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ABSTRACT 

Fiber-rich (HF) diets are typically supplemented with enzymes to improve their nutritive 

value and to offset their negative effects on pig growth. However, studies on enzyme effect in 

pigs have yielded inconsistent results on nutrient digestibility and growth. Although the 

inconsistencies observed could be explained by differences in substrate and experimental 

conditions and enzyme characteristics among studies, how enzymes influence metabolic and 

physiological responses in pigs is still not clear. Therefore, three experiments were conducted, 

using 3 dietary treatments (control, HF and HF diet supplemented with enzymes), to elucidate 

the effects of supplementing an HF diet with enzymes in growing pigs. Experiment one 

investigated HF and enzyme supplementation on energy and nutrient digestibility, digesta 

volatile fatty acid (VFA) concentrations, and gut microbial profile in pigs. Compared with the 

HF diet, enzymes improved dry matter, starch, energy and some amino acid (AA), but not 

nitrogen digestibility. Further, the enzymes stimulated the growth of gut bacterial groups, 

which have xylanolytic and cellulolytic properties in the HF-fed pigs, but enzymes did not 

influence digesta VFA concentration or fiber fermentation. Experiment 2 evaluated the effects 

of enzyme supplementation on growth performance, glucose uptake in jejunum tissue samples 

mounted in Ussing chambers, and intestinal nutrient transporter mRNA levels in pigs. Diet 

had no effect on feed intake and jejunal glucose uptake. The enzymes influenced nutrient 

transporter mRNA levels but did not improve pig growth rate and feed efficiency relative to 

the HF diet. The third experiment investigated the effect of supplementing the HF diet with 

enzymes on postprandial portal vein-drained viscera (PDV) nutrient fluxes and energy 

expenditure (measured as O2 consumption) by the PDV and whole-animal in pigs. Diet had no 

effect on energy expenditure. The HF diet reduced portal glucose, VFA and essential AA 
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absorption and insulin production. Enzyme supplementation improved portal glucose and 

VFA absorption, but not essential AA absorption and insulin production. Overall, 

improvements in nutrient utilization due to enzyme supplementation did not improve the 

growth rate of pigs, which appears to be due to the lack of enzyme effect on essential AA and 

energy use by the PDV and insulin production.   
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CHAPTER ONE 

GENERAL INTRODUCTION 

 

Feed cost represents more than 60% of the variable cost in swine production. A major 

part of the feed cost is to ensure that pigs have adequate energy and protein supply to reach 

their optimum potential in terms of the production goals. In this context, corn, wheat, barley, 

and soybean meal have been the most widely used feedstuffs to meet the energy and protein 

requirements of pigs. However, the prices of these conventional feedstuffs continue to rise 

and have become unpredictable in recent years (Avalos, 2014). The price hike and volatility 

of cereal grain prices relate mostly to the introduction of biofuel production into their demand 

and supply equation (Avalos, 2014). 

Therefore, swine producers have to find alternative feed resources to ensure economic 

sustainability of their businesses. Indeed, some of these alternative feed resources, such as 

cereal grain co-products from the biofuel and milling industry, are currently being used for 

pig feed because of their availability, low-cost and nutrient content (Kiarie and Nyachoti, 

2009; Stein and Shurson, 2009; Zijlstra and Beltranena, 2012; Woyengo et al., 2014). 

However, these cereal grain co-products are typically fibrous in nature and thus, their 

incorporation into pig diets inevitably changes the carbohydrate composition of the diet from 

a high starch towards a low starch, but high fiber (non-starch polysaccharides, NSP) diet. 

However, starch and NSP differ in several aspects apart from their differing chemical 

structures (Zijlstra et al., 2012). For instance, whereas starch can be hydrolyzed in the upper 

gut of pigs by digestive enzymes, NSP is not digestible in pigs because they do not secrete the 

digestive enzymes required to ensure NSP hydrolysis; however, some NSP is fermented in the 

hindgut of pigs by intestinal microbes. Further, starch hydrolysis results in glucose, whereas 
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NSP degradation produces volatile fatty acids, which supply less energy to the pig compared 

with glucose (Bach Knudsen, 2011; Zijlstra et al., 2012). In addition, several reports in the 

literature suggest that pig diets rich in NSP  negatively impact the digestion of other nutrients 

(Wenk 2001; Owusu-Aseidu et al., 2006), whereas high starch diets can promote the digestion 

and absorption of other nutrients in pigs (Li et al., 2010; Yin et al., 2010, 2011). Therefore, 

NSP-rich diets are of low nutritive value to growing pigs because they negatively affect 

energy and nutrient digestibility and thereby reduce growth rate and feed efficiency. 

Incorporating NSP-rich feedstuffs into swine diets will greatly benefit from the 

application of modern technologies aimed at maintaining swine productivity on NSP-rich 

diets without much reliance on supplemental synthetic amino acids and energy and thereby 

further reduce feed cost (Zijlstra et al., 2010). In this context, enzyme application has received 

much attention over the past few years owing to the fact that the porcine digestive system is 

not equipped with the endogenous enzymes necessary to degrade NSP (Zijlstra et al., 2010; 

Adeola and Cowieson, 2011; de Vries et al., 2012; Olukosi and Adeola, 2012). Therefore, 

feed enzymes, in particular, carbohydrase enzymes targeting NSP, are used to degrade NSP to 

offset their detrimental effects and thus allow high inclusion level and expand the range of 

NSP-rich ingredients that can be incorporated into swine diets.  

The NSP-degrading enzymes have been proposed to elicit their beneficial effects via 

(1) degrading cell wall integrity and thereby increase the accessibility of entrapped nutrients 

for digestion and absorption; (2) partial hydrolysis of soluble NSP to reduce digesta viscosity 

and its associated detrimental effects and; (3) hydrolysing complex insoluble NSP into small 

molecular weight for effective hindgut fermentation to improve overall energy utilization 

(Bedford and Schulze, 1998; Simon, 2000; Partridge and Bedford, 2001). However, unlike in 
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poultry, results from studies investigating the effects of NSP-degrading enzymes on nutrient 

digestibility and/or growth performance in pigs have not been consistent. Some experiments 

(e.g., Omogbenigum et al., 2004; Emiola et al., 2009; Yoon et al., 2010; Kiarie et al., 2012) 

observed improvements in nutrient digestibility and/or growth performance when NSP-

degrading enzymes were added to diets with high-fiber concentration, whereas other studies 

(e.g., Feoli, 2008; Jacela et al., 2010; Kerr et al., 2013) did not observe these beneficial 

effects. 

