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ABSTRACT 

USE OF MULTI-ENZYME SUPPLEMENT TO IMPROVE UTILIZATION OF 
FIBROUS FEED INGREDIENTS IN BROILER CHICKENS AND TURKEYS 

 

Juan Sanchez        Advisor: Dr. Elijah Kiarie 

University of Guelph, 2022 

 

Three experiments were conducted to evaluate the effects of adding fibrous ingredients to diets 

fed to broilers or turkeys with or without a multi-enzyme supplement (MES): addition of 5 to 

11% rice bran in corn-soybean diets fed to broilers, addition of 10% corn distillers dried grains 

(cDDGS) or 10% wheat middlings (WM) to simple corn or wheat-soybean diets fed to broilers 

or turkeys. Rice bran increased gizzard weight but reduced growth resulting in lighter birds. 

MES improved growth and energy utilization independent of rice bran. Broilers fed cDDGS had 

poor growth, but MES improved it. Broilers fed corn diets were heavier than those fed wheat 

diets. Turkeys fed wheat diets were heavier than those fed corn diets. Turkeys fed high fiber corn 

diets with MES had heavy gizzards. In conclusion, varied responses were seen in broilers and 

turkeys suggesting the need for refining enzyme application for different poultry species. 
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CHAPTER 1. Literature review 1 

 2 

1. Introduction 3 

The world’s population is expected to increase by two billion by 2050, creating a significant 4 

demand for food and putting a considerable strain on the agricultural sector. Consequently, it is 5 

estimated that agricultural production will have to increase by 60% to meet this increased 6 

demand (FAO, 2013). This will provide the poultry industry with a unique opportunity to further 7 

expand its production, thanks to its superior efficiency in utilizing natural resources and 8 

supplying high quality food (Mottet and Tempio, 2017). Additionally, over the past several 9 

decades, poultry production and efficiency have increased tremendously due to advancements in 10 

genetics, nutrition, and welfare practices. Thus, modern poultry diets contain high-quality feed 11 

ingredients allowing for more efficient digestion and utilization. Although production efficiency 12 

has improved, producers face continuous challenges in maintaining efficiency while sustaining 13 

production (Hetland et al., 2004). One such challenge is the competition for feedstuffs used for 14 

human consumption. As seen in Figure 1, 58% of a poultry ration is cereal grains, which 15 

represents 14% of the global cereal production. It is estimated that approximately 81% of global 16 

poultry feed components are in direct competition with human food consumption (Mottet and 17 

Tempio, 2017). This competition will continue to increase as the global population increases, 18 

which will in turn cause an increase in feed costs. The utilization of by-products from the biofuel 19 

and food industries can help reduce feed costs, however, the digestibility of these by-products is 20 

low as they commonly contain high levels of cell wall material, which is mostly composed of 21 

non-starch polysaccharides (NSP). Non-starch polysaccharides cannot be digested by 22 
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endogenous enzymes produced by poultry but can be partly degraded by the microbes present in 23 

the gut (de Vries et al., 2012). The development of technologies to improve the digestibility of 24 

these by-products can be beneficial to the industry. Many studies have concluded that the 25 

nutritional value of some feed ingredients used in poultry rations can be improved by exogenous 26 

enzyme supplementation (Slominski, 2011). The addition of phytases and fiber degrading 27 

enzymes (FDE) have shown to improve the energy value of feed. This review aims to highlight 28 

recent scientific insight on challenges and opportunities of application of fibrous feedstuffs in 29 

modern production systems and to explore the utility of fiber degrading enzymes to increase 30 

nutritive and functional value of fibrous feedstuffs in poultry feeding programs.  31 

 32 

2. Dietary Fiber in Poultry Feedstuff 33 

Most of the feed ingredients used in modern commercial poultry rations are from plant 34 

sources. Dietary fiber (DF) is a major component of these ingredients and due to the wide range 35 

of origins they contain a large variation in physical and chemical properties. Trowell et al. (1976) 36 

was the first to define DF as the “sum of lignin and polysaccharides that are not digested by 37 

endogenous secretions of the digestive tract of man”. This definition can be modified, for the 38 

purposes of poultry nutrition, as any carbohydrate that reaches the hindgut, including resistant 39 

starch (RS), and soluble and insoluble NSP (Montagne et al., 2003).  40 

 Although starch is usually hydrolyzed by salivary and pancreatic α-amylase, the 41 

hydrolysis is not always completed (Montagne et al., 2003). For example, the physical 42 

arrangement of the crystalline structure within starch can sometimes cause it to become resistant, 43 

such as in raw potatoes and bananas. Another example, when starch granules are in the middle of 44 
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a food particle, it becomes inaccessible to digestive enzymes. Additionally, some starches can 45 

undergo retrogradation when they are heated then cooled, becoming resistant to digestive 46 

enzymes (Montagne et al., 2003).  47 

The cell walls of plants are highly ordered structures that are made up of polysaccharides, 48 

polyphenolics, glycoproteins, and glycolipids. They are arranged in three main patterns to give 49 

fibrillar polysaccharides (cellulose and arabinoxylans), matrix polysaccharides (arabinoxylans, 50 

pectin and β-glucans), and encrusting substances (lignin). The components are found in varying 51 

concentrations and depend on the source of the plant, the part of the plant and the stage of 52 

maturity. Non-starch polysaccharides, the major components of cell walls, are generally 53 

categorized by their solubility in water or weak alkaline solutions. The solubility of the NSP is 54 

determined by the size of the molecules, their structural arrangement (branched or linear), the 55 

presence or absence of charged groups, the surrounding structures, and their concentrations 56 

(Hetland et al., 2004). The major insoluble NSP is cellulose and the major soluble or partly 57 

soluble NSP are pectins, mixed linked β-glucans, pentosans and arabinoxylans. These 58 

polysaccharides cannot be hydrolyzed by exogenous enzymes but are fermented in the ceca by 59 

the commensal microbiota (Montagne et al., 2003). Table 1 shows a list of the common 60 

carbohydrates that are indigestible to endogenous enzymes in the intestinal tract of poultry.  61 

Dietary fiber can also include non-plant components such as soluble and viscous 62 

polysaccharides such as alginates, carrageenan, gum xanthan, gum guar, Arabic guar and 63 

carboxymethylcellulose. These are commonly used as feed additives in human and animal 64 

nutrition (Montagne et al., 2003). Other non-traditional sources of DF can include bedding 65 

materials. Poultry reared in floor pens can ingest the bedding material, which consists of wood 66 
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shavings, saw dusts, tree bark, straw, and rice hulls. These fiber sources are mainly composed of 67 

highly lignified cellulose (Hetland et al., 2004; Choct, 2009).  68 

 69 

2.1 Rice Bran 70 

 Rice bran (RB) is one of the main by-products from milling of brown rice (Nalle and 71 

Yowi, 2019). It consists of about 10% of the whole paddy rice product and is an excellent source 72 

of starch, fat, amino acids, vitamins and some trace minerals (Ravindran and Blair, 2007; Stein 73 

and Shurson, 2009; Stein et al., 2015). Rice bran is a popular alternative feed ingredient in 74 

poultry diets in the rice growing regions due to its nutritive value and low costs. However, the 75 

inclusion levels of RB are limited as it is prone to rancidity and due to anti-nutritive properties 76 

such as high levels of phytate-P and NSP and trypsin inhibitors (Gallinger et al., 2004; 77 

Ravindran and Blair, 2007, 2009). Medgu et al. (2011) reported that up to 10%, 20% and 25% of 78 

rice bran can be included in broiler starter, finisher, and layer diets, respectively.  79 

 80 

2.2 Corn DDGS 81 

Distillers dried grains with solubles (DDGS) are a by-product of the ethanol industry. It 82 

is derived from the distillation and drying of at least 75% of the whole stillage collected after the 83 

fermentation process of a grain or grain mixture to produce ethyl alcohol (AAFCO, 2007). As a 84 

rich source of readily fermentable starch, corn is the primary grain used in ethanol production. 85 

The resulting corn distillers dried grains with solubles (cDDGS) contains most of the nutrients 86 

present in the corn grain, except the starch; however, the concentrations of these nutrients are 87 
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approximately 2-3 times higher (Pedersen et al., 2007; Świątkiewicz and Koreleski, 2008). It was 88 

first used in poultry diets as result of its unidentified growth factors that could enhance 89 

performance. The inclusion level of cDDGS was mostly limited to about 5% due to its high fiber 90 

content, nutrient variability and digestibility (Roberson, 2003; Lumpkins et al., 2005; 91 

Świątkiewicz and Koreleski, 2008; Youssef et al., 2008). The global production of ethanol has 92 

increased tremendously over the last two decades and is expected to continue to grow due to the 93 

demand for more environmentally friendly fuels (Iram et al., 2020). Simultaneously, due to the 94 

increased availability of cDDGS, the use of cDDGS as a feed ingredient in livestock diets has 95 

increased (Windhorst, 2007; Woyengo et al., 2014). Corn DDGS is rich in energy, minerals, 96 

crude fat, crude protein and phosphorus (Bregendahl, 2008; Emiola et al., 2009; Schwarz et al., 97 

2021). However, the high NSP content in DDGS causes its energy and nutrient utilization to be 98 

low (Świątkiewicz and Koreleski, 2008; Salim et al., 2010; Schwarz et al., 2021).  99 

 100 

2.3 Wheat Middlings 101 

Wheat middlings (WM) are a by-product of the wheat flour milling industry (Cromwell et al., 102 

2000).  According to AAFCO (2000), WM is defined as the fine particles of wheat bran, wheat 103 

shorts, wheat germ, wheat flour and some of the offal from the “tail of the mill” after processing. 104 

To qualify, it must be produced in the commercial milling process and contain no more than 105 

9.5% of fiber (AAFCO, 2000). The chemical composition of WM can vary considerably due to 106 

differences in the milling processes and the composition of the wheat used. For instance, some 107 

forms of WM can contain high levels of flour, resulting in high amounts of starch, whereas other 108 

types are mainly composed of wheat bran and therefore, contain low levels of starch (Cromwell 109 
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et al., 2000). Wheat middlings can be a good source of energy, crude protein and amino acids, 110 

compared to whole wheat. However, the high levels of fiber and NSP found in WM have 111 

deleterious effects on the digestibility of these nutrients in poultry (Cromwell et al., 2000; Huang 112 

et al., 2007; Rosenfelder et al., 2013). 113 

 114 

3. Dietary Fiber Requirement in Poultry 115 

 Traditionally, DF was added to poultry feed rations as a nutrient diluent. It was believed 116 

to be inert with little to no nutritive value. However, recent findings have shown that fiber can 117 

help increase performance via improved gut health, nutrient digestion, and modified behavior 118 

(Hartini et al., 2002; Hetland et al., 2003a). Thus, it is now assumed that poultry have a fiber 119 

requirement. Evidence of this requirement was demonstrated in a study by Hetland et al. (2004) 120 

showing that chickens ingest a significant amount of bedding material. Additionally, laying hens 121 

fed finely ground feed with low fiber have been shown to ingest feathers (Hetland et al., 2005).  122 

 In a study done by Kheravii et al. (2018), it was concluded that the optimal inclusion 123 

level for fiber depends on the source. For example, the optimal inclusion level of pea hulls in 124 

poultry diets was determined to be 8.68 and 9.09% for weight gain and feed/gain ratio 125 

respectively, based on a regression analysis (Jiménez-Moreno et al., 2011). Pettersson and 126 

Razdan (1993) also showed that when broilers were fed a diet with 2.3% sugar beet pulp, there 127 

was an increased body weight, feed intake and improved feed conversion ratio (FCR) but when 128 

the inclusion level was increased to 4.6 or 9.2%, growth was decreased. Additionally, Sklan et al. 129 

(2003), found that turkeys can digest part of the crude fiber (CF) fraction in diets with more than 130 



7 
 
 

6% CF without showing negative effects. This suggests that turkeys have a tolerance for high 131 

fiber diets.  132 

The realization that poultry do indeed have a fiber requirement has led researchers to 133 

determine where it is degraded. Pettersson and Åman (1989) compared the digestibility of total 134 

NSP in the digesta of the jejunum, ileum, and excreta, in broiler chickens fed diets containing 135 

wheat and rye. The results suggests that DF degradation mostly occurs in the crop and gizzard, 136 

with a small amount being degraded by commensal microbial enzymes in the ceca. 137 

 138 

4. Effects of Dietary Fiber on Poultry Growth, Performance and Nutrient Digestibility 139 

 Dietary fiber can have both favorable and detrimental effects on poultry growth, 140 

performance, and nutrient digestibility. Many studies have shown these effects are determined by 141 

the source, solubility, and particle size of the fiber and this should be considered when 142 

formulating fibrous feedstuffs in poultry diet rations. Additionally, the age or stage of 143 

development of the bird will also have a significant effect on fiber utilization..Sklan et al. (2003) 144 

showed that CF utilization is lower in young turkeys, as there is not an established gut 145 

microbiome and large enough ceca to facilitate fermentation.  146 

 147 

4.1 Positive Effects of Dietary Fiber in Poultry 148 

 Many studies have shown the positive effects of fiber supplementation in low fiber 149 

broiler diets. In a study by Jiménez-Moreno et al. (2010), supplementation of low fiber diets with 150 

insoluble NSP, such as oat hulls, improved body weight gain and FCR in broilers. In a similar 151 
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study by Kheravii et al. (2017) it was observed that the addition of 2% sugarcane bagasse 152 

improved broiler body weight from days 0-24 and 0-35.  153 

Kheravii et al. (2018) showed that the addition of structural components like fiber to poultry 154 

diets enhanced nutrient digestibility. The presence of fiber in the diet can improve the secretion 155 

and efficacy of endogenous enzymes. Additionally, the presence of coarse particle size and fiber 156 

will increase gizzard size and activity and increase retention time in the proximal gastrointestinal 157 

tract (GIT) (Hetland et al., 2003; Svihus, 2011). As result, microbial fermentation in the crop 158 

will increase (Classen et al., 2016) causing a decreased gut pH via an increase in lactic acid and 159 

short chain fatty acid (SCFA) production. The reduced gut pH will improve the activity of 160 

pepsin, thus increasing protein digestibility. Additionally, the increased retention will also lead to 161 

an increase in HCl secretion in the proventriculus, causing a reduction in pH, which may have an 162 

antimicrobial effect on pathogenic microbes in the distal GIT, allowing beneficial bacteria to 163 

proliferate (Kheravii et al., 2018). Fiber can stimulate the proliferation of Bifidobacterium and 164 

Lactobacillus spp., which may increase the activity of digestive enzymes, such as proteases, 165 

trypsin, and lipases (Palmer and Rolls, 1983). It has also been observed that the addition of oat 166 

hulls to a wheat-based diet increased gizzard weight, which translated to a considerable increase 167 

in starch digestibility in the ileum. This can be explained by the massive increase in pancreatic 168 

amylase secretion (Amerah et al., 2009; Hetland et al., 2003; Hetland & Svihus, 2001).  169 

The increased gizzard size and strength may potentially cause more frequent reverse 170 

peristalsis contractions (Svihus, 2011, 2014) which causes reflux of digesta back into the 171 

proventriculus to allow for re-exposure to HCl and pepsin. Additionally, Kheravii et al. (2018) 172 

showed evidence that the addition of sugarcane bagasse to a broiler diet increased mRNA 173 
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expression of pancreatic amylase and chymotrypsin. This increased expression is controlled by 174 

various hormones, but the mechanism is not well understood.  175 

Dietary fiber will improve the fermentation capacity of beneficial bacteria, as it acts as 176 

the main substrate for bacterial fermentation in nonruminants (Jørgensen et al., 1996). This 177 

creates an environment that is favorable to beneficial bacteria but unfavorable to pathogens 178 

(Svihus, 2011). However, this impact on gut microbes depends on the fiber’s source, chemical 179 

and physical composition. Branton et al. (1997) showed that the substitution of wheat with 4% 180 

wood shavings in feed caused a considerable reduction in necrotic enteritis lesions in broilers. 181 

Additionally, Jimenez-Moreno et al. (2011) found that oat hull inclusion in broiler diets 182 

decreased the cecal counts of C. perfringens and Enterobacteriaceae spp. This suggests that 183 

inclusion of insoluble NSP, such as wood shavings and oat hulls, to diets have a reducing effect 184 

on pathogenic bacteria. 185 

Bacterial fermentation occurs throughout the GIT. The increased fermentation activity 186 

will cause the production of different SCFAs in different areas of the GIT. In the ceca, there are 187 

high concentrations of acetic, butyric, and propionic acids. The concentrations of SCFA can be 188 

manipulated by the supplementation of different fiber sources. Józefiak et al. (2007) reported that 189 

cereal type (rye, triticale, and wheat) will determine the concentration of acetic acid in the ceca, 190 

whereas Leung et al. (2018) showed that adding flax meal to broiler breeder diets increased 191 

butyric acid concentration and oat hulls increased acetic acid and total SCFA concentrations. 192 

