibility (29), arginine digestibility (2%6), 2012b)

valine digestibility (4%)
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Table 1. Continued

ADG (18%), ADFI (15%), G:F (4%), AME (1%), sialic acid

(Pirgozliev et

1-29 6-phytase 0-2,500 concentration (-8%), threonine “metabolisability” (2%) al.. 2008)
ADG (11%), ADFI (5%), FCR (-7%), erythrocyte-antibody

i i i complement cells (15%), CD4" T lymphocyte subset (13%), .

1-29 6-phytase 0-1,000 CD8" T lymphocyte subset (12%), Newcastle disease (Liuetal., 2008)
antibody (33%)
ADG (10%), ADFI (5%), G:F (6%), proventriculus pepsin

i i i activity (11%), jejunum alanyl aminopeptidase activity (9%), .

1-22 6-phytase 0-1,000 duodenum methionyl-aminopeptidase gene expression (5%), (Liuetal., 2009)
duodenum ghrelin gene expression (10%)
i i i ADG (23%), FCR (-15%), free retinol concentration (37%),  (Karadas et al.,
7-21 6-phytase 0-12,500 liver coenzyme Q10 (39%) 2010)
ADG (6%), bone ash (10%), P digestibility (31%), phytate P (Woyengo et al
1-22 6-phytase 0-600 digestibility (29%), AME (4%), DM retention (4%), GE yZOgO) K
retention (4%), N retention (7%), P retention (22%)

] ) ] ADG (11%), DM digestibility (9%), CP*2 digestibility (7%),  (Tiwari et al.,
1-22 6-phytase 0-1,000 P digestibility (41%) 2010)

) i i ADG (4%), DM digestibility (17%), N digestibility (9%), (Olukosi et al.,
1-22 6-phytase 0-1,000 DM retention (9%), N retention (10%), Ca retention (23%) 2010)
722 Gphytase  0-12,500 ADG (22%), G:F (16%), liver carotenoids (39%) o0y

L (Kong and

- - - 0, ()

8-23 6-phytase 0-1,500 ADG (17%), protein gain (16%) Adeola, 2011)

ADG (17%), ADFI (17%), mortality (-62%), BBS*® (40%), (Powell et al
1-22 6-phytase 0-500 bone ash (9%), Ca utilization (7%), P digestibility (20%), P N

o 2011)
utilization (11%)
ADG (27%), DM ADFI (19%), G:F (10%), AME (2%), DM
N o : o ; . .

7.18 6-phytase 0-12.500 digestibility (5%), carcass weight (22%), retained carcass (Pirgozliev et

protein (29%), retained carcass fat (36%), lysine digestibility
(7%), threonine digestibility (11%)

al., 2011)
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Table 1. Continued

ADG (8%), ADFI (7%), bone ash (11%), bone mineral

content (20%), bone mineral density (13%), P absorption (Rutherfurd et
1-22 6-phytase 0-2,000 (12%), P retention (16%), Ca retention (14%), lysine al., 2012)
digestibility (2%), threonine digestibility (10%)
ADG (17%), ADFI (17%), tibia ash (9%), bone Ca (16%), (Walk et al
1-22 6-phytase 0-2,500 bone P (12%), Ca digestibility (45%), P digestibility (4%), N 2012a) N
digestibility (5%), energy digestibility (4%)
1-22 6-phytase 0-2,500 ADG (18%), ADFI (13%), G:F (6%), AME intake (13%)  \rdozliev and
' ' ' ’ Bedford, 2013)
ADG (16%), ADFI (10%), and G:F (6%), tibia ash (18%), (Adeola and
15-57 6-phytase 0-1,000 tibia weight (33%), Ca digestibility (15%) and P digestibility Walk, 2013)
(23%) ’
192 6 L L (Paiva et al.,
- -phytase 0-1,000 ADG (7%), Ca digestibility (21%), P digestibility (19%) 2013)
ADG (29%), ADFI (20%), G:F (10%), bone ash (15%), P
digestibility (21%), N digestibility (2%), Ca digestibility (Olukosi et al.,
1-22 6-phytase 0-2,000 (13%), phytate digestibility (27%), P retention (25%), N 2013)
retention (-5%), Ca retention (36%), phytate retention (25%)
Duodenum Ca concentration (-11%), duodenum P (Singh et al
1-43 6-phytase 0-500 concentration (-8%), jejunum P concentration (-9%), serum P 2013) N
(9%), bone ash (4%), bone Ca (7%), bone zinc (24%)
ADG (2%), FCR (-2%), blood glucagon (-21%), blood (Cowieson et al.,
1-43 6-phytase 0-500 glucose (6%), blood triglycerides (-17%) 2013)
ADG (10%), ADFI (5%), FCR (-4%), bone ash (4%), gizzard
inositol concentration (45%), gizzard inositol hexa-phosphate (Walk et al.,
1-22 6-phytase 0-1,500 concentration (-100%), gizzard inositol tri-phosphate 2014)
concentration (-71%)
ADG (3%), FCR (-3%), ileum pH (7%), ileum Lactobacillus
sp. (2%), ileum Streptococcus/Lactococcus (-1%), ileum total (Ptak et al
1-43 6-phytase 0-5,000 SCFA (22%), ileum DL-lactic acid (15%), ileum acetic acid 2015) K

(34%), crop pH (-1%), crop total SCFA (48%), crop acetic
acid (24%)
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Table 1. Continued

ADG (16%), ADFI (10%), FCR (-7%), tibia ash (15%), toe
ash (20%), Ca digestibility (21%), P digestibility (43%),

1-22 6-phytase 0-2,000 threonine digestibility (3%), indispensable amino acid (K'azr(')ig al.,
digestibility (3%), Ca retention (28%), P retention (33%),
AME retention (5%)
0 i -180, I -
1-37 6-phytase 0-1,000 Bone ash (10%), bone po?;;:)‘)*m (-18%), bone sodium (- |y gt 1., 2016)
ADG (8%), ADFI (5%), G:F (4%), jejunum villus height
) i i (14%), bone ash (7%), DM digestibility (4%), N digestibility (Pekel et al.,
7-22 6-phytase 0-4,000 (5%), energy digestibility (3%), P digestibility (35%), Ca 2017)
retention (11%), P retention (21%)
i i i ADG (36%), ADFI (16%), G:F (22%), bone ash (25%), P (McCormick et
1-23 6-phytase 0-1,500 digestibility (31%), P retention (20%) al., 2017)
ADG (9%), ADFI (11%), Ca digestibility (8%), P
i i i digestibility (17%), plasma Ca (8%), plasma P (18%), P (Manobhavan et
1-36 6-phytase 0-5,000 excretion (-32%), bone ash (11%), bone Ca (8%), bone P al., 2016)
(10%)
i i i Final body weight (32%), FCR (14%), ADFI (22%), total (Pieniazek et al.,
1-42 6-phytase 0-2,000 amino acid digestibility (6%) 2017)
ADG (14%), FCR (13%), DM digestibility (14%), N
i i i digestibility (18%), DM retention (5%), N retention (10%), (Beeson et al.,
1-22 6-phytase 0-1,500 gizzard inositol (36%), gizzard inositol hexaphosphate 2017)
(85%), ileum inositol (40%)
ADFI (9%), FCR (4%), serum Ca (-13%), serum P (34%), (Farhadi et al
1-42 6-phytase 0-6,000 serum total protein (16%), Ca digestibility (27%), P 2017) N
digestibility (36%), CP digestibility (6%), bone P (12%),
1-28 6-phytase 0-2,500 lleum ash (-11%), ileum P (-21%) (Momzegfg)et 2l
(Walk and Rama
- - - 0, -0
1-42 6-phytase 0-2,000 ADG (3%), FCR (-3%) Rao, 2018)
i i i ADG (7%), ileum total inositol phosphate (-41%), ileum (Gautier et al.,
2-23 6-phytase 0-1,500 inositol hexaphosphate (77%) 2018)
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(Scholey et al.,

1-36 6-phytase 0-1,000 ADFI (2%), P digestibility (23%), Ca digestibility (38%) 2018)
ADG (14%), Ca digestibility (-19%), P digestibility (15%),
gizzard inositol (59%), gizzard inositol hexaphosphate (- (Walk et al
1-22 6-phytase 0-4,500 99%), gizzard inositol biphosphate (20%), ileum inositol 2018) N
(56%), ileum inositol hexaphosphate (-91%), ileum inositol
triphosphate (71%), sodium/glucose cotransporter 11 (79%)
ADG (21%), ADFI (15%), CP digestibility (3%), lysine (Dersjant-Li and
5-26 6-phytase 0-1,000 digestibility (2%), P digestibility (20%), Ca retention (22%), Kwakernaak,
P (21%) retention 2019)
1-42 6-phytase 0-3,000 ADG (6%), FCR (-2%), carcass fat (7%) (Wa'goalng Rao,
G:F (1%), plasma myo-inositol (37%), duodenum-jejunum
inositol hexaphosphate disappearance (83%), duodenum-
jejunum Ca disappearance (13%), duodenum-jejunum P
disappearance (37%), ileum inositol hexaphosphate (Ajuwon et al.,
8-22 6-phytase 0-3,000 disappearance (71%), ileum Ca disappearance (6%), ileum P 2020)
disappearance (31%), duodenum-jejunum myo-inositol
(56%), ileum myo-inositol (71%), mucin2 gene expression
(83%)
AME (2%), N digestibility (6%), P digestibility (16%),
magnesium digestibility (76%), N retention (12%), Ca (Akter et al
1-35 6-phytase 0-500 retention (21%), P retention (27%), magnesium retention 2019) N
(62%), sodium retention (27%), jejunum total protein content
(-3%), Ca-ATPase activity (10%)
ADG (4%), ADFI (4%), FCR (-1%), final body weight (4%), (Kriseldi et al.,
1-42 6-phytase 0-40,500 mortality (-69%), carcass yield (1%) 2021)
DM digestibility (7%), ash digestibility (4%), Ca digestibility (Sensetal.,
1-42 6-phytase 0-2,500 (4%). P digestibility (6%), plasma myo-inasitol (9%) 2021)
1-42 5 (Marchal et al.,
- -phytase 0-3,000 ADG (4%), FCR (-6%), BBS (12%)

2021)
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Table 1. Continued

ADG (4%), FCR (-2%), AME (2%), lysine digestibility

1-42 6-phytase 0-8,000 (1%), methionine digestibility (2%), threonine digestibility (Soggzelt)al.,
(2%)

ADG (22%), ADFI (14%), G:F (9%), tibia ash (22%), energy

digestibility (4%), N digestibility (7%), P digestibility (47%), (Babatunde et
1-11 6-phytase 0-4,000 Ca digestibility (15%), lysine digestibility (6%), methionine al., 2021)

digestibility (5%), threonine digestibility (7%), tryptophan N
digestibility (7%), arginine digestibility (5%)
RA® of Pelomonas (-74%), Helicobacter (-92%),
Pseudomonas (-85%), and Lactobacillus (56%), CP (Moita et al.,
1-28 6-phytase 04000 Gigestibility (7%), P digestibility (16%), villus height (11%), 2021)
BBS (14%), bone ash (5%), bone P (5%)
ADG (20%), ADFI (11%), G:F (11%), bone ash (19%), DM
digestibility (4%), energy digestibility (3%), Ca digestibility
(30%), P digestibility (49%), lysine digestibility (7%), (Babatunde et

1223 6-phytase 04000 Hethionine digestibility (5%), threonine digestibility (12%),  al., 2022)

tryptophan digestibility (7%), DM retention (2%), Ca
retention (55%), P retention (53%)

*The described percentage of changes were in comparison with treatments without phytase supplementation. The described changes
were considered significant with P < 0.05 and tendency with 0.05 < P < 0.10. **The references were selected from peer-reviewed
literature available after 2000. Average daily gain.

2Average daily feed intake.

SCalcium.

*Phosphorus.

®Gain to feed ratio.

®Apparent metabolizable energy.

"Feed conversion ratio.

8No data.

°Dry matter.

YNitrogen.

1Gross energy.

12Crude protein.
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13Bone breaking strength.
14Short chain fatty acids.
Relative abundance.
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Table 2. A list of studies since 2000 describing effects of 3- and 6-phytase supplemented individually at different levels in diets for

broiler chickens

Duration, Activity,
day of age Type FTUJKg feed % change* Reference**
4270 3-phytase 0-1,200 ADG! (14%), G:F? (8%), inorganic plasma P® (6%) (StaZ%'O%t)a"'
28-63 3-phytase 0-2,500 ADG (21%), Ca* digestibility (20%), P digestibility (60%) (Zhgggoit)a"'
15-38 3-phytase 0-400 ADG (20%), G:F (12%), bone ash (15%) (A‘;?S%rgg)r et
21-56 3-phytase 0-1,250 ADG (34%), ADFI° (19%), G:F (18%) (Genzt(')'gs‘;t al,
Stomach phytate hydrolysis (75%), ileum phytate hydrolysis (Omogbenigun
18-46 3-phytase 0-500 (15%), rectum phytate hydrolysis (15%), bone ash (19%), P ot alg 2002)
digestibility (40%), histidine digestibility (7%) B
18-32  3-phytase 0-500 ADG (15%), plasma P (89%), liver P (6%) (Ma”z'ggi)et al.,
i i i ADFI (8%), plasma zinc, (54%), plasma alkaline phosphatase (Jondreville et
27-46  3-phytase 0-750 activity (67%), bone zinc (43%), liver zinc (26%) al., 2005)
ADG (22%), ADFI (14%), G:F (22%), plasma zinc (71%), (Revy et al
27-46 3-phytase 0-700 plasma P (10%), alkaline phosphatase activity (71%), bone ash 28/06) N
(9%), bone zinc (48%), bone P (2%)
) i i ADG (17%), bone ash (6%), Ca digestibility (23%), P (Jendza et al.,
31-59  3-phytase 0-1,000 digestibility (68%) 2006)
i i i ADG (6%), ADFI (6%), G:F (4%), bone ash (4%), bending (James et al.,
18-46 3-phytase 0-350 moment (16%) 2008)
28-70  3-phytase 0-750 ADG (6%), final body weight (5%) (Peg%“lg; al.,
ND® 6-phytase 0-500 Ca digestibility (13%), P digestibility (40%) (Vgoygggg)et
ND 6-phytase 0-600 ADG (11%), body weight (7%), plasma P (24%) (Saggsoig al,
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Table 2. Continued

; ; . G:F (1%), no changes on other parameters (Williams et al.,
18-37 6-phytase 0-500 (1%) g p 2005)
20-34 6-phytase 0-500 Plasma zinc (5%), Ca retention (4%), P retention (3%) (Margggé)et al.,

ADG (28%), ADFI (22%), G:F (9%), ash digestibility (25%), (Kies et a
28-71 6-phytase 0-15,000 T T N
Ca digestibility (25%), P digestibility (60%) 2006)
ADG (34%), ADFI (17%), G:F (22%), BBS’ (51%), ash content
30-58 6-phytase 0-12,500 (47%), P absorption (63%), Ca absorption (46%), N® absorption (Velzlgg)g; al.,
(36%)
Femur strength yield-bending moment (12%), femur strength
42-84 6-phytase 0-2,000 strain (17%), femur strength maximum bending moment (3%), (Pagggggt al.,
femur zinc content (17%)
ADG (17%), G:F (11%), CP? digestibility (9%), P digestibility (Yéfiez et al
26-47 6-phytase 0-500 Y
(16%), bone ash (6%), bone P (4%) 2013)
ADG (2%), final body weight (1%), serum P (5%), serum zinc
21-63  6-phytase 0-2,500 (C. L. Walkeet
(60%) al., 2013)
ADG (22%), ADFI (14%), G:F (9%), BBS (43%), bone ash
weight (28%), DM digestibility (4%), GE digestibility (4%),
) ) ) CP digestibility (5%), Ca digestibility (36%), P digestibility (Zeng et al.,
28-56  6-phytase  0-20,000 (49%), inositol hexaphosphate digestibility (86%), lysine 2014)
digestibility (5%), threonine digestibility (6%), valine
digestibility (5%)
ADG (22%), FCR™ (-11%), DM digestibility (2%), GE2

) ) ) digestibility (2%), CP digestibility (4%), Ca digestibility (37%),  (Zeng et al.,

35-63  G-phytase  0-20,000 P digestibility (5296), BBS (37%). bone ash (32%), bone Ca 2015)

(35%), plasma P (14%)
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Table 2. Continued

28-48  6-phytase 02500  ADG (20%), P fecal digestibility (23%), plasma copper (-21%) (Wg'(;(f;t)a"’
) ) i ADG (15%), ADFI (56%), G:F (10%), bone weight (24%), (Gourley et al.,
40-61 6-phytase 0-1,000 bone ash (15%) 2018a)
21-63  6-phytase 0-4,000 ADG (7%), G:F (3%), bone ash (10%) (Go‘gg%g al.
28-70 6-phytase 0-2,500 ADFI (-9%), FCR (-8%), stomach pH (-20%) (L;(?l%tba;l"
i i i ADG (21%), ADFI (25%), P digestibility (54%), BBS (28%), (Broomhead et
21-62 6-phytase 0-4,000 bone ash (14%) al., 2019)
AID® (27%) and ATTD (46%) of P, ATTD of Ca (16%), N (Dersjant-Li
i i i digestibility (11%), inositol hexaphosphate digestibility (53%),
32-41  6-phytase 0-2,000 lysine digestibility (8%), threonine digestibility (8%). valine a“goti‘ge"
digestibility (9%)
ADG (35%), ADFI (17%), G:F (11%), P digestibility (26%), Ca
digestibility (14%), Ca absorption (37%), P absorption (32%), (Luetal
21-70 6-phytase 0-2,000 plasma myo-inositol (39%), duodenum myo-inositol (68%), 201%)"
ileum myo-inositol (87%), inositol hexaphosphate hydrolysis
(98%)
] ] ADG (7%), ADFI (6%), G:F (1% (Wuetal,
ND 6-phytase 0-2,000 (7%) (6%) (1%) 2019)
i i i ADG (27%), ADFI (13%), BBS (48%), bone ash (22%), bone  (Dersjant-L.i et
21-42 6-phytase 0-1,000 Ca (17%), bone P (25%) al.. 2020)
ADG (13%), AID (48%) and ATTD (31%) of P, GLUT2'® gene
expression (55%), ASCT26 gene expression (37%), CLDN3Y/
i i i gene expression (41%), duodenum-jejunum Inositol (Hang Lu et al.,
31-59 6-phytase 0-3,000 hexaphosphate (-92%), ileum inositol hexaphosphate (-95%), 2020)
duodenum-jejunum myo-inositol (67%), ileum myo-inositol
(80%)
ND  6-phytase 0-500 ADG (18%), G:F (9%), bone ash (4%) (R;‘g;é)a"’
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Table 2. Continued

ADG (45%), bone mineral density (15%), bone mineral content

(Shili et al.,

35-77 6-phytase 0-4,000 (17%), fecal Lachnospiraceae (ND), fecal Succinvibrio (ND), 2020)
fecal Bifidobacterium (ND)
i i Stomach pH (-16%), fecal score (-14%), diarrhea frequency (-  (Vanessa Lagos

ND 6-phytase 0-16,000 41%) etal., 2021)

i i i ADG (22%), ADFI (15%), Ca digestibility (25%), P (Tous et al.,
26-68  6-phytase 0-500 digestibility (78%), bone ash (18%) 2021)

ADG (20%), BBS (33%), bone ash (9%), P bone content (12%), (Moita et al
21-66 6-phytase 0-5,000 CP digestibility (3%), EE*® digestibility (11%), P digestibility 2022b) N

(6%)

*The described effects were in comparison with treatments without phytase supplementation. Described effects were considered
significant with P < 0.05 and tendency with 0.05 <P < 0.10.
**The references were selected from peer-reviewed literature available after 2000.

LAverage daily gain.

2Gain to feed ratio.
3Phosphorus.

“Calcium.

®Average daily feed intake.
®No data.

"Bone breaking strength.
8Nitrogen

Crude protein.

Dry matter.

1Feed conversion ratio.
2Gross energy.
Bapparent ileal digestibility.

14 apparent total tract digestibility.

®Glucose transporter type 2.
®Neutral amino acid transporter.
YClaudin 3.

8Ether extract.
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Table 3. A list of studies describing effects of xylanase supplemented individually at different levels in diets for broiler chickens

Duration,

Activity % change* Reference**
day of age
Final body weight (2%), ADFI? (-2%), tissue protein content (14%), (Engberg et
1-42 ND?! gizzard weight (-8%), duodenum-jejunum weight (-8%), ileal digesta al 9200%)
viscosity (ND), ileum lactic acid bacteria (4%) !
ADG? (12%), FCR* (-9%), excreta moisture (-5%), jejunum arabinose
i i (80%), jejunum xylose (95%), ileum arabinose (88%), ileum xylose (Choct et al.,
1-25 0-200 FXU/kg feed (97%), duodenum digesta viscosity (-33%), jejunum digesta viscosity (- 2004)
49%)
ADG (14%), ADFI (10%), FCR (-5%), duodenum digesta viscosity (-
i i 29%), jejunum digesta viscosity (-23%), ileum digesta viscosity (-39%), (Wuetal.,
1-22 0-1,000 XUrkg feed jejunum weight (-16%), jejunum length (-16%), jejunum crypt depth (- 2004)
13%)
1-41 0-2,000 U/kg feed ADG (10%), FCR (-6%), in-vitro intrinsic viscosity (-38%) (Cacl’w'zeggg)et
1-28 0-500 U/kg feed Jejunum digesta viscosity (-85%) (gfurngg/ 4§t
1-18 ND ADG (10%), ADFI (16%), ileum length (-30%), jejunum crypt depth (- (Parsaie et al.,
19%) 2007)
1-21 01,000 XUrkg feed FCR (-2%), AME® (3%) (nggag‘s‘;t
G:F® (8-16%), jejunum digesta viscosity (-18%), DM’ digestibility (27-  (Murphy et
7-28 0-500 U/kg feed 37%) al., 2009)
) i ADFI (9%), jejunum digesta viscosity (-11%), cecum arabinose (Denstadli et
1-28 0-2,500 GXU/kg feed concentration (59%) al., 2010)
i i FCR (-3%), N8 digestibility (3%), ileal digestible energy digestibility (Cowieson et
1-43 0-16,000 U/kg feed (3%), threonine digestibility (5%), lysine digestibility (3%) al., 2010)
i i ADG (3%), G:F (4%), jejunum digesta viscosity (-21%), DM retention  (Esmaeilipour
1-24 0-200 FXU/kg feed (10%), CP® retention (13%), energy retention (9%) etal., 2011)
1-42 0-2,000 U/kg feed ADG (15%), FCR (-11%), cecum Salmonella prevalence (-62%) (,:im%alhzgzt
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Table 3. Continued

Feed conversion ratio (-3%), starch digestibility (4%), fat digestibility ~ (\aimendal
1-35 ND . and Tauson,
(3%), AME retention (4%)
2012)
(Masey
1-43 0-16,000 BXU/kg feed FCR (-3%) O’Neill et al.,
2012)
1-43 0-16,000 XU/kg feed Serum insulin (%), serum peptide YY (61%), cecal VEAL (-4%) (S'”Zgohlg; al,
i i Ileum viscosity (-20%), ileum xylose concentration (-14%), jejunum (Barekatain et
1-35 0-250 FXU/kg feed protein content (28%) al., 2013)
1-32 0-32,000 BXU/kg feed No effects on the evaluated parameters (;‘:Iehzrlonlgg)e t
T . L (Cowieson
_70 0, 0
150 otoo0nxunges  FORET DM By () e testie ey (LN g ey
g Yy 570), P 0 O’neill, 2013)
ADG (7%), FCR (-5%), jejunum viscosity (-49%), cecum acetic acid
i i concentration (35%), fat digestibility (5%), CP digestibility (4%), DM  (Kiarie et al.,
1-43 0-1,250 XUfkg feed retention 3%), fat retention (6%), P! retention (6%), NDF*? retention 2014)
(14%), ADF*? retention (42%), AME (2%)
1-21 0-5,500 U/kg feed FCR (-7%) (Ggg 1eAtf)aI.,
FCR (-6%), energy digestibility (6%), gizzard weight (16%), cecum (Masey-
1-49 0-32,000 BXU/kg feed propionic acid concentration (22%), cecum caproic acid concentration  O’neill et al.,
(24%) 2014)
7-21 0-2,000 U/kg feed AME (1%), DM retention (2%), fat digestibility (2%) (P;rlgozz(')'leg’) et
(Gonzalez-
1-42 0-160,000 BXU/kg feed Gizzard weight (17%), gizzard length (19%) Ortiz et al.,
2017)
FCR (-2%), ileal digestible energy (8%), starch digestibility (1%), N (Amerah et
1-42 0-2,000 XU/kg feed digestibility (5%), GE digestibility (8%), ileum total NSP** al., 2017)

concentration (-26%)
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Table 3. Continued

ADG (2%), GE™ digestibility (3%), CP digestibility (4%), DM
digestibility (1%), RA of ileal Lactobacillus (12%), cecal

1-36 0-5,625 XU/kg feed Lactobacillus (11%), ileal Escherichia coli (-15%), and cecal (L|u2a0n1d?;< m,
Escherichia coli (-11%), duodenum villus height (8%), jejunum villus
height (10%), ileum villus height (12%)
(Leeetal.,
- - -40
1-42 0-16,000 BXU/kg feed FCR (-4%) 2018a)
. (McCafferty
- - -540

1-41 0-24,000 BXU/kg feed Mortality (-54%) et al., 2019)

(Gonzélez-

1-42 0-16,000 BXU/kg feed FCR (-3%), duodenum acetic acid concentration (12%) Ortiz et al.,

2019)
. : L . : L (Arczewska-
-10 -400, -
1-42 0-200 FXU/kg feed FCR (-1%), jejunum digesta wsccgsg%( 40%), ileum digesta viscosity ( Wiosek et al.,
0 2019)

1-29 0-160,000 BXU/kg feed FCR (-8%), copper digestibility (44%) (3'“;8;'0?

1-30 0-32,000 BXU/kg feed lleal frutose (31%), ileal arabinose (29%), ileal galactose (33%) (Crglc?zgt) al.,
ADG (3%), FCR (-4%), DM digestibility (4%), GE digestibility (4%), (Lee et al
1-33 0-11,250 XU/kg feed ileum digesta viscosity (-12%), duodenum villus height (8%), jejunum 2020) N
villus height (9%)
1-43 0-16,000 BXU/kg feed ~ ADG (5%), final body weight (6%), acetate (27%), total SCFAL” (24%) (szgohzi; al.,

*The described effects were in comparison with treatments without xylanase. Described effects were considered significant with P <
0.05 and tendency with 0.05 <P < 0.10.
**The references were selected from peer-reviewed literature available after 2000.

INo data.

2Average daily feed intake.
$Average daily gain.

“Feed conversion ratio.
SApparent metabolizable energy.

81



®Gain to feed ratio.

"Dry matter.

8Nitrogen.

Crude protein.
Ovolatile fatty acids.
Phosphorus.

12Neutral detergent fiber.
BAcid detergent fiber.

Non-starch polysaccharides.

Gross energy.
®Relative abundance.
17Short chain fatty acids.
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Table 4. A list of studies describing effects of xylanase supplemented individually at different levels in diets for nursery pigs

Duration, day

Activity % change* Reference**
of age
35-70 0-4,000 XU/kg feed DM fecal digestibility (1%), N2 digestibility (2%) (Dglrsjgr(‘)t(;'l-)' et
7-28 0-5,600 EXU/kg feed No effects on the evaluated parameters (Dletz)gl(;JS)et al,
FCR* (-3%), CP® digestibility (4%), fat digestibility (2%), starch
digestibility (1%), total amino acids digestibility (3%), leucine
91-56 ND? digestibility (2%), isoleucine digestibility (4%), jejunum digesta (Vahjen et al.,
viscosity (-76%), colon digesta viscosity (-81%), jejunum acetate 2007)
concentration (27%), jejunum propionate concentration (30%), total
conjugated/deconjugated bile acids (33%)
i CP digestibility (2%), crude ash digestibility (2%), Ca® digestibility (Heetal.,
ND 0-1,500 U/kg feed (3%), P digestibility (1%), ADF® digestibility (9%) 2010)
1 i NDF?° digestibility (36%), DM digestibility (17%), GE*° digestibility ~ (Passos et al.,
ND 0-1,400 LXUlkgfeed ;500 "ot digestibility (15%), jejunum digesta viscosity (-14%) 2015)
ND 0-0.01% ADG™ (5%), G:F* (4%), DM digestibility (3%), N digestibility (4%),  (Lanetal.,
o GE digestibility (3%), fecal Lactobacillus (1%) 2017)
28-56 0-4,000 XU/kg feed DM digestibility (2%), NDF digestibility (23%), P digestibility (29%) (Tsza(;f;)a"’
ADG (14%), DM digestibility (4%), CP digestibility (7%), NDF (Dong et al
21-49 0-4,000 XU/kg feed digestibility (19%), ADF digestibility (15%), Ca digestibility (22%), P 20918) N
digestibility (14%), fecal Lachnospiraceae (-50%)
SCFA!* (20%), acetate (32%), propionate (19%), total NSP*®
digestibility coefficient (15%), arabinoxylan digestibility coefficient
i i (38%), GE digestibility coefficient (8%), duodenum villus height (Tiwari et al.,
23-43 0-1,500 EPU/kg feed (11%), jejunum crypt proliferation rate (17%), jejunum claudin (57%), 2018)
jejunum occludin (75%), jejunum zonula occludens 1 (80%), jejunum
digesta viscosity (-26%)
ADG (6%), jejunal digesta viscosity (-13%), jejunum mucosal MDA
21-45 0-45,000 XU/kg feed (Duarte etal,

(-17%), jejunum crypt depth (-10%), jejunum crypt cell proliferation (-
15%)

2019)

83



Table 4. Continued

lleum pH (6%), colon pH (3%), CP digestibility (7%), DM

(Mejicanos et

18-53 0-16,000 BXU/kg feed digestibility (3%), Ca digestibility (16%), P digestibility (8%), colon al., 2020)
propionic acid concentration (10%) B
ADG (7%), jejunal digesta viscosity (-14%), plasma TNF-a'’ (-36%), (Chen et al
21-41 0-1,500 EPU/kg feed  GE digestibility (6%), NDF digestibility (22%), duodenum crypt depth 2020) N
(11%)
(Gonzalez-
23-65 0-16,000 BXU/kg feed Ileum Clostridiaceae (-10%), cecum Lactobacillaceae count (36%) Ortiz et al.,
2020)
ADG (9%), DM digestibility (4%), GE digestibility (3%), N (H. Luetal
21-63 0-16,000 XU/kg feed digestibility (3%) and P digestibility (15%), RA fecal Veillonella '2020) N
spp. (-33%)
Jejunal digesta viscosity (-23%), jejunum mucosal MDA (-39%),
jejunum mucosal PC*® (-15%), jejunum villus height (13%), NDF (Moita et al
21-59 0-1,760 XU/kg feed digestibility (6%), EE?° digestibility (6%), RA of jejunum Cupriavidus 2022a) N
(-43%), Megasphaera (-82%), Succinivibrio (73%), and Pseudomonas
(63%)
ADG (18%), ADFI (-2%), G:F (20%), diarrhea rate (-61%), DM
digestibility (4%), CP digestibility (6%), EE digestibility (8%), NDF
98-63 0-135,000 Urkg feed digestibility (2%), ADF digestibility (7%), GE digestibility (30%), (Boontiam et

starch digestibility (27%), N digestibility (26%), jejunum villus height
(15%), feces propionate concentration (41%), fecal butyrate
concentration (35%), feces ammonia concentration -26%)

al., 2022)

*The described effects were in comparison with treatments without xylanase. Described effects were considered significant with P <
0.05 and tendency with 0.05 <P < 0.10.
**The references were selected from peer-reviewed literature available after 2000.