Several reasons have been presented to explain the inconsistency of NSP-degrading 

enzyme effect among studies in which pigs were fed fiber-rich diets. Combined, differing 

enzyme characteristics (source, spectrum, and specific catalytic activities), substrate 

(concentration and availability), and experimental conditions (experimental design, age of 

ages, basal diet composition) contribute to the disparities in the results of NSP-degrading 

enzyme effect observed among studies (Adeola and Cowieson, 2011; Svihus, 2011). 

Nonetheless, additional information, through research, is required to address the uncertainty 

on the efficacy of commercially available NSP-degrading enzymes in pigs when fed fiber-rich 

diets. In this context, the underlying mechanisms by which NSP-degrading enzymes influence 

the metabolic and physiological activities in growing pigs offered fiber-rich diet require 

thorough investigation.  

Growth performance is often used as a response criterion to assess the efficacy of 

NSP-degrading enzymes in pigs fed NSP-rich diet. However, numerous biological and 

physiological processes within the body influence growth. This implies that for growth to 

occur, specific processes within the body have to be either up-regulated or suppressed. 

However, there is a dearth of information on the influence of NSP-degrading enzymes on the 
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biological and physiological processes responsible for growth. Therefore, elucidating NSP-

degrading enzymes effects on nutrient transporter activities and the growth-related hormones 

would be imperative to design effective enzymes for pig diets rich in NSP.  

Furthermore, previous studies focused on ileal and/or total intestinal tract nutrient 

digestibility, a measure of nutrient disappearance in the gut, to evaluate nutrient absorption for 

use by pigs fed high fiber diets supplemented with enzymes. However, the gut lumen is 

external to an animal‘s systemic environment and as such estimating nutrient appearance in 

the portal and systemic environments may provide a more accurate measure of nutrient 

absorption in pigs compared with the estimation of nutrient disappearance from the gut lumen 

(Rerat, 1980; Bajjalieh et al., 1981; Yen et al., 1989). Furthermore, a large portion of the 

nutrients, particularly amino acids (AA), that are digested and/or absorbed from the gut lumen 

are used by the portal vein drain viscera (PDV) and therefore only limited amounts reach the 

peripheral tissues of economic importance (e.g. muscle) for use (Wu, 1998; Stoll and Burrin, 

2006). In addition, the digestibility method allows the postprandial overall nutrient release 

into the portal vein to be estimated but presents no opportunity for the estimation of the 

postprandial time course of nutrient release, which is of particular importance especially with 

respect to AA metabolism. This is because the time factor in AA absorption from the gut 

lumen into the portal blood and systemic circulation dictates the extent to which protein 

synthesis can be sustained in an organism (Rerat, 1980). Exogenous enzymes are able to 

increase nutrient digestibility for nutrient absorption. However, there is a lack of information 

on portal nutrient fluxes in pigs fed enzyme-supplemented high fiber diets. Such information 

will help us understand how supplementing high-fiber diets with NSP-degrading enzymes 
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influence the postprandial circulation of nutrients (example, AA), which is critical for 

ensuring nutrient availability for edible pork production. 

The PDV account for a higher proportion of the whole-body energy expenditure and 

nutrient use, even though they represent 15% or less of the total body mass because they are 

metabolically highly active (Yen et al., 1997). Indeed, the PDV, together with the liver, 

account for nearly 50% of whole-body oxygen use and has a high rate of protein synthesis 

compared with other body tissues. This is because these visceral organs are responsible for 

digestion, absorption and intermediary metabolism of ingested nutrients, and perform several 

immune functions. On the other hand, it has been reported that ingestion of high fiber diets 

alter gut morphology, development and function (Jin et al., 1994; Brunsgaard, 1998) leading 

to an increase in the PDV mass (Pond et al., 1989; Jørgensen et al., 1996; Wenk, 2001; 

Agyekum et al., 2012) and thus metabolism of the PDV. The increase in PDV mass due to 

dietary fiber ingestion will exert an additional increase in their energy and nutrient 

requirements at the expense of whole-body growth. The NSP-degrading enzymes are 

expected to degrade NSP and thus, can be surmised that NSP-degrading enzymes will also 

reduce NSP effects on PDV mass, energy expenditure and nutrient requirement, and increased 

energy and nutrient availability for growth. However, such information is scarce in the 

literature.   

The use of surgically modified pig models and slaughter techniques present the 

opportunity to study nutrient digestion and absorption processes within and at different 

segments of the digestive tract, and the associated metabolic and physiological effects. 

Placing indwelling catheters in the portal vein and carotid artery of conscious pigs for 

continuous blood sampling allows net nutrient absorption to be quantified by the difference in 
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nutrient concentration between blood in the portal vein and carotid artery. Further, 

multiplying this value by the simultaneously determined blood flow rate through the portal 

vein provides information on nutrient absorption kinetics. Coupling the portal vein 

catheterized model with indirect calorimetry can be used to study energy expenditure by the 

PDV and whole-body in pigs. Combined, these models and techniques can assist in 

elucidating the mode of action of enzymes on growth performance, nutrient utilization and 

gene expression in pigs offered diets rich in NSP.   

The overall hypothesis of the thesis research reported herein was that pig diet rich in 

fiber will alter intestinal functions, depress nutrient absorption patterns and insulin 

production, and increase energy expenditure in growing pigs to reduce growth rate and that 

supplemental enzyme will ameliorate these effects to promote growth. The overall objective 

was to study the effects of supplementing high-fiber diets with enzymes on nutrient 

absorption and energy expenditure in growing pigs and to determine the mechanisms 

involved. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction  

Conventional pig diets contain substantial amounts of cereals (e.g. corn and wheat) 

and soybean meal to provide pigs with energy and protein. However, recent trends in the 

demand and supply of the conventional feedstuffs require producers around the world to seek 

alternative feedstuffs, such as cereal co-products from the biofuel and milling industries, to 

feed their pigs (Woyengo et al., 2014). Some of these alternative feed ingredients, such as the 

co-products from the agro-industrial plants have become very attractive to use in pig feeds to 

reduce feed cost (Woyengo et al., 2014). Additionally, the majority of these co-products have 

high energy and nutrient contents. However, these co-products are typically fibrous in nature 

and therefore, their incorporation into pig diets will inevitably change the carbohydrate 

composition of a high starch diet towards a diet containing less starch but more non-starch 

polysaccharides (NSP, the major component of dietary fiber).  

