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1.1 Feed-food competition 

With the rapid growth of the world's population, demands for foods of animal origin are increasing 

significantly (Abdullah et al., 2011; Steinfeld, 2003). Worlds’ population is growing at a rate of 

between one and two percent per year and the current average population change is estimated at 

around 80 million per year (United Nations, 2012). Some estimates suggest the need for 60% more 

food by 2050 to feed a population of 9.3 billion while using less land and less water in the face of 

a changing climate (United Nations Chronicle, 2012). Because of this high demand, there has been 

a rise in animal food production, particularly poultry production in the world. According to FAO 

reports (FAO, 2015), around 33% of total global meat production are supplied by poultry. Broilers 

are expected to be the livestock with the largest increase in production numbers to meet the human 

demand for protein, as there are no religious constraints attached to their meat. From 2020 off, 

broiler production is expected to be worldwide the largest animal production. Increasing demands 

for these products have led to increasing competition for cereals and cereal by-products as one of 

the main expected shifts in feed versus food competition. Therefore, the survival of the poultry 

industry in the future will depend on their ability to compete with humans’ food industry for the 

available resources (Ravindran and Blair, 1992).  

However, food-feed competition pushes to search for alternative feed ingredients such as fibrous 

feeds (D’Souza et al., 2007). This search for alternative feed ingredients usually implies new 

challenges for animal nutrition, mainly because the choice will increasingly fall on the excessive 

use of fibre fractions that reduce the digestibility of the diet. However, the interest of animal 

nutritionists in dietary fibre sources was due to the food-feed competition that we animal 

nutritionists had to turn to these alternative feed ingredients. These fibrous feedstuffs in animal 

and poultry diets contain significant amounts of anti-nutritional factors (ANF) which limit both 

their nutritional value and their use in animals, (Bedford and Schulze, 1998). Any process that will 

reduce these ANF concentrations will enhance the nutritional value of the diets and consequently 

the performance of the animals. It is under such circumstances that exogenous enzymes can be of 

benefit. Adding exogenous enzymes has been recognized as a way to use more fibrous feedstuffs 

in diets. It allows to provide alternative feed ingredients for livestock and makes fibrous diets more 

accessible for animals. The ANF of cereals are mainly attributed to non-starch polysaccharides 

(NSP). Non-starch polysaccharides degrading enzymes are widely used in poultry diets to increase 



General Introduction 

2 

performance, but new challenges and opportunities (increasing need and expectation for enzymes) 

are emerging because the feed sector tries to temper the competition between food and feed. 

 

1.2 Dietary fibre (DF) 

According to the American Association of Cereal Chemists (AACC) (2001), the definition of 

dietary fibre is: “the edible parts of plants or analogous carbohydrates, that are produced during 

food processing by chemical and/or physical processes affecting the digestibility of starches or by 

purposeful synthesis, that are resistant to digestion and absorption in the animal small intestine but 

are completely or partially fermented in the large intestine. Based on the chemical definition, 

dietary fibre is the sum of NSP and lignin, intrinsic and intact in plants (Dikeman and Fahey, 

2006). It has been proposed that non-digestible oligosaccharides (NDO) and resistant starch may 

be included (Champ et al., 2003). Figure 1.1 shows the different components of dietary fibre and 

their subdivisions (from de Leeuw et al., 2008).  

 

 

Figure 1.1 Schematic representation of dietary carbohydrate, fibre and NSP composition from de 

Leeuw et al., 2008. NDO, non-digestible Oligosaccharides; NDF, neutral-detergent fibre; ADF, 

acid-detergent fibre; ADL, acid-detergent lignin. 

 

Based on the digestion and utilization of fibre, van Soest et al. (1991) defined neutral detergent 

fibre (NDF), crude fibre (CF) and acid detergent fibre (ADF). Both NDF and ADF include 
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cellulose and lignin, whereas NDF also includes hemicellulose. Lignin is not a carbohydrate, but 

it is associated to cell wall polysaccharides and it is a complex polymer with around 40 oxygenated 

phenylpropane units. Many of analytical methods for fibre determination include lignin, formed 

by the polymerization of coniferyl, p-coumaryl and sinapyl alcohols. Lignin is covalently attached 

to polysaccharides directly and indirectly through sugar residues and ferulic acid esters 

respectively (Davin et al., 2008). Lignin shows higher resistance compared to the other naturally 

polymers and tends to keep the polymers in their place and fixes the cellulose microfibrils. In this 

way it stiffens the walls, making it very difficult for the microorganisms to hydrolyze lignin in the 

large intestine (Devinder et al., 2012; Knudsen, 2014). Hemicelluloses consists of heterogeneous 

groups of glycans, containing backbones of glucose units with β-1,4 glucosidic linkages; they are 

solubilized by aqueous alkali after removal of water-soluble and pectic polysaccharides (Devinder 

et al., 2012). The main hemicelluloses in plants are xylans, mannans and galacto-mannans 

(Harjunpää, et al., 1999). Cellulose is the major cell wall component in plants and consists of 3000 

or more β-D-glucopyranose units attached by (1, 4) glycosidic bonds (Lattimer and Haub, 2010). 

The resistance of cellulose to enzymatic and acid degradation and its low solubility are attributed 

to the hydrogen bonding within the microfibrils (Devinder et al., 2012). In the cereal co-product 

hulls, cellulose, xylans and pectin are the predominant polysaccharides (Knudsen, 2014). Pectins 

consist of a complex group of polysaccharides in which D-galacturonic acid is a main constituent. 

The acid groups along the chain are largely esterified with methoxy groups in the natural product 

(Miller, 1986). Pectin can be fermented by bacteria within the colon and act as intercellular 

cementing substances, but does not contribute substantially to the functionality of non-cellulosic 

polysaccharides (NCP) (Muralikrishna et al., 2007). Fructans which are polysaccharides consist of 

many fructose monomers and contain no or one glucose unit. Fructans can be considered ‘fibre’ 

but are not part of cell walls, they are storage polysaccharides and are important in drought 

resistance of plants. They are categorized based on the type of fructose-fructosyl linkages (β (2, 1) 

or β (2, 6)) and on their core molecule. These core molecules are synthesized by the addition of 

fructose to sucrose (Verspreet et al., 2015).  

Non-starch polysaccharides constitute the major part of dietary fibre (DF) and are responsible for 

most of the physiological properties of DF. 
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1.3 Non-starch polysaccharides (NSP) 

The term NSP consists of all plant polysaccharides (complex carbohydrates) other than α-glucans 

(starch). Cellulose, pectins, β-glucans, pentosans, heteroxylans, and xyloglucan are the main NSP 

present in cereals.   

Figure 1.2 shows the principle of the analysis of NSP using the enzymatic-chemical method as 

described by Knudsen (1997). This method is based on the use of cellulose resistance to hydrolysis 

with 2M sulfuric acid, thereby being able to separate cellulose from non-cellulosic polysaccharides 

(NCP).  

 

 

Figure 1.2 Determination of non-starch polysaccharides (NSP), lignin, and fibre by enzymatic-

chemical procedure from Knudsen, 2014. 

 

NSP are composed of different types of monomers, which are linked predominantly by β-

glycosidic bonds and have a high molecular weight (Kumar et al., 2012). In cereals, NSP present 

in cell walls structures are associated with other polysaccharides, proteins and lignin (Cummings 

and Stephen, 2007). NSP seem to be the key determinants of grain quality and make up to 90% of 

the cell wall (Selvendran and Robertson, 1990). NSP also can be categorized into two groups: 
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soluble and insoluble NSP depending on their solubility in water or weak alkali solutions (Choct, 

1997). Soluble NSP form a network with water and are associated with higher water-holding and 

gel-forming capacity (Almirall, et al., 1995). Insoluble NSP consist of substances which do not 

dissolve in water and their effects on water holding capacity is relatively low (Smits and Annison, 

1996) and mainly acts as a bulking agent. Differences in the water-extractability might be related 

to differences in their structures, and the formation of diferulic acid bridges between adjacent NSP 

chains (Gruppen et al., 1992). 

 

1.3.1 Structure of heteroxylans (arabinoxylan (AX)) 

Heteroxylans are the major non-cellulosic polysaccharides of cereals, consisting of a backbone of 

β-1,4-linked D-xylopyranoside units (Figure 1.3), so they are often named as pentosans (Fincher 

and Stone, 1986). Depending on the side branches on the xylan backbone, different types of 

heteroxylans exist (Ebringerova and Heinze, 2000). The most common cereal heteroxylan is 

arabinoxylan (AX), which makes up the majority of cell wall NSP in wheat, rye, corn, barley, oat, 

rice, and sorghum (O’Neill et al., 2014). The structures of cereal arabinoxylans are mainly 

composed of two pentoses: arabinose and xylose (Izydorczyk and Biliaderis, 1995) with different 

structural properties as illustrated by the arabinose/xylose (A/X) ratio that can vary in different 

grains (Table 1.1, 1.2). Therefore, the arabinose to xylose ratio (an indicator of the average degree 

of arabinose substitution (avDAS)) is an important parameter to characterize the structure of AX. 

However, AX have different properties based on their amount and nature of substituents. For 

example clear differences were found between the AX in wheat endosperm, bran tissues and 

aleurone and seed coat regarding the arabinose to xylose ratio (0.5–0.7, 0.1–0.4 and 1.1–1.3, 

respectively; Broekaert, et al.. 2011). 

Arabinoxylan (AX) can also be classified into two categories based on their solubility that have a 

structural and conformational basis: water-extractable and -unextractable AX molecules (WE-AX 

and WU-AX; respectively; Kiszonas et al., 2015). Whereas the structural properties of WU-AX 

and WE-AX are almost the same, WU-AX has a higher average molecular weight and A/X ratio 

than WE-AX. The differences between WE-AX and WU-AX in endosperm and aleurone cell walls 

of cereal grains is not limited to arabinose/xylose (A/X) ratio and is also related to ferulic acid 

content and dehydrodiferulic bridges (Izydorczyk and Biliaderis, 1995). Higher amounts of ferulic 

acid were found in WE-AX with low A/X ratios and this might be due to the fact that ferulic acid 
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residues are esterified only to arabinose substituents located at position O-3 of mono-substituted 

xylose residues (Saulnier et al., 2007). Furthermore, in addition to dehydrodiferulic bridges, 

protein-polysaccharide cross linking through tyrosine–hydroxycinnamic acid dimerisation is also 

present in the aleurone cell wall of cereal grain (Rhodes et al., 2002). These differences in 

structural properties explain why a much larger proportion of the AX in wheat and rye is soluble 

compared with AX in barley and oats (Knudsen, 2014). 

In AX, the major substituent on the xylan backbone are L-arabinofuranose residues, attached by 

α-1,2 and α-1,3 glycosidic linkages. The most common building blocks of cereal AX are β-D-

xylopyranoside units that are either un-substituted, mono-substituted with a single α-L 

arabinofuranoside at either C-(O)-2 or C-(O)-3, or disubstituted with single α-L arabinofuranoside 

units at C-(O)-2 and C-(O)-3 (Broekaert et al., 2011). Arabinoxylan (AX) is the most abundant 

fibre present in cell wall structures of the starchy endosperm. They represent 50% of dietary fibers 

and are mostly present in the bran and aleurone fractions (Neyrinck, et al 2011), however, there 

are some exceptions for endosperm cell walls of barley (20%) (Fincher and Stone, 1986).  

 

 

Figure 1.3 Chemical structure of arabinoxylans (AX) from Sinha et al., 2011. 

 

1.3.2 Non-starch polysaccharides in poultry feed 

The NSP in poultry feeds are present as a part of the cell wall structures of plant ingredients in two 

wide categories of crops, cereal grains and legumes. Non-starch polysaccharides in cereal grains 

are composed predominantly of β-glucans, arabinoxylans (WE-AX and WU-AX), and cellulose. 

Wheat, rye and barley contain substantial amounts of both soluble and insoluble NSP, while low 

levels of soluble NSP are present in corn and sorghum. Grain legumes also contain substantial 
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amounts of NSP. Pectic polysaccharides are the main NSP present in the cotyledon of legumes 

such as soybean and sunflower meal (Sinha, et al., 2011). The NSP content of some of the 

ingredients used as poultry and animal feeds are presented in (Table 1.1 and 1.2) (Knudsen B, E., 

2014). 

 

Table 1.1 Non-starch polysaccharides (NSP), lignin, and fibre composition (% of DM) of cereal 

grains  

Item  Corn Wheat  Barley Triticale Sorghum Rye 

NSP       

B-glucan 0.1 1.0 4.1 0.7 0.1 1.7 

Cellulose 2.0 1.8 4.0 2.1 1.4 1.4 

NCP 7.0 9.5 14.6 10.9 4.0 13.3 

AX 4.7 7.3 8.4 8.5 2.4 9.5 

Arabinose 2.0 2.8 2.7 3.5 1.3 3.6 

Xylose 2.7 4.5 5.6 5.0 1.1 5.9 

A / X 0.74 0.62 0.48 0.71 1.23 0.61 

Total NSP 9.0 11.3 18.6 13.1 5.4 14.7 

Lignin 1.1 1.8 3.2 2.0 2.4 2.1 

Fibre 10.1 13.1 21.8 15.1 7.8 16.7 

Soluble NSP, % 11.8 21.7 26.1 22.7 11.4 25.6 
1Adapted from Knudsen (2014)  
2NSP, non-starch polysaccharides; NCP, non-cellulosic polysaccharides; AX, arabinoxylan; A/X, 

arabinose / xylose ratio.  

 

Table 1.2 Non-starch polysaccharides (NSP), lignin, and fibre composition (% of DM) 

 of legumes 

Item  Soybean meal Sunflower  Rapeseed meal 

NSP    

Cellulose 5.9 12.4 5.2 

NCP 15.1 18.9 16.8 

Rhamnose 0.2 0.4 0.3 

Arabinose 2.6 3.0 4.3 

Xylose 1.7 6.1 1.7 

Mannose 1.3 1.3 0.5 

Galactose 4.2 1.3 0.48 

Uronic acids 4.5 6.0 6.1 

Total NSP 21.0 31.2 22.0 

Lignin 1.8 13.0 13.3 

Fibre 22.8 44.2 35.4 

Soluble NSP, % 22.8 11.3 15.5 
1Adapted from Knudsen (2014).  
2NSP, non-starch polysaccharides; NCP, non-cellulosic polysaccharides.  
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1.3.3 Physicochemical properties of NSPs  

Physicochemical properties of NSP can be categorized into three groups: i) viscosity and water-

holding capacity ii) ability to physically encapsulate the nutrients (cage effect), and the iii) 

fermentability and ability to produce short chain fatty acids (SCFAs) by bacteria (prebiotic effect) 

(O’Neill et al., 2014).  

 

1.3.3.1 Viscosity effect of dietary fibre  

Viscosity and high water holding capacity have been identified as major chemical properties of 

soluble NSP present in the endosperm cell walls of cereal, therefore, it is suitable to discuss the 

definitions and principles of viscosity prior to considering its application to the field of dietary 

fiber. Viscosity has been defined by Newton as the proportional relationship between the flow of 

a fluid and force directed on that fluid. Shear stress (force applied tangential to the plane of fluid) 

divided by shear rate is the general equation for calculation of viscosity. Shear rate is the velocity 

gradient established in a particular fluid due to applied shear stress (Dikeman and Fahey. 2006). 

One of the difficulties in measuring digesta viscosity is the presence of large particles in the 

intestinal contents. Particulate matter from intestinal contents may interfere with viscosity 

instrumentation and, therefore, many researchers centrifuge digesta samples before measuring the 

viscosity in order to remove large particles from the sample. However, measuring supernatants 

viscosity (after centrifugation step) is expected to be challenging, leading to underestimation of 

the viscosity results (Takahashi and Sakata, 2004). The standard method, described by Bedford 

and Classen (1992), involves centrifugation of the collected digesta, after which viscosity of the 

supernatants is measured with a cone and plate viscometers (Brookfield Viscometer). However, 

when centrifugation is too severe, some of the viscous substances precipitated and this has resulted 

in wrong conclusions. Dikeman et al (2007) also indicated that alteration of digesta by 

centrifugation underestimates viscosity data. For this reason, it is very important to verify that both 

techniques (with and without centrifugation) render similar conclusions when applied to digesta. 

Viscosity of dietary fiber is created by the ability of polysaccharides to absorb water in intestinal 

fluids and thicken the digesta or form gels (Guillon and Champ, 2003). The magnitude and the 

degree of viscosity of NSP depend on their structure (branched or linear), solubility, molecular 

weights, concentration and their interaction with cell wall structure (Chesson, 2001; Bach 

Knudsen, 2001). Degree of branching positively correlates with the viscosity of NSP (Robinson et 
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al., 1982), whereas there is a positive correlation between the molecular weight and solubility of 

dietary fibers in solution, at equal concentrations, and viscosity of NSP (Robinson et al., 1982).  

 

1.3.3.2 Physical encapsulation of nutrients or cage effect  

The insoluble NSP present in endosperm cell of cereal can act as barrier for the nutrients contained 

in plant cell and make them inaccessible for digestive enzymes. This effect of NSP is called “cage 

effect” (Meng et al., 2005), and is related to the physical characteristics and location of NSP 

(Figure 1.4). The cage effect properties of NSP depend on their ability to prevent the digestive 

enzymes to penetrate the nutrients caught within the cell wall structures. 

However, it should be noted that the resistant starch and lignin are the other components that can 

encapsulate the nutrients in cereals. 

 

 
Figure 1.4. Cross section of a whole wheat kernel grain with location of specific compounds DF, 

dietary fibre from Knudsen (2014). 

 

1.3.3.3 Prebiotic effect of NSP 

Prebiotic was defined as “non-digestible food ingredients that beneficially affect the host by 

selectively stimulating the growth and/or activity of one or a limited number of bacteria in the 

colon, thus improving host health” (Gibson and Roberfroid, 1995). Partially hydrolyzed NSP are 

capable of exerting prebiotic properties (Kabel et al 2002). Some specific criteria have been 
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established to classify a food ingredient as a prebiotic: (1) resistance to gastric acidity, to hydrolysis 

by mammalian enzymes, and to gastro-intestinal absorption; (2) fermented by intestinal 

microbiota; and (3) selectively stimulating the growth and/or activity of those intestinal bacteria 

that contribute to health and well-being (Gibson et al., 2004., Maesschalck, 2015). Fermentation 

of prebiotics by colonic bacteria typically changes the composition of the intestinal microbiota 

population in favour of beneficial bacteria such as Lactobacillus or Bifidobacterium spp. This 

change in the intestinal microbiota can improve overall health, i) increase production of SCFAs 

such as acetate, propionate, butyrate, and lactate in the gut, ii) reduce gut infection (reduction of 

potentially pathogenic bacterial subpopulations such as C. perfringens, Salmonella, E. coli, etc.), 

iii) reduce the inflammation, and iv) lead to better absorption of nutrients (Courtin et al., 2008).  

The presence of SCFA in the gastrointestinal tract also contributes to a lower pH and a better bio-

availability of some minerals such as calcium and magnesium. Butyrate as one of the main 

fermentation products is a preferred energy source for colonocytes, improves and stimulates colon 

epithelial cells, thereby increasing the absorptive potential of the epithelium (Topping and Clifton, 

2001). However, as already mentioned, the prebiotic effect of NSP depend on their solubility and 

structure. The degree of substitution of an oligomer can influence its fermentability. For example, 

linear unsubstituted xylo-oligosaccharides are rapidly fermented by faecal microbiota whereas 

arabino-oligosaccharides and acetylated xylo-oligosaccharides are fermented more slowly 

(Bedford and Cowieson. 2012). In other words, the substrates with higher degree of substitution 

have a slower rate of fermentation. Unlike the beneficial effects of carbohydrate fermentation, 

protein fermentation is considered detrimental for the host’s health (Windey et al., 2012). It is 

suggested that production of toxic catabolites such as ammonia, amines, phenols, indoles, and 

thiols by amino acid degradation in bacteria have been implicated in bowel cancer and ulcerative 

colitis (Johnson, 1977).  

However, increasing the number of some saccharolytic bacteria such as Bifidobacterium spp that 

utilize prebiotic for their energy needs is in some cases associated with decreasing the protein 

fermentation in the intestine (Geboes et al., 2006). Furthermore, recent evidence demonstrated that 

a prebiotic was able to exert immune-modulating properties, such as stimulation of Natural Killer 

(NK) cell activity (Kelly-Quagliana et al., 2003) and anti-inflammatory properties (Hoentjen et al., 

2005) which are possibly mediated via SCFA (Watzl et al., 2005). It was demonstrated that the 

activation of NF-κB by butyrate cause a decrease in expression of pro-inflammatory cytokines 
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such as interleukin-1 (IL-1), IL-6 and tumor necrosis factor-α (TNF-α) (Place et al., 2005; 

Maesschalck, 2015). However, more studies, in particular poultry studies, are needed to study the 

immune modulating effect of prebiotics. 

 

1.4 The role of NSP hydrolyzing enzymes (xylanase) in poultry diets 

NSP hydrolyzing enzymes (endo-1,4-beta-xylanase) are authorized as feed additives for chickens, 

laying hens, turkeys, ducks, weaned piglets and pig for fattening by European Commission 

Regulation as it is demonstrated that they do not exert adverse effects on animal health, human 

health or the environment. It is well documented that addition of NSP hydrolyzing enzymes to 

cereal based diets is one of the major strategies to improve growth performance and nutrient 

digestibility of broiler chickens. Although a vast majority of studies has been published so far 

indicating the effects of NSP hydrolyzing enzymes, such as xylanase on physiological responses 

and performance of poultry, still our knowledge of the mechanism of action of xylanase is 

inconsistent and incomplete (Angel and Sorbara. 2014). Understanding the contribution of each 

mechanism of xylanase to the net benefits of xylanase application is necessary to take appropriate 

practical tools to overcome and mitigate negative consequences of the NSP presence in dietary 

fibre. If these goals are achieved, the match between diet and enzyme will be easier and faster to 

find for suitable enzymes for particular substrates. Further, such systematic tool will allow the 

industry to faster identify gaps in the matching and in the understanding when a certain enzyme or 

enzyme mixture will achieve the maximum or not of its efficacy. (1) Reduction in digesta 

viscosity, decreasing transit times (Almirall and Esteve-Garcia 1994), (2) releasing the 

encapsulated nutrient or cage effect reduction and (3) stimulating the beneficial bacteria and 

reducing Enterobacteriaceae and putrefactive bacteria or a prebiotic effect (Vahjen et al., 1998) 

are the main mechanisms thought to be responsible for the effect of the exogenous xylanases 

(Figure 1.5). 
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Figure 1.5 Schematic representation of mode of action of NSP-hydrolyzing enzymes 

(E).Adapted from Simon, 2000.  

 

1.5 Structure of NSP hydrolyzing enzymes (Xylanase) 

NSP hydrolyzing enzymes such as cellulases, xylanases, mannanases, pectinases, chitinases 

represent a large class of enzyme hydrolyzing polysaccharides that typically consist of catalytic 

modules attached to one or more auxiliary domains by linker sequences. The common auxiliary 

domains in hemicellulases (such as xylanases, mannanases, xylosidases) are the carbohydrate-

binding modules which were previously referred to as cellulose-binding domains (Raghothama, et 

al. 2000). Xylanases are glycosidases (O-glycoside hydrolases) which can hydrolyze the 1,4- β-D-

xylosidic linkages in xylan (Figure 1.6). Xylanases were identified by the International Union of 

Biochemistry and Molecular Biology (IUBMB) in 1961 when they were assigned the enzyme code 

EC 3.2.1.8 (Collins et al., 2005). Their official name is endo-1,4-β-xylanase, but commonly used 

synonymous terms include xylanase, endoxylanase, 1,4-β-D-xylan-xylanohydrolase, and  β-

xylanase. 
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Figure 1.6 Structure of xylan and the sites of its attack by xylanase enzymes. The backbone of the 

substrate is composed of 1,4- β-linked xylose residues. Ac., Acetyl group; a-araf., a 

arabinofuranose; a-4-O-Me-GlcUA, a-4-O-methylglucuronic acid; pcou., p-coumaric acid; fer., 

ferulic acid. Adapted from Collins, et al., 2005.  

 

According to the CAZy database (http://www.cazy.org) xylanases are classified under glycoside 

hydrolase families which constitute one of the most important groups of commercial enzymes. 