1Dry matter.

2Nitrogen.
No data.

“Feed conversion ratio.

°Crude protein.

6Calcium.
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"Phosphorus.

8Acid detergent fiber.
Neutral detergent fiber.
OGross energy.

10rganic matter.

12average daily gain.

13Gain to feed ratio.

14Short chain fatty acids.

> Non-starch polysaccharides.
¥ Malondealdehyde.

" Tumor necrosis factor alpha.

18Relative abundance.
protein carbonyl.
20Ether extract.
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showed no effect.

Broiler chickens
Figure 1. Changes in the average daily gain (ADG) of broiler chickens by 3- and 6-phytase supplementation among the studies
displayed at Table 1 that showed significant changes. The studies were selected from peer-reviewed literature available after 2000.
The percentage of change refers to a statistically significant (P < 0.05) and tendency (0.05 < P < 0.10) effects of phytase individually
on the ADG reported from each respective study. The described effects were in comparison with treatments containing no phytase.
The average changes on the ADG of broiler chickens by 3- and 6-phytase supplementation were calculated excluding the studies that
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Nursery pigs

Figure 2. Changes in the average daily gain (ADG) of nursery pigs by 3- and 6-phytase supplementation among the studies displayed
at Table 2 that showed significant changes. The studies were selected from peer-reviewed literature available after 2000. The
percentage of change refers to a statistically significant (P < 0.05) and tendency (0.05 < P < 0.10) effects of phytase individually on
the ADG reported from each respective study. The described effects were in comparison with treatments containing no phytase. The
average changes on the ADG of nursery pigs by 3- and 6-phytase supplementation were calculated excluding the studies that showed

no effect.
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Figure 3. A list of the number of peer-reviewed papers found in the PubMed using different keywords. Black bars: phytase, growth,
broiler chickens as key words; grey bars: phytase, intestinal health, broiler chickens as keywords.
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Figure 4. A list of the number of peer-reviewed papers found in the PubMed using different keywords. Black bars: phytase, growth,
pigs as key words; grey bars: phytase, intestinal health, pigs as keywords.
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Figure 5. Changes in the average daily gain (ADG) of broiler chickens by xylanase supplementation among the studies displayed at
Table 3 that showed significant changes. The studies were selected from peer-reviewed literature available after 2000. The percentage
of change refers to a statistically significant (P < 0.05) and tendency (0.05 < P < 0.10) effects of xylanase individually on the ADG
reported from each respective study. The described effects were in comparison with treatments containing no xylanase. The average
changes on the ADG of broiler chickens by xylanase supplementation were calculated excluding the studies that showed no effect.
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Figure 6. Changes in the average daily gain (ADG) of nursery pigs by xylanase supplementation among the studies displayed at Table
4 that showed changes in the ADG. The studies were selected from peer-reviewed literature available after 2000. The percentage of
change refers to a statistically significant (P < 0.05) and tendency (0.05 < P < 0.10) effects of xylanase individually on the ADG
reported from each respective study. The described effects were in comparison with treatments containing no xylanase. The average
changes on the ADG of nursery pigs by xylanase supplementation were calculated excluding the studies that showed no effect.
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Figure 7. A list of the number of peer-reviewed papers found in the PubMed using different keywords. Black bars: xylanase, growth,
broiler chickens as key words; grey bars: xylanase, intestinal health, broiler chickens as keywords.
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Figure 8. A list of the number of peer-reviewed papers found in the PubMed using different keywords. Black bars: xylanase, growth,
pigs as key words; grey bars: xylanase, intestinal health, pigs as keywords.
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Broiler chickens = -37% + 22.6

Figure 9. Changes in the jejunum digesta viscosity of broiler chickens by xylanase supplementation among the studies displayed at
Table 3 that showed significant changes. The studies were selected from peer-reviewed literature available after 2000. The percentage
of change refers to a statistically significant (P < 0.05) and tendency (0.05 < P < 0.10) effects of xylanase on the jejunal digesta
viscosity reported from each respective study. The described effects were in comparison with treatments containing no xylanase. The
average changes on the jejunal digesta viscosity of broiler chickens by xylanase supplementation were calculated excluding the studies
that showed no effect.
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Figure 10. Changes in the jejunum digesta viscosity of nursery pigs by xylanase supplementation among the studies displayed at
Table 4 that showed significant changes. The studies were selected from peer-reviewed literature available after 2000. The percentage
of change refers to a statistically significant (P < 0.05) and tendency (0.05 < P < 0.10) effects of xylanase on the jejunal digesta
viscosity reported from each respective study. The described effects were in comparison with treatments containing no xylanase. The
average changes on the jejunal digesta viscosity of nursery pigs by xylanase supplementation were calculated excluding the studies
that showed no effect.
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CHAPTER 2

EFFICACY OF A BACTERIAL 6-PHYTASE ON APPARENT TOTAL TRACT

DIGESTIBILITY AND TOTAL NUTRIENT RETENTION OF NURSERY AND

GROWING PIGS
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2.1. Abstract

Two experiments were conducted to determine the effects of a bacterial 6-phytase on apparent
total tract digestibility (ATTD) of nutrients and total nutrient retention (TNR) of nursery and
growing pigs. In experiment (Exp.) 1, twelve barrows (initial BW of 8.5 + 0.3 kg) were
individually housed in metabolism crates and were allotted to a quadruplicate 3 x 3 Latin square
design with three diets and three periods. In Exp. 2, twelve barrows (initial BW of 35.7 £ 1.9 kg)
were individually housed in metabolism crates and were allotted following the same design of
Exp. 1. Each period lasted for eight days and consisted of a 4-day adaptation period and a 4-day
collection period. In both experiments, there were three dietary treatments: Positive control diet
(PC): formulated meeting nutrient requirements from NRC (2012); Negative control diet (NC):
diet 0.14% deficient in calcium (Ca) and digestible phosphorus (P); and a diet with phytase
(Rovabio PhyPlus; PHY): NC diet + 6-phytase at 500 phytase units (FTU)/kg feed. Pigs were
weighed at the end of each period to adjust the daily feed allowance for the subsequent period.
Chromium oxide (0.5%) was added as an external marker indicating the start and end of fecal
collection. Urine and fecal samples were collected and properly stored for chemical analysis and
to later calculate nutrients ATTD and TNR. Data from both experiments were analyzed using the
MIXED procedure of SAS 9.4. The PHY treatment improved (P < 0.05) ATTD of Caand P
when compared with NC treatment for nursery and growing pigs. The PHY treatment tended to
increase (P = 0.089) the TNR of nitrogen (N) when compared with NC treatment. The PHY
treatments increased (P < 0.05) the TNR of P when compared with NC treatment for nursery and
growing pigs. Effects were not detected on the ATTD of DM and CP between all treatments for
nursery and growing pigs, and on TNR of N for growing pigs. In conclusion, the
supplementation of a bacterial 6-phytase improved the ATTD of Ca and P and TNR of P of

nursery pigs, and showed potential benefits on the TNR of N. Moreover, the supplementation of
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a liquid biosynthetic 6-phytase improved ATTD of P and TNR of P of growing pigs. Results
from both experiments indicated that the supplementation of a bacterial 6-phytase in diets for
nursery and growing pigs can be an alternative to reduce the inclusion of inorganic P sources,

whilst still increasing the digestibility of Ca and P, and utilization of P.

Key words: Apparent Total Tract Digestibility, Growing pigs, Nursery Pigs, Liquid 6-Phytase,

Total Nutrient Retention.
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2.2. Introduction

Phytic acid is an antinutritional factor largely present in swine diets and it can bind to
nutrients, such as minerals and amino acids, reducing their bioavailability and consequently
impairing animals’ health and productive performance (Reddy et al., 1982; Pallauf and Rimbach,
1997; Angel et al., 2002). Phytases (meso-inositol hexakisphosphate phosphohydrolases; EC
3.1.3.8) are a class of phosphatases that catalyze the hydrolysis of phytates to myo-inositol and
lower inositol phosphate esters, thereby improving the utilization of Ca and P by animals
assessed through the determination of digestibility and retention of these nutrients (Lei and
Porres, 2003; Selle and Ravindran, 2008; Adeola and Cowieson, 2011; Cowieson et al., 2016).

Phytase activity can be affected by different factors, such as feed composition,
processing, and storing (Jongbloed and Kemme, 1990). Additionally, the different growth stages
of the pigs may also affect phytase activity due to a development of their digestive system and
changes in the diet formulation (Carlson and Poulsen, 2003; Dersjant-Li et al., 2015; Kim and
Duarte, 2021). This enzyme is commonly supplemented in diets in powder and granule forms
prior to feed mixing processes, such as pelletizing and extrusion (Harper, 1999), which makes it
more susceptible to heat damage that may lead to negative impacts on its stability and activity
(De Jong et al., 2017).

Since it is a heat labile enzyme (Simon and Igbasan, 2002), a new generation of a liquid
biosynthetic bacterial 6-phytase was designed to be intrinsically thermostable and concentrated,
allowing it to be added in smaller amounts by spraying it on the feed after the pelleting or
extrusion processes. However, the possibility to be added in smaller amounts makes it an
attractive alternative to be used even in mashed diets. Luckily, spray application equipment has
recently developed creating reliable alternatives at a fair price to apply liquid phytases to
different feed mixing procedures (Harper, 1999). As a new generation of phytase was developed

and has been introduced in the market, it is important to evaluate effects on the metabolism and
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utilization of nutrients by pigs at different growth stages, especially considering a reduction on
the inorganic P sources supplemented in diets.

Therefore, it was hypothesized that a bacterial 6-phytase can positively affect the nutrient
digestibility and retention, especially of calcium (Ca) and phosphorus (P), of pigs at different
growth stages. Two experiments were conducted with the objective to evaluate the effects of a
bacterial 6-phytase on the apparent total tract digestibility (ATTD) of nutrients and total nutrient
retention (TNR) of nursery and growing pigs.

2.3. Materials and Methods

The experimental protocol was approved by the Institutional Animal Care and Use
Committee of North Carolina State University.

Animals, Design, and Diets

Experiment 1

Twelve barrows (initial BW of 8.5 £ 0.3 kg) were allotted to a quadruplicate 3 x 3 Latin
square design with three treatments and three periods per square. Genetic backgrounds of pigs
originated from Smithfield Premium Genetics, and all were internally bred at the Swine
Educational Unit of North Carolina State University (Raleigh, NC). Pigs were individually
housed in metabolism crates with slatted floor that allowed for the total collection of feces but
separated the collection of urine and fecal material. The crates were equipped with a feeder,
nipple drinker, and urine collector.

Each period included four days of adaptation and four days of collection. The three
dietary treatments were: Positive control diet (PC): formulated meeting nutrient requirements
from the NRC (2012); Negative control diet (NC): diet 0.14% deficient in calcium (Ca) and

digestible phosphorus (P); and a diet with phytase (Rovabio PhyPlus; PHY): NC diet + bacterial
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6-phytase at 500 phytase units (FTU)/kg feed (Table 1). Representative samples from each
experimental diet were collected as diets were mixed and stored at -20 °C for further analysis.

The Rovabio PhyPlus (Adisseo France) is a bacterial 6-phytase expressed in Trichoderma
reesei and is considered intrinsically thermostable on temperatures up to 90°C on in-vitro tests
and under feed mixing processes. The analyzed activity of phytase was 5,000 U per gram and
with an optimal pH range of 2.5 to 6. The activity in feed samples was analyzed following the
method ISO 30024 by CARAT Laboratory (2 Rue Marcel Langot, 03600 Commentry, France).
One FTU corresponds to the quantity of phytase that liberates 1 umol of inorganic P per minute
from an excess of 15 M sodium phytate at pH 5.5 and 37 °C (Adeola et al., 2004).

Pigs received experimental diets twice daily (08:00 and 17:00 h) at a fixed amount based
on BW of pigs (daily feed allowance = 0.09 x BW?7®). Pigs were weighed at the end of each
collection period to adjust feed allowance for a subsequent period. Daily feed intake was
recorded considering any feed refusal.

Experiment 2

Twelve barrows (initial BW of 35.7 + 1.9 kg) were allotted to a quadruplicate 3 x 3 Latin
square design with three treatments and three periods per square. Animal source and housing
were the same as Experiment 1.

Each period included four days of adaptation and four days of collection. The three
dietary treatments were: PC: formulated meeting nutrient requirements from NRC (2012); NC:
diet 0.14% deficient in Ca and digestible P; and PHY: NC diet + bacterial 6-phytase at 500
FTU/kg feed (Table 1). Representative samples from each experimental diet were collected as

diets were mixed and stored at -20 °C for further analysis. The phytase used in experiment (Exp.)
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1 and Exp. 2 was the same and the activity in feed samples was analyzed following the method
described on Exp. 1.

Pigs received experimental diets twice daily (08:00 and 17:00 h) at a fixed amount based
on BW of pigs (daily feed allowance = 0.09 x BW?7®). Pigs were weighed at the end of each
collection period to adjust feed allowance for the subsequent period. Daily feed intake was
recorded considering any feed refusal.

Sample Collection and Processing

Sample collection and processing were performed following the same procedures for
Exp.1 and Exp. 2 as previously described (Adeola, 2001). On the last day of each adaptation
period at 17:00 h, chromium oxide (0.5%) was added to the evening meal as an external marker
indicating the start of fecal collection. Sampling procedures were done for four consecutive days.
Fecal collection was initiated when green color from chromium oxide was observed in the feces
in the following day, whereas urine sampling was initiated from the time of feeding a meal with
chromium oxide.

On the last day of each collection period at 17:00 h, chromium oxide (0.5%) was added to
the evening meal as an external marker indicating the end of fecal collection. Fecal sampling
ceased when green color was observed in the feces on the following day Urine collection was
ceased at the time of evening meal on the last day of collection period. Fecal samples were
immediately weighed and frozen at -20 °C after collection twice a day during the collection
period. Urine samples of each day during the collection were collected in a graduated plastic
bucket with 20 mL of concentrated HCI (hydrochloric acid). The daily volume of collected urine
was weighed, thoroughly mixed, 100 mL subsampled, and pooled inside plastic containers stored

at -20 °C for further analysis. At the conclusion of each experiment, fecal samples were dried in
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a forced air oven at 55 °C and reweighed before further analysis. The total amount of dried feces
samples from each period were crushed, ground through a 1mm screen, and subsampled to be
analyzed for DM, CP, Ca, P, and N content. Total volume of urine samples from each period
were 50% subsampled (200 mL/pig/period) to be analyzed for N and P content.

Apparent Total Tract Digestibility and Total Nutrient Retention

The feed, urine, and feces samples from both experiments were weighed around 0.5 g to
analyze the nitrogen content using TruSpec N Nitrogen Determinator (LECO CN-2000, LECO
Corp., St. Joseph, MI) to later obtain the CP (6.25 x N). Furthermore, feed samples were
analyzed for P content by spectrophotometry (Method 946.06, AOAC, 2006), EE content
(Method 2003.06, AOAC, 2006), ADF (Method 973.18, AOAC, 2016), NDF (Method 2002.04,
AOAC, 2006), ash content (Method 942.05, AOAC 2005), Ca content by flame atomic
absorption spectroscopy (Method 968.08, AOAC, 2006) and DM (Method 934.01, AOAC,
2006). Feces samples were weighed for determining DM (Method 934.01, AOAC, 2006), Ca by
flame atomic absorption spectroscopy (Method 968.08, AOAC, 2006), and P by
spectrophotometry (Method 946.06, AOAC, 2006). Urine samples were weighed for determining
P by spectrophotometry (Official Method 946.06, AOAC, 2006).

Total feed intake for each animal of both experiments was summarized at the conclusion
of each experiment. For ATTD, the intake of DM, CP, Ca, P, and N were then calculated for
each animal by multiplying feed intake by the analyzed concentration of each nutrient in the
diets. The excretions of DM, CP, Ca, P, and N in feces were calculated for each pig by
multiplying the analyzed concentrations by the total quantity of feces excreted by each pig. The
ATTD of each nutrient was calculated according to following equation as previously described

(Petersen and Stein, 2006):
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ATTD of nutrient (%) = [(Ni - Nf)/Ni] x 100
Where ATTD is the apparent total tract digestibility of nutrients; Ni is the total intake of
nutrients during the four days of collection period; and Nf is the total fecal output of nutrients
originating from the feed that was fed during the four days of collection period.

For TNR, the total feed intake for each animal was summarized at the conclusion of each
experiment. The intake of P and N were then calculated for each animal by multiplying feed
intake by the analyzed concentration of each nutrient in the diets. The excretions of P and N in
urine and feces were calculated for each pig by multiplying the analyzed concentrations by the
total quantity of feces excreted by each pig. The TNR of P and N as a percentage of intake was
calculated according to the following equation as previously described (Petersen and Stein,
2006):

TNR (%) = (Ni - (Nf + Nu) x 100) / Ni
Where TNR is total nutrient retention; Ni is the nutrient intake in the diets during the four days
of collection period; Nf is the nutrient amount in feces during the four days of collection period,;
and Nu is the nutrient amount in urine during the four days of collection period.

Statistical Analysis

Data from both experiments were analyzed using the MIXED procedure of SAS 9.4.
(SAS Inst. Inc., Cary, NC). The experimental design was based on a quadruplicate 3 x 3 Latin
square design, and the experimental unit was the individual pig. Treatment was included as fixed
effects, and pig and period were included as random effects. When the interaction was
significant, multiple comparisons were performed using the least significant difference procedure

with Tukey’s adjustment. Statistical differences were considered significant with P < 0.05 and

tendency with 0.05 < P <0.10.
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2.4. Results
Experiment 1
Apparent Total Tract Digestibility and Total Nutrient Retention
The PC and PHY treatments improved (P < 0.05) ATTD of Ca and P when compared

with NC treatment (Table 2). There were no differences on ATTD of DM and CP between all
treatments. The PC and PHY treatments tended to increase (P = 0.089) the TNR of N when
compared with NC treatment. The PC and PHY treatments increased (P < 0.05) the TNR of P
when compared with NC treatment.
Experiment 2
Apparent Total Tract Digestibility and Total Nutrient Retention

The PC treatment increased (P < 0.05) the ATTD of Ca when compared with NC and
PHY treatments. (Table 3). The PC and PHY treatments increased (P < 0.05) the ATTD of P
when compared with NC treatment. There were no significant differences on ATTD of DM and
CP between all treatments. The PC and PHY treatments increased (P < 0.05) the TNR of P when
compared with NC treatment. There were no significant differences on TNR of N between all
treatments.
2.5. Discussion

The supplementation of phytase in diets for pigs at different stages of growth was well
studied throughout past years showing consistent results associated especially with an increase
on Ca and P digestibility and enhancement of bone health and growth performance (Stahl et al.,
2000; Augspurger et al., 2003; Rojas et al., 2013; Lee et al., 2017; Moran et al., 2019; Hong and
Kim, 2021). The stability and optimal activity of phytase can be affected by different factors that

can be related to feed mixing, diet composition, and stomach pH and temperature of the animal
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(Lei and Porres, 2003; Mrudula Vasudevan et al., 2019). Phytase is usually described as a heat
labile enzyme (Lei and Porres, 2003), which means that it can be more susceptible to heat
damage, especially from feed mixing processes. This enzyme is commonly added in powder and
granule form prior to the feed mixing, becoming more exposed to the heat generated from these
processes. Although heat is one of the main factors that can affect the feed mixing quality, it can
also affect phytase properties. Moreover, economic concerns about the use of phytases and
inorganic P sources have encouraged the development of new versions of the enzyme (Stahl et
al., 2000).

Based on these concerns, a new generation of a bacterial 6-phytase has emerged as a
potential alternative to avoid the heat damage from feed mixing processes, as well as to provide
economic benefits. As previously mentioned, when phytase is added prior to mixing the feed, it
increases the chances to suffer heat damage. On the other hand, the new liquid 6-phytase can be
added after the feed mixing processes by spraying it on the feed. Due to its manufacturing
process, this enzyme was designed to be more concentrated and cheaper than the other phytase
sources, which means that it can be added in smaller amounts without affecting its stability and
activity. The possibility to be added in smaller amounts than powder and granule phytases,
makes it an attractive alternative to be used even for mashed feeds, which was the case of the
present studies. Currently, there is no data on the effects of this new bacterial 6-phytase on
ATTD and TNR of nursery and growing pigs.

In this study, the new bacterial 6-phytase was added to meet 500 FTU/kg feed and
showed potential benefits related to Ca and P digestibility and P retention for nursery and
growing pigs. The supplementation of a bacterial 6-phytase at 500 FTU/kg feed increased the

ATTD of Ca and P for both nursery and growing pigs. This increment can be partially explained
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by the hydrolysis and dephosphorylation properties of the bacterial 6-phytase over phytate.
Phytate is a mixed salt of phytic acid, which is an antinutritional factor largely present in plant-
based feedstuffs commonly used for diets for nursery and growing pigs (Selle and Ravindran,
2008; Humer et al., 2015). The supplementation of phytase initiates the hydrolysis and
dephosphorylation of phytic acid in the gastric phase, where phytic acid is still soluble under the
acidic pH conditions (Selle and Ravindran, 2008). At this stage, phytase will start generating
lower inositol esters which will reduce the antinutritional properties related with mineral
complexation from phytic acid (Yu et al., 2012). When the digesta goes to the small intestine, the
solubility of phytic acid will change and this compound will bind to positively charged cations
and other nutrients forming indigestible phytate-nutrient complexes and reducing nutrients
bioavailability (Selle et al., 2012; Humer et al., 2015).

The results of both present experiments agree with other studies that also observed
positive effects of supplemental phytase on Ca and P digestibility of nursery and growing pigs
(Almeida et al., 2013; Zeng et al., 2015; Holloway et al., 2019; Cambra-Lo6pez et al., 2020;
Dersjant-Li et al., 2020). However, since a new generation of phytase has been developed it is
important to make a deeper comparison, especially considering the different growth stages of
pigs due to changes in their body composition and metabolism (Schinckel and De Lange, 1996).
In the present nursery study, the supplementation of a bacterial 6-phytase improved ATTD of Ca
and P and TNR of P, and tended to improve N retention. Almeida et al. (2013), evaluated the
effects of a bacterial 6-phytase on ATTD of Ca and P for nursery and growing pigs also allotted
in metabolism crates. The authors observed an increased ATTD of Ca and P when increasing
levels of phytase from 500 to 4,000 FTU/kg feed were added, but TNR was measured.

Considering the same inclusion level of 500 FTU/kg feed, the ATTD values for Ca (73.7%) and
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P (61.6%) found by the authors were higher compared to the ones found in the present study.
However, the animals used by Almeida et al (2013) had a higher initial BW (13.5 £2.45 kg) than
the ones used in the present nursery study (8.5 £ 0.3 kg), which may partially explain the
differences observed on the ATTD values for Ca and P between the studies. Another possible
explanation may be due the sources, properties, and levels of the phytase used, that were
differently from the enzyme of the present study.

In another study conducted by Zeng et al. (2015), the authors evaluated the effects of
different doses of a powder 6-phytase on nutrient digestibility of nursery pigs. Considering the
supplementation of phytase at 500 FTU/kg feed, the authors observed a higher ATTD of Ca
(59.4%) and P (60.2%), but lower ATTD of CP (76.6%) when compared with the results from
the present nursery study. Besides the fact that authors used a different phytase source, they
housed their animals in group pens and used different collection procedures, which may result in
those divergences. It is important to point out that the animals from the present nursery and
growing studies were individually housed in metabolism crates that allowed urine collection to
be performed, and later assessment of TNR. As pigs continue to grow, their whole-body
metabolism and physiology becomes more mature (Schinckel and De Lange, 1996), which
means that they may not face the same adaptation related issues as newly weaned pigs when they
are housed in metabolism crates with controlled feed intake. On top of that, most of the studies
evaluating the supplemental effects of phytase for nursery pigs available in the literature did not
follow the same experimental design and sample collection procedures.

In the growing study, the supplementation of a bacterial 6-phytase at 500 FTU/kg feed
showed positive effects by improving the ATTD of P and TNR of P, without affecting the TNR

of N. In a study conducted by Hong and Kim (2021), the authors evaluated two phytase sources
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(sourced from Buttiauxella spp. or Escherichia coli) both supplemented to match 500 FTU/kg
feed for growing pigs individually housed in metabolism crates. The authors observed positive
effects of phytase supplementation on the coefficient of apparent total tract digestibility
(CATTD) of P and DM, without affecting CATTD of Ca. These results partially agree with the
results of present growing study where phytase was also supplemented at 500 FTU/kg feed and
showed increased ATTD of P, without affecting ATTD of DM and Ca. The improvement on the
ATTD of P observed in the present growing study may be partially likely a result of the active
hydrolysis of phytase breaking down the calcium-phytate complexes that are formed in the small
intestine (Almeida et al., 2013; Humer et al., 2015; Moita et al., 2021). Additionally, those
improvements may also be partially correlated with the different physicochemical properties of
the new bacterial 6-phytase. There are many different phytases available in the market, and
depending on their inclusion level, diet composition, type, source, and form, the associated
effects may vary among them (Hong and Kim, 2021), especially when supplemented to animals
at different growth stages.

According to the manufacturer, this new liquid biosynthetic bacterial 6-phytase is
intrinsically thermostable, which means that is less susceptible to heat damage from feed mixing
and storing conditions. Additionally, it may express its optimal activity at a broader range of pH
(2.5 to 6), which theoretically can catalyze the hydrolysis of phytic acid more effectively when
compared to other phytase sources. In the second part of the study conducted by Almeida et al.
(2013), the authors investigated the effects of increasing levels of a bacterial 6-phytase
supplemented for growing pigs on their ATTD of Ca and P. The authors observed that increasing
levels of phytase increased the ATTD of Ca and P, but no TNR was measured. The results from

the present growing study agrees with Almeida et al. (2013) regarding the positive effects of
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phytase related to ATTD of P. However, the supplementation of phytase at 500 FTU/kg feed also
showed higher values for ATTD of P than the ones found on the present study. As previously
discussed, this may be due to a combination of factors, such as diet composition, selected
phytase source and levels, experimental design and housing, and sample collection procedures.
Those factors combined may express a different response from the animals when supplemented
with phytase.

Moreover, the improvements observed on the TNR of P in the present nursery and
growing studies may be partially explained as a result of the active hydrolysis of phytic acid by
phytase, consequently increasing the P bioavailability for the animals (Selle and Ravindran,
2008). Additionally, since phytase is usually supplemented in P deficient diets, the depletion of P
levels in the diet of pigs can lead to an increased retention of the same element (Pointillart et al.,
1987). When the results of both studies were compared, it showed that growing pigs have higher
nutrient digestibility and retention than nursery pigs. The results are in agreement with Almeida
et al. (2013) that also found that growing pigs supplemented with a lower level of phytase
showed higher ATTD values than nursery pigs. As previously mentioned, pigs at different
growth stages may metabolize and utilize nutrients differently (Schinckel and De Lange, 1996).

The present results highlight the importance of evaluating different feed enzymes,
especially phytases, supplemented for pigs at different growth stages. Additionally, this reiterates
the importance of optimizing P utilization by the animals due to economic and environmental
concerns associated with inorganic P sources. In conclusion, the supplementation of a liquid
biosynthetic bacterial 6-phytase improved the ATTD of Ca and P and TNR of P of nursery pigs,
and showed potential benefits on the TNR of N. Moreover, the supplementation of a bacterial 6-

phytase improved ATTD of P and TNR of P of growing pigs. Results from both experiments
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indicated that the supplementation of a bacterial 6-phytase in diets for nursery and growing pigs
can be an alternative to reduce the inclusion of inorganic P sources, whilst still increasing the

digestibility of Ca and P, and utilization of P.
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Table 1. Composition of experimental diets! (as-fed basis)

Experiment 1 Experiment 2
Item PC NC PC NC
Feedstuffs, %
Corn, yellow dent 65.77 66.47 74.91 75.60
Soybean meal, 48% CP 23.70 23.70 20.10 20.10
Whey permeate 4.00 4.00 0.00 0.00
Blood plasma 1.00 1.00 0.00 0.00
Poultry fat 1.20 1.20 1.00 1.00
L-Lys HCI 0.53 0.53 0.39 0.39
DL-Met 0.17 0.17 0.08 0.08
L-Thr 0.18 0.17 0.11 0.11
L-Trp 0.01 0.01 0.01 0.01
L-Val 0.07 0.07 0.00 0.00
Salt 0.22 0.22 0.25 0.25
Vitamin premix? 0.03 0.03 0.03 0.03
Trace mineral premix? 0.15 0.15 0.15 0.15
Dicalcium phosphate 1.00 0.04 1.15 0.21
Limestone 0.97 1.23 0.82 1.07
Phytase premix* 1.00 1.00 1.00 1.00
Calculated composition
DM, % 89.57 89.48 89.10 89.02
ME, kcal/kg 3,366 3,390 3,346 3,369
CP, % 18.53 18.59 16.37 16.42
SID® Lys, % 1.23 1.23 0.98 0.98
SID Cys + Met, % 0.68 0.68 0.55 0.55
SID Trp, % 0.20 0.20 0.17 0.17
SID Thr, % 0.73 0.73 0.59 0.59
SID Val, % 0.78 0.78 0.64 0.64
SID lle, % 0.63 0.63 0.56 0.56
SID Leu, % 1.38 1.38 1.27 1.27
Ca%, % 0.70 0.56 0.66 0.52
STTD P’, % 0.33 0.19 0.31 0.17
Total P, % 0.57 0.40 0.56 0.38
Analyzed composition, %
DM 89.30 89.52 89.05 89.08
CP 18.15 18.17 16.26 16.42
EE® 5.58 5.87 6.47 6.56
NDF® 14.62 14.28 13.99 14.74
ADF 4.70 4.77 4.96 4.97
Ash 5.83 5.96 4.95 4.97
Ca 0.71 0.57 0.67 0.52
Total P 0.56 0.42 0.55 0.41
Phytate!! 0.31 0.31 0.31 0.31
Phytase activity, FTU/kg*> 48 67 65 88
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INC diets were supplemented with a liquid 6-phytase at 500 FTU/kg feed; 2The vitamin premix provided per
kilogram of complete diet: 6,614 IU of vitamin A as vitamin A acetate, 992 1U of vitamin D3, 19.8 1U of vitamin E,
2.64 mg of vitamin K as menadione sodium bisulfate, 0.03 mg of vitamin B12, 4.63 mg of riboflavin, 18.52 mg of
D-pantothenic acid as calcium panthonate, 24.96 mg of niacin, and 0.07 mg of biotin; The trace mineral premix
provided per kilogram of complete diet: 33 mg of Mn as manganous oxide, 110 mg of Fe as ferrous sulfate, 110 mg
of Zn as zinc sulfate, 16.5 mg of Cu as copper sulfate, 0.30 mg of | as ethylenediamine dihydroiodide, and 0.30 mg
of Se, as sodium selenite; “Phytase enzyme mixed with corn (Phytase activity on product was 5,000 FTU/kg feed);
5SID = standardized ileal digestibility; ®Calcium; “STTD P = standardized total tract digestibility of phosphorus;
8Ether extract; °Neutral detergent fiber; 1°Acid detergent fiber; !Phytate analysis was performed using the
Megazyme kit K-PHYT 05/19 (Megazyme, Bray Business Park, Bray, Co. Wicklow, A98 YV29, Ireland); ?Phytase
activity after supplementation of a liquid biosynthetic bacterial 6-phytase (Rovabio PhyPlus) were 473 and 426
FTU/kg feed for Exp. 1 and Exp. 2 in PHY diets, respectively. One phytase unit (FTU) was defined as the amount of
enzyme needed for the release of one pmol of phosphate from the sodium phytate substrate in one minute under
given reaction conditions (pH 5.5; 37 °C) (Adeola et al., 2004).
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Table 2. Apparent total tract digestibility and total nutrient retention of nursery pigs (Exp.
1) fed diets with and without a liquid biosynthetic bacterial 6-phytase

Treatment

Item pCl NC2 B3 SEM* P-value
Intake, g/d
Feed intake 4992 480° 5072 62 0.033
DM intake 449 432 457 43 0.655
N® intake 0.013 0.012 0.013 0.001  0.655
CP intake 0.082 0.078 0.083 0.007  0.655
PS intake 2.5142 1.181° 1.918° 0.197 <.0001
Ca’ intake 3.188? 2.462° 2.603° 0.261  0.001
Fecal output, g/d
Feces output 85 87 88 11 0.924
N output 0.003 0.003 0.003 0.001 0.747
CP output 0.018 0.019 0.019 0.001 0.747
P output 1.280 1.185 1.066 0.136 0.191
Ca output 1.259 1.344 1.120 0.170  0.200
Urinary output, g/d
Urine output 2,365 2,578 2,947 856 0.782
N output 0.002 0.003 0.003 0.001  0.506
P output 0.050 0.053 0.042 0.012 0.381
ATTDS, %
DM 81.25 80.21 80.86 0.74 0.466
CpP 78.16 76.14 77.44 0.81 0.224
Ca 60.44% 44.84° 57.27° 311  0.003
P 48.86° 31.17° 45.00? 3.14 0.007
TNR?, %
N 60.75% 51.888 58.814 6.13 0.089
P 46.76% 31.06° 42.80? 3.42 0.004

!Positive control diet; 2Negative control diet; *Phytase diet: NC diet + liquid 6-phytase at 500 FTU/Kkg feed:;

“Standard error of the mean; >Nitrogen; ®Phosphorus; “Calcium; 8Apparent total tract digestibility; *Total

nutrient retention.

a,b,c Within a row, means without a common superscript letter differ (P < 0.05).