Diets rich in NSP are of less nutritive value to monogastric animals such as pigs 

because their digestive enzymes are not suited to degrade NSP. This concern is more critical 

because modern breeds of pigs have been selected for high lean yield and have a poor 

capacity for digesting fibrous diets (Borin et al., 2005; Len et al., 2007; Urriola and Stein, 

2012). Ultimately, pigs are not able to utilize the nutrients in diets containing substantial 

amounts of co-products due to the high dietary fiber content. Indeed, numerous studies 

suggest that ingestion of fibrous diets adversely affects energy and nutrient digestibility along 

with growth performance in pigs (Schulze et al., 1994; Owusu-Asiedu et al., 2006; Gutierrez 

et al., 2013; Agyekum et al., 2014). Dietary fiber exerts its adverse effects on nutrient 
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digestion by (i) enhancing dry matter flow and reducing digesta transit time, (ii) enhancing 

endogenous nutrient losses, (iii) encapsulating nutrients as well as (iv) increasing digesta 

viscosity to decrease digestive enzyme-nutrient interaction (Nyachoti et al., 1997; Souffrant, 

2001; Wenk, 2001). However, beneficial effects of dietary fiber on the gastrointestinal tract 

through fiber fermentation in the hindgut have been reported (Montagne et al., 2003).  

To deal with the risks associated with the use of fibrous co-products in swine diets, 

strategies such as formulating pig diets on net energy and digestible nutrient basis, use of feed 

processing techniques such as dehulling, and the use of exogenous carbohydrases have been 

recommended (Kerr and Shurson, 2013; Woyengo et al., 2014). However, the strategy 

commonly used, and has been the subject of several reviews, is the use exogenous 

carbohydrases.  

In this chapter, a review of the literature pertaining to the thesis research is provided. 

Thus, a review of dietary fiber and its effects in pig nutrition are provided. An overview of 

some cereal co-products from the biofuel and milling industries are also included in this 

chapter. In addition, exogenous enzymes, in particular, carbohydrases, and their use in pig 

nutrition are included in this chapter. Finally, some areas that require further research to 

expand our knowledge on the use of enzyme technology to improve nutrient utilization of pig 

diets containing high amounts of fibrous co-products are included in this chapter.  

 

2.2 Dietary Fiber 

2.2.1 Definition and Classification  

Although dietary fiber (DF) has several definitions, they all have limitations because 

plant cell wall components are variable and complex in their chemical and physical 



9 
 

composition, and their metabolic effects. The initial definition of DF as ―the sum of lignin and 

cell wall polysaccharides that are resistant to enzymatic hydrolysis in the digestive system of 

man‖ was coined by Trowell et al. (1976) in relation to human medicine. However, this 

definition of dietary fiber is also applicable to other monogastric animals such as pigs (Bach 

Knudsen, 2001). Dietary fiber also includes any polysaccharide that reaches the hindgut such 

as resistant starch and some oligosaccharides (e.g. fructooligosaccharides). The codex 

Alimentarius Commission (Codex, 2009) finalized the definition of DF as ―carbohydrate 

polymers with 10 or more monomeric units, which are not hydrolysed by the endogenous 

enzymes in the small intestine of human‖. The main constituents of the plant cell wall 

polysaccharides are cellulose, hemicelluloses, and pectins (non-starch polysaccharides, NSP). 

Cellulose is a linear polymer of glucose units with ß (1→4) linkages, whereas pectin consists 

mainly of glucuronic acid units joined in chains by α (1→4) glycosidic linkage. Furthermore, 

cellulose is the most abundant organic substrate on earth and forms the main structural 

component of plant cell walls. Hemicelluloses are a complex matrix of polysaccharides that 

include xylose, arabinose, galactose, mannose, glucuronic acid, and ß-glucans. Lignin is a 

phenolic polymer that anchors the cell wall polysaccharides and is not digested or fermented 

by porcine intestinal enzymes and bacteria, respectively (Bach Knudsen, 2001; Montagne et 

al., 2003; Metzler and Mosenthin, 2008; Bach Knudsen et al., 2012). The NSP can be 

classified as insoluble and soluble based on solubility in water or weak alkali (Bach Knudsen, 

2001). The insoluble NSP include cellulose and some hemicelluloses and the soluble NSP 

include mainly pectins, gums, and ß-glucans. Soluble NSP is more rapidly fermented in the 

gastrointestinal tract of the pig than insoluble NSP (Bach Knudsen, 2001; Montagne et al., 
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2003). For insoluble NSP, there is little or no fermentation in the upper gut, whereas 

fermentation remains low in the hindgut of pigs (Noblet and Le Goff, 2001).   

Nowadays, dietary fiber (or NSP fractions) is classified based on physicochemical 

properties to provide more information on its metabolic and physiological activities. The 

physicochemical properties of dietary fiber relevant to pig nutrition include hydration, 

viscosity, and fermentability. The hydration properties are swelling capacity, solubility, 

water-holding and water-binding capacity (Bach Knudsen, 2011). A detailed review of these 

properties is beyond the scope of this review. Nonetheless, incorporating these 

physicochemical parameters into pig feed formulation may provide nutritionists a better 

control on the fermentation process that takes place in the pig‘s gut. Furthermore, information 

on these parameters could assist pig nutritionist in predicting the energy contribution and 

prebiotic effect of a diet or feedstuff.  

2.2.1.1 Arabinoxylans  

Arabinoxylans are the major constituent of hemicelluloses and are concentrated in the 

cell walls of the endosperm, aleurone and the outer layers of cereal seeds and husks. The 

polymeric structure of arabinoxylans (Figure 2.1) is composed of xylose with a (1→4)-ß-

xylan backbone to which arabinose sugars are attached through oxygen atoms on position 2 

and 3 of the xylosyl residues (Perlin, 1951). The arabinose can be substituted by other hexose 

sugars or hexuronic acids as well as phenolic compounds and proteins (Saulnier et al., 2007). 

Arabinoxylans are the major NSP in wheat and cereal co-products such as wheat bran and 

distillers‘ dried grains with solubles (Bach Knudsen, 1997; Pedersen et al., 2014). A major 

part of the arabinoxylans in cereal grains and co-products are insoluble in water because they 

are bound to the cell walls, whereas the arabinoxylans not bound to the cell wall are soluble  
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Figure 2.1. Schematic of xylan. Obtained from Correia et al., (2011) with permission.  
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and can be highly viscous (Bach Knudsen, 1997; Saulnier et al., 2007). The cell walls of the 

aleurone layer have large amounts of feruloylated arabinoxylans, which contain lipids and 

proteins. It has been shown that pig diets containing high amounts of arabinoxylan decrease 

energy and nutrient utilization. Thus, by degrading the complex structure of arabinoxylan 

with exogenous xylanase, the entrapped lipids and proteins (and dietary energy and nutrients) 

can be made available for digestion and absorption. 