Thus, we can assume that the source and level of fiber can enhance different aspects of gut health 193 

through SCFA production (Kheravii et al., 2018). Soluble fiber is generally more readily 194 

fermentable than insoluble fiber.   195 
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Dietary fiber can also be prebiotic, as they can be converted into oligosaccharides, such 196 

as galacto-oligosaccharides, fructo-oligosachharides and mannano-oligosaccharides. These 197 

oligosaccharides act as an energy source for beneficial bacteria ensuring proliferation of the 198 

beneficial bacteria and decreasing the colonization of pathogenic bacteria, via competitive 199 

exclusion (Kheravii et al., 2018). The oligosaccharides prevent pathogens from binding to 200 

mannan receptors on the mucosal surface, thus preventing the proliferation of pathogenic 201 

bacteria, such as Salmonella typhimurium (Spring et al., 2000). Mucin is produced by goblet cell 202 

in the GIT. Additionally, some oligosaccharides may enhance goblet cell synthesis, thus 203 

increasing the production of mucin (Kheravii et al., 2018). It is the major glycoprotein of the 204 

mucosal layer lining the gut and protects it from physical, chemical, and enzymatic injuries and 205 

bacterial attack (Montagne et al., 2003). Insoluble fiber can also alter the composition of mucin, 206 

through increased gizzard activity and improved GIT development. The addition of insoluble 207 

fiber to a diet, as small as 1% inclusion, can increase the mRNA expression of mucin 2 (MUC2) 208 

in the jejunal tissue of layer pullets (Hussein et al., 2017). Insoluble fiber may increase the 209 

acidity of mucin, making it more resistant to microbial enzymes (Rhodes, 1989). Mucins help in 210 

the clearance of pathogenic bacteria in the gut by competitively binding to the type-1 fimbriae of 211 

Gram-negative bacteria (Kheravii et al., 2018). 212 

Other benefits of fiber inclusion in poultry diets include improved welfare, through 213 

reduced feather pecking and cannibalism, and improved immune response, through flavonoid 214 

secretion and improved heterophil to lymphocyte ratio (Calixto et al., 2004; Hetland et al., 2004; 215 

Kawaguchi et al., 2004; Sulek et al., 2014). 216 

 217 



11 
 
 

4.2 Negative Effects of Dietary Fiber in Poultry 218 

Despite the large number of beneficial effects of insoluble NSP inclusion in poultry diets, 219 

there are still some detrimental effects. The antinutritive properties of insoluble NSP can play a 220 

role in fiber utilization. The structural arrangement of NSP in plant cell walls can reduce the 221 

digestibility of the NSP-fraction, in addition to other nutrients encapsulated within the cells(de 222 

Vries et al., 2012). The inclusion level of insoluble fiber in the poultry ration must remain at a 223 

low enough level to prevent these effects. Jiménez-Moreno et al. (2011) reported that there was a 224 

decreased performance of broilers when the inclusion of pea hulls in a diet was increased to 225 

7.5%. 226 

Most of the negative effects associated with fiber inclusion in poultry diets are with 227 

soluble NSP. Soluble NSP are associated with increased intestinal flow, delayed gastric 228 

emptying, increased pancreatic secretions, and delayed glucose and other nutrient 229 

absorption(Montagne et al., 2003). Soluble NSP are also associated with an increase in the 230 

viscosity of digesta in poultry, therefore inhibiting digestion and absorption of nutrients (Hetland 231 

et al., 2004). Viscosity has been shown to reduce digestibility of nutrients in chickens, by 232 

impeding the diffusion of digestive enzymes, and their substrates and products. Choct et al. 233 

(1996) showed that the addition of soluble NSP to a sorghum-based diet reduced the ileal 234 

digestibility of starch and protein. Additionally, diets containing highly viscous DF have been 235 

shown to cause decreased villus heights, which reduced the absorptive capacity of the small 236 

intestines, however, there have been contrasting findings to this in other species (Montagne et al., 237 

2003).  238 



12 
 
 

The fermentative potential of soluble NSP is greater than insoluble NSP. However, diets 239 

rich in certain soluble NSP have been shown to have the potential to influence the proliferation 240 

of pathogenic bacteria such as C. perfringens. Other negative effects of DF in poultry diets 241 

include increased litter moisture, which can have detrimental effects on the welfare of the 242 

chickens in terms of health (Kheravii et al., 2018).  243 

 244 

5. Fiber Degrading Enzymes as a Solution to Increase the Utilization of Fibrous Feedstuffs 245 

 The use of FDE started in the late 1980s and early 1990s to alleviate wet litter problems 246 

and improve the apparent metabolizable energy associated with diets rich in barley and wheat 247 

(Kheravii et al., 2018).  Since then, many studies have been published exploring the effects of 248 

adding these fiber degrading enzymes to various diet rations. Today, FDE are still added to 249 

poultry ration to decrease digesta viscosity and increase the availability of nutrients and improve 250 

feed efficiency (Munir and Maqsood, 2013). Their effects depend on the type and concentration 251 

of the DF in the feed, the specificity of the enzymes and the class and stage of life of the birds.  252 

 Kiarie et al. (2013b) stated that feed enzymes follow several modes of action, such as (1) 253 

hydrolysis of specific chemical bonds that are not degraded or not sufficiently degraded by 254 

endogenous enzymes; (2) elimination of the nutrient-encapsulating effect by cell walls, resulting 255 

in increased starch, amino acid and mineral availability; (3) breakdown of the antinutritional 256 

factors present in the feed; (4) solubilization of insoluble NSPs to allow for a more efficient 257 

hindgut fermentation and improve energy utilization; (5) complementation of endogenous 258 

enzymes (amylase, proteases and lipase) produced by young chicks as production may be 259 

insufficient due to the immaturity of the GIT. The enzymes may act during feed processing, 260 
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while the feed is being stored or after ingestion. The efficacy of the enzymes depends on the 261 

ability of an enzyme cocktail to act on the specific antinutritional factors associated with the feed 262 

ingredients, age of the poultry, and the durability of the enzyme cocktail.  263 

 264 

5.1 Effects on Nutrient Digestibility 265 

Feed is the biggest cost associated with the commercial poultry industry; thus, it is 266 

imperative to find means of reducing feed costs or improving nutrient availability of the feed. As 267 

a result, the role FDE plays in nutrient digestibility and feed efficiency has been a topic of 268 

interest for quite some time. Some studies have shown that FDE addition to poultry diets not 269 

only improved nutrient digestibility but also NSP digestibility (Kiarie et al., 2013b). Kiarie et al. 270 

(2014) reported that xylanase supplementation of a wheat-based diet and a corn-based diet 271 

significantly improved the ileal digestibility of fat, crude protein and gross energy. Additionally, 272 

the retention of dry matter, fat, calcium, phosphorus, neutral detergent fiber and acid detergent 273 

fiber were increased. 274 

In the parts of the world where diets are rich in cereal grains, such as barley, wheat, and 275 

rye, FDEs are added to reduce the digesta viscosity by depolymerization of the undigested NSPs 276 

into oligosaccharides. In a study by Kiarie et al. (2014), digesta viscosity decreased due to the 277 

supplementation of xylanase of wheat-based diets. Additionally, FDE have shown to 278 

dramatically affect the microbial population of the gut (Kiarie et al., 2013b). It is believed that 279 

the enzyme cocktail added influences the ecology of the gut via the depolymerization of NSPs 280 

into oligosaccharides. Apajalahti and Bedford (1998) showed that the addition of xylanase in a 281 

wheat-based diet increased the concentration of short-chain xylo-oligomers in the ceca. There are 282 
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not many studies that follow the production of oligosaccharides in poultry fed diets with FDE. 283 

However, since oligosaccharides are produced during NSP hydrolysis by FDE, it is believed 284 

these oligosaccharides can improve the proliferation of beneficial bacteria in the GIT. As a 285 

result, energy utilization will be increased and thus an improvement in FCR will be observed 286 

(Kiarie et al., 2013b). The oligosaccharides produced with enzyme supplementation are 287 

fermented into SCFAs which trigger other physiological responses, such as the neuro-hormonal 288 

response to delay gastric emptying and duodenal transit times. This delay will result in an 289 

increase nutrient digestibility (Kiarie et al., 2014).  290 

The addition of FDE in feed rich in small cereal grains, has shown considerable 291 

improvements in energy utilization, however when added to corn-soybean meal diets, the results 292 

vary. Evidence of this was shown when Meng and Slominski (2005)compared the addition of a 293 

multi-carbohydrase supplement to a corn diet and a corn-soybean meal diet. The enzyme 294 

supplementation had a greater effect on body weight gain and FCR of the corn-based diet 295 

compared to the corn-soybean diet. However, there was still an improvement in the NSP, starch 296 

and protein digestibility in the corn-soybean diet. Many studies have shown that a complex blend 297 

of FDE is required to depolymerize the NSPs present in a corn-soybean meal diet. This strategy 298 

holds true with other NSP-rich ingredients such as flaxseed (Slominski, 2011). Some researchers 299 

have said that adding complementary enzymes, such as protease and α-amylase, with FDE will 300 

further increase the performance of poultry. The belief is that α-amylase and proteases will digest 301 

the new starch and protein available as result of the elimination of the encapsulating effect of the 302 

NSPs. However, some studies have shown evidence that there is no effect on protease and α-303 

amylase supplementation with FDE (Aftab and Bedford, 2018). Other strategies include the 304 

inclusion of by-products of the main diet ingredient, such as the addition of cDDGS to a corn-305 



15 
 
 

based diet. The addition of cDDGS to corn-based diets supplemented with xylanase has been 306 

shown to improve the ileal digestibility of the diet and subsequent nutrient retention (Kiarie et 307 

al., 2014).  Enzymes are also beneficial in reducing the variability of feedstuffs, thus improving 308 

the accuracy of feed formulations (Munir and Maqsood, 2013). Fiber degrading enzymes can be 309 

complemented with phytase to further improve performance, body weight, FCR and phosphorus 310 

ileal digestibility, compared to a diet supplemented with only phytase (Woyengo et al., 2014). 311 

 312 

5.2 Effects on Gut Health 313 

The addition of exogenous enzymes to poultry diets has been shown to reduce the 314 

susceptibility to infections with Salmonella spp., Campylobacter jejuni and Brachyspira 315 

intermedia (Montagne et al., 2003). It is believed this reduced susceptibility is due to the 316 

prebiotic effect of increased oligosaccharide production because of FDE. This prebiotic effect of 317 

FDE can influence the selection pressures of the microbes in the GIT, and as result can improve 318 

gut health (Kiarie et al., 2013b). The efficacy of FDE will be decreased if used with 319 

antimicrobials (Aftab and Bedford, 2018), which is indeed beneficial with the global restriction 320 

of antimicrobials in feed. 321 

 322 

6. Gaps in the Literature 323 

Further research on the optimal inclusion levels of the different fiber sources is warranted 324 

to aid in improving gut health and performance of poultry. Additionally, the relationship between 325 
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DF and particle size and its effect on gut development, growth performance, nutrient utilization 326 

and litter quality would be an important finding for the industry.  327 

There is still much more research to be done on the effects of DF and FDE on poultry growth 328 

performance, nutrient utilization, and gut health. One important gap in the research is the effect 329 

of enzyme supplementation of diets containing by-products of the biofuel and milling industries. 330 

Furthermore, more research needs to be conducted on evaluating the interspecies differences in 331 

the effects of DF and FDE inclusion in poultry diets. Additionally, the lack of research on the in 332 

situ production of oligosaccharides in the GIT of chickens fed diets supplemented with FDE is 333 

another important gap. The relationship between arabinoxylooligosaccharides, FDE and the gut 334 

microbiota, can allow us to further understand the mechanisms used by FDE and how they 335 

improve nutrient digestibility and gut health. Also, with the restriction of antimicrobial use in 336 

feed (Bean-Hodgins and Kiarie, 2021), there is much to learn about the effects of DF on gut 337 

health and how it can help improve the welfare of poultry species, especially the young.  338 

 339 

7. Summary 340 

Over the last decade, the poultry industry has made great strides in refining feed 341 

formulation but with the increased costs in feed, the restriction of antimicrobials in feed and the 342 

emergence of exogenous enzymes, specifically FDE, there is still room for improvement. The 343 

increased reliance on DF as a feed ingredient in poultry rations has allowed researchers an 344 

opportunity to study its effects on performance, digestibility and health. Generally, DF has been 345 

shown to have many beneficial effects that outweigh the unfavorable ones. This has allowed 346 

researchers to reinvent feed formulations and improve the efficiency of feed rations. 347 



17 
 
 

Additionally, the emergence of FDE has allowed the industry to further increase the efficacy of 348 

poultry. However, much more research is to be done if the industry is to continue its growth.  349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 
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8. Tables and Figures 366 

Figure 1: Global poultry ration composition (adapted from Mottet & Tempio, 2017) 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 
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Table 1: Dietary carbohydrates, which are indigestible to poultry endogenous enzymes (modified 379 

from Englyst et al., 1992; Kiarie et al., 2013b; Knudsen, 1997; Singh et al., 2011) 380 

Category Monomeric Residues Sources 

Polysaccharides (dietary fiber)     

Resistant Starch 
  

Physical inaccessible starch Glucose Partly milled grains and seeds 

Resistant starch granules Glucose Raw potato, banana 

Retrograded starch Glucose Heat-treated starch products 
   

Non-starch polysaccharides (NSP) 
  

Cell wall NSP 
  

Cellulose Glucose Most cereals and legumes 

Mixed linked β-glucans Glucose Barley, oats, rye 

Arabinoxylans Arabinose, xylose Corn, rye, wheat, barley, 
flaxseed  

Arabinogalactans Arabinose, galactose Cereal co-products 

Xyloglucans Xylose, glucose Cereal flours 

Rhamnoglacturans Rhamnose, uronic acids Hulls of pea 

Galactans Galactose Soya bean meal, sugar-beet 
pulp 

   

Non-cell wall NSP 
  

Fructans Fructose Rye 

Mannans Mannose Coconut cake, palm cake 

Pectins Rhamnose, uronic acids Apple, sugar-beet pulp 

Galactomannans Galactose, mannose Guar gum, soya bean meal  
   

Oligosaccharides (prebiotics)     

α-Galacto-oligosaccharides Galactose, glucose, fructose Soya bean meal, peas, 
rapeseed meal 

Fructo-oligosaccharides Fructose, glucose Cereals, feed additives, 
Jerusalem artichokes 

Transgalacto-oligosaccharides Galactose, glucose Feed additives, milk products 
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CHAPTER 2. Research hypotheses and objectives 381 

 382 

As the global population grows, the poultry industry has increased its production and efficiency 383 

tremendously due to advances in genetics, nutrition, and welfare practices. As a result, higher 384 

quality feed ingredients are used, which allows for more efficient digestion and utilization. 385 

However, with increasing competition for feedstuffs used for humans, achieving this efficiency 386 

and productivity is challenging. Alternative ingredients such as by-products of the biofuel and 387 

food industries might help the industry maintain its efficiency; however, the digestibility of these 388 

by-products is low, due to their high levels of non-starch polysaccharides (NSP). As such, it 389 

makes sense that developing technologies that degrade fiber, and thus improve energy 390 

digestibility or voluntary feed intake and reduce manure output, will be both metabolically and 391 

economically beneficial. It is well documented that multi-enzymes supplements (MES) enhance 392 

nutritional and energy utilization in poultry and are largely responsible for the reduction of 393 

intestinal viscosity through depolymerization of soluble NSP. However, at the gut level it is not 394 

known whether the differences in energy content among cereal grain samples are explained by 395 

changes in lower gut fermentation rather than small intestine digestibility.  396 

 397 

Hypotheses  398 

1. Addition of fibrous feedstuffs in simple cereal diets will reduce growth performance. 399 

2. Supplemental MES will have higher positive responses in diets with added fibrous feedstuffs 400 

in broilers and turkeys linked to nutrient digestibility and microbial ecology.  401 
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Overall Objectives: Evaluation of supplemental MES on improving nutritive value of fibrous 402 

feedstuffs in broilers and turkey. 403 

Specific Objectives 404 

1. To examine the impact of adding up to 11% rice bran in corn-soybean meal diets 405 

containing phytase fed to broilers without or with supplemental MES on growth 406 

performance, gastrointestinal weight, ceca short chain fatty acids and apparent retention 407 

of components (Experiment 1). 408 

2. To measure the impact of adding fibrous feedstuffs in simple corn or wheat-based diets 409 

fed to broilers chickens (Experiment 2) or turkey poults (Experiment 3) on growth 410 

performance, gizzard measurements, ileal digesta viscosity, plasma uric acid 411 

concentration and excreta characteristics. 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 
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CHAPTER 3. Growth performance, gastrointestinal weight, microbial metabolites and 420 

apparent retention of components in broiler chickens fed up to 11% rice bran in a corn-421 

soybean meal diet without or with a multi-enzyme supplement11 422 

 423 

1. Abstract 424 

We investigated the effects of adding up to 11% rice bran (RB) in corn-soybean meal 425 

diets fed to broiler chickens without or with a multi-enzyme supplement (MES). The MES 426 

supplied xylanase, β-glucanase, invertase, protease, cellulase, α-amylase, mannanase with 427 

targeted activity of 2,500, 300, 700, 10,000, 1,200, 24,000, and 20 U/kg of feed, respectively. 428 