A,B.C Within a row, means without a common superscript letter differ (0.05 < P < 0.10).
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Table 3. Apparent total tract digestibility and total nutrient retention of growing pigs (Exp.
2) fed diets with and without a liquid biosynthetic bacterial 6-phytase

Item pCt TreatNrrgeznt Ve SEM* P-value
Intake, g/d
Feed intake 1,424 1,432 1,432 74 0.293
DM intake 1,282 1,289 1,289 66 0.293
N® intake 3.343 3.361 3.361 0.172  0.293
CP intake 0.209 0.210 0.210 0.011  0.293
P® intake 7.049? 5.284P 5.284P 0.290 <.0001
Ca’ intake 8.5872 6.701° 6.702" 0.364 <.0001
Fecal output, g/d
Feces output 223 232 222 8 0.179
N output 0.528 0.560 0.515 0.042 0.393
CP output 0.033 0.035 0.032 0.002 0.393
P output 2.71478 2.965° 2.3787 0.204  0.056
Ca output 2.812 3.105 2.697 0.317 0.179
Urinary output, g/d
Urine output 5,382 4,1828 5,160" 782 0.099
N output 0.010 0.008 0.007 0.002 0.495
P output 0.112 0.083 0.091 0.025 0.220
ATTD?, %
DM 82.62 81.85 82.72 0.65 0.148
CP 84.19 83.30 84.85 0.86 0.286
Ca 67.20% 53.88° 60.30° 3.05 0.002
P 61.312 43.81° 55.152 3.71 0.001
TNR®, %
N 83.88 83.07 84.63 0.85 0.275
P 59.532 42.15° 53.462 3.58 0.001

!Positive control diet; 2Negative control diet; *Phytase diet: NC diet + liquid 6-phytase at 500 FTU/Kkg feed:;

“Standard error of the mean; >Nitrogen; ®Phosphorus; “Calcium; 8Apparent total tract digestibility; *Total

nutrient retention.

a,b,¢ Within a row, means without a common superscript letter differ (P < 0.05).

A.B,C within a row, means without a common superscript letter differ (0.05 < P < 0.10).
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CHAPTER 3

EFFICACY AND OPTIMAL LEVEL OF A BACTERIAL 6-PHYTASE
SUPPLEMENTED BEYOND TRADITIONAL DOSE LEVELS ON BONE AND
INTESTINAL HEALTH, NUTRIENT DIGESTIBILITY, AND GROWTH

PERFORMANCE OF NURSERY PIGS
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3.1. Abstract

This study aimed to determine the efficacy and optimal supplemental level of a bacterial 6-
phytase (Buttiauxella spp.) supplemented beyond traditional dose levels based on bone and
intestinal health, nutrient digestibility, and growth performance of nursery pigs. Seventy-
two weaned pigs (36 barrows and 36 gilts at 21 d of age with 5.8 + 0.5 kg BW) were
allotted to six treatments based on randomized complete block design with sex and initial
BW as blocks and fed in three dietary phases (phase 1 for 14 d, phase 2 for 10 d and phase
3 for 14 d). The treatments consisted of a negative control diet (NC) without phytase
formulated meeting requirements of NRC (2012). The other five treatments were a basal
diet formulated with 0.15% calcium (Ca) and phosphorus (P) deficient with increased
supplemental phytase (0, 500, 1,000, 2,000, and 5,000 FTU/kg feed). Titanium dioxide
(0.4%) was added to phase 3 diets as an indigestible marker to measure AID of nutrients.
On d 45, all pigs were euthanized to collect ileal digesta to measure AID, the third
metacarpus to measure bone parameters, and jejunal mucosa to evaluate intestinal health.
Data were analyzed using the MIXED procedure for polynomial contrasts and the
NLMIXED procedure for broken line analysis using the SAS 9.4. Increasing phytase
supplementation from 0 to 950 FTU/kg feed increased (P < 0.05) the ADG and the P
content. Increasing phytase supplementation increased (linear, P < 0.05) AID of CP, P
content and ash content. Increasing phytase supplementation reduced (P < 0.05) the fecal
score during phases 2 and 3. Increasing phytase supplementation from 0 to 1,900 FTU/kg
feed increased (P < 0.05) bone breaking strength. Increasing phytase supplementation (0 vs.
Phy) increased (P < 0.05) AID of ether extract (EE), and P. No differences were observed
on the intestinal health parameters. In conclusion, the supplementation of a bacterial 6-

phytase improved bone breaking strength, bone ash and P content, AID of CP, EE, and P,
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and growth performance of nursery pigs, without affecting the intestinal health parameters.
Phytase supplementation between 950 and 1,900 FTU/kg feed provided the most benefits

associated with growth performance and bone health of nursery pigs.

Key words: Apparent ileal digestibility, bone breaking strength, intestinal health, growth

performance, nursery pigs, phytase
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3.2. Introduction

Phytic acid has been described as an antinutritional factor because monogastric
animals lack endogenous enzymes to degrade it. At a pH above 4, phytic acid would be
bound to cationic minerals such as Ca, zinc (Zn) and copper (Cu) resulting in the formation
of phytate complexes that are indigestible (Shafey and McDonald, 1991; Selle et al., 2009;
Dersjant-Li et al., 2020). Phytic acid can also bind to AA and enzymes at pH levels above
or below their isoelectric point, forming binary and ternary protein-complexes that are
resistant to proteolytic enzyme hydrolysis (Singh and Krikorian, 1982; Deshpande and
Cheryan, 1984).

Phytase, the enzyme responsible for catalyzing the hydrolysis of phytic acid, can
first be classified based on the source used for production. Microbial and bacterial phytases
are the most commonly used in commercial diets for pigs, and they differ in regards to the
microorganism used for production, optimum pH and temperature, and activity (Selle and
Ravindran, 2007; Selle and Ravindran, 2008). Bacterial phytases tends to have a broader
range for optimum pH (3.5 to 7.5) and temperature (37 to 70°C) (X. and C., 2001; Gontia et
al., 2012), and are resistant against proteolytic degradation by pepsin, trypsin, pancreatin
and papain when compared to microbial phytases (Phillippy, 1999; Golovan et al., 2000;
Simon and Igbasan, 2002).

Secondly, phytase can be classified based on the location where the hydrolysis of
the inositol ring will initiate (Deshpande and Damodaran, 1989; Kumar et al., 2010;
Dersjant-Li et al., 2015). Generally, 3-phytase (EC 3.1.3.8) are characterized by initiating
the dephosphorylation at the third carbon atom of the inositol ring, whereas the 6-phytase
(EC 3.1.3.26) can initiate at the sixth carbon atom, which may result in increased

dephosphorylation of the inositol ring (Cosgrove, D and Irving, 1980; Sandstréom and
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Sandberg, 1992). Although 6-phytase may have higher efficacy in dephosphorylating
phytic acid, there is no single phytase that can fully dephosphorylate phytic acid (Adeola
and Cowieson, 2011).

The concept of supplementing phytase beyond traditional dose levels has been
evaluated showing great potential for its implementation in diets for nursery and growing
pigs (Holloway et al., 2019; Lu et al., 2019; Moran et al., 2019). The positive effects
associated with supplementing phytase beyond traditional dose levels have been described
as “extra-phosphoric” effects (Yu et al., 2012; Lu et al., 2019). It is possible that high levels
of phytase throughout a sequence of stepwise dephosphorylation reactions may enhance the
subsequent generation of myo-inositol, and releasing of minerals and other nutrients that are
bound to phytate (Konietzny and Greiner, 2002; Yu et al., 2012; Grases and Costa-Bauza,
2019).

As a result, it was hypothesized that a bacterial 6-phytase supplemented beyond
traditional dose levels could increase nutrient digestibility and enhance bone and intestinal
health leading to an increase in the growth performance of nursery pigs. The objective of
this study was to investigate the efficacy and find the optimal supplemental level of a
bacterial 6-phytase supplemented beyond traditional dose levels on bone and intestinal
health, nutrient digestibility, and growth performance of nursery pigs.

3.3. Materials and Methods
The experimental protocol was approved by the Institutional Animal Care and Use
Committee of North Carolina State University.
Animals, Design, and Diets
The experiment was conducted at the Metabolism Educational Unit at North

Carolina State University (Raleigh, NC). Seventy-two newly weaned pigs at 21 d of age (36
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barrows and 36 gilts with initial BW of 5.8 £ 0.5 kg) were allotted to six dietary treatments
based on a randomized complete block design with initial BW and sex as blocks. The six
dietary treatments consisted firstly of one NC diet formulated meeting the requirements
suggested by NRC (2012) and without phytase supplementation. The other treatments
consisted of a positive control diet (PC) formulated with 0.15% deficient Ca and P and split
into five treatments with increasing levels of phytase (0, 500, 1,000, 2,000, and 5,000
FTU/kg feed). One FTU of enzyme activity was defined as the amount of phytase that
liberates 1.0 umol of inorganic phosphorus per minute at 40°C and pH 5.5. The phytase
activity analysis was performed using the Megazyme kit K-PHYTASE 09/21 (Megazyme,
Bray Business Park, Bray, Co. Wicklow, A98 YV29, Ireland). Phytase was premixed with
corn and added in the basal diets as shown in Table 1.

Pigs were individually housed in a pen and had free access to feed and water. The
experimental period was 45 d, which was divided into three dietary phases: phase 1 (d 1 to
14), phase 2 (d 15 to 24), and phase 3 (d 25 to 45). The dietary phases were established
according to the BW of the pigs. The BW and feed intake were recorded at the end of each
phase to calculate the average BW, ADG, ADFI, and G:F as indicators of growth
performance. Fecal score was measured every day during all phases as previously described
(Hill et al., 2000). In phase 3, titanium dioxide (0.4%) was added in the diets as an
indigestible external marker to further determine the AID of nutrients.

Sample Collection and Processing

After 45 d of feeding, all pigs were euthanized to remove the gastrointestinal tract
and to collect the third metacarpus to measure bone parameters; mid-jejunum mucosa (3 m
after the pyloric duodenal junction; Cheng et al., 2021) to measure inflammatory and

oxidative stress parameters; and ileal digesta (a portion of 30 cm prior to the ileocecal
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valve) to measure the AID of nutrients. Mucosal samples from mid-jejunum were scraped,
placed into 2 mL tubes, and later stored at -80°C (after snap-freezing in liquid nitrogen,
immediately after collection) for inflammatory and oxidative stress analysis. The ileal
digesta was collected into 150 mL containers and placed on ice, and then stored at -20°C
for measuring AID of DM, Ca, CP, EE, and P. The third metacarpus was separated and
removed of all adhering soft tissue and cartilaginous end caps and stored at -20°C for
measuring bone breaking strength and mineral composition, and ash percentage.

One gram of frozen jejunal mucosa was taken with 2 mL phosphate-buffered saline
solution (PBS) into 5 mL polypropylene tubes. Mucosa samples were ground on ice using a
tissue homogenizer (ThermoFisher Scientific, Waltham, MA) and transferred to new 2 mL
micro-centrifuge tubes for centrifugation in 15 min at 14,000 x g. The supernatant was
collected into 8 sets of 0.5 mL polypropylene tubes and stored at -80°C for further analysis.
The sample collection and preparation procedures for analysis were performed as
previously described (Moita et al., 2021b).

Bone Parameters

The bone breaking strength of the third metacarpus was analyzed right after
collection using and was tested by using an axial servo-hydraulic load frame (858 Mini
Bionix Il, MTS Systems Inc., Minneapolis, MN). The instrument measures newton (N) of
force required to break the bones placed on 2 supports spaced 2.0 cm apart when force was
applied to the center of the bone by an instrument moving at 30 mm/min. The breaking
strength was measured by a pressure-sensitive cell and recorded on a graph recorder in
newton’s (N). After bone breaking strength assay the fat was removed from the bones using
pure petroleum ether (Official Method 932.16, AOAC, 2006). Fat-extracted bones were

then dried for 24 h and subsequently ashed at 600°C for 24 h. Ashed samples were
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analyzed for the concentration of P by spectrophotometry (Official Method 946.06, AOAC,
2006) and Ca by flame atomic absorption spectroscopy (Official Method 968.08, AOAC,
2006). The bone processing and later analysis were performed as previously described by
(Babatunde et al., 2019; Moita et al., 2021a).
Apparently Ileal Digestibility

The frozen ileal digesta samples were dried using the freeze dryer (24D x 48, Virtis,
Gardiner, NY). Dried digesta and feed samples were ground to fine powder form and stored
into plastic containers for further analysis. Titanium dioxide concentration in the feed and
digesta was measured as previously described by Moita et al. (2021b). The working range
of the standards were 0 to 10 mg of titanium dioxide. Samples were weighed around 0.5 g
onto a tarred weighing paper and then placed into 75 mL digestion tubes. One Kjeltab tablet
(Fisher Scientific, Hampton, NH) and 5 pieces of selenized boiling granules were added to
each digestion tube to prevent explosive vaporization. After adding 10 mL of concentrated
H>S04 (sulfuric acid), all digestion tubes were vortexed immediately. Then the tubes were
heated for 2.5 h at 420°C under a fume hood. When the tubes cooled after 30 min at room
temperature, 2 mL of 30% H.O> (hydrogen peroxide) was added to each tube 4 times, and
were vortexed until a yellow to orange color appeared. Deionized water was added until it
reached the volumetric mark and then the tubes were covered and gently mixed. After that,
200 uL from the tubes were pipetted to a 96 well plate, which was read immediately at 410
nm. Titanium dioxide values were calculated based on the standard curve created from
concentration and absorbance of the respective standards.

The feed and digesta samples were weighed around 0.5 g to analyze the nitrogen
content using TruSpec N Nitrogen Determinator (LECO CN-2000, LECO Corp., St.

Joseph, M) to later obtain the CP (6.25 x N). Furthermore, feed and digesta samples were
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weighed for determining DM (Method 934.01, AOAC, 2006), EE (Method 2003.06,
AOAC, 2006), P by spectrophotometry (Official Method 946.06, AOAC, 2006) and Ca by
flame atomic absorption spectroscopy (Official Method 968.08, AOAC, 2006). The AID of
DM, Ca, CP, EE, and P was calculated using the following equation as previously
described (Chen et al., 2017; Moita et al., 2022):
AID (%) =100 x {1 — [(TiO feed/TiO2 digesta) x (N digesta/N feed)]}
Where TiO, feed represents the titanium concentration in the feed, TiO, digesta is the
titanium concentration in the ileal digesta, N feed represents the nutrient concentration in
the feed, and N digesta is the nutrient concentration in the ileal digesta.
Inflammatory and Oxidative Stress Parameters

The concentrations of total protein, malondialdehyde (MDA), and protein carbonyl
(PC), were measured by the colorimetric method using commercially available kits
according to instructions of the manufacturers. The absorbance was read using an ELISA
plate reader (Synergy HT, BioTek Instruments, Winooski, VT) and software (Gen5 Data
Analysis Software, BioTek Instruments, Winooski, VT). Mucosa samples were diluted
(1:20) in working range of 0 to 2,000 pg/mL for the measurement of total protein using
Pierce BCA Protein Assay Kit (#23225, ThermoFisher Scientific). The amount of 25
ug/mL of each sample and standards were pipetted into a microplate well. The BCA
working reagent (200 pg/mL) was added to each well and incubated at 37°C for 30 min.
Then, the absorbance was measured at 562 nm. The concentration was calculated based on
the standard curve created from concentration and absorbance of the respective standard
and further used to normalize the concentration of other parameters.

The TNF-a was measured following the Porcine TNF-o Immunoassay Kit

(#PTAO00, R&D Systems; Minneapolis, MN). The working range of standards was 0 to
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1,500 pg/mL and the absorbance was read at 450 nm and 550 nm. The IL-8 was measured
following the Porcine IL-8/CXCL8 Immunoassay Kit (#P8000, R&D Systems;
Minneapolis, MN). For this analysis, mucosa samples were diluted (1:4) in a work range of
0 to 4,000 pg/mL and the absorbance was read at 450 nm and 550 nm. The concentrations
of TNF-a and IL-8 were calculated based on the standard curve created from concentration
and absorbance of the respective standard and described as pg/mg, following Holanda and
Kim (2020).

Malondialdehyde was measured following the OxiSelect TBARS MDA
Quantitation Assay Kit (#STA-330, Cell Biolabs, San Diego, CA). The concentration range
of MDA standards was 0 to 125 uM. The absorbance was measured at 540 nm. The
concentration of MDA was calculated based on the standard curve created from
concentration and absorbance of the respective standard and described as nmol/mg of
protein, as previously described (Cheng et al., 2021).

Protein carbonyl was measured following the OxiSelect Protein Carbonyl ELISA
Kit (#STA-310, Cell Biolabs, San Diego, CA). All samples were diluted using PBS to reach
the protein concentration of 10 pg/mL. The working range of standards was 0 to 7.5
nmol/mg protein. The absorbance was measured at 540 nm. The concentration of protein
carbonyl was calculated based on the standard curve created from concentration and
absorbance of the respective standard and described as nmol/mg of protein as previously
described (Duarte et al., 2020).

Statistical Analysis
Data were analyzed based on a randomized complete block design by the SAS 9.4
software (SAS Inc., Cary, NC). Dietary treatments were considered fixed effects and the

initial BW and sex blocks were considered random effects. Each treatment had 12
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replicates (n = 12; and 3 body weight blocks within sex). The experimental unit was the
pig, individually housed and fed. The analyses of growth performance, fecal score, nutrient
digestibility, bone health parameters, and inflammatory and oxidative stress markers were
performed using the MIXED procedure. To avoid biased data, six animals were removed
from the study due to morbidity (1 from NC treatment, 1 from 0 FTU/kg feed treatment
(PC), 2 from 500 FTU/Kkg feed treatment, and 2 from 1,000 FTU/kg). The linear and
quadratic effects of increasing levels of phytase were tested by polynomial contrasts. Pre-
planned contrasts were established to compare the inclusion of the phytase and no phytase
inclusion diets (0 vs. Phy), negative control and no phytase inclusion diets (NC vs. 0).
When significant or tendency effects were found, the data were further analyzed using the
NLMIXED procedure to determine the break point to obtain the optimal phytase
supplemental level, as previously described (Shen et al., 2012; Moita et al., 2021a). The
predictor was set by multiplying the phytase inclusion level (FTU/kg feed) with the ADFI
(0.633 kg/d) to account for the feed consumption of the animals through the experimental
period (FTU/d). After the breakpoint was found, it was converted back from FTU/d to
FTU/kg feed by dividing with the ADFI (0.633 kg/d). For the broken-line model, the P
value of each parameter indicates if the changes in the parameters are associated with the

changes in the response. Statistical differences were considered significant with P < 0.05

and tendency with 0.05 < P <0.10.

3.4. Results

Growth Performance

The BW of nursery pigs fed with NC treatment was higher (P < 0.05) than pigs fed

with PC treatment at d 45 (Table 2). Increasing phytase supplementation of (0 vs. Phy)
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increased (P < 0.05) the BW of nursery pigs at d 45. Increasing phytase supplementation
tended to increase (linear, P = 0.064) the BW at d 45. The ADG of nursery pigs fed with
NC treatment was higher (P < 0.05) than pigs fed with PC treatment during phase 3 and the
overall period. Increasing phytase supplementation (0 vs. Phy) increased (P < 0.05) the
ADG of nursery pigs during phase 3 and the overall period. Increasing phytase
supplementation increased (linear, P < 0.05) and had a quadratic effect (P < 0.05)
(maximum: 698 g/d at 5,000 FTU/kg feed) on the ADG of nursery pigs during phase 3, and
tended to increase (linear, P = 0.064) during the overall experimental period. The broken
line analysis on the overall ADG of nursery pigs with different phytase supplemental levels
indicated that the optimal phytase supplemental level is 600 FTU/d or 948 FTU/kg of feed
(Figure 1).

The ADFI of nursery pigs fed with NC treatment was higher (P < 0.05) than pigs
fed with PC treatment during phase 3 and the overall experimental period. Increasing
phytase supplementation tended to increase (linear, P = 0.091) on the ADFI during phase 3.
Increasing phytase supplementation had a quadratic effect (maximum: 1,888 g/d at 5,000
FTU/kg feed) during phase 3 and tended to have a quadratic effect (maximum: 701 g/d at
4,500 FTU/kg feed) on the ADFI during the overall experimental period. Increasing
phytase supplementation (0 vs. Phy) increased (P < 0.05) the ADFI during phase 3 and the
overall period.

The G:F of nursery pigs fed with NC treatment was higher (P < 0.05) than pigs fed
with PC treatment during the overall experimental period and tended (P = 0.080) to be
higher during phase 2. Increasing phytase supplementation improved (linear, P < 0.05) the
G:F during the overall experimental period. Increasing phytase supplementation (0 vs. Phy)

increased (P < 0.05) the overall G:F of nursery pigs.
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Fecal Score

The fecal score of nursery pigs fed with NC treatment was lower (P < 0.05) than
pigs fed with PC treatment during phase 2 and phase 3 (Table 3). Increasing phytase
supplementation decreased (linear, P < 0.05) the fecal score during phase 2 and phase 3.
Increasing phytase supplementation (0 vs. Phy) decreased (P < 0.05) the fecal score of
nursery pigs during phase 2 and phase 3.
Bone Parameters

The bone breaking strength of nursery pigs fed with NC treatment was higher (P <
0.05) than pigs fed with PC treatment (Table 4). Increasing phytase supplementation
increased (Linear, P < 0.05) the bone breaking strength of nursery pigs. The broken line
analysis on the bone breaking strength of nursery pigs with different phytase supplemental
levels indicated that the optimal phytase supplemental level is 1,196 FTU/d or 1,889
FTU/kg of feed (Figure 2).

The metacarpus weight of nursery pigs fed with NC treatment tended to be higher
(P = 0.051) than pigs fed with PC treatment. Increasing phytase supplementation (0 vs.
Phy) tended to increase (P = 0.051) the metacarpus weight of nursery pigs. The ash content
in the bone of nursery pigs fed with NC treatment was higher (P < 0.05) than pigs fed with
PC treatment. Increasing phytase supplementation (0 vs. Phy) increased (P < 0.05) the ash
content in the bone of nursery pigs. Increasing phytase supplementation increased (linear, P
< 0.05) the ash content in the bone.

Increasing phytase supplementation tended to increase (linear, P = 0.080) the P
concentration in the bone based on the ash content. Increasing phytase supplementation (0
vs. Phy) tended to increase (P = 0.085) P content in the bone based on the ash content of

nursery pigs. The broken line analysis on the P content in the bone based on the ash content
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of nursery pigs with different phytase supplemental levels indicated that the optimal
phytase supplemental level is 600 FTU/d or 948 FTU/kg of feed (Figure 3). On the other
hand, the Ca concentration in the bone based on the ash content was not affected by the
treatments.

The Ca content in the bone based on the DM of nursery pigs fed with NC treatment
was higher (P < 0.05) than pigs fed with PC treatment. Increasing phytase supplementation
tended to increase (linear, P = 0.099) the Ca content based on DM. Moreover, the P content
in the bone based on the DM of nursery pigs fed with NC treatment was higher (P < 0.05)
than pigs fed with PC treatment. Increasing phytase supplementation (0 vs. Phy) increased
(P < 0.05) P content in the bone based on the DM of nursery pigs.

Apparent lleal Digestibility

Increasing phytase supplementation increased (linear, P < 0.05) the AID of CP
(Table 5). Increasing phytase supplementation (0 vs. Phy) increased (P < 0.05) the AID of
EE. Increasing phytase supplementation tended to increase (linear, P = 0.055) the AID of P.
The AID of P of nursery pigs fed with NC treatment tended to be higher (P = 0.074) than
pigs fed with PC treatment. Increasing phytase supplementation (0 vs. Phy) tended to
increase (P = 0.059) the AID of P.

Inflammatory and Oxidative Stress Parameters

The inflammatory and oxidative stress parameters of nursery pigs were not
affected by increasing phytase supplementation (Table 6).
3.5. Discussion

Phytase supplementation in pig diets has been fairly well studied and provides
benefits mainly associated with nutrient digestibility and bone health of nursery pigs and

broiler chickens (Dilger et al., 2004; Humer et al., 2015; McCormick et al., 2017; Lu et al.,
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2020a; Moita et al., 2021a). Previous research has shown a variation among the results
associated with growth performance, nutrient digestibility and utilization between 3- and 6-
phytase, especially related to the growth stage when the animals were supplemented
(Augspurger et al., 2003; Adeola et al., 2006; Sands et al., 2009; Guggenbuhl et al., 2016a;
Guggenbuhl et al., 2016b; Cambra-Lopez et al., 2020). This variation also extends to the
comparison between microbial and bacterial phytases (Konietzny and Greiner, 2004;
Torrallardona et al., 2012; Almeida et al., 2013; Velayudhan et al., 2015; Dersjant-L.i et al.,
2020; Hardy et al., 2020). Bacterial phytases seem to work on a broader pH and
temperature range (Rodriguez et al., 2000; Selle and Ravindran, 2007), facilitating their use
in different commercial conditions.

Recently, there has been an increase in the practice of supplementing phytase
beyond traditional dose levels, so called “super-dosing” in diets for pigs aiming for extra-
phosphoric effects (Cowieson et al., 2011; Zeng et al., 2014). These effects are
characterized by an “extra” release of nutrients, especially P (Lu et al., 2019) and myo-
inositol (Walk et al., 2013) from phytate catalyzed by the inclusion of phytase 3-fold or
greater the regular dose (Holloway et al., 2019), which varies among different types of
phytase. Inositol can be found primarily in mammalian tissues and cells as myo-inositol or
phosphatidylinositol (Holub, 1986). According to Hawthorne and White (1976),
phosphatidylinositol is considered a cellular mediator of signal transduction and regulates
metabolism and growth. In this study, the increasing supplementation of phytase enhanced
the growth performance of nursery pigs by improving the overall ADG, ADFI and G:F
compared to PC, and the broken-line analysis indicated that the optimal supplemental level

of phytase for maximal overall ADG was 600 FTU/d or 948 FTU/kg feed.
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The results of the present study agrees with Zeng et al. (2014), Holloway et al.
(2019), and Moran et al. (2019), where the authors observed that the supplementation of
phytase above 500 FTU/kg feed provided positive effects associated with mineral and
protein utilization, phytate hydrolysis, and growth performance of nursery pigs. Moreover,
Moran et al. (2017) observed that phytase supplemented at 2,500 FTU/kg provided the
most benefits associated with growth performance of nursery pigs. On the other hand,
during the growing and finishing phase the results showed more inconsistency. Holloway et
al. (2019) and Langbein et al. (2013) reported no significant results when supplemented
phytase beyond traditional dose levels, whereas Brana et al. (2006) and Velayudhan et al.
(2015) observed positive effects associated with growth performance and bone parameters
with growing and finishing pigs. Overall, the supplementation of phytase beyond traditional
dose levels seems to have more consistency when fed to nursery pigs and it can be partially
explained due to the weaning stress that can impair the secretion of important endogenous
enzymes resulting in negative effects on nutrient digestibility and consequently on the
subsequent health and performance of the animals (Campbell et al., 2013; Moeser et al.,
2017). Another possible reason is that when animals enter the growing-finishing phase,
their digestive and immune system is more mature, which means that they may express a
different response compared to nursery pigs.

The main site of action of phytase is the stomach because under acidic pH phytase
activity is enhanced and phytic acid is soluble which will facilitate its hydrolysis (Selle and
Ravindran, 2008; Humer et al., 2015). When the digesta moves to the small intestine the pH
will change and phytic acid will bind to additional cationic compounds such as Ca, copper,

even AA becoming a salt (phytate) and insoluble (Angel et al., 2002; Selle and Ravindran,
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2007). Thus, phytase should work in the stomach to effectively handle phytate considering
its physical-chemical characteristics (Cowieson et al., 2016).

In this study, the increasing supplementation of phytase improved bone parameters
such as bone breaking strength, ash and P content on the bone compared to NC.
Additionally, the broken-line analysis indicated that the optimal supplemental level of
phytase for optimal bone breaking strength was 1,196 FTU/d or 1,889 FTU/kg feed and for
optimal P content in the bone was 600 FTU/d or 948 FTU/kg feed. The effects of phytase
associated with improvements on bone parameters have been well investigated and the
seem to be related with the greater uptake of P and Ca provided by the hydrolysis of the
phytate and release of minerals that are important to support bone growth and
mineralization of pigs (Brafia et al., 2006; Varley et al., 2011). Improvements associated
with the ash percentage in the bone may indicate an enhanced mineralization as a result of
an increased mineral availability due to the hydrolysis of the nutrient-phytate complexes
(Sebastian et al., 1996).