 

2.2.1.2 Mixed-linked-ß-glucans   

The mixed-linked-ß-glucans (ß-glucans) are found in most cereal grains and cereal co-

products but show high abundance in barley and oats (Bach Knudsen, 1997). Beta-glucan 

consists of linear chains of glucose monomers joined by mixes of ß-(1→3) and ß-(1→4) 

linkages (Choct, 1997). The ß- glucans and cellulose are both composed of ß-linked glucose 

monomers, but they differ in their physical properties due to the ß-(1→3) linkages in the ß-

glucan structure which make it more soluble (Choct, 1997). Therefore, pig diets rich in ß-

glucan typical increases digesta viscosity upon ingestion to reduce nutrient digestion and 

absorption. The addition of enzymes that degrade ß-glucan in pig diet should ameliorate this 

adverse effect. 

 

2.2.1.3 Mannans  

Mannans are present in the cell walls of legumes and are rarely present in cereals 

(Choct, 1997). The mannan backbone, composed of mannose, can be linked to either glucose 

or galactose to form glucomannans, composed of (1→4)-ß-linked glucose and mannose units, 

or galactomannans, composed of a (1→4)-ß-mannan backbone substituted with single units of 
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(1-6)-α-galactose), respectively (Choct, 1997). Mannans are water-soluble and thus have a 

great influence on digesta viscosity (Moreira and Filho, 2008). Pig diets formulated with corn 

and soybean meal are rich in these polysaccharides. 

 

2.2.1.4 Arabinans, Galactans, Arabinogalactan, and Xyloglucans 

Arabinans, galactans, and arabinogalactans are the three main types of pectic 

polysaccharides (Kumar et al., 2012). Arabinans are polymers of (1→5)-α-L-arabinose 

residues branched through the second or third oxygen, or both positions, whereas galactans 

are mostly linear polymers of (1→4)-ß-D-galactose residues with arabinose occasionally 

substituted along the chain (Choct, 1997; Kumar et al., 2012). Arabinogalactan is formed 

when arabinose substitutes galactose at positions 3 and 6 of the ß-(1→4) galactan structure 

(Kumar et al., 2012).  

Xyloglucans can be found in rice. Xyloglucans have a cellulosic backbone with single 

xylose units attached to the sixth oxygen atoms of the main chain (Choct, 1997).  

 

2.2.2 Analytical Methods for Characterizing Dietary Fiber 

Several methods exist for characterizing the dietary fiber component of feed and 

feedstuffs (Figure 2.2), whereas the choice of an analytical method depends on the aims of an 

investigation (Van Soest et al., 1991; Knudsen, 2001; Souffrant, 2001). Based on how the 

fibrous remnants are isolated and measured, the dietary fiber analytical methods are classified 

into three groups, which are, chemical-gravimetric, enzymatic-gravimetric, and enzymatic-

chemical methods. The numerous fiber analytical methods and the variability among the 

methods as well as the results make it rather difficult to compare information from different 
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studies (Mertens, 2003). In addition, issues of relevance, reproducibility, accuracy and 

precision of an analytical method are of great importance as they relate to the metabolic and 

physiological significance of dietary fiber (Mertens, 2003). Nonetheless, methods that 

categorize dietary fiber into soluble and insoluble seem to provide a more accurate 

interpretation of study results. In what follows, analytical methods commonly used for 

measuring dietary fiber are presented. 

 

2.2.2.1 Crude Fiber 

The crude fiber analysis, a chemical-gravimetric method, is part of the Weende 

proximate analysis of feed ingredients and was introduced to differentiate between 

carbohydrate that is ―available‖ and ―unavailable‖ for digestion (Mertens, 2003). The aim of 

the crude fiber analysis is to mimic the digestive actions of the gastric and pancreatic 

secretions by boiling a feed with dilute acid followed by a dilute alkali solution (Mertens, 

2003). The residue is weighed, ashed and the difference between the initial residue weight and 

ashed weight is considered the amount of fiber present in the sample (Mertens, 2003). The 

crude fiber analytical method is very robust and reproducible within and among laboratories, 

but there is no complete recovery of cellulose, hemicelluloses, and lignin. Therefore, crude 

fiber is not considered an acceptable definition for dietary fiber and is only used by regulatory 

agencies for quality control purposes and regulating the minimum crude fiber allowed in a 

feed (Mertens, 2003). 

 

2.2.2.2 The Detergent (Van Soest) Methods 

The detergent methods are also chemical-gravimetric procedures. They were
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Figure 2.2. Classification of dietary fiber based on analytical methods. Adapted from 

Souffrant (2001) with permission. 
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developed by Van Soest in the sixties and employ the use of detergents to progressively 

extract neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin 

(ADL) (Van Soest et al., 1991; Mertens, 2003). Thus, the detergent methods categorize 

dietary fiber into NDF, ADF, and ADL.  

The NDF procedure was designed to recover the insoluble components of dietary fiber 

(i.e., cellulose, hemicellulose, and lignin) after digesting a feed or ingredient sample in a 

solution at neutral pH (Mertens, 2003). The nutritional advantages of the NDF procedure are 

that it is able to approximate the insoluble dietary fiber fraction of a feedstuff and the results 

are reproducible (Mertens, 2003). 

The original idea of the ADF procedure was not for nutritional use or to predict 

digestibility, but to serve as a preparatory step for determining cellulose, lignin, acid detergent 

insoluble nitrogen (ADIN), acid-insoluble ash (AIA), and silica (Van Soest et al., 1991). The 

ADF procedure is used to recover mainly cellulose and lignin by digesting a diet sample or 

feedstuff in a solution at acidic pH (Van Soest et al., 1991).  The ADL procedure, on the other 

hand, is used to recover lignin using sulphuric acid (Mertens, 2003). To obtain a more 

accurate estimate of hemicellulose and cellulose it is important to determine NDF, ADF and 

ADL sequentially using the same sample (Van Soest et al., 1991). 

The detergent procedures, although are an improvement over the crude fiber method, 

do not recover soluble dietary fiber (e.g., pectins, gum and ß-glucans) (Mertens, 2003). 

Therefore, these procedures can underestimate the total dietary fiber, especially for starchy 

feed or ingredient sample, but probably not cereal co-products which have high insoluble 

fiber concentration. There is also the possibility of contamination of the residue with starch 

and proteins, which can compromise the repeatability and robustness of the detergent 
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procedure (Mertens, 2003). However, amylase treatment has been incorporated into the NDF 

method to resolve the issues that arise, particularly with starchy feeds and ingredients (Van 

Soest et al., 1991; Mertens, 2003).      