The differences among different xylanases are associated to their mode of action, substrate 

specificities, biochemical properties, and 3D structure. They are widely produced by a spectrum 

of bacteria and fungi. Two important xylanase families, 10 and 11, are classified based on their 

specificity, size and their sensitivity to proteinaceous xylanase inhibitors found in cereal grains 

(Goesaert et al., 2004). The family 10-xylanases have a molecular mass of approximately 35 kDa 

and possess the TIM-barrel (β/α) 8 topology (Davies and Henrissat, 1995). Family 11-xylanases 

have a mass of approximately 22 kDa and a jelly-roll topology consisting of two twisted-sheets 

stacked face to face. The structure has been referred to as a ‘right hand’, with a two-strand `thumb' 

forming a lid over the active site (Torronen et al., 1994) (Figure 1.7).  
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Figure 1.7 Representative structures of enzymes from glycoside hydrolase families 10 and 11. 

From Collins et al. 2005.  

 

 Xylanases are produced by a variety of organisms, including Aspergillus, Trichoderma, 

Streptomycetes, Cellulomonas, Chytridiomycetes, Penicillium, Clostridium, Bacillus, and 

Thermoascus using various industrial residues (Bastawde, 1992; Carvalho et al., 2012). Table 1.3 

shows the different families of xyalanase (10, 11). 

In contrast to the family 10, Family 11-xylanases are most active on long chain xylo-

oligosaccharides and it has been demonstrated that they have larger substrate binding clefts than 

family 10, therefore, resulting in the production of larger products than family 10 xylanases 

(Collins et al. 2005). 
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Table 1.3 Family 10- and 11- xylanases for which structural coordinates are available 

Protein Organism 

Family 10 Xylanase 

Xylanase (Xyn 10A)  Cellulomonas fimi  

Xylanase A (Xyn 10A)  Cellvibrio japonicus  

Xylanase F (Xyn 10C)  Cellvibrio japonicus  

Xylanase C (Xyn 10B)  Cellvibrio mixtus  

Xylanase Z  Clostridium thermocellum NCIB 10682 

Xylanase T-6  Geobacillus stearothermophilus T-6  

Xylanase (Xyn A2)  Geobacillus stearothermophilus T-6  

Xylanase A (Xyn A)  Penicillium simplicissimum BT2246 

Xys 1  Streptomyces halstedii JM8  

Xylanase A  Streptomyces lividans  

β-1,4-Xylanase  Streptomyces olivaceoviridis E-86  

Xylanase  Thermoascus aurantiacus 

Xylanase B  Thermotoga maritima  

Family 11 xylanase   

Xylanase C  Aspergillus kawachi 

Xylanase 1   Aspergillus niger 

Xylanase  Bacillus agaradhaerens AC13  

Xylanase A  Bacillus circulans  

Xylanase  Bacillus subtilis B230 

Xylanase A  Bacillus subtilis subsp. subtilis str. 168  

Xyn 11A  Chaetomium thermophilum 1 

Xylanase XynB  Dictyoglomus thermophilum Rt46B.1  

Xyn 11A  Nonomuraea flexuosa  

Xylanase  Paecilomyces varioti Bainier  

Xylanase  Streptomyces sp. S38  

Xylanase  Thermomyces lanuginosus  

Xylanase  Trichoderma harzianum E58 (Hypocrea lixii E58)  

Xylanase 1  Trichoderma reesei (Hypocrea jecorina) 

Xylanase 2 Trichoderma reesei (Hypocrea jecorina)  

Adapted from Collins, et al., 2005. 

 

1.5.1 Enzyme activity  

Enzyme activity is analyzed by measuring the amount of product produced from the biochemical 

reaction when the enzyme catalyzes a specific substrate over time and is expressed as the amount 

of product produced per unit of time (Adeola, and Cowieson. 2011). International unit of enzyme 

(IU) activity is defined as the amount of enzyme required to catalyze the transformation of 1 µmol 

of substrate per minute. Carbohydrase activity measurements are based on the analysis of reducing 

free sugars (RS), as a consequence of the enzymatic scission of the glycosidic bond.  
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Measurement of carbohydrase activities must be conducted under regulated conditions such as 

temperature, pH, ionic strength, substrate concentration, and substrate type which can influence 

enzyme activity. The standard substrate for xylanase activity is 1% birchwood xylan (Roth 7500), 

prepared in distilled water according to Bailey et al. (1992) or 1% xylan from oat spelts (Sigma 

Chemical Co) with incubation time of 5 min. One unit of xylanase activity is defined as the amount 

of xylanase catalyzing the release of 1 µmol of xylose equivalent per min (µmol xylose min–1 mL–

1 xylanase). However, different methods for analyzing the RS have been proposed. The Nelson-

Somogyi assay with copper and arsenomolybdate reagents and the 3,5-dinitrosalicylic acid (DNS) 

assay described by Miller (1959) are the most common methods used by many researchers (Adeola 

and Cowieson. 2011). The Nelson-Somogyi and DNS method utilize the reducing properties of 

certain types of carbohydrates owing to the presence of a potential aldehyde or keto-groups with 

the pH of 4.8. Nelson-Somogyi is based on the absorbance at 520 nm of a coloured complex 

between a copper oxidized sugar and arsenomolybdate. In the DNS method 3,5-dinitrosalicylic 

acid is reduced to 3-amino,5-nitrosalicylic acid under alkaline conditions with orange colour on 

the absorbance at 575 nm (Breuil and Saddler. 1985). 

Xylanase substrate selectivity factor was defined as the relative activity of xylanases towards WU-

AX and WE-AX substrates (Moers et al. 2005). Endo-xylanases differ in their affinity for WU-

AX and WE-AX, which is reflected by the structural properties of their active site.  

For example, Bacillus subtilis endoxylanase has higher affinity toward WU-AX than WE-AX, 

while Aspergillus aculeatus, preferentially degrades WE-AX and Soluble-AX (Berrin and Juge., 

2008). 

However, the structure of AX, degree of substitution and relative ratio of WE-AX and WU-AX 

(WE-AX/WU-AX) can influence the activity of endo-xylanases (Berrin and Juge. 2008). 

Furthermore, it is also suggested that wheat with a high A/X ratio has a less susceptibility to 

xylanase. This is also related to the type of xylanase, which has more affinity to cleaves un-

substituted regions of the AX-backbone than the substituted one. Therefore the beneficial effects 

of xylanase supplementation would be less pronounced in wheat with a high A/X-ratio, than low 

A/X-ratio. Understanding the A/X-ratio of the cereal samples can therefore result in a more 

accurate prediction of the degradation of AX by xylanase and consequently the nutrient digestion 

by broilers (Smeets et al., 2014). 
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1.6 Digesta viscosity reduction of NSP hydrolyzing enzymes in poultry 

Soluble non-starch polysaccharides (NSP) present in endosperm of cereals (Steenfeldt,  2001; 

Diebold et al., 2004) can elicit anti-nutritive effects in poultry such as increased digesta viscosity, 

due to the water holding capacity of arabinoxylans (AX) (Choct and Annison., 1992; Bedford et 

al., 1991; Bedford and Classen, 1992; Schutte et al., 1995), leading to changes in the passage rate 

of feed through the gastrointestinal tract (Almirall and Esteve-García, 1994), in crypt depth, and 

villus density and thickness (Yasar and Forbes, 2000). Gut microbiota can also be affected in their 

numbers or activity by changes in digesta viscosity, resulting in shifts in bacterial population and 

in fermentation site within the gastrointestinal tract (Van der Klis and Van Voorst, 1993; Carré et 

al., 1995). Most of the anti-nutritive properties of NSP which influenced the broiler performance 

have been associated directly to the high viscosity (Williams, et al., 1997). Bedford and Classen 

(1992) showed that the growth depression caused by substituting high levels of wheat and rye in 

broiler diets was associated to the viscosity of digesta in the small intestine and resulted in 

decreased weight gain and feed conversion ratio. Dietary soluble NSPs increase the viscosity and 

decrease the passage rate of digesta in broilers (van der Klis et al. 1993). Although, lower passage 

rate of digesta increases the contact time between digesta and digestive enzymes, but due to a 

reduced diffusion rate of nutrients and digestive enzyme, digestion of nutrients might not be 

increased. The diffusion rate of digestive enzymes, their substrates and their products in the digesta 

in the lumen of the small intestine, which is negatively correlated with the viscosity of the digesta, 

should be the rate-limiting factor for the overall absorption and digestion of nutrients (Johnson et 

al. 1984; Fengler & Marquardt, 19886; Ellis et al. 1996). Furthermore, increases in viscosity 

disturbs peristaltic movement and pancreatic secretion through changing the secretion of gastric 

inhibitory polypeptide (GIP) (Bedford and Schulze. 1998). The use of an NSP-rich diet changes 

the intestinal physiology and morphology by its ability to increase digesta viscosities. The presence 

of high digesta viscosity in the lumen may increase the rate of villus cell losses, leading to villus 

atrophy (Montagne et al., 2003). It is well documented that addition of NSP hydrolyzing enzyme 

reduce the viscosity of gastrointestinal tract and can improve the performance and physiological 

responses nutrient digestibility of broilers fed cereal based diets (Bedford and Classen 1992; 

Vahjen et al., 2007; Meng et al., 2005; Jia and Slominski, 2010; Jozefiak et al. 2010; Mendes et 

al., 2013; Kiarie et al., 2014; Zhang et al., 2014; Rodríguez et al., 2011). Sharifi et al., (2013) 

reported that addition of exogenous enzymes (the combination of phytase, β-glucanase, α-amylase, 
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cellulase, pectinase, amyloglycosidase, xylanase, and protease) to diets containing wheat or wheat 

and canola meal led to significant improvements in growth performance compared with control 

groups, which resulted in a decrease of digesta viscosity and increase of villus height and villus 

height/crypt depth ratio in the small intestine. It was proposed that the negative effects of viscosity 

were mediated through the effects on the microbiota. This was based on the fact that anti-nutritive 

effect of a viscous fibre was relieved through manipulation of the intestinal microbiota. This is 

confirmed by the experiment of Langhout et al. (2000) who demonstrated that the adverse effects 

of  an increased viscosity was much more pronounced in conventional broilers compared to germ-

free broilers. It was also indicated that rye-based diets increased microbial populations which 

produced bile acid deconjugating enzymes and this effect could be overcome by addition of 

antibiotics (Feighner and Dashkevicz, 1988). 

 

1.7 Cage effect reduction of NSP hydrolyzing enzyme  

Cage effect of NSP relates to the fact that the cell walls of the cereal endosperm, which consist of 

xylans, β-glucans and cellulose, encapsulate the nutrient contents in plant cells. Because poultry 

does not have the ability to digest the cell wall structure of cereals, the contents of intact endosperm 

cells escape digestion (Pettersson et al. 1990; Cowan et al. 1993). Addition of exogenous enzymes 

such as xylanases which hydrolyze such structures effectively removes the cell wall and thus 

facilitates digestion (Figure 1.8).  

 

Figure 1.8 Schematic cage effect of NSP and cage effect reduction of NSP-enzyme from 

Biochem improving digesmbility. 2016. 
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However, it should be noted that cage effect reduction of xylanase can release the nutrients 

encapsulated in the endosperm cell wall of cereal as well as the other parts of seeds. 

The microscopic evaluation of the intestinal digesta of the broiler has indicated the damage of 

endosperm cell wall structure on addition of a xylanase and shows that cell walls are thinned in 

the presence of a xylanase in wheat fed animals (Bedford and Schulze., 1998). However, it is 

difficult to evaluate and quantify these effects as a proportion of the total effect of enzyme addition. 

The physiological responses of NSP hydrolyzing enzyme in viscous based broilers diets are 

different from non-viscous diets. Zanella et al., (1999) demonstrated that exogenous enzyme 

supplementation (xylanase, amylase and protease) improved body weight, feed conversion ratio 

(FCR) and crude protein digestibility of the broilers fed corn and soybean meal diets but had no 

effect on viscosity of intestinal contents. In another experiment conducted by Baurhoo et al. (2011) 

although no differences were found between the viscosity of digesta in corn and pearl millet with 

and without exogenous enzymes (xylanase and glucanase), enzyme supplementation improved 

apparent ileal digestibility of crude protein and most amino acids at both d21 and d35.  It was also 

found that multiple exogenous enzyme supplementations significantly improved the protein and 

calcium retention of corn based diets but had no effect on intestinal content viscosity (Scheideler 

et al.2005). It seems obvious that viscosity reduction is not the only mechanism involved in the 

beneficial effects of NSP hydrolyzing enzyme. However, reduction in viscosity of digesta is 

unlikely to be of significance in a diet that is based on corn or soy, as the concentration of water-

soluble AX is less than 1 g/kg DM in comparison with wheat, where water soluble AX are on 

average 24 g/kg DM (Choct, 1997). This suggests that, although viscosity per se is unlikely to be 

a major problem, the use of xylanase may have beneficial effects in corn/soy diets for poultry, 

perhaps by an improvement in absorption of nutrients. This is presumably mediated through 

changes in cell wall architecture achieved by hydrolysis of structurally important arabinoxylans, 

which may release encapsulated nutrients. Even in a viscous diet, Choct and Annison (1992) 

demonstrated that the anti-nutritive effect of pentosans in broiler chickens disappeared, when a 

hydrolyzed pentosan preparation was added to a broiler diet, although the viscosity of digesta was 

significantly higher in comparison with birds fed a sorghum-based control diet. These findings 

suggest that a reduction in viscosity might not be the only parameter of importance influencing the 

physiological responses of broilers (Choct et al., 2004). However the precise mechanisms are 

largely unknown.  
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1.8 Prebiotic effect of NSP hydrolyzing enzyme  

The beneficial effects of NSP hydrolyzing enzymes such as xylanase may not be only due to the 

cage effect or viscosity reduction, but perhaps on its ability to produce soluble, fermentable 

oligomers which enter the caeca and enhance fermentation (Choct et al. 1996). However, the size 

and the importance of prebiotic action of xylanase are not clear. Two main mechanisms have been 

proposed for the beneficial effect of NSP hydrolyzing enzymes on intestinal microbiota: i) 

provision of soluble fermentable oligosaccharides as a result of hydrolysis of insoluble fibre and, 

ii) removal of fermentable starch and protein through enhancing nutrient digestion (Bedford and 

Cowieson, 2012). Exogenous xylanase can hydrolyze the structural fiber and produce lower 

molecular weight of xylo-oligomers (AXOS and XOS) (Bedford and Cowieson, 2012). Research 

reports have shown that administration of XOS to the chickens’ diet selectively stimulated the 

growth of beneficial endogenous bacteria, significantly improved gut health parameters and 

consequently poultry performance (Courtin et al., 2008).  

Figure 1.9 illustrates that AX can be hydrolyzed by endo-xylanases which can be produced by 

selected Bacteroides species or can be supplemented in diets. The produced AXOS and XOS 

fragments are further hydrolyzed to monosaccharides (arabinose (A) and xylose (X)) by 

arabinofuranosidases and xylosidases, produced by some bacteria such as Bifidobacterium 

species.Bacterial catabolism of the arabinose (A) and xylose (X) results in production and 

secretion of short chain fatty acids (SCFA) and increasing concentrations of SCFA inhibit the 

activity of Bacteroides species. (Broekaert, et al., 2011)  
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Figure 1.9 Model for the key microbiological and metabolic events in the human colon upon 

ingestion of either arabinoxylan (AX) or its hydrolysis products, arabinoxylan-oligosaccharides 

(AXOS), and xylooligosaccharides (XOS) (Adapted from Broekaert, et al., 2011) 

 

However, the products that can be obtained by enzymatic treatment of arabinoxylans (AX); such 

as AXOS and xylooligosaccharides (XOS) can have different prebiotic properties (Swennen et al., 

2005). This could be due to the differences in average degrees of polymerization (avDP) and 

substitution (avDS) between these products (avDP: the average number of xylose residues in their 

backbone; avDS: the average ratio of arabinose to xylose) among these two prebiotics.  

Kabel et al (2004) compared the fermentation products of low polymeric XOS (DP 2–11) and 

AXOS (DP 2–10) in an in vitro model with the fecal inoculum originated and they found that 

production of propionate is associated to the presence of side chains on the xylan oligosaccharides. 

Broekaert, et al., 2011 also suggested that Bifidobacterium spp, which produce mainly lactate and 

acetate upon fermentation of carbohydrates are directly involved in fermentation of XOS and 

AXOS but not of AX. 

While at distal small intestine the effects of enzymes on the microbiota are likely a result of 

fermentation of NSP-oligomers, in the proximal digestive tract these effects are more related to 
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enhancing the digestion of dietary nutrients in the lumen of gastro-intestinal tract. Highly viscous 

diets reduce the digestion of nutrients, so significant quantities of starch and/or protein enter the 

large intestine. Such large amounts of rapidly fermentable substrates would likely stimulate the 

activity of putrefactive bacteria and pre-dispose the animal to intestinal disorders .Under such 

circumstances use of NSP hydrolyzing enzymes will improve small intestinal digestion (Bedford 

Cowieson. 2012).  

 

1.9 Conclusion  

The use of exogenous enzymes, particularly NSP hydrolyzing enzymes, is commonplace in poultry 

feeds. A wide array of studies can be found in literature that usually focus on the beneficial effect 

of hydrolyzing enzymes and an extensive set of trials has been set up on determining their effects 

on animal performance and/or nutrient digestibility. Few studies have investigated the relative 

contribution of each mechanism to the net benefit of enzymes use and it is still not clear, which 

are the major mechanisms involved. Understanding of this helps us to evaluate which mode of 

action is predominating for a particular enzyme in a particular setting.  
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2.1 General goal 

Fibre in the diet of broilers will increase due to the pressure by the ever growing world population 

and due to the competition of food vs. feed production vs. biofuel production. This competition 

creates a high need to find alternative feed resources in animal feeding, resulting in an increase in 

fibre content of diets. The profits in the poultry sector are tight warranting new applications for 

improved feed efficiency such as NSP hydrolyzing enzymes. Although the use of NSP hydrolyzing 

enzymes is widespread, nutritionists often encounter difficulties to predict the efficacy of enzyme 

use because some of the originally assumed working mechanisms do not seem to fit the 

performance outcomes.  

Earlier, three mechanisms have been proposed for the beneficial effect of xylanase in cereal based 

diets i) viscosity reduction ii) cage effect reduction and iii) changes in microbiota population or a 

prebiotic effect. Although these mechanisms have been suggested it is not clear to which extent 

these mechanisms contribute to the net benefits of enzyme use.  

 

This PhD thesis focused on a proof of principle approach regarding the mechanisms of xylanase 

(the most important NSP hydrolyzing enzyme to date) added to the feed of broilers. In this PhD 

thesis, in order to unravel these mechanisms, well characterized cereals such as wheat and corn 

were used instead of high fibrous by-product. 

The novelty of the approach was the attempt to isolate each mechanism to understand it separately 

and at the end combine all pieces of the puzzle. The overarching objective of this PhD was to 

evaluate the contribution of two main modes of action (viscosity and cage effect reduction) to 

xylanase efficacy in broilers including the prebiotic effect: 

 

 As the study of viscosity reduction of xylanase is one the main aim of this thesis, it was 

important to measure the digesta viscosity with a suitable method and make sure that the 

method used did not affect interpretation of the results. Today, viscosity of digesta is 

measured only after the complete removal of particles by centrifugation. However, this 

may remove particles that contribute to viscosity of digesta. Therefore in chapter 3, the in 

vitro study was done to compare two viscosity measurement techniques with and without 

centrifugation step. 
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 Viscosity and high water holding capacity of soluble non-starch polysaccharide (NSPs) 

present in the endosperm cell walls of cereal have been identified as a major cause of poor 

growth rate and low nutrient digestibility in broiler chickens. It was suggested that 

reduction in digesta viscosity may be one of the most important benefits of NSP 

hydrolyzing enzymes supplementation. Therefore, the aim of the first experiment (chapter 

4), was to separate the viscosity reduction effect of xylanase in order to understand the 

contribution of this working mechanism to the overall xylanase efficay. 

 

 Earlier it was proposed that partial hydrolysis of insoluble NSP by exogenous enzyme 

release the nutrients encapsulated by cell walls. The insoluble NSP present in the 

endosperm cell walls of cereal act as a fence for nutrients contained in the plant cell and 

make them inaccessible for digestive enzymes. This effect of NSP is called “cage effect”. 

So far, it is not known which proportion of the xylanase effects is due to this cage effect 

reduction. In order to quantify the cage effect as a proportion of the total effect of enzyme 

addition, in a second in vivo study (chapter 5), cage effect reduction of xylanase was put 

in focus. Within this study, for the first time, new methods were used to evaluate how 

xylanase contributes to the release of intracellular nutrients (“cage effect”).  
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Comparing two techniques for viscosity measurements in poultry feedstuffs: 

does it render similar conclusions? 
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3.1 Abstract  

Viscosity of intestinal contents is known to affect digestion and absorption of nutrients in poultry. 

In most poultry studies intestinal viscosity has been measured only after complete removal of solid 

particles by centrifugation. Centrifugation may however remove particles that contribute to 

viscosity, hence potentially giving rise to an underestimation of digesta viscosity. Two different 

viscosity measurement techniques, one including a centrifugation step (Brookfield) and the other 

without (Haake), were compared in an in-vitro model to investigate whether both techniques result 

in similar conclusions regarding viscosity. Two sets of feedstuff preparations were used. The first 

set was prepared with different combinations of milled feedstuffs: 100% corn, 25% corn + 75% 

wheat, 100% wheat, 90% wheat + 10% rye, all mixed with distilled water, in order to have a wide 

range of viscosity. In the second set, barley was incubated with different beta-glucanases, and 

soybean and sunflower meal were incubated with different pectinases, all mixed with distilled 

water. Viscosity was assessed using both techniques at 6 different time points. To evaluate the 

extent of agreement between the two methods, the Lin’s Concordance Correlation Coefficient 

(CCC) was assessed using the percentage of increase in viscosity (AUC) within each method, 

based on pairwise feedstuffs comparison (first set), or relative to the feedstuff without enzyme 

(second set). The rate of the agreement between the two methods was substantial for the first set 

of feedstuffs (66%) and for the barley diets incubated with beta-glucanases (69%), whereas the 

CCC score for the soybean meal diets was very poor (2%) and fair for the sunflower meal diets 

incubated with pectinases (32%). The lack of agreement for the latter can be explained by the 

limited variation in viscosity in these low viscous mixtures. Although the two techniques are 

considerably different (e.g. with or without preceding particle removal), they seem to render 

similar conclusions when applied to poultry feedstuffs to identify distinct differences under the 

tested circumstances. 

 

Keyword: Poultry feedstuffs, viscosity measurement, centrifugation, Haake, Brookfield 
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3.2 Introduction  

Increased viscosity of digesta in the gastrointestinal tract of poultry, through addition of cereals 

containing high amounts of soluble non-starch polysaccharides (NSPs), has been shown to 

negatively interfere with digestion and absorption of nutrients and consequently reduce their 

performance (Van der Klis et al. 1993; Choct and Annison, 1992). Although many studies have 

investigated the anti-nutritive effect of increased gastrointestinal contents’ viscosity (Sieo et al., 

2005; Lee et al., 2003; Mehri et al., 2010; Slominski, 2011), and multiple methods for digesta 

viscosity assessment have been employed in the latter studies, there is no single standard method 

to measure the viscosity of digesta. Further, the volume of intestinal contents in poultry is rather 

small, i.e. less than 5 ml in young chicks (White, 1981). This poses a restriction in the choice of 

techniques and instruments to assess digesta viscosity. Adding to this, the presence of large 

undigested feed particles in the gastrointestinal contents will interfere with viscosity measurements 

(Dikeman et al., 2007). When measuring the viscosity of a fluid containing large particles, the 

common types of rotational viscometers which require small volume samples, such as parallel 

plate (Figure 3.1A), cone and plate (Figure 3.1B) and concentric cylinders systems (Figure, 3.1C) 

are not appropriate, due to the narrow gaps of cone and plate or cylinder and parallel sensors 

(Steffe. 1996; Bourne, 2002). Therefore, in most studies published to date, digesta samples are 

centrifuged before measuring viscosity to remove these large undigested feed particles (more than 

3 mm). However, centrifugation may remove particles that contribute to digesta viscosity and may 

contribute to the underestimation of digesta viscosity, making data interpretation difficult 

(Takahashi and Sakata, 2002). To date, it is well documented that the enzymatic breakdown of 

soluble NSPs decreases the viscosity in the gastrointestinal tract of broiler chicks fed cereal-based 

diets (Bedford, 1995). However, there are still several studies suggesting that intestinal viscosity 

is not a factor in determining the response to exogenous enzymes (Bedford and Schulze, 1998). 

One reason for the lack of a relationship between intestinal viscosity and performance on the basis 

of such studies could be due to the underestimation of viscosity measurements by centrifugation. 