According to Wu et al. (2018), commercial and experimental diets may have excess
of dietary Ca and underestimated P requirements due to factors such as formulation and
mixing errors, neglecting mineral content in premixes and other additives added, and
variability of the feedstuffs used in those diets. An adequate balance between Ca and P is
desired for optimal growth and bone mineralization. Even though Ca and P are two of the
most abundant minerals in the body (Oster et al., 2016), only P is present in a higher
amount in the skeletal tissues (Nielsen, 1972). If either Ca or P levels are unbalanced, the
bioavailability and utilization of both can be compromised (Létourneau-Montminy et al.,
2015). Excess dietary Ca can impair P absorption in the small intestine by binding with

phytate at neutral pH in the small intestine. As a consequence, it can reduce the release of P
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by phytase hydrolysis, regardless of the dietary P levels used in the diets (Heaney and
Nordin, 2002; Dersjant-Li et al., 2015). Thus, it is important to maintain balanced levels of
Caand P in order to not compromise bone growth and mineralization.

The results of the present study shows that increasing phytase supplementation
improved the AID of CP and EE, and tended to improve the AID of P as compared to NC.
Phytic acid can also affect the digestion and absorption of proteins and fat (Helander et al.,
1996; Valaja et al., 1998; Selle et al., 2012). It will impact the AID of proteins and AA
throughout the formation of binary and ternary protein-phytate complexes that will reduce
their bioavailability. Negatively charged phytate will bind to positively charged protein
molecules at a pH less than their isoelectric point (stomach pH), forming binary protein-
phytate complexes. The binding will occur due to salt-like linkages that are formed between
phytate and basic AA residues of lysine, arginine, and histidine (Cheryan and Rackis, 1980;
Gilani et al., 2005). When the digesta moves to the small intestine, there will be a pH
change that will exceed the isoelectric point of negatively charged proteins. As a result,
there will be a formation of links between phytate and negatively charged proteins
mediated by cationic bridges forming later protein-phytate ternary complexes (Cheryan and
Rackis, 1980; Gilani et al., 2005). Additionally, phytate increases mucin secretion which
can also be accounted as one of the negative effects on protein and AA digestibility
(Cowieson et al., 2009). The results of AID of EE can be partially explained by the side
activities of fiber and protein degrading enzymes that have their activity increased by
phytate hydrolysis and release of nutrients as well as enzymes (Helander et al., 1996;
Valaja et al., 1998). It has also been reported that phytate and inositol phosphate fractions
can inhibit the lipase activity (Knuckles, 1988), reduce blood lipid concentration and

hepatic lipogenesis in mice and rats (Katayama, 1997; Szkudelski, 2005; Lee et al., 2007).
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Camden et al. (2001) reported a significant increase on the fat digestibility of starter
broilers supplemented with phytase. Therefore, phytase may be a viable alternative to
reduce the negative impacts of phytic acid on protein, AA, and EE digestibility, absorption,
and utilization.

Regarding inflammatory and oxidative stress parameters, there is still no consensus
about the positive effects of phytase over those parameters in nursery pigs. Karadas et al.
(2005) reported that phytase supplementation can increase the hepatic concentration of the
coenzyme Qo (ubiquinone), which is a potent antioxidant mediator, on turkeys and broiler
chickens. On the other hand, Karadas et al. (2009) observed that the greater uptake of
nutrients through phytate hydrolysis, especially minerals, may increase the uptake of metal
ions too, which may result in an increase of the oxidative stress. Adequate P levels can be
determinant to a positive modulation of the immune system (Kegley et al., 2001; Liu et al.,
2008). Phosphorus is an important component of enzymes and different cell metabolites,
such as lipopolysaccharides, phospholipids, and nucleic acids, that are potent mediators for
the modulation of immune system and growth (Abelson, 1999; Hirota et al., 2010).
Additionally, it may also affect the modulation of the intestinal microbiota for being a
component of important co-enzymes and phospholipids in the cytoplasmic and outer
membranes of gram-negative bacteria (Durand and Komisarczuk, 1988; Lengeler et al.,
1999; Gresse et al., 2017).

Mann et al. (2014) found that high levels of Ca and P can influence the mucosa-
associated microbiota attachment in the mucosal layer of nursery pigs by the presence of
divalent ions of Ca (Zarate et al., 2002) and by steric hindrance of the mucosal binding
sites. The authors found that high levels of Ca and P can potentially increase the relative

abundance of Lactobacillus mucosae, which is one of the most abundant species in the

140



mucus layer of the intestinal mucosa of pigs. Furthermore, in vitro studies also showed that
free Ca ions may increase the mucosal adhesion of probiotic Lactobacillus strains (Larsen
et al., 2007; Lim, 2012). These strains can effectively produce peptidic toxins, such as
bacteriocin, and organic acids (Chauviere et al., 1992) that may inhibit the growth of
important opportunistic bacteria, such as Escherichia coli, which is one of the bacterial
strains associated with the post-weaning diarrhea in pigs (Moeser et al., 2017; Duarte and
Kim, 2021). Mann et al. (2014) also observed a decrease in the relative abundance of gram-
negative bacteria, such as Prevotella and Campylobacter, which the authors believed was
related to an increase in the competition for the mucosal binding sites in the intestinal
mucosa between gram-positive and gram-negative bacteria.

As earlier described, phytase supplementation aims to increase the hydrolysis of
phytic acid and the release of important nutrients, especially Ca and P. The “extra
phosphoric effects”, reported as one of the benefits of “super dosing” phytase also describes
an increase of the breakdown of phytate-mineral complexes as one of those effects (Walk et
al., 2013; Lu et al., 2019). With a greater uptake of minerals, especially Ca and P, a positive
modulation of the mucosa-associated microbiota by increasing the relative abundance of
Lactobacillus strains may be expected. In a study conducted by Moita et al. (2021a), the
authors observed a tendency on the increase of the relative abundance of Lactobacillus on
the mucosa-associated microbiota in the jejunum when phytase was supplemented at 2,000
FTU/kg of feed for broiler chickens. The authors believed it was due a greater uptake of Ca
and P possibly caused by the high dosing levels of phytase supplemented in the diets. On
the other hand, the authors found no significant differences on the oxidative stress

parameters.
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Previous studies reported positive effects on the intestinal health of nursery pigs by
“super dosing” corn-expressed phytase. Shili et al. (2020) observed improvements on the
growth performance, bone mineralization, and high relative abundance of fecal
Actinobacteria and Bifidobacterium of nursery pigs when corn-expressed phytase was
supplemented at 2,000 FTU/kg feed and 4,000 FTU/Kg. In another nursery study conducted
by Lee et al. (2016), the authors observed improved growth performance and villus height
in the duodenum, and a tendency on the reduction of TNF-o. and MDA concentrations in
the duodenum and jejunum, respectively. Although in this study bacterial-6 phytase did not
show significant effects on the inflammatory and oxidative status parameters, more
research should be conducted in order to better elucidate the mechanism that phytase can
positively affect the inflammatory and oxidative stress of pigs.

The supplementation of phytase can provide different benefits associated with
growth performance, bone parameters and nutrient digestibility. However, recent studies
are indicating that the supplementation of phytase beyond traditional dose levels may
express extra-phosphoric effects by increasing the hydrolysis of phytate and generation of
greater levels of myo-inositol. Extra-phosphoric effects may positively affect not only the
growth performance and nutrient digestibility, but also bone and intestinal health
parameters of pigs. In conclusion, the supplementation of a bacterial 6-phytase improved
bone breaking strength, bone ash and P content, AID of CP, EE, and P, and growth
performance of nursery pigs, without affecting the intestinal health parameters. Phytase
supplementation between 950 and 1,900 FTU/kg feed provided most benefits associated

with growth performance and bone health of nursery pigs.
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Table 1. Composition of experimental diets* (as-fed basis)

Item P1NC P1PC P2ZNC P2PC P3NC P3PC
Feedstuffs, %
Corn, yellow 49.87 50.67 56.04 56.94 62.95 63.80
Soybean meal, 48% CP 22.00 22.00 23.00 23.00 24.00 24.00
Whey permeate 15.00 15.00 10.00 10.00 5.00 5.00
Blood plasma 7.00 7.00 4.50 4.50 2.00 2.00
Poultry fat 1.50 1.50 2.00 2.00 1.50 1.50
L-Lys HCI 0.51 0.51 0.46 0.46 0.45 0.45
DL-Met 0.20 0.20 0.16 0.16 0.15 0.15
L-Thr 0.17 0.17 0.14 0.14 0.14 0.14
L-Val 0.07 0.07 0.05 0.05 0.03 0.03
L-His 0.01 0.01 0.00 0.00 0.00 0.00
L-Iso 0.07 0.07 0.02 0.02 0.00 0.00
Salt 0.22 0.22 0.22 0.22 0.22 0.22
Vitamin premix? 0.03 0.03 0.03 0.03 0.03 0.03
Trace mineral premix? 0.15 0.15 0.15 0.15 0.15 0.15
Dicalcium phosphate 0.80 0.00 0.90 0.00 0.85 0.00
Limestone 1.37 1.37 1.30 1.30 1.10 1.10
Titanium dioxide 0.00 0.00 0.00 0.00 0.40 0.40
Phytase premix* 1.00 1.00 1.00 1.00 1.00 1.00
BMD50° 0.03 0.03 0.03 0.03 0.03 0.03
Calculated composition
DM, % 90.56 90.50 90.12 90.05 89.40 89.33
ME, kcal/kg 3,430 3,448 3,409 3,428 3,403 3,423
CP, % 23.76 23.81 21.87 2191 21.00 21.05
SID® Lys, % 1.50 1.50 1.35 1.35 1.23 1.23
SID Cys + Met, % 0.82 0.82 0.74 0.74 0.68 0.68
SID Trp, % 0.25 0.25 0.22 0.22 0.21 0.21
SID Thr, % 0.88 0.88 0.79 0.79 0.73 0.73
SID Val, % 0.95 0.95 0.86 0.86 0.81 0.81
SID lle, % 0.79 0.79 0.75 0.75 0.75 0.75
SID Leu, % 1.64 1.64 1.56 1.57 1.52 1.52
Ca, % 0.85 0.73 0.80 0.68 0.70 0.58
STTD P’, % 0.45 0.33 0.40 0.28 0.33 0.21
Total P, % 0.70 0.57 0.65 0.51 0.58 0.44
Analyzed composition
DM, % 89.56 89.35 88.53 88.52 88.36 88.34
CP, % 21.00 21.13 20.33 19.79 19.97 19.49
EE, % 4.08 4.06 4.56 4.52 4.14 4.15
NDF, % 6.30 6.46 7.92 7.45 8.02 7.04
ADF, % 2.67 2.81 3.03 3.34 3.44 3.00
Ca, % 1.02 0.86 0.83 0.70 0.74 0.61
Total P, % 0.67 0.51 0.60 0.46 0.58 0.43

Diets in each phase were supplemented with increasing supplementation of 0, 500, 1,000, 2,000,
and 5,000 FTU/kg of feed of a bacterial 6-phytase from (CJ BIO, Seoul, Korea). The analyzed
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phytase activity for the treatments NC, 0, 500, 1,000, 2,000, and 5,000 FTU/kg feed were 47, 68,
498, 1,021, 1,992 and 5,052 FTU/Kkg feed, respectively. One FTU of enzyme activity was defined
as the amount of phytase that liberates 1.0 pmol of inorganic P per minute at 40°C and pH 5.5.
The phytase activity analysis was performed using the Megazyme kit K-PHYTASE 09/21
(Megazyme, Bray Business Park, Bray, Co. Wicklow, A98 YV29, Ireland). The vitamin premix
provided per kilogram of complete diet: 6,614 IU of vitamin A as vitamin A acetate, 992 IU of
vitamin D3, 19.8 U of vitamin E, 2.64 mg of vitamin K as menadione sodium bisulfate, 0.03 mg
of vitamin B12, 4.63 mg of riboflavin, 18.52 mg of D-pantothenic acid as calcium panthonate,
24.96 mg of niacin, and 0.07 mg of biotin. 3The trace mineral premix provided per kilogram of
complete diet: 33 mg of Mn as manganous oxide, 110 mg of Fe as ferrous sulfate, 110 mg of Zn
as zinc sulfate, 16.5 mg of Cu as copper sulfate, 0.30 mg of | as ethylenediamine dihydroiodide,
and 0.30 mg of Se, as sodium selenite. “Phytase enzyme mixed with corn; ®Bacitracin methylene
disalicylate; ®SID = standardized ileal digestibility; 'STTD P = standardized total tract digestible
phosphorus.
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Table 2. Growth performance of nursery pigs fed diets with increasing levels of phytase

ltemn Phytase, FTU/Kkg of feed P value
NC! 0 500 1,000 2,000 5,000 SEM  Linear Quad.? NCvs.0 0vs. Phy?
BW, kg
dl 581 5.79 5.80 580  5.80 581  0.07 0.882 0.912 0.857 0.854
d14 6.86  6.98 6.80 762 728 7.47 0.28 0.176 0.371 0.766 0.327
d24 10.75 9.94 10.21 10.82 10.66  10.91 0.78 0.208 0.410 0.269 0.205
d 45 24.49 2037 2257 2354 2354 2394 1.07 0.064 0.106 0.008 0.014
ADG, kg/d
Phase 1 0.09 0.09 0.07 013 011 0.12 0.02 0.168 0.383 0.975 0.337
Phase 2 039 031 0.33 035 0.34 035 0.04 0.616 0.596 0.100 0.385
Phase 3 0.67 0.50 0.59 061 0.61 0.62 0.03 0.041 0.042 0.001 0.002
Overall 042 0.32 0.37 040 0.39 040 0.02 0.064 0.105 0.009 0.014
ADFI, kg/d
Phase 1 0.14 0.16 0.14 022 0.19 0.18 0.02 0.497 0.123 0.454 0.419
Phase 2 0.67 0.62 0.57 0.75  0.68 0.68  0.06 0.394 0.270 0.523 0.439
Phase 3 1.01 0.78 0.90 095 0.95 094  0.05 0.091 0.030 0.001 0.005
Overall 0.68 0.58 0.62 0.67  0.65 0.65 0.03 0.266 0.091 0.016 0.045
G:F
Phase 1 054 049 0.52 058 0.2 0.64  0.07 0.151 0.951 0.623 0.358
Phase 2 059 0.50 0.57 0.45  0.50 0.52 0.03 0.920 0.430 0.069 0.704
Phase 3 066 0.63 0.67 0.64  0.65 0.66  0.02 0.288 0.949 0.143 0.210
Overall 0.61 0.55 0.60 059 0.60 0.62 0.01 0.014 0.322 0.038 0.015
!Negative control.
2Quadratic.

3Phytase supplementation.

Six pigs were removed from the study being 1 from NC treatment, 1 from 0 FTU/kg feed treatment, 2 from 500 FTU/kg feed
treatment and 2 from 1,000 FTU/kg feed treatment due to morbidity (n = 66 total, n = 11 for NC, n=11 for 0 FTU/kg of feed, n=10 for
the 500 FTU/kg of feed, n=10 for the 1,000 FTU/kg of feed, n=12 for the 2,000 FTU/kg of feed, n=12 for the 5,000 FTU/kg of feed).
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Table 3. Fecal score of nursery pigs fed diets with increasing levels of phytase
Phytase, FTU/Kkg of feed P value
NC! 0 500 1,000 2,000 5,000 SEM  Linear Quad.? NCuvs.0 0 vs. Phy?

Item

Fecal score, %

Phase 1 331 333 320 3.38 3.16 3.36 0.11  0.695 0.347 0.884 0.628
Phase 2 3.03 349 314 3.22 3.17 3.06 0.09 0.023 0.214 0.002 0.004
Phase 3 3.07 325 3.10 3.12 3.13 3.02 0.05 0.021 0.556 0.030 0.019
!Negative control.
2Quadratic.

3Phytase supplementation.

Six pigs were removed from the study being 1 from NC treatment, 1 from 0 FTU/kg feed treatment, 2 from 500 FTU/kg feed
treatment and 2 from 1,000 FTU/kg feed treatment due to morbidity (n = 66 total, n = 11 for NC, n=11 for 0 FTU/kg of feed, n=10 for
the 500 FTU/kg of feed, n=10 for the 1,000 FTU/kg of feed, n=12 for the 2,000 FTU/kg of feed, n=12 for the 5,000 FTU/kg of feed).
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Table 4. Bone parameters of fat-free bone from nursery pigs fed diets with increasing levels of phytase

Phytase, FTU/kg of feed P value
Item NCI 0 500 1,000 2,000 5000 SEM  Linear  Quad.? NCOVS' gr:/ ;3'
BBS’, N 363 222 229 254 297 329 182 <001 0146 <001 0.008
Metacarpus, g 92 81 8.2 8.8 9.0 89 04 0130 0107 0049 0.166
Length, cm 53 51 5.1 5.2 5.2 53 01 0110 0165 0111 0.155
DM, % 621 566 605  57.6 622 620 27 0241 0410 0159 0.199
Ca, % of DM 111 97 98 107 100 106 03 0099 058 0002 0.112
P, % of DM 54 46 4.7 5.2 4.9 52 01 0024 0409 <001 0.040
Ash, % 302 262 265 294 273 288 08 0033 0331 <00l 0.038
Ca, % of ash 372 37 371 370 368 370 06 0931 0953 0615 0.789
P, % of ash 179 176 178 179 180 181 02 0080 0338 0170 0.085
!Negative control.
2Quadratic.

3Phytase supplementation.

*Bone breaking strength.

Six pigs were removed from the study being 1 from NC treatment, 1 from 0 FTU/kg feed treatment, 2 from 500 FTU/kg feed
treatment and 2 from 1,000 FTU/kg feed treatment due to morbidity (n = 66 total, n = 11 for NC, n=11 for 0 FTU/kg of feed, n=10 for
the 500 FTU/kg of feed, n=10 for the 1,000 FTU/kg of feed, n=12 for the 2,000 FTU/kg of feed, n=12 for the 5,000 FTU/kg of feed).
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Table 5. Apparent ileal digestibility of DM, CP, EE, Ca, and P of pigs fed diets with increasing levels of phytase

ltem Phytase, FTU/Kkg of feed P value
NC! 0 500 1,000 2,000 5,000 SEM Linear Quad.? NC vs. 0 0 vs. Phy?
DM, % 69.59 70.16 6742 70.07 71.88 71.21 1.78 0.293 0.526 0.821 0.994
CP,% 79.10 76.75 73.84 76.78 77.61 79.49 1.43 0.025 0.997 0.250 0.909
EE, % 69.85 65.01 73.79 7287 73.23 72.22 3.06 0.393 0.118 0.267 0.022
Ca, % 7274 70.86 7416 7452 75.92 74.69 2.31 0.399 0.188 0.568 0.131
P, % 84.71 79.41 80.74 82.89 83.45 84.56 1.84 0.055 0.266 0.046 0.089
!Negative control.
2Quadratic.

3Phytase supplementation.

Six pigs were removed from the study being 1 from NC treatment, 1 from 0 FTU/kg feed treatment, 2 from 500 FTU/kg feed
treatment and 2 from 1,000 FTU/Kkg feed treatment due to morbidity (n = 66 total, n = 11 for NC, n=11 for 0 FTU/kg of feed, n=10 for
the 500 FTU/kg of feed, n=10 for the 1,000 FTU/kg of feed, n=12 for the 2,000 FTU/kg of feed, n=12 for the 5,000 FTU/kg of feed).
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Table 6. Oxidative stress and inflammatory parameters of nursery pigs fed a NC diet, and Ca and P deficient diet with increasing levels

of phytase
ltemn Phytase, FTU kg/feed P value
NC! 0? 2,000 SEM NCvs. 0 0 vs. 2,000 NC vs. 2,000
MDAZ, umol/g of protein 0.53 0.57 0.55 0.04 0.544 0.718 0.804
PC*, nmol/mg of protein 2.69 3.04 2.61 0.31 0.370 0.375 0.889
IL-8% pg/mg of protein 602 599 544 102 0.981 0.731 0.733
TNF-a® pg/mg of protein 0.83 0.99 0.85 0.08 0.131 0.287 0.904

INegative control, 2Positive control, *Malondialdehyde; *Protein carbonyl; °Interleukin 8; *Tumor necrosis factor alpha.
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Figure 1. Changes in the overall ADG with supplementation of phytase using a broken-line analysis. The break point was 600 FTU/d
of phytase supplementation when the overall ADG was 0.403 kg/d. One slope broken-line model; The equation for overall ADG was
Y =0.403 - 0.00013 x zl; if phytase supplementation is > breakpoint, then z; = 0; if phytase supplementation is < breakpoint, then zl =
breakpoint - phytase supplementation. Values for phytase activity were based on the analyzed values. P value for the plateau was <
0.05, for the slope was < 0.05, and for the breaking point was < 0.05 (confidence interval 95%: 232.2 to 967.9; SE: 183.6). The
breakpoint was converted from 600 FTU/d to 948 FTU/kg feed by dividing with the overall average feed intake (0.633 kg/d).
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Figure 2. Changes in the bone breaking strength with supplementation of phytase using a broken-line analysis. The break point was
1,196 FTU/d of feed of phytase supplementation when the bone breaking strength was 312 N. One slope broken-line model; The
equation for bone breaking strength was Y = 312 - 0.08393 x zI; if phytase supplementation is > breakpoint, then z; = 0; if phytase
supplementation is < breakpoint, then zl = breakpoint - phytase supplementation. Values for phytase activity were based on the
analyzed values. P value for the plateau was < 0.05, for the slope was < 0.05 and for the breaking point was < 0.05 (confidence
interval 95%: 720.6 to 1,645.9; SE: 230.9). The breakpoint was converted from 1,196 FTU/d to 1,889 FTU/kg feed by dividing with
the overall average feed intake (0.633 kg/d).
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Figure 3. Changes in the P bone content in the bone based on the ash content with supplementation of phytase using a broken-line
analysis. The break point was 600 FTU/d of feed of phytase supplementation when the P bone content in the bone based on the ash
content was 18.11%. One slope broken-line model; The equation for P bone content was Y = 18.11 - 0.00122 x zl; if phytase
supplementation is > breakpoint, then z; = 0; if phytase supplementation is < breakpoint, then zI = breakpoint - phytase
supplementation. Values for phytase activity were based on the analyzed values. P value for the plateau was < 0.05, for the slope was
< 0.05, and for the breaking point was < 0.05 (confidence interval 95%: 240.9 to 959.1; SE: 179.2). The breakpoint was converted
from 600 FTU/d to 948 FTU/kg feed by dividing with the overall average feed intake (0.633 kg/d).
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CHAPTER 4

SUPPLEMENTAL EFFECTS OF PHYTASE ON THE MODULATION OF MUCOSA-
ASSOCIATED MICROBIOTA IN THE JEJUNUM AND THE IMPACTS ON NUTRIENT
DIGESTIBILITY, INTESTINAL MORPHOLOGY, AND BONE PARAMETERS IN

BROILER CHICKENS

This chapter has been published in Animals 2021

doi: doi.org/10.3390/ani11123351
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4.1. Abstract

This study aimed to determine supplemental effects of phytase on modulation of the mucosa-
associated microbiota in the jejunum, intestinal morphology, nutrient digestibility, bone parameters,
and growth performance of broiler chickens. Three hundred and sixty newly hatched broiler
chickens (Ross 308) (44 + 2 g BW) were randomly allotted in six treatments with ten birds per cage
based on a completely randomized design and fed for 27 d. The treatments consisted of one
negative control (NC), diet formulated to meet nutrient requirements suggested by Ross
recommendations (2019), and without phytase supplementation. The other treatments consisted of a
positive control diet (PC) formulated with 0.15% Ca and P deficient and split into five treatments
with different phytase inclusion levels (0, 500, 1,000, 2,000, 4,000 FTU/kg feed). Titanium dioxide
(0.4%) was added to feeds as an indigestible marker to measure apparent ileal digestibility (AID) of
nutrients. On d 27, three birds were randomly selected from each cage and euthanized to collect
samples for analyzing the mucosa-associated microbiota in the jejunum, oxidative stress status,
AID, and bone parameters. Data were analyzed using the MIXED procedure of SAS 9.4. Phytase
supplementation tended to have a quadratic effect (P = 0.078) on the overall ADG (maximum: 41
g/d at 2,833 FTU/kg of feed). Supplementation of phytase at 2,000 FTU/Kkg increased (P < 0.05) the
relative abundance of Lactobacillus and reduced (P < 0.05) Pelomonas. Moreover, it tended to
reduce Helicobacter (P = 0.085), Pseudomonas (P = 0.090), and Sphingomonas (P = 0.071).
Phytase supplementation increased (P < 0.05) the villus height and the AID of CP; and tended to
increase (P = 0.086) the AID of P. Phytase supplementation increased (P < 0.05) breaking strength
and P content in the tibia. In conclusion, phytase supplementation showed potential benefits on the
modulation of the mucosa-associated microbiota in the jejunum by tending to reduce harmful

bacteria (Pelomonas, Helicobacter, and Pseudomonas) and in-crease beneficial bacteria
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(Lactobacillus). In addition, it showed positive effects increasing apparent ileal digestibility of CP
and P, enhancing intestinal morphology (villus height), and improving the bone parameters (bone
breaking strength, ash, and P content). Phytase supplementation at a range of 38 to 59 FTU/d or 600

to 950 FTU/kg of feed provided the most benefits related to nutrient digestibility.

Keywords: Apparent ileal digestibility, bone breaking strength, broiler chickens, intestinal health,

mucosa-associated microbiota, phytase.
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4.2. Introduction

Enzymes have been widely used in animal production for optimizing nutrient digestibility
and growth performance in all animal species. Exogenous enzymes supplemented with monogastric
diets can contribute to the removal of antinutritional factors, modulating the intestinal microbiota,
increasing the digestibility of nutrients and their utilization leading to improvements in intestinal
health and growth performance (Kerr and Shurson, 2013; Ravindran, 2013; Duarte and Kim, 2021).

Around 61-70% of the phosphorus (P) in cereal grains and oilseeds used in monogastric
diet formulation are present in the form of phytic acid (Paiva et al., 2013). However, monogastric
animals do not produce endogenous phytase and, consequently, the P content in the phytic acid
form is not available for utilization by poultry (Yu et al., 2004; Paiva et al., 2013). Furthermore,
phytic acid can also bind to proteins and enzymes like trypsin and a-amylase, inhibiting their
activity and lowering protein and carbohydrate digestibility (Singh and Krikorian, 1982; Deshpande
and Cheryan, 1984; Lu et al., 2019). The undigested nutrients would be eliminated via excreta by
the animals, raising an environmental concern (Béhme, 2001). When phytase is included in feeds
there is a reduction in supplemental levels of calcium (Ca) and P to compensate for the increased
uptake of these minerals provided by phytase supplementation (McDowell, 2003; Slominski, 2011).
A high supplementation of Ca alters the physical and chemical properties of the digesta in the
gastrointestinal tract and lead to alterations in pH and solubility, which can affect the relative
abundance and diversity of the intestinal microbiota (Shafey et al., 1991; Tamim et al., 2004).

The dietary inclusion of phytase can release the P in the phytic acid form, implying the
degradation of insoluble antinutritional inositol hexaphosphoric acid and subsequent generation of
lower inositol phosphates into inositol (Cowieson et al., 2011; Grases and Costa-Bauza, 2019;

Moran et al., 2019). In principle, phytase can hydrolyze phytate and convert it to lower myo-inositol
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phosphate esters, inositol, and inorganic P through a sequence of stepwise dephosphorylation
reactions (Selle and Ravindran, 2008; Humer et al., 2015; Grases and Costa-Bauza, 2019). Part of
the benefit of supplementing phytase could be attributed to catalyzing hydrolysis reaction to release
inorganic P from phytate and consequently the generation of inositol from the hydrolysis of phytate
(Adeola and Cowieson, 2011; Cowieson et al., 2011; Grases and Costa-Bauza, 2019).

The supplementation of phytase for poultry has been widely studied for different benefits,
such as bone parameters, growth performance, nutrient digestibility, and intestinal health
(Cowieson et al., 2011; Adeola and Walk, 2013; McCormick et al., 2017; Babatunde et al., 2019).

However, some studies reported that the supplementation of phytase can also play an
important role in modulating the intestinal microbiota by reducing harmful and increasing
beneficial bacteria, which in turn can exert benefits associated with nutrient digestibility, intestinal
morphology, and bone parameters of broiler chickens (Ptak et al., 2015; Borda-Molina et al., 2016;
Mancabelli et al., 2016). The role of dietary phytase on the intestinal microbiota can be associated
with the buffering property and availability of Ca and P for microbial fermentation (Ptak et al.,
2015; Borda-Molina et al., 2016; Mancabelli et al., 2016).

According to Ptak et al. (2015), the Ca and P released by hydrolysis of phytate by phytase
increased the proliferation of lactic acid bacteria in broilers fed low Ca and P diet. The higher
concentration of short-chain fatty acids and lactic acid can improve the intestinal environment,
consequently, enhancing intestinal health and nutrient digestibility (Ptak et al., 2015; Mancabelli et
al., 2016). In addition, by hydrolyzing the phytate other minerals and nutrients complexed with the
phytate molecule can be released further improving bone parameters and intestinal morphology

(Ptak et al., 2015; Borda-Molina et al., 2016; Mancabelli et al., 2016).
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Thus, it was hypothesized that the supplementation of phytase could positively modulate
the mucosa-associated microbiota in the jejunum by increasing beneficial and reducing pathogen
bacteria and consequently enhancing intestinal morphology nutrient digestibility and bone
parameters in broiler chickens. Therefore, the objectives of this study were to determine the effects
of increasing doses of phytase on the modulation of the mucosa-associated microbiota in the
jejunum and the impacts on the nutrient digestibility, intestinal morphology, bone parameters, and
growth performance of broiler chickens.

4.3. Materials and Methods

The experimental protocol was approved by the Institutional Animal Care and Use
Committee of North Carolina State University.
Animals, Design, and Diets

The experiment was conducted at North Carolina State University’s Scott Hall (Raleigh,
NC, USA). A total of 360 (half male and half female) newly hatched Ross 308 broiler chickens
hatched from broiler breeders maintained at the Piedmont Research Station (Salisbury, NC, USA)
were used in this study. On the first day of trial, birds were weighed and randomly allotted into
cages containing ten birds per cage based on a completely randomized design into six dietary
treatments. The cage was considered the experimental unit.

The six dietary treatments (Table 1) consisted of one negative control (NC), diet
formulated meeting the requirements suggested by Ross recommendations (2019) and without
phytase supplementation. The other treatments consisted of a positive control diet (PC) formulated
with 0.15% Ca and P deficient and split it into five treatments with different phytase inclusion
levels (0, 500, 1,000, 2,000, 4,000 FTU/kg feed). Before mixing with the experimental diets, the

phytase (VTR BIOTECH CO., LTD, Guangdong, China) was premixed with ground corn. One
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FTU is defined as the activity that releases 1 umol of inorganic phosphate from 5.0 mM sodium
phytate per minute at pH 5.5 and 37°C.