The study used a two-phase feeding program (starter, d 0 to 24; finisher, d 25 to 35) with RB 429 

added at 5% and 11%, respectively creating 4 diets in each phase. Diets were iso-caloric and iso-430 

nitrogenous and contained phytase (500 FTU/kg) and TiO2 as a digestibility marker. Three 431 

hundred and sixty d-old male Ross 708 broiler chicks were placed in cages based on BW (15 432 

birds/cage) and allocated to four diets (n = 6). Birds had free access to feed and water. Body 433 

weight and feed intake were recorded. Excreta samples were collected 3 d prior to the end of 434 

each phase for apparent retention (AR) of components. Samples of birds were sacrificed on d 24 435 

and 35 for gut weight and ceca digesta for organic acid content. There was no interaction (P > 436 

0.10) between RB and MES on BWG and FCR in starter or finisher phase. In finisher phase, 437 

birds fed MES had better BWG (961 versus 858 g) and FCR (1.69 versus 1.86) than birds fed 438 

 
1 Published 
J. Sanchez, A. Thanabalan, R. Patterson, B.A. Slominski and E. Kiarie. Animal Nutrition. 2019. 5: 41-48 
doi.org/10.1016/j.aninu.2018.12.001  
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non-MES diets (P < 0.01). Feeding RB reduced (P = 0.02) BWG in finisher phase resulting in 439 

lower d 35 BW. Birds fed RB had higher (P ≤ 0.01) gizzard weight on d 24 and 35 than non-RB 440 

birds. An interaction (P ≤ 0.01) between RB and MES on concentrations of propionic and iso-441 

butyric acids in ceca digesta showed that MES reduced these acids in non-RB diet. The AR of 442 

gross energy was higher (P < 0.02) for MES versus non-MES birds in starter and finisher phases. 443 

In conclusion, independently, RB increased gizzard weight and reduced final BW whereas MES 444 

improved growth and energy utilization.  445 

Keywords: Broiler chickens; growth performance; gut weight; microbial activity; multi-enzyme 446 

supplement; rice bran; nutrients utilization 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 
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2. Introduction 459 

Rice (Oriza sativa) is cultivated in every continent of the world except Antarctica. The 460 

annual global production of paddy rice exceeds 700 million metric tons and is the most produced 461 

cereal grain after corn and wheat (Muthayya et al., 2014). After de-hulling paddy rice, 462 

subsequent mechanical processing removes the brown layer and endosperm to yield white rice 463 

and rice bran (RB) as a co-product(Saunders, 1990). Rice bran constitutes 10% of the paddy rice 464 

and thus on a global basis 70 million metric tons of RB is produced annually (Stein et al., 2015). 465 

Rice bran is a valuable feed ingredient rich in amino acids, starch, fat, vitamins and some trace 466 

minerals (Ravindran and Blair, 2007; Stein et al., 2015). In rice growing regions, RB can be a 467 

cost-effective feed ingredient for poultry (Ravindran and Blair, 2007, 2009). However, RB is 468 

prone to rancidity, has a high phytate content, contains trypsin inhibitor, and is high in fiber 469 

(Gallinger et al., 2004; Ravindran and Blair, 2007, 2009). These characteristics have limited the 470 

use of RB in poultry feeding programs. A maximum of 10% to 20% has been recommended for 471 

inclusion in broiler diets, depending on the geographical origin of the rice production (Martin 472 

and Farrell, 1998). Gallinger et al. (2004) reported that inclusion of 20% RB in broiler diets 473 

resulted in reduced growth performance. Just 10% RB reduced feed efficiency and tibia ash 474 

content (Gallinger et al., 2004). Other studies have recommended that RB not to be include in 475 

diets of broiler chickens of less than 21 d of age (Martin and Farrell, 1998).  476 

Some of the challenges of using RB in practical monogastric feeding programs have been 477 

addressed through technological advancement. For example, the concentration of oil in rice bran 478 

is between 14% and 24% depending on rice variety and processing (Prakash and Ramaswamy, 479 

1996; Kaufmann et al., 2005). Endogenous lipases are activated during milling leading to rapid 480 

hydrolysis and rancidification of the endogenous oil (Saunders, 1990). However, technologies 481 
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such as extrusion, addition of stabilizers and defatting have been successful in eliminating 482 

rancidity problem in RB (Saunders, 1990; Prakash and Ramaswamy, 1996). Rice bran has a high 483 

concentration of P relative to other plant-based feed ingredients. Values of between 1.6% and 484 

2.2% P have been reported (Stein et al., 2015). Approximately, 70% to 90% of the P is in phytate 485 

form and unavailable to non-ruminants because they lack significant endogenous and microbial 486 

phytase activity in the foregut (Selle and Ravindran, 2007; Kiarie and Nyachoti, 2010). 487 

However, the advent and global feed industry acceptance of microbial phytase technology has 488 

significantly increased phytate phosphorus utilization in plant feedstuffs, including RB, in swine 489 

and poultry (Ravindran et al., 2006; Kiarie et al., 2015; Almeida et al., 2017).  490 

Rice bran also contains a higher or comparable concentration of non-soluble 491 

polysaccharides (NSP) relative to typical cereal grain co-products, especially arabinoxylans and 492 

arabinose. Defatting inevitably increases concentration of NSP and protein, significantly 493 

reducing metabolizable energy value (Annison et al., 1995; Ravindran and Blair, 2009). 494 

Improving the nutritive value of RB with application of exogenous fiber degrading enzymes 495 

(FDE) has been reported but with variable responses. For example, Farrell & Martin (1998) did not 496 

observe benefits of supplementing xylanase and β-glucanase in broilers fed RB. However, 497 

(Wang et al., 1997) reported an enzyme blend (xylanase, β-glucanase and pectinase) improved 498 

performance of chicks fed irradiated Malaysian RB, but not when fed Chinese RB. Substrates in 499 

feedstuffs exists in complex relationship with various components such as protein, fat, fiber, and 500 

other carbohydrates (Kiarie et al., 2016a). It has been suggested that preparations with multiple 501 

enzyme activities may provide a competitive strategy to improve nutrient utilization of a wide 502 

range of feed ingredients (Slominski, 2011). Furthermore, phytase is a common additive in 503 

majority of monogastric diets, however, too much emphasis had been placed on interpretation of 504 
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FDE responses without phytase in the background (Kiarie et al., 2014). For example, if FDE and 505 

phytase are included in the same diet, the FDE hydrolyze the NSP providing greater access for 506 

the phytase to reduce the interaction of phytate with amino acids and minerals as well as 507 

reducing binding of elemental phosphorus (Zijlstra et al., 2010). Previous studies have 508 

demonstrated synergic effects of phytase and FDE on nutrient utilization in pigs (Kiarie and 509 

Nyachoti, 2010; Kiarie et al., 2016b) and broilers (Liu et al., 2011; Kiarie et al., 2014; Woyengo 510 

et al., 2014), but others indicated beneficial effects which originated mainly from phytase alone 511 

(Olukosi et al., 2007). We hypothesized that a multi-enzyme supplement (MES) will improve 512 

growth performance linked to nutrient digestibility and gastrointestinal ecology in broilers fed 513 

RB in a corn soybean meal diet with phytase background. Therefore, the objective was to 514 

examine growth performance, gastrointestinal weight, ceca short chain fatty acids content and 515 

apparent retention (AR) of components responses of adding up to 11% RB in corn-soybean meal 516 

diet containing phytase fed to broilers without or with a MES.  517 

 518 

3. Materials and Methods 519 

Experimental procedures and animal use were reviewed and approved (AUP# 3521) by 520 

the University of Guelph Animal Ethics Committee. Broiler chickens were cared for in 521 

accordance with the Canadian Code of Practice for the Care and Use of Animals for Scientific 522 

Purposes (CCAC, 2009). 523 

 524 

3.1 Rice bran sample, enzyme, and experimental diets  525 

The rice bran sample was procured from a feed merchant in Philippines and its chemical 526 

composition is shown in Table 2. Two basal corn-soybean meal diets were prepared without or 527 
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with RB (Table 3). The supplier guaranteed analyses were: <5% crude fat and <10% crude fiber. 528 

Based on these parameters the energy and nutrient profiles for RB were derived from INRA 529 

INRA-CIRAD-AFZ Feed Tables to facilitate feed formulation. Diets were prepared for a two-530 

phase feeding program (starter, d 0 to 24, 5% RB) and finisher (d 25 to 35, 11% RB) and met or 531 

exceeded specifications for Ross 708 (Aviagen, 2014). The basal diets contained phytase (Bio-532 

phytase 5000) at 500 FTU/kg of final feed equivalent to 0.10% non-phytate P and TiO2 as the 533 

digestible marker. Each basal diet was split in two portions; one portion was the control, and the 534 

other portion was top-dressed with MES effectively creating a 2 × 2 factorial arrangement of 535 

treatments. The MES supplied xylanase, β-glucanase, invertase, protease, cellulase, amylase, and 536 

mannanase with targeted activity levels of 2,500, 300, 700, 10,000, 1,200, 24,000, 20 U/kg of 537 

feed, respectively. The enzymes along with the enzyme assay procedures were supplied by the 538 

Canadian Bio-Systems (Calgary, AB, Canada). Diets were fed in mash form. 539 

 540 

3.2 Birds, housing, and experimental procedures 541 

Three hundred and sixty d-old male broiler chicks (Ross x Ross 708) were allocated to 24 542 

identical metabolic cages (15 chicks per pen) based on body weight (BW). Each cage was 543 

equipped with a feeder trough and two nipple drinkers. The room temperature was set at 32 ºC 544 

on d 0 and gradually brought down to 29 ºC by d 13 then gradually reduced to 24 °C by d 21.  545 

The lighting program was 23 h of light (20+ lux) from d 0 to 3 followed by 20 h of light (10 to 546 

15 lux) from d 4 onward. The 4 diets were assigned to cages to give to 6 replicates per diet. The 547 

birds had free access to diets and water for 35 d. Body weight and feed intake were measured at 548 

the end of the phase. From d 20 to 23 post-hatching, excreta samples were collected per cage for 549 
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AR of components. On d 24, 8 chicks per cage were randomly euthanized by cervical 550 

dislocation. The empty gizzard and small intestine weights were recorded and ceca digesta taken 551 

for short chain fatty acids (SCFA) analyses. The remaining chicks were switched to respective 552 

finisher diets until d 35. Excreta samples were taken on d 31 to 34, and at the end of the 553 

experiment all birds were sacrificed for similar sampling and measurements as described in the 554 

starter phase. Excreta and digesta samples were immediately frozen at 20 ˚C until required for 555 

analyses. 556 

 557 

3.3 Sample processing and chemical analysis 558 

 The excreta samples were thawed, pooled by cage and subsequently oven-dried at 60 °C 559 

for 72 h. Samples of the RB, diets and dried excreta samples were finely ground. All samples 560 

were analyzed for dry matter (DM), gross energy (GE), neutral detergent fiber (NDF), acid 561 

detergent fiber (ADF), nitrogen, crude fat, and titanium. Dry matter determination was carried 562 

out according to standard procedures (AOAC International, 2005, method 930.15). Gross energy 563 

was determined in a bomb calorimeter (IKA - WERKE bomb calorimeter [C7000, GMBH & 564 

CO., Staufen, Germany]) using benzoic acid as a calibration standard. The NDF and ADF 565 

contents were determined according to Van Soest et al. (1991) using Ankom 200 Fiber Analyzer 566 

(Ankom Technology, Fairport, NY). Nitrogen was determined with a CNS-2000 carbon, N, and 567 

sulfur analyzer (Leco Corporation, St. Joseph, MI) according to the combustion method 968.06 568 

(AOAC International, 2005). The crude protein (CP) values were calculated by multiplying 569 

analyzed nitrogen values by 6.25. Crude fat content was determined using ANKOM XT 20 570 

Extractor (Ankom Technology, Fairport, NY). Titanium content was measured on a UV 571 

spectrophotometer following the method of Myers et al. (2004). 572 
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Rice bran samples were further analyzed for minerals (P and phytate P) and 573 

carbohydrates (simple sugars, sucrose, oligosaccharides, starch, fiber fractions including lignin 574 

and glycoprotein). Standard AOAC International (2005) procedures were used for total P 575 

(965.17) determination. Phytate P was assayed using the procedure described by Haug and 576 

Lantzsch (1983). Non-phytate P was calculated by subtracting phytate P from the total P 577 

contents. Simple sugars (fructose and glucose), sucrose, and oligosaccharides raffinose and 578 

stachyose were determined by gas-liquid chromatography according to the procedure described 579 

by Slominski et al. (2004). Starch was analyzed using the Megazyme Total Starch Kit 580 

(Megazyme International Ireland Ltd., Co. Wicklow, Ireland). Non-starch polysaccharides were 581 

determined by gas-liquid chromatography (component neutral sugars) and by colorimetry (uronic 582 

acids) using the procedure described by Englyst and Cummings (1984, 1988) with modifications 583 

from Slominski et al. (2006). Due to the high solubility of NSP in the NDF solution and 584 

therefore losses of NSP on NDF analysis, total dietary fiber was determined by a combination of 585 

NDF and neutral detergent-soluble NSP measurements and was calculated as the sum of NDF 586 

and NDF-soluble NSP (Slominski et al., 1994, 2006). Neutral detergent fiber soluble NSP were 587 

calculated as total sample NSP minus NSP present in the NDF residue. Neutral detergent 588 

insoluble crude protein (NDICP, glycoprotein) represented the amount of crude protein present 589 

in the NDF residue. The value for lignin with associated polyphenols was calculated by 590 

difference between the total fiber and NDICP + NSP contents. 591 

The concentration of short chain fatty acids (citric, lactic, formic, acetic, propionic and 592 

butyric) was assayed in thawed ceca digesta (Leung et al., 2018). Briefly, approximately 0.1g of 593 

the digesta sample was resuspended with 1 mL of 0.005 mol/L H2SO4 (1:10, wt/vol) in a 594 

microcentrifuge tube, tightly closed and vortexed vigorously until the sample completely 595 
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dissolved. The tubes were then centrifuged at 11,000 × g for 15 min and 400 µL of supernatant 596 

transferred to HPLC vial and topped with 400 µL of 0.005 mol/L H2SO4 buffer.  The resulting 597 

digesta fluid was then assayed for SCFA using HPLC (Hewlett Packard 1100, made in Germany) 598 

with Rezex ROA-Organic Acid LC column, 300 mm × 7.8 mm from Phenomenex and 599 

Refractive Index detector at 400 °C (Agilent 1260 Infinity RID from Agilent Technologies, made 600 

in Germany)(de Baere et al., 2013).  601 

Xylanase activity in diets was assayed using Xylazyme AX tablets (Megazyme 602 

International Ltd., Bray, Ireland). One unit of xylanase was defined as the quantity of the enzyme 603 

that liberated 1 μmoL of xylose equivalent per min. 604 

 605 

3.4 Calculations and statistical analysis  606 

The apparent retention of components was calculated as described by (Kim et al., 2017). 607 

Data was analyzed using general linear model procedures of SAS (SAS Inst. Inc., Cary, NC). 608 

The model included the main effects of RB, MES and associated two-way interactions. 609 

Treatment differences were considered significant at P < 0.05 and trends (0.05 > P < 0.10) were 610 

discussed.  611 

 612 

4. Results 613 

Xylanase activity was determined to confirm accuracy of inclusion of MES and feed 614 

mixing. The analyzed xylanase activities in the starter diets were 376, 2,450, 218 and 2,686 U/kg 615 

of feed for the control, control + MES, RB and RB + MES, respectively. The corresponding 616 
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xylanase activities for finisher phase were 134, 2,457, 88 and 1,997 U/kg of feed, respectively. 617 

The concentration of CP, crude fat, starch and total dietary fiber in RB were 14.2%, 14.0%, 618 

40.0% and 16.8% DM, respectively (Table 2). The most dominant mono sugars in the NSP 619 

fraction were glucose and xylose. The concentration of lignin and polyphenols was 5.7% DM.  620 

There was no interaction (P > 0.10) between RB and MES on body weight gain (BWG), 621 

feed intake (FI) and FCR in the entire experiment (Table 4). Feed intake was not affected (P > 622 

0.10) by dietary treatments except in the starter phase where birds fed MES tended to eat more 623 

feed (P = 0.07) than non-MES birds. In the starter phase, the main effects of MES were such 624 

that, MES-fed birds had improved BWG (P < 0.01) and a tendency for improved FCR (P = 0.06) 625 

compared with non-MES birds. Birds fed RB tended to have higher BWG than birds not fed RB 626 

in the starter phase (884 versus 860 g, P = 0.07). Feeding RB reduced BWG in the finisher phase 627 

resulting in lower d 35 BW (1,804 versus 1,855 g, P = 0.02) relative to birds not fed RB. In the 628 

finisher phase, birds fed MES had better BWG (961 versus 858 g) and FCR (1.69 versus 1.86) 629 

than birds fed non-MES diets.   630 

Although neither interaction between RB and MES or MES affected (P > 0.10) gizzard 631 

weight, RB increased (P ≤ 0.01) gizzard weight on d 24 and 35 (Table 5). The small intestine 632 

weight was not (P > 0.10) affected by diets. There was no (P > 0.10) interaction between RB and 633 