It is thus important to have a method that measures the viscosity of the whole digesta. Such method 

has been described by Steffe (1996), where mixer viscometry was developed to solve the problem 

of large particle size and to obtain a desired degree of uniformity. This is achieved by creating 

motion in the suspensions usually in the form of a rotational motion with vane spindles or pitched-

paddle impeller sensor systems (Figure, 3.1D). Therefore, viscometers with large diameter tubes 
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must be used, which in turn require larger volumes of digesta compared to the common methods 

(Rao et al. 1974). The advantage of comparing this latter method with common rotational 

viscometry, such as a cone and plate system, is to assess the contribution of particles to the 

viscosity of digesta in chickens. Haake and Brookfield viscometers were chosen here to compare 

the mixer (vane spindle without preceding centrifugation) and common (cone/plate with preceding 

centrifugation) rotational viscometer methods to assess whole digesta viscosity. Because of the 

small volume of intestinal fluid in poultry, this comparison was done in vitro, using different 

proportions of finely milled feedstuffs in water solution, with addition or not of NSP-degrading 

enzymes. It was hypothesized that both techniques would result in similar conclusions when 

applied to poultry feedstuffs with a range in viscosity. 

 

 

Figure 3.1 Different types of rotational viscometers with different sensors systems; A – Parallel 

Plate, B – Cone and Plate, C – Concentric Cylinder, D – Mixer   

  

A B 

C D 
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3.3 Materials and methods 

3.3.1 Feedstuffs preparations 

Two sets of feedstuff preparations were made. The first set was prepared with different 

combinations (200 g) of milled corn, wheat and rye (100% corn, 25% corn + 75% wheat, 100% 

wheat, 90% wheat + 10% rye), all mixed with distilled water (300 g) in order to have different 

degrees of viscosity.  The second set was prepared with barley (200 g), soybean meal (200 g) and 

with sunflower meal (200 g), all mixed with distilled water (400 g, 700 g and 900 g respectively) 

and different NSP-degrading enzymes (glucanases and pectinases). Barley was incubated (22°C, 

pH=7) with different glucanases, YCK (dose: 20 ppm, from Trichoderma reese      i,10000 IU/g), 

TC70K (dose: 10 ppm, from Trichoderma reesei, 70000 U/g), SC40K (dose: 15 ppm, from 

Trichoderma reesei, 40000 U/g), FL12K10 (dose: 10 ppm, from Aspergillus niger, 1500 U/g), NB 

800 (dose: 7 ppm, from Bacillus amyloliquefaciens),  FL12K20 (dose: 20 ppm, from Aspergillus 

niger, 1500 U/g), while  soybean meal and sunflower meal were incubated (22°C, pH=7) with 

different pectinases, SC30K (dose: 30 ppm, from Aspergillus niger, 30000), TC30K (dose: 30 

ppm, from Aspergillus niger, 30000 U/g), RVP (dose: 50 ppm, from Aspergillus niger).  

All enzymes were supplied by Nutrex nv (Lille, Belgium). All feedstuffs were prepared by the 

Institute for Agricultural and Fisheries Research (ILVO, Merelbeke, Belgium).  

 

3.3.2 Analyses and Measurements 

Viscosity of all combinations was assessed either using the Haake or the Brookfield viscometer. 

Measurements were done at 6 different time points (0, 30, 50, 70, 120 and 180 min) to include the 

viscosity measurement changes over time, as representative of the digesta passage in different 

segments of the poultry digestive tract (Svihus et al., 2002). 

 

3.3.2.1 Spindle viscometry without centrifugation 

After the combinations were prepared, they were mixed by hand with a metal spatula for 60 

seconds to homogenize the mixtures. Viscosity of whole suspensions was measured in triplicate 

with a Haake viscotester 550 (VT550 viscometer™, Karlsruhe, Germany) at room temperature 

(22°C). A FL100 -vane shaped spindle (Haake Engineering, Karlsruhe, Germany) was used.  
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3.3.2.2 Cone and plate viscometry with centrifugation  

All viscosity measurements were done at room temperature (22°C) to alleviate any additional 

interference due to changes in temperature between the samples. The samples were mixed by hand 

with a metal spatula for 60 seconds to homogenize the sample. Approximately 15 ml of each 

mixture was placed in centrifuge tubes and centrifuged at 3893 g for 5 minutes at 22°C (Sigma 3-

16pk, Sigma, Osterode, Germany). Supernatants were recovered to a new 1.5 ml tube and viscosity 

of the supernatant was measured in triplicate with a Brookfield DV2T™ viscometer (DV2T; 

Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA) with a Wells/Brookfield cone 

and plate using a CP-40 cone and plate as described by Bedford et al. (1992).  

 

3.3.3 Calculations 

In order to compare the two methods of viscosity measurement and to include all time points at 

which the viscosity was measured, the area under the curves (AUC) was assessed (for both 

methods) based on the trapezoid method, as follows: 

AUC = ∑ (
𝑉𝑡𝑥+1 + 𝑉𝑡𝑥

2
)

𝑦
𝑥=1  × (𝑡𝑥+1 – 𝑡𝑥) 

with y is the maximum number of measurements in time (in this experiment y=6) , 𝑉𝑡𝑥+1 the 

viscosity measured (in centipoises (cP) or in Pascal-second (Pa.s)) at time point 𝑦 + 1, 𝑉𝑡𝑥 the 

viscosity measured at time point 𝑦, 𝑡𝑥+1 the following time point (in min) at which viscosity was 

measured, and 𝑡𝑥 the first time point (in min) at which viscosity was measured. 

The techniques use two different substrates and scales to measure viscosity: whole suspensions 

with the Haake viscometer (in scale of Pascal-second (Pa.s)) and supernatants with the Brookfield 

viscometer (in scale of centipoises (cP)). Therefore, the relative percentage of change in viscosity 

was calculated within each method based on the AUC changes. In the first set, differences between 

feedstuffs were the target, whereas in the second set the addition of enzymes was calculated to 

have the same scale (in percentage) to compare both techniques. 

 

3.3.4 Statistical analysis 

Linear regression was used to analyze the correlation between areas under the curves measured 

with the Brookfield and Haake viscometer to derive a statistical equation and coefficient of 

determination (R2). To evaluate the extent of agreement between the two methods, Lin’s 

Concordance Correlation Coefficient (CCC) was assessed as proposed by Lin (1989). The CCC is 



Chapter 3 

43 

calculated as ρc = ρ x Cb with ρc the concordance correlation coefficient, ρ the Pearson correlation 

coefficient and Cb the bias correction factor which is calculated as : 

Cb = 2σBσH / (σB 2 + σH 2 + (µB − µH) 2) with σB, µB, σH and µH the S.D. and mean of the values 

determined by Brookfield and Haake viscometers respectively. The ρc (CCC score) reflects the 

length of the concordance and the degree to which individual prediction adheres to the concordance 

line. The Pearson correlation coefficient is a measure of precision, whereas the Cb is a bias 

correction factor that is a measure of accuracy. The Landis and Koch (1977) scale was used to 

describe the degree of concordance, with 0.21 – 0.40 being ‘Fair’, 0.41 – 0.60 being ‘Moderate’, 

0.61 – 0.80 being ‘Substantial’, and 0.81 – 1.00 being ‘Almost perfect’. Additionally, a Bland-

Altman precision plot (difference plot) and bias analysis was also performed to assess the 

agreement between the two viscosity measurement methods. The limits of agreement were defined 

as mean bias ± 1.96 standard deviation. This analysis was done to help assess potential errors in 

the measurements and to identify possible outliers. To analyze the potential to reduce the viscosity 

by glucanases and pectinases within each method, a general linear model (GLM) was used. This 

statistical analysis with the GLM was done at 2 different time points (70 and 120 min after the 

beginning of the incubation period), representative of the most common times for digesta passage 

rate in broilers. For this, SPSS (v22.0) was used with a univariate ANOVA, with enzyme addition 

as fixed factor. Tukey was used as a post-hoc test and statistical significance was accepted at 

p<0.05. 

 

3.4 Results  

3.4.1 Linear regression and correlation between the two methods  

In Figure 2, a scatter plot of the correlation between the AUC of the viscosity measured with the 

Brookfield and Haake viscometers (with and without centrifugation step respectively) is shown. 

For the first set of feedstuffs (Figure 3.2A) and for barley incubated with glucanases (Figure 3.2B), 

the Pearson correlation coefficient (r) between the Haake and the Brookfield measurements were 

quite high r= 0.954 and r=0.963 respectively, opposite to the results obtained for soybean meal 

(Figure 3.2C) and sunflower meal (Figure 3.2D) incubated with pectinases. In the latter, the 

Pearson correlation coefficients were r = -0.253 and r = 0.283 for soybean and sunflower meal 

respectively.  
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Figure 3.2 Scatter plot between area under the curve (AUC) using the Haake or the Brookfield 

viscometers with: A – the first set of feedstuffs (▼ – 100% corn, ★ – 25% corn + 75% wheat, ♦ 

– 100% wheat, • – 90% wheat + 10% rye); B – barley with or without glucanases added ( -

control,  ♦– YCK, ▼ – TC70K, – ★-SC40K, • –  FL12K10, - NB 800, - FL12K20); C – 

soybean meal with or without pectinases added ( – control, ♦ – SC30K, ▼ – TC30K, ★ – RVP); 

and D – sunflower meal with or without pectinases added( – control, ♦ – SC30K, ▼ – TC30K, 

★ – RVP). The black line represents the linear regression line.  
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3.4.2 Concordance and agreement between the two methods  

Figure 3.3 showed the relative percentage of change in viscosity that was calculated within each 

method based on the AUC changes. In the first set (Figure 3.3A) differences between feedstuffs 

were the target, whereas in the second set (Figure 3.3B, 3.3C and 3.3D) the addition of enzymes 

was evaluated.  

The level of the concordance (CCC score) using the relative percentage of changes in viscosity 

(based on the AUC changes) for the first set of feedstuffs was substantial (0.66, Table 3.1), with a 

Pearson coefficient of 0.90 and an accuracy (Cb) of 0.73 (Table 3.1).  

However, Bland–Altman analysis showed slight agreement and some outliers (data points above 

upper limit, (90% wheat+10% rye)) between the two methods for the first set of feedstuffs with 

rye, whereas this difference plot showed close-to-perfect agreement for the first set of feedstuffs 

without rye  (Figure 3.4A and 3.4B respectively). 
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Figure 3.3 Relative percentage of change in viscosity (based on calculated AUC) of feedstuffs within each method, 

Haake and Brookfield: A – first set of feedstuffs all compared to each other, with C=100 % corn, CW=25% corn+75% 

wheat, W=100% wheat, WR= 90% wheat+10% corn; B – barley added with glucanases (YCK, TC70K, SC40K, 

FL12K10, NB 800, FL12K20) and compared to barley alone; C – soybean meal added with pectinases (SC30K, TC30K, 

RVP) and compared to soybean meal alone; and D – sunflower meal added with pectinases (SC30K, TC30K, RVP) 

and compared to sunflower meal alone. 
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Table 3.1 Lin’s Concordance Correlation Coefficient (ρc) and its 95% confidence interval (CI, with upper and 

lower limits (Upper lim and Lower lim, respectively)), Pearson correlation coefficient (ρ), bias correction factor 

(Cb) for the relative percentage of change in viscosity (based on AUC) for the first set (with and without rye) and 

the second set of feedstuffs (using enzymes) measured with the Haake and the Brookfield viscometer 

 

Feedstuffs 

with rye 

Feedstuffs 

without rye 

Barley 

(glucanases) 

Sunflower meal 

(pectinases) 

Soybean meal 

(pectinases) 

ρc  0.660 0.900 0.690 0.320 0.022 

95% CI 
Upper lim 0.560 0.800 0.820 0.770 0.219 

Lower lim 0.740 0.940 0.480 -0.340 -0.176 

ρ  0.900 0.920 0.950 0.340 0.083 

Cb   0.730 0.970 0.730 0.930 0.270 
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Figure 3.4 Bland-Altman analysis for the percentage of change in viscosity (based on 

calculated AUC) using the Haake or the Brookfield viscometers for the first set of feedstuffs 

prepared: A – using all mixtures, including the ones mixed with rye; B – using only mixtures 

without rye added. Lines show the bias (solid line) and upper and lower limits of agreement 

(dashed lines). Diff refers to the differences between percentages of change in viscosity (based 

on the calculated AUC) between the 2 methods for the same feedstuffs, whereas mean refers 

to the average of percentage of change in viscosity (based on the calculated AUC) for both 

methods.  

 

The CCC analysis was also repeated for the first set of feedstuffs without rye: length of 

concordance (ρc), Pearson coefficient (ρ), and the accuracy (Cb) were 0.90, 0.92 and 0.97 

respectively. When there is no bias, when calculating the difference between both methods for the 

percentage of change in viscosity (AUC) of the different feedstuffs, this difference should not be 

significantly different from zero. This was not the case for the mixtures of corn, wheat and rye. 

For the first set of feedstuffs with and without rye, the P value of the t-test (test value = 0) for 

differences between the percentage of changes measured with Haake and Brookfield viscometers 

were 0.001 and 0.1 respectively. For the barley incubated with different glucanases, the CCC score 

was similar (substantial) to that of the first set of feedstuffs including the rye mixtures (0.69, Table 

3.1), as well as the Pearson coefficient (0.950) and the accuracy (0.730) (Table 3.1). The Bland-

Altman plot (Figure 3.5) for the barley incubated with different glucanases shows no outliers, and 
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a smaller bias compared to the Bland-Altman analysis for the first set of feedstuffs. For the soybean 

meal and the sunflower meal incubated with pectinases, the CCC score was poor (0.022) for the 

soybean meal and fair (0.320) for the sunflower meal (Table 3.1). The Bland-Altman analysis 

(Figure 3.5 C, B) showed no outliers and very small bias for the soybean and sunflower meal 

incubated with pectinases. P-values of the t-test for the differences measured with both methods 

for barley, soybean and sunflower meal incubated with enzymes were 0.001, 0.002 and 0.487 

respectively. 
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Figure 3.5 Bland-Altman analysis for the percentage of change in viscosity of A – barley added 

with glucanases compared to barley without added enzyme – control, B – soybean meal without 

added enzyme – control – (based on calculated AUC); and C – sunflower meal added with 

pectinases compared to sunflower meal without added enzyme – control (based on calculated 

AUC) using the Haake or the Brookfield viscometers for the same feedstuffs. Lines show the bias 

(solid line) and upper and lower limits of agreement (dashed lines). Diff refers to the differences 

in percentage of change in viscosity measurements (based on the calculated AUC) between the 2 

methods, whereas mean refers to the average of percentage of change in viscosity (based on 

calculated AUC) for both methods. 

 

3.4.3 In vitro evaluation of the viscosity reducing capacity of the enzymes tested for both methods 

The effect of different glucanases on the absolute viscosity of barley, using the Haake or the 

Brookfield viscometers (with and without centrifugation, respectively) after 70 and 120 min of 

incubation (representative of the most common times for digesta passage rate in broilers) is 
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presented in Table 3.2. For both methods and for both time points, all glucanases resulted in 

decreased viscosity of barley mixtures, compared to the control (barley without glucanases). For 

soybean meal and for sunflower meal, pectinases did not result in decreased viscosity of the 

mixtures for both methods (Haake and Brookfield), and at both time points, compared to the 

control (soybean meal or sunflower meal without pectinases) (Table 3.3).  
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Table 3.2 Effect of different glucanases on viscosity reduction of barley, using the Haake (Pascal-second) and Brookfield 

(centipoises) viscometers after 70 and 120 min of incubation 

  Control YCK TC70K  SC40K FL12K10  NB 800  FL12K20  SEM P value 

viscosity after 70 min          

  Haake 6.85a 3.10d 3.04d 2.69d 5.72b 4.21c 5.75b 0.188 <0.001 

  Brookfield 33.0a 10.3d 8.36d 9.76d 22.5b 13.6c 21.3b 0.650 <0.001 

viscosity after 120 min          

  Haake 4.92a 2.80cd 2.91cd 2.56d 3.94b 3.43bc 4.17ab 0.166 <0.001 

  Brookfield 19.3a 9.37c 7.47d 6.35d 18.7a 11.7b 18.6a 0.303 <0.001 

SEM – standard error of the mean 
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Table 3.3 Effect of different pectinases on viscosity reduction of soybean meal and of 

sunflower meal, using the Haake (Pascal-second) and Brookfield (centipoises) viscometers, 

after 70 and 120 min of incubation 

  Control SC30K   TC30K  RVP SEM P value 

Soybean meal 70 min       

  Haake 0.724 0.706 0.817 0.671 0.051 0.295 

  Brookfield 1.79 1.85 1.66 1.79 0.161 0.252 

Soybean meal 120 min       

  Haake 0.883 0.872 0.942 0.971 0.032 0.165 

  Brookfield 1.99 1.79 1.85 1.79 0.172 0.296 

Sunflower meal 70 min       

  Haake 1.28 1.4 1.27 1.66 0.186 0.476 

  Brookfield 1.22 1.28 1.53 1.27 0.191 0.660 

Sunflower meal 120 min       

  Haake 1.58 1.59 1.35 1.66 0.218 0.771 

  Brookfield 1.15 1.24 0.983 1.17 0.161 0.718 

SEM – standard error of the mean 

 

3.5 Discussion 

There was a high correlation between both methods in the first trial, where a series of combinations 

of corn, wheat and rye were used in this study. Caprita et al (2012) reported that the viscosities of 

wheat and barley extracts isolated by centrifugation, correlated very well with their concentration 

in the mixtures (r = 0.967 and r = 0.969 respectively), but in their experiment, these correlations 

were limited only to the conventional method. However, opposite findings (low correlation) were 

observed in another study in intestinal digesta viscosity among dogs (Dikeman et al., 2007). In any 

case, when it comes to evaluating the effect of treatments or feed combinations, both methods 

render similar conclusions, even with milder changes in viscosity, such as in the second set in this 

study. Based on these results, one could say that both methods seem to be interchangeable to assess 

viscosity. However, despite the good correlation between the two methods, it cannot be 

automatically assumed that there is a good agreement between the two methods. A correlation 

describes a linear relationship between two sets of data but not their agreement: one method might 

for instance present a much greater effect size of a particular treatment than another method, hence 

affecting the success perception of such treatment. It needs to be emphasized that correlation only 

studies the relationship between one variable and another, not the differences meaning that it is 

not a sufficient measure of comparability of methods (Giavarina, 2015). Therefore, it is necessary 

to check for the level of agreement, precision and bias between the two methods. For these reasons, 

the CCC analysis and the Bland-Altman analysis were performed based on the quantification of 
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the agreement between the two methods by studying the mean difference. As stated earlier, one 

technique measures the viscosity of the whole suspensions (Haake) in the scale of Pascal-second 

(Pa.s) and the other measures the viscosity of supernatants (Brookfield) in the scale of centipoises 

(cP), so the relative percentage of changes in viscosity (calculated AUC) within each method were 

used rather than absolute viscosity (AUC), to have the same scale (percentage) for the CCC and 

the Bland-Altman analysis. Because of these pronounced differences in approach, the agreement 

in outcomes between the methods might differ substantially despite the good correlation. In the 

first trial, the CCC score indicated a substantial agreement (0.66, Table 3.1). A significant bias 

was observed for the mixtures of corn, wheat and rye when comparing the effect size between 

methods: the differences between methods for the percentage of change were significantly 

different from zero. Figure 3.4A presents data points crossing the upper limit of agreement. A 

closer look to these data points shows that these are related to the rye mixtures. Indeed, when 

performing the Bland-Altman analysis without these rye mixtures, there were no longer outliers 

(Figure 3.4B), and no longer a proportional bias. In addition, from Table 3.1 it is clear that the 

Pearson coefficient remains high (0.92) indicating a very good precision for both techniques (very 

small deviations from the best fit line), and that the length of concordance (CCC score) and the 

accuracy (Cb) improved significantly and approached perfection (0.90 and 0.97 respectively), for 

the mixtures of corn and wheat only (without rye mixtures). From figure 3.3A, it was also clear 

that the percentage of change in viscosity (based on AUC) of all feed mixtures (100% corn, 25% 

corn + 75% wheat, 100% wheat) compared to feed mixture with rye (90% wheat+10 %rye) was 

almost two times higher in Brookfield (with supernatants) than Haake (with whole suspension) 

viscometers. The lower rye-induced percentual increase with the Haake viscometer (whole 

suspension) compared with the Brookfield viscometer (supernatants) might be due to the lack of 

enough torque (force that tends to cause rotation) to measure the extremely viscous suspensions 

(Dikeman et al., 2007). It might also be due to the interference of solid particles (e.g. the particles 

stuck between the blades and the wall of the cup) in the measurements with this Haake viscometer 

(Roos et al., 2006). It should however be noted that these limitations are due to this viscometer 

and not the mixer viscometry method as such. Evidently, this lower rye-induced percentual change 

in viscosity measurements of whole suspensions compared to the supernatants is not linked to the 

effect of the centrifugation process. For barley incubated with different glucanases, the CCC score 

also showed a substantial agreement between the two methods, with high correlation (0.95) and a 
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substantial accuracy (0.73) (Table 3.1). When performing the Bland-Altman analysis, there were 

no outliers to be noted, but there was still some proportional bias. As the percentage of changes in 

viscosity measurements with whole suspensions (Haake viscometer) is lower than in viscosity 

measurements with centrifugation step (Brookfield viscometers) (Figure 3.3B), it is unlikely that 

the centrifugation plays a role in this variation. Therefore similar to the first set of feedstuffs with 

rye, the proportional bias between the two methods may be due to the presence of particles in the 

Haake viscometer. Whereas the viscosity of supernatants in barley mixtures provided an almost 

accurate prediction of whole barley mixtures viscosity, the method with centrifugation step did not 

allow accurate prediction of viscosity measurements of whole suspensions for sunflower and 

soybean meal. Indeed, the length of concordance (CCC score) and Pearson correlation (ρ) are 

rather poor and unsatisfactory (ρc = 0.022, ρ= 0.083 and ρc = 0.32 ρ = 0.34) respectively and the 

accuracy (Cb) was 0.93 and 0.27 for sunflower and soybean meal. Nevertheless, when performing 

the Bland-Altman analysis, no outliers could be detected, despite a proportional bias present for 

soybean meal. The lack of correlation and the presence of this proportional bias may be due to the 

limit range in viscosity within these mixtures when pectinases were added. However, the better 

correlation and accuracy between the two methods in sunflower meal compared to the soybean 

meal mixtures could be due to the higher level of NSP in sunflower meal (31.2%) than soybean 

meal (21.0%) of DM (Knudsen, 2014). Although there was no agreement between the two methods 

(Haake and Brookfield) regarding the percentage of change in viscosity of these mixtures, in vitro 

evaluation demonstrated pectinases to have no effect on the viscosity of soybean meal or on the 

viscosity of sunflower meal, for both methods. However, both methods confirm the lack of 

viscosity differences in soybean and sunflower meal mixtures with different pectinases, albeit there 

was no correlation between these two methods. The lack of enzyme effect on the viscosity of 

soybean and sunflower meal mixtures may be attributed to the fact that the viscosity of these 

mixtures was already decreased when pectin was dissolved completely in water (Li and Chang, 

1997). In order to increase their vviscosity in-vitro, it seems they should be warmed up. Although 

the rate of interchangeability between the two methods was quite high for wheat and corn mixtures, 

the viscosity measurements of whole suspensions with high viscous feedstuffs such as rye and 

barley may underestimate the viscosity of digesta and create a bias between the viscosity 

measurements of two methods. Overall, concerning the effect of centrifugation on viscosity 

measurements it can be concluded that results obtained with the conventional method, where 
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centrifugation is used (Brookfield) agrees quite well with the method without centrifugation 

(Haake) and the agreement and correlation between the two techniques improves when the range 

of viscosity differences increases. However, it should be noted that centrifugation was not the only 

differences between the two technique and different types of sensors systems are also should be 

considered. 

Although the two techniques are considerably different (e.g. with or without preceding particle 

removal and two different types of sensor systems), they seem to render similar conclusions when 

applied to poultry feedstuffs in broad enough range of viscosity differences. 
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4.1 Abstract 

Beneficial effects of added xylanase to broiler diets are partially attributed to digesta viscosity 

reduction, resulting from depolymerization of water-extractable arabinoxylans (WE-AX). 