The birds had ad libitum access to water and feed throughout the study. The BW and feed
intake were recorded at the end of each week to calculate the average BW, ADG, ADFI, and G:F as
indicators of growth performance. Titanium dioxide (0.4%) was added to the diets as an
indigestible external marker to deter-mine the apparent ileal digestibility (AID) of nutrients.
Sample Collection and Processing

After 27 d feeding, three birds were randomly selected from each cage to be euthanized by
CO2 asphyxiation to collect jejunal mucosa to measure oxidative stress parameters, and diversity
and relative abundance of the mucosa-associated microbiota; jejunal tissues to measure intestinal
morphology; ileal digesta to measure AID of nutrients; and the left tibia to measure bone breaking
strength and mineral content. Mucosal samples from mid-jejunum were scraped, pooled, and placed
into 2 mL tubes, and later stored at -80 °C (after snap-freezing in liquid nitrogen, immediately after
collection). For measuring the AID of dry matter (DM), crude protein (CP, 6.25 x N), Ca, and P
ileal digesta were collected in the region from the posterior 2/3 of the Meckel’s diverticulum to
about 2 cm anterior to the ileocecal junction. The ileal digesta was collected and pooled by gently
sgueezing and storing into 100 mL containers, and was then placed on ice, and then stored at -20 °C
for further analysis. A section of approximately 5 cm from the mid-jejunum was taken, flushed with
a 0.9% saline solution, and placed in 50 mL tubes with 40 mL of 10% formalin to be fixed for
further microscopic assessment of intestinal morphology. The left tibia bone was collected from the
same birds. Fat was extracted from the tibias using pure petroleum ether and was subsequently
ashed to be analyzed for P by spectrophotometry and Ca by flame atomic absorption spectroscopy

as previously described (Babatunde et al., 2019).
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Relative Abundance and Diversity of the Mucosa-Associated Microbiota in Jejunum
Mucosa samples collected from the mid-jejunum were used for microbiome sequencing

using the 16S rRNA gene sequence analysis. The DNA was extracted using the DNA Stool Mini
Kit (# 51604, Qiagen; Germantown, Maryland, MD) following the instructions of the manufacturer.
The extracted DNA samples were sent to Mako Medical Laboratories (Raleigh, NC) for 16S rRNA
gene sequencing. The extracted DNA samples were prepared for the template on the lon Chef
Instrument and sequencing on the lon S5TM system (ThermoFisher Scientific). Variable regions
V2,V3,V4,V6, V7, V8, and V9 of the 16S rRNA gene were amplified using lon 16S
Metagenomics Kit (ThermoFisher Scientific). Sequences (Hypervariable regions) were processed
via Torrent Suite Software (version 5.2.2) (ThermoFisher Scientific) to produce bam files for
further analysis. Sequence data analysis, alignment to GreenGenes, and MicroSeq databases, alpha
and beta diversity plot generation, and OTU table generation were performed by the lon Reporter
Software Suite (version 5.2.2) of bioinformatics analysis tools (ThermoFisher Scientific). The lon
Reporter’s Metagenomics 16S workflow powered by Qiime (version wl.1) was used to analyze the
samples. To initiate the statistical analysis of the microbiota, OTU data were transformed to relative
abundance as previously described (Duarte et al., 2020). The OTU with the relative abundance <
0.5% within each level were combined as “Others.”
Oxidative Stress Parameters

Malondialdehyde was measured following OxiSelect TBARS MDA Quantitation Assay Kit
(#STA-330, Cell Biolabs, San Diego, CA). The concentration range of MDA standards was 0 to
125 uM. The absorbance was measured at 540 nm. The concentration of MDA was calculated
based on the standard curve created from concentration and absorbance of the respective standard

and described as nmol/mg of protein, as previously described (Zhao et al., 2014).
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Protein carbonyl was measured following OxiSelect Protein Carbonyl ELISA Kit (#STA-
310, Cell Biolabs, San Diego, CA). All samples were diluted using PBS to reach the protein
concentration of 10 ug/mL. The working range of standards was 0 to 7.5 nmol/mg protein. The
absorbance was measured at 540 nm. The concentration of protein carbonyl was calculated based
on the standard curve created from concentration and absorbance of the respective standard and
described as nmol/mg of protein, as previously described (Zhao et al., 2013).
Apparent lleal Digestibility

The frozen ileal digesta samples were dried by the freeze dryer (24D x 48, Virtis, Gardiner,
NY). Dried digesta and feed samples were ground to fine powder form and stored in plastic
containers for further analysis. Titanium dioxide concentration in the feed and digesta was
measured as previously described (Chen et al., 2017; Moita et al., 2021b). The working range of the
standards were 0 to 10 mg of titanium dioxide. Samples were weighed around 0.5 g onto a tarred
weighing paper and then placed into 75 mL digestion tubes. One Kjeltab tablet (Fisher Scientific,
Hampton, NH) and 5 pieces of selenized boiling granules were added to each digestion tube to
prevent explosive vaporization. After adding 10 mL of concentrated H2SO4 (sulfuric acid), all
digestion tubes were vortexed immediately. Then the tubes were heated for 2.5 h at 420°C under a
fume hood. When the tubes cooled after 30 min at room temperature, 2 mL of 30% H20 (hydrogen
peroxide) was added to each tube 4 times and were vortexed until yellow to orange color appeared.
Deionized water was added until it reached the volumetric mark and then the tubes were covered
and gently mixed. After that, 200 pL from the tubes were pipetted to a 96 well plate, which was
read immediately at 410 nm. Titanium dioxide values were calculated based on the standard curve

created from concentration and absorbance of the respective standards.
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The feed and digesta samples were weighed around 0.5 g to analyze the nitrogen content
using TruSpec N Nitrogen Determinator (LECO CN-2000, LECO Corp., St. Joseph, MI) to later
obtain the CP (6.25 x N). Furthermore, feed and digesta samples were weighed for determining DM
(Method 934.01, AOAC, 2006), P by spectrophotometry (Official Method 946.06, AOAC, 2006)
and Ca by flame atomic absorption spectroscopy (Official Method 968.08, AOAC, 2006). The AID
of DM, Ca, CP, and P was calculated using the following equation as previously described (Chen et
al., 2017):

AID (%) =100 x {1 — [(TiO feed/TiO2 digesta) x (N digesta/N feed)]}

Where TiO2 feed represents the titanium concentration in the feed, TiO> digesta is the titanium
concentration in the ileal digesta, N feed represents the nutrient concentration in the feed, and N
digesta is the nutrient concentration in the ileal digesta.

Intestinal Morphology

After being fixed in 10% formalin, two sections of mid-jejunum were placed in cassettes
that were reserved with 70% of ethanol solution. The samples were sent to the North Carolina State
University Histology Laboratory (Raleigh, NC). Then, the samples were dehydrated, embedded in
paraffin, cut cross-section to 5 pum thick, and mounted on polylysine-coated slides. Slides were
stained using hematoxylin and eosin dyes for morphology measurements. Villus height, villus
width, and crypt depth were measured using a microscope Olympus CX31 (Lumenera Corporation,
Ottawa, Ontario, Canada) with a camera Infinity 2-2 digital CCD. Lengths of 10 well-oriented
intact villi and their associated crypts were measured in each slide at magnification 40x. The villi
length was measured from the top of the villi to the villi-crypt junction, the villi width measured in
the middle of the villi, and the crypt depth was measured from the villi-crypt junction to the bottom

of the crypt. Then, the VH:CD was calculated. The averages of the 10 measurements were
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calculated and reported as one number per cage. The averages of the 10 measurements per pig were
used one unit for statistical analysis. All analyses of the intestinal morphology were executed by the
same person, as previously described (Shen et al., 2014).
Bone Parameters

The bone breaking strength of the tibias was analyzed right after collection and was tested
by using an axial servo-hydraulic load frame (858 Mini Bionix II, MTS Systems Inc., Minneapolis,
MN). The instrument measures Newton (N) of force required to break the tibias placed on 2
supports spaced 2.0 cm apart when force was applied to the center of the bone by an instrument
moving at 30 mm/min. The breaking strength was measured by a pressure-sensitive cell and
recorded on a graph recorder in Newton’s (N). After the bone breaking strength assay the fat was
removed from the bones using pure petroleum ether (Official Method 932.16, AOAC, 2006). Fat-
extracted tibias were then dried for 24 h and subsequently ashed at 600°C for 24 h. Ashed samples
were analyzed for the concentration of P by spectrophotometry (Official Method 946.06, AOAC,
2006) and Ca by flame atomic absorption spectroscopy (Official Method 968.08, AOAC, 2006).
Statistical Analysis

Data were analyzed based on a completely randomized design using the MIXED
procedure of the SAS 9.4 software (SAS Inc., Cary, NC). The cage was considered the
experimental unit as birds were fed together with a single feeder in cages. Linear and quadratic
effects of phytase supplementation were tested by polynomial contrasts. Coefficients for unequally
spaced concentrations of supplemental phytase were obtained using the IML procedure. For the
growth performance, AID of nutrients, intestinal morphology, oxidative stress status, and bone

parameters data, pre-planned contrasts were established to compare supplementation ranges of
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phytase, the positive and negative control treatments (NC vs. 0, 0 vs. Phy, 0 vs. 1,000 to 4,000
FTU/kg feed and 0 vs. 2,000 to 4,000 FTU/kg feed).

When significant or tendency effects were found among contrasts, the data were further
analyzed using the NLMIXED procedure to determine the breaking point for obtaining the optimal
phytase supplemental level, as previously described (Robbins et al., 2006; Jang et al., 2021). The
NC treatment was not included in the bro-ken-line analysis. The predictor was set by multiplying
the phytase inclusion (FTU/kg feed) with the ADFI (0.062 kg/d) to account for the feed
consumption of the animals through the experimental period. After the breakpoint was found, it was
converted back from FTU/d to FTU/kg feed by dividing with the ADFI (0.062 kg/d). For the
broken-line model, the P-value of each parameter indicates if the changes in the parameters are
associated with the changes in the response.

For the data analysis of relative abundance and diversity of mucosa-associated microbiota,
contrasts were established to compare the supplementation of phytase (NC vs. 0, 0 vs. 2,000, NC
vs. 2,000), based on Lee et al. (2016) and Lee et al. (2017). Statistical differences were considered
significant with P < 0.05 and tendency with 0.05 < P < 0.10.

4.4. Results
Growth Performance

The growth performance was not affected when the NC and the PC treatments were
compared during the overall experimental period (Table 2). However, increasing supplementation
of phytase tended to have a quadratic effect on the ADG on the periods fromd 7 to d 27
(maximum: 51 g/d at 2,625 FTU/kg of feed) (P = 0.058) and from d 1 to d 27 (maximum: 41 g/d at
2,833 FTU/kg of feed) (P = 0.078). The ADFI and G:F were not affected by the supplementation of

phytase.
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Relative Abundance and Diversity of the Mucosa-Associated Microbiota in Jejunum

Phytase supplementation at 2,000 FTU/Kkg feed increased (P < 0.05) and tended to increase
(P = 0.091) the alpha diversity of the mucosa-associated microbiota in jejunum at family and genus
level estimated with the Chaol index, respectively when compared with the PC treatment (Table 3).
No differences were observed between treatments on the other alpha-diversity indexes. At the
phylum level (Table 4), no differences in the relative abundance of the mucosa-associated
microbiota in the jejunum were observed between the treatments.

At the family level (Table 5), it was observed a tendency for PC treatment to increase the
relative abundance of Helicobacteraceae (P = 0.054) when compared with NC treatment.
Furthermore, it was observed that phytase supplementation at 2,000 FTU/kg of feed tended to
reduce the relative abundance of Propionibacteriaceae (P = 0.078) and Helicobacteraceae (P =
0.055) when compared with the PC treatment. Phytase supplementation at 2,000 FTU/kg feed
tended to decrease (P = 0.095) the relative abundance of Enterobacteriaceae when compared with
the NC treatment.

At the genus level (Table 6), it was observed a tendency for PC to increase the relative
abundance of Staphylococcus (P = 0.084) and Helicobacter (P = 0.085) when compared with NC
treatment. Phytase supplementation at 2000 FTU/kg feed tended to increase (P = 0.099) the relative
abundance of Lactobacillus when compared with the PC treatment. Moreover, phytase
supplementation at 2,000 FTU/kg feed decreased (P < 0.05) the relative abundance of Pelomonas
and tended to decrease the relative abundance of Microbacterium (P = 0.080) and
Methylobacterium (P = 0.065) when compared with the PC treatment. In the same way, phytase

supplementation at 2,000 FTU/kg feed tended to reduce the relative abundance of Pseudomonas (P
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=0.090), Methylobacterium (P = 0.092), and Sphingomonas (P = 0.071) when compared with the
NC treatment.

At the species level (Table 7), phytase supplementation at 2,000 FTU/kg of feed decreased
(P < 0.05) the relative abundance of Microbacterium_ginsengisoli when compared with the NC
treatment and tended to decrease (P = 0.068) the relative abundance of the same specie when
compared with PC treatment. Phytase supplementation at 2,000 FTU/kg feed increased (P < 0.05)
the relative abundance of Pelomonas_puraquae and tended to increase the relative abundance of
Lactobacillus_vaginalis (P = 0.054), Lactobacillus_reuteri (P = 0.097), and
Acinetobacter_johnsonii (P = 0.084) when compared with the PC treatment. Moreover, PC
treatment decreased (P < 0.05) the relative abundance of Lactobacillus_vaginalis and tended to
decrease (P = 0.083) the relative abundance of Lactobacillus_reuteri. Furthermore, PC treatment
tended to reduce the relative abundance of Helicobacter_mastomyrinus (P = 0.094) and
Clostridium_perfringens (P = 0.065).
Oxidative Stress Parameters

The oxidative stress parameters of broiler chickens were not affected by the phytase
supplementation (Table 8).
Apparent lleal Digestibility

The supplementation of increasing levels of phytase increased (P < 0.05) the AID of CP
and P when compared with PC treatment (Table 9). Moreover, the birds fed with NC increased (P <
0.05) the AID of DM and tended to increase (P = 0.092) the AID of P when compared with PC
treatment. Phytase supplementation at a range from 1,000 to 4,000 and from 2,000 to 4,000 FTU/kg
feed increased (P < 0.05) the AID of CP when compared with the PC treatment. Phytase

supplementation at a range from 1,000 to 4,000 tended to increase the AID of P (P = 0.086) and
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DM (P = 0.088) when compared with PC treatment. Furthermore, phytase supplementation at a
range from 2,000 to 4,000 FTU/kg feed increased (P < 0.05) the AID of CP and tended (P = 0.070)
to increase the AID of P when compared with PC treatment. The broken line analysis on the AID of
DM of broiler chickens with different phytase supplemental levels indicated that the optimal
phytase supplemental level is 54 FTU/d or 872 FTU/kg of feed (Figure 1). The broken line analysis
on the AID of CP of broiler chickens with different phytase supplemental levels indicated that the
optimal phytase supplemental level is 38 FTU/d or 614 FTU/kg of feed (Figure 2). The broken line
analysis on the AID of P of broiler chickens with different phytase supplemental levels indicated
that the optimal phytase supplemental level is 59 FTU/d or 952 FTU/kg of feed (Figure 3).
Bone Parameters

The bone-breaking strength of birds fed with NC was higher (P < 0.05) than birds fed with
PC (Table 11). The bone-breaking strength of broiler chickens supplemented with phytase tended to
linearly increase (P = 0.073) and to have a quadratic effect (P = 0.096) (maximum: 217.3 N at
2,713 FTU/kg of feed). The % of ashes of the animals fed with NC tended (P = 0.093) to be higher
when compared with animals fed with PC. Moreover, the tibia P content was higher (P < 0.05) on
animals fed with NC when compared with animals fed with PC. Phytase supplementation at a range
from 1,000 to 4,000 and from 2,000 to 4,000 FTU/kg feed increased (P < 0.05) the bone breaking
strength, ash per gram of tibia, ash, and P content when compared with the PC treatment.
4.5. Discussion

Phytase supplementation for broiler diets has been associated with improvements in
growth performance, nutrient digestibility, bone parameters, and its efficacy has been established
with a large number of studies over time (Adeola and Walk, 2013; Sommerfeld et al., 2018; Lu et

al., 2019; Lu et al., 2020a). Recently, the study of the mucosa-associated microbiota in the jejunum
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has gained more attention due to the relevance for the metabolism of nutrients, stimulation of
immune response, protection from pathogens, and stimulation of epithelium cell proliferation of the
animals (Mach et al., 2015; Mancabelli et al., 2016). Modulation of the microbiota towards a
healthier profile may reflect improvements in the health and productive performance of
monogastric animals (Ptak et al., 2015; Borda-Molina et al., 2016; Duarte and Kim, 2021; Moita et
al., 2021). The microbiota composition can vary among species and sections of the organism, for
example, the chicken’s intestinal microbiota is composed of more than 900 species (Stanley et al.,
2014; Borda-Molina et al., 2016).

In the present study, the mucosa-associated microbiota in the jejunum was mainly
composed of four phyla with Firmicutes, Proteobacteria, Cyanobacteria, and Actinobacteria
accounting for more than 85% of the total mucosa-associated microbiota in the jejunum. The
intestinal microbiota can play an essential role in nutrient digestibility, hydrolysis of antinutritional
factors and toxins, decrease in pathogens, stimulation, and modulation of the immune system and
metabolism (Zhu et al., 2002; Borda-Molina et al., 2016). The solubility and stability of phytate-
mineral complexes are both pH dependents (Maenz et al., 1999; Selle et al., 2000; Tamim et al.,
2004), and most of these complexes are soluble at a low pH lower than 4 and insoluble between a
pH 4 and 7 (Tamim et al., 2004). The formation of phytate-mineral complexes can impact phytase
efficacy (Tamim et al., 2004; Selle and Ravindran, 2007). A low solubility may have an impact on
phytate P digestibility and availability because is directly influenced by the hydrolysis of the
phytate-mineral complexes (Selle et al., 2000; Tamim et al., 2004) and because the pH of the
broilers' small intestinal is between 5.5 and 6.6, it can favor the formation of these complexes

(Shafey et al., 1991; Tamim et al., 2004).
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Mineral cations such as Zn?*, Fe?*, Mn?*, Fe3*, Ca?*, and Mg?* have different properties
regarding the formation and hydrolysis of phytate-mineral complexes (Maenz et al., 1999).
According to Maenz et al. (1999), zinc and iron have been reported with higher affinity and Ca and
magnesium with lower affinity with the phytate molecule. Even though Ca ions have a low affinity
with the phytate molecule, it may cause a greater impact on the hydrolysis of the phytate molecule
because traditionally in poultry diets, Ca is a mineral added in a high concentration. Different
authors attributed the negative effects of a high Ca supplementation on the hydrolysis of the phytate
molecule due to a combination of factors (Tamim et al., 2004; Adeola and Walk, 2013). It may be
due to the precipitation of phytate by Ca through Ca-phytate-complex formation (Maenz et al.,
1999; Tamim et al., 2004) or by an increase in the intestinal pH caused by the supplementation of
Ca which will lead to a reduction of the mineral solubility and consequently availability (Shafey et
al., 1991; Tamim et al., 2004). A high supplementation of Ca can alter the physical and chemical
properties of the digesta in the gastrointestinal tract (Tamim et al., 2004; Adeola and Walk, 2013).
Shafey et al. (1991) found that by increasing Ca, the pH of the digesta in the crop and ileum was
increased, although alterations on the digesta pH may reflect different shifts in the microbiota
population.

A lower pH in the small intestine may provide a bacteriostatic effect, which is positive for
intestinal integrity and the characteristics of the microbiota population by reducing the occurrence
of pathogenic bacteria such as Enterobacteriaceae and Helicobacteraceae, and increasing
beneficial bacteria, such as lactic acid bacteria populations (Perry, 2006; Ptak et al., 2015). These
findings are in agreement with the results of the present study, where phytase supplementation
tended to reduce the relative abundance of Enterobacteriaceae and Helicobacteraceae and to

increase the relative abundance of Lactobacillus. Also, it tended to reduce the relative abundance of
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Pelomonas, Microbacterium, Pseudomonas, Methylobacterium, and Sphingomonas. Furthermore,
phytase supplementation tended to increase the relative abundance of Lactobacillus reuteri, which
is a gram-positive lactic acid bacterium that can play a role as a probiotic for different species (Mu
et al., 2018; Nii et al., 2020). Different associated benefits were reported with a high abundance of
this bacteria, such as the production of antimicrobial components (organic acids, ethanol, and
reuterin) that can lead to inhibition of the colonization of pathogenic microbes and remodeling the
commensal microbiota composition (Spinler et al., 2008; Hou et al., 2015; Mu et al., 2018).
Additionally, it can strengthen the intestinal barrier and may decrease the microbial translocation
from the gut lumen to the tissues (Su et al., 2017; Mu et al., 2018). However, it is important to keep
in mind that different diet compositions can affect and interact with different microbial
communities throughout the different parts of the digestive tract of the birds, which can primarily
account for a large variation among the replicates (Borda-Molina et al., 2016).

A low microbial diversity can be associated with diets containing high levels of Ca and
may lead to a decrease in the growth performance (Borda-Molina et al., 2016) and the energy value
of the diet (Driver et al., 2005). The bacterial growth can be affected by different Ca levels in a
wide range of factors such as, by reducing acidic fermentation and precipitation of cytotoxic
components in the intestinal lumen (Ten Bruggencate, 2004; Ptak et al., 2015), by increasing gastric
acid secretion (Floor et al., 1991; Ptak et al., 2015), and by reducing pathogenic adhesion to the
intestinal mucosal walls (Geesey et al., 2000; Larsen et al., 2007; Ptak et al., 2015). In the present
study, we found that phytase supplementation increased the alpha diversity of the mucosa-
associated microbiota in the jejunum at the family level and tended to increase at the genus level
estimated with the Chaol index. Therefore, it may correlate the microbiota results and a positive

effect of the phytase supplementation observed on the overall ADG of the birds. Furthermore, the
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insoluble complexes formed with Ca with phytate (Angel et al., 2002; Borda-Molina et al., 2016)
will interact in the intestinal lumen with inorganic P resulting in the formation of Ca-
orthophosphate (Plumstead et al., 2008; Borda-Molina et al., 2016), which can lead to a decrease in
the productive performance of the birds due to the decreased solubility and availability of the P
(Hamdi et al., 2015; Borda-Molina et al., 2016). The positive effects of phytase supplementation for
broiler chickens are well established and are considered as an alternative for reducing the use of
inorganic P, reducing P excretion in the environment, improving nutrient digestibility and
utilization, and the growth performance (Dilger et al., 2004; Onyango et al., 2005; McCormick et
al., 2017; Babatunde et al., 2019).

The primary established role of phytase was to increase the bioavailability and utilization
of phytate-bound P, nevertheless, it may also provide new insights into the antinutritional properties
of phytate. The intestinal jejunal morphology parameters, such as villus height (VH), villus width
(VW), crypt depth (CD), and villus height crypt depth ratio (VH:CD), can be interpreted as
indicatives of intestinal health in broiler chickens (Nari et al., 2020) since the intestinal jejunum is
considered the main site of absorption in the small intestine (Nourmohammadi and Afzali, 2012).
According to Nari et al. (2020), an increase in the villus height and VH:CD are linked to an
enhanced epithelial cells turnover, and improvements on these parameters are correlated with
activation of cell mitosis (Sen et al., 2012) and greater nutrient absorption and utilization. Birds
with longer villi may be an indicator of a greater absorptive capacity and mature enterocytes in the
lumen (Xu et al., 2003; Paiva et al., 2014), whereas birds with higher crypt depth may represent a
high cell turnover, which can be considered a response to epithelial destruction and inflammation

(Morris et al., 2004; Paiva et al., 2014).
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In the present study, phytase supplementation increased the VH and VW of broiler
chickens, which are in agreement with other studies that reported positive effects of phytase on the
intestinal morphology parameters (Smulikowska et al., 2010; Nari et al., 2020). The increased VH
and CD may also be related to the positive modulation of the mucosa-associated microbiota
observed in the present study. On the other hand, the intestinal morphology data of crypt depth
indicated that a higher supplementation might have deleterious effects on the intestinal
morphology, however, it might be indirectly correlated with the health status and wellbeing of the
birds, as previously described by (Paiva et al., 2014). Supplementing phytase exogenously will
express their positive effects regardless of the bird's health status, although when a bird is not
healthy their ability to digest and absorb nutrients will be compromised and consequently nutrients
released by phytase will be available for pathogenic bacteria leading to issues on the microbial
population of the small intestine (Jackson et al., 2003; Choct, 2009; Paiva et al., 2014). The
intestinal morphology results of the present study may be an indicator of greater capacity of
digestion, absorption, and utilization of nutrients by the birds supplemented with increasing levels
of phytase.

Phytase supplementation is also involved with protein and amino acid digestion and
availability for the animal due to the formation of protein-phytate complexes. The pH can be
determinant for the formation of those complexes, which was first reported by Breese Jones and
Csonka (1925) and had adverse effects for monogastric animals studied by Rojas and Scott (1969).
According to Ravindran et al. (2000), binary protein phytate-complexes are present at acidic pH,
and ternary protein mineral phytate-complexes are formed via a cationic bridge as pH approaches
neutrality. In theory, the hydrolysis of phytate will release phytate-bound proteins and P for animal

utilization (Ravindran et al., 2000; Selle et al., 2000). Phytase is capable of increasing the
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utilization of dietary amino acids and N by decreasing these antinutritional effects of the phytate
molecule (Selle et al., 2000). In addition, a reduction in the dietary Ca may im-prove the protein
and amino acid digestibility and utilization by facilitating a decrease in gastric pH and consequently
improving the pepsin efficiency (Walk et al., 2012; Ptak et al., 2015). The results of the present
study are in agreement with these findings, where the AID of CP and P increased. Moreover, it was
found by broken-line analysis that the optimal supplemental levels of phytase for improving AID of
CP, DM, and P are 33, 54, and 59 FTU/d or 541, 885, and 952 FTU/kg feed, respectively.

During the preparation of enzymes, usually, the microorganisms used are genetically
modified, generating enzymatic side activities by the presence of other enzymes, such as proteases,
in their structure (Selle et al., 2000). Based on the findings of Ravindran et al. (2000), any
enzymatic side activities present in the phytase structure are secondary, nevertheless, they may
increase the hydrolysis of the phytate molecule, either by their own phosphoric effects or by
improving the accessibility of phytase to its substrate.

Furthermore, phytase supplementation also shows potential benefits regarding bone
parameters, such as the breaking strength, minerals, and ash content for monogastric animals,
especially broiler chickens (Dilger et al., 2004; Adeola et al., 2006; Cowieson et al., 2011; Adeola
and Walk, 2013; Hamdi et al., 2015; Cowieson et al., 2016). According to Sebastian et al. (1996),
the improvement of the ash percentage in the tibia may indicate an increase in bone mineralization
consequent to an increase in mineral availability released by phytase from the phytate-mineral
complexes. The results of the present study showed that the bone breaking strength, ash, and P
content of the bone increased, whereas the Ca content numerically increased in broiler chickens
supplemented with increasing levels of phytase. Increasing the mineral content of the bone,

especially P content, may reflect a greater breaking strength indicating that phytase plays an
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important role in bone mineralization. These positive effects can be attributed to the efficacy of
phytase in hydrolyzing the phytate molecule and consequently releasing more P and other nutrients
bound to the phytate complexes.

Supplemental phytase can provide benefits that go beyond improving nutrient digestibility,
bone parameters, and growth performance. In this study, the supplementation of increasing levels of
phytase played an important role in the intestinal health of broiler chickens by potentially reducing
pathogenic and increasing beneficial bacteria, which in turn may be reflected by benefits to nutrient
digestibility, intestinal morphology, and bone parameters. The supplementation of phytase may be
an interesting alternative for improving intestinal health and subsequent performance of broiler
chickens.

In conclusion, phytase supplementation showed potential benefits on the modulation of the
mucosa-associated microbiota in the jejunum by tending to reduce harmful bacteria (Pelomonas,
Helicobacter, and Pseudomonas) and in-crease beneficial bacteria (Lactobacillus). In addition, it
showed positive effects increasing apparent ileal digestibility of CP and P, enhancing intestinal
morphology (villus height), and improving the bone parameters (bone breaking strength, ash, and P
content). Phytase supplementation at a range of 38 to 59 FTU/d or 600 to 950 FTU/kg of feed

provided the most benefits related to nutrient digestibility.
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Table 1. Composition of experimental diets* (as-fed basis)

It Treatment
em NC PC
Feedstuffs, %
Corn, yellow dent 53.91 55.05
Soybean meal, 48% CP 34.00 34.00
Corn DDGS? 4.00 4.00
Poultry meal 2.00 2.00
Dicalcium phosphate 2.00 1.02
Poultry fat 1.40 1.00
Limestone, ground 0.77 1.03
Titanium dioxide 0.40 0.40
DL-Met 0.32 0.31
Salt 0.30 0.30
L-Lys HCI 0.24 0.24
Choline, 60% 0.20 0.20
Mineral premix3 0.15 0.15
Selenium premix 0.10 0.10
L-Thr 0.08 0.07
Phytase premix* 0.08 0.08
Vitamin premix® 0.05 0.05
Calculated composition
MES®, kcal/kg 3,000 3,000
CP’, % 23.00 23.00
Digestible Lys, % 1.28 1.28
Digestible Met + Cys, % 0.95 0.95
Ca8, % 0.96 0.81
P® available, % 0.48 0.33
P total, % 0.82 0.65
Analyzed composition
DM %0 % 88.4+04 88404
CP, % 23.2+0.3 23.3+04
Ca, % 1.08 +0.02 0.90 £0.10
Phytate!!, % 0.32+0.01 0.37£0.02
Total P, % 0.86 £ 0.02 0.67 £0.01

INC: no phytase, diet meeting nutrient requirements by Ross Nutrient Specification (2019); PC: no
phytase, diet with Ca and P levels 0.15% lower than Ross Nutrient Specification (2019) requirements.
2DDGS: corn distillers dried grains with soluble.

3The trace mineral premix provided per kilogram of complete diet: 33 mg of Mn as manganous oxide,
110 mg of Fe as ferrous sulfate, 110 mg of Zn as zinc sulfate, 16.5 mg of Cu as copper sulfate, 0.30
mg of | as ethylenediamine di-hydroiodide, and 0.30 mg of Se, as sodium selenite.

“*Phytase enzyme mixed with corn.

The vitamin premix provided per kilogram of complete diet: 6614 1U of vitamin A as vitamin A
acetate, 992 IU of vitamin D3, 19.8 IU of vitamin E, 2.64 mg of vitamin K as menadione sodium
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bisulfate, 0.03 mg of vitamin B12, 4.63 mg of riboflavin, 18.52 mg of D-pantothenic acid as calcium
panthonate, 24.96 mg of niacin, and 0.07 mg of biotin.

®Metabolizable energy.

Crude protein.

8Calcium.

Phosphorus.

1°Dry matter.