 

2.2.2.3 Total Dietary Fiber Method 

The total dietary fiber (TDF) method was introduced to overcome some of the pitfalls 

of the detergent procedure. The TDF method is important to monogastric animals, including 

pigs, with hindgut fermentation. The procedure employs enzymes to simulate the processes 

that take place within the digestive tract (Mertens, 2003) and may separate dietary fiber into 

soluble and insoluble fiber. Carbohydrates included in TDF definition include cellulose, 

hemicellulose, oligosaccharides, lignin, pectins, and gums. Therefore, TDF differs from NSP 

because of the lignin included in the definition. There are two major types of this procedure: 

enzymatic-gravimetric and enzymatic-chemical methods.  

The enzymatic-gravimetric methods are used to measure both insoluble and soluble 

fractions of dietary fiber and Official method 985.29 is the final version (AOAC, 2006). The 

procedure includes treatment of the sample with enzymes to remove starch and protein, 

precipitation of soluble fiber with aqueous ethanol, isolation and weighting of residue, and 

finally correction of protein and ash in the residue (Asp et al., 1992; Mertens, 2003). The 

method was later modified for soluble and insoluble fiber and further simplified using 4–

morpholine-ethane sulfonic acid-TRIS buffer (Lee et al., 1992).    

The enzymatic-chemical methods also use enzymes to remove starch. The soluble 

NSP are then precipitated with aqueous ethanol. Thereafter, the neutral sugars are quantified 

by gas-liquid chromatography or high-performance liquid chromatography, whereas uronic 
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acid is quantified by colorimetry (Mertens, 2003). The Uppsala and Englyst methods are the 

two common enzymatic-chemical methods.  The Uppsala method quantifies the NSP portion 

as the sum of amylase-resistant polysaccharides, uronic acid, and lignin, whereas the Englyst 

method does not include lignin and resistant starch in the final value (Englyst et al., 1996).  

The enzymatic-gravimetric and chemical methods, although are an improvement over 

the detergent procedure, are time-consuming, laborious, relatively expensive. In addition, the 

enzymatic-chemical methods are complex and require highly trained personnel to handle the 

chemical reactions and manage the instruments   

 

2.3 Cereal Grain Co-products as Alternative Feedstuffs for Pigs 

There is enough evidence in the literature to suggest that incorporating co-products 

into pig diets is actually not new because pigs were fed diets that contained considerable 

amounts of these so-called alternative feedstuffs in the past (Zijlstra and Beltranena, 2013). 

However, the current interest for using co-products in pig feeding is mostly to reduce feed 

cost. Thus, co-products are used as alternative feedstuffs for pig feed to ensure economic 

sustainability by converting low-value plant-based feedstuffs into high-value animal products. 

There are several potential feed resources that can be used for pigs worldwide and 

have been the subject of several recent reviews (e.g., Woyengo et al., 2014; Kiarie and 

Nyachoti, 2009; Zijlstra and Beltranena, 2013). However, in what follows, discussions on the 

nutritive value of alternative feed resources for pigs are limited to cereal grain co-products 

from the biofuel and milling plants (Table 2.1). 
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2.3.1 Distillers Dried Grains with Solubles 

Distillers dried grains with solubles (DDGS) is the most common co-product from the 

biofuel industry. Although fuel ethanol can be derived from cereal grains by either the wet 

mill or dry grind method, DDGS can only be coproduced with fuel ethanol via the dry grind 

method (Rausch and Belyea, 2006). The starch fraction of cereal grains is fermented with 

selected yeasts and enzymes to produce ethanol and CO2. The DDGS is the dried product 

remaining after the fermentation process and consists of all the distillers grains and more than 

70% of the condensed distillers solubles. Barley, corn, wheat, and sorghum may be used as 

the feedstock for producing ethanol (and thus DDGS) depending on supply, price, and 

availability. However, corn is main feedstock used to derive DDGS in the United States and 

eastern Canada (Stein and Shurson, 2009), whereas wheat is mainly used to derive the DDGS 

obtained from western Canada and Europe (Nyachoti et al., 2005; Cozannet et al., 2010), 

although some ethanol plants may also co-ferment corn and wheat for economic reasons. 

Because most of the starch in the cereal grain is fermented to produce ethanol, the starch 

content in DDGS is very little; however, DDGS has nearly 3 times more protein, AA, and 

most minerals as well as fiber than the parent cereal grain (Table 2.1). Much of the corn 

DDGS produced in the US today have less ether extract due to the implementation of partial 

oil extraction technology, which increases concentrations of fiber and other nutrients (Kerr et 

al., 2013). Further, the nutritional profile of DDGS depends on the cereal grain used to derive 

the DDGS. For instance, as shown in Table 2.1, corn DDGS has more fat and less protein 

relative to wheat DDGS, which is a reflection of the nutritional profile of corn and wheat. The 

DDGS has a greater concentration of insoluble arabinoxylans, cellulose, and lignin (Bach 

Knudsen, 1997) and thus the fiber in DDGS is mostly insoluble. 
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Table 2.1. Chemical composition of corn, wheat, and some co-products of corn and wheat from the biofuel and milling plants
1
 

 Corn   Wheat  

Item, %  Grain
a 

DDGS
b 

DDGS
2 

Germ
a 

Gluten meal
a 

 Grain
a
  DDGS

a 
Middlings

a 
 

DM 88.3 89.7 91.7 90.9 90.0  88.7 92.6 89.1  

CP 8.24 28.4 31.3 14.8 58.3  14.5 36.6 15.8  

GE, kcal/kg 3,933 - 4,704 3,569 4,865  3,788 4,650 3,901  

EE  3.38 10.1 5.68 19.7 4.74  1.82 5.34 3.15  

Starch 62.6 7.0 1.66 23.5 17.9  59.5 1.78 21.8  

Ash  1.30 2.75 4.85 5.54 1.46  1.98 4.57 2.05  

C. fiber 1.98 6.6 - - 0.70  2.57 6.75 5.15  

ADF 2.88 11.1 13.3 6.67 7.08  3.55 13.8 5.98  

NDF 9.11 37.6 32.9 18.3 1.57  10.6 34.7 35.0  

TDF 13.7 31.8 25.3 - -  9.83 - -  

IDF - 30.7 22.2 - -  6.81 - -  

SDF - 1.1 3.90 - -  2.34 - -  

Total EAA 3.39 11.7 12.5 5.96 25.2  4.72 11.9 6.06  
a
Data were obtained from NRC (2012); 

b
Data from Urriola et al. (2009; 2010) 

1 
ADF, acid detergent fiber; C. fiber, crude fiber; CP, crude protein; DDGS, distillers dried grains with solubles; DM, dry 

matter; EAA, essential amino acids; EE, ether extract; GE, gross energy; IDF, insoluble dietary fiber; NDF, neutral detergent fiber; 

SDF, soluble dietary fiber; TDF, total dietary fiber. 