Releasing of encapsulated nutrients (cage effect reduction) and creation of arabinoxylo-

oligosaccharides (AXOS) as a potential prebiotic effect should also be considered. This study 

aimed to identify the impact of xylanase substrate modifications in broiler diets with different 

effects on intestinal viscosity. Broilers received two types of WE-AX: inherent in the cell wall 

structure in wheat-based diets (WHE) and supplemented as purified source in corn-based diets 

(CON+WE-AX) with and without xylanase (±XYL).Corn with and without xylanase 

(CON±XYL) served as control and a purified AXOS was also added to CON+XYL to investigate 

whether supplementation of prebiotic AXOS resulted in an additional positive effect on 

performance. The purified WE-AX in corn was used to investigate whether presence of WE-AX 

in cell matrix would influence the results, whereas the CON+AXOS+XYL served to estimate the 

prebiotic effect of xylanase in CON+WE-AX+XYL. Surprisingly, addition of WE-AX to corn-

based diets did not increase digesta viscosity, leaving no viscosity effect of xylanase in these diets, 

whereas the high viscosity in wheat-based diets decreased with xylanase addition. Only in the 

wheat-based diet, xylanase significantly improved performance (ADG, ADFI, feed conversion 

ratio) and digestibility (GE, CP, MEn, plasma triglycerides). The addition of AXOS reduced 

broilers’ growth performance on the corn-based diet, whereas WE-AX addition improved 

performance. The latter coincided with increased numbers of Clostridium cluster IV, XIVa, and in 

particular increased numbers of gene copies for butyryl-CoA:acetate CoA-transferase for broilers 

on CON+WE-AX±XYL diet. The lack of viscosity induction by the added WE-AX left this study 

inconclusive on the relative impact of viscosity reduction on the overall effect of xylanase, but 

warrants further study on the importance of WE-AX origin and embedding in the cell wall matrix 

to induce viscosity and effects on passage rate. The positive WE-AX effect and negative AXOS 

effect on performance and the concomitant changes in microbial profile indicate that the effect of 

xylanase in corn-based diets from previous studies depends on the amount, and type of WE-AX 

and AXOS. 

 

Key words: WE-AX, AXOS, viscosity, cage effect, xylanase 
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4.2 Introduction 

Viscosity and high water holding capacity of soluble non-starch polysaccharide (NSPs) present in 

the endosperm cell walls of cereal have been identified as a major cause of poor growth rate and 

low nutrient digestibility in broiler chickens (Schutte et al., 1995; Slominski, 2011). Soluble NSP 

such as water-extractable arabinoxylans (WE-AX), which are known to be viscous, can slow down 

the diffusion rate of substrates and digestive enzymes and consequently affect nutrient digestion 

and absorption in the gastrointestinal tract (Pettersson and Aman, 1989) or can act indirectly by 

manipulation of the intestinal microbiota (Bedford and Cowieson, 2012). Furthermore, the 

physical entrapment of nutrients by indigestible cell wall polysaccharides has been suggested as 

another important factor by which NSPs exert their anti-nutritive properties (Theander et al., 1989; 

Wiseman et al., 2000; Khadem et al 2016). Unlike the negative effects of increased viscosity and 

nutrients encapsulation, the prebiotic potential of NSPs is linked to several health benefits. Several 

studies demonstrated that arabinoxylans (AX) and in particular arabinoxylan oligosaccharides 

(AXOS), can be partly fermented by the microbial community residing in the gastrointestinal tract 

and thereby promote beneficial microbial populations, hence gut health parameters (Bedford and 

Cowieson, 2012). It is however well documented that addition of NSP hydrolyzing enzymes such 

as xylanase in cereal-based diets improve growth performance and nutrient digestibility of broilers 

(O’Neill et al., 2014). This improved performance of broilers fed NSP-rich cereal diets by xylanase 

supplementation is typically attributed to several actions: i) the reduction of the intestinal digesta 

viscosity, ii) creation of fermentable AXOS (prebiotic effect)  and iii) disruption of the cell wall 

structure and releasing the encapsulated nutrients (Khadem et al., 2016). Although such beneficial 

effects were suggested and demonstrated early on in the process of enzyme development, it is still 

not clear to which extent these mechanisms contribute to the net benefits of enzyme use. Most 

studies assessing the effects of NSP hydrolyzing enzymes on digestibility of broiler diets have 

used an intact plant cell wall matrix as a source of NSP. Such an approach does not discern the 

different modes of action. To study these mechanisms more independently, purified soluble NSP 

(WE-AX) were added to a non-viscous diet to study the effect of xylanase on viscosity properties 

of soluble NSP.  Choct and Annison (1992) reported that addition of intact arabinoxylans (30 g/kg) 

to a wheat based diet significantly increased the viscosity of digesta in the small intestine of 

broilers. White et al. (1981) also showed that when barley ß-glucan was added to the diet at only 

10 g/kg, the viscosity of the digesta increased threefold in chickens. To unravel the relative 
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contributions of viscosity reduction and changes in microbial profile (due to the viscosity reduction 

or creation of AXOS by xylanase) on performance and metabolism in broilers, a completely 

randomized design was used in which the same amount of WE-AX embedded (wheat) or purified 

(in non-viscous diets (corn based diets), were fed both in the presence or absence of xylanase. To 

identify the effect of adding a prebiotic substrate only, arabinoxylanoligosaccharides (AXOS) 

were added to a xylanase-supplementd corn-based diet. 

The aim was to determine the relative contribution of viscosity reduction to xylanase efficacy in 

broilers, including the impact of viscosity and prebiotic creation on microbial populations. 

 

4.3 Materials and methods 

All experimental procedures conducted in this study were approved by the local ethical committee 

for animal experiments (EC 2015 /253).  

 

4.3.1 Bird Husbandry  

One thousand six hundred eighty 1-d-old male Ross 308 broilers with an average BW of 46 g were 

obtained from a commercial hatchery (Belgabroed, Merksplas, Belgium) and grown over a 39-d 

experimental period. Throughout the study, broiler chickens were housed in an environmentally 

controlled stable at the research facility of the Institute for Agricultural and Fisheries Research 

(ILVO, Merelbeke, Belgium). Chicks were initially maintained at 30°C for the first week, and the 

temperature was subsequently lowered by 3°C/week to reach 22°C by the end of week 4 and then 

maintained for the rest of the experiment. Photoperiod was 23L:1D from 1 to 7 d of age, and 

18L:6D from the age of 7 d until the end of the trial period. The experiment was carried out in 

fifty-six pens (100 × 205 cm) with thirty broilers per pen. At day 27, for each pen, two broilers 

were randomly chosen and housed in digestibility cages. At the end of the balance study, the 

chickens were euthanized by an intravenous injection of 1 mL sodium pentobarbital (overdose) 

and were used to assess digesta viscosity, passage rate, nutrient metabolism, gut morphology, and 

microbial populations. 

 

4.3.2 Central working hypothesis 

In order to estimate the extent to which viscosity reduction contributes to the beneficial effects of 

xylanase in broilers, the following dietary treatments were used: 
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1. Wheat-based diet with and without xylanase (viscous diet) 

2. Corn-based diet with WE-AX with and without xylanase (non-viscous diets +WE-AX) 

3. Corn-based diet with xylanase and with AXOS (non viscous diet +AXOS) 

4. Corn-based diet with and without xylanase (non viscous diets) 

Two different diets with WE-AX were used: an artificial diet by supplementing water-extractable 

AX to the non-viscous control diet; and a viscous diet closer to practice that contained high levels 

of wheat and rye. Before diet formulation, all raw materials were analyzed for their WE-AX and 

water-unextractable arabinoxylans (WU-AX) content (Englyst and Cummings, 1984). With this 

information, the corn-soybean based diets were formulated to have the same amount of WU-AX 

found in the wheat/rye based diets (380g/kg total diet). For the corn+WE-AX diet the amount of 

pure WE-AX to be added was such as to match the same amount of WE-AX in the wheat/rye based 

diet (20 g/kg; not embedded and embedded respectively). A commercial preparation of wheat bran 

AXOS (0.05%) (produced from extractable AX, Cargill) was added to the corn-based diet with 

xylanase, according to studies in broilers with AXOS supplementation that showed performance 

effects (Courtin et al., 2008). 

 

4.3.3 Enzyme 

A commercial xylanase product (Nutrase Xyla®, Nutrex, Lille, Belgium) was used for this 

experiment. The xylanase was added in diets to provide a guaranteed minimum of 9000 U/g 

xylanase per kg feed, at an inclusion rate of 100 g/tonne. 

 

4.3.4 Experimental Diets  

Two types of basal diets, corn-soybean and wheat-rye (hammer-milled mash with screen of 6.0 

mm), having the same amount of AX and WU-AX, were formulated to meet all nutrient 

requirements recommended by Aviagen EPI (Aviagen 2009) for starter (1-13 d of age), grower 

(14 to 26 d of age) and finisher (27 to 39 d of age) periods (Table 4.1).  
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Table4.1 Dietary ingredients, nutrient composition (g/kg) and metabolizable energy (MJ/kg) for the 

starter, grower and finisher period 

 Corn based diets   Wheat rye based diets 

Variable Starter Grower Finisher  Starter Grower Finisher 

Ingredient         

Wheat 0 0 0  513 527 554 

Rye 0 0 0  50 70 70 

Corn  493 505 545  0 0 0 

Soybean meal  289 266 232  277 257 220 

Heat treated Soybeans 75 50 60  75 50 60 

Wheat shorts 60 80 70  0 0 0 

Animal fat   36 55 63  39 54 67 

DiCaPhosphate  10 7.2 5  9 6 3.4 

Mineral-vitamin premix 10 10 0  10 10 0 

Vegetable oil 10 10 10  10 10 10 

Limestone 7 6.3 5  7.5 7 6 

DL-methionine 3 2.6 2.4  2.8 2.6 2.4 

NaCl 3 2.4 2.4  2.8 2.6 2.6 

L-Lysine-HCL 1.9 2.2 2.3  1.8 2.1 2.2 

Na bicarbonate   1 1.6 1.3  0.6 1.3 0.9 

L-Threonine   0.7 0.7 0.7  0.9 1 1 

Ronozyme NP 0.2 0.2 0.2  0.2 0.2 0.2 

coxiril 0.2 0.2 0.2  0.2 0.2 0.2 

Calculated nutrient composition      

DM 884 884 884  877 877 877 

Crude protein 210 195 185  210 195 185 

Crude fat 88 102 103  74 83 88 

ME 11.7 12 12.3  11.6 12 12.3 

dLys 11 10.3 9.75  11 10.3 9.7 

dMet  5.5 5.2 4.9  5.4 5 4.7 

dM+C 8.2 7.7 7.3  8.2 7.7 7.3 

dThr  7.2 7 6.3  7.2 6.7 6.3 

dVal 8.4 8 7.3  8.2 7.8 7.1 

dTrp 2.1 2 1.8  2.3 2.2 2 

dIle 7.8 7.1 6.7        7.8 7.4 6.7 

dLeu    15.4 14.4 13.8  13.2 12.5 11.4 

dArg 12.6 11.6 11.8  12.3 11.6 11.8 

dHis 5 4.6 5.12  4.6 4.4 5.12 

dPhe 9.2 8.5 9  9.1 8.7 8 

Calcium 8.5 7.5 6.5  8.5 7.5 6.5 

Phosphorus 6 5.5 5  5.3 4.6 4.1 

oP 4 3.5 3.1  4 3.5 3.1 

Ca/P 1.4 1.4 1.3  1.6 1.6 1.6 

Ca/oP 2.1 2.1 2.1  2.1 2.1 2.1 

Sodium 1.4 1.5 1.4  1.4 1.5 1.4 

Potassium 10.3 9.6 9.1  10 9.3 8.7 

Chlorine 2.6 2.5 2.5  2.6 2.5 2.5 

Na+K-Cl, meq 251 242 223  244 232 214 
1 Provided (per kg of diet): vitamin A (all-trans-retinol), 15,000 IU, Vitamin D3, 3,000 IU; vitamin 

E (α-tocopherol), 55 IU; thiamin, 2.0 mg; choline, 600 mg; riboflavin, 5.0 mg; panthothenic acid, 

13.5 mg; pyridoxine, 4.0 mg, cyanocobalamin, 0.02 mg; niacin, 15 mg; biotin, 0.20 mg; folic acid, 

1.0 mg;  I, 1.2 mg; Cu, 20 mg; Se, 0.36 mg; Co, 1.0 mg; Mn, 95.9 mg; Zn, 60 mg; Fe, 49 mg; 

ethoxyquin, 33 mg. 
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The 7 dietary treatments, each with 8 replicates, were used in a completely randomized design as 

follows:  

i) corn-based diet:  

1) without xylanase (CON);  

2) with xylanase (CON+XYL);  

3) with AXOS and with xylanase (CON+AXOS+XYL);  

4) with WE-AX (CON+WE-AX);  

5) with WE-AX and with xylanase (CON+WE-AX+XYL);  

ii) wheat-based diet:  

6) without xylanase (WHE);  

7) with xylanase (WHE+XYL).  

All diets were formulated to be isocaloric and isonitrogenous, were offered ad libitum, and 

contained a coccidiostatic (coxiril) and a phytase (Ronozyme NP) but no growth factors or 

antibiotics. On d 13, vaccines against Gumboro and Newcastle disease were added to the drinking 

water and water was available adlibitum. 

 

4.3.5 Growth parameters 

Body weight (BW) and feed intake (FI) were recorded on d 13, 26 and 39 with pen as the 

experimental unit. Average daily gain (ADG), average daily feed intake (ADFI), and feed 

conversion ratio (FCR) were calculated to determine growth performance. Mortality rates were 

recorded daily, and the weights of dead birds were used to adjust ADG, ADFI, and FCR. 

 

4.3.6 Balance study 

At the end of the growing phase (d 26), 2 randomly selected birds per pen were randomly assigned 

to each of the 56 digestibility cages (n=8 per diet). After 4 days adaptation period, the balance trial 

was carried out according to the EU-reference method (Bourdillon et al., 1990) with 4 days of total 

excreta collection. During the balance study, excreta were daily collected per cage and frozen. The 

pooled fecal samples were freeze-dried, homogenized and ground to determine DM, N, crude fat, 

crude protein and gross energy (AOAC, 2005). Uric acid (to allow for determination of apparent 

total crude protein digestibility) was analyzed spectrophotometrically according to Terpstra and 

De Hart (1974) and used to determine apparent total crude protein digestibility as:  
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Apparent total CP digestibility (%) =  
CP diet (g) − (CP in excreta (g) − uric acid(g))

CP diet (g)
× 100 

 

Apparent digestibility of the other nutrients was assessed as:  

Nutrient digestibility (%) =  
Nutrient intake (g) − Nutrient in excreta(g)

Nutrient intake (g)
× 100 

 

4.3.7 Estimation of passage rate 

On d 26 of the experiment, 56 chickens (one chicken per pen) were administered with a gelatin 

capsule containing titanium oxide (TiO2:150 mg). Two hours after oral administration of TiO2, 

chickens were killed by an intravenous injection of 1 mL sodium pentobarbital (overdose) and the 

gut was immediately excised. Crop, proventriculus and gizzard, duodenum, jejunum, ileum, 

caecum and colon were dissected and their contents collected and dried overnight at 105°C, 

followed by overnight combustion at 550°C. Samples of the ash were analyzed for titanium as 

described by Myers et al. (2004). Percentage of TiO2 in each segment of gastrointestinal tract or 

excreta after 2 h of administration was calculated using the following formula: 

 TiO2 (%)

=
concentration of TiO2 in digesta or excreta (

mg
g ) × (amount of digesta or excreta(g))

150 mg

× 100 

 

4.3.8 Viscosity of digesta 

At the end of the balance study (d 34), 56 chicks (one chicken per cage) were euthanized with an 

intravenous injection of 1 ml of sodium-pentobarbital (overdose). Total gut content from the 

gizzard to Meckel's diverticulum (proximal samples) and from the Meckel's diverticulum to the 

ileo-ceco-colic junction (distal samples) of the respective treatment birds were carefully hand-

stripped into 15-mL centrifuge tubes. Digesta viscosity was determined following the procedure 

of Bedford and Classen (1992), with few modifications. Briefly, 2 g of fresh digesta was 

centrifuged at 3,893 × g for 5 min at 24°C (Sigma 3-16pk, Sigma, Osterode, Germany) and 1 mL 

of the supernatant fraction was used in Brookfield instrument (DV2TTM, Viscometer), fitted with 

a CP40 cone. All readings were taken at 30/s and recorded in centipoises (cP). 
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4.3.9 Blood sampling 

At the end of the digestibility trial, blood samples were taken of the 56 non-fasted chickens (one 

chicken per cage). Broilers were under a light pattern of 6h dark and 18h light (uninterrupted period 

of 4h dark). During this dark period the day before slaughter, animals were fasted for 4h. Once the 

day period started, chickens were fed for a period of 5h (this would be almost similar to the 

experimental protocol of Swennen, et al., (2005)) and then animals were euthanized. 

Plasma triglycerides (TG), glucose and non-esterified fatty acids (NEFA) measurements were 

determined spectrophotometrically using a commercial colorimetric diagnostic kit (references 

TR210 for TG, GL2623 for glucose and FA115 for NEFA, Randox Laboratories Ltd., Crumlin, 

United Kingdom) and a set of free amino acid profile (valine, leucine, methionine, phenylalanine, 

tyrosine, glycine, alanine) of serum samples was determined using quantitative electrospray 

tandem mass spectrometry as described by Zytkovicz et al (2001) from the 56 non-fasted chickens 

at the end of the balance study. 

 

4.3.10 Microbiota analysis 

DNA was extracted from cecal contents (100 mg) of 56 chickens euthanized after the balance 

study, using the CTAB method as described previously (Griffiths et al., 2000; Kowalchuk et al., 

2000). The extracted DNA was quantified using a Nano Drop ND-1000 spectrophotometer 

(Nanodrop Technologies, Wilmingtom, DE, USA) and all DNA samples were diluted to a 

concentration of 50 ng/µl for qPCR amplification. Quantitative PCR was performed using specific 

primers for butyryl CoA:acetate CoA-transferase, Clostridium cluster I, IV, XIV, Lactobacillus 

and family Enterobacteriaceae (Table 4.2). Each reaction was done in triplicate in a 12 μl total 

reaction mixture using 2x SensiMix™ SYBR No-ROX mix (Bioline, Kampenhout, Belgium), 

0.5µM forward and reverse primer (except for Clostridium Cluster XIV and butyryl CoA:acetate 

CoA-transferase, 1.25 and 2.5 µM respectively), 2 µl of 50 ng/µl DNA in water. For the genus 

Lactobacillus, there was a 1:2 dilution of Fast SYBR Green master mix (Applied Biosystems) 

added to the reaction mix instead of the SensiMix™ SYBR No-ROX bioline mix.  

Amplifications were performed with the CFX384 Biorad detection system (Biorad, Nazareth-Eke, 

Belgium) with the following cycling conditions: For all the bacterial groups except Lactobacillus: 

one cycle of 95°C for 10 min and then 40 cycles of 95°C for 30 sec and annealing temperature for 

1 min. For the genus Lactobacillus, one cycle of 95°C for 20 sec and then 40 cycles of 95°C for 3 
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sec and 60°C for 30 sec and for butyryl CoA:acetate CoA-transferase amplification program 

consisted of 1 cycle at 95°C for 10 min followed by 40 cycles of 30 sec at 95°C, 30 sec at 53°C 

and 30 sec at 72°C. The detection of the fluorescent products was done at the last step of each 

cycle and a melting curve analysis was done after amplification and was obtained by slow heating 

from 60°C to 95°C at a rate of 0.5°C for all bacterial groups. PCR efficiency of 90–110% (3·2 < 

slope > 3·8) together with a correlation coefficient of .0·98 were accepted. 
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Table 4.2 Primer information for quantitative RT-PCR assays  

Bacterial groups/ Functional gene Primers (5’-3’) Reference  

Enterobacteriaceae 
F1 : CATTGACGTTACCCGCAGAAGAAGC 

R2 : CTCTACGAGACTCAAGCTTGC Bartosch et al 2004 

Clostridium Cluster I 
F : TACCHRAGGAGGAAGCCAC 

R : GTTCTTCCTAATCTCTACGCAT Song et al 2004 

Clostridium Cluster IV 
F : GCACAAGCAGTGGAGT 

R : CTTCCTCCGTTTTGTCAA Matsuki et al 2004 

Clostridium Cluster XIV 
F : GAWGAAGTATYTCGGTATGT 

R : CTACGCWCCCTTTACAC Song et al 2004 

Lactobacillus 
F : GGAATCTTCCACAATGGACG 

R : CGCTTTACGCCCAATAAATCCGG Abdulamir et al 2010 

Total Bacteria 
F : CGGYCCAGACTCCTACGGG 

R : TTACCGCGGCTGCTGGCA Hopkins et al 2005 

Butyryl-CoA:Acetate-CoA transferase 

F : 

GCIGAICATTTCACITGGAAYWSITGGCAYATG 

R : CCTGCCTTTGCAATRTCIACRAANGC 

Louis and Flint 2007 

1F: Forward 
2R: Reverse  
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4.3.11 Statistical analysis 

Statistical analysis was performed with IBM SPSS Statistics Version 23.0 for Windows (IBM 

Corporation, Armonk, NY). The pen was considered the experimental unit for ADG, ADFI, and 

FCR. For viscosity of digesta, nutrient digestibility, blood analyses, gut morphology, and 

microbiota analysis, the digestibility cage (average of 2 chickens) was considered as the 

experimental unit. All data were checked for outliers and normality of the residuals. Normality of 

sample distribution was assessed with the Kolmogorov-Smirnov test and data that were not 

normally distributed were transformed by the natural logarithm. Statistical analysis was done using 

the general linear models procedure followed multiple pairwise comparison test. Presented P 

values were obtained from post hoc test (Tukey's HSD test). 

 

4.4 Results 

4.4.1 Animal Performance 

The effects of the seven dietary treatments on ADG, ADFI and FCR are summarized in Table 4.3. 

Xylanase supplementation to the wheat-based diet (WHE+XYL) significantly increased ADG and 

ADFI at all-time points (P<0·05) and improved FCR from 0 to 14 d of age compared with the non-

supplemented group (WHE) (P <0.01). However, no significant differences were observed in 

growth performance between the corn-based diet supplemented with (CON+XYL) and without 

xylanase (CON) (P > 0.05). Broilers fed CON+WE-AX with and without xylanase (± XYL) had 

greater ADG (P <0.01 and P = 0.017, respectively), and ADFI (P = 0.050 and P = 0.044, 

respectively) than the control group (CON) over 0-13 days of age. CON+WE-AX+XYL group 

also showed a significantly higher ADG than control group (CON) over 0-26 days of age (P = 

0.034), and ADFI over 0-26 and 0-39 days of age (P = 0.015, P= 0.016 respectively). Furthermore, 

CON+WE-AX had a higher ADFI compared to the control group (CON). No significant 

differences were found between CON+WE-AX and CON+WE-AX+XYL for ADG, ADFI and 

FCR (P <0.05 at all time points). 
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Table 4.3 Effect of selected combinations of xylanase and xylanase substrates (CON: corn, WHE: wheat, WE-AX: water extractable 

arabinoxylan, AXOS: arabinoxylo-oligosaccharides, XYL: xylanase) on performance in broilers 

 
 

Dietary treatment(n=8)     

 
Day CON CON 

+XYL 

CON 

+AXOS+XYL 

CON 

+WE-AX 

CON 

+WE-AX+XYL 

WHE WHE 

+XYL 
SEM† 

ADG*          

 0-13 21.8c 22.6bc 18.8d 23.7ab 24.2ab 18.8d 24.4a 0.561 

 0-26 44.1bc 46.3ab 40.5d 46.9ab 47.1a 42.0cd 46.4ab 0.905 

 0-39 65.3abc 68.1a 62.5bc 68.3a 68.2a 62.2c 65.93ab 1.19 

ADFI*          

 0-13 29.1c 29.6bc 27.5d 30.6b 30.5bc 27.6d 32.05a 0.463 

 0-26 63.9cd 65.0bc 59.8e 66.0bc 66.9ab 61.4de 69.3a 0.862 

 0-39 98.9c 101bc 94.5d 102ab 103ab 99.6bc 104a 1.07 

FCR          

 0-13 1.33b 1.31b 1.46a 1.29b 1.26b 1.47a 1.31b 0.325 

 0-26 1.45abc 1.40c 1.47ab 1.40c 1.42bc 1.46abc 1.49a 0.224 

 0-39 1.51b 1.48b 1.51b 1.50b 1.50b 1.60a 1.58a 0.191 
a,b Values in the same row not sharing a common superscript differ significantly (P≤0.05). 
* Gram per chicken per day. 

† Standard Error of Mean. 
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4.4.2 Digesta Viscosity 

The addition of xylanase significantly reduced (P= 0.043) the viscosity of distal small intestinal 

(DSI) digesta in broilers fed the wheat-based diet without reaching the viscosity level of the corn-

based diets. However, the birds fed wheat based diets had higher digesta viscosity than birds fed 

corn based diets and there were no differences between the dietary treatments in corn diet groups 

(P<0.05) (Table 4.4). 