Uphytate analysis was performed using the Megazyme kit K-PHYT 05/19 (Megazyme, Bray
Business Park, Bray, Co. Wicklow, A98 YV29, Ireland).
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Table 2. Growth performance of broiler chickens fed diets with and without phytase

supplementation

Phytase, FTU/kg Feed P value
ltem . 0 vs. 0 vs.
NC! 0?2 500 1,000 2,000 4,000 SEM Linear Quad.>NC vs. 0 1000to 2000 to
4000 4000
BW, g
dl 44 44 44 44 44 44 2 0639 0943 0.731 0.863 0.842
d7 128 126 128 131 129 126 4  0.693 0.695 0.720 0.583 0.782
di4 325 329 339 321 331 332 8 0964 0925 0.710 0.866 0.853
d21 700 689 703 678 712 714 16 0.572 0.258 0.622 0.507 0.226
d27 1,155 1,121 1,111 1,095 1,167 1,128 36 0.615 0.116 0.514 0.827 0.554
ADG, g/d
dltod7 121 115 116 126 121 116 0.6 0437 0.635 0539 0.318 0.554
d7tod14 282 299 30.1 272 300 294 1.0 0.665 0415 0.216 0.354 0.861
dl4tod21 52.7 49.7 52.0 50.1 528 528 1.6 0.641 0.271 0.203 0.242 0.127
d2ltod27 739 649 650 673 726 668 4.6 0.618 0.182 0.191 0.460 0.404
d7tod27 511 49.2 488 48.0 524 498 1.7 0.382 0.058 0.431 0.678 0.374
Overall 41.1 39.7 393 389 422 401 13 0.352 0.078 0.485 0.670 0.393
ADFI, g/d
dlitod7 16.1 153 165 16.6 16.3 16.0 0.8 0533 0541 0557 0.284 0.398
d7tod14 502 516 541 521 529 509 23 0564 0545 0.664 0.905 0.929
dl4tod21 809 80.2 78.8 80.7 821 810 25 0.547 0.606 0.848 0.706 0.653
d21ltod27 116.1 111.2 109.5116.3 1179 112.2 4.3 0.359 0.549 0.432 0.400 0.471
d7tod27 819 826 80.2 80.1 853 813 31 0434 0319 0.871 0.919 0.855
Overall 61.8 62.2 60.6 60.7 645 615 24 0405 0.344 0.907 0.998 0.788
G:F
dltod7 0.78 0.77 0.72 0.76 0.75 0.73 0.03 0.889 0.796 0.762 0.506 0.424
d7tod14 056 058 057 052 058 058 0.03 0975 0.302 0.677 0.576 0.979
dl4tod21 0.65 0.62 0.66 0.62 0.65 0.66 0.02 0.964 0.540 0.305 0.407 0.261
d21tod27 0.64 059 060 058 0.61 059 0.04 0.724 0.350 0.404 0.977 0.874
d7tod27 0.63 060 0.61 0.61 0.61 0.61 0.02 0.947 0.548 0.355 0.607 0.566
Overall 0.67 0.64 0.65 0.65 0.65 0.65 0.02 0.959 0.573 0.393 0.647 0.620

INegative control.
2Positive control.
3Quadratic.
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Table 3. Alpha diversity of the mucosa-associated microbiota in the jejunum at the family and
genus level of broiler chickens fed diets with and without phytase supplementation

ltemn Phytase, FTU/kg Feed P value
NC! 0? 2,000 SEM NCvs.0 0vs.2,000 NCvs. 2,000
Family
Chaol 60.50 50.32 67.51 5.46 0.182 0.040 0.371
Shannon 3.48 3.33 341 0.46 0.821 0.914 0.915
Simpson 0.78 0.75 0.81 0.09 0.846 0.640 0.776
Genus
Chaol 68.16 50.57 70.16 7.62 0.109 0.091 0.855
Shannon 3.38 3.09 3.16 0.53 0.684 0.921 0.772
Simpson 0.73 0.70 0.77 0.11 0.802 0.641 0.819

INegative control.
2positive control.
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Table 4. Relative abundance of the mucosa-associated microbiota in the jejunum at the phylum
level of broiler chickens fed diets with and without phytase supplementation

ltemn Phytase, FTU/kg Feed P value
NC?! 02 2,000 SEM NCvs.0 0vs. 2,000 NCvs. 2,000

Firmicutes 46.13 59.51 48.69 11.15 0.389 0.504 0.873
Proteobacteria  24.67 24.93 19.53 6.99 0.978 0.594 0.611
Cyanobacteria  16.47 8.67 15.91 6.78 0.409 0.778 0.290
Actinobacteria  12.03 6.40 10.34 3.25 0.221 0.407 0.719
Bacteroidetes 0.63 0.35 4.25 1.76 0.907 0.140 0.168
Others 0.84 0.16 0.52 0.35 0.178 0.491 0.528
F:B? 76.01 149.82 54.56 55.75 0.342 0.262 0.793

!Negative control.
%positive control.
3Firmicutes to Bacteroidetes ratio.
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Table 5. Relative abundance of the mucosa-associated microbiota in the jejunum at the family level
of broiler chickens fed diets with and without phytase supplementation

ltemn Phytase, FTU/kg Feed P value
NC?! 02 2,000 SEM NCvs.00vs. 2,000 NC vs. 2,000

Lactobacillaceae 27.61 9.71 27.31 9.80 0.216 0.224 0.982
Nostocaceae 15.20 5.34 6.13 5.93 0.258 0.926 0.296
Propionibacteriaceae 6.58 8.10 1.85 2.34  0.651 0.078 0.173
Comamonadaceae 4.98 3.31 5.82 195 0.554 0.377 0.765
Clostridiaceae 4.93 11.29 4.92 2.67 0113 0.112 0.996
Moraxellaceae 4.64 1.36 1.78 160 0.168 0.856 0.225
Ruminococcaceae 4.35 9.88 10.09 4,71 0.420 0.975 0.403
Lachnospiraceae 3.32 8.29 5.05 293 0.250 0.448 0.683
Enterobacteriaceae  2.38 1.86 1.40 0.54 0.580 0.844 0.095
Microbacteriaceae 2.20 1.06 1.47 0.68 0.257 0.684 0.457
Rhodobacteraceae 2.14 1.60 1.10 0.64 0.567 0.593 0.276
Pseudomonadaceae  1.47 0.53 1.15 0.61  0.298 0.487 0.719
Sphingomonadaceae 1.40 0.55 1.20 0.46  0.209 0.336 0.755
Phormidiaceae 1.24 1.32 0.71 0.45 0.902 0.359 0.424
Helicobacteraceae 0.05 8.93 0.11 3.01 0.054 0.055 0.986
Prevotellaceae 0.05 2.91 0.02 147 0.176 0.172 0.988
Others 17.43 23.83 29.81 9.54 0.642 0.680 0.385

INegative control.
2positive control.
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Table 6. Relative abundance of the mucosa-associated microbiota in the jejunum at the genus level
of broiler chickens fed diets with and without phytase supplementation

ltemn Phytase, FTU/kg Feed P value
NC? 0? 2,000  SEM NCwvs.00vs. 2,000 NCvs. 2,000

Lactobacillus 29.21 20.81 47.14 1144 0.595 0.099 0.313
Propionibacterium 9.19 4.65 12.63 3.37 0.334 0.116 0.483
Pelomonas 6.52 10.01 2.64 2.38 0.296 0.046 0.268
Clostridium 4.86 10.38 8.43 3.35 0.242 0.688 0.464
Faecalibacterium 4.03 12.70 8.96 558 0.268 0.643 0.542
Acinetobacter 3.04 1.18 1.59 1.06 0.215 0.788 0.352
Microbacterium 2.73 3.03 0.66 0.88 0.809 0.080 0.121
Pseudomonas 2.32 2.02 0.31 0.78 0.782 0.143 0.090
Methylobacterium 1.42 1.54 0.27 0.44 0.843 0.065 0.092
Sphingomonas 1.14 1.03 0.19 0.34 0.811 0.107 0.071
Enhydrobacter 1.08 0.50 0.06 042 0.334 0.482 0.116
Staphylococcus 1.03 0.31 0.99 0.28 0.084 0.117 0.922
Streptococcus 0.87 1.08 0.47 0.53 0.786 0.441 0.605
Corynebacterium 0.87 0.42 0.45 0.24 0.201 0.921 0.258
Stomatobaculum 0.76 1.03 0.66 0.68 0.773 0.711 0.922
Cupriavidus 0.57 0.85 0.27 0.27 0.455 0.153 0.450
Ruminococcus 0.46 0.97 1.78 0.61 0.545 0.366 0.149
Blautia 0.30 0.87 1.33 0.47 0.382 0.500 0.143
Butyricicoccus 0.25 0.42 1.13 041 0.768 0.250 0.159
Helicobacter 0.19 10.67 0.88 419 0.085 0.121 0.908
Prevotella 0.16 0.05 3.46 153 0.957 0.138 0.151
Mycoplasma 0.01 0.29 0.14 0.18 0.282 0.565 0.640
Others 15.88 14.08 11.62 3.65 0.720 0.513 0.325

INegative control.
2positive control.
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Table 7. Relative abundance of the mucosa-associated microbiota in the jejunum at the species
level of broiler chickens fed diets with and without phytase supplementation

Phytase, FTU/kg Feed P value

Item 1 9 0 vs. NC vs.

NC 0 2,000 SEM NCwvs.0 2,000 2,000
Propionibacterium_acnes 21.28 9.38 18.56 6.19 0.154 0.315 0.761
Faecalibacterium_prausnitzii 10.97  17.38 15.95 8.28 0.553 0.905 0.679
Pelomonas_puraquae 9.74 14.70 4.42 2.85 0194 0.024 0.212
Lactobacillus_vaginalis 8.55 0.30 7.74 247 0.021 0.054 0.821
Microbacterium_ginsengisoli ~ 4.25 3.87 1.00 1.01 0.766 0.068 0.041
Lactobacillus_crispatus 3.06 0.37 4.67 2.23 0.358 0.196 0.618
Lactobacillus_reuteri 2.90 0.11 3.09 1.17 0.083 0.097 0.914
Pelomonas_aquatica 2.78 2.63 1.31 0.65 0.864 0.176 0.137
Enhydrobacter_aerosaccus 2.50 1.21 0.17 1.06 0.354 0.500 0.144
Acinetobacter_johnsonii 1.47 0.22 2.15 0.72 0.199 0.084 0.521
Arthrobacter_russicus 0.86 0.79 0.10 0.32 0.864 0.158 0.122
Clostridium_sp. 0.75 2.23 1.76 1.09 0.305 0.766 0.526
Cupriavidus_necator 0.71 1.04 0.68 0.35 0.476 0.487 0.954
Clostridium_spiroforme 0.71 1.10 0.47 0.62 0.709 0.547 0.786
Ruminococcus_torques 0.66 0.64 7.99 3.03 0.99 0.112 0.113
Clostridium_lactatifermentans 0.58 1.30 0.16 0.79 0.491 0.333 0.716
Butyricicoccus_pullicaecorum 050  0.38 1.84 0.60 0.881 0.110 0.138
Helicobacter _mastomyrinus 0.49 8.94 0.14 3.68 0.094 0.117 0.947
Enterococcus_cecorum 0.37 0.95 0.71 042 0.303 0.692 0.589
Clostridium_perfringens 0.19 2.72 1.52 041 0.065 0.410 0.360
Others 26.70 29.83 29.56 8.62 0.777 0.982 0.817

INegative control.
2Positive control.
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Table 8. Oxidative stress parameters of broiler chickens fed diets with and without phytase
supplementation

Phytase, FTU/kg Feed P value
Item 1 2 0 vs. NC vs.
NC 0 2,000 SEM NCwvs.0 2,000 2,000

MDAS3, umol/g of protein ~ 0.145  0.186 0.146 0.022 0.224 0.232 0.981
PC* nmol/mg of protein 2,222  2.497 2410 0.148 0.210 0.685 0.385

!Negative control.
2Positive control.
3Malondialdehyde.
*Protein carbonyl.

207



Table 9. Apparent ileal digestibility of DM, CP, Ca, and P of broiler chickens fed diets with and without phytase supplementation

Phytase, FTU/kg Feed P value
Iltem _ 0 vs. 0 vs.
NC? 0? 500 1,000 2,000 4,000 SEM Linear Quad.? NCvs.0 1,000to 2,000 to

4,000 4,000
DM*, % 54.1 51.3 522 54.0 52.0 53.4 0.9 0.605 0.776 0.046 0.088 0.218
CP®, % 67.8 65.4 69.7 70.6 69.5 70.0 1.4 0.129 0.187 0.244 0.008 0.018
ca®, % 51.4 45.9 50.1 50.1 50.6 52.3 3.5 0.745 0.832 0.262 0.204 0.196
P’, % 42.1 36.6 39.6 400 40.1 43.7 2.3 0.941 0.607 0.092 0.086 0.070

!Negative control.
2Positive control.
3Quadratic.

*Dry matter.
°Crude protein.
éCalcium.
"Phosphorus.
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Table 10. Jejunal morphology of broiler chickens fed diets with and without phytase supplementation

Phytase, FTU/kg Feed P value
Item . NC vs. Ovs. 0vs.
NC? 0? 500 1,000 2,000 4,000 SEM Linear Quad.? 0 1,000to 2,000 to

4,000 4,000
Villus height, pm 916 884 875 917 989 977 24 0.004 0.102 0.364 0.010 0.002
Villus width, um 121 120 116 125 129 132 3 0.006 0.367 0.661 0.014 0.007
Crypt depth, um 166 162 157 159 170 170 4 0.220 0.023 0.392 0.265 0.071
VH:CD* 55 55 5.6 5.8 5.8 5.8 0.2 0.193 0.695 0.892 0.214 0.253

!Negative control.

2Positive control.

3Quadratic.

*Villus height to crypt depth ratio.
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Table 11. Bone parameters of broiler chickens fed diets with and without phytase supplementation

Phytase, FTU/kg Feed P value
Iltem _ 0 vs. 0 vs.
NC! 0? 500 1,000 2,000 4,000 SEM  Linear Quad.> NCvs.0 1,000 to 2,000 to

4,000 4,000

BBS* N 214 184 200 212 214 213 10 0.073 0.096 0.036 0.014 0.019
Tibia weight, g 4.0 4.3 4.4 4.1 4.0 4.3 0.2 0444 0445 0404 0476 0.505
Ash, % 35.6 34.2 35.1 35.5 35.3 36.0 06 0670 0942 0.093 0.039 0.045
Ca°, % of ash 19.8 19.1 19.4 19.2 19.5 19.4 0.3 0869 0318 0.156 0.488 0.423
P®, % of ash 10.. 95 10.0 9.9 10.0 9.9 0.1 0646 0417 0.012 0.036 0.034
Ash, gltibia 8.4 8.2 8.9 8.8 8.5 9.8 0.3 0703 0.111 0.763 0.015 0.007
Ca, g/tibia 0.8 0.8 1.0 0.8 0.8 0.8 0.1 035 0667 0615 0.996 0.912
P, g/tibia 0.4 0.4 0.5 0.4 0.4 0.4 0.1 035 0562 0.699 0.950 0.959

!Negative control.
2Positive control.
3Quadratic.

*Bone breaking strength.
SCalcium.

®Phosphorus.
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Figure 1. Changes in the AID of DM with supplementation of phytase using a broken-line analysis.
The NC treatment was not included in this model. The breakpoint was 54 FTU/d of feed of phytase
supplementation when the AID of DM was 53%. The equation for AID of DM was Y = 53-0.03488
x zl; if phytase supplementation is > breakpoint, then z; =0; if phytase supplementation is <
breakpoint, then zI = breakpoint-phytase intake. Values for phytase activity were based on the
analyzed values. P value for the intercept was <0.05, for the slope was <0.05 and for the breaking
point was <0.05 (confidence interval 95%: 54.01 to 54.55; SE: 0.13). The breakpoint was converted
from 54 FTU/d to 871 FTU/Kkg feed by dividing with the overall average feed intake (0.062 kg/d).
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Figure 2. Changes in the AID of CP with supplementation of phytase using a broken-line analysis.
The NC treatment was not included in this model. The breakpoint was 38 FTU/d of phytase
supplementation when the AID of CP was 70%. The equation for AID of CP was Y = 70-0.1249 x
zl; if phytase supplementation is >break point, then z; = 0; if phytase supplementation is <
breakpoint, then zI = breakpoint-phytase intake. Values for phytase activity were based on the
analyzed values. The P value for the intercept was <0.05, for the slope was 0.058 and for the
breaking point was 0.021 (confidence interval 95%: 6.10 to 70.31; SE: 15.72). The breakpoint was
converted from 54 FTU/d to 871 FTU/kg feed by dividing with the overall average feed intake
(0.062 kg/d).
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Figure 3. Changes in the AID of P with supplementation of phytase using a broken-line analysis.
The NC treatment was not included in this model. The breakpoint was 59 FTU/d of phytase
supplementation when AID of P was 42%. The equation for AID of P was Y = 42-0.08318 x zl; if
phytase supplementation is > breakpoint, then z; = 0; if phytase supplementation is < breakpoint,
then zl = breakpoint-phytase intake. Values for phytase activity were based on the analyzed values.
The P value for the intercept was <0.05, for the slope was 0.077 and for the breaking point was
<0.05 (confidence interval 95%: 58.55 to 60.59; SE: 0.14). The breakpoint was converted from 59
FTU/d to 952 FTU/kg feed by dividing with the overall average feed intake (0.062 kg/d).
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CHAPTER 5

FUNCTIONAL ROLES OF XYLANASE ENHANCING INTESTINAL HEALTH AND
GROWTH PERFORMANCE OF NURSERY PIGS BY REDUCING THE DIGESTA
VISCOSITY AND MODULATING THE MUCOSA-ASSOCIATED MICROBIOTA IN THE

JEJUNUM

This chapter has been published in Journal of Animal Science 2022

doi: doi.org/10.1093/jas/skac116
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5.1. Abstract

This study was conducted to investigate the functional roles of an endo-B-1,4-xylanase on the
intestinal health and growth performance of nursery pigs. Sixty pigs (at 21 d old, 6.9 £ 0.8 kg BW)
were allotted based on a randomized complete block design with sex and initial BW as blocks.
Dietary treatments had nutrients meeting the requirements with increasing levels of endo-p-1,4-
xylanase [0, 220, 440, 880, 1,760 xylanase unit (XU)/kg feed] and fed to pigs in three phases (phase
1/2/3 for 10/14/14 d, respectively). Titanium dioxide (0.4%) was added to the phase 3 diets as an
indigestible marker. On d 38, all pigs were euthanized to collect ileal digesta to measure apparent
ileal digestibility (AID), jejunal digesta to measure viscosity, and jejunal mucosa to evaluate
intestinal health. Data were analyzed using the MIXED procedure for polynomial contrasts and the
NLMIXED procedure for broken line analysis of SAS. Increasing xylanase in the nursery diets
reduced (linear, P < 0.05) the digesta viscosity in the jejunum. Increasing xylanase tended to reduce
the relative abundance of Cupriavidus (P = 0.073) and Megasphaera (P = 0.063); tended to
increase the relative abundance of Succinivibrio (P = 0.076) and Pseudomonas (P = 0.060); and had
a quadratic effect (P < 0.05) on the relative abundance of Acinetobacter (maximum: 2.01% at 867
XU/kg feed). Xylanase inclusion from 0 to 1,087 XU/kg feed reduced (P < 0.05) jejunal
malondialdehyde (MDA). Xylanase inclusion from 0 to 1,475 XU/kg feed increased (P < 0.05) the
AID of neutral detergent fiber (NDF). Increasing xylanase increased (P < 0.05) the AID of ether
extract (EE) and tended to increase (P = 0.058) the AID of crude protein (CP). Increasing xylanase
did not affect growth performance throughout the entire period, whereas xylanase from 0 to 736
XU/kg feed increased (P < 0.05) ADG during d 31 to 38. In conclusion, xylanase supplementation
showed benefits to intestinal health by reducing digesta viscosity, the relative abundance of

potentially harmful bacteria, and the oxidative stress in the jejunal mucosa, collectively enhancing
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intestinal morphology and the AID of nutrients. Xylanase supplementation at a range of 750 to
1,500 XU/kg feed provided benefits associated with reduced oxidative stress, increased nutrient
digestibility, resulting in potential improvement on growth performance of nursery pigs by

increasing the ADFI and moderately improving the ADG throughout the last week feeding.

Key words: Apparent ileal digestibility, intestinal health, nursery pigs, oxidative stress, viscosity,

xylanase.
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5.2. Introduction

There are different challenges relative to the early weaning process that can impact the
subsequent performance of pigs, such as nutritional, environmental, and physiological adaptions
(Campbell et al., 2013; Moeser et al., 2019). Upon weaning, pigs start to consume feed including
plant-based feedstuffs that contain antinutritional factors, such as allergenic proteins, non-starch
polysaccharides (NSP), flatulence producing compounds, and phytate (Kim et al., 2003; Taliercio
and Kim, 2013; Humer et al., 2015).

The cereal grains and by-products used in pig diets can be classified into viscous and non-
viscous regarding the amounts and structure of soluble NSP in their composition and their impacts
on the physical-chemical properties of digesta (Choct, 2006; Choct, 2015). The most common
soluble NSP found in corn-soy based pig diets are xylan and arabinoxylan, present in corn and
distillers dried grains with soluble (DDGS) (Choct, 2015; Baker et al., 2021), and xyloglucan
present in soybean meal (Irish and Balnave, 1993; Bach Knudsen, 2014). The amount of NSP
present iin DDGS accounts for approximately 33%, with xylans being the primary NSP component
(Pedersen et al., 2014). Moreover, during ethanol production, the structure of xylans in corn is
affected in multiple manufacturing steps increasing the solubility resulting in increased negative
impacts on digesta viscosity and nutrient digestibility (Pedersen et al., 2014).

High amounts of soluble NSP can contribute to the increase of digesta viscosity and
bulkiness due to its water holding capacity that also affects the passage rate (Tervila-Wilo et al.,
1996; O’Neill et al., 2012; Passos et al., 2015; Chen et al., 2020). On the other hand, the insoluble
NSP has been described affecting intestinal mobility and digesta transit time by acting as a barrier
for other endogenous digestive enzymes, such as amylases and proteases (Choct, 2006; Choct,

2015).
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Xylanase is classified as a carbohydrase enzyme that is capable of hydrolyzing the xylan
structure in feedstuffs. Important benefits have been reported in the improvement of growth
performance, intestinal health, and nutrient digestibility related with the supplementation of
xylanase in pig diets (Passos et al., 2015; Tiwari et al., 2018; Duarte et al., 2019; Chen et al., 2020).
The supplementation of xylanase contributes to the depolymerization of the xylan structure into
shorter chains and to the breaking down of the cell wall matrix (Choct, 2015; Petry and Patience,
2020; Baker et al., 2021). As a result, it favors the reduction of digesta viscosity and aids in the
release of entrapped nutrients by facilitating the access of digestive enzymes to their substrates
within the short feed transit time to improve nutrient digestibility (de Lange et al., 2010; Kiarie et
al., 2013; Tiwari et al., 2018).

The use of xylanase in pig diets may provide benefits that go beyond the reduction of
antinutritional factors associated with the presence of xylans and improving nutrient digestibility
and growth performance. Xylanase may also play functional roles on the intestinal health by
reducing the digesta viscosity that in turn will generate forms of more fermentable NSP-released
compounds, such as xylooligosaccharides, that can positively impact the relative abundance and
diversity of the intestinal microbiota (de Lange et al., 2010; Jha and Berrocoso, 2015; Duarte et al.,
2020; Baker et al., 2021). A positive modulation of the intestinal microbiota is directly associated
with the intestinal health, wellbeing, and subsequent performance of the pigs throughout their
productive life (Duarte and Kim, 2021).

It was therefore, hypothesized that supplemental xylanase could play functional roles on
the intestinal health and growth performance of nursery pigs by decreasing the digesta viscosity in
the small intestine and modulating the mucosa-associated microbiota in the jejunum. This study

was conducted to evaluate the functional roles of endo-B-1,4-xylanase on the intestinal health and
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growth performance of nursery pigs possibly by reducing the digesta viscosity in the small intestine
and positively modulating the mucosa-associated microbiota in the jejunum.
5.3. Materials and Methods

The experimental protocol was approved by the Institutional Animal Care and Use
Committee of North Carolina State University.
Animals, Design, and Diets

The experiment was conducted at the Metabolism Educational Unit at North Carolina State
University (Raleigh, NC). Sixty newly weaned pigs at 21 d of age (30 barrows and 30 gilts) with an
initial BW of 6.9 = 0.8 kg were allotted to 5 dietary treatments based on a randomized complete
block design with initial BW and sex as blocks. The dietary treatments were a basal diet formulated
meeting nutrient requirements of the NRC (2012) and the basal diet supplemented with increasing
levels [0, 220, 440, 880, and 1,760 xylanase unit (XU)/kg feed] of an endo-B-1,4-xylanase (GH10)
(CJ BIO, Seoul, South Korea). The genetic information of xylanase originated from Orpinomysis
PC2 and the enzyme was produced by Trichoderma reesei. It has no other declared enzyme
activities in the composition and is insensitive to Triticum aestivum xylanase inhibitor (TAXI) and
xylanase inhibitor protein (XIP). Pure xylanase was premixed with corn and added in the basal diets
as shown in Table 1. The calculated and analyzed enzyme activities in the tested mixtures are
shown in Table 2. One unit of xylanase activity is defined as the amount of enzyme required to
release one UM of 4-nitrophenol from the XyIX6 substrate in one minute at 40°C in 100 mM
sodium phosphate buffer, pH 6.0, and is termed a xylanase unit (XU).

Pigs were housed individually in a pen and had free access to feeds and water. Individual
housing was essential to quantify the impact of the main effect on response parameters (Wishart,

1939; Shen et al., 2012; Passos et al., 2015). The experimental period was 38 d, which was divided
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into 3 dietary phases: phase 1 (d 1 to d 10), phase 2 (d 11 to d 24), and phase 3 (d 25 to d 38). The
dietary phases were established according to the BW of the pigs. The BW and feed intake were
recorded at the end of each week to calculate the average BW, ADG, ADFI, and G:F as indicators
of growth performance. In phase 3, titanium dioxide (0.4%) was added in the diets as an
indigestible external marker to further determine the apparent ileal digestibility (AID) of nutrients.
Sample Collection and Processing

After 38 d of feeding, all the pigs were euthanized to remove the gastrointestinal tract to
collect digesta from mid-jejunum (3 m after the pyloric duodenal junction; Cheng et al., 2021) to
measure viscosity; mucosa from mid-jejunum to characterize microbiota composition,
inflammatory, and oxidative stress parameters; mid-jejunal tissues to measure morphology and
crypt cell proliferation; and ileal digesta (a portion of 30 cm prior to the ileocecal valve) to measure
the AID of nutrients. Digesta from mid-jejunum was collected into falcon tubes (50 mL), placed on
ice, and immediately carried to the lab to measure viscosity. Mucosal samples from mid-jejunum
were scraped, placed into 2 mL tubes, and later stored at -80°C (after snap-freezing in liquid
nitrogen, immediately after collection) for the microbiome, inflammatory, and oxidative stress
analysis. Sections (5 cm) of the mid-jejunum were taken, flushed with a 0.9% saline solution, and
placed into 50 mL tubes with 40 mL of 10% neutral buffered formalin to be fixed for further
microscopic assessment of jejunal morphology. For measuring the AID of dry matter (DM), crude
protein (CP), ether extract (EE), neutral detergent fiber (NDF), acid detergent fiber (ADF) and
gross energy (GE) the ileal digesta was collected into 150 mL containers and placed on ice, and
then stored at -20°C for further analysis. The sample collection procedures were performed as

previously described (Duarte et al., 2019).
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One gram of frozen jejunal mucosa was taken with 2 mL phosphate-buffered saline solution
(PBS) into 5 mL polypropylene tubes. Mucosa samples were ground 30 s on ice using a tissue
homogenizer (ThermoFisher Scientific, Waltham, MA) and transferred to new 2 mL
microcentrifuge tubes for centrifugation for 15 min at 14,000 x g. The supernatant was collected
into 8 sets of 0.5 mL polypropylene tubes and stored at -80°C for further analysis. The sample
preparation procedures for analysis were performed as previously described (Cheng et al., 2021).
Digesta Viscosity

Following the procedure by Passos et al. (2015) and Duarte et al. (2019), digesta collected
from the mid-jejunum was divided into 2 tubes (15 mL) and centrifuged at 1,000 x g for 10 min at
4°C to obtain the liquid phase. The supernatant of each tube was collected into 2 mL tubes and
centrifuged at 10,000 x g at 4°C for 10 min. The supernatant obtained was transferred to another 2
mL tube and kept on ice for further assessment of viscosity. The amount of 0.5 mL of digesta
supernatant was placed in the viscometer (Brookfield Digital Viscometer, Model DV-II Version
2.0, Brookfield Engineering Laboratories Inc., Stoughton, MA) set at 25°C. The viscosity
measurement was the average between 45.0/s and 22.5/s shear rates, and the viscosity values were
recorded as apparent viscosity in millipascal-seconds (mPa.s).
Relative Abundance and Diversity of the Mucosa-Associated Microbiota in Jejunum

The DNA was extracted from jejunal mucosa samples for microbiome analysis, as
previously described by Duarte et al. (2020). The QIAamp Fast DNA Stool Mini kit (#51604,
Qiagen; Germantown, MD) was used to perform the DNA extraction. Samples of extracted DNA
were sent to Mako Medical Laboratories (Raleigh, NC) for microbial sequencing using the 16S
rRNA technique. The samples were prepared for template using the lon Chef instrument and

sequencing was performed on the lon S5 system (ThermoFisher Scientific). The lon 16S
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Metagenomics Kit 113 (ThermoFisher Scientific) was used to amplify variable regions V2, V3, V4,
V6, V7, V8, and V9 of the 16S rRNA gene. To produce raw unaligned sequence data files of the
relative abundance, sequences were processed using the Torrent Suite Software (version 5.2.2)
(ThermoFisher Scientific). The lon Reporter Software Suite (version 5.2.2) of bioinformatics
analysis tools (ThermoFisher Scientific) was used to perform the sequence data analysis, alignment
to GreenGenes and MicroSeq databases, alpha and beta diversity plot generation, and the
operational taxonomic unit (OTU) table generation. The Ion Reporter’s Metagenomics 16S
workflow powered by QIIME (version wl.1) was used to analyze the samples. The relative
abundance for phylum, family, species, and genus were calculated based on the OTU data as
previously described (Kim et al., 2019). The “Others” were considered representing the combined
OTU with a relative abundance < 1%.
Inflammatory and Oxidative Stress Parameters

The concentrations of total protein, tumor necrosis factor alpha (TNF-a), interleukin 8 (IL-
8), malondialdehyde (MDA), and protein carbonyl (PC), were measured by the colorimetric method
using commercially available kits according to instructions of the manufacturers. The absorbance
was read using an ELISA plate reader (Synergy HT, BioTek Instruments, Winooski, VT) and
software (Gen5 Data Analysis Software, BioTek Instruments, Winooski, VT). Mucosa samples
were diluted (1:40) in working range of 0 to 2,000 ug/mL for the measurement of total protein
using Pierce BCA Protein Assay Kit (#23225, ThermoFisher Scientific). The amount of 25 pg/mL
of each sample and standard was pipetted into a microplate well. The BCA working reagent (200
ug/mL) was added to each well and incubated at 37°C for 30 min. Then, the absorbance was

measured at 562 nm. The concentration was calculated based on the standard curve created from
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the concentration and absorbance of the respective standard and further used to normalize the
concentration of other parameters.

The TNF-o was measured following Porcine TNF-a. Immunoassay Kit (#PTA00, R&D
Systems; Minneapolis, MN). The working range of standards was 0 to 1,500 pg/mL and the
absorbance was read at 450 nm and 550 nm. The concentration of TNF-a was calculated based on
the standard curve created from concentration and absorbance of the respective standard and
described as pg/mg protein, as previously described (Chaytor et al., 2011). The IL-8 was measured
following Porcine IL-8/CXCL8 Immunoassay Kit (#P8000, R&D Systems). For this analysis,
mucosa samples were diluted (1:20) in a work range of 0 to 4,000 pg/mL and the absorbance was
read at 450 nm and 550 nm. The concentration of IL-8 was calculated based on the standard curve
created from concentration and absorbance of the respective standard and described as ng/mg
protein, as previously described (Duarte et al., 2020).

Malondialdehyde was measured following OxiSelect TBARS MDA Quantitation Assay Kit
(#STA-330, Cell Biolabs, San Diego, CA). The concentration range of MDA standards was 0 to
125 uM. The absorbance was measured at 540 nm. The concentration of MDA was calculated
based on the standard curve created from concentration and absorbance of the respective standard
and described as nmol/mg of protein, as previously described (Zhao et al., 2014).