MES on ceca digesta concentration of SCFA in the starter phase (Table 6). In the starter phase, 634 

the ceca digesta of birds fed RB had higher (P = 0.025) concentration of propionic acid and 635 

tended (P = 0.07) to have a higher concentration of total SCFA (summation of lactic, acetic, 636 

propionic, iso butyric and n-butyric acids) compared with birds not fed RB.  Birds fed MES 637 

tended (P = 0.06) to have a lower concentration of iso-butyric acid relative to birds not fed MES. 638 

In the finisher phase, an interaction (P ≤ 0.01) between RB and MES on concentration of 639 
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propionic and iso-butyric acids in ceca digesta showed that MES reduced these acids in non-RB 640 

diet. Ceca digesta of RB fed birds exhibited lower (P = 0.001) concentration of iso-butyric acid 641 

relative to birds not fed RB (Table 6). 642 

On d 24, there was no interaction (P > 0.10) between RB and MES on AR of components 643 

(Table 7). Added MES increased (P ≤ 0.031) AR of CP, NDF and GE.  A tendency for 644 

interaction between RB and MES (P = 0.090) was observed for AR of GE on d 24 (Table 6). In 645 

this context, supplemental MES tended to improve AR of GE in RB diets. In the finisher phase 646 

(d 35), there was an interaction (P < 0.01) between RB and MES on AR of NDF such that MES 647 

reduced AR of NDF in corn diets. Birds fed RB diets retained (P < 0.01) more crude fat and 648 

NDF than birds not fed RB. Added MES increased AR of CP (P< 0.01), crude fat (P = 0.03) and 649 

GE (P = 0.02) compared with control non-MES diets. 650 

 651 

5. Discussion 652 

Diet composition is one of the major factors that can influence nutrient utilization and 653 

gastrointestinal physiology, mainly through the contents of anti-nutritional factors and the nature 654 

of the substrate available (Kiarie et al., 2014, 2017). The focus of the current study was on the 655 

fiber fraction in RB and therefore the pre-trial chemical analyses focused on characterization of 656 

fiber for selection of enzyme activities. Rice bran energy and nutrients specification for diet 657 

formulation were from book values to formulate isocaloric and isonitrogenous diets. However, 658 

chemical analyses of the feed samples (Table 2) indicated that the RB diets had higher gross 659 

energy likely linked to higher fat content in RB than the supplier “guarantee”. Poultry diet with 660 

high fat is expected to reduce feed intake and improve FCR (Slominski et al., 2006). However, 661 

perhaps the slightly higher fat in RB diets had no effects in the current study since birds fed RB 662 
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diets had similar feed intake and FCR to birds fed non-RB diets. Addition of 5% RB tended to 663 

improve BWG in the starter phase, however, a reverse effect was observed when 11% RB was 664 

added in the finisher phase. It has been speculated that poultry requires a moderate amount of 665 

diet structure for proper gut development and functionality (Mateos et al., 2012). Diet structure is 666 

critical in stimulating gizzard development, influencing digesta passage rate and improving gut 667 

motility by enhancing endocrine cholecystokinin release which stimulates the secretion of 668 

pancreatic enzymes and gastroduodenal refluxes (Mateos et al., 2012; Xu et al., 2015). It is no 669 

coincidence that we observed increased gizzard weight in birds fed RB, specifically birds fed RB 670 

had 9% and 14% higher gizzard weight compared with non-RB birds in the starter and finisher 671 

the phases, respectively. Similarly, Wang et al. (1997) observed increased size gastrointestinal 672 

tract of poultry fed RB. Extended gizzard retention time increases interaction of feed particles 673 

with gastric juices and thus improves digestion and feed efficiency (Xu et al., 2015). This may 674 

partly explain the increased retention of crude fat and NDF seen in broilers fed 11% RB in the 675 

present study. However, the increased gizzard size in birds fed RB did not result in increased 676 

BWG, FCR or GE retention suggesting the presence of fiber was detrimental to the overall 677 

nutrients utilization. This could be partly linked to increased visceral maintenance energy 678 

consumption. Gut metabolism has been estimated to account for 20% to 36% of energy use in 679 

chickens (Cant et al., 1996).   680 

Based on origin of paddy rice production, a maximum of 10% to 20% has been 681 

recommended for inclusion in broiler diets. Other studies have recommended that RB not to be 682 

include in diets of broilers less than 21 d of age (Martin and Farrell, 1998). Soluble fiber 683 

fractions are often linked to the negative effects of NSP in poultry nutrition, however, the present 684 

data suggests that concentration of insoluble NSP could also be relevant as demonstrated by poor 685 
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growth observed due to higher RB in the finisher phase. Gut transit time and motility are some of 686 

the mechanisms that have been postulated to be influenced by insoluble fiber with consequences 687 

of hindering endogenous enzymes access to their respective substrates and thus impairment of 688 

nutrient utilization and growth performance (Bedford and Schulze, 1998). It is also plausible 689 

other factors other than NSP may have contributed to observed poor growth in RB fed birds in 690 

finisher phase.  691 

The efficacy of exogenous feed enzymes in poultry nutrition is well documented and 692 

quite often linked with decreasing intestinal viscosity through degradation of soluble NSP 693 

(Bedford and Schulze, 1998; Adeola and Cowieson, 2011; Slominski, 2011). The MES used in 694 

the present study contained fiber degrading enzymes, proteases and α-amylase. Addition of MES 695 

improved growth performance and nutrient retention independent of RB.  Similarly, El-Full et al. 696 

(2000) showed that feed enzyme mixture containing α-amylase, β-glucanase, protease, lipase and 697 

cellulase improved growth, FCR, protein and energy efficiency of RB-containing-diets fed to 698 

broilers. Contrasting observations have also been made in broilers fed RB with supplemental 699 

enzymes. For example, broilers fed diets containing either 20% or 40% RB supplemented with 700 

an enzyme mixture containing xylanase, α-amylase, β-glucanase and proteases, and without or 701 

with 170 U/g phytase had no beneficial effects on growth performance (Aboosadi et al., 1996; 702 

Farrell and Martin, 1998). Differences associated with the nature of the enzyme used 703 

individually or in combination, the inclusion rates of the enzymes, the extent of reduction in 704 

nutrient density in the control diet, as well as the microbial sources of enzymes could influence 705 

the responses seen in animals (Ravindran, 2013; Kiarie et al., 2016a). Moreover, the source of 706 

RB and processing conditions may influence supplemental enzyme responses. For example, 707 



35 
 
 

Wang et al. (1997) reported an enzyme mixture (xylanase, β-glucanase and pectinase) improved 708 

performance of chicks fed irradiated Malaysian rice bran, but not when fed Chinese rice bran. 709 

The ceca anaerobic fermentation mainly produces volatile fatty acids in a largely 710 

conservative molar proportion of acetic acid > butyric acid > propionic acid (Svihus et al., 2013). 711 

The concentration of SCFA in the hindgut is indicative of microbial diversity and activity as 712 

influenced by available substrates (Kiarie et al., 2013b). The feed composition in particular fiber 713 

has a significant impact on gut microbial ecology (Apajapahti et al., 2004). Rice bran tended to 714 

increase SCFA in the starter phase mainly due to increase in propionic acid. However, RB had 715 

modest effect on ceca digesta concentration of SCFA in the finisher phase and surprisingly 716 

reduced concentration of iso-butyric despite increased retention of NDF. The SCFA are highly 717 

volatile, and it may be that concentration in the digesta at one-point collection may not be a 718 

quantitative indication of amount produced (Kiarie et al., 2013b). Nonetheless, as birds do not 719 

possess enzymes to hydrolyze NDF, the increased retention of NDF in RB fed birds in finisher 720 

phase was most likely a result of microbial degradation. Increased NDF in the finisher phase 721 

might suggest that longer exposure resulted in microbial adaptation in fiber degradation as has 722 

been demonstrated elsewhere (Batal and Parsons, 2002; Kiarie et al., 2017).  723 

It has been suggested that enzymes release fermentable oligosaccharides in the process of 724 

NSP depolymerization which are fermented to SCFA (Kiarie et al., 2013b). However, in the 725 

present study, MES reduced the concentration of propionic and iso-butyric acids in non-RB diets 726 

in the finisher phase. Furthermore, this correlated with reduced retention of NDF in response to 727 

MES in non-RB diets. Carbon and energy from luminal compounds (dietary, endogenous, or 728 

both) that are either resistant to attack by digestive fluids or absorbed slowly by the host promote 729 

bacterial growth (Kiarie et al., 2013b). Thus, a feed additive that improves nutrients digestibility 730 
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will impact bacteria ecology and consequently efficiency of nutrient utilization by the host 731 

(Bedford and Cowieson, 2012; Kiarie et al., 2013b). It has been demonstrated that exogenous 732 

feed enzymes can influence composition and metabolic potential of gut microflora in poultry 733 

(Choct et al., 1996; Kiarie et al., 2014; Munyaka et al., 2016). This may be achieved by 734 

improving the absorption of nutrients in the proximal gut, which results in a reduction in the 735 

quantity of nutrients in the terminal ileum and ceca that are available as substrates for bacterial 736 

fermentation (Bedford and Cowieson, 2012; Kiarie et al., 2013b).  Reduced iso-butyric acid in 737 

birds fed non-RB diets with MES indicated reduced nitrogen metabolism in the ceca perhaps as a 738 

result of increased amino acids absorption in the small intestine. Indeed, whereas we did not 739 

observe an interaction between RB and MES on AR of CP, numerically MES improved AR of 740 

CP in non-RB diet by 6.5% and that of RB diet by 3.5%.  The magnitude of MES effects on AR 741 

of GE was higher in the starter (+3.3%) than finisher phase (+2.2%) perhaps indicating the 742 

response of the enzyme reduces with age (Bedford and Schulze, 1998). Feeding MES improved 743 

NDF retention   in the starter phase and not the finisher phase. Considering the relation between 744 

substrate and enzyme, it is rather difficult to explain the aforementioned observation, but it could 745 

be indicative of microbial adaptation as the bird ages(Batal and Parsons, 2002; Kiarie et al., 746 

2017).  747 

 748 

6. Conclusion 749 

Independently, RB reduced final BW whereas MES improved growth and energy 750 

utilization. Increased gizzard weight in birds fed RB was not accompanied by increased nutrient 751 

digestibility suggesting the negative effect of fiber was more significant. Reduction of iso-752 
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butyric acid due to MES in non-RB diet suggested reduced formation of protein fermentation 753 

metabolites in the ceca. 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 
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7. Tables and Figures 776 

Table 2. Chemical composition of rice bran (as-fed basis, %) 777 
Item Amount 
Dry matter 91.5 
Crude protein (N × 6.25) 13.0 
Crude fat 13.0 
Carbohydrates  
Simple sugars1 0.16 
Sucrose 2.69 
Oligosaccharides2 0.06 
Starch 36.6 
Fiber fractions  
    Acid detergent fiber 5.12 
    Neutral detergent fiber 13.5 
    Total dietary fiber 15.5 
        Non-starch polysaccharides 8.85 
            Rhamnose n.d.3 
            Arabinose 1.79 
            Xylose 2.03 
            Mannose 0.19 
            Galactose 0.48 
            Glucose 3.52 
            Uronic Acids 0.86 
        Lignin and polyphenols 5.24 
        Glycoprotein4 1.25 
Ash 7.68 
Total phosphorus 1.67 
    Phytate phosphorus 1.24 
    Non-phytate phosphorus 0.43 

1 Includes glucose and fructose 778 
2 Includes raffinose and stachyose 779 
3 Not detected 780 
4 Neutral detergent insoluble crude protein 781 
 782 

 783 

 784 

 785 

 786 
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Table 3. Composition of basal diet (as-fed basis, %) (Experiment 1). 1 787 
Item 
 

Starter, d 0 to 24  Finisher, d 24 to 35 
Control + Rice bran  Control + Rice bran 

Ingredients, amount      
Corn                            60.69 57.9  67.31 61.16 
Soy bean meal (46%)                27.34 26.50  17.57 15.70 
Rice bran, defatted        - 5.00  - 11.0 
Pork meal (58%)                            3.00 3.00  6.00 6.00 
Soy oil                           4.33 2.97  5.62 2.63 
Limestone               0.68 0.71  0.19 0.26 
Mono calcium phosphate             1.43 1.38  0.70 0.59 
Vitamin-trace minerals premix2           1.00 1.00  1.00 1.00 
L-lysine HCL                       0.37 0.37  0.46 0.47 
DL-methionine             0.36 0.36  0.35 0.36 
L-threonine  0.18 0.18  0.22 0.23 
L-tryptophan   - -  - 0.01 
Salt                             0.22 0.23  0.19 0.20 
Sodium bicarbonate                 0.14 0.14  0.13 0.13 
Bio-Phytase 50003                   0.01 0.01  0.01 0.01 
TiO2            0.25 0.25  0.25 0.25 
Calculated provisions      
AME, kcal/kg      3,100 3,100  3,200 3,200 
Crude protein, %      20.0 20.0  18.0 18.0 
Crude fat, %          5.56 6.75  5.88 8.51 
SID Lys, % 1.15 1.15  1.06 1.06 
SID Met, % 0.62 0.63  0.59 0.6 
SID Met + Cys, %    0.87 0.87  0.81 0.81 
SID Try, % 0.21 0.21  0.17 0.17 
SID Thr, % 0.77 0.77  0.71 0.71 
Ca, %            0.96 0.96  0.93 0.93 
Available P, %          0.48 0.48  0.46 0.47 
Na, %         0.16 0.16  0.16 0.16 
Cl, %             0.23 0.23  0.23 0.23 
Analyzed provisions      
Dry matter, % 89.3 89.7  89.3 89.5 
Gross energy, kcal/kg 3,985 4,109  4,066 4,264 
Crude protein, % 20.46 19.96  18.56 18.03 
Crude fat, % 5.24 7.06  6.22 9.73 
Neutral detergent fiber, % 8.61 9.02  9.07 9.55 

1Multi-enzyme supplement (MES, Canadian Bio-Systems, Calgary, AL, Canada) was top 788 
dressed to supply xylanase, β-glucanase, invertase, protease, cellulase, amylase, mannanase with 789 
targeted activity level 2,500, 300, 700, 10,000, 1,200, 24,000, 20 U/kg of feed, respectively. 790 
2Vitamin mineral premix provided per kilogram of diet: vitamin A, 880,000 IU; vitamin D3, 791 
330,000 IU; vitamin E, 4,000 IU; vitamin B12, 1,200 mcg; biotin, 22,000 mcg; menadione, 330 792 
mg; thiamine, 400 mg; riboflavin, 800 mg; pantothenic acid, 1500 mg; pyridoxine, 300 mg; 793 
niacin, 5,000 mg; folic acid, 100 mg; choline, 60,000 mg; iron, 6,000 mg; copper, 1,000 mg 794 
3 Bio-Phytase 5000 (Canadian Bio-Systems) supplied 500 FTU/kg of feed.  795 
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Table 4. Effects of adding rice bran in a corn-soybean meal diet fed without or with multi-enzyme supplement (MES) on growth 796 
performance in broiler chickens. 797 
  
Rice bran 

  
MES3 

Starter, d 0 to 241  Finisher, d 25 to 352 
IBW FBW, g BWG, g FI, g FCR4  IBW FBW, g BWG, g FI, g FCR4 

- -  40.6 827 787 1,219 1.550  923 1,803 883 1,635 1.861 
- +  40.0 893 853 1,256 1.473  855 1,907 987 1,631 1.642 
+ -  40.4 849 808 1,219 1.510  998 1,753 833 1,551 1.862 
+ +  40.4 920 879 1,269 1.442  902 1,854 935 1,633 1.747 
SEM  0.49 12.8 12.8 23.1 0.02  26.11 17.65 17.64 35.10 0.043 
Main effect of rice bran   
-  40.3 860 820 1,238 1.511  889b 1,855a 935a 1,633 1.752 
+  40.4 884 844 1,244 1.476  950a 1,804b 884b 1,592 1.804 
SEM  0.35 9.05 9.02 16.35 0.02  18.46 13.28 13.54 24.29 0.030 
Main effect of MES   

         -  40.5 838b 797b 1,219 1.530  960b 1,778b 858b 1,593 1.861a 
          +  40.2 907a 866a 1,263 1.457  879a 1,881a 961a 1,632 1.694b 

SEM  0.35 9.05 9.02 16.35 0.02  18.46 13.90 13.90 25.42 0.031 
P-value    
Rice bran  0.779 0.073 0.074 0.789 0.257  0.030 0.019 0.019 0.271 0.256 
MES  0.551 <0.01 <0.01 0.073 0.059  0.005 <0.01 <0.01 0.332 0.003 
Rice bran × MES  0.551 0.849 0.867 0.791 0.818  0.601 0.935 0.935 0.200 0.201 