 

Table 4.4 Effect of selected combinations of xylanase and xylanase substrates (CON: corn, WHE: 

wheat, WE-AX: water extractable arabinoxylan, AXOS:  arabinoxylo-oligosaccharides, XYL: 

xylanase) on proximal and distal small intestinal viscosity (in centipoise, cP) in 34 day old broilers 
 Dietary treatment (n=6)     

 CON CON 

+XYL 

CON 

+AXOS+XYL 

CON 

+WE-AX 

CON 

+WE-AX+XYL 

WHE WHE 

+XYL 
SEM‡   

PSI *  3.22b 3.20b 3.51b 3.57b 3.12b 6.55a 5.87a 0.312 

DSI †  6.25c 6.02c 6.04c 6.47c 6.02c 11.00a 9.94b 0.338 
* Proximal small intestine (from Gizzard to Meckel's diverticulum). 
† Distal small intestine (from Meckel's diverticulum to the ileo-ceco-colic junction). 
‡Standard Error of Mean. 

 

4.4.3 Passage rate estimation  

No differences were found for the percentage of TiO2 among all dietary treatments in each segment 

of the gastrointestinal tract despite distinct numerically higher titanium content in the crop and 

excreta and less in ileum of birds given xylanase compared to the diets without xylanase (Table 

4.5). 
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Table 4.5 Effect of selected combinations of xylanase and xylanase substrates (CON: corn, WHE: wheat, WE-AX: water extractable 

arabinoxylan, AXOS:  arabinoxylo-oligosaccharides, XYL: xylanase) on percentage of TiO2 in different segments of gastrointestinal 

tract at two hours after an oral TiO2 bolus. 
 Dietary treatment(n=8)     

variable 
CON CON 

+XYL 

CON 

+AXOS+XYL 

CON 

+WE-AX 

CON 

+WE-AX+XYL 

WHE WHE 

+XYL 
SEM†   

Crop 2.14 10.0 0.433 1.36 8.90 0.536 7.17 4.85 

Proventriculus 0.255 0.315 0.454 0.205 0.178 0.273 0.428 0.163 

Gizzard 6.58 3.85 5.07 7.55 4.13 5.88 5.33 1.46 

Duodenum  0.428 2.22 0.594 1.08 0.495 0.441 0.656 0.939 

Jejunum  14.4 11.7 13.3 16.0 8.16 10.9 12.7 5.81 

Ileum  43.5 32.9 51.7 40.6 31.0 50.7 41.8 12.48 

Caecum 0.325 1.54 2.28 3.12 3.19 3.48 1.40 2.20 

Colon 0.140 0.146 0.138 0.156 0.168 0.147 0.165 0.013 

Excreta 29.5 37.2 21.3 27.8 43.6 27.6 31.1 11.45 
†Standard Error of Mean. 
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4.4.4 Nutrient Digestibility 

WHE+XYL diet had significantly higher gross energy (GE) digestibility (P < 0.01), crude protein 

(CP) digestibility (P < 0.01) and nitrogen corrected metabolizable energy (MEn) (P < 0.01) than 

the WHE diet (Table 4.6).  

No differences were observed for digestibility of nutrients among all five treatments in broilers 

fed corn-based diets (P>0.05). 

 

4.4.5 Blood Parameters  

The concentration of postprandial plasma glucose and NEFA were similar among all treatments 

(P >0.05) in corn- and wheat-based diets. For triglycerides, a significantly higher blood 

concentration was observed in broilers treated with WHE+XYL compared to WHE (P = 0.032), 

but a significantly lower concentration of triglycerides was observed in animals treated with 

CON+WE-AX+XYL compared to CON, CON+AXOS +XYL and WHE+XYL (P = 0.011, P = 

0.005, and P = 0.004 respectively) (Table 4.7). All treatment groups showed a significantly higher 

leucine concentration than the control group (CON) in corn-based diets (P > 0.05). 

CON+AXOS+XYL also showed significantly higher glycine compared to the control group 

(CON), (P = 0.013) and no differences were found in wheat-based diets (P < 0.05) (Table 4.8). 
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Table 4.6 Effect of selected combinations of xylanase and xylanase substrates (CON: corn, WHE: wheat, WE-AX: water extractable 

arabinoxylan, AXOS:  arabinoxylo-oligosaccharides, XYL: xylanase) on the digestibility coefficients (on absolute DM basis) of broilers 

at 26 to 34 days of age 
 Dietary treatment (n=8)     

variable 
CON CON 

+XYL 

CON 

+AXOS+XYL 

CON 

+WE-AX 

CON 

+WE-AX+XYL 

WHE WHE 

+XYL 

SEM|| 

Gross E (%)* 75.0b 76.2b 76.2b 74.1b 74.5b 73.6b 80.2a 1.17 

CP†           (%) 63.1abc 67.4ab 67.5ab 61.9bc 64.2abc 61.1c 68.8a 1.88 

CF‡           (%) 75.9 80.3 79.1 75.2 77.8 77.9 81.3 2.17 

ME n (MJ/kg)§ 14.39b 14.62b 14.60b 14.23b 14.30b 14.16b 15.37a 0.21 
a,b Values in the same row not sharing a common superscript differ significantly (P≤0.05). 
*Gross Energy. 

† Nitrogen corrected Crude protein. 
‡ Crude fat.  
§ Nitrogen corrected metabolizable energy 

|| Standard Error of Mean. 

 

 

Table 4.7 Effect of selected combinations of xylanase and xylanase substrates (CON: corn, WHE: wheat, WE-AX: water extractable 

arabinoxylan, AXOS: arabinoxylo-oligosaccharides, XYL: xylanase) on blood metabolites of broiler chickens at day 34  
 Dietary treatment(n=8)     

 CON CON 

+XYL 

CON 

+AXOS+XYL 

CON 

+WE-AX 

CON 

+WE-AX+XYL 

WHE WHE 

+XYL 
SEM‡   

Glucose (mmol/l) 15.3 13.8 14.2 13.9 13.4 13.4 14.2 0.834 

NEFA* (mmol/l) 0.392 0.439 0.497 0.435 0.396 0.354 0.405 0.046 

TG† (mmol/l) 0.839ab 0.770abc 0.874a 0.714abc 0.403c 0.493bc 0.882a 0.011 
a,b Values in the same row not sharing a common superscript differ significantly (P≤0.05). 
* Non esterified fatty acids. 
† Triglycerides. 
‡ Standard Error of Mean. 
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Table 4.8 Effect of selected combinations of xylanase and xylanase substrates (CON: corn, WHE: wheat, WE-AX: water extractable 

arabinoxylan, AXOS:  arabinoxylo-oligosaccharides, XYL: xylanase) on concentration of free amino acids profile of broilers at day 34 

 

 

 

Table 4.9 Effect of selected combinations of xylanase and xylanase substrates (CON: corn, WHE: wheat, WE-AX: water extractable 

arabinoxylan, AXOS: arabinoxylo-oligosaccharides, XYL: xylanase) on the number of different bacterial groups and functional gene, 

expressed as log 10 copy number per 100 mg of caecal contents in broiler chickens. 
 Dietary treatment(n=8)     

Variable 
CON CON 

+XYL 

CON 

+AXOS+XYL 

CON 

+WE-AX 

CON 

+WE-AX+XYL 

WHE WHE 

+XYL 
SEM†   

Butyryl CoA:acetate  

CoA-transferase 

7.45b 7.66ab 7.67ab 7.70a 7.84a 7.43b 7.59ab 0.079 

Clostridium cluster I 8.05 8.24 8.30 8.30 8.46 8.11 8.34 0.136 

Clostridium cluster IV 8.84b 9.02ab 8.92ab 9.03ab 9.13a 8.96ab 8.99ab 0.089 

Clostridium cluster XIVa 9.14b 9.37ab 9.32ab 9.33ab 9.49a 9.23ab 9.35ab 0096 

Lactobacillus 9.20 8.66 9.58 9.49 9.54 9.32 9.47 0.371 

Family Enterobactericeae 6.37 6.57 6.29 6.47 6.80 6.31 6.81 0.316 
a,b Values in the same column not sharing a common superscript differ significantly (P≤0.05). 
†Standard Error of Mean. 

 Dietary treatment(n=8)  

Variable 
CON CON 

+XYL 

CON 

+AXOS+XYL 

CON 

+WE-AX 

CON 

+WE-AX+XYL 

WHE WHE 

+XYL 
SEM†   

Free amine acids 

     

   

Valine        127 133 128 131 132 130 139 11.19 

Leucine 317b 432a 416a 425a 433a 382ab 406ab 30.5 

Methionine   106 159 165 147 129 148 140 23.1 

Tyrosine 235 280 297 289 250 211 238 28.7 

Phenylalanine 156 172 178 177 166 160 162 9.92 

Glycine 556b 620ab 699a 620ab 612ab 566b 595ab 39.8 

L-alanine 1116 1315 1328 1321 1134 1134 1059 102 
a,b Values in the same column not sharing a common superscript differ significantly (P≤0.05). 
†Standar error of means 



Chapter 4 

79 

4.4.6 Microbiota analysis  

The numbers of Enterobacteriaceae, Clostridium cluster I and Lactobacillus were not significantly 

affected by the dietary treatments (P < 0.05). CON+WE-AX+XLY and CON+WE-AX had 

significantly increased the number of gene copies for butyryl CoA:acetate CoA-transferase (P < 

0.01 and P = 0.041, respectively) and CON+WE-AX+XLY also had significantly increased the 

numbers of Clostridium cluster IV and XIVa compared to the control (CON) (P = 0.010, and P = 

0.038 respectively) (Table 4.9). 

 

4.5 Discussion  

One of the intentions of our study was to separate the viscosity reduction effect of xylanase from 

the cage effect reduction by comparing a natural WE-AX-rich diet (wheat-based) to a non-viscous 

diet (corn-based) with added WE-AX, assuming that the latter would also generate viscosity. 

Unlike our expectation, the added WE-AX did not affect viscosity in the broilers, whereas the 

wheat-based diet clearly showed high viscosity, substantially reduced when adding xylanase. This 

supports the hypothesis that reduction of viscosity is one of the main mechanisms of xylanase and 

agrees with the largest performance effect of xylanase in the wheat-based diet. Yet, our study 

therefore fails to quantitate the relative contribution of viscosity reduction to the overall effect of 

xylanase, even in the wheat-based diet. It must be noted that in addition to the concentration of 

soluble NSP, their viscosity characteristics depend on their solubility, molecular weight, the extent 

and distribution of branching within their structure, and their association with cell wall structures 

(Chesson., 2001; Bach Knudsen., 2001). Williams et al. (1997) demonstrated that rice bran 

contains considerable amount of arabinoxylan similar to those found in wheat and rye. Whereas 

the arabinoxylans are of similar structure, those from wheat are much more viscous in solution 

than the rice bran arabinoxylan which is probably a reflection of their more branched nature in 

wheat. Furthermore, Hartini et al. (2003) reported that the higher soluble NSP content in oat diet 

compared to the wheat and rice hull, did not increase intestinal digesta viscosity in poultry and it 

was hypothesized that the possibility of an interaction between soluble NSP and other cell wall 

components may play a role.  Unbound WE-AX can absorb about ten times their weight in water 

(Choct, 1997) and the viscosity of digesta can be increased if the water-swollen fibre physically 

coats the cell wall, serving as a barrier for the constituent nutrients. In other words, both physical 
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and chemical characteristics of the soluble AX are believed to be important in determining the 

viscosity of digesta. It was anticipated that the presence of purified WE-AX – as substrate for 

xylanase – would improve the enzyme’s efficacy, either by reducing viscosity or by modulating 

the microbiome to a prebiotic effect. The addition of the non-viscous AXOS then would have 

served to separate out this potential prebiotic effect from viscosity reduction. Wheat bran-derived 

AXOS are considered as potential prebiotics as several studies have shown their ability to 

selectively stimulate the growth and activity of beneficial bacteria and are expected to have lower 

viscosity than WE-AX (Courtin and Delcour 1998). Courtin et al (2008) reported that addition of 

wheat bran AXOS improved the FCR of the broilers to the same extent as a commercial xylanase-

based feed additive, so it was presumed that the effect of commercially available AXOS was 

almost the same as the effect of AXOS generated from the xylanase action on the added WE-AX 

in the corn-based diet (Courtin et al., 2008). As explained above, no significant viscosity changes 

were observed in the corn-based diets, suggesting a mechanism other than viscosity reduction 

contributing to the xylanase effect in corn based diets. In the absence of viscosity effects, the 

relative better performance due to the WE-AX addition points to a higher potential prebiotic effect. 

This was also confirmed by the increased the number of beneficial bacteria of Clostridium cluster 

IV and XIVa and increased number of gene copies of butyryl CoA:acetate CoA-transferase, in 

caecum of broilers for the combination of WE-AX and xylanase addition compared to the control. 

Xylanase exerted no additional effect in the WE-AX supplemented corn-based diet, only showing 

a numerically better performance and higher number of beneficial bacteria than the xylanase-free 

counterpart. This lack of efficacy of xylanase in the WE-AX supplemented diet could be due to 

the fact that broilers could already benefit from the prebiotic action of WE-AX and, 

supplementation of xylanase, despite releasing more AXOS, was not able to further increase the 

already beneficial effect of the added WE-AX present in the diet. It was also hypothesized that the 

viscosity reduction of xylanase could be estimated from differences between two pairs of groups, 

CON+WE-AX±XYL vs. CON+XYL±AXOS (viscosity reduction and AXOS creation of 

xylanase vs. purified AXOS). However, in this study, WE-AX showed no effect on viscosity of 

digesta and in contrast to our expectation, a lower growth performance and feed intake were found 

for CON+AXOS+XYL compared to the CON+WE-AX+XYL group. The decreased average 

daily feed intake (ADFI) of the broilers fed CON+AXOS+XYL might be due to rapid and 

extensive fermentation of AXOS which can produce a large amount of short-chain fatty acids 
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(SCFAs), and stimulate secretion of satiety related peptides such as peptide YY (PYY) and 

glucagon-like peptide-1(GLP-1) (Delzenne et, al 2005; Roberfroid et al., 2010; Singh, et al., 2012). 

However, the relation between concentration of prebiotics and their prebiotic effect is non-linear 

and an overdose can result in decreased performance compared with control (Jørgensen et al., 

1996). In contrast, the slow release of AXOS with xylanase in the corn-based diet slightly 

improved the growth performance and microbiota composition of the broilers compared to the 

control. We also hypothesized that the effect of AXOS creation by xylanase in broilers could be 

estimated by evaluating the effect of AXOS addition to a diet where xylanase had few substrates 

(corn-based) but this turned out more complex than anticipated, assuming a non-linear response 

when exceeding a certain level of free short- and long-chain arabinoxylans. Although based on the 

results of the present study, it was not possible to separate and quantify the contribution of viscosity 

reduction by using the purified WE-AX and AXOS, the results showed that high-viscosity wheat 

responded better (in terms of improved performance and nutrient digestibility) than a low-viscosity 

corn (with and without WE-AX) to xylanase supplementation. These observations suggest that 

reduction of viscosity is the main mode of action of xylanase, although it should still be a matter 

of debate to which extent a prebiotic effect (either from short- or long-chain arabinoxylans or from 

changes in the composition of the non-digested matter) has contributed to improved performance 

in the wheat-based diet. In the present study, the decrease in FCR of the broilers fed wheat based 

diet with xylanase reached the level of significance only in the starter phase. This should be of no 

surprise as broilers in the grower and finisher phase are known to be able to tolerate high intestinal 

viscosity, where the detrimental effects of increased intestinal viscosity are less pronounced than 

in young birds (Salih et al., 1991; Choct et al., 1995). Because we were not able to apply frequent 

postprandial blood sampling, one fixed postprandial time point was chosen to get an impression 

of nutrient absorption. Although the variability in the passage rate data did not allow to discern 

eventual differences, one might suspect from the large numerical differences that the nutrient 

absorption peaks might have shifted between treatments. Therefore, the plasma concentrations are 

the likely result of absorbed amounts as well as the relative time to the absorption peak. This makes 

it difficult to interpret the results of blood metabolites in this study. However, the increased plasma 

levels of TG when supplementing xylanase to the wheat-based diet may suggest increased 

accessibility of nutrients to digestive enzymes and are consistent with the hypothesized viscosity 

reduction in the wheat-based diet. Furthermore, the release of the encapsulated nutrients or cage 



Chapter 4 

82 

effect reduction may play a role in this context. This is further confirmed by the higher digestibility 

of nutrients due to xylanase addition to the wheat-based diet. The lower plasma level of TG in 

CON+WE-AX+XYL birds then seems contradictory, but we speculate that a shift in absorption 

peak has overruled any effect of changed amounts of absorbed triglycerides. Again, the high 

variability in the TiO2 data reduced the chance of finding significant treatment effects, but the 

differences between diets with or without xylanase is still remarkable, especially because it appears 

independent of viscosity. This aspect therefore warrants further study: a change in for instance 

crop emptying will likely affect nutrient absorption. In association with this, the factors that make 

WE-AX induce viscosity also need further attention, seen the unexpected absence of a viscosity-

inducing action of the added WE-AX in our study. In conclusion, xylanase could only improve 

performance under conditions of high viscosity. Yet, the physiological and biochemical changes 

of long-chain (WE-AX) or short-chain arabinoxylans (AXOS) suggest that the potential prebiotic 

effect of xylanase in low-viscous diets might be overruled by the action of its substrates This points 

to the need to look into the non-linear response of microbiota to prebiotic substrates in order to 

increase the predictability of xylanase efficacy in low-viscous diets.  
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5.1 Abstract 

The non-starch polysaccharides (NSPs) in cell walls can act as a barrier for digestion of 

intracellular nutrients. This effect is called “cage effect”. Part of the success of fibrolytic enzymes 

in broiler feed is assumed to be attributed to this cage effect reduction. Further, changes in viscosity 

and potential prebiotic action should also be considered. The aim of this study was to gain insight 

in the relative importance of the cage effect in xylanase efficacy in broilers. Using a 2x2 factorial 

design, 24 pens with 30 Ross 308 male chicks were fed corn-soy based diets consisting of normal 

and freeze-thawed (5 days at -18°C) corn, both with and without xylanase. The freeze-thaw method 

was used to eliminate the cage effect, whereas a corn-based diet was used to exclude viscosity 

effects. Body weights (BW), feed intake (FI) and feed conversion ratio (FCR) were determined at 

day 13, 26 and 39. A balance study was executed at the end of the growing phase. These birds 

were euthanized at day 34 (non-fasted) to determine the viscosity of digesta, blood metabolites, 

intestinal morphology and microbiota composition. During the finisher period, there was a 

significant interaction between enzyme supplementation and freeze-thawing for FCR, in which 

FCR was improved by freeze-thawed corn and tended to be improved by normal corn + enzyme 

compared with the control group. The improvement in performance (finisher period) of freeze-

thawed corn and xylanase coincided with increased gut absorption of glucose (based on 

postprandial plasma concentrations), increased number of Clostridium cluster IV in the ceacum 

and agreed with the higher gut villus height. In addition, xylanase inclusion significantly increased 

the postprandial plasma glycine and triglycerides concentration, and led to elevated bacterial gene 

copies of butyryl CoA:acetate CoA-transferase suggesting a prebiotic effect of xylanase addition 

through more than just the cage effect reduction. The applied model managed to rule out viscosity 

by using corn and it was possible to isolate the cage effect by freeze-thawing the dietary corn.  

 

Key words: Non-starch polysaccharides, cage effect, prebiotic effect, frozen corn, xylanase 
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5.2 Introduction 

The beneficial effects of non-starch polysaccharide (NSP) hydrolyzing enzymes such as xylanase 

in broiler diets are typically attributed to three mechanisms: i) reduction of digesta viscosity 

(Bedford and Classen, 1992; Schutte et al., 1995), ii) disruption of the cell wall structure releasing 

the encapsulated nutrients – the cage effect reduction (Meng et al., 2005; Van Campenhout, 2007), 

and iii) a prebiotic effect (Bedford and Apajalahti, 2001; Bedford and Cowieson, 2012). Despite 

the vast research done with NSP-degrading enzymes, the majority of the studies has focused on 

viscosity effects. Relatively little is known regarding the cage effect reduction and it is not clear 

to which extent this mechanism contributes to the benefits of enzyme use. The proportion of the 

cage effect reduction to the overall xylanase action seems to depend on the ratio of water-

extractable to water-unextractable arabinoxylan (WE-AX/WU-AX) and the types of cereal and 

xylanase used in the diet (Simon, 2000; Courtin et al., 2008). Whereas the WE-AX are responsible 

for viscosity (Bedford, 2002), the cage effect is caused by the WU-AX (O’Neill et al., 2014). This 

explains why reduction in digesta viscosity is unlikely to be of significance in a diet that is based 

on corn, as the concentration of WE-AX is about 1 g/kg DM in corn in comparison to wheat, which 

contains 18 g/kg DM of WE-AX (Choct, 1997). Like wheat, corn contains substantial amounts of 

WU-AX (51 g/kg DM; Choct, 1997).Therefore, in corn based diets, the improvement in animal 

performance through the use of xylanase can be attributed to reduction of cage effect and/or a 

prebiotic effect, rather than to the reduction in digesta viscosity. In order to separate the cage effect 

from the prebiotic effect, a freeze–thaw method was used in a corn based diet. 

Metabolizable energy provided through frozen wheat (WU-AX: 63 g/Kg DM) was significantly 

improved in chickens (El-lalkani et al., 1969), suggesting that freezing and rapid thawing could be 

a suitable method to rule out the cage effect. It was suggested that physical characteristics of the 

wheat may be altered as a result of mechanical stress during ice formation in such a way as to 

facilitate digestion, with simultaneous release of starch and protein entrapped by the cell wall 

structure. Recent evidence suggests that the observed positive responses from the NSPases cannot 

solely be explained by release of constituent nutrients or by reduction of viscosity (Bedford and 

Cowieson, 2012). A prebiotic effect has been suggested as an additional working mechanism. 

Some exogenous endoxylanases can hydrolyze the structural fiber and produce lower molecular 

weight xylo-oligomers, i.e. arabinoxylan oligosaccharides (AXOS, with 2–100 monomers in 

length; Bedford and Cowieson, 2012). Indeed, it has been shown that administration of AXOS to 
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the broilers’ diet selectively stimulated the growth of beneficial intestinal bacteria, significantly 

improved gut health parameters and consequently poultry performance (Courtin et al., 2008). Still, 

the precise mechanisms by which cage-effect reduction of xylanase act are largely unknown. To 

unravel these mechanisms, a 2×2 factorial design was used in which corn, frozen or not, was fed 

to broilers, both in presence or absence of xylanase. The aim was to determine the relative 

contribution of cage effect reduction to xylanase efficacy in broilers including the potential 

prebiotic aspects. 

 

5.3 Materials and methods 

5.3.1 Animals and housing 

The experimental animal protocol was approved by the local ethical committee (EC 2013/ 206). 

A total of 720 male broiler chickens (Ross 308 Commercial strain) of similar mean body weight 

(average 42 g), vaccinated for Newcastle disease were obtained from a commercial hatchery 

(Belgabroed, Merksplas, Belgium) at day of hatch. The chicks were housed in pens with 

dimensions of 100×205 cm each, supplied with a water belt and a feeder (adapted to the age of the 

birds), and raised on wood shavings, in the experimental poultry facility at the Institute for 

Agricultural and Fisheries Research (ILVO, Merelbeke, Belgium). Central water heating and 

infrared bulbs (one per pen) provided optimal house temperature. Temperature was maintained the 

first week at 30°C at chick level, followed by a progressive reduction of 3°C weekly until 22°C 

was reached in the 4th week of age. Birds were exposed to the following lighting schedule: 18L:6D 

from the age of 7 days till the end of the trial period. The performance trial was carried out in 24 

pens with 30 birds per pen. At day 27, two randomly selected chickens were chosen and housed in 

digestibility cages. At the end of the balance study, chickens were euthanized by an intravenous 

injection of 1 ml of sodium pentobarbital (overdose) and were used to assess digesta viscosity, 

nutrient metabolism, gut morphology and microbial populations. 