Protein carbonyl was measured following OxiSelect Protein Carbonyl ELISA Kit (#STA-
310, Cell Biolabs). All samples were diluted using PBS to reach the protein concentration of 10
ng/mL. The working range of the standards was 0 to 7.5 nmol/mg protein. The absorbance was
measured at 540 nm. The concentration of protein carbonyl was calculated based on the standard
curve created from concentration and absorbance of the respective standard and described as

nmol/mg of protein, as previously described (Zhao et al., 2013).
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Apparently Ileal Digestibility

The frozen ileal digesta samples were dried by the freeze dryer (24D x 48, Virtis, Gardiner,
NY). Dried digesta and feed samples were ground to fine powder form and stored in plastic
containers for further analysis. Titanium dioxide concentration in the feed and digesta was
measured as previously described (Chen et al., 2017; Moita et al., 2021b). The working range of the
standards were 0 to 10 mg of titanium dioxide. Samples were weighed around 0.5 g onto a tarred
weighing paper and then placed into 75 mL digestion tubes. One Kjeltab tablet (Fisher Scientific,
Hampton, NH) and 5 pieces of selenized boiling granules were added to each digestion tube to
prevent explosive vaporization. After adding 10 mL of concentrated H2SO4 (sulfuric acid), all
digestion tubes were vortexed immediately. Then the tubes were heated for 2.5 h at 420°C under a
fume hood. When tubes became cool after 30 min at room temperature, 2 mL of 30% H20>
(hydrogen peroxide) was added to each tube 4 times and were vortexed until yellow to orange color
appeared. Deionized water was added until it reached the volumetric mark and then the tubes were
covered and gently mixed. After that, 200 uL from the tubes were pipetted to a 96 well plate, which
was read immediately at 410 nm. Titanium dioxide values were calculated based on the standard
curve created from concentration and absorbance of the respective standards.

The feed and digesta samples were weighed around 0.5 g to analyze the nitrogen content
using TruSpec N Nitrogen Determinator (LECO CN-2000, LECO Corp., St. Joseph, MI) to later
obtain the CP (6.25 x N). Furthermore, feed and digesta samples were weighed for determining DM
(Method 934.01, AOAC, 2006), ADF (Method 973.18, AOAC, 2016), NDF (Van Soest et al.,
1991), and EE (Method 2003.06, AOAC, 2006). The AID of DM, CP, EE, NDF, and ADF were
calculated using the following equation as previously described (Chen et al., 2017):

AID (%) =100 x {1 — [(TiO feed/TiO2 digesta) x (N digesta/N feed)]}
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where TiO> feed represents the titanium concentration in the feed, TiO> digesta is the titanium
concentration in the ileal digesta, N feed represents the nutrient concentration in the feed, and N
digesta is the nutrient concentration in the ileal digesta.
Intestinal Morphology and Crypt Cell Proliferation

After being fixed in 10% formalin, two sections of mid-jejunum were placed in cassettes
that were reserved with 70% of ethanol solution. The samples were sent to the North Carolina State
University Histology Laboratory (Raleigh, NC). Then, the samples were dehydrated, embedded in
paraffin, cut into cross-sections 5 um thick, and mounted on polylysine-coated slides. Slides were
stained using hematoxylin and eosin dyes for morphology measurements, and Ki-67
immunohistochemistry assay to detect Ki-67 positive cells to total cells in the crypt (%). Villus
height, villus width, and crypt depth were measured using a microscope Olympus CX31 (Lumenera
Corporation, Ottawa, Ontario, Canada) with a camera Infinity 2-2 digital CCD. Lengths of 10 well-
oriented intact villi and their associated crypts were measured in each slide at magnification 40x.
The villi length was measured from the top of the villi to the villi-crypt junction, the villi width
measured in the middle of the villi, and the crypt depth was measured from the villi-crypt junction
to the bottom of the crypt. Then, the VH:CD was calculated. Images of 10 intact crypts from each
slide, taken at magnification 100x were cropped and used for determining the enterocyte
proliferation rate by analyzing the percentage of Ki-67 positive cells using the ImageJS software
(Jang and Kim, 2019; Jang et al., 2020). The averages of the 10 measurements per pig were
calculated and reported as one number per pig. The averages of the 10 measurements per pig were
used one unit for statistical analysis. All analyses of the intestinal morphology were executed by the

same person, as previously described (Shen et al., 2014).

225



Statistical Analysis

The data were analyzed based on a randomized complete block design by the SAS 9.4
software (SAS Inc., Cary, NC). Dietary treatments were considered fixed effects and the initial BW
and sex blocks were considered random effects. Each treatment had 12 replicates (n = 12; and 3
body weight blocks within sex). The experimental unit was the pig, individually housed and fed.
The analyses of relative abundance and diversity of mucosa-associated microbiota in the jejunum,
growth performance, nutrient digestibility, intestinal morphology, and immune and oxidative
markers were performed using the MIXED procedure. The linear and quadratic effects of
increasing levels of xylanase were tested by polynomial contrasts. Pre-planned contrasts were made
to evaluate the effects of the dietary inclusion of xylanase compared with no inclusion (0 vs. Xyl).

When significant or tendency effects were found, the data were further analyzed using the
NLMIXED procedure to determine the break point to obtain the optimal xylanase supplemental
level, as previously described (Shen et al., 2012; Moita et al., 2021a). The predictor was set by
multiplying the xylanase inclusion (XU/kg feed) with the ADFI (0.598 kg/d) to account for the feed
consumption of the animals through the experimental period (XU/d). After the break point was
found, it was converted back from XU/d to XU/kg feed by dividing with the ADFI (0.598 kg/d).
For the broken-line model, the P value of each parameter indicates if the changes in the parameters

are associated with the changes in the response. Statistical differences were considered significant

with P < 0.05 and tendency with 0.05 < P < 0.10.

5.4. Results

Growth Performance

Increasing levels of xylanase in the diet of nursery pigs did not affect the BW and G:F

during the experimental period (Table 3). Additionally, increasing levels of xylanase tended to
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increase (P = 0.057) the ADG from d 31 to 38. Increasing levels of xylanase tended to increase (P =
0.057) the ADFI from d 25 to 31 and increased (P < 0.05) the ADFI from d 31 to 38. Xylanase
supplementation tended to reduce (P = 0.053) the BW of pigs at d 10, decreased (P < 0.05) the
ADG and tended (P = 0.070) to decrease the ADFI from d 1 to 10 when compared to the diet
without xylanase supplementation (0 vs. Xyl). Conversely, xylanase supplementation increased (P
< 0.05) the ADG and ADFI from d 31 to 38 and increased when compared to the diet without
xylanase supplementation (0 vs. Xyl). Additionally, xylanase supplementation increased (P < 0.05)
the G:F from d 11 to 24 when compared with the diet without xylanase supplementation (0 vs.
Xyl). The broken line analysis on the ADG from d 31 to d 38 in pigs fed diets with different
xylanase supplemental levels indicated that the optimal xylanase level is 440 XU/d or 736 XU/kg
feed (Figure 1).
Digesta Viscosity

Increasing levels of xylanase in the diets of nursery pigs reduced (P < 0.05) the viscosity of
jejunal digesta (Figure 2).
Relative Abundance and Diversity of the Mucosa-Associated Microbiota in Jejunum

At the phylum level (Table 4), increasing levels of xylanase in the diet of nursery pigs did
not affect the relative abundance of Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and
Others (combined phyla with relative abundance lower than 1%) in jejunal mucosa of nursery pigs.
At the family level (Table 5), increasing levels of xylanase affected (quadratic; P < 0.05) the
relative abundance of Moraxellaceae (maximum: 2.51% at 825 XU/kg feed) and tended to increase
(P =0.096) the relative abundance of Succinivibrionaceae. Xylanase supplementation tended to

decrease (P = 0.058) the relative abundance of Halomonadaceae and reduced (P < 0.05) the
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relative abundance of Micrococcaceae when compared to the diet without xylanase
supplementation (0 vs. Xyl).

At the genus level (Table 6), increasing levels of xylanase tended to decrease the relative
abundance of Cupriavidus (P = 0.073) and Megasphaera (P = 0.063). Increasing levels of xylanase
tended to increase the relative abundance of Succinivibrio (P = 0.076) and Pseudomonas (P =
0.060). Moreover, increasing levels xylanase affected (quadratic; P < 0.05) the relative abundance
of Acinetobacter (maximum: 2.01% at 867 XU/kg feed), whereas xylanase supplementation
decreased (P < 0.05) the relative abundance of Cupriavidus, Megasphaera, and Arthrobacter when
compared to the diet without xylanase supplementation (0 vs. Xyl).

At the species level (Table 7), increasing levels of xylanase decreased (P < 0.05) the
relative abundance of Cupriavidus necator, increased (P < 0.05) the relative abundance of Massilia
indica and tended to increase (P = 0.055) the relative abundance of Telluria mixta. Increasing levels
of xylanase affected (quadratic; P < 0.05) the relative abundance of Cupriavidus necator
(minimum: 0.29% at 1,250 XU/kg feed), Campylobacter coli (maximum: 1.54% at 925 XU/kg
feed) and tended to affect the relative abundance of Succinivibrio dextrinosolvens (quadratic; P =
0.086) (maximum: 1.98% at 900 XU/kg feed) and Acinetobacter johnsonii (quadratic; P = 0.096)
(maximum: 1.35% at 950 XU/kg feed). Furthermore, xylanase supplementation tended to reduce
the relative abundance of Microbacterium ginsengisoli (P = 0.098) and Campylobacter upsaliensis
(P =0.051) and reduced (P < 0.05) the relative abundance of Cupriavidus necator when compared
to the diet without xylanase supplementation (0 vs. Xyl).

The alpha diversity of jejunal mucosa-associated microbiota estimated with Chaol richness,
Shannon diversity, and Simpson diversity at family and genus level was not affected by dietary

xylanase supplementation (Table 8).
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Inflammatory and Oxidative Stress Parameters

Increasing levels of xylanase did not affect the immune status parameters in the jejunal
mucosa of nursery pigs (Table 9). However, increasing levels of xylanase in the diet of nursery pigs
tended to affect (quadratic; P = 0.059) the concentration of protein carbonyl, whereas the xylanase
supplementation reduced (P < 0.05) the concentration of protein carbonyl in the jejunal mucosa
when compared with diet without xylanase supplementation (0 vs. Xyl). Additionally, increasing
levels of xylanase reduced (P < 0.05) the concentration of MDA in jejunal mucosa of nursery pigs.
The broken line analysis on the MDA concentration in pigs fed diets with increasing levels of
xylanase indicated that the optimal xylanase level is 650 XU/d or 1,087 XU/kg feed (Figure 3).
Apparent lleal Digestibility

Increasing levels of xylanase tended to increase (P = 0.058) the AID of CP and increased (P
< 0.05) the AID of EE and NDF (Table 10). The xylanase supplementation did not affect the AID
of DM and ADF. The broken line analysis on the AID of NDF in pigs fed diets with increasing
levels of xylanase indicated that the optimal xylanase level is 882 XU/d or 1,475 XU/kg feed
(Figure 4).
Intestinal Morphology and Crypt Cell Morphology

Xylanase supplementation tended to increase (P = 0.073) the villus height when compared
to the diet without xylanase supplementation (0 vs. Xyl) (Table 11). Increasing levels of xylanase
tended to affect (quadratic; P = 0.060) (maximum: 109 um at 922 XU/kg feed) the villus width in
the jejunum of pigs. However, xylanase supplementation did not affect crypt depth or the ratio of

Ki-67 positive cells.
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5.5. Discussion

In this study, the supplementation of increasing dietary levels of xylanase reduced the
jejunal digesta viscosity of nursery pigs. The effectiveness of xylanase in reducing the digesta
viscosity has been reported by different authors and illustrates the reduction of the negative impacts
of the xylan associated with digesta viscosity, microbiota composition, immune response, oxidative
stress status, nutrient digestibility, and intestinal morphology (Duarte et al., 2019; Chen et al., 2020;
Petry et al., 2021). The viscosity of digesta can be affected by the presence of considerable amounts
of soluble NSP in most plant-based feedstuffs, such as xylan, arabinoxylan, xyloglucans, B-glucans,
and others (Tiwari et al., 2018; Baker et al., 2021). These structures cannot be degraded by
endogenous enzymes secreted by pigs and may pass through the gastrointestinal tract completely
undigested (Qi et al., 2018; Baker et al., 2021). Cereal grains typically used in pig diets can contain
high levels of soluble NSP (Choct, 2015; Baker et al., 2021). Corn and DDGS that are usually
present in typical nursery diets have been reported to present high levels of NSP in their
composition (Choct, 2015). The DDGS may present a higher NSP content due to the ethanol
manufacturing process, where there is an increase in the solubility of xylose and arabinose leading
to negative effects associated with digesta viscosity and nutrient digestibility (Pedersen et al.,
2014). The negative effects of the soluble NSP, especially xylans, on digesta viscosity can be
related to the chemical structure and molecular weight of the specific polysaccharide rather than
linkage type and sugar composition (Choct, 2015; Baker et al., 2021). Xylans can increase the
digesta viscosity leading to a reduction in the enzymatic activity resulting in a decreased
digestibility of dietary components such as gross energy, DM, CP, amino acids, and minerals
(Gutierrez et al., 2014; Jaworski et al., 2015; Baker et al., 2021). In addition, they possess greater

swelling and water-holding capacity and solubility that will result in increased viscosity of the
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digesta and can also increase the passage rate and digesta bulk (Tervila-Wilo et al., 1996; O’Neill et
al., 2012; Duarte et al., 2019). An increase in the digesta bulk may cause a distention on the wall of
the digestive tract that can lead to an increase in the secretion of cholecystokinin, a hormone that
plays a role in satiety and stimulating pancreatic secretions (McDonald et al., 2011; Duarte et al.,
2019). This could increase the endogenous losses and lead to negative effects on the intestinal
health and growth performance (Agyekum and Nyachoti, 2017).

The increased digesta viscosity can also exert an effect on the modulation of the mucosa-
associated microbiota in the jejunum by potentially increasing the presence of pathogens, such as
Escherichia coli and Clostridium perfringens (Annett et al., 2002; Hopwood and Hampson, 2003).
The hydrolysis of xylan by xylanase may play an important role in the modulation of the
gastrointestinal physiology and microbiota by providing forms of more fermentable NSP-released
compounds, such as xylooligosaccharides (Baker et al., 2021; Duarte and Kim, 2021; Petry et al.,
2021). The microbiota can be affected by dietary components at different taxonomic levels (Duarte
and Kim, 2021). In this study, xylanase supplementation affected the microbiota at lower levels
(genus and specie) to a greater extent than the family level and had no effect at the phylum level,
which may be partially explained by the products released by xylanase that selectively modulate the
microbiota (Baker et al., 2021; Petry et al., 2021). Additionally, the supplementation of xylanase
reduced the relative abundance of Cupriavidus necator and tended to increase the abundance of
Succinivibrio and Pseudomonas. It was reported in human studies that a low abundance of
Succinivibrio is correlated with gastrointestinal disorders and loss of intestinal integrity in the colon
(Hespell, 1992). Moreover, Succinivibrio has been reported to degrade cellulose and hemicellulose
(Pu et al., 2020). Although Pseudomonas belongs to Proteobacteria phylum, its ability to adapt for

degrade fiber has been previously reported (Guo et al., 2018). The results reported in this study may
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indicate a change in the jejunal environment and substrates toward a healthier microbiome as a
consequence of the positive effects observed in the nutrients digestibility and reduced viscosity.
Therefore, the release of xylooligosaccharides and the improved nutrient digestibility by xylanase
supplementation may benefit the growth of fiber-degrading bacteria, and competitively reducing the
growth of protein-degrading bacteria (Zhang et al., 2018; Duarte and Kim, 2021; Duarte et al.,
2021; Petry et al., 2021).

When enzyme activity is discussed, it is important to remember that enzyme activity is
correlated and determined by the presence of the specific substrates that this enzyme will target
under optimal conditions such as temperature and pH. In this study, the inclusion of feedstuffs
containing soluble NSP, such as corn and DDGS, were increased throughout the nutritional phases,
which may result in a higher efficacy of xylanase, as the animals started to consume more soluble
NSP present in feedstuffs (Petry et al., 2020). The results of the present study showed that xylanase
supplementation moderately improved the growth performance by increasing the ADFI and tending
to increase the ADG during the last week of the study. This may indicate a high efficacy of
xylanase during this period due the presence of higher levels of soluble NSP and an adaptation
period longer than 14 days of xylanase feeding (Petry et al., 2020). In addition, it was found by
broken-line analysis that the optimal supplemental level of xylanase for maximal ADG from d 31 to
d 38 was 440 XU/d or 736 XU/kg feed based on corn, soybean meal, and corn DDGS. The
supplementation of xylanase will increase the hydrolysis of xylans and arabinoxylans (Duarte et al.,
2019; Chen et al., 2020; Baker et al., 2021) that could result in the release of xylooligosaccharides.
These compounds can exert positive effects by acting as prebiotics and leading to improvements in

growth performance and nutrient digestibility (McDonald et al., 2001; Baker et al., 2021).
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According to Duarte et al. (2021), the reduction of digesta viscosity and the release of
entrapped nutrients may increase the interaction of endogenous enzymes and their substrates,
favoring the digestion and absorption of nutrients in the intestinal tract. In the present study, an
increase in the AID of CP was observed, which indicates that it can be related with the decrease in
the digesta viscosity leading to a reduced endogenous protein loss and a greater capacity of NSP
degrading enzymes to release nutrients from the cells through the gastrointestinal tract.
Additionally, it was reported that NSP enzymes, such as B-glucanase and xylanase, can increase
pepsin activity in the gastric mucosa and y-glutamy| transpeptidase and disaccharidases in jejunal
and ileal mucosa of nursery pigs fed a barley-based diets (Fan et al., 2009). The microbiota
population in the small intestine has the ability to ferment proteins, although to a lesser extent (Dai
et al., 2010; Davila et al., 2013; Duarte and Kim, 2021). The increased protein digestibility may
have reduced the substrate for protein fermenting bacteria in the small intestine. These findings
agree with the results of the present study, where it was observed a tendency to increase on the
relative abundance of Succinivibrio and a decrease in the relative abundance of Cupriavidus
necator in the jejunal mucosa, which may have exerted a positive effect on protein utilization.

The enhancement of the intestinal environment may also positively impacted the nutrient
digestibility leading to potential benefits associated with growth performance (Duarte et al., 2019;
Chen et al., 2020; Duarte et al., 2021). In this study, it was observed that xylanase supplementation
increased the AID of NDF, which is in agreement with Passos et al. (2015) and Chen et al. (2020),
where it was also observed a positive effect of xylanase on the AID of NDF. A possible mechanism
may be through the modulation of the mucosa-associated microbiota. The supplementation of
xylanase can generate compounds such as oligosaccharides, xylooligosaccharides and

arabinoxylooligosaccharides (Baker et al., 2021). These compounds can serve as fermentable
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substrates for specific bacterial species to help in their proliferation that in turn, will start to secrete
their own fiber degrading enzymes (Duarte et al., 2021) resulting in increased AID of NDF.

The increase in the relative abundance of Succinivibrio, which can be classified as a semi-
cellulose bacterium, observed in the present study may provide positive effects by improving the
fiber degradation which may be reflected in an increase in the AID of NDF (Hespell, 1992). In
addition, it was found by broken-line analysis that the optimal supplemental level of xylanase for
improving AID of NDF was 882 XU/d or 1,475 XU/kg feed based on corn, soybean meal, and corn
DDGS. Furthermore, it was observed in this study an increase in the AID of EE. It is important to
remember that pigs improve their ability to emulsify, digest, and absorb lipids and fatty acids as
they grow (Diebold et al., 2004). In this context, viscosity may also have an impact on AID of EE.
When the viscosity is high, there will be less interaction between the hydrophobic lipids and their
emulsifiers, such as the bile salts (Costa et al., 2019). Since a reduction in the digesta viscosity was
observed in the present study, this may partially explain the improvements observed with the AID
of EE. Additionally, fat sources can play a role in the modulation of the microbiota (Yang et al.,
2020). Some microorganisms are considered lipolytic bacteria, which means that they use
hydrolysates such as glycerol and fatty acids to produce energy for epithelial cells (de Wit et al.,
2012). Therefore, a positive modulation of the microbiota population and an increase in the relative
abundance of lipolytic bacteria may also explain the benefits observed in the AID of EE.

Even though a potential improvement in growth performance and a reduced digesta
viscosity of nursery pigs supplemented with xylanase were observed in the present study, no
differences were observed on the inflammatory parameters from the jejunal mucosa. The results of
the present study are in accordance with Duarte et al. (2019), where the authors also did not report

any differences in the inflammatory parameters in the jejunal mucosa of the pigs. On the other
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hand, it was observed in the present study that xylanase supplementation affected the oxidative
stress by reducing the concentration of MDA and PC on the jejunal mucosa. The MDA and PC are
products of lipid peroxidation and protein oxidation, respectively. The results of the present study
are in agreement with Duarte et al. (2019) and Petry et al. (2020), whereas Tiwari et al. (2018) did
not find any impact associated with the oxidative stress.

The mechanism that xylanase modulates the oxidative stress status and improves
antioxidant capacity remains unclear. According to Petry et al. (2020), a potential mechanism may
be due to an increase in the bioavailability of phenolic compounds derived from the arabinoxylan
structure. According to the same authors the corn arabinoxylan structure may comprise different
phenolic compounds such as caffeic acid, sinapic acid and ferulic acid. Phenolic compounds, such
as ferulic acid, are considered potent antioxidants (Ogiwara et al., 2002; Wang et al., 2020) and
have antimicrobial properties (Borges et al., 2013) that can impact the microbiota population by
reducing the relative abundance of enterotoxigenic E. coli K88 and F18™ in pig feces (Arzola-
Alvarez et al., 2020). Ferulic acid was shown to have correlations to oxidative stress status in pigs
(Petry et al., 2020; Wang et al., 2020). It is possible that xylanase supplementation increased the
bioavailability of phenolic compounds, such as ferulic acid, by increasing the fragmentation of the
arabinoxylan structure. Further research should be done in order to elucidate the mechanism and the
effects of phenolic compounds associated with the oxidative stress of pigs. In addition, it was found
by broken-line analysis that the optimal supplemental level of xylanase for reducing MDA
concentration on the jejunal mucosa was 650 XU/d or 1,087 XU/kg feed based on corn, soybean
meal, and corn DDGS.

According to Duarte et al. (2019), compounds generated from oxidative stress can

negatively affect the cell integrity and intestinal morphology. In this study, an increase in the villus
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height and width were observed, which can be an indicator of improved intestinal health and
enhanced nutrient absorption and utilization capacity. Therefore, the positive effects on the
oxidative stress observed in this study may be partially explained by the improved intestinal
morphology.

Other studies were recently published (Zhang et al., 2018; Lu et al., 2021; Petry et al., 2021)
evaluating the supplemental effects of xylanase and the correlation with the intestinal microbiota,
however, their impacts associated with the modulation of the intestinal microbiota and their
relationship with intestinal health and growth performance have not been well elucidated. In this
study, the supplementation of xylanase showed potential benefits for intestinal health by reducing
the digesta viscosity and positively modulating the mucosa-associated microbiota in the jejunum,
which may have reflected in improvements related to intestinal health, nutrient digestibility,
intestinal morphology, and growth performance of nursery pigs.

In conclusion, xylanase supplementation showed benefits on intestinal health by reducing
digesta viscosity, the relative abundance of potentially harmful bacteria, and the oxidative stress in
the jejunal mucosa, collectively enhancing intestinal morphology and the AID of nutrients.
Xylanase supplementation at a range of 750 to 1,500 XU/kg feed based on corn, soybean meal, and
corn DDGS provided benefits associated with reduced oxidative stress by reducing the MDA
concentration on the jejunal mucosa, increased nutrient digestibility by improving the AID of CP,
NDF, and EE, resulting in potential improvement on growth performance of nursery pigs by

increasing the ADFI and moderately improving the ADG throughout the last week feeding.
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Table 1. Composition of experimental diets* (as-fed basis)

Item Phase 1 Phase 2 Phase 3
Feedstuff, %
Corn, yellow dent 40.05 38.43 40.52
Soybean meal, 48% CP 19.00 21.50 24.00
Corn, DDGS? 0.00 15.00 30.00
Whey permeate 20.00 12.00 0.00
Blood plasma 4.00 1.60 0.00
Fish meal 4.00 2.00 0.00
Poultry meal 10.00 5.00 0.00
Poultry fat 1.30 2.00 1.80
L-Lys HCI 0.31 0.40 0.45
DL-Met 0.18 0.11 0.04
L-Thr 0.06 0.05 0.05
Salt 0.23 0.22 0.22
Vitamin premix® 0.03 0.03 0.03
Trace mineral premix* 0.15 0.15 0.15
Dicalcium phosphate 0.00 0.20 0.62
Limestone 0.19 0.80 1.21
Titanium dioxide 0.00 0.00 0.40
Xylanase premix® 0.50 0.50 0.50
Calculated composition
DM, % 90.81 90.30 89.21
ME, kcal/kg 3,436 3,428 3,376
CP, % 25.23 23.99 23.50
EE, % 5.26 6.73 7.47
SID® Lys, % 1.50 1.35 1.23
SID Cys + Met, % 0.82 0.74 0.68
SID Trp, % 0.26 0.23 0.21
SID Thr, % 0.88 0.79 0.73
AX', % 2.69 (0.41) 5.46 (1.18) 8.36 (1.96)
Ca, % 0.85 0.80 0.70
STTD®P, % 0.49 0.40 0.33
Total P, % 0.74 0.64 0.57
Analyzed composition, % (as DM basis)
DM 89.29 88.47 87.35
CP 24.34 23.23 23.14
EE 5.02 5.24 5.39
ADF 2.93 3.70 5.25
NDF 8.20 9.91 13.09
Ca 0.97 0.87 0.79
Total P 0.82 0.69 0.65

IDiets in each phase were supplemented with increasing supplementation of 0, 30, 60, 120, and 240
g/ton of xylanase or 0, 220, 440, 880, and 1,760 XU/kg feed.
2 DDGS: distillers dried grains with solubles.
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3The vitamin premix provided per kilogram of complete diet: 6,614 1U of vitamin A as vitamin A
acetate, 992 1U of vitamin D3, 19.8 IU of vitamin E, 2.64 mg of vitamin K as menadione sodium
bisulfate, 0.03 mg of vitamin B1o, 4.63 mg of riboflavin, 18.52 mg of D-pantothenic acid as calcium
panthonate, 24.96 mg of niacin, and 0.07 mg of biotin.

“The trace mineral premix provided per kilogram of complete diet: 33 mg of Mn as manganous oxide,
110 mg of Fe as ferrous sulfate, 110 mg of Zn as zinc sulfate, 16.5 mg of Cu as copper sulfate, 0.30
mg of | as ethylenediamine dihydroiodide, and 0.30 mg of Se, as sodium selenite. >Xylanase enzyme
mixed with corn.

8SID = standardized ileal digestibility.

"AX = Arabinoxylan values were given by Bach Knudsen (2014) and Tiwari et al. (2018). Values
inside parentheses denote soluble portion of NSP. Values outside parentheses denote insoluble
portion of NSP.

8STTD = standardized total tract digestible.
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Table 2. Xylanase activity in the feed (mean * SE)

Item Xylanase, g/ton

0 30 60 120 240
Calculated activity, XU/kg of feed! 0 220 440 880 1,760
Analyzed activity, XU/kg of feed
Phase 1 178 297+97 391+6 748x56 1,675%281
Phase 2 74+24 163+18 413+73 726x93 1,680 + 288
Phase 3 4+1 202+65 401+19 753+66 1,636+ 133

10One unit of enzyme activity is defined as the amount of enzyme required to release one pM of 4-
nitrophenol from the XyIX6 substrate in one minute at 40°C in 100 mM sodium phosphate buffer,
pH 6.0, and is termed a XyIX6 Unit (XU). The analyzed enzyme activity in the product was 7,437
351 XU/g.
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Table 3. Growth performance of nursery pigs fed diets with increasing levels of xylanase

ltem Xylanase, XU/kg feed P value
0 220 440 880 1,760 SEM Linear  Quad.! 0 vs. Xyl?
BW, kg
dl 6.9 6.9 6.8 6.9 6.9 0.6 0.923 0.929 0.842
d10 7.7 7.3 7.1 7.4 7.2 0.69 0.310 0.279 0.053
d24 12.5 12.5 11.9 12.4 12.4 1.05 0.929 0.536 0.704
d31 16.5 16.1 14.9 15.8 16.2 1.35 0.949 0.236 0.372
d 38 20.7 20.8 19.9 20.7 21.4 1.58 0.566 0.464 0.944
ADG, g/d
dltod10 78 39 26 45 35 26 0.281 0.247 0.040
dlltod24 342 371 343 357 374 34 0.491 0.867 0.544
d25tod31 579 591 575 595 639 40 0.231 0.667 0.622
d3ltod38 596 675 715 702 746 52 0.057 0.337 0.038
Overall 361 364 345 363 383 22 0.397 0.558 0.817
ADFI, g/d
dltod10 152 106 105 111 119 32 0.589 0.172 0.070
dlltod?24 489 470 425 468 483 43 0.812 0.320 0.449
d25tod31 943 1,007 1,019 1,031 1,102 79 0.057 0.770 0.120
d3ltod38 1,079 1,180 1,309 1,200 1,338 100 0.023 0.472 0.021
Overall 578 593 582 605 633 48 0.131 0.879 0.419
G:F
dltod10 0.52 0.35 0.25 0.41 0.30 0.13 0.421 0.530 0.135
dlltod?24 0.69 0.78 0.80 0.76 0.78 0.04 0.369 0.288 0.047
d25tod31 0.61 0.60 0.57 0.58 0.58 0.04 0.478 0.432 0.331
d3ltod38 0.55 0.57 0.55 0.59 0.56 0.04 0.944 0.527 0.713
Overall 0.61 0.62 0.60 0.60 0.61 0.03 0.815 0.717 0.866
'Quadratic.

ZXylanase (220 + 440 + 880 + 1,760 XU/kg feed).
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Table 4. Relative abundance of jejunal mucosa-associated microbiota at the phylum level in nursery
pigs fed diets with increasing levels of xylanase
Xylanase, XU/kg feed P value
0 vs.

0 220 440 880 1,760 SEM Linear Quad! Xyl

Proteobacteria  43.73 49.07 54.25 4360 56.14 13.83 0.508 0.873 0.507
Firmicutes 36.03 38.69 24.02 27.79 19.21 853 0.125 0.757 0.376
Bacteriodetes 1203 554 1261 21.03 1636 826 0.184 0.371 0.741
Actinobacteria 6.90 5.69 8.16 5.98 595 197 0.682 0.885 0.815

Item

Others 1.66 1.00 0.96 1.59 2.34 0.64 0.117 0.314 0.743
F:B3 510 43.58 4.23 2.89 206 1710 0.395 0.914 0.676
'Quadratic.

2Xylanase (220 + 440 + 880 + 1,760 XU/kg feed).
3Firmicutes to Bacteroidetes ratio.
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Table 5. Relative abundance of jejunal mucosa-associated microbiota at the family level in nursery pigs fed diets with increasing
levels of xylanase

ltemn Xylanase, XU/kg feed P value
0 220 440 880 1,760 SEM  Linear  Quad! 0 vs. Xyl?