2
The DDGS was produced from co-fermentation of corn and wheat in equal proportions. Data was obtained from Yáñez et al. 

(2011) and Agyekum et al. (2014)
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Therefore, it has been reported that less than 50% of the total fiber in DDGS is fermented in 

the digestive tract of pigs (Urriola et al., 2010), implying that DDGS fiber contribution to the 

energy supply is low.  

Most of the information available suggests that feeding pigs diet containing DDGS   

decrease nutrient utilization, due to the high fiber content in DDGS. Also, the protein and 

energy values in DDGS are lower than the parent cereal grain owing to the high fiber content 

in DDGS, and the protein in DDGS can also be denatured during the drying process. Pig 

growth performance decreased in most of the experiments, which evaluated DDGS effect on 

performance parameters, even when the DDGS-containing diets were formulated on NE and 

standardized ileal digestible AA basis (Avelar et al., 2010; Agyekum et al., 2014). However, 

it has been reported by Stein and Shurson (2009) that if the DDGS has good quality protein, 

then pig growth performance may not suffer from up to 30% dietary inclusion rate. In 

addition, recent studies by Kerr et al. (2015) and Wu et al. (2016) suggest that feeding 

growing-finishing pigs DDGS sources with NE values greater than 2300 kcal may support 

similar growth performance as pigs fed corn-soybean meal based diets. These recent studies 

also suggest that reduction in pig performance reported in some studies may be a function of 

using inaccurate nutrient loading values rather than feeding DDGS. Nonetheless, pork fat 

quality declines due to the higher percentage of unsaturated fat in DDGS, especially corn 

DDGS (Stein and Shurson, 2009), even with the current processing changes to reduce the oil 

content in DDGS (Graham et al., 2014).  
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2.3.2 Corn Germ and Corn Germ Meal  

Some plants use wet-milling technology to produce ethanol. Plants that separate the 

corn kernel before the starch is fermented also produce corn germ and corn germ meal and 

these co-products can serve as potential feed resources for pigs. Corn germ has less protein 

and fiber, but greater fat and starch contents than DDGS (Table 2.1). Corn germ meal is 

produced when the fat in corn germ is extracted to produce oil for human use. Therefore, the 

nutritional profile of corn germ meal differs from that of corn germ. Specifically, corn germ 

meal has less oil and starch, but more fiber and protein than corn germ (NRC, 2012).  

The addition of up to 30% corn germ to growing-finishing pig diet did not reduce 

growth performance, carcass composition and quality (Widmer et al., 2008; Lee et al., 2012). 

However, the addition of 15% corn germ as a source of fat in finishing pig diet containing 

30% DDGS did fail to improve pork fat quality, although pig growth performance did not 

decline (Lee et al., 2013). Therefore, a considerable amount of corn germ can be used in pig 

diet to improve pork carcass quality provided that DDGS is not added to such diets. On the 

other hand, replacing up to 38% of a corn-soybean meal based diet fed to growing gilts with 

corn germ meal did not reduce growth rate and feed intake, although feed efficiency reduced 

(Weber et al., 2010). More studies are required to elucidate the effects of corn germ and corn 

germ meal on the digestive physiology of pigs to encourage their use for pig diet. 

  

2.3.3 Corn Gluten Meal and Corn Gluten Feed 

Corn gluten meal and gluten feed are also co-products of the wet milling industry. 

Corn gluten meal is the product remaining after the starch, germ and some fiber in the corn 

have been separated during the wet-milling process (Stock et al., 2000). Corn gluten meal has 
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more protein and starch and less fiber than DDGS (Table 2.1). Corn gluten feed is the portion 

remaining after the starch, germ, and gluten have been extracted and thus, is composed mostly 

of the bran and steep liquor (Stock et al., 2000). Therefore, corn gluten feed has more fiber 

and less protein that corn gluten meal (NRC, 2012).   

The SID values for most AA in corn gluten meal were reported to be greater than that 

in corn and DDGS, although AA profile suggested that corn gluten meal could only serve as 

an AA source in pigs if the diets are fortified with indispensable AA (Almeida et al., 2011). 

Corn gluten meal and gluten feed are mostly used to feed ruminants (Stock et al., 2000); 

however, they can serve as potential feed resources for pigs.  

 

2.3.4 Wheat Middlings 

Wheat middlings is a co-product of wheat milling. The milling process converts more 

than 70% of the wheat grain into flour for human consumption and the remaining portion 

result in co-products. Wheat middlings consists mostly of the fine particles of wheat bran, 

wheat shorts, wheat germ, wheat flour, and some of the co-products from the tail of the mill. 

By definition, the crude fiber in wheat middling must not be more than 9.5%, whereas the 

protein and fat contents should not be less than 14% and 3%, respectively (AAFCO, 1988). 

Because most of the starch is removed from the wheat grain during the milling process, wheat 

middlings has more protein, fat, fiber and mineral contents, and less starch content than 

wheat. However, wheat middlings has lower protein and energy values than wheat owing to 

the high fiber content. In addition, wheat middlings has a variable nutritional profile just like 

any other co-product.  
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The feeding value of wheat middlings has been investigated in a few experiments. The 

addition of up to 30% wheat middlings to corn-soybean meal based diets reduced pig growth 

performance and carcass dressing percentage (Barnes et al., 2010; Stewart et al., 2013). 

Further, feeding growing and finishing pigs corn-soybean meal-DDGS-based containing up to 

20% wheat middlings adversely impacted growth performance and carcass traits (Salyer et al., 

2012). However, these negative responses may be due to high dietary fiber content and 

formulating diets on ME basis rather than NE basis (which is a better predictor of growth 

performance). For example, growth performance did not reduced by feeding a 15% wheat 

middlings-containing diet to pigs compared with the control when diets were formulated on 

NE basis (Wu et al., 2016). More studies are warranted to determine whether similar results 

will be achieved with higher dietary wheat middlings inclusion when such diets are 

formulated on NE basis. 

 

2.3.5 Wheat Millrun 

Wheat millrun is composed of coarse wheat bran, fine particles of wheat bran, wheat 

shorts, wheat flour the co-products from the tail of the mill. Like wheat middlings, wheat 

millrun must not contain more that 9.5% crude fiber. Thus, based on the definition and 

classification, wheat millrun and wheat middlings appear to be similar. However, wheat 

millrun contains a lower proportion of wheat bran than wheat middlings (Slominski et al., 

2004).  