 

5.3.2 Diets and processing 

Batches of all raw materials used were homogenized. Half of the whole corn batch was frozen at 

-18°C for 5 days, after which it was thawed for 5 days at 25°C (freeze-thaw method). All raw 

materials were hammer milled using a screen of 6.0 mm round holes. However, in order to obtain 

a coarser finisher mash diet, the corn (frozen and not frozen) was roller milled. A commercially 
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available xylanase (100 ppm, 9000 U/g) was used (Nutrase Xyla®, Nutrex, Lille, Belgium). The 

experiment consisted of 4 dietary treatments: 1) normal corn without xylanase; 2) frozen corn 

without xylanase; 3) normal corn with xylanase and 4) frozen corn with xylanase. Diets were 

formulated to meet all nutrient requirements recommended by Aviagen EPI (Aviagen 2009), with 

diet changes occurring at 13 days intervals: starter (1 to 13d of age), grower (14 to 26d of age) and 

finisher (27 to 39d of age). All dietary treatments in each phase of feeding were ground in the same 

mill under similar conditions. Feed particle size and distribution for starter, grower and finisher 

diets were determined by the wet sieving method (Lentle et al., 2006) and mean particle size for 

each phase diet was calculated as described by ASAE (1997). All diets were formulated to be 

isocaloric and isonitrogenous, and were offered ad libitum and contained a coccidiostatic 

(Salinomycine) and a phytase (Ronozyme NP) but no growth factors or antibiotics (Table 5.1). On 

day 13 vaccines against Gumboro and Newcastle disease were added to the drinking water. The 

experimental design was a completely randomized design with 6 replicates per diet.  

 

5.3.3 Microscopy analyses 

The effects of freezing and thawing on the cell walls of frozen and normal corn diets were assessed 

through microscopy. The grains of the normal and frozen milled corn were fixated in a 50 mM 

sodium phosphate buffer (pH 7.2) containing 4% paraformaldehyde and 1% glutaraldehyde, and 

subsequently dehydrated in a graded series of EtOH and infiltrated with Technovit 7100 solution 

(Heraeus Kulzer, Wehrheim, Germany). The infiltrated samples were finally embedded in plastic 

1 cm2 cubes filled with Technovit 7100 histo-embedding medium. Leica RM2265 motorized rotary 

microtome (Leica Microsystems, Nussloch, Germany) was used to produce 5μm cross-sections. 

At least four slides were chosen for each treatment. Sections were transferred onto glass slides and 

were examined with an Olympus BX51 microscope equipped with an Olympus Color View III 

Camera and Xenon light source (Olympus, Aartselaar, Belgium). 
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Table5.1 Dietary ingredients, nutrient composition (g/kg) 

and metabolizable energy (MJ/kg) for the starter, grower 

and finisher period 

Variable Starter Grower Finisher 

Ingredient    

Corn 534 539 574 

Soybean meal 302 307 293 

Heat treated Soybeans 100 75.0 50.0 

Animal fat 27.7 47.8 54.5 

DiCaPhosphate 14.8 11.5 9.2 

Min. Vit. Premix1 10.0 10.0 10.0 

Limestone 4.20 3.40 2.60 

NaCl 2.70 2.70 2.70 

Na bicarbonate 1.20 1.10 1.00 

DL-methionine 2.54 2.16 2.00 

L-Lysine-HCL 1.15 0.720 1.00 

L-Threonine 

clinacox  
Ronozyme NP 

0.020 

0.2 

0.020 

0.000 

0.2 

0.020 

0.000 

0.2 

0.020 

Calculated nutrient composition  

DM 877 878 877 

Crude protein 210 203 190 

Crude fat 78.4 94.1 95.0 

ME 11.8 12.2 12.5 

dLys 11.0 10.3 9.75 

dMet 5.36 4.91 4.63 

dM+C 8.25 7.72 7.31 

dThr 7.20 6.97 6.54 

dVal 8.45 8.18 7.70 

dTrp 2.51 2.43 2.26 

dIle 8.05 7.80 7.29 

dLeu 16.8 16.4 15.7 

dArg 13.1 12.7 11.8 

dHis 5.55 5.41 5.12 

dPhe 9.35 9.05 8.51 

dTyr 7.47 7.28 6.86 

Calcium 8.50 7.70 6.50 

Phosphorus 6.98 6.33 5.77 

oP 4.00 3.50 3.10 

Ca/P 1.22 1.21 1.13 

Ca/oP 2.13 2.20 2.10 

Sodium 1.40 1.40 1.40 

Potassium 10.3 9.85 9.37 

Chlorine 2.60 2.55 2.50 

Na+K-Cl, meq 245 237 222 
1 Provided (per kg of diet): vitamin A (all-trans-retinol), 

15,000 IU, Vitamin D3, 3,000 IU; vitamin E (α-tocopherol), 

55 IU; thiamin, 2.0 mg; choline, 600 mg; riboflavin, 5.0 mg; 

panthothenic acid, 13.5 mg; pyridoxine, 4.0 mg, 

cyanocobalamin, 0.02 mg; niacin, 15 mg; biotin, 0.20 mg; 

folic acid, 1.0 mg;  I, 1.2 mg; Cu, 20 mg; Se, 0.36 mg; Co, 

1.0 mg; Mn, 95.9 mg; Zn, 60 mg; Fe, 49 mg; ethoxyquin, 33 

mg. 
 

5.3.4 Potassium concentrations  
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In order to have a more objective measure of the change in cell wall structure by the freeze-thaw 

method, the intracellular K+ leakage of the milled corn was measured. Frozen and normal milled 

corn (10.0 mg) were diluted in 25.0 ml of deionized water. Mixtures were centrifuged (Sorvall-

RC6 plus, Thermo Fisher Scientific, NC) for 5 minutes at 3893 g and supernatants were discarded 

and concentrations of potassium (K+) were assessed with an inductively coupled plasma 

spectrometer (axial varian vista ro ICP-OES) according to Hou Xiandeng (2000). 

 

5.3.5 Growth parameters 

Body weight (BW) and feed intake (FI) were recorded pen wise and feed conversion ratio (FCR) 

was calculated at the end of the starter, grower and finisher phases. Mortality was recorded on a 

daily basis. Dead birds were weighed and feed intake was corrected for mortality to adjust the 

FCR.  

 

5.3.6 Balance study 

Birds used for the balance study were housed in spare pens under the same housing conditions as 

the performance trial and received the same experimental diets as those in the performance trial. 

At the end of the growing phase (d 26), 2 randomly selected birds were randomly assigned to each 

of the 24 digestibility cages (n=6 per diet). After 4 days adaptation period, the balance trial was 

carried out according to the EU-reference method (Bourdillon et al., 1990) with 4 days of total 

excreta collection. During the balance study, excreta were daily collected per cage and frozen. The 

pooled fecal samples were freeze-dried, homogenized and ground to determine DM, N, crude fat, 

crude protein and gross energy (AOAC, 2005). Uric acid (to allow for determination of apparent 

total crude protein digestibility) was analyzed spectrophotometrically according to Terpstra and 

De Hart (1974) and used to determine apparent total crude protein digestibility as:  

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑡𝑜𝑡𝑎𝑙 𝐶𝑃 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (%)

=  
𝐶𝑃 𝑑𝑖𝑒𝑡 (𝑔) − (𝐶𝑃 𝑖𝑛 𝑒𝑥𝑐𝑟𝑒𝑡𝑎 (𝑔) − 𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑(𝑔))

𝐶𝑃 𝑑𝑖𝑒𝑡 (𝑔)
× 100 

 

Apparent digestibility of the other nutrients was assessed as:  

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑖𝑛𝑡𝑎𝑘𝑒 (𝑔) − 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑖𝑛 𝑒𝑥𝑐𝑟𝑒𝑡𝑎(𝑔)

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑖𝑛𝑡𝑎𝑘𝑒 (𝑔)
× 100 
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5.3.7 Viscosity of digesta 

At the end of the balance study, all chickens were euthanized with an intravenous injection of 1 

ml of sodium-pentobarbital (overdose). Total gut content was collected from the gizzard to 

Meckel's diverticulum (proximal samples) and from the Meckel's diverticulum to the ileo-ceco-

colic junction (distal samples). Sub samples (1.50 g) of the fresh digesta were taken and 

immediately placed in a microcentrifuge tube and centrifuged (Sorvall-RC6 plus, Thermo Fisher 

Scientific, NC) at 3893 g for 5 min at 24°C for determination of viscosity as described by Bedford 

et al. (1992), using a Brookfield instrument (DV2T™, Viscometer). 

 

5.3.8 Blood sampling 

Blood samples were taken from the 48 non fasted chickens at the end of the balance study. 

Chickens were under a light pattern of 6h dark and 18h light (uninterrupted period of 4h dark). 

During this dark period the day before slaughter, animals were fasted for 4h, which would be the 

time required for the gut to completely empty itself (Fragua et al., 2013). Once the day period 

started, chickens were fed for a period of 5h (this would be almost similar to the experimental 

protocol of Swennen, et al., (2005)) and then animals were euthanized. 

Plasma was separated by centrifugation at 1000 g (Sorvall-RC6 plus, Thermo Fisher Scientific, 

NC) for 10 min and stored at −20°C until analysis. Plasma levels of triglycerides (TG), glucose 

and non-esterified fatty acids (NEFA) were measured spectrophotometrically (Ultrospec IIE, LKB 

Biochrom Ltd., Cambridge, United Kingdom) using a commercial colorimetric diagnostic kit 

(references TR210 for TG, GL2623 for glucose and FA115 for NEFA,  Randox Laboratories Ltd., 

Crumlin, United Kingdom). Free amino acid profile (valine, leucine, methionine, phenylalanine, 

tyrosine, glycine, alanine) of serum samples was determined using quantitative electrospray 

tandem mass spectrometry as described by Zytkovicz et al. (2001). 

 

5.3.9 Microbiota analysis 

Caecum contents of the chickens euthanized after the balance study were placed into a plastic tube 

and frozen at -80°C until analysis. To extract the DNA from the caecum content (100 mg), the 

CTAB method was used (Griffiths et al., 2000, Kowalchuk et al., 1998). The concentration of the 

DNA was measured using the Nano drop ND 1000 spectrophotometer (Nanodrop Technologies, 

Wilmingtom, DE, USA) and diluted to a concentration of 50ng/µl to test the quality of the DNA. 
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Primers used for quantification of the different bacterial groups and genes are mentioned in Table 

5.2. Amplifications and detections were performed with the CFX384 Biorad detection system 

(Biorad, Nazareth-Eke, Belgium). Each reaction mixture (12µl) was composed of a 1:2 dilution of 

SensiMix™ SYBR No-ROX mix (Bioline, Germany), 0.5µM forward and reverse primer (except 

for Clostridium Cluster XIV, 1.25µM), 2µl of 50ng/µl DNA in water. For all the groups except 

Lactobacillus (see further), the amplification program consisted of one cycle of 95°C for 10 min 

and then 40 cycles of 95°C for 30 sec and annealing temperature for 1 min. The fluorescent 

products were detected at the last step of each cycle. A melting curve analysis was done after 

amplification and was obtained by slow heating from 60°C to 95°C at a rate of 0.5°C. For the 

genus Lactobacillus, there was a 1:2 dilution of Fast SYBR Green master mix (Applied 

Biosystems) added to the reaction mix instead of the SensiMix™ SYBR No-ROX bioline mix. 

The amplification program consisted of one cycle of 95°C for 20 sec and then 40 cycles of 95°C 

for 3 sec and 60°C for 30 sec. The detection of the fluorescent products was done at the last step 

of each cycle. The melting curve analysis was the same as for the other bacterial groups. Efficiency 

of PCR analysis of 90–110% together with a correlation coefficient of >0.98 were accepted.  
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Table 5.2 Primer information for quantitative RT-PCR assays  

Bacterial groups/ Functional gene Primers (5’-3’) Reference  

Enterobacteriaceae 
F1 : CATTGACGTTACCCGCAGAAGAAGC 

R2 : CTCTACGAGACTCAAGCTTGC Bartosch et al 2004 

Clostridium Cluster I 
F : TACCHRAGGAGGAAGCCAC 

R : GTTCTTCCTAATCTCTACGCAT Song et al 2004 

Clostridium Cluster IV 
F : GCACAAGCAGTGGAGT 

R : CTTCCTCCGTTTTGTCAA Matsuki et al 2004 

Clostridium Cluster XIV 
F : GAWGAAGTATYTCGGTATGT 

R : CTACGCWCCCTTTACAC Song et al 2004 

Lactobacillus 
F : GGAATCTTCCACAATGGACG 

R : CGCTTTACGCCCAATAAATCCGG Abdulamir et al 2010 

Total Bacteria 
F : CGGYCCAGACTCCTACGGG 

R : TTACCGCGGCTGCTGGCA Hopkins et al 2005 

Butyryl-CoA:Acetate-CoA transferse 

F : 

GCIGAICATTTCACITGGAAYWSITGGCAYATG 

R : CCTGCCTTTGCAATRTCIACRAANGC 

Louis and Flint 2007 

1F: Forward 
2R: Reverse  
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5.3.10 Gastrointestinal morphology 

For histological analysis and measurements of villus height and crypt depth, tissue samples of the 

intestine (mid jejunum) were taken, immersed in formalin (1%), fixed in Bouin’s solution for 24h, 

and embedded in paraffin wax until use. Sections of 4 mm were cut using a microtome (Microm; 

Prosan, Merelbeke, Belgium). After deparaffinisation, the sections were rehydrated in 

isopropylene (5 min), 95 % alcohol (v/v) (5 min) and 50 % alcohol (5 min) and stained with 

haematoxylin and eosin. Villus length and crypt depth in jejunum were randomly measured in 

three villi per section (of all intestinal segments) using an Olympus BX61 Digital Camera DP50 

(Olympus NV, Aartselaar, Belgium) and an image analysis system (Analysis w J-2; P4 

Technologies, Inc., Waldorf, MD, USA). For each dietary treatment there were 12 measurements 

per intestinal segment. 

 

5.4 Statistical Analysis 

Statistical analysis was performed with SAS for Windows (version 9.4; SAS Institute). The pen 

was considered the experimental unit for ADG, ADFI and FCR. For viscosity of digesta, nutrient 

digestibility, blood analyses, gut morphology and microbiota analysis, the digestibility cage 

(average of two chickens) was considered as the experimental unit. All data were checked for 

outliers and normality of the residuals. Normality of sample distribution was assessed with the 

Kolmogorov-Smirnov test and data that were not normally distributed were transformed by the 

natural logarithm. Data were statistically analyzed as a 2×2 factorial design with the general linear 

models (GLM) procedure of SAS, as follows: 

Yij = μ + Ai + Bj + ABij + εijk 

where μ is the overall mean, Ai is the main effect freeze-thawing, Bj is the main effect of xylanase 

addition, ABij the interaction of freeze-thawing and xylanase addition, and εijk is the error term. 

When an interaction was statistically significant, a Tukey post-hoc test was used to determine 

which treatments differed significantly. The level of significance was set at P < 0.05, and trends at 

0.05 < P < 0.1.  
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5.5 Results  

5.5.1 Evaluation of the freeze-thaw method  

Microscopic evaluation of the frozen and normal corn illustrates that the freeze-thawing procedure 

disrupted the cell walls (Figure 5.1). Red circles indicate the disrupted cell wall structures.  

Potassium concentrations in the supernatant were higher (P < 0.01) in freeze-thawed corn 

compared to normal corn (66.2 ± 1.51 mg/l and 61.9 ± 2.43 mg/l, respectively) which further 

confirms cage-effect reduction by freeze-thawing. 

 

 

Figure5.1 Microscopic pictures of the cell wall structure of normal and frozen milled grains of 

corn (seen with amplification of 100X) 

 

5.5.2 Feed particle size 

Assessment of the particle size and distribution of the mash diets (Table 5.4) showed that mean 

particle size for starter, grower and finisher diets were 0.535 mm, 0.580 mm and 0.879 mm, 

respectively. 
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Table 5.4 Particle size characteristics of starter, grower and finisher diets1 

 HM HM RM 

 Starter Grower Finisher 

Particle size distribution (%)    

<0.30 mm 34.1 31.0 27.3 

0.30-0.60 mm 19.0 15.2 9.88 

0.60-1.80 mm 20.9 26.6 13.5 

1.18-2.36 mm 20.0 21.5 20.2 

2.36-3.35 mm 4.32 4.08 17.1 

3.35-4.75 mm 1.17 1.48 10.3 

>4.75 mm 0.470 0.120 1.80 

Mean size (mm)  0.535  0.580 0.879 
1HM and RM denote hammer miller and roller miller grinding of corn, 

respectively. 

 

5.5.3 Animal performance 

In the finisher period (26 - 39d), there was a significant interaction (P = 0.014) between freezing 

and xylanase, where FCR was lowest for the frozen corn group, followed by corn + xylanase and 

frozen corn + xylanase, with normal corn having the highest FCR. In starter (1 - 13d) and grower 

(13 - 26d) periods ADG, ADFI and FCR of the chickens were not affected by freeze-thawing, 

xylanase or the combination of both (P > 0.05) (Table 5.3). Mortality was less than 2% and was 

not related to the dietary treatments. 
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Table 5.3 Effect of freeze-thawing of corn (F), xylanase addition (X) and their interaction (F*X) on ADG, ADFI and feed conversion 

ratio (FCR) of broilers. 

  Dietary treatment(n=6)     

  Without Xylanase  With Xylanase  P-value 

 Day Normal corn Frozen corn  Normal corn Frozen corn SEM1 F X F*X 

ADG (g/day /chicken) 

0-13 23.1 23.1  22.9 22.2 0.180 0.275 0.153 0.299 

13-26 64.5 63.2  62.0 62.4 0.470 0.640 0.103 0.364 

26-39 103 107  105 106 0.810 0.074 0.919 0.454 

ADFI (g/day /chicken) 

0-13 31.3 32.1  31.4 30.8 0.220 0.818  0.206 0.137 

13-26 93.9 93.7  94.2 92.7 0.520 0.482 0.784 0.549 

26-39 166 167  168 168 0.600 0.375 0.250 0.654 

FCR 

0-13 1.35 1.39  1.37 1.39 0.010 0.175 0.744 0.725 

13-26 1.45 1.48  1.48 1.48 0.005 0.098 0.252 0.313 

26-39 1.64a 1.58b  1.60ab 1.60ab 0.007 0.040 0.357 0.014 
a,b Values in the same row not sharing a common superscript differ significantly (P≤0.05). 
1 Standard Error of Mean. 

 

 

 

Table 5.5 Effect of freeze-thawing of corn (F), xylanase addition (X) and their interaction (F*X), on proximal small intestine from 

gizzard to Meckel's diverticulum (PSI) and distal small intestine from Meckel's diverticulum to the ileo-ceco-colic junction (DSI) 

viscosity (in centipoise, cP) of 34 day old broilers 

 Dietary treatment(n=6)     

 Without xylanase  With xylanase  P-value 

 Normal corn Frozen corn  Normal corn Frozen corn SEM1 F X F*X 

PSI  3.15 3.19  3.01 3.01 0.130 0.970 0.640 0.914 

DSI 6.13 5.95  6.11 6.24 1.07 0.468 0.293 0.265 
1 Standard Error of Mean. 
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5.5.4 Digesta viscosity 

Digesta viscosity was not affected (P > 0.05) by freeze-thawing, xylanase or by the combination 

of both (Table 5.5) in neither of the tested gut segments.  

 

5.5.5 Nutrient digestibility 

Apparent digestibility of gross energy and nitrogen-corrected metabolizable energy were not 

affected (P > 0.05) by freeze-thawing, xylanase or combination of both (Table 5.6). Apparent 

digestibility of crude fat tended to be higher in the presence of xylanase (P = 0.080), but was not 

affected by freeze-thawing. 

Freeze-thawing significantly reduced the apparent digestibility of total crude protein (P = 0.006) 

and tended to reduce the amount of uric acid in the excreta (P = 0.057).  

 

5.5.6 Blood parameters 

Postprandial plasma glucose concentrations (Table 5.7) were increased by freeze-thawing (P = 

0.001) and xylanase (P = 0.036), whereas TG were increased in the presence of xylanase (P = 

0.045) but were not affected by freeze-thawing of corn (P = 0.255). Total free amino acid content 

and glycine were significantly increased by xylanase addition (P = 0.040 and P = 0.005, 

respectively), whereas for valine (P = 0.061) and alanine (P = 0.083) only a trend was observed. 

For glycine, there was a trend for an interaction between freeze-thawing and xylanase addition (P 

= 0.058). The other free amino acids and NEFA were not affected by any of the dietary treatments 

(Table 5.8). 

 

5.5.7 Gut morphology 

For both villus height and villus height/crypt depth ratio there was an interaction between freeze-

thawing and xylanase addition (P = 0.002 and P = 0.005, respectively; Table 5.9). All dietary 

treatments showed significantly increased villus height and villus height/crypt depth ratio 

compared to normal corn (control). Crypt depth was affected neither by freeze-thawing nor 

xylanase addition (P > 0.05).  
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Table 5.6 Effect of freeze-thawing of corn (F), xylanase addition (X) and their interaction (F*X), on the digestibility coefficients of 

gross energy (GE), uric acid corrected crude protein (CP), crude fat (CF), nitrogen-corrected metabolizable energy (MEn) (on DM basis) 

and uric acid of broilers at 26 to 34 days of age 

 Dietary treatment (n=6)     

 Without xylanase  With xylanase   P-value  

 Normal corn Frozen corn  Normal corn Frozen corn SEM1 F X F*X 

GE  (%) 76.5 75.5  76.3 75.5 0.210 0.128 0.871 0.400 

CP  (%) 68.5 66.9  67.8 65.7 0.360 0.006 0.121 0.750 

CF (%) 82.2 81.0  82.4 82.8 0.290 0.479 0.080 0.142 

MEn
 (MJ/kg) 14.6 14.4  14.6 14.5 0.040 0.103 0.282 0.212 

Uric acid (%) 2.70 2.56  2.60 2.52 0.020 0.057 0.131 0.670 
1 Standard Error of Mean. 

 

 

 

 

 

Table 5.7 Effect of freeze-thawing or corn (F), xylanase addition (X) and their interaction (F*X), on glucose, non-esterified fatty acids 

(NEFA) and triglycerides (TG) of broiler chickens at day 34 

 Dietary treatment(n=6)     

 Without xylanase  With xylanase   P-value  

 Normal corn Frozen corn  Normal corn Frozen corn SEM1 F X F*X 

Glucose (mg/dl) 236 247  243 251 1.52 0.001 0.037 0.669 

NEFA (mg/dl) 0.280 0.290  0.290 0.270 0.010 0.973 0.636 0.242 

TG (mg/dl) 105 111  123 128 3.26 0.255 0.045 0.703 
1 Standard Error of Mean. 
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Table 5.8 Effect of freeze-thawing or corn (F), xylanase addition (X) and their interaction (F*X) on concentration of free amino acids 

profile (µmol/L) of broiler chickens at day 34 

 Dietary treatment(n=6)   

 Without xylanase  With xylanase  P-value 

 Normal corn Frozen corn  Normal corn Frozen corn SEM1 F X F*X 

Valine 470 491  513 565 13.0 0.235 0.061 0.609 

Leucine 571 567  580 633 11.0 0.363 0.154 0.253 

Methionine 148 144  132 150 4.00 0.451 0.562 0.268 

Tyrosine 281 303  309 308 9.00 0.585 0.363 0.515 

Phenylalanine 192 200  204 207 4.00 0.619 0.371 0.752 

Glycine 1031 1072  1205 1101 19.0 0.354 0.005 0.058 

Alanine 1386 1459  1566 1550 33.0 0.707 0.083 0.549 

Sum 4397 4568  4845 4944 81.0 0.479 0.040 0.850 
1Standard Error of Mean. 

 

 

 

 

 

Table 5.9 Effect of freeze-thawing of corn (F), xylanase addition (X) and their interaction (F*X) on morphology of jejunum of broiler 

chickens at day 34  

 Dietary treatment(n=6)     

 Without xylanase  With xylanase   P-value  

 Normal corn Frozen corn  Normal corn Frozen corn  SEM1 F X F*X 

Villus height (µm) 984b 1125a  1202a 1129a 18.3 0.218 0.001 0.002 

Crypt depth (µm) 162 147  147 145 3.59 0.340 0.352 0.528 

Ratio villus/crypt 5.87 b 8.00 a  8.20 a 7.76 a 1.13 0.042 0.029 0.005 
a,b Values in the same row not sharing a common superscript differ significantly (P≤0.05). 
1 Standard Error of Mean 
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5.5.8 Microbiota analysis 

Xylanase addition significantly increased the number of gene copies for butyryl CoA:acetate CoA-

transferase, and the numbers of Clostridium cluster IV and total bacteria in the caecum (P = 0.016, 

P = 0.001 and P = 0.007, respectively; Table 5.10). Freeze-thawing increased the numbers of total 

bacteria (P = 0.012) and of Clostridium cluster IV, although for the latter it was only a trend (P = 

0.056). Numbers of Enterobacteriaceae, Clostridium cluster XIV and Lactobacillus were not 

affected by freeze-thawing or by xylanase addition (P > 0.05). 