IBW = initial body weight; FBW = final body weight; BWG = body weight gain; FI = feed intake; FCR = feed conversion ratio. 798 
1Birds per cage =15. 799 
2Birds per cage = 7; 8 birds per cage were sacrificed on d 24 for digesta and gastrointestinal weight. 800 
3Multi-enzyme supplement supplied xylanase, β-glucanase, invertase, protease, cellulase, amylase, mannanase with targeted activity 801 
level 2,500, 300, 700, 10,000, 1,200, 24,000, 20 U/kg of feed, respectively.  802 
4Corrected for mortality. 803 
a, bWithin a factor of analyses, means in a column with different superscripts are significantly different, P < 0.05. 804 
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Table 5. Effects of adding rice bran in a corn-soybean meal diet and fed without or with multi- 805 
enzyme supplement (MES) to broiler chickens on gizzard and small intestine weight (g/kg BW). 806 
  Day 24   Day 35 
Rice bran MES1 Gizzard Small intestine  Gizzard  Small intestine 
- - 17.4 30.1  12.87 25.01 
- + 18.4 30.0  12.93 23.94 
+ - 19.4 30.0  14.60 25.40 
+ + 19.8 31.2  14.85 26.80 
SEM  0.625 0.937  0.351 0.947 
Main effects of rice bran      
- 17.9b 30.1  12.9b 24.5 
+ 19.6a 30.6  14.7a 26.1 
SEM 0.442 0.662  0.248 0.670 
Main effects of MES  

            - 18.37 30.05  13.74 25.21 
             + 19.09 30.61  13.89 25.37 

SEM 0.442 0.662  0.248 0.670 
P-value  
Rice bran 0.015 0.560  <0.001 0.102 
MES 0.264 0.560  0.662 0.866 
Rice bran × MES 0.600 0.520  0.791 0.205 

3Multi-enzyme supplement supplied xylanase, β-glucanase, invertase, protease, cellulase, 807 
amylase, mannanase with targeted activity level 2,500, 300, 700, 10,000, 1,200, 24,000, 20 U/kg 808 
of feed, respectively.  809 
a, bWithin a factor of analyses, means in a column with different superscripts are significantly 810 
different, P < 0.05.811 
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Table 6. Effects of adding rice bran in a corn-soybean meal diet and fed without or with multi-enzyme supplement (MES) to broiler 812 
chickens on ceca fermentation activity (µmol/L). 813 

  
Rice 
bran 

  
MES1 

Day 24   Day 35 
Lactic Acetic Propionic Iso-

butyric 
n-butyric TSCFA2 Lactic Acetic Propionic Iso-butyric n-butyric TSCFA2 

- - 25.8 73.5 4.51 6.42 19.8 130.0 
 

13.0 75.3 9.59a 8.61a 12.1 118.6 
- + 28.5 66.2 4.13 5.24 18.1 122.2 

 
20.1 78.6 4.42b 4.40b 14.7 122.1 

+ - 33.9 79.9 5.70 6.51 19.4 145.4 
 

21.0 71.9 6.44ab 2.51b 11.6 113.5 
+ + 30.8 76.6 5.61 5.62 18.7 137.4 

 
29.0 73.4 8.12a 2.65b 13.3 126.5 

SEM 4.95 4.86 0.55 0.53 1.82 7.83 
 

5.84 4.24 1.15 0.88 1.55 9.31 
Main effect of rice bran    
- 27.2 69.9 4.32b 5.83 19.0 126.1 

 
16.5 76.9 7.00 6.51a 13.4 120.4 

+ 32.3 78.2 5.66a 6.06 19.1 141.4 
 

25.0 72.7 7.28 2.59b 12.5 120.0 
SEM 3.50 3.43 0.39 0.37 1.29 5.53 

 
4.13 3.00 0.82 0.62 1.09 6.58 

Main effect of MES     
         - 29.8 76.7 5.11 6.47 19.6 137.7 

 
17.0 73.6 8.02 5.57a 11.9 116.0 

         + 29.6 71.4 4.87 5.43 18.4 129.8 
 

24.5 76.0 6.27 3.53b 14.0 124.3 
SEM 3.50 3.43 0.39 0.37 1.29 5.53 

 
4.13 3.00 0.82 0.62 1.09 6.58 

P-value     
Rice bran 0.310 0.100 0.025 0.661 0.947 0.066 

 
0.162 0.323 0.813 0.001 0.544 0.964 

MES 0.969 0.294 0.670 0.064 0.519 0.324 
 

0.211 0.584 0.144 0.031 0.181 0.386 
Rice bran × MES 0.564 0.685 0.796 0.800 0.785 0.989 

 
0.945 0.839 0.008 0.023 0.811 0.615 

1Multi-enzyme supplement supplied xylanase, β-glucanase, invertase, protease, cellulase, amylase, mannanase with targeted activity 814 
level 2,500, 300, 700, 10,000, 1,200, 24,000, 20 U/kg of feed, respectively.  815 
2TSCFA (Total short chain fatty acids), summation of lactic acid, acetic, propionic, iso-butyric and butyric acid. 816 
a,bWithin a factor of analyses, means in a column with different superscripts are significantly different, P < 0.05.  817 
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Table 7. Effects of adding rice bran in a corn-soybean meal diet and fed without or with multi-enzyme supplement (MES) on apparent 818 
retention of components in broiler chickens. 819 
 Rice bran  MES1  Day 24   Day 35 

 Dry 
matter 

Crude 
protein 

Crude 
fat 

Neutral 
detergent 
fiber 

Gross 
energy 

Dry 
matter 

Crude 
protein 

Crude 
fat 

Neutral 
detergent 
fiber 

Gross 
energy 

- -  73.0 68.5 82.5 10.4 74.3 
 

74.8 64.7 85.6 20.1b 75.8 
- +  73.4 65.6 86.4 21.3 75.7 

 
75.6 68.9 88.8 12.1c 76.3 

+ -  71.3 66.4 81.7 10.7 72.4 
 

74.3 65.3 89.9 22.1ab 75.6 
+ +  73.1 65.9 85.0 24.3 75.7 

 
75.8 67.6 92.5 26.8a 78.0 

 SEM  0.90 2.15 1.53 1.97 0.53 
 

0.61 1.01 1.29 1.82 0.56 
 Main effect of rice bran 
-  73.2 67.1 84.4 15.8 75.0 

 
75.2 66.8 87.2b 16.1b 76.1 

+  72.2 66.1 83.3 17.5 74.0 
 

75.0 66.5 91.2a 24.5a 76.8 
 SEM  0.64 1.52 1.08 1.39 0.375 

 
0.43 0.72 0.91 1.29 0.40 

 Main effect of MES 
      -  72.1 67.5 82.1b 10.6b 73.3b 

 
74.5 65.0b 87.7b 21.1 75.7b 

       +  73.3 65.8 85.7a 22.8a 75.7a 
 

75.7 68.3a 90.7a 19.5 77.2a 
 SEM  0.64 1.52 1.08 1.39 0.375 

 
0.43 0.72 0.91 1.29 0.40 

 P- value 
 Rice bran  0.278 0.672 0.473 0.407 0.086 

 
0.804 0.730 <0.01 <0.01 0.194 

 MES  0.227 0.440 0.031 <0.01 <0.01 
 

0.073 <0.01 0.034 0.369 0.017 
 Rice bran × MES  0.444 0.591 0.836 0.500 0.090 

 
0.571 0.364 0.791 <0.01 0.106 

1Multi-enzyme supplement supplied xylanase, β-glucanase, invertase, protease, cellulase, amylase, mannanase with targeted activity 820 
level 2,500, 300, 700, 10,000, 1,200, 24,000, 20 U/kg of feed, respectively.  821 
a,bWithin a factor of analyses, means in a column with different superscripts are significantly different, P < 0.05.  822 
 823 
 824 
 825 
 826 
 827 
 828 
 829 
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CHAPTER 4. Impact of fiber on growth, plasma, gastrointestinal and excreta attributes in 830 

broiler chickens and turkey poults fed corn- or wheat- based diets with or without multi-831 

enzyme supplement2  832 

 833 

1. Abstract 834 

Effects of fiber on growth performance, gizzard measurements, ileal digesta viscosity, plasma uric 835 

acid (PUA) and excreta characteristics were investigated in broiler chickens (experiment 2) and 836 

turkey poults (experiment 3) fed corn or wheat- based diets with or without multi-enzyme 837 

supplement (MES). Fibrous diets were created by adding 10% of corn distillers dried grains with 838 

solubles or wheat middlings in corn or wheat-based diets, respectively. The MES had main 839 

activities of xylanase and β-glucanase.  A total of 960-d old Ross x Ross 708 male chicks and 720-840 

d old male Hybrid toms were allocated to eight grain, fiber, and MES combination diets to give 6 841 

replicates per combination. In each experiment, birds had free access to feed and water for 28 days. 842 

Excreta samples were collected for 3-d prior to the end and on d 28, body weight and feed intake 843 

were recorded, birds were bled and subsequently necropsied for gastrointestinal samples. There 844 

was an interaction (P ≤ 0.036) between the factors grain, fiber, and MES in broilers final body 845 

weight (FBW) and body weight gain (BWG). In this context, high fiber corn diets reduced FBW 846 

and BWG and supplementation of MES improved these parameters. Broilers fed corn had a higher 847 

(P < 0.05) FBW (1,462 vs. 1,424 g) and BWG (1,416 vs. 1,378 g) than birds fed wheat diets. 848 

Broilers fed corn-based diets without fiber had a higher ileal viscosity and excreta moisture 849 
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compared to birds fed wheat-based and high fiber diets. Broilers fed low fiber wheat diets without 850 

MES had higher (P < 0.05) PUA concentration compared to birds fed low fiber corn diets without 851 

MES. Poults fed wheat diets had a higher (P < 0.05) FBW (1,441 vs. 1,408 g) and BWG (1,376 852 

vs. 1,343 g) than poults fed corn diets. The MES supplementation in corn-based diets rich in fiber 853 

increased (P = 0.03) gizzard weight in poults. In conclusion, there were varied growth and 854 

physiological responses in broilers and turkey suggesting the need for refining enzyme application 855 

for different poultry species. 856 

Keywords: broiler; growth performance; fiber and multi-enzyme; gastrointestinal ecology; turkey 857 

 858 
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2. Introduction 860 

Over the last few decades, the poultry industry has tremendously increased production and 861 

efficiency due to advancements in genetics, nutrition, and management practices (Mottet and 862 

Tempio, 2017). At the same time, feeding, a major control point of profitability has evolved and 863 

progressed both in terms of understanding digestive physiology and metabolism, and in the more 864 

precise evaluation of the quality of dietary raw materials (Kiarie and Mills, 2019). However, in the 865 

context of burgeoning human population and attendant demand for food, the feed industry is now 866 

challenged by volatile commodity markets, limited availability of natural resources, climate 867 

change pressure and food-feed-biofuel competition (FAO, 2011, 2017). These emerging scenarios 868 

have put pressure on the monogastric industry to use significant quantities of alternative feedstuffs 869 

that are unacceptable for human consumption such as co-products from the milling and bio-fuel 870 

industries (Kiarie et al., 2013a; Woyengo et al., 2014; Rho et al., 2018). A characteristic of these 871 

feedstuffs is a high concentration of dietary fiber, composed mainly of non-starch polysaccharides 872 

(NSP) (Knudsen, 2011, 2014). The fiber fractions vary widely among feedstuffs; however, they 873 

can be considered alike from monogastric nutrition viewpoint in that they influence voluntary feed 874 

intake, nutrient utilization, and metabolic processes.  875 

In poultry nutrition, dietary fiber is considered as anti-nutritive due to its minor role in 876 

energy supply and its interference with digestive processes. For example, a large proportion of the 877 

soluble pentosans in cereal grains are of a sufficiently high molecular weight to increase viscosity 878 

of the contents of the gastrointestinal tract (GIT), resulting in a concomitant decrease in the 879 

diffusion of nutrients and, therefore, the nutritive value of the diet (Bedford and Schulze, 1998). 880 

Thus, supplemental fiber degrading enzymes (FDE) are routinely supplemented in poultry diets to 881 

improve utilization of fibrous feedstuffs (Bedford and Schulze, 1998; Adeola and Cowieson, 2011; 882 
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Slominski, 2011). On the other hand, it is recognized that low to moderate amounts of fiber might 883 

be beneficial for gastrointestinal development and function in young birds (Hetland et al., 2004; 884 

Mateos et al., 2012). Indeed, foundational studies more than half a century ago demonstrated that 885 

chickens have propensity to consume a great variety of ingredients when offered free choice 886 

(Emmans, 1979). These free choice studies also showed that not only that chickens can adjust feed 887 

consumption according to caloric and nutrient needs but can voluntarily consume ingredients 888 

considered of low or non-existent nutritional value. Later research demonstrated that preference 889 

for low nutritive but structural feed material had beneficial effects on the overall utilization of feed 890 

and productivity linked to modulation of the gastrointestinal tract (Hetland and Svihus, 2001; 891 

Hetland et al., 2003b, 2005). Diets containing structural components, such as fiber, improve 892 

gizzard function by increased retention time and better grinding (Svihus, 2011; Kiarie and Mills, 893 

2019). These mechanisms, in conjunction with better synchronization of feed flow, are thought to 894 

improve nutrient utilization (Jiménez-Moreno et al., 2009; Svihus et al., 2010). 895 

In practical poultry nutrition, the view of fiber being an “anti-nutrient” predominates, 896 

however, it appears that there could be benefits of feeding some level of fibrous feedstuffs with 897 

respect to gastrointestinal development and function. Therefore, as a general approach to enhance 898 

fibrous feedstuffs’ utilization, a two-fold strategy seems plausible, mitigate negative effects of 899 

fiber with dietary enzymes and capitalize on the positive effects on gizzard function. Moreover, a 900 

better understanding of the relationship between fiber fractions and gastrointestinal development 901 

will be helpful as the industry seeks for strategies to bolster bird performance without recourse to 902 

anti-microbial growth promoters (Kiarie et al., 2013b; Kiarie and Mills, 2019). There is limited 903 

research that has investigated the interactive effects of fiber and fiber degrading enzymes on 904 

gastrointestinal development in poultry. This study hypothesized that the addition of fibrous 905 
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feedstuffs in the presence of fiber degrading enzyme will improve growth performance and gizzard 906 

development in both broiler chickens and turkeys. Thus, the objective was to investigate the effects 907 

of adding fibrous feedstuffs on growth performance, gizzard measurements, ileal digesta viscosity, 908 

plasma uric acid (PUA) and excreta characteristics in broiler chickens (Experiment 2) and turkey 909 

poults (Experiment 3) fed corn or wheat- based diets with or without multi-enzyme supplement 910 

(MES).  911 

 912 

3. Materials and Methods 913 

Experimental procedures and animal use were reviewed and approved (AUP# 3521) by the 914 

University of Guelph Animal Ethics Committee. Broilers and turkeys were cared in accordance 915 

with the Canadian Code of Practice for the Care and Use of Animals for Scientific Purposes 916 

(CCAC, 2009).   917 

 918 

3.1 Experimental diets and enzymes 919 

Corn- or wheat- based (low fiber) diets were formulated with or without corn dried 920 

distillers’ grains with solubles (cDDGS) or wheat middlings (WM) to meet or exceed the 921 

specifications for Ross x Ross 708 broilers (Aviagen, 2019; Table 8), and Hybrid turkeys (Hybrid 922 

converter, Hendrix Genetic, Kitchener, ON, Canada; Table 9).  The diets were fed without or with 923 

MES, effectively creating a 2 (corn or wheat grain) x 2 (low or high fiber) x 2 (- or + MES) factorial 924 

arrangement of 8 dietary treatments. The MES and assay procedures were provided by the 925 

Canadian Bio-Systems Inc. (Superzyme® Calgary, AL, Canada). The MES supplied main activity 926 

of xylanase and β-glucanase and other minor activities including invertase, proteases, cellulase, 927 

amylase and β-mannanase. The targeted activity level for xylanase was 800 U/kg and 160 U/kg of 928 
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feed, respectively. The diets were prepared in a fine crumble form. The temperature of the 929 

processing condition was 60-65˚C and steam pressure of 30 psi. 930 

 931 

3.2 Birds, housing, and experimental procedures 932 

 The study was conducted in two independent consecutive experiments.  In experiment 2, a 933 

total of 960-d old male broiler chicks (Ross x Ross 708) were allocated to 48 identical floor pens 934 

(20 birds per pen) based on body weight. Each pen had fresh wood shavings bedding, measured 935 