The addition of wheat millrun to a wheat-soybean meal-based diet reduced the 

digestible energy content of the diet (Nortey et al., 2007). In addition, growth performance, 

AA, and mineral digestibility in growing pigs declined when up to either 20 or 40% of wheat 
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was replaced with wheat millrun, presumably due the high fiber content in wheat millrun 

(Nortey et al., 2007). However, the diets were formulated on either DE or ME basis rather 

than NE basis. Thus, the negative responses observed may be a function of inaccurate nutrient 

loading rather feeding wheat millrun. Therefore, further studies are required to determine 

feeding wheat millrun on pig growth performance when diets are formulated on an NE basis. 

 

2.4 Dietary Fiber in Pig Nutrition   

Starch and NSP do not only differ in chemical structure, but also in the type of 

nutrients, they supply. Starch digestion in the upper gut results in glucose, whereas NSP 

degradation in the lower gut results in volatile fatty acids (Zijlstra et al., 2012). In addition, 

pigs do not secrete the digestive enzymes required to break down NSP, whereas pigs secrete 

the enzymes required to hydrolyze starch. Furthermore, starch and NSP differ in terms of their 

effects on other nutrients in the digestion process and the performance of pigs (Zijlstra et al., 

2012). Several authors have reviewed aspects of dietary fiber or high fiber diets in pig 

nutrition. Taken together, the available information suggests that dietary fiber has both 

positive and negative effects on the pig. The majority of the information on dietary fiber in 

pig nutrition have been generated using purified fiber sources such as pectin, cellulose, and 

guar gum, and partially identified fiber from sources such as wheat bran (Bach Knudsen, 

2001), compared to information generated using natural fibrous feedstuffs such as DDGS. 

Usually, natural fibrous feedstuffs are composed of more than one fiber type, i.e, both soluble 

and insoluble. Therefore, the effect of natural fibrous feedstuffs on the digestive physiology of 

pigs may not necessarily be similar to that of purified fiber. In the following sections, fiber 
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effects in growing pigs are discussed in the context of fiber from purified and natural sources.  

 

2.4.1 Effects of Fiber on Pig Growth Performance 

The effect of high fiber ingestion has generally been shown to reduce pig growth 

performance. For instance, feeding growing pigs diets containing either 7% guar gum or 

cellulose reduced growth rate and final body weight (Owusu-Asiedu et al., 2006). Increasing 

DDGS from 0 to 20% in nursery pig diets (Avelar et al., 2010) and from 0 to 30% in growing 

pig diets (Agyekum et al., 2014) linearly decreased pig body weight, although diets were 

formulated to contain similar NE and SID AA.  

The bulkiness of diets due to the addition of fibrous feedstuffs have been reported to 

depress feed intake in pigs offered high fiber diets due to gut fill (Kyriazakis and Emmans, 

1995; Owusu-Asiedu et al., 2006; Ndou et al., 2013). In gestation sows, early satiety due to 

the intake of high fiber diets prevent certain stereotypes and thus are paramount to their 

welfare (Bindelle et al., 2008), whereas in growing pigs reduced feed intake is detrimental to 

growth performance. However, in growing-finishing pigs, feed intake does not always 

decrease when fed high fiber diets. For instance, feed intake did not decrease in growing-

finishing pigs offered diets containing up to 30% of cereal grain co-products from the ethanol 

plant in several experiments (Stein and Shurson, 2009; Yoon et al., 2010; Agyekum et al., 

2012,2014; Gutierrez et al., 2013). In pigs raised under thermo-neutral environment, feed 

intake is typically influenced by the energy content rather than the bulkiness of the diet 

(Henry, 1985). The addition of fibrous feedstuffs to pig diets dilutes dietary energy content. 

Therefore, a decrease in dietary energy content is typically associated with increased feed 

intake to compensate for the energy required to support maintenance and growth of pigs. 
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Nonetheless, a period of adaptation to a fibrous diet is required before growing pigs can be 

able to consume enough of a high fiber diet to compensate for dietary energy dilution (Henry, 

1985).  

 

2.4.2 Effect of Fiber on Nutrient Digestibility  

Prececal and total tract nutrient digestibilities have been reported by several 

researchers to be negatively affected when pigs ingest high fiber diets. Several mechanisms 

have been put forward to explain the negative impact of high fiber diets on nutrient digestion. 

In this context, soluble fiber has been reported to increase digesta viscosity and thereby slow 

down the diffusion of substrate and enzymes in the porcine small intestine, which hampers 

nutrient digestion and absorption (Wenk, 2001). Indeed, it has been reported that soluble fiber 

from purified guar gum, sugar beet pulp, oats and wheat and barley-based diets increased 

digesta viscosity leading to a reduction in nutrient digestion (Bach Knudsen and Hansen, 

1991; Bach Knudsen, 2001; Owusu-Asiedu et al., 2006). Insoluble fiber, on the other hand, 

reduces digesta passage rate thereby allowing less mixing time for digestive enzymes and 

dietary components (Wenk, 2001). For instance, insoluble fiber from wheat and corn bran, 

and cellulose reduced digesta transit time leading to decreased nutrient digestibility in several 

studies (Owusu-Asiedu et al., 2006; Wilfart et al., 2007; Bindelle et al., 2008; Le Gall et al., 

2009). However, the fiber in DDGS (predominately insoluble) had no effect on digesta transit 

time in the experiment by Urriola and Stein (2010) suggesting that insoluble fiber effect on 

digesta transit time may vary among studies, and probably depends on the presence of 

interfering factors likely to exist in fiber from natural feedstuffs. Nonetheless, insoluble NSP 
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has been reported to only decrease digesta transit time in the hindgut, whereas digesta transit 

time in the small intestine is unaffected or prolonged (Wenk, 2001; Wilfart et al., 2007).   

The NSP-rich diets also encapsulate nutrients and thereby hamper their accessibility to 

digestive enzymes for hydrolysis (Wenk, 2001). Ingestion of fibrous diets has been reported 

to reduce nutrient digestibility through increased endogenous intestinal nutrient losses in pigs 

(Schulze et al., 1994; Souffrant, 2001; Wenk, 2001; Montagne et al., 2003; 2004). In addition, 

ingestion of fibrous diets leads to increased thickness of the unstirred water layer adjacent to 

the intestinal mucosa, which can impair nutrient digestion and absorption (Eastwood and 

Morris, 1992). 