 

5.6 Discussion 

One of the most studied mechanisms of xylanases is the reduction of digesta viscosity. As the main 

goal of this study was to explore the reduction in cage effect, the effects on digesta viscosity were 

ruled out by using diets based on corn and soybean meal. It is well known that these ingredients 

do not contribute to increased digesta viscosity (Knudsen, 1997). The fact that digesta viscosity 

was not affected neither by freeze-thawing nor by xylanase addition, confirms the targeted absence 

of viscosity challenge in our study. Similarly, others have reported digestibility  and performance 

responses to xylanase supplementation to corn-soy based diets not to be associated with digesta 

viscosity (Zanella et al., 1999; Kocher et al., 2002), suggesting that other mechanisms may be of 

importance, such as reduction of cage effect or prebiotic effects.  

The size of the cage effect or the physical entrapment of the nutrients by cell wall polysaccharides 

is inversely related to the nutritive value of cereals (Van Campenhout, 2007). The cage effect leads 

to reduced accessibility of nutrients for host digestive enzymes. Its effect size depends on the 

amount of WU-AX present in the cereal endosperm cell walls (McNab et al., 2002). This explains 

why cage effect reduction is one of the main mechanisms behind the beneficial effects of NSPases 

in diets which contain substantial amount of WU-AX. To confirm that the xylanase used in this 

study was able to reduce the cage effect a freeze-thaw method was applied to the corn used in half 

of the diets. When corn was frozen to -18°C for 5 days and then held at 25°C during thawing for 

5 days, the physical character of the cell walls changed as a result of mechanical stress during ice 

formation and thawing. The resulting ice crystals punctured and broke down the cell walls and 

consequently entrapped nutrients were released. The rupture of the cell walls is confirmed by the 

microscopic observations and the measurement of the intracellular K+ leakage of frozen-thawed 

and non-frozen-thawed milled corn. 
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Table 5.10 Effect of freeze-thawing of corn (F), xylanase addition (X) and their interaction (F*X) on the number of different bacterial 

groups and functional gene, expressed as log 10 copy number per 100 mg of caecal contents in broiler chickens. 

 Dietary treatment(n=6)     

 Without xylanase  With xylanase  P-value 

 Normal corn Frozen corn  Normal corn Frozen corn  SEM1 F X F*X 

Butyryl CoA:acetate CoA-transferase 8.01 8.25  8.32 8.34 0.040 0.275 0.016 0.155 

Clostridium cluster I 8.29 8.38  8.44 8.55 0.040 0.184 0.072 0.727 

Clostridium cluster IV 9.39 9.57  9.74 10.03 0.060 0.056 0.001 0.742 

Clostridium cluster XIV 8.42 8.36  8.38 8.54 0.030 0.381 0.326 0.105 

Lactobacillus 8.03 8.29  8.09 8.10 0.060 0.266 0.541 0.282 

Family Enterobactericeae 6.83 6.42  6.83 6.85 0.090 0.410 0.400 0.247 

Total bacteria 10.6 10.7  10.8 11.0 0.040 0.012 0.007 0.299 
1Standard Error of Mean 
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These microscopic observations are similar to the micrograph findings reported by Bedford and 

Autio (1996). In the latter study, digesta samples of broilers fed diets without xylanase showed the 

wheat cell walls mostly intact, opposite to the digesta samples of broilers fed diets with added 

xylanase, where the wheat cell walls were disrupted. Similar findings have also been reported for 

corn-fed birds (Bedford and Schulze, 1998). Increased K+ levels confirm this cell wall damage 

upon the freeze-thaw method, as K+ is an intracellular ion (Stout et al., 1981). Even in viscous 

diets, Choct and Annison (1992) reported that when a depolymerised pentosan preparation was 

added to a broiler diet, its anti-nutritive effect largely disappeared, but the digesta viscosity of birds 

fed this diet was significantly higher in comparison with birds fed a sorghum-based control diet. 

This finding suggests that a reduction in viscosity might not be the only parameter of importance 

influencing the nutritional value of viscous diets. 

Nutritional factors also affect intermediary metabolism, resulting in changes of plasma metabolite 

levels in poultry (Buyse et al., 2002; Swennen et al., 2005). It is acknowledged that timing of 

appearance of ingested material in the small intestine is not very precisely timed to the time of 

blood sampling. However, the increased plasma levels of glucose and TG observed in this study 

may suggest the release of the entrapped nutrients and are consistent with the hypothesized 

increase in nutrient release from the cell content. The increased level of glucose concentration by 

xylanase addition in corn-based diet is in agreement with the report of Singh et al. (2012). In the 

beginning, it was hypothesized that in frozen-thawed corn, part of the cage effect was already 

destroyed by freeze-thawing, so the effect of xylanase should be less pronounced in a diet 

containing the frozen-thawed corn compared to the normal corn, if reduction of cage effect would 

be the main working mechanism of xylanase. Yet, freeze-thawing may increase the access of 

xylanase to AX present in the cell wall and this could increase the efficacy of xylanase in frozen 

corn compared to the normal corn.  

Plasma concentration of TG and some plasma free amino acids were only increased upon xylanase 

addition. Since little or no dietary fat is found in corn endosperm cells, it is unlikely that endosperm 

cell wall dissolution by freeze-thawing of the corn influenced the TG concentration (Bedford and 

Schulze, 1998). One could suggest that the increased absorption of TG and some free amino acids 

upon xylanase addition can be interpreted as a consequence of the effect of xylanase on the heat 

treated soybeans and soybean meal present in the diets (Marsman et al., 1997; Kocher et al., 2002), 

as the latter were not froze-thawed and also contain some arabinoxylans (Faber et al., 2012). The 
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increased TG concentrations cannot be due to mobilization of fat from body stores, which agrees 

with the plasma NEFA concentrations (Lambert and Parks, 2012) that were not affected by freeze-

thawing or by xylanase addition. Xylanase addition tended to increase crude fat digestibility, which 

further adds to our hypothesis of increased TG absorption.  

The increased nutrient absorption agrees with the changes seen in gut morphology, where villus 

height and ratio of villus height to crypt depth were increased by xylanase addition and by freeze-

thawing. Indeed, Yamauchi (2002) and Tarachai and Yamauchi (2000) reported morphological 

changes of the intestinal villi in broilers to be dependent on the presence of digested nutrients in 

the small intestinal lumen, resulting in increased epithelial cell proliferations as a result of 

increased amounts of nutrients in the gut. The significant interaction between enzyme 

supplementation and freeze-thawing suggests a common action of the latter on gut morphology. 

This increased nutrient absorption was also reflected in animal performance in the finisher period, 

based on the FCR results, where normal corn had the highest FCR and freeze-thawed corn resulted 

in the lowest FCR, with the xylanase treatments in between. If freeze-thawing and xylanase would 

work independently, one would expect freeze-thawed corn with added xylanase diet to result in 

the lowest FCR and this was not the case. The usefulness of NSPases such as xylanase in corn 

based broiler diets has been established previously (Cowieson, 2005; Cowieson and Ravindran, 

2008). Similar to our results, Cowieson (2005) reported that addition of xylanase in corn based 

diet significantly decreased FCR of the broilers (1.68 versus 1.64), whilst bodyweight gain 

remained unaffected (2.92 kg versus 2.94 kg; P > 0.05). According to Svihus (2006), and 

Abdollahi et al. (2011), the milling and processing methods of the diet may affect the efficacy of 

exogenous enzymes, and may also destroy the cell wall of the corn. So, to rule out the milling 

effects, all dietary treatments in each phase of feeding were ground in the same mill under similar 

conditions. In starter and grower periods, corn was hammer milled and the performances of the 

chickens were not affected either by freeze-thawing or xylanase. It was noted afterwards that those 

feeds had a very fine particle size in starter and grower periods (0.535 mm and 0.580 mm, 

respectively) leading to a poorer performance than expected, which might have hampered 

treatment effects. There is evidence that very fine particles (<0.60 mm) may adversely affect the 

performance in young birds (Amerah et al, 2007). It would appear from these studies that such fine 

hammer-mill grinding might partially destroy the cell walls, with the result that nor freeze-thawing 

and/or xylanase addition still had a basis to improve broiler performance through cage effect 

http://www.aspajournal.it/index.php/ijas/article/view/ijas.2010.e82/html_22#31
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reduction. In the coarser finisher mash diet, the corn (freeze-thawed and not freeze-thawed) was 

roller milled and effects on broiler performance were more outspoken. 

Cage effect reduction will change the substrate available for gut microbial fermentation. However, 

the true mechanism by which gut microbiota was affected by the reduction of this cage effect is 

not fully understood. The changes observed for the numbers of Clostridium cluster IV (where 

butyrate producers are present), total bacteria and butyryl CoA-acetate CoA-transferase gene 

copies indicate that the xylanase affected the gut microbial profile most likely by the combination 

of 1) provision of fermentable arabinoxylan fragments (originating from the created AXOS and 

XOS) and of 2) a change in digesta composition for gut microbiota fermentation (due to the early 

release of the entrapped nutrients). Based on the digestibility results, one could suggest that the 

xylanase used in this study exerted its activity rather through changes in the microbiota activity 

than through a direct effect on diet digestibility (minimal effects observed).  

However, the reduced apparent total crude protein digestibility in the freeze-thawed group could 

be due to the increased total number of bacteria observed in this study. This increase in bacterial 

numbers will contribute to the loss of endogenous nitrogen (Smits et al., 1997) by incorporating 

amino acids into microbial proteins (Salter and Coates, 1974) and thus reducing apparent protein 

digestibility (Angkanaporn et al., 1994). This is further confirmed by the lower proportion of uric 

acid in excreta of broilers fed freeze-thawed corn.  

In conclusion, although it was not possible to completely separate and quantify the cage effect 

reduction of xylanase by using the freeze-thaw method, the aforementioned results suggest that 

both xylanase and freeze-thawing may work through the cage effect reduction mechanism. 

Although both are similar in outcome, there are also some differences in the mode of action. It can 

be concluded that cage effect reduction may contribute to the efficacy of xylanase in broiler 

chickens, but likely includes prebiotic effects. 
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6.1 Introduction 

The idea of improving the performance and nutrient digestibility of poultry, using exogenous 

enzymes is not new and it has been proposed since the 1990s. In the beginning nutritionists 

applied exogenous enzymes to hydrolyze the specific substrates to their simple constituents for 

absorption (Fry et al., 1957), but because of unclear recognition of the target substrates and the 

lack of microbiological technology this approach was not successful (Choct, 2001). For 

instance, Hastings (1946) and Fry et al. (1957) demonstrated that supplementation of barley 

with α-amylase significantly improved body weight and feed conversion ratio of broilers. It is 

now obvious that the starch in barley is completely digestible by the endogenous amylase of 

the chickens. Therefore the observed improvements with amylase supplementation were 

probably due to the impurities in the amylase used, i.e. the crude enzyme preparation also 

contained β-glucanase activity (Choct, 2001). Today, the beneficial effects of exogenous non-

starch polysaccharide (NSP) hydrolyzing enzymes such as xylanase in broiler diets are 

typically attributed to three main mechanisms: 1) reduction of digesta viscosity (Schutte et al., 

1995), 2) disruption of the cell wall structure releasing the encapsulated nutrients — the cage 

effect reduction (Van Campenhout, 2007) and 3) change in microbiota modulating action or 

prebiotic effect (Bedford and Cowieson, 2012). Although such effects have been proposed and 

demonstrated early on in the development process of these enzymes, the contribution of each 

of these mechanisms to the overall effect of the enzyme had not been estimated. We 

hypothesized that the variable efficacy of NSP hydrolyzing enzymes reported in the literature 

were due to the premises to allow each of these working mechanisms. Especially the potential 

prebiotic effect of the enzymes seems easy to understand but difficult to grasp. This thesis 

demonstrated that the prebiotic effect of xylanase does happen, but is far more than the result 

of breaking arabinoxylans into oligosaccharides.  

Understanding how they work, will help to increase the efficacy of xylanase and other NSP 

degrading enzymes. It is difficult to predict the efficacy of enzyme use because some of the 

originally assumed working mechanisms did not seem relevant for the performance results 

(Bedford and Schulze, 1998). Therefore, a more targeted use of exogenous enzymes will 

improve the economic return and confidence in their use, which increases the likelihood of 

successful enzyme use.  

 

6.2 Instrumentation to measure viscosity 

Viscosity is considered as one of the main contributors to the antinutritive effect of NSP in 

poultry. Consequently the beneficial potential of NSP hydrolyzing enzymes is often seen in 
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relieving viscosity. To identify the effect size of viscosity reduction by xylanase, it is important 

to have a good measurement of viscosity, so that one is sure about the potential contribution of 

the viscosity changes to the overall enzyme effect.  

Concentration and size of undigested particles are the limiting factors for viscosity 

measurements of intestinal contents in broilers (Dikeman., 2007). Therefore in chapter 3, two 

viscosity measurement techniques, one with and one without a centrifugation step, were 

compared in an in vitro model to assess whether both techniques resulted in similar conclusions 

regarding digesta viscosity. The thesis demonstrated that these two techniques might be 

comparable within a certain range, but care needs to be taken when going beyond certain limits. 

It also appears that the in vitro measurements of viscosity do not always seem to match the 

observations in vivo. For instance, sunflower meal and soybean meal did not result in high 

viscosity measurements in vitro, whereas in vivo, it often leads to increases in digesta viscosity 

and hence considered as a problem (Mateos, et al., 2012). We should therefore be aware that 

viscometers might not capture all aspects of viscosity or any other physical effect that might 

influence the interaction between endogenous enzymes and their substrates. On the other hand, 

the in vitro conditions used in this research regarding pH, temperature and feed particle size 

were not the same as in the gastrointestinal tract of broilers, and this may partly explain why 

the results of sunflower meal and soybean meal were different in vivo and in vitro.  

Furthermore, the drawback to in vitro investigations of viscosity with different poultry 

feedstuffs is the lack of accounting the effect of digestion, absorption of nutrients and their 

interaction with digestive enzymes. It is still unclear how these processes and other factors such 

as diet intake may impact gastrointestinal tract viscosity.  

Such a method should mimic as much as possible the conditions of the gastrointestinal tract. It 

might therefore be interesting to combine small intestinal digestion simulation with viscometry 

in order to clarify the impact of digestion on intestinal viscosity. 

 

Measuring viscosity of supernatants instead of whole suspensions will assist researchers to 

work with small amounts of digesta, the case for the intestinal contents of poultry. 

Understanding the viscous characteristics of these intestinal contents with correct techniques 

will be useful to identify the viscous characteristics of nutrients throughout the gastrointestinal 

tract.  

However, it was demonstrated in this thesis that centrifugation of samples of poultry feedstuffs 

suspensions with a wide range of viscosity did not result in underestimation of their viscosity 

differences compared to the technique without centrifugation. The results obtained with the 
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common method, where centrifugation is used agrees quite well with the method without 

centrifugation and they seem to render similar conclusions when applied to poultry feedstuffs. 

Therefore, it can be concluded that methods of removing particles during viscous 

measurements could be used in poultry research and chapters 4 and 5 in this PhD research. 

 

6.3 Prebiotic activity is more than making prebiotics  

The initial aim of this PhD research was to render more clarity on the relative contribution of 

each of the modes of action of xylanase to the overall efficacy of enzyme. This has partly been 

achieved, but a main finding was that the microbiota modulating action (prebiotic action) 

cannot be uncoupled from the other two modes of action (cage effect and viscosity reduction), 

and on top, this effect cannot be considered additive or linear. This remains a major challenge 

in predicting the effect size of xylanase in particular diets. It might therefore be more relevant 

to study how the prebiotic potential can be enhanced without excluding the cage effect and 

viscosity, because it is now clear that the prebiotic potential cannot be seen independent of the 

prececal effects of xylanase. It might also be interesting to study the non-linear response of 

xylanase to prebiotic substrates such as AXOS, in order to increase the predictability of 

xylanase efficacy in cereal-based diets. However, as it was mentioned before, these 

mechanisms are interrelated and it is difficult to separate and quantify the prebiotic effect from 

the other modes of action of xylanase.  

In this PhD research, we found a shift in cecal microbial population of broilers by xylanase 

addition, but it should be noted that the observed shift in microbial populations is not 

necessarily a prebiotic action of xylanase. Gibson and Roberfroid (1995) defined prebiotic as 

“a non-digestible food ingredient that beneficially affects the host by selectively stimulating 

the growth and/or activity of one or a limited number of bacteria in the colon.” A shift in 

microbial population can occur directly through provision of fermentable oligosaccharides (a 

prebiotic action) or take place indirectly through the cage effect or the viscosity reduction 

mechanisms.  

This PhD research showed that the effect of xylanase on non-viscous diets changed the 

substrate available for gut microbial fermentation and consequently, increased the number of 

beneficial bacteria in broilers. These changes in substrates by xylanase addition could be 

attributed to releasing of the encapsulated nutrients (that would otherwise become part of the 

microbial substrate) and creation of oligosaccharides (prebiotic action) (chapter 5). Addition 

of purified WE-AX to the corn-based diet enhanced the beneficial caecal microbiota population 
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of broilers compared independent of the use of xylanase (chapter 4). It suggests that the 

inherent prebiotic activity of the diet can modulate or overlap the prebiotic potential of 

xylanase. This thesis indeed showed that the prebiotic effect in non-viscous diets is not a 

negligible factor in xylanase efficacy, and might be as important (or more) than the cage effect 

reduction itself (chapter 5). Therefore, it might be (more) interesting to study the composition 

of the digesta that are not enzymatically digested (and ending up with the microbiota) and not 

only study the composition of what is enzymatically digested.  

The soluble non-starch polysaccharides (NSP) as found in wheat, lead to increased viscosity, 

decrease passage rate of the digesta and therefore also influence the intestinal microbiota 

population (Choct et al., 1996), which in turn can favor the growth of particular pathogenic 

bacteria (Timbermont et al., 2011). The implication of increased concentration of NSP in the 

gastrointestinal tract are such that the microbiota competes with the host for available nutrients, 

and increases the risk of microbial perturbation if the balance is changed in favor of pathogen 

growth (Kiarie, et al,. 2013). Addition of xylanase can affect the gut microbial profile of the 

viscous diets due to the combination of different effects, such as: (i) reduction of the digesta 

passage rate through the gastrointestinal tract (Almirall & Esteve-Garcia, 1994; Svihus et al., 

2002), (ii) reduction of the diffusion of digestive enzymes and their substrates (Ellis et al. 1996; 

Rodríguez et al., 2012) and iii) direct provision of indigestible oligosaccharides (AXOS) to the 

bacteria, the prebiotic effect (Bedford and Cowieson. 2012). Xylanase supplementation to 

broiler diets decreased numbers of coliforms and Salmonella spp and increased the numbers of 

Lactobacilli spp (Nian et al., 2011). Vahjen (1998) reported that xylanase could reduce the 

proliferation of Gram-positive cocci and Enterobacteriaceae in the intestine when added to 

wheat-based diets for broilers.  However, the prebiotic actions of xylanase are interconnected 

with the cage effect and viscosity reduction mechanisms. Therefore, it might be interesting to 

measure the amount of AXOS released from xylanase action in a non-viscous diet such as corn, 

so we can estimate the AXOS creation effect of xylanase in broiler by adding the same amount 

of purified AXOS without xylanase in a non-viscous diet. This experiment can be useful for 

understanding the actual prebiotic effect of xylanase on microbiota population versus the 

indirect influence of viscosity and cage effect reduction, although the overall prebiotic effect 

will always be a combination of factors. 

 

6.4 Inconsistency in action of xylanase 

The effect of xylanase in corn-based diets on animal performance was inconsistent, again 

showing that not all necessary conditions for an effective action of xylanase are fully 
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understood. It will be important to consider all possible modes of action of xylanase to improve 

the success rate of xylanase use in non-viscous diets. Part of this inconsistency is due to the 

complexity of the potential substrates, which varies by cereal and diet formulation (Simon, 

2000; Courtin et al., 2008). Choct et al. (2004) demonstrated that xylanases differ in their 

efficacy in degrading arabinoxylans, due to their substrate affinity. However, the concentration 

and the ratio of WE-AX/WU-AX present in the same type of cereal can vary and therefore, the 

efficacy of xylanase could be different. Detailed knowledge of the substrates and their 

breakdown pattern in the gut of chickens is required in order to fully understand the effects of 

xylanase on particular diets. Feed particle size and the degree of grinding may be another factor 

contributing to the variation in xylanase effects in broilers (chapter 5, Lentle et al., 2006; 

Amerah et al 2007). It was suggested that the smaller particle feed size might be better digested 

because of greater access of enzymes in the gastrointestinal tract to the nutrients (Naderinejad 

et al., 2015). This also can be true for the xylanase and their substrates. The significant effect 

of freezing on the microbiome seen in this PhD research indicates that unexpected and often 

unmonitored factors are able to influence the xylanase efficacy (chapter 5).  

In case of viscous diets, a possible source of the observed inconsistency in xylanase efficacy 

could be due to the effects of passage rate of feed in the gastrointestinal tract and its influence 

on microbial population. The passage rate and accessibility of nutrients for the digestive 

enzymes depend on intestinal viscosity which can be increased by the water holding capacity 

of dietary NSP in poultry diets (Latymer et al. 1985). Addition of NSP hydrolyzing enzymes 

to barley, rye or wheat-based diets has been shown to decrease the total gastrointestinal tract 

transit time in chickens (Cowieson,. 2005; Salih et al., 1991). Sudendey and Kamphues (1995) 

also reported an increased rate of gastric emptying when diets based on wheat or barley were 

supplemented with a NSP hydrolyzing enzyme. However, the average transit time of feed 

through gastrointestinal tract in poultry is less than 3.5 h. Such short retention time selects 

bacteria that can adhere to the mucosal layer and/or grow fast (Pan and Yu, 2014) and the 

change in the retention time can influence the microbiome composition. Ritz et al. (1995) found 

that enzyme supplementation did not affect the rate of digesta passage although there was a 

reduction in digesta viscosity. Nevertheless, the passage rate of feed should still be also 

considered in affecting the microbiome. This could explain why some of the results in this PhD 

deviated from what was expected from the viscosity reduction mechanism of xylanase such as 

the lack of improvement in cecal microbiota population in wheat with xylanase (Chapter 4). It 

should be also noted that many enzymes have side-activities on other substrates which might 

also explain some inconsistent results. The effect of xylanase could be attributed to a 
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contaminating side activity such as endo-β-glucanase which shortened soluble glucan chains, 

resulting in inconsistent nutrient digestibility and growth performance. 

 

6.5 Other factors that affect nutrient absorption upon xylanase addition 

Improved nutrient absorption due to xylanase was demonstrated in this thesis. This raised the 

question whether this is just a consequence of destroying cell walls (cage effect reduction), 

hence releasing nutrients for absorption, or whether this resulted from a decreased microbial 

action (de-conjugation of bile acids leading to decreased fat digestion and thus digestion of 

other nutrients as well, or direct use of nutrients by the bacteria for their own development). 

Under the conditions of high intestinal viscosity, the efficacy of bile salts in lipid digestion and 

absorption may be further reduced due to a reduced convection and diffusion or an increased 

microbial bile salt deconjugation (Edwards et al., 1988; Jia and Slominski. 2010) 

In viscous diets, when soluble NSP absorb water, it can bind to microvilli in the intestine and 

increase the thickness of the unstirred water layer adjacent to the mucosa, causing significant 

changes of the structure and function of intestine which can influence the nutrient absorption 

(Dworkin et al., 1976; De Lange, 2000). These hinder the endogenous secretion of water, 

proteins, electrolytes and lipids (Angkanaporn et al., 1994).  

This was confirmed by an in vitro study where guar gum interacted with the glycoprotein-

polysaccharide surrounding epithelia and other cells of the intestinal brush border which 

produced a thickening of the unstirred water layer and decreased nutrient absorption (Johnson 

and Gee, 1981).  

Rahmatnejad and Saki (2016) reported that addition of diets containing soluble [carboxymethyl 

cellulose; 2% and 4%] fibre significantly increased serosa thickness. Similar results have been 

reported by Iji et al., 2001 and Viveros et al., 1994. Yasar and Forbes (2000) reported a reduced 

thickness of tissue layers in the gastrointestinal tract of broilers after exogenous enzymes 

addition (combination of xylanase, glucanase and protease) in wheat-based diets. This 

improvement coincided with reduction in digesta viscosity in the gastrointestinal tract. 