200 × 213 cm and was equipped with a round pan feeder (diameter = 33.75 cm) and 5 nipple 936 

drinkers. The room temperature was set at 32ºC from d 0-2, 31ºC from d 3-7, 29ºC from d 7-14 937 

and 27ºC from d 14 until the end of the experimental period.  The lighting program was set at 24 938 

h of light (20+ LUX) on d 0, 22 h of light (20+ LUX) on d 1, 20 h of light (20+ LUX) on d 2, 18 939 

h of light (20+ LUX) on d 3, and 16 h of light (10-15 LUX) on d 4 onward. In experiment 3, a total 940 

of 720-d old turkey Tom poults (Hybrid Turkey) were allocated to 48 identical floor pens (15 birds 941 

per pen) based on body weight. Each pen was equipped with a round pan feeder (diameter = 33.75 942 

cm) and two turkey drinkers. The room temperature was set at 30ºC from d 0 and gradually lowered 943 

to 29ºC by d 7 followed by a stepwise reduction to 25.5ºC by d 21. The lighting program was set 944 

at 23 h of light (60+ LUX) on d 0, 22 h of light (60+ LUX) on d 2, 21 h of light (60+ LUX) on d 945 

3, 20 h of light (60+ LUX) on d 4, 19 h of light (60 LUX) on d 5, 18 h of light (60 LUX) on d 6 946 

and 16 h of light (20 LUX) on d 7 onward. The sunrise or sunset program was set at 20 minutes. 947 

The floor pens had fresh wood shavings at the start of each experiment.  948 

 In both experiments, the diets were allocated to pens in a completely randomized design to 949 

give 6 replicates per diet. Birds had free access to feed and water from d 0 to 28 ad libitum. The 950 

body weight (BW) and feed intake (FI) were recorded on d 0 and 28 for calculation of body weight 951 
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gain (BWG) and feed conversion ratio (FCR). Mortalities were recorded as they appeared for 952 

calculation of adjusted FCR. On d 25, wood shavings in half of each pen were removed and trays 953 

were placed for excreta collection from d 26 to 28. Trays were cleaned daily after each collection. 954 

Excreta samples were stored at -20°C until further processing. On d-28, 2 birds per pen were 955 

randomly selected bled, euthanized by cervical dislocation, weighed, and necropsied for 956 

gastrointestinal measurements. Blood samples were immediately put on ice and transported to the 957 

laboratory for processing. Gizzard pH was measured (Accumet 950 pH/ion meter, Fisher Scientific 958 

Waltham, MA), then the gizzards were cleaned, and the weights were recorded. Ileal digesta was 959 

collected for viscosity measurements by squeezing out the digesta from the ileal section from 960 

Meckel's diverticulum to 1 cm anterior to the ileal-cecal junction. Ileal digesta samples were stored 961 

at -20°C until further processing. 962 

 963 

3.3 Sample processing, physical and chemical analyses 964 

The excreta samples were thawed, pooled by pen and oven dried at 60°C for 72 h to 965 

determine moisture content. The dried samples were subsequently ground, and N determination 966 

carried out using N analyzer (FP-528; Leco, Saint Joseph, MI). The ileal digesta samples were 967 

thawed, and aliquots of 5 g diluted to a volume of 100 mL with distilled water and centrifuged at 968 

2,500 g x 15 min at 41˚C. The dilution was necessary because the samples were small, and the 969 

equipment required a minimum volume of 100mL. The supernatant was withdrawn, and the 970 

viscosity (expressed in centipoise) was measured (Brookfield LVDV-I Prime digital viscometer 971 

with a LV 61 spindle, Brookfield Engineering Labs, Stoughton, UK) at 100 rpm. Blood samples 972 

were centrifuged at 2,500 g x 15 min at 4℃ and the supernatant (plasma) transferred to a 2 mL 973 

microcentrifuge tube and analyzed at the Animal Health Laboratory (University of Guelph, 974 
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Guelph, Canada) for PUA by photometric method.  The SCFA concentration was analyzed as 975 

described by Mohammadigheisar et al. (2019). The cecal digesta was thawed and approximately 976 

0.1 g of the digesta was suspended in 1mL 0.005 H2SO4 (1:10, wt/vol) and vigorously vortexed in 977 

a microcentrifuge tube. The samples were then centrifuged at 11,000 x g for 15 min. After 978 

centrifuging, 400 µL of the supernatant was then transferred intoa high-pressure liquid 979 

chromatography (HPLC) vial and 400 µL of 0.005 N H2SO4 buffer was added. The digesta fluid 980 

was then assayed for SCFA concentration by using HPLC (Hewlett Packard 1100, Germany) with 981 

Rezex ROA-Organic Acid LC column, 300 x 7.8 mm from Phenomenex and Refractive Index 982 

detector at 40˚C (Agilent 1260 Infinity RID from Agilent Technologies, Germany). A total of 20 983 

µL of the resulting sample was injected into the column with a column temperature of 60˚C and 984 

mobile phase of 0.005 N H2SO4 buffer at 0.5 mL/min isocratic for 35 min. The detector was heated 985 

to 40˚C. Xylanase activity in diets was assayed using Xylazyme AX tablets (Megazyme 986 

International Ltd., Bray, Ireland). One unit of xylanase was defined as the quantity of the enzyme 987 

that liberated 1 μmoL of xylose equivalent per min. Endo 1,4- β-glucanase was assayed using Azo 988 

Barley Glucan as a substrate. One unit of β-glucanase was defined as the amount of enzyme that 989 

produces one micromole of glucose reducing units per min. 990 

 991 

3.4 Calculations and statistical analysis 992 

 The gizzard weight was expressed as a percentage of bodyweight. The data for each 993 

experiment was analyzed independently as a completely randomized design using GLM 994 

procedures of SAS (SAS Inst. Inc., Cary, NC). The model included the main effects of grain 995 

(wheat, corn), fiber (low, high), MES (yes, no) and associated interactions as fixed factors. Tukey’s 996 
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test was used for Lsmeans separation when interaction effects and t-test was used for the main 997 

effects.  An alpha level of P≤0.05 was used to determine statistical significance. 998 

 999 

4. Results 1000 

The analyzed xylanase and β-glucanase activities were 112 and 45, 75 and 67, 480 and 1001 

200, 601 and 239, 167 and 38, 147 and 60, 944 and 250, 1,027 and 240 U/kg of feed for the corn, 1002 

corn + cDDGS, corn + MES, corn + cDDGS + MES, wheat, wheat + WM, wheat + MES and 1003 

wheat + WM + MES diets, respectively in experiment 2. Corresponding values for experiment 3 1004 

were 147 and 23, 78 and 57, 679 and 245, 675 and 200, 114 and 25, 70 and 35, 895 and 216, 1,095 1005 

and 205 U/kg, respectively.  1006 

 1007 

4.1 Experiment 2 1008 

There was no interaction (P > 0.10) between grain, fiber and MES on FI and FCR in broiler 1009 

chickens (Table 10). An interaction (P≤0.04) between grain, fiber and MES was such that the 1010 

addition of fiber to corn-based diets reduced final body weight (FBW) and BWG but addition of 1011 

MES improved these parameters (Table 10). Additionally, broilers fed corn diet with fiber and 1012 

MES had higher FBW and BWG than broilers fed wheat diet with fiber and MES. Overall, broilers 1013 

fed corn-based diets tended to eat more feed (1,915 vs. 1,860 g, P = 0.07) and were heavier (1,462 1014 

vs. 1,424 g, P = 0.02) than birds fed wheat-based diets. Fiber tended to reduce FBW (P = 0.08) 1015 

and BWG (P = 0.09) in broilers. There was no interaction (P > 0.10) between grain, fiber and MES 1016 

on the gizzard weight, gizzard pH and ileal digesta viscosity in broiler chickens (Table 10). The 1017 

main effect of grain in broilers was such that birds fed corn diets had lower (P = 0.01) gizzard pH 1018 
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and higher (P = 0.04) ileal digesta viscosity than birds fed wheat diets. Birds fed high fiber diets 1019 

had a lower (P = 0.01) ileal digesta viscosity than birds fed low fiber diets. There was an interaction 1020 

(P = 0.05) between grain, fiber and MES on concentration of PUA, such that broilers fed low fiber 1021 

wheat-based diet without MES had a higher (389 vs. 307 µmol/L) PUA compared with birds fed 1022 

low fiber corn-based diet without MES (Table 10). 1023 

There was an interaction (P ≤ 0.03) between grain, fiber and MES on ceca digesta 1024 

concentration of lactic and propionic acid in chickens (Table 11). In this context, birds fed corn + 1025 

cDDGS with MES had higher ceca digesta lactic acid than birds fed same diet without MES. 1026 

Whereas for propionic acid, birds fed wheat + WM exhibited higher concentration than birds fed 1027 

corn diet with cDDGS or MES. There was no interaction (P > 0.10) between grain, fiber and MES 1028 

on excreta moisture and N contents in broiler chickens (Table 11). Birds fed corn-based diets had 1029 

higher (P = 0.003) excreta moisture contents compared with birds fed wheat-based diets. 1030 

Additionally, broilers fed low fiber diets had a higher excreta moisture (78.4 vs. 77.7%, P = 0.004) 1031 

and N (27.7 vs. 25.1%, P = 0.002) compared with birds fed high fiber diets (Table 11). 1032 

 1033 

4.2 Experiment 3 1034 

There was no interaction (P > 0.10) between grain, fiber and MES on BWG, FBW, FI and 1035 

FCR in turkey poults (Table 12). However, a tendency (P = 0.09) for interaction between grain, 1036 

fiber and MES was observed for FI such that poults fed wheat diet with MES tended to eat more 1037 

feed than poults fed wheat diet without MES. The main effect (P = 0.03) of grain on FBW and 1038 

BWG in poults showed that birds fed wheat-based had a greater FBW (1,441 vs. 1,408) and BWG 1039 

(1,376 vs. 1,343) than birds fed corn-based diets. There was no interaction (P > 0.10) between 1040 



54 
 

grain, fiber and MES on the gizzard weight, gizzard pH and ileal digesta viscosity in poults (Table 1041 

12).  However, there was an interaction (P = 0.03) between grain and enzyme on gizzard weight 1042 

(Table 12). In this context, poults fed a corn diet with MES had heavier gizzards (26.7 g/kg BW) 1043 

than poults fed corn diets without MES (23.7 g/kg BW) and wheat diets without (22.8 g/kg BW) 1044 

or with (21.9 g/kg BW) MES. In general, poults fed corn-based diets had higher (P = 0.001) gizzard 1045 

weights compared with poults fed wheat-based diets. Fiber tended to increase (P = 0.09) gizzard 1046 

weight in poults. Additionally, feeding fiber increased (P = 0.04) the gizzard pH relative low fiber 1047 

in poults (Table 12).  Ileal digesta viscosity and concentration of PUA was not affected (P > 0.10) 1048 

by treatments in poults (Table 12). 1049 

Diets had no effects (P > 0.10) on ceca digesta concentration of SCFA in turkeys (Table 1050 

13).  There was no interaction (P > 0.10) between grain, fiber and MES on excreta moisture and 1051 

N contents in turkey poults (Table 13). However, excreta N content was affected by grain 1052 

interaction with enzyme (P = 0.003), and fiber (P = 0.04). Inclusion of fiber reduced excreta N 1053 

content in birds fed corn diets; the excreta N contents for low and high fiber corn diets were 33.8 1054 

and 30.6%, and respective values in wheat diets were 30.1 and 29.7%. Similarly, MES increased 1055 

excreta N content in birds fed corn diets, with values for corn diets without and with MES being 1056 

30.5 and 34.2%, and respective values in wheat diets were 30.1 and 29.3%. Generally, poults fed 1057 

corn diets exhibited higher (P = 0.01) excreta N than poults fed wheat-based diets.  1058 

 1059 

5. Discussion 1060 

Broiler chickens fed corn diets had greater growth compared to those fed wheat diets. In 1061 

contrast, poults grew better when fed wheat diets than corn diets. It is generally accepted that corn-1062 
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based diets have a superior nutritive value in relative to diets based on small grains such as wheat 1063 

and barley linked to higher concentrations of soluble fiber (Slominski, 2011). However, it has also 1064 

been demonstrated that the nutritional value of corn is variable, linked to chemical composition 1065 

profile (Cowieson, 2005; Leung and Kiarie, 2020). However, since the corn used in the present 1066 

study was from the same source (feed mill), it is postulated that physiological differences between 1067 

broilers and turkeys could have played a part. There are very few comparative studies between 1068 

broilers and turkeys in terms of feedstuffs’ utilization. Although the diets were formulated to have 1069 

similar nutrient specifications for each bird type, comparatively the wheat diets had a higher 1070 

concentration of fiber than corn diets. Feeding a diet containing 8 vs. 2.5 % crude fiber reduce 1071 

growth in broiler chicks while poults growth was unaffected (Hollister, 1991). It was opined that 1072 

turkey poults might be able to achieve normal growth on high fiber diets due to their digestive 1073 

capacity. Diets containing up to 6% crude fiber were shown to enhance growth performance in 1074 

turkeys older than 6 weeks of age and crude fiber of 9% did not have deleterious effects on growth 1075 

(Leeson et al., 1997; Sklan et al., 2003). However, the same study showed growth performance 1076 

was poorer in turkeys below 4 weeks of age when fed 9% crude fiber relative to 3% crude fiber 1077 

suggesting that young birds are more sensitive to fiber due to their immature gastrointestinal tract. 1078 

Kiarie et al. (2017) suggested that insoluble NSP can have negative effects on growth performance 1079 

in younger broilers relative to older broilers. Insoluble NSP can hinder growth performance by 1080 

increasing gut transit time and motility, while hindering the ability of endogenous enzymes to 1081 

digest their respective substrates (Bedford and Schulze, 1998; Slominski, 2011). Furthermore, 1082 

wheat is one of the most variable cereal grains, as the chemical and physical composition fluctuates 1083 

(Gutierrez Del Alamo et al., 2008), and can be attributed to the time of year, growing location, 1084 

moisture conditions, as well as many other factors (Amerah et al., 2009). Many studies have shown 1085 
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that the growth performance of birds fed wheat-based diets can vary depending on the type of 1086 

wheat used, particularly with respect to the level of NSP (Amerah, 2015). Although, the insoluble 1087 

and soluble components of the diets were not analyzed in the current study, the data suggested that 1088 

the wheat used could have had low-NSP concentration compared to other studies. This can be 1089 

further backed up by the lower gizzard weights in turkeys fed wheat-based diets as it is well 1090 

established that dietary NSP increases gizzard weight (Hetland and Svihus, 2001; Hetland et al., 1091 

2003a; Amerah et al., 2009; Sanchez et al., 2019).  1092 

Addition of the cDDGS to corn-based diets reduced FBW and BWG in broilers but MES 1093 

improved these parameters. This was expected as fiber degrading enzymes have been shown to 1094 

increase growth performance in broilers fed corn-based diets formulated with cDDGS (Kiarie et 1095 

al., 2014). In the wheat-based diets, the FBW and BWG were surprisingly reduced with the 1096 

addition of MES and WM. This was not expected as various studies have outlined the beneficial 1097 

effects of supplemental fiber degrading enzymes in wheat-based diets in poultry (Bedford and 1098 

Schulze, 1998; Adeola and Cowieson, 2011; Slominski, 2011; Kiarie et al., 2013b). It is plausible 1099 

the wheat component could have an inhibitory effect on MES through xylanase inhibitors in the 1100 

endosperm (Amerah, 2015). Poultry ingest dietary fiber from two main sources, feed, as well as 1101 

the ingestion of fibrous litter material when made available (Kalmendal et al., 2013). Fiber is often 1102 

referred to as a diluent in the diet with no nutritional benefits, and sometimes even considered to 1103 

be an anti-nutritional factor due to results found showing negative impacts on nutrient digestibility, 1104 

production, and voluntary feed intake (Angkanaporn et al., 1994; Mateos et al., 2012; Walugembe 1105 

et al., 2014; Kiarie et al., 2017). However, several studies have shown that the inclusion of coarse 1106 

particles and fiber in a diet can improve gizzard size and activity and increase retention time in the 1107 

proximal gastrointestinal tract (Hetland et al., 2003a; Svihus, 2011). As a result, the gizzard pH 1108 
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will decrease principally due to increased HCl production in the proventriculus via increased 1109 

gastric reflux (Svihus, 2011, 2014; Classen et al., 2016; Kheravii et al., 2018). In the current study, 1110 

the gizzard pH was lower in broilers fed corn-based diets compared to wheat-based diets. This 1111 

suggested an increase in gizzard activity. Additionally, poults fed high fiber diets had a higher 1112 

gizzard pH, despite having a higher fiber concentration. We cannot ascertain the logic behind these 1113 

observations but could be attributed to particle size differences between the diets. The particle size 1114 

was not determined in the present study. 1115 

 It is well established that high soluble NSP contents in wheat increases intestinal viscosity 1116 

resulting in poorer nutrient utilization and growth performance in broilers (Bedford and Schulze, 1117 