Clostridiaceae 17.50 18.79 7.44 7.65 7.07 5.75 0.147 0.339 0.270
Prevotellaceae 10.18 4.39 10.20 17.51 14.24 7.80 0.223 0.506 0.802
Helicobacteraceae 9.24 17.91 8.59 13.53 10.87 11.14  0.942 0.862 0.738
Comamonadaceae 7.39 5.59 7.44 4.53 5.12 1.54 0.284 0.580 0.327
Veillonellaceae 4.44 1.66 3.53 3.42 1.93 1.59 0.321 0.896 0.159
Lactobacillaceae 4.24 3.21 4.22 1.08 1.44 1.97 0.239 0.653 0.435
Enterobacteriaceae 3.56 2.85 3.46 151 3.53 1.06 0.921 0.221 0.550
Pseudomonadaceae 3.09 3.62 8.23 3.41 8.12 1.83 0.109 0.947 0.191
Oxalobacteraceae 3.03 5.72 9.52 1.53 10.47 4.79 0.205 0.514 0.254
Microbacteriaceae 2.68 1.81 2.60 1.65 1.73 0.50 0.224 0.580 0.205
Halomonadaceae 2.58 0.02 0.08 0.04 0.03 1.14 0.298 0.244 0.058
Erysipelotrichaceae 2.34 5.69 0.61 7.13 1.18 3.57 0.780 0.395 0.728
Peptostreptococcaceae 2.29 1.68 0.48 1.49 2.01 0.88 0.886 0.273 0.385
Burkholderiaceae 1.79 1.47 1.99 1.03 1.89 0.34 0.142 0.622 0.348
Micrococcaceae 1.17 0.30 0.55 0.28 0.46 0.29 0.266 0.117 0.025
Sphingomonadaceae 1.57 1.67 2.57 1.40 2.12 0.46 0.612 0.989 0.451
Lachnospiraceae 1.41 0.98 1.73 1.63 1.44 0.74 0.754 0.565 0.948
Methylobacteriaceae 1.34 1.61 1.73 0.75 1.54 0.48 0.862 0.488 0.910
Moraxellaceae 1.22 1.52 2.45 2.37 0.62 1.01 0.373 0.038 0.471
Campylobacteraceae 1.19 0.80 0.75 2.47 0.44 0.77 0.774 0.156 0.923
Propionibacteriaceae 1.19 1.68 2.31 2.45 1.48 0.85 0.887 0.111 0.283
Eubacteriaceae 1.10 1.46 1.12 1.14 0.56 0.67 0.307 0.646 0.964
Succinivibrionaceae 1.04 0.73 0.81 3.63 2.44 1.00 0.096 0.277 0.424
Xanthomonadaceae 0.94 2.29 3.74 0.60 3.85 1.48 0.235 0.656 0.197
Caulobacteraceae 0.70 0.78 0.40 0.34 0.91 0.49 0.666 0.175 0.782
Ruminococcaceae 0.68 1.11 1.04 1.10 1.33 0.62 0.401 0.808 0.374
Porphyromonadaceae 0.64 0.34 0.97 1.12 0.65 0.38 0.630 0.113 0.667
Pasteurellaceae 0.32 0.45 0.29 4.21 0.67 1.83 0.645 0.208 0.603
Streptococcaceae 0.29 0.84 0.99 0.71 0.28 0.35 0.460 0.121 0.238
Bacillaceae 0.12 1.82 0.35 0.22 0.21 0.73 0.502 0.943 0.507
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Table 5. Continued
Others 10.70 7.18 9.78 10.05 12.06 3.56 0.414 0.669 0.758

'Quadratic.
ZXylanase (220 + 440 + 880 + 1,760 XU/kg feed).
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Table 6. Relative abundance of jejunal mucosa-associated microbiota at the genus level in nursery pigs fed diets with increasing levels
of xylanase

ltemn Xylanase, XU/kg feed P value
0 220 440 880 1,760 SEM  Linear Quad?! 0 vs. Xyl?
Clostridium 17.40 18.37 6.70 7.88 8.78 6.70 0.311 0.355 0.362
Helicobacter 13.34 19.59 10.47 14.09 12.59 1199  0.845 0.969 0.940
Prevotella 10.13 4.09 10.17 16.84 17.36 8.65 0.234 0.620 0.827
Pelomonas 9.04 6.74 8.76 5.85 571 2.00 0.224 0.694 0.294
Microbacterium 3.53 3.39 3.38 2.20 2.22 0.75 0.226 0.621 0.216
Turicibacter 2.59 5.61 0.22 7.47 0.85 4.04 0.747 0.421 0.819
Massilia 2.14 3.99 7.76 0.97 7.84 3.79 0.232 0.595 0.258
Campylobacter 1.45 1.04 1.01 2.54 0.62 0.85 0.697 0.219 0.853
Selenomonas 1.40 0.11 0.71 1.75 0.46 0.88 0.805 0.534 0.400
Cupriavidus 1.33 0.66 1.20 0.63 0.70 0.20 0.073 0.286 0.027
Acinetobacter 1.28 2.05 2.88 3.41 0.78 1.51 0.575 0.042 0.371
Herbaspirillum 1.28 1.55 1.71 0.51 2.51 0.81 0.251 0.155 0.671
Sphingomonas 1.27 1.08 1.50 1.01 1.06 0.25 0.464 0.991 0.697
Megasphaera 1.26 0.53 0.54 0.28 0.23 0.31 0.063 0.184 0.023
Arthrobacter 1.14 0.41 0.41 0.34 0.45 0.28 0.259 0.117 0.027
Mitsuokella 1.10 0.65 1.48 0.71 0.80 0.54 0.665 0.990 0.731
Succinivibrio 1.10 0.71 0.82 4.04 2.71 1.04 0.076 0.276 0.395
Ralstonia 0.53 0.79 0.68 0.42 0.55 0.19 0.528 0.810 0.679
Roseburia 0.47 0.35 0.88 0.82 0.66 0.56 0.629 0.442 0.621
Actinobacillus 0.42 0.48 0.27 3.40 0.65 1.48 0.662 0.238 0.644
Bifidobacterium 0.36 0.38 1.49 0.90 0.22 0.53 0.532 0.639 0.769
Streptococcus 0.35 1.24 1.20 0.90 0.36 0.51 0.474 0.185 0.262
Telluria 0.27 0.53 0.89 0.12 1.09 0.52 0.100 0.377 0.197
Pseudomonas 4.89 5.80 12.44 5.03 13.29 3.09 0.060 0.757 0.160
Lactobacillus 4.84 3.98 4.86 1.21 1.66 2.42 0.256 0.671 0.487
Methylobacterium 1.77 2.23 2.08 1.00 1.94 0.67 0.787 0.479 0.958
Propionibacterium 1.66 2.46 2.98 3.50 2.04 1.24 0.889 0.124 0.300
Others 13.63 12.09 12.50 13.08 14.45 5.37 0.707 0.755 0.868
!Quadratic.

ZXylanase (220 + 440 + 880 + 1,760 XU/kg feed).
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Table 7. Relative abundance of jejunal mucosa-associated microbiota at the species level in nursery pigs fed diets with increasing levels
of xylanase

ltemn Xylanase, XU/kg feed P value
0 220 440 880 1,760 SEM  Linear Quad!  0vs. Xyl?

Prevotella copri 11.94 5.40 11.54 19.66 17.42 10.10 0.240 0.652 0.827
Pelomonas puraquae 9.82 7.14 8.73 4.87 5.70 2.17 0.178 0.408 0.199
Clostridium butyricum 8.56 8.05 1.46 1.82 3.76 3.63 0.332 0.196 0.247
Helicobacter mastomyrinus 5.40 9.89 7.68 3.85 7.85 5.85 0.985 0.765 0.712
Helicobacter rappini 5.35 12.07 7.64 7.27 7.48 7.77 0.930 0.874 0.616
Microbacterium ginsengisoli 4.69 2.71 3.85 2.35 2.84 0.91 0.252 0.289 0.098
Pelomonas aquatica 3.61 2.31 3.13 1.93 2.30 0.81 0.330 0.410 0.202
Propionibacterium acnes 3.60 4.67 551 6.13 4.17 2.19 0.908 0.271 0.456
Turicibacter sanguinis 2.46 8.35 0.18 7.26 0.65 6.11 0.630 0.521 0.743
Campylobacter upsaliensis 1.88 0.27 0.42 0.26 0.17 0.69 0.226 0.266 0.051
Clostridium perfringens 1.66 0.85 0.46 0.44 0.31 0.71 0.268 0.398 0.168
Prevotella sp. 1.50 0.58 1.08 1.20 1.49 0.59 0.515 0.517 0.420
Prevotella stercorea 1.50 0.58 1.08 1.20 1.49 0.59 0.515 0.517 0.420
Cupriavidus necator 1.34 0.60 0.96 0.35 0.59 0.18 0.019 0.023 0.001
Arthrobacter russicus 1.31 0.82 0.65 0.56 0.81 0.48 0.594 0.310 0.265
Dialister succinatiphilus 1.04 0.20 1.17 0.47 0.61 0.54 0.742 0.823 0.494
Succinivibrio dextrinosolvens 0.92 0.64 0.83 2.94 1.20 0.73 0.333 0.086 0.515
Massilia sp. 0.90 1.15 1.99 0.89 2.67 1.25 0.213 0.274 0.526
Mitsuokella multacida 0.85 0.46 0.88 0.30 0.57 0.44 0.668 0.618 0.551
Lactobacillus mucosae 0.85 1.58 1.14 0.26 0.49 0.72 0.373 0.820 0.981
Mitsuokella jalaludinii 0.64 0.42 1.07 0.33 0.59 0.34 0.801 0.934 0.926
Roseburia faecis 0.59 0.42 1.10 1.00 0.83 0.68 0.583 0.459 0.612
Helicobacter sp. 0.58 1.46 0.10 2.98 0.49 1.57 0.996 0.204 0.499
Pseudomonas caricapapayae 0.57 0.56 0.67 0.52 1.12 0.30 0.185 0.479 0.665
Telluria mixta 0.47 0.83 1.70 0.19 2.20 1.02 0.055 0.346 0.189
Faecalibacterium prausnitzii 0.45 0.81 0.58 0.28 0.49 0.27 0.630 0.719 0.771
Acinetobacter johnsonii 0.45 0.80 1.08 1.22 0.29 0.62 0.636 0.096 0.424
Clostridium sp. 0.50 2.09 3.24 0.53 0.76 1.30 0.520 0.617 0.470
Campylobacter coli 0.30 0.31 0.24 2.26 0.75 0.77 0.816 0.034 0.537
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Table 7. Continued

Massilia varians 0.30 0.22 1.31 0.95 1.17 0.58 0.243 0.740 0.417
Pseudomonas hibiscicola 0.26 0.60 1.40 0.14 1.72 0.80 0.113 0.567 0.233
Lactobacillus delbruecki 0.19 1.76 0.30 0.22 0.38 0.77 0.621 0.792 0.625
Massilia alkalitolerans 0.18 0.28 1.33 0.42 1.04 0.54 0.269 0.891 0.265
Campylobacter hyointestinalis 0.08 0.43 0.40 1.56 0.13 0.71 0.857 0.118 0.451
Massilia indica 0.05 0.75 0.80 0.24 1.74 0.70 0.047 0.506 0.139
Others 26.75 20.23 25.91 24.66 25.83 6.18 0.841 0.854 0.683
'Quadratic.

ZXylanase (220 + 440 + 880 + 1,760 XU/kg feed).
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Table 8. Alpha diversity of jejunal mucosa-associated microbiota at the family and genus level in

nursery pigs fed diets with increasing levels of xylanase

ltem Xylanase, XU/kg feed P value
0 220 440 880 1,760 SEM Linear Quad' 0 vs. Xyl?
Family level
Chaol 69.33 70.67 71.67 8148 76.17 9.89 0346 0.395 0.463
Shannon 408 352 417 370 389 055 0905 0.755 0.546
Simpson 087 077 088 078 084 007 0943 0.496 0.474
Genus level
Chaol 78.17 7117 8183 8519 8050 11.05 0.587 0.546 0.873
Shannon 399 337 404 354 368 056 0752 0.751 0.466
Simpson 083 074 086 075 081 0.08 0.907 0.652 0.564

1Quadratic.
2Xylanase (220 + 440 + 880 + 1,760 XU/kg feed.
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Table 9. Concentrations of pro-inflammatory cytokines and oxidative stress products in the jejunal mucosa of nursery pigs fed diets

with increasing levels of xylanase

ltern Xylanase, XU/kg feed P value

0 220 440 880 1,760 SEM Linear  Quad®  0vs. Xyl?
IL-8% ng/mg of protein 0.70 0.61 0.54 0.64 0.72 0.11 0.404 0.138 0.314
TNF-o?, pg/mg of protein 055 0.59 0.56 0.49 0.51 0.11 0.503 0.836 0.867
Protein carbonyl, nmol/mg of protein 229 1.86 1.92 1.82 1.95 0.20 0.329 0.059 0.017
MDA?®, nmol/mg of protein 099 0.97 0.87 0.58 0.60 0.30 0.045 0.390 0.223

!Quadratic.

ZXylanase (220 + 440 + 880 + 1,760 XU/kg feed).

3Interleukin 8.
“Tumor necrosis factor alpha.
*Malondialdehyde.
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Table 10. Apparent ileal digestibility (AID) of dry matter (DM), crude protein (CP), acid detergent
fiber (ADF) neutral detergent fiber (NDF), and ether extract (EE) in feeds fed to nursery pigs with
increasing levels of xylanase

ltem Xylanase, XU/kg feed P value
0 220 440 880 1,760 SEM Linear Quad! 0vs. Xyl?
AID3 %
DM* 59.95 58.92 63.38 62.63 6347 1.78 0.102 0.404 0.287
CP® 7141 7434 7261 7559 76.71 215 0.058 0.644 0.115
NDF® 5295 54.27 5268 56.12 56.17 146 0.036 0.611 0.167
ADF’ 3529 3543 3555 36.04 3737 126 0.125 0.805 0.486
EE® 83.90 84.01 84.72 8757 8950 3.20 0.024 0.845 0.264
1Quadratic.

2Xylanase (220 + 440 + 880 + 1,760 XU/kg feed).
$Apparent ileal digestibility.

“Dry matter.

°Crude protein.

®Neutral detergent fiber.

"Acid detergent fiber.

8Ether extract.
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Table 11. Morphology and crypt cell proliferation in the jejunum of nursery pigs fed diets with increasing levels of xylanase

ltem Xylanase, XU/kg feed P value
0 220 440 880 1,760 SEM Linear Quad? 0 vs. Xyl?
Villus height, um 314 350 357 355 363 20 0.169 0.310 0.073
Villus width, pm 96 97 108 107 104 5 0.197 0.060 0.114
Crypt depth, pm 110 108 109 114 121 7 0.107 0.736 0.659
VH:CD ratio® 2.95 3.27 3.29 3.17 3.03 0.21 0.774 0.324 0.323
Ki-67 positive, %* 37.2 37.3 39.5 37.1 33.5 2.5 0.123 0.289 0.862
lQuadratic.

ZXylanase (220 + 440 + 880 + 1,760 XU/kg feed).
3Villus height to crypt depth ratio.
*Ratio of Ki-67 positive cells to total cells in the crypt.
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Figure 1. Changes in the ADG from d 31 to d 38 with supplementation of xylanase using a
broken-line analysis. The break point was 440 XU/d of xylanase supplementation when ADG
from d 31 to d 38 was 0.73 kg/day. The equation for ADG fromd 31tod 38 was Y =0.73 -
0.00036 x zl; if xylanase supplementation is > breakpoint, then z; = 0; if xylanase
supplementation is < breakpoint, then zl = breakpoint — xylanase supplementation. VValues for
xylanase activity were based on the analyzed values. P value for the plateau was < 0.05, for the
slope was < 0.05, and for the breaking point was < 0.05 (confidence interval 95%: 83.8 to 855.6;
SE: 192.8). The break point was converted from 440 XU/d to 736 XU/kg feed by dividing with
the overall average feed intake (0.598 kg/d).
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Figure 2. Changes in the viscosity of jejunal digesta of pigs fed diets with increasing levels of
xylanase.
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Figure 3. Changes in the MDA concentration with supplementation of xylanase using a broken-
line analysis. The break point was 650 XU/d of xylanase supplementation when MDA
concentration was 0.61 umol/g of protein. The equation for MDA concentration was Y = 0.61 +
0.00078 x zl; if xylanase supplementation is > breakpoint, then z; = 0; if xylanase
supplementation is < breakpoint, then zl = breakpoint — xylanase supplementation. Values for
xylanase activity were based on the analyzed values. P value for the plateau was < 0.05, for the
slope was < 0.05, and for the breaking point was < 0.05 (confidence interval 95%: 144 to 1,156;
SE: 253). The break point was converted from 650 XU/d to 1,087 XU/kg feed by dividing with
the overall average feed intake (0.598 kg/d).
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Figure 4. Changes in the AID of NDF with supplementation of xylanase using a broken-line
analysis. The break point was 882 XU/d of xylanase supplementation when the AID of NDF was
57 %. The equation for AID of NDF was Y =57 - 0.00515 x zl; if xylanase supplementation is >
breakpoint, then z; = 0; if xylanase supplementation is < breakpoint, then zl = breakpoint —
xylanase supplementation. Values for xylanase activity were based on the analyzed values. P
value for the plateau was < 0.05, for the slope was < 0.05, and for the breaking point was < 0.05
(confidence interval 95%: 191.5 to 1,268.7; SE: 266.5). The break point was converted from 882
XU/d to 1,475 XU/kg feed by dividing with the overall average feed intake (0.598 kg/d).
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CHAPTER 6

GENERAL DISCUSSION
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The supplementation of feed enzymes in diets for nursery pigs and broiler chickens is
widely used as an alternative to reduce the negative impacts of antinutritional factors and allergic
compounds present especially in the plant-based feedstuffs commonly used in their diets. The
increased interest in use of feed enzymes in the industry has been sparked possibly due to: a)
variable pricing and availability of some of the main plant-based feedstuffs, b) environmental
related issues due to high inorganic minerals excretion in the manure, c) impaired digestibility
capacity of the animals for certain types of feedstuffs, and d) the possibility of reducing the
inclusion of certain feedstuffs without compromising the optimal performance of the animals
since feed represents a great part of the costs associated with swine and poultry production
systems. Pigs and broiler chickens at their early stages of growth have their digestibility capacity
impaired due to a wide range of external and physiological factors. One of the main factors is
that they start eating diets with more plant-based feedstuffs that contain antinutritional factors
and allergic compounds that can impact and compromise their health and productive
performance.

Some of these plant-based feedstuffs generally used in diets for nursery pigs and broiler
chickens are corn, dried distillers grains with soluble (DDGS), soybean meal, wheat, sorghum,
barley, and oat. They can contain relatively high levels of compounds such as phytic acid, non-
starch polysaccharides (NSP), glycinin, B-conglycinin, and trypsin inhibitors, that can lead to
negative effects in the intestinal health, nutrient digestibility, and subsequently growth
performance of the animals. Phytic acid can reduce the absorption and digestibility of trace
minerals forming insoluble and indigestible compounds, and bind to amino acids, proteins, and
enzymes inhibiting their activity and nutrient digestibility. Additionally, a high amount of the

phosphorus (P) content in cereal grains and oil seeds is comprised in the phytic acid form, which
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is not bioavailable for animal utilization. Non-starch polysaccharides are described as soluble
and insoluble due to their structure, solubility, and impacts on the physicochemical properties of
the digesta. Soluble NSP may alter the digesta viscosity, bulkiness, and passage rate due to its
water holding capacity; and insoluble NSP may impact intestinal motility and transit time by
acting as a barrier reducing the side activities of other endogenous enzymes. Among the main
soluble NSP, xylan is one that can affect the digesta properties leading to negative impacts not
only associated with nutrient digestibility but also on the intestinal health and mucosa-associated
microbiota in the jejunum of the animals.

There are different feed enzymes that are currently supplemented for nursery pigs and
broiler chickens at a commercial scale. Phytase and xylanase has been fairly well studied
showing consistent results especially related to enhancement of nutrient digestibility and growth
performance of nursery pigs and broiler chickens. Moreover, nursery pigs and broiler chickens
do not properly secrete specific endogenous enzymes to target phytic acid and NSP, which also
contributed to the rise in the interest about the use of these enzymes. Phytases, are described
catalyzing the hydrolysis of the phytic acid increasing the digestibility and bioavailability of
nutrients, especially calcium (Ca) and P, and providing further benefits related to bone
mineralization and growth performance. This enzyme requires specific conditions in order to
express its optimal activity and associated benefits. There are different types of phytases that can
be classified regarding their microorganism source used in the manufacturing process, optimal
pH and temperature range, and position of the carbon where the phytic acid dephosphorylation
will initiate. Phytase is usually supplemented in diets following the manufacturer standard dose,
however, recent studies have been showing that supplementing phytase beyond traditional levels

may provide additional benefits, so called “extra-phosphoric effects,” related to intestinal and
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bone health, and a positive modulation of the intestinal microbiota. The “extra-phosphoric
effects” are discussed as a result of a greater release of nutrients, especially Ca, P, and myo-
inositol, due to an active hydrolysis of phytic acid catalyzed by high levels of phytase.

Xylanases are enzymes that catalyzes the hydrolysis of B-1,4-bonds of the xylan
structure releasing fermentable NSP-released compounds and trapped nutrients further increasing
nutrient digestibility and reducing the viscosity of the digesta. A high viscous digesta may
negatively impact the digesta passage rate due to the chemical structure, molecular weight, and
water-holding capacity of xylan. By breaking down the xylan structure into small polymers, it
will reduce the negative impacts associated with digesta viscosity and facilitate the activity of
endogenous enzymes leading to further improvements in nutrient digestibility and intestinal
health. The main plant-based feedstuffs used in diets for nursery pigs and broiler chickens can
contain up to 30% of NSP in their composition, which coupled with the lack of secretion of
specific endogenous enzymes by nursery pigs and broiler chickens can compromise their current
and subsequent health and productive performance. Additionally, some studies reported prebiotic
benefits of fermentable NSP-released compounds, such as xylooligosaccharides and
arabinoxylooligosaccharides, associated with intestinal health and a positive modulation of the
intestinal microbiota.

During the last decade, intestinal health became a topic of great discussion, especially
after the ban and limitations on the use of antibiotic growth promoters by most countries around
the world. Intestinal health may also account for a greater part of the biological response of the
animals. There still no consensus about the characterization and standardization of the intestinal
health parameters. Though according to the literature most of the authors studying intestinal

health of nursery pigs and broiler chickens investigated measurements related to immune,
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inflammatory, and oxidative stress responses, and composition and diversity of the intestinal
microbiota. Recent studies have been performed raising the hypothesis that feed enzymes,
especially phytase and xylanase, could play functional roles beyond increasing nutrient
digestibility and growth performance, but also associated with the enhancement of intestinal
health and positive modulation of the intestinal microbiota of nursery pigs and broiler chickens.
Some studies showed that the supplementation of phytase and xylanase combined can play
synergistic effects enhancing growth performance, nutrient digestibility, and intestinal health of
swine and poultry. However, there is still no consensus about the specific roles of each of these
enzymes related to intestinal health and microbiota. In order to better understand the functional
roles of each of these enzymes individually, this research focused more on the investigation and
characterization of the specific functional roles of phytase and xylanase enhancing the intestinal
health of nursery pigs and broiler chickens.

In the Chapter 2, two studies were performed to investigate the efficacy of a liquid
biosynthetic bacterial 6-phytase on nutrient digestibility and retention of nursery and growing
pigs. The animals were housed in metabolism crates enabling total collection of urine and feces
and a more accurate assessment of their nutrient metabolism and utilization. In both studies, pigs
were fed diets with limited daily allowance that was calculated based on their metabolic body
weight. The dietary treatments were a diet meeting nutrient requirements, and two other diets
deficient in Ca and P with and without phytase supplementation at 500 FTU/kg feed. As
previously mentioned, phytase will catalyze the hydrolysis of phytic acid potentially increasing
the digestibility and bioavailability of nutrients, especially Ca and P. Results from both

experiments indicated that the supplementation of a liquid biosynthetic bacterial 6-phytase in
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diets for nursery and growing pigs can be an alternative to reduce the inclusion of inorganic P
sources, whilst still increasing the digestibility of Ca and P, and utilization of P.

After a better understanding about some of the primary effects of phytase
supplementation on nutrient digestibility and utilization, two other studies were performed
evaluating the effects of an increasing supplementation of phytase in Ca and P deficient diets on
the intestinal and bone health, nutrient digestibility, and growth performance of nursery pigs
(Chapter 3) and broiler chickens (Chapter 4). In Chapter 3, nursery pigs were individually
housed in pens with free access to water and feed to allow a more accurate investigation of the
benefits of each phytase dosage level to each animal. Pigs were fed six treatments divided into
three dietary phases. The treatments were: a diet meeting nutrient requirements, and 5 other diets
deficient in Ca and P with and without increasing bacterial 6-phytase supplementation up to
5,000 FTU/kg of feed. In accordance with the results presented in Chapter 2, increasing phytase
supplementation increased the digestibility of P, whilst also increased the digestibility of crude
protein and ether extract. These improvements were later reflected in benefits associated with
bone health such as increased bone breaking strength (BBS), ash and P content in the bone. As a
likely result, increasing phytase supplementation enhanced the overall growth performance and
reduced the fecal score during the last two dietary phases, whereas it did not show any effects on
the intestinal health parameters. The optimal supplemental level range of phytase found through
a broken-line analysis indicated that supplementing phytase beyond traditional levels can provide
“extra-phosphoric effects” through an increase in P bioavailability and utilization that was
reflected in benefits related to bone health and growth performance.

In order to evaluate the effects of phytase in other monogastric animal species, a study

was conducted investigating the supplemental effects of increasing levels of phytase on the

270



intestinal health, modulation of mucosa-associated microbiota in the jejunum, nutrient
digestibility, and growth performance of broiler chickens (Chapter 4). Newly hatched chickens
were allotted in cages with ten birds each and fed with six treatments for 27 days. The dietary
treatments followed the same design as the study described in Chapter 3, but with the increasing
phytase supplementation up to 4,000 FTU/Kkg feed. In agreement with the results of the studies
described on Chapters 2 and 3, increasing phytase supplementation also improved P digestibility
of broiler chickens. Moreover, increasing phytase supplementation enhanced bone health of
broiler chickens by increasing the BBS and P content in the bone, which agrees with results of
the study described on Chapter 3. In this study, it was also reported a potential modulation on the
mucosa-associated microbiota by increasing the relative abundance of beneficial bacteria
populations (Lactobacillus) and decreasing pathogenic ones (Pelomonas, Helicobacter, and
Pseudomonas) with the supplementation of phytase at 2,000 FTU/kg feed. The optimal
supplemental levels of phytase found in this study also indicated that supplementing phytase
beyond traditional levels can provide “extra-phosphoric effects” through an increase in P
bioavailability and utilization. The findings related to intestinal microbiota coupled with the bone
health results also indicates possible “extra-phosphoric effects” provided by high levels of
phytase.

The results of the studies presented on Chapters 2, 3, and 4 reiterate the positive effects
of phytase associated especially with the digestibility and utilization of P of nursery and growing
pigs, and broiler chickens. All of these studies utilized a 6-phytase, which may indicate a
correlation of this type of phytase with the observed “extra-phosphoric effects” and positive
results related to intestinal and bone health, nutrient digestibility, and growth performance.

Additionally, phytase showed positive effects in diets that were deficient in Ca and P, which
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indicates that the inclusion of inorganic P sources in diets for pigs and broiler chickens can be
reduced with the supplementation of phytase. Reducing the high inclusion levels of inorganic P
sources by the supplementation of phytase can lead to economic benefits since inorganic P
sources are expensive and sometimes hardly available compared to other feedstuffs, and to
reduce environmental pollution associated with high inorganic mineral levels excreted in the
manure.

Moreover, a study was conducted to investigate potential functional roles of increasing
levels of xylanase associated with intestinal health and microbiota, digesta viscosity, nutrient
digestibility, and growth performance of nursery pigs (Chapter 5). In this study, pigs were
individually allotted in pens with free access to water and feed, and fed with five treatments in
three dietary phases. The treatments were diets formulated meeting nutrient requirements with or
without increasing levels of xylanase up to 1,760 XU/kg feed. In accordance with some of the
xylanase associated effects, this study reported that increasing levels of xylanase reduced digesta
viscosity and increased the digestibility of neutral detergent fiber, crude protein, and ether
extract. These results combined, may led to the positive effects observed in the modulation of the
mucosa-associated microbiota in the jejunum and in the oxidative stress parameters. Increasing
levels of xylanase reduced the malondialdehyde and protein carbonyl concentrations in the
jejunal mucosa, and potential effects increasing the relative abundance of beneficial bacterial
populations (Succinivibrio and Pseudomonas) and reducing pathogenic ones (Cupriavidus and
Megasphaera). The reduction in the digesta viscosity observed in this study may allowed
xylanase to express other positive effects associated with the reduction on the oxidative stress
and positive modulation of the mucosa-associated microbiota in the jejunum. A less viscous

digesta coupled with an altered structure of xylan may have facilitated the action of endogenous
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enzymes further improving nutrient digestibility, and the release of fermentable NSP-released
compounds that were later metabolized and possibly reflected in the observed benefits in the
oxidative stress status and intestinal microbiota of nursery pigs. The supplementation of xylanase
may offer other alternatives of plant-based feedstuffs to be included in diets for nursery pigs,
since some of the main feedstuffs are subjected to pricing and availability variations.

The results of the studies presented in Chapters 3, 4, and 5 confirm the central
hypothesis that phytase and xylanase could play functional roles enhancing the intestinal health
of nursery pigs and broiler chickens. These findings coupled with the ones presented on Chapter
1 and 2 also reaffirm the positive effects of phytase and xylanase enhancing the nutrient
digestibility and growth performance of nursery and growing pigs, and broiler chickens.
Moreover, phytase studies from Chapters 3 and 4 showed that supplementing phytase beyond
traditional levels 6-phytase can be an alternative to provide the “extra-phosphoric effects”
through a possible increase of P bioavailability that was later reflected in improvements of bone
health parameters in nursery pigs and broiler chickens, and positively modulating the mucosa-
associated microbiota of broiler chickens.

In summary, intestinal health is an important indicator of overall health for pigs and
broiler chickens, and should be further investigated especially towards a better understanding of
the mechanisms behind the positive modulation of the intestinal health and microbiota. The
supplementation of phytase and xylanase showed functional roles enhancing the intestinal health
of nursery pigs and broiler chickens. The inclusion of these enzymes in diets for nursery pigs and
broiler chickens allows the producers to evaluate a reduction in the inclusion of inorganic P
sources, as well as to consider new alternative plant-based feedstuffs to be used rather than just

corn and soybean meal, without compromising the optimal performance and health of the
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animals. The inclusion of phytase coupled with a reduction in the inclusion of inorganic P
sources might lead to a reduction of environmental concerns associated with soil and water
contamination in the surrounding areas of pigs and broiler chickens production systems.

My research found that supplementing phytase and xylanase for nursery pigs and broiler
chickens can provide benefits that go beyond enhancement of nutrient digestibility and growth
performance, but also related to intestinal health and microbiota. Some of the mechanisms
described are already consolidated with relevant literature supporting them. However, there are
mechanisms, especially the ones related to the modulation of intestinal health and microbiota,
which requires further investigation. It is of great interest to better understand these mechanisms

because they can account for a greater part of the animals biological response.
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