Mathlouthi, et al., 2002, demonstrated that intestinal mucosa was modified in chickens 

receiving rye alone, but not in those receiving rye plus xylanase and β-glucanase. The villus 

length-to-crypt depth ratio was lower in broiler chickens fed the rye-based diet than in those 

fed rye-based diet supplemented with xylanase. They suggested that this damage to the small 

intestinal mucosa may be caused by the viscous characteristics of NSP. Improvement in 

morphology of intestine will lead to increased digestive and absorptive function of the intestine 
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due to increase in absorptive surface area, expression of brush border enzymes and nutrient 

transport systems (Awad et al., 2008).  

 

Concerning blood metabolite measurements in this PhD research (chapter 4, 5), it should be 

noted that time between feeding and blood sampling was not precisely timed. However, as 

indicated in chapters 4 and 5, animals were under a light pattern of 6h dark and 18h light 

(uninterrupted period of 4h dark). During this dark period the day before slaughter, animals 

were fasted for 4h, which would be the time required for the gut to completely empty itself 

(Fragua et al., 2013). Once the day period started, animals were fed for a period of 5h (this 

would be almost similar to the experimental protocol of Swennen, et al., (2005)) and then 

animals were euthanised. Although not all animals were in exactly the same point of the post-

prandial curve, the slaughter window between the first animal and the last was no more than 

30 min. This means that there is a maximum shift of 30 min between the last meal and the 

blood sample for animals within the same dietary treatment. This is because animals were 

slaughtered randomly across treatments and across pens. However, we are aware that in fasted 

animals, these concentrations should be interpreted differently, but given that the birds in our 

study were similar in their endocrinological state, the differences in nutrient concentration were 

likely the result of absorption (Takahashi et al., 2009; Fragua et al., 2013) rather than 

endocrinological action.  

The increased plasma levels of TG found in wheat with xylanase (chapter 4) may suggest 

increased accessibility of nutrients to digestive enzymes and are consistent with the 

hypothesized viscosity reduction in wheat-based diets. However the blood sampling was not 

precisely timed to the appearance of ingested material in the small intestine. Because the 

passage rate tended to differ due to xylanase addition, the lower plasma level of TG due to WE-

AX and xylanase might have been caused by a time shift of the absorption peak. Changes in 

digesta passage rate are often not considered but might deserve more attention. A method to 

perform frequent blood measurements during the postprandial phase in broiler chickens would 

be very useful in studying the potential effect of xylanase on passage rate and the concomitant 

shift in nutrient absorption. 

 

6.6 Conclusion 

The studies reported in this thesis have demonstrated: 
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 Viscosity reduction is a certain action of xylanase, but other actions such as the 

prebiotic action do exist. These mechanisms of action differ in effect size depending on 

many dietary factors. However, each mechanism has its own contribution on xylanase 

efficacy and they are not negligible.  

 

 It should be however noted that the three main mechanisms of xylanase (viscosity 

reduction, cage effect reduction and change in microbiota or the prebiotic effect) are 

not independent and at least the prebiotic effect cannot be considered independent of 

the cage effect and is likely determined by a set of other xylanase actions such as 

passage rate changes and reduced viscosity.  

 

 Although we aimed to separate and isolate the modes of action from each other, part of 

our failure to achieve this aim is exactly one of the important take-home messages. 

Viscosity and cage effect reduction can influence the prebiotic action of xylanase. It 

was clear from this study that the combination of water holding capacity of WE-AX 

and its interaction with the cell wall structure determined the digesta viscosity 

characteristics.  

 

 Based on these findings, we can conclude that each of these three mechanisms has their 

importance for xylanase efficacy, but the interactions are likely as important.  

 

6.7 Future prospects 

Besides factors evaluated in this PhD research, there are still several topics that are worthwhile, 

considering in future research. Relying on the results of this PhD research the following topics 

are recommended for future studies to better understand the mechanism of action of NSP 

hydrolyzing enzymes in cereal based diets in broilers.  

-  In this PhD research, we evaluated the impact of particulate matter presence in 

viscosity measurements of different poultry feedstuffs. However, measuring the 

viscosity of intestinal contents instead of feedstuffs under the same condition is also 

suggested. Furthermore, the size, shape, surface area and surface characteristics of the 

particles in gut contents can affect their viscosity (Saraf and Khullar, 1975). Therefore 

much research is still needed to determine the effects of these additional factors on 

viscosity measurements of intestinal contents. 



General Discussion 

125 

- In this PhD research, we tried to gain more insight into two mechanisms of xylanase 

in broilers: viscosity and cage effect reduction, with the inherent microbiota 

modulating actions. In practice, exogenous enzymes are also used in combination. 

Therefore, it would be interesting to study the mode of action of enzymes when they 

are used in combination.  

- The contribution of the prebiotic effect to xylanase efficacy could be more pronounced 

if broilers were exposed to the challenge diets that can exert inflammation or oxidative 

stress, so to investigate a prebiotic effect of xylanase finding the challenge diet would 

be interesting.  

- Because of unexpected absence of a viscosity of the added WE-AX in corn based diets 

in this PhD study, the factors that make WE-AX induce viscosity also need further 

investigation. 

- It would be interesting if we can also evaluate the financial factors such as economic 

value of enzyme use vs. saving costs with the use of alternative feed sources in future 

experiments in order to study the possibility of using enzymes in developing and non-

developing countries.  
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Some of the feed ingredients and raw materials used in poultry diets contain substantial amounts 

of anti-nutritional factors (ANF) which limit both their nutritional value and their use in diets. The 

use of NSP hydrolyzing enzymes such as xylanase, as a feed additive, alleviate these anti-nutritive 

effects, allowing for more economic utilization of these raw materials. Xylanase can lower the cost 

of formulated feeds, and provide maximum nutrient density for minimum cost.  

Typically, the modes of action of xylanase have been attributed to mainly three features: 1) the 

reduction of digesta viscosity, 2) the cage effect reduction, which is the release of intracellular 

nutrients by breaking up the cell wall, and 3) change in microbiota population or a prebiotic effect. 

The aim of this study was to gain insight into the relative importance of the viscosity and cage 

effect in xylanase efficacy in broilers. However, it is difficult to discern the prebiotic effect. The 

main idea is that fibers are degraded into smaller fragments, making them ferment faster, and 

selectively favoring particular desirable microbiota in the intestine, producing the desired short 

chain fatty acids (SCFA). As such, this is not the only possible explanation for a change in 

microbiota population, because NSP hydrolyzing enzyme that affect proximal digestibility also 

change the nutrient profile that enters the sites of fermentation in the hindgut, therefore also 

inducing changes in the microbiota populations in the gut.  

The complete removal of particles by centrifugation has been applied in viscosity measurements 

of the intestinal contents in many poultry studies. However, centrifugation may underestimate the 

digesta viscosity measurements by removing the particles, therefore in chapter 3 of this PhD 

research, two viscosity measurement techniques (with and without centrifugation step) were 

compared in an in vitro model to evaluate whether both techniques result in similar conclusions 

regarding viscosity. Two sets of feedstuffs were used in this chapter. The first set was prepared 

with different combinations of milled feedstuffs: 100% corn, 25% corn + 75% wheat, 100% wheat, 

90% wheat + 10% rye, all mixed with distilled water in order to have a wide range of viscosity. In 

the second set, barley was incubated with different beta-glucanases, and soybean and sunflower 

meal were incubated with different pectinases, all mixed with distilled water. Viscosity was 

assessed using both techniques (with and without centrifugation) at 6 time points. In order to 

compare the two methods of viscosity measurement and to include all time points at which the 

viscosity was measured, the area under the curves (AUC) were assessed. As both techniques do 

not use the same units to measure viscosity, Pascal for the Haake viscometer (for whole 

suspensions) and centipoises for the Brookfield viscometer (for supernatants), the relative 
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percentage of change in viscosity within each method (based the AUC changes), using on all 

pairwise feedstuffs comparison (first set), or compared to the respective feedstuff without added 

enzyme (second set) were calculated. To evaluate the extent of agreement between the two 

methods, linear regression was used to analyze the correlation between area under the curves 

measured with the Brookfield and Haake viscometers; furthermore, the Lin’s Concordance 

Correlation Coefficient (CCC) was assessed using the percentage of change in viscosity (within 

each method), based on pairwise feedstuffs comparison (first set), or relative to the feedstuff 

without enzyme (second set). for barley incubated with glucanases the Pearson correlation 

coefficient (r) and the coefficient of determination (R2) between the Haake and the Brookfield 

measurements were quite high (r= 0.911 and R²=0.954, and r=0.928 and R²=0.963, for the first set 

of feedstuffs and barley incubated with glucanases respectively), opposite to the results obtained 

for soybean meal and sunflower meal incubated with pectinases. In the latter, these coefficients 

were <0.3. Based on CCC analysis, the rate of the agreement between the two methods was 

substantial for the first set of feedstuffs (66%) and for the barley diets incubated with beta-

glucanases (69%), whereas the CCC score for the soybean meal diets was very poor (2%) and fair 

for the sunflower meal diets, incubated with pectinases (32%). The latter can be explained by the 

lack of viscosity in these mixtures anyhow. It can be concluded that results obtained with the 

common method, where centrifugation is used (Brookfield) agrees quite well with the method 

without centrifugation (Haake). Although the two techniques are considerably different (e.g. with 

or without preceding particle removal), they seem to render similar conclusions when applied to 

poultry feedstuffs. 

One of the main working mechanisms of xylanase is reduction of digesta viscosity. In chapter 4 

an in vivo experiment was conducted to study the relative contribution of digesta viscosity 

reduction to xylanase efficacy in broilers. In this experiment broilers received two types of WE-

AX: embedded in cell wall structure of a wheat based diet (WHE) and purified with corn based 

diet (CON+WE-AX) with and without xylanase (±XYL). Corn with and without xylanase 

(CON±XYL) served as a control and purified AXOS was also added to CON+XYL, making a 

total of seven dietary treatments.  The purified WE-AX was used to minimize the cage effect 

reduction mechanism, whereas the AXOS was used to estimate the prebiotic effect of xylanase 

when compared to the dietary treatment CON+WE-AX+XYL. Addition of WE-AX to the corn 

based diet did not increase digesta viscosity, as expected. Digesta viscosity was reduced by 
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xylanase in WHE, but in CON±XYL and CON+WE-AX±XYL diets no differences were found. 

Xylanase significantly improved ADG, ADFI and FCR of the broilers fed WHE, whereas no 

improvement was observed for the diets based on CON±WE-AX. Significantly lower ADG and 

ADFI and higher FCR were observed in CON+AXOS+XYL compared to the control (CON). 

Only in WHE, xylanase improved the digestibility of gross energy, crude protein and MEn and 

the plasma concentration of TG. CON+WE-AX+XYL significantly increased the numbers of 

Clostridium clusters IV and XIVa. Furthermore, CON+WE-AX±XYL increased the number of 

the gene copies for butyryl CoA:acetate CoA-transferase. The results suggest that the WE-AX 

present in wheat have other characteristics than those added to the corn basal diet, including their 

interaction with the cell wall structures. The response to xylanase supplementation was 

consistently greater for the wheat diet, where viscosity was high, than for either the corn with and 

without WE-AX. Yet, this does not mean that viscosity reduction is the only important mode of 

action of xylanase. The efficacy of xylanase seems to depend on the viscosity properties of NSP 

that are determined by the NSP composition of the diet, and less on the prebiotic effect. 

Furthermore, the addition of too much AXOS or substrates with high fermentability with xylanase 

can negatively affect growth performance and nutrient digestibility and should be avoided in 

broilers diets. 

 

Reduction of the cage effect (release of encapsulated nutrients) is one of the other main working 

mechanisms of xylanase, resulting in altered substrate for host and gut microbial fermentation. As 

the aim of this chapter (chapter 5) was to explore the reduction in cage effect, the effects on digesta 

viscosity were ruled out by using diets based on corn. Corn based diets do not induce high gut 

viscosity to the extent of other cereals such as wheat and rye. The results of viscosity measurements 

in this chapter also confirmed the absence of viscosity effect in corn based diet. Furthermore, in 

order to have two diets that are exactly the same except for the cage effect, a freeze-thaw method 

was used. Half of the whole corn batch was frozen at -18◦C for 5d, after which it was thawed for 

5 d at 25◦C (freeze-thaw method). This experiment consisted of 4 dietary treatments 1) normal 

corn without bacterial endo-1,4-β-xylanase; 2) frozen corn without bacterial endo-1,4-β-xylanase 

; 3) normal corn with bacterial endo-1,4-β-xylanase (Nutrase Xyla®, Nutrex, Lille, Belgium) and 

4) frozen corn with bacterial endo-1,4-β-xylanase. It was hypothesized that the cell wall 

destruction action of xylanase (cage effect reduction) was mimicked by the freeze-thaw method, 
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and this could reduce the efficacy of xylanase in frozen corn compared to the normal corn. 

However with this applied model, a prebiotic effect of xylanase could not be ruled out. The results 

showed that there was a significant interaction between enzyme supplementation and freeze-

thawing for FCR. The improvement in performance of freeze-thawed corn and xylanase coincided 

with increased gut absorption of glucose and increased number of Clostridium cluster IV in the 

caecum, and agreed with the higher gut villus height. Xylanase addition significantly increased the 

postprandial plasma glycine and triglycerides concentration, and led to elevated bacterial gene 

copies of butyryl CoA:acetate CoA-transferase, suggesting a prebiotic effect of xylanase addition 

through more than just the cage effect reduction.  

 

Conclusion  

Although each mechanism has its own contribution to xylanase efficacy, it should be however 

noted that all proposed mechanisms involved in efficacy of xylanase appear to be relatively 

interrelated and are not completely independent. 
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Een aantal grondstoffen voor de pluimveevoeding bevatten een aanzienlijk aantal antinutritionele 

factoren (ANF) die hun voedingswaarde en hun gebruik in voeders afremmen. Het gebruik van 

enzymen die niet-zetmeel-polysacchariden (non-starch polysaccharides, NSP) hydrolyseren als 

voederadditief, zoals xylanase, heffen deze antinutritionele effecten op, en zorgen daardoor voor 

een economische benutting van deze grondstoffen. Xylanase kan de kost van geformuleerde 

voeder reduceren, en een maximale nutriëntdichtheid voorzien aan een minimale kost. 

Algemeen worden drie werkingsmechanismen van xylanase beschreven: 1) het verminderen van 

de viscositeit van de darminhoud, 2) het reduceren van het “kooi-effect”, d.i. het vrijzetten van 

intracellulaire nutriënten door afbraak van de celwand, en 3) veranderingen in de 

microbiotapopulaties or een prebiotisch effect. 

Het doel van deze studie was om inzicht te krijgen in de relatieve bijdrage van viscositeit en het 

kooi-effect in de werkzaamheid van xylanase bij vleeskuikens. Het is echter moeilijk om het 

prebiotische effect te isoleren. Het algemene idee is dat vezels worden afgebroken tot kleinere 

fragmenten, die sneller fermenteren, en selectief bepaalde gewenste microbiota stimuleren in de 

darm, die korteketenvetzuren produceren. Als dusdanig is dit niet de enig mogelijke uitleg voor 

een verschuiving in microbiotapopulaties, omdat NSP-hydrolyserende enzyme ook de proximale 

verteerbaarheid verbeteren en dus ook het nutriëntenprofiel veranderen dat in de distale darm 

belandt voor fermentatie. Dit leidt ook tot veranderingen in microbiotapopulaties in de darm. 

 

Als eerste stap in dit doctoraat werd gekeken naar de volledige verwijdering van partikels door 

centrifugatie in viscositeitsmetingen van darminhoud in veel pluimveestudies. Centrifugatie kan 

mogelijks leiden tot een onderschatting van viscositeit door de verwijdering van die partikels. 

Daarom werden in hoofdstuk 3 van deze thesis twee technieken voor viscositeitsmeting (met of 

zonder centrifugatiestap) met elkaar vergeleken in een in vitro model, om te zien of beide 

technieken tot dezelfde conclusies inzake viscositeit zouden leiden. Hiervoor werden twee sets 

voedermiddelen gebruikt. De eerste set werd gemaakt met combinaties van verschillende gemalen 

grondstoffen: 100% mais, 25% mais + 75% tarwe, 100% tarwe, 90% tarwe + 10% rogge, alle 

gemengd met gedestilleerd water om een brede waaier in viscositeit te bekomen. 
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In de tweede set werd gerst geïncubeerd met verschillende beta-glucanasen, en werden sojaschroot 

en zonnebloemschroot geïncubeerd met verschillende pectinasen, alle gemengd met gedestilleerd 

water. De viscositeit werd bepaald met beide technieken (met of zonder centrifugatie) bij 6 

tijdspunten. Om de technieken te vergelijken over de verschillende tijdspunten werd de 

oppervlakte onder de curves berekend. Omdat de technieken niet dezelfde eenheden gebruiken, 

pascal voor het Haake toestel (voor totale oplossingen) en centipoise voor het Brookfield toestel 

(voor supernatans), werd het relatieve percentage van de viscositeitsverandering berekend binnen 

elke method (gebaseerd op de oppervlakte onder de curve), middels gepaarde vergelijking van de 

voedermiddelen (eerste set), of in vergelijking met de respectievelijk voedermiddelen zonder 

toegevoegd enzyme (tweede set). Om de mate van overeenkomst tussen beide methoden te 

vergelijken, werd lineaire regressive toegepast om de samenhang tussen de oppervlakte onder de 

curve bij Brookfield versus Haake te evalueren. Verder werd ook de Lin’s Concordance 

Correlation Coefficient (CCC) bepaald met het percentage van viscositeitsverandering (binnen 

elke method), gebaseerd op de gepaarde vergelijking van voedermiddelen (eerste set), or relatief 

ten opzichte van de voedermiddelen zonder enzyme (tweede set). Voor gerst geïncubeerd met beta-

glucanasen was de Pearson correlatiecoëfficiënt ® en de determinatiecoëfficiënt (R²) tussen Haake 

en Brookfield metingen vrij hoog (r= 0.911 en R²=0.954, en r=0.928 en R²=0.963, respectievelijk 

voor de eerste set voedermiddelen en gerst geïncubeerd met glucanasen), in tegenstelling tot de 

resultaten voor sojaschroot en zonnebloemschroot geïncubeerd met pectinasen. Bij deze laatste 

waren de coëfficiënten kleiner dan 0,3. Gebaseerd op de CCC analyse, was de mate van 

overeenkomst tussen beide methoden substantieel voor de eerste set voedermiddelen (66%) en 

voor de gerst geïncubeerd met beta-glucanasen (69%), terwijl de CCC score voor sojaschroot heel 

laag was (2%) en gemiddeld voor het zonnebloemschroot geïncubeerd met pectinasen (32%). Dit 

laatste kan worden uitgelegd door het gebrek aan viscositeit in deze mengsels. Er kan worden 

besloten dat de resultaten bekomen met centrifugatie (Brookfield) vrij goed stroken met de method 

zonder centrifugatie (Haake). Hoewel beide technieken wezenlijk verschillen (bv. met of zonder 

verwijdering van partikels), blijken ze toch vrij gelijkaardige besluiten te genereren voor 

pluimveevoedermiddelen. 

Eén van de werkingsmechanismen van xylanase is de terugdringing van de viscositeit van de 

darminhoud. In hoofdstuk 4 werd een in vivo experiment uitgevoerd om de relatieve bijdrage van 

de viscositeit van darminhoud tot de werkzaamheid van xylanase te bestuderen. In dit experiment 
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kregen vleeskuikens twee soorten water-extraheerbare arabinoxylanen (WE-AX): ofwel ingebed 

in de celwand via een dieet gebaseerd op tarwe (WHE) of in zuivere toegevoegde vorm via een 

dieet gebaseerd op mais zonder (CON+WE-AX) of met xylanase (CON+WE-AX+XYL). Mais 

met (CON+XYL) en zonder xylanase (CON) dienden als controle. Zuivere 

arabinoxylanoligosacchariden (AXOS) werden ook toegevoegd aan het maisdieet met xylanase 

(CON+AXOS+XYL), zodat 7 voederbehandelingen werden bekomen. De zuivere WE-AX werd 

gebruikt om de invloed van het kooi-effect uit te sluiten, terwijl AXOS werd gebruikt om het 

prebiotische effect van xylanase in te schatten via vergelijking met CON+WE-AX+XYL. In 

tegenstelling tot de verwachting, induceerde toevoeging van WE-AX aan het maisdieet geen 

verhoging in viscositeit van de darminhoud. Viscositeit daalde in WHE door xylanasetoevoeging, 

maar niet in de maisdiëten. Xylanase verbeterde groei, voederopname en voederconversie van de 

vleeskuiken op het tarwedieet, maar geen verbetering werd gezien door xylanase in CON+WE-

AX. Het CON+AXOS+XYL dieet verlaagde de groei en voederopname en verhoogde de 

voederconversie in vergelijking met de controle. Alleen bij WHE verbeterde xylanase de 

verteerbaarheid van de bruto energie, eiwit en de metaboliseerbare energie, alsook de 

plasmaconcentratie van triglyceriden. Het CON+WE-AX+XYL voeder verhoogde ook de 

aantallen Clostridium clusters IV en XIVa.  Verder verhoogde dit voeder ook het aantal genkopies 

voor butyryl CoA:acetaat CoA transferase. Deze resultaten suggereren dat WE-AX in tarwe andere 

kenmerken hebben dan deze toegevoegd aan het maisdieet, inclusief hun interactie met de 

celwandstructuren. De respons op de xylanasesupplementatie was dan ook groter voor het 

tarwedieet, met hoge viscositeit, dan voor het maisdieet, al dan niet met WE-AX. Dit wil toch niet 

zeggen dat viscositeitsreductie het enige belangrijke mechanisme is voor xylanase. De 

werkzaamheid van xylanase blijkt af te hangen van de viscositeitskenmerken van de NSP die 

inherent zijn aan het voeder, en minder van het prebiotische effect. Ook kan de overmatige 

toevoeging van AXOS of substraten met hoge fermenteerbaarheid samen met xylanase een 

negatieve invloed hebben op de groeiprestaties en nutriëntenverteerbaarheid en dit moet dus 

vermeden worden in vleeskuikenvoeding. 

De terugdringing van het kooi-effect (vrijzetting van omsloten nutriënten) is één van de andere 

werkingsmechanismen van xylanase, wat resulteert in een veranderd substraat voor de gastheer en 

voor de intestinale microbiële fermentatie. Het doel van hoofdstuk 5 was om de vermindering van 

het kooi-effect te identificeren, waarbij de invloed van viscositeit van de darminhoud werd 
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uitgesloten door een maisdieet te gebruiken. Voeders op basis van mais induceren geen hoge 

viscositeit van de digesta in vergelijking met andere granen zoals tarwe en rogge. De meting van 

viscositeit in deze studie bevestigden ook de afwezigheid van een viscositeitseffect in het 

maisdieet. Om diëten te bekomen die verder alleen verschilden in het kooi-effect, werd een vries-

dooi methode gebruikt. De helft van het maislot werd bevroren op -18°C gedurende 5 dagen, 

waarna het ontdooid werd gedurende 5 dagen bij 25°C (vries-dooi methode). Dit experiment 

bestond uit 4 voederbehandelingen: 1) normale mais zonder bacterieel endo-1,4-β-xylanase; 2) 

bevroren mais zonder bacterieel endo-1,4-β-xylanase ; 3) bevroren mais met bacterieel endo-1,4-

β-xylanase en 4) bevroren mais met bacterieel endo-1,4-β-xylanase (Nutrase Xyla®, Nutrex, Lille, 

Belgium). De hypothese was dat celwandafbraak door xylanase (kooi-effect reductie) werd 

nagebootst door de vries-dooi methode, en dat dit de werkzaamheid van xylanase zou verminderen 

in vergelijking met gewone mais. Echter, met dit model kon een prebiotisch effect van xylanase 

niet worden uitgesloten. De resultaten tonen dat er een significante interactie was tussen 

enzymsupplementatie en vriezen-dooien op de voederconversie. De verbetering van prestaties 

door vriezen-dooien en xylanase viel samen met verhoogde absorptie van glucose en van het aantal 

Clostridium cluster IV in het cecum, and stemde overeen met een grotere villushoogte. De 

toevoeging van xylanase verhoogde de postprandiale plasmaconcentratie van glycine en 

triglyceriden, en leidde naar een verhoogd aantal genen van butyryl CoA:acetaat CoA transferase, 

wat veronderstelt dat er een prebiotisch effect van xylanase ontstaat door meer dan alleen de 

reductie van het kooi-effect. 

 

Besluit  

Hoewel elk mechanism haar eigen bijdrage heeft tot de werkzaamheid van xylanase, moeten we 

ons realiseren dat alle voorgestelde werkingsmechanismen die betrokken zijn bij de werkzaamheid 

van xylanase blijkbaar vrij verweven zijn met elkaar en dus niet geheel onafhankelijk zijn. 
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