1998). However, the present data showed the opposite as the ileal viscosity of broilers fed wheat-1118 

based diets and high fiber diets was lower than birds fed corn-based and low fiber diets. This can 1119 

be attributed to the previously indicated argument that, the wheat used in the present study could 1120 

have been of a low soluble NSP-fraction variety. It is hard to explain the increased ileal viscosity 1121 

associated with low fiber diets, without further analyzing the particle size and fiber fraction of the 1122 

diets. An increase in ileal viscosity is known to cause an increased litter moisture and incidence of 1123 

wet droppings in poultry (Choct and Annison, 1992; Choct, 2009). Evidence of this can be seen in 1124 

the present data, as broilers fed corn-based diets and low fiber diets had higher excreta moisture 1125 

than broilers fed wheat-based diets and high fiber diets, respectively. 1126 

 The digestibility of nutrients can be reduced due the complex structural arrangement of 1127 

dietary NSP (de Vries et al., 2012). Thus, the inclusion of insoluble fiber in poultry diets must be 1128 

small enough to prevent these effects. The present data showed that the broilers fed wheat-based 1129 

diets without WM inclusion and MES supplementation had higher PUA than birds fed corn-based 1130 

diets without cDDGS and MES supplementation. Birds are unable to store excess amino acids; 1131 
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therefore, they are excreted as uric acid (Roberts et al., 2007). As a result, PUA concentration can 1132 

be used as an indicator for amino acid balance. It is assumed that a reduction in protein digestibility 1133 

can cause amino acid imbalance, limiting the nitrogen available for synthesis of non-essential 1134 

amino acids (NEAA). Thus, essential amino acids are converted into NEAA, causing an increase 1135 

in PUA (Casartelli et al., 2005). Typically, the nitrogen present in poultry manure consists mostly 1136 

of uric acid, and amino acids and bacterial protein, mainly from undigested nitrogen and 1137 

endogenous nitrogen (Sittiya et al., 2020). Additionally, ammonia is also emitted from the manure 1138 

due to microbial decomposition of the nitrogenous compounds, but primarily from uric acid (Li et 1139 

al., 2008). Studies have shown that the addition of fiber in poultry diets reduce ammonia emissions 1140 

from the manure of laying hens (Roberts et al., 2007) and pigs (Canh et al., 1997; Shriver et al., 1141 

2003). Thus, excreta nitrogen was determined in the present study. There was no interaction effect 1142 

between grain, fiber, and MES in both species on excreta nitrogen. However, in broilers, the high 1143 

fiber diets reduced excreta nitrogen compared to the low fiber diets. In contrast, wheat diets 1144 

reduced excreta nitrogen in poults, compared to corn diets.  1145 

Dietary fiber is fermented in the ceca by the resident microbes, producing SCFA, ammonia, 1146 

carbon dioxide and methane. However, the fermentation capacity of these resident microbes in 1147 

chickens and turkeys is much less compared to other non-ruminant animals, such as pigs (Józefiak 1148 

et al., 2004). Despite this, SCFA play a key role as an energy source and regulate the microbial 1149 

environment in the ceca (Fleming and Gill, 1997; Józefiak et al., 2004; Leung et al., 2018). Lactic, 1150 

acetic, propionic, and butyric acids can promote the proliferation of beneficial bacteria while 1151 

creating an unfavorable environment for pathogenic bacteria (Józefiak et al., 2004; Kiarie et al., 1152 

2013b; Kheravii et al., 2018). Furthermore, addition of exogenous enzymes to poultry diets can 1153 

also further influence the cecal SCFA concentrations (Józefiak et al., 2004; Kiarie et al., 2013b, 1154 
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2014). The present data shows that broilers fed corn diets with cDDGS and supplemented with 1155 

MES had higher cecal lactic acid concentrations compared to birds fed the same diet but without 1156 

MES. This could explain improvement of BWG seen in birds fed corn + cDDGS diet with MES. 1157 

Broilers fed wheat diets with WM but without MES had a higher cecal propionic acid 1158 

concentration compared to birds fed corn diets with cDDGS or MES. This was in agreement with 1159 

previous studies in which fiber and xylanase supplementation increased concentration of SCFA in 1160 

the ceca (Choct et al., 1999; Kheravii et al., 2018). Additionally, it is important to understand that 1161 

the majority of the SCFA produced in the hindgut are absorbed and at a rapid rate, which may 1162 

result in variability in SCFA concentrations determined on samples collected via serial slaughter 1163 

(González-Ortiz et al., 2020).  1164 

 There were varied diet responses seen on growth, gizzard weights and pH in both species. 1165 

High fiber and wheat-based diets reduced ileal digest viscosity and excreta moisture in broilers. 1166 

Increased plasma uric acid in broilers fed wheat diets without fiber or MES suggested altered 1167 

amino acid metabolism. Supplemental MES had varied responses in both species suggesting the 1168 

need to refine activities and dosing for different poultry species.  1169 

 1170 
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6. Tables and Figures 1171 

Table 8. Composition of basal diets, as fed basis (Experiment 2) 1172 
Ingredient, % 
  

Corn diets 
 

Wheat diets 
Corn + DDGS Wheat + Middlings 

Corn 61.8 57.6 
   

Wheat - - 
 

63.9 55.9 
Corn DDGS - 10.0 

 
- - 

Wheat middlings, shorts - - 
 

- 10.0 
Soybean Meal-46% 29.8 24.2 

 
24.4 22.2 

Pork Meal–58% 3.00 3.00 
 

3.00 3.00 
Soy oil 1.07 0.87 

 
4.17 4.05 

Monocalcium phosphate 1.35 1.11 
 

1.26 1.31 
Limestone  0.61 0.76 

 
0.81 0.77 

Vitamin and trace minerals premix1 1.00 1.00 
 

1.00 1.00 
DL-Methionine 0.31 0.30 

 
0.32 0.38 

L-Lysine HCL 0.29 0.45 
 

0.41 0.51 
L-Threonine- 0.14 0.18 

 
0.20 0.25 

Salt 0.25 0.16 
 

0.18 0.15 
Sodium bicarbonate 0.10 0.10 

 
0.14 0.19 

Calculated Provisions 
     

AME, kcal/kg 3,000 3,000 
 

3,000 3,000 
Crude protein, % 21.0 21.0 

 
21.0 21.0 

Crude fat, % 3.76 3.40 
 

5.97 6.09 
Neutral detergent fiber, % 7.75 9.96 

 
9.16 12.02 

SID Lys, % 1.15 1.15 
 

1.15 1.15 
SID Met, % 0.59 0.59 

 
0.58 0.61 

SID Met + Cys, % 0.85 0.85 
 

0.85 0.85 
SID Trp, % 0.22 0.20 

 
0.23 0.21 

SID Thr, % 0.77 0.77 
 

0.77 0.77 
Calcium, % 0.92 0.92 

 
0.92 0.92 

Total phosphorus, % 0.76 0.74 
 

0.77 0.85 
Available phosphorus, % 0.46 0.46 

 
0.46 0.46 

Sodium, % 0.16 0.16 
 

0.16 0.16 
Chloride, % 0.23 0.23 

 
0.23 0.23 

Analyzed provisions      
Crude protein, % 21.0 21.5  21.4 20.2 
Crude fat, % 3.07 3.83  4.34 4.84 
Starch, % 40.3 37.5  40.2 38.0 
Neutral detergent fiber, % 7.78 10.2  9.04 11.1 

1Provided per kilogram of diet: trans-retinol, 2.64 mg; cholecalciferol, 83 µg; dl-α-tocopherol, 36 1173 
mg; cyanocobalamin, 12.0 mg; menadione, 3.3 mg; niacin, 50.0 mg; choline, 1,200.0 mg; folic 1174 
acid, 1.0 mg; biotin, 0.22 mg; pyridoxine, 3.3 mg; thiamine, 4.0 mg; calcium pantothenic acid, 1175 
15.0 mg; riboflavin, 8.0 mg; manganese, 70.0 mg; zinc, 70.0 mg; iron, 60.0 mg; iodine, 1.0 mg; 1176 
copper, 10 mg; and selenium, 0.3 mg1177 
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Table 9. Composition of basal diets, as fed basis (Experiment 3) 1178 
Ingredient, % Corn diets  Wheat diets 

Corn +DDGS Wheat +Middlings 
Corn                           49.4 44.5    -  - 
Wheat                          -  -   53.2 45.0 
Corn DDGS                               - 10.0    -  - 
Wheat middlings, shorts           -  -    - 10.0 
Soybean meal 46%              36.3 31.4   29.3 27.6 
Pork meal-58%                            10.4 9.83   12.0 11.7 
Soy oil                     0.20 0.20   2.06 2.02 
Vitamin and trace minerals premix1    1.00 1.00   1.00 1.00 
Monocalcium phosphate           1.10 0.97   0.65 0.76 
Limestone fine                   0.08 0.30    -  - 
L-Lysine HCL                    0.51 0.65   0.64 0.72 
DL-Methionine              0.42 0.41   0.44 0.49 
L-Threonine                0.16 0.20   0.23 0.28 
Salt                         0.20 0.12   0.13 0.10 
Sodium bicarbonate         0.01 0.08   0.02 0.08 
L-Tryptophan         0.01 0.02   0.05 0.03 
Calculated provisions      
AME, kcal/kg 2,850 2,850   2,850 2,850 
Crude protein, % 27.5 27.5   27.5 27.5 
Crude fat, % 3.25 3.00   4.65 4.81 
Neutral detergent fiber, % 7.06 9.26   8.25 11.1 
SID Lys, % 1.62 1.62   1.62 1.62 
SID Met, % 0.76 0.77   0.77 0.80 
SID Met + Cys, % 1.05 1.05   1.05 1.05 
SID Trp, % 0.28 0.28   0.28 0.28 
Sid Thr, % 0.96 0.96   0.96 0.96 
Calcium, % 1.40 1.40   1.40 1.40 
Total phosphorus, % 1.08 1.06   1.07 1.16 
Available phosphorus, % 0.75 0.75   0.75 0.75 
Sodium, % 0.16 0.16   0.16 0.16 
Chloride, % 0.24 0.24   0.24 0.24 
Analyzed provisions      
Crude protein, % 28.0 28.7  28.4 29.0 
Crude fat, % 3.70 3.75  3.74 4.84 
Starch, % 30.9 28.1  30.5 28.7 
Neutral detergent fiber, % 7.87 9.03  8.90 10.4 

1Provided per kg of diet: trans-retinol, 2.64 mg; cholecalciferol, 83 µg; dl-α-tocopherol, 36 mg; 1179 
cyanocobalamin, 12.0 mg; menadione, 3.3 mg; niacin, 50.0 mg; choline, 1,200.0 mg; folic acid, 1180 
1.0 mg; biotin, 0.22 mg; pyridoxine, 3.3 mg; thiamine, 4.0 mg; calcium pantothenic acid, 15.0 1181 
mg; riboflavin, 8.0 mg; manganese, 70.0 mg; zinc, 70.0 mg; iron, 60.0 mg; iodine, 1.0 mg; 1182 
copper, 10 mg; and selenium, 0.3 mg 1183 
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Table 10. Effects of adding fibrous ingredients in a corn or wheat diet without or with multi enzymes on growth performance, gizzard 1184 
attributes, ileal digesta viscosity and concentration of plasma uric acid in broiler chickens (Experiment 2)  1185 

Item Growth performance 
 

Gizzard  Viscosity, 
cP 

 PUA, 
μmol/L IBW, 

g/bird 
FBW, 
g/bird 

BWG, 
g/bird 

FI, 
g/bird 

FCR2 Empty weight, 
g/kg BW 

Digesta 
pH 

Grain Fiber Enzyme1             
Corn Low - 46.3 1,495a 1,448a 1,977 1.346   18.1 2.6  5.77  307.2b 
  High - 45.8 1,425bc 1,379bc 1,874 1.359   18.6 2.7  5.52  343.4ab 
  Low + 46.0 1,457abc 1,410abc 1,901 1.348   17.2 2.8  5.68  376.5ab 
  High + 46.0 1,473ab 1,427ab 1,910 1.360   17.0 2.9  4.95  335.7ab 
Wheat Low - 46.0 1,428bc 1,382bc 1,853 1.368   15.4 2.9  5.38  389.2a 
  High - 45.8 1,423bc 1,377bc 1,789 1.297   17.4 3.3  4.50  336.0ab 
  Low + 46.3 1,448abc 1,401abc 1,891 1.367   16.5 3.1  5.45  335.7ab 
  High + 46.0 1,399c 1,353c 1,909 1.374   17.3 2.9  4.28  364.0ab 

  SEM 0.15 0.26 21.2 41.8 0.022   0.93 0.16  0.38  27.51 
Main effect of Grain                  
 Corn  1,462a 1,416a 1,915 1.353   17.7 2.7b  5.48a  340.6 
 Wheat  1,424b 1,378b 1,860 1.351   16.6 3.1a  4.90b  356.2 
Main effect of Fiber                      
 Low  1,457 1,410 1,905 1.357   16.8 2.9  5.57a  352.1 
 High  1,430 1,384 1,870 1.347   17.6 2.9  4.81b  344.8 
Main effect of Enzyme                      
 -  1,443 1,396 1,873 1.342   17.4 2.9  5.29  343.9 
 +  1,444 1,398 1,903 1.362   17.0 2.9  5.09  353.0 
SEM  10.6 10.6 20.9 0.011   0.46 0.08  0.19  13.8 
Probabilities                  
 Grain  0.016 0.016 0.070 0.908   0.107 0.010  0.036  0.430 
 Fiber  0.083 0.085 0.245 0.526   0.223 0.505  0.007  0.707 
 Enzyme  0.919 0.934 0.322 0.212   0.563 0.798  0.456  0.645 
 Grain x Fiber  0.993 0.996 0.682 0.159   0.363 0.926  0.321  0.796 
 Grain x Enzyme  0.811 0.800 0.102 0.246   0.190 0.355  0.640  0.270 
 Fiber x Enzyme  0.480 0.482 0.110 0.232   0.514 0.237  0.475  0.955 
 Grain x Fiber x Enzyme  0.035 0.036 0.802 0.206   0.872 0.198  0.852  0.049 

1Supplied main activity of xylanase and β-glucanase and other minor activities including invertase, protease, cellulase, amylase and 1186 
mannanase. The targeted activity level of xylanase and β-glucanase were 800 and160, U/kg of feed, respectively.   1187 
2Corrected for mortality 1188 
Within a factor of analyses, response criteria with means with different superscripts are significantly different, P<0.05.  1189 
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Table 11. Effects of adding fibrous ingredients in a corn or wheat diet without or with multi 1190 
enzymes on ceca digesta concentration of short chain fatty acids and litter attributes in broiler 1191 
chickens (Experiment 2) 1192 

Item Short chain fatty acids, µmol/g 
 

Litter attributes, % 
Lactic Acetic Propionic Iso-Butyric Butyric Moisture Nitroge

n 
Grain Fiber Enzyme1         
Corn Low - 24.2ab 87.2 7.42ab 9.11 20.9  79.0 28.6 
  High - 21.3b 91.8 6.88b 9.47 17.9  77.8 25.9 
  Low + 22.3ab 88.1 6.93b 8.67 17.5  78.5 27.2 
  High + 26.4a 87.3 8.47ab 10.5 21.4  78.2 26.0 
Wheat Low - 21.8ab 91.4 7.47ab 8.02 18.7  78.0 26.8 
  High - 25.5ab 91.6 8.96a 9.06 21.9  77.5 24.9 
  Low + 25.6ab 92.3 7.92ab 9.13 20.6  77.9 28.3 
  High + 24.2ab 82.6 7.48ab 8.06 18.8  77.5 23.7 

  SEM 1.78 3.62 0.63 0.73 2.36  0.28 1.1  
Main effect of Grain         
 Corn 23.6 88.6 7.43 9.44 19.4  78.4a 26.9 
 Wheat 24.3 89.5 7.96 8.61 20.0  77.7b 25.9 
Main effect of Fiber           
  Low 23.5 89.8 7.43 8.78 19.4  78.4a 27.7a 
  High 24.4 88.3 7.95 9.27 20.0  77.7b 25.1b 
Main effect of Enzyme           
  - 23.2 90.5 7.68 8.91 19.8  78.1 26.5 
  + 24.6 87.6 7.70 9.13 19.6  78.0 26.3 
SEM 0.88 1.56 0.31 0.37 1.18  0.14 0.57 
Probabilities           
  Grain 0.581 0.716 0.240 0.121 0.744  0.003 0.215 
  Fiber 0.489 0.584 0.253 0.353 0.725  0.004 0.002 
  Enzyme 0.257 0.259 0.965 0.677 0.879  0.848 0.782 
  Grain x Fiber 0.839 0.197 0.975 0.255 0.927  0.382 0.449 
  Grain x Enzyme 0.883 0.661 0.238 0.886 0.827  0.925 0.539 
  Fiber x Enzyme 0.714 0.145 0.937 0.693 0.778  0.233 0.708 
  Grain x Fiber x Enzyme 0.020 0.668 0.0304 0.079 0.082  0.326 0.207 

1Supplied main activity of xylanase and β-glucanase and other minor activities including 1193 
invertase, protease, cellulase, amylase and mannanase. The targeted activity level of xylanase 1194 
and β-glucanase were 800 and160, U/kg of feed, respectively.   1195 
2Corrected for mortality 1196 
Within a factor of analyses, response criteria with means with different superscripts are 1197 
significantly different, P<0.05.  1198 
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Table 12. Effects of adding fibrous ingredients in a corn or wheat diet without or with multi enzymes on growth performance, gizzard 1199 
attributes, ileal digesta viscosity and plasma uric acid in turkey poults (Experiment 3) 1200 

Item Growth performance  Gizzard  Viscosity
, cP 

 PUA, μmol/L 
IBW, 
g/bird 

FBW, 
g/bird 

BWG, 
g/bird 

FI, g/bird FCR2 Empty weight, 
g/kg BW 

Digesta 
pH 

Grain Fiber Enzyme1             
Corn Low - 65.7 1,447 1,381 1,765 1.278  22.5 2.3  4.95  308.0 
  High - 65.5 1,400 1,335 1,621 1.206  24.8 2.5  5.50  275.7 
  Low + 65.8 1,392 1,326 1,606 1.223  25.9 2.6  5.35  281.5 
  High + 65.7 1,395 1,329 1,721 1.294  27.6 2.5  4.85  262.2 
Wheat Low - 65.7 1,452 1,386 1,480 1.071  22.1 2.3  5.10  247.8 
  High - 65.7 1,443 1,374 1,600 1.273  23.0 2.8  4.70  261.5 
  Low + 66.2 1,440 1,377 1,746 1.167  21.5 2.3  5.15  268.7 
  High + 65.5 1,431 1,366 1,616 1.185  22.3 2.9  4.50  254.5 

  SEM 0.35 20.6 20.6 103.9 0.081  1.14 0.19  0.29  30.01 
Main effect of Grain                  
 Corn  1,408b 1,343b 1,678 1.251  25.2a 2.5  5.16  281.8 
 Wheat  1,441a 1,376a 1,611 1.174  22.2b 2.6  4.86  258.1 
Main effect of Fiber                     
  Low  1,432 1,367 1,617 1.185  23.0 2.4b  5.13  276.5 
  High  1,417 1,352 1,672 1.240  24.4 2.7a  4.89  263.5 
Main effect of Enzyme                     
  -  1,435 1,370 1,649 1.207  23.1 2.5  5.06  273.3 
  +  1,414 1,348 1,640 1.217  24.3 2.6  4.96  266.7 
SEM  10.2 10.2 51.9 0.04  0.57 0.10  0.14  15.0 
Probabilities                     
 Grain  0.029 0.028 0.362 0.187  0.001 0.473  0.152  0.272 
 Fiber  0.307 0.305 0.451 0.342  0.090 0.044  0.230  0.543 
 Enzyme  0.115 0.147 0.897 0.862  0.142 0.583  0.629  0.551 
 Grain x Fiber  0.655 0.653 0.252 0.343  0.482 0.066  0.188  0.760 
 Grain x Enzyme  0.523 0.521 0.951 0.917  0.028 0.751  0.904  0.530 
 Fiber x Enzyme  0.387 0.382 0.976 0.858  0.801 0.542  0.121  0.862 
 Grain x Fiber x Enzyme  0.400 0.400 0.090 0.160  0.890 0.575  0.336  0.634 

1Supplied main activity of xylanase and β-glucanase and other minor activities including invertase, protease, cellulase, amylase and 1201 
mannanase. The targeted activity level of xylanase and β-glucanase were 800 and160, U/kg of feed, respectively.   1202 
2Corrected for mortality 1203 
Within a factor of analyses, response criteria with means with different superscripts are significantly different, P<0.05.  1204 
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Table 13. Effects of adding fibrous ingredients in a corn or wheat diet without or with multi 1205 
enzymes on ceca digesta concentration of short chain fatty acids and litter attributes in turkey 1206 
poults (Experiment 3) 1207 

Item Short chain fatty acids, µmol/g  Litter attributes, % 
Lactic Acetic Propionic Iso-butyric Butyri

c 
Moisture Nitrogen 

Grain Fiber Enzyme1         
Corn Low - 38.3 54.1 12.4 11.9 25.4  76.1 30.7 
  High - 54.4 57.0 10.0 10.8 25.2  77.8 29.6 
  Low + 44.4 60.2 17.4 10.8 25.8  78.4 37.0 
  High + 46.3 59.8 11.4 10.2 24.6  77.4 31.6 
Wheat Low - 44.3 57.9 10.5 11.3 25.9  77.7 30.4 
  High - 42.9 60.1 13.3 11.9 28.5  77.8 30.6 
  Low + 43.0 52.2 12.9 10.8 24.7  77.8 29.0 
  High + 54.2 63.4 13.2 10.9 25.9  77.5 29.6 

  SEM 4.93 4.66 3.35 1.33 2.13  0.85 1.20 
Main effect of Grain         
 Corn 45.8 57.8 12.8 10.9 25.3  77.4 32.2a 
 Wheat 46.1 58.4 12.5 11.2 26.3  77.7 29.9b 
Main effect of Fiber           
 Low 42.5 56.1 13.3 11.2 25.4  77.5 31.8 
 High 49.5 60.1 12.0 10.9 26.1  77.6 30.4 
Main effect of Enzyme           
 - 45.0 57.3 11.6 11.5 26.3  77.3 30.3 
 + 47.0 59.9 13.7 10.7 25.3  77.8 31.8 
SEM 2.46 2.33 1.68 0.67 1.06  0.43 0.60 
Probabilities         
 Grain 0.940 0.850 0.890 0.749 0.509  0.651 0.010 
 Fiber 0.053 0.235 0.587 0.779 0.679  0.808 0.106 
 Enzyme 0.576 0.618 0.370 0.401 0.512  0.466 0.086 
 Grain x Fiber 0.568 0.411 0.229 0.524 0.391  0.729 0.038 
 Grain x Enzyme 0.403 0.397 0.668 0.987 0.533  0.361 0.003 
 Fiber x Enzyme 0.906 0.675 0.532 0.990 0.686  0.230 0.249 
 Grain x Fiber x Enzyme 0.061 0.358 0.906 0.793 0.961  0.337 0.187 

1Supplied main activity of xylanase and β-glucanase and other minor activities including 1208 
invertase, protease, cellulase, amylase and mannanase. The targeted activity level of xylanase 1209 
and β-glucanase were 800 and160, U/kg of feed, respectively.   1210 
2Corrected for mortality 1211 
Within a factor of analyses, response criteria with means with different superscripts are 1212 
significantly different, P<0.05 1213 
 1214 
 1215 
 1216 
 1217 
 1218 
 1219 

 1220 
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CHAPTER 5. General Discussion 1221 

 1222 

The by-products from the biofuel and food industries are valuable feed ingredients as they 1223 

are rich in energy, crude protein, crude fat, vitamins and trace minerals (Huang et al., 2007; 1224 

Bregendahl, 2008; Emiola et al., 2009; Ravindran and Blair, 2009; Rosenfelder et al., 2013; Stein 1225 

et al., 2015). However, they are also rich in fiber or non-starch polysaccharides (NSP), which can 1226 

drastically reduce the digestibility of nutients in monogastric animals (Gallinger et al., 2004; 1227 

Rosenfelder et al., 2013; Salim et al., 2010). The development of technologies that can degrade 1228 

fiber, such as the provision of multi-enzymes supplements (MES), and hereby improve energy and 1229 

nutrient digestibility can be beneficial to the poultry industry.  1230 

Therefore, the overall objective of this thesis was to evaluate the effectiveness of 1231 

supplemental MES on improving the digestibility of fibrous feed ingredients from different 1232 

regions. In chapter 3, the effect of adding up to 11% rice bran (RB) to corn soybean-meal diets 1233 

containing phytase fed to broilers with or without supplemental MES on growth performance, 1234 

apparent retention of components, gastrointestinal weights and ceca short chain fatty acid (SCFA) 1235 

concentrations was presented. The diets were all formulated to be isocaloric and isonitrogenous. 1236 

However, it appears the crude fat content of the RB was higher than specified, as the diets had 1237 

higher crude fat concentrations than expected, thus causing the gross energy of the diets to be 1238 

higher as well.  1239 

In the starter phase, addition of 5% RB showed a tendency for improved body weight gain 1240 

(BWG), however, in the finisher phase the reverse was seen as the addition of 11% RB reduce 1241 

BWG. Mateos et al. (2012) speculated that poultry do have a dietary fiber (DF) requirement as it 1242 

is critical for proper gut development and function. Several studies have shown that inclusion of 1243 
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DF and other coarse particles can improve gizzard weights and function and increase digesta 1244 

retention time (Hetland et al., 2003a; Svihus, 2011; Mateos et al., 2012). This was further backed 1245 

up by the higher gizzard weights seen in birds fed RB. Additionally, the retention of crude fat and 1246 

neutral detergent fiber (NDF) was increased in broilers fed 11% RB. This may be due to an 1247 

extended digesta retention time, which increases the interactions of feed particles with gastric 1248 

juices (Xu et al., 2015). However, despite the increased gizzard size in birds fed RB, an improved 1249 

BWG, FCR or GE retention was not seen, which suggests reduced nutrient utilization due the 1250 

inclusion of DF. 1251 

The MES used in this study supplied fiber degrading enzymes, proteases and α-amylase. 1252 

An improved the growth performance and nutrient retention was seen, independent of RB, with 1253 

MES inclusion. In a study by El-Full et al. (2000), the addition of a feed enzyme cocktail improved 1254 

growth performance, FCR, and protein and energy efficiency in broiler fed diets containing RB. 1255 

However, some studies have shown the opposite where broiler diets containing 20% or 40% RB 1256 

with an enzyme mixture with and without phytase had no beneficial effects on performance 1257 

(Aboosadi et al., 1996; Farrell and Martin, 1998). The differences may be associated with the 1258 

source of the RB and the processing conditions (Wang et al., 1997). Additionally, the nature of the 1259 

enzymes used individually or in combination, the inclusion level of the enzymes, the extent of 1260 

reduction in nutrient density in the control diet, as well as the microbial sources of enzymes can 1261 

influence the efficacy (Ravindran, 2013; Kiarie et al., 2016a).  1262 

Dietary fiber acts as the main substrate for bacterial fermentation in the hindgut (Jørgensen 1263 

et al., 1996). The main products of bacterial fermentation are SCFA such as propionic acid, butyric 1264 

acid and acetic acid. The SCFA concentrations are driven by the microbial diversity and available 1265 

substrates (Kiarie et al., 2013b; Svihus et al., 2013). Additionally, the diet composition can 1266 
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significantly influence the ceca microbial ecology (Apajapahti et al., 2004). In the present study, 1267 

addition of RB increased the concentration of propionic acid in the starter phase, which resulted 1268 

in a tendency for increased total SCFA concentration. Moreover, despite the increased retention 1269 

of NDF, addition of RB reduced iso-butyric acid concentrations. This may be explained by 1270 

microbial adaptation in fiber degradation with the increased NDF in the finisher phase (Batal and 1271 

Parsons, 2002; Kiarie et al., 2017). Supplemental MES reduced the concentration of propionic acid 1272 

and iso-butyric acid in non-RB diets in the finisher phase. Additionally, a reduction in NDF 1273 

retention was seen with MES inclusion in non-RB diets. It has been well documented that 1274 

exogenous enzymes can influence the microbial composition and metabolic potential in poultry 1275 

(Choct et al., 1996; Kiarie et al., 2014; Munyaka et al., 2016).  1276 

In Chapter 4, two simultaneous experiments to evaluate the effects of fibrous feed 1277 

ingredients on the growth performance, gizzard measurements, ileal digesta viscosity, plasma uric 1278 

acid (PUA) concentration and excreta characteristics in broiler chickens and turkey poults were 1279 

presented.  The diets were formulated by adding 10% corn distillers dried grains with solubles 1280 

(cDDGS) or 10% wheat middlings (WM) to corn- or wheat-based diets to broiler chickens or 1281 

turkey poults, respectively.  1282 

Corn-based diets are generally considered to have a superior nutritive value compared to 1283 

diets based on other cereal grains such as wheat and barley (Slominski, 2011).  In the present study, 1284 

broilers fed corn-based diets grew better compared to those fed wheat-based diets. However, the 1285 

opposite was seen in turkey poults as birds fed wheat-based diets had improved growth 1286 

performance compared to those fed corn-based diets. It was postulated that these differences were 1287 

due to the physiological differences between species. There are very few studies investigating the 1288 

differences in nutrient utilization of broilers and turkeys. However, a study by Hollister (1991) 1289 
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showed that the growth performance of broiler chicks was reduced in birds fed diets with higher 1290 

crude fiber inclusion, whereas no differences were seen in turkey poults feed a similar diet. It has 1291 

been demonstrated that turkey poults can maintain normal growth performances when fed high 1292 

fiber diets, due to their digestive capacity (Leeson et al., 1997; Sklan et al., 2003). Furthermore, 1293 

wheat is one of the most variable cereal grains used in poultry diets (Gutierrez Del Alamo et al., 1294 

2008; Amerah et al., 2009). The insoluble and soluble NSP levels of the diets were not analyzed 1295 

in the present study, but the data suggests that the wheat used may have had a low NSP 1296 

concentration. The lower gizzard weights in turkeys fed wheat-based diets can further explain this 1297 

as it is well known that NSP can increase gizzard weights (Hetland and Svihus, 2001; Hetland et 1298 

al., 2003a; Amerah et al., 2009). Addition of cDDGS to corn-based diets reduced growth 1299 

performance in broilers, while MES supplementation improved these parameters. However, in 1300 

wheat-based diets addition of MES and WM reduced growth performance. This was unexpected 1301 

as various studies have shown that supplemental MES can improve growth performance in broilers 1302 

fed wheat-based diets (Bedford and Schulze, 1998; Adeola and Cowieson, 2011; Slominski, 2011). 1303 

A possible explanation for this is that the wheat component could contain xylanase inhibitors that 1304 

may have an inhibitory effect on MES (Amerah, 2015). It is hard to explain the observations seen 1305 

in gizzard pH in both broilers and turkey poults. Feeding corn-based diets reduced the gizzard pH 1306 

in broilers compared to those fed wheat-based diets, which suggest and increase in gizzard activity. 1307 

Furthermore, despite having the higher fiber concentration the gizzard pH increased in birds fed 1308 

high fiber diets. This may be explained by particle size differences between diets, but the particle 1309 

size was not determined in the present study.  1310 

The ileal viscosity in broilers fed wheat-based or high fiber diets was lower than birds feed 1311 

corn-based or low fiber diets, respectively. This further backs up the argument that the wheat used 1312 
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in the study had low soluble NSP levels as it is well documented that high soluble NSP levels can 1313 

increase intestinal viscosity (Bedford and Schulze, 1998). A high litter moisture level is associated 1314 

with increased ileal viscosity (Choct and Annison, 1992; Choct, 2009). This is further backed up 1315 

by the present study as broiler fed corn-based or low fiber diets had higher excreta moisture levels 1316 

than bird fed wheat-based or high fiber diets, respectively. When birds are unable to utilize excess 1317 

amino acids, they are excreted in the form of uric acid (Roberts et al., 2007). Thus, due to an 1318 

increased PUA concentration in broilers fed corn-based diets without cDDGS and MES, it is 1319 

assumed that the protein digestibility was reduced (Casartelli et al., 2005). Various studies have 1320 

shown that addition of fiber in monogastric diets can reduce ammonia emissions from the manure 1321 

(Canh et al., 1997; Shriver et al., 2003; Roberts et al., 2007). In the present study, the excreta 1322 

nitrogen was lower in broilers fed high fiber diets. In poults, the excreta nitrogen was lower in 1323 

birds fed wheat-based diets.  1324 

Short chain fatty acids play a key role as an energy source and influences the gut microbial 1325 

ecology (Fleming and Gill, 1997; Józefiak et al., 2004; Leung et al., 2018). The lactic acid 1326 

concentration of broilers fed corn-based diets with cDDGS and MES were higher compared to 1327 

birds fed corn-based diets with cDDGS but without MES. This observation can explain the 1328 

improved body weight gain in broilers fed corn-based diets with cDDGS and MES. Addition of 1329 

fiber and MES has been shown to increase the concentration of SCFA in the ceca (Choct et al., 1330 

1999; Kheravii et al., 2018). This trend is seen in the present study as the concentration of propionic 1331 

acid was increased in broilers fed wheat-based diets with WM but without MES compared to birds 1332 

fed corn-based diets with cDDGS or MES.  1333 

In conclusion, RB independently reduced final BW whereas MES improved growth and 1334 

energy utilization. Additionally, RB addition increased gizzard weight but did not increase nutrient 1335 
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digestibility suggesting the negative effect of fiber was more significant. Reduction of iso-butyric 1336 

acid due to MES in non-RB diets suggested reduced formation of protein fermentation metabolites 1337 

in the ceca. There were varying responses seen on growth performance, gizzard weight and pH in 1338 

both species for the different diet combinations in cDDGS and WM study. Ileal digesta viscosity 1339 

and excreta moisture were reduced in broilers fed high fiber or wheat-based diets. Broilers fed 1340 

wheat diets without fiber or MES had increased PUA concentration suggesting that amino acid 1341 

metabolism was affected. The varying responses seen with supplemental MES in both species 1342 

suggests the need for refined activities and dosing for different poultry species.  1343 
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