 

2.4.3 Fiber Effect on Starch Digestion     

Although endogenous carbohydrate enzyme activities may be reduced by fiber 

ingestion (Khokhar, 1994), several studies (Knudsen and Hansen, 1991; Knudsen et al., 1993; 

Högberg and Lindberg, 2004) have reported that the digestibility of starch in the pig diet is 

not affected by dietary fiber content and that starch is almost completely digested at the end of 

the small intestine. The lack of fiber effect on starch digestibility is suggested to be due to the 

relatively long length of the small intestine, which ensures that starch is digested efficiently 

before the end of the ileum (Knudsen and Hansen, 1991). However, Wenk (2000) suggested 

that a fiber-rich diet may reduce digesta transit time and allow a greater amount of undigested 

starch to pass the ileum. Indeed, recently Gao et al. (2015) reported that addition of 5% inulin 

to a corn-soybean meal based diet fed to growing-finishing pigs reduced ileal starch 

digestibility by increasing ileal starch flow. Nonetheless, whereas overall starch digestibility 

may not be affected by dietary fiber, the rate of starch digestion and absorption decreases due 
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to fiber ingestion (Jenkins et al., 1987; Serena et al., 2009). The decrease in the rate of starch 

digestion has been attributed to luminal viscosity and nutrient encapsulating effect of intact 

cell-wall polysaccharides (Jenkins et al., 1987). Soluble fiber appears to have a greater impact 

on starch digestion and absorption than insoluble fiber (Nunes and Malmlöf, 1992; Serena et 

al., 2009). The reduction in starch absorption when pigs are fed fiber-rich diets may also be 

due the decreased dietary starch load compared with when pigs are fed low fiber diets, which 

are typically rich in starch. 

 

2.4.4 Fiber Effect on Protein Digestion 

The literature contains a plethora of information on the effect of fiber on protein 

digestion in pigs. In general terms, ingestion of a fibrous diet reduces both ileal and total tract 

protein digestibility. The reduction in ileal protein and AA digestibility due to fiber ingestion 

has been reported to be associated with increased endogenous and exogenous N and AA 

losses, whereas increased microflora (bacterial protein) excretion in the feces is primarily 

responsible for the reduction in total tract protein digestibility in pigs (Nyachoti et al., 1997; 

Souffrant, 2001; Wenk, 2001). Endogenous ileal N and AA losses refer to N or AA present in 

endogenously synthesized proteins that have not been digested and reabsorbed before 

reaching the end of the ileum (Nyachoti et al., 1997; Souffrant, 2001; Stein et al., 2007). They 

can be classified into basal losses, which is the minimum quantities of N and AA that are 

inevitably lost in all diets, and specific losses that are influenced by diet ingredient 

composition (Stein et al., 2007).  

Concerning diet-specific ileal endogenous N and AA losses, several studies have 

reported that ingestion of fibrous diets increases the secretion of digestive enzymes and juices 
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to accommodate dietary fiber in the digestive tract. For instance, Langlois et al. (1987) 

reported that feeding a diet containing 40% wheat bran increased pancreatic juice and enzyme 

secretion in growing pigs. Increases in bile juice, mucin, and sloughed epithelial cells have 

also been reported due to fiber ingestion in pigs (Low, 1989; Souffrant, 2001; Montagne et al., 

2004). Because digestive juices, mucin, and sloughed epithelial cells are rich in N and AA, an 

increase in their production and decreased reabsorption before the end of the ileum, due to 

fiber ingestion, results in decreased ileal N and AA digestibility. Dietary fiber can also adsorb 

AA and peptides and thereby withhold them from digestion in the small intestine (Souffrant, 

2001) leading to decreased ileal N and AA digestibility. 

  

2.4.5 Fiber Effect on Fat Digestion    

The effects of fiber on fat digestibility have been investigated extensively in pigs. Shi 

and Noblet (1993) reported that ingestion of high fiber diets decreased fat digestibility in pigs. 

Similarly, feeding growing pigs cereal-based diets containing 20 or 40% wheat bran 

decreased fat digestibility (Wilfart et al., 2007). The reduction in fat digestibility has been 

reported to be dependent on the type of fiber. Thus, soluble fiber increases digesta viscosity 

and thereby prevent substrate-enzyme interaction to decreased fat digestion, whereas 

insoluble fiber reduces digesta transit time in the digestive tract and thus increase fat excretion 

in the feces (Dégen et al., 2007). However, not all studies have reported on the depressive 

effect of fiber-rich diets on fat digestion. For instance, the addition of wheat bran, corn bran, 

soybean hulls and sugar beet pulp to increase the fiber contents of diets fed to pigs did not 

affect fat digestibility relative to the control diet (Le Gall et al., 2009). Kil et al., (2010) also 

observed a lack of dietary purified NDF inclusion (from Solka-Floc) on fat digestibility 
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relative to the control. Conversely, Högberg and Lindberg (2004) reported that feeding 

growing pigs diets containing brans from oats, wheat and rye increased fat digestibility. 

Similarly, Gao et al. (2015) reported that addition of 5% inulin or sodium 

carboxymethylcellulose (CMC) increased fat digestibility in growing pigs. Fat or oil is 

typically added to fibrous diets to compensate for the energy-dilution effect of fiber. 

However, increasing dietary fat content has been shown to increase fat digestibility (Kil et al., 

2010). Therefore, the above-mentioned studies showing that fat digestibility increased 

irrespective of the fiber could possibly be due to the increased dietary fat content meant to 

compensate for the low energy content. Increasing dietary fat content has also been reported 

to depress fiber digestibility (Dégen et al., 2007). 

Depression in fat digestibility has been reported to be more pronounced at the fecal 

level than at the end of the ileum (Dégen et al., 2007). Therefore, the values for hindgut fat 

disappearance (calculated as total tract digestibility-ileal digestibility) are usually negative, 

indicating dietary fiber intake may increase endogenous fat synthesis in the hindgut of pigs by 

the microflora. However, not all the studies mentioned above reported a net fat synthesis in 

the hindgut of pigs due to fiber ingestion. Thus, fiber ingestion did not result in net fat 

synthesis in the studies by Kil et al (2010) and (Gao et al., 2015), whereas fiber intake 

resulted in net fat synthesis in the studies by Shi and Noblet (1993) and Högberg and 

Lindberg (2004). Kil et al (2010) and Gao et al. (2015) used purified dietary fiber sources 

(i.e., CMC, inulin, and Solka-Floc), whereas Shi and Noblet (1993) and Högberg and 

Lindberg (2004) used fiber from nature sources (e.g. brans, corn gluten feed, and wheat 

middlings) in their studies. Therefore, a possible reason for the discrepancy may be due to the 

fiber source used in the various studies.    



32 
 
 

2.4.6 Fiber on Fermentation  

As mentioned previously, pigs do not secrete the enzyme required to hydrolyze dietary 

fiber. Therefore, the disappearance of dietary fiber in the digestive tract of pigs is ascribed to 

microbial fermentation. Fermentation occurs mainly in the hindgut, i.e., caecum and colon, 

due to the dense microbial populations in this region of the gut, although considerable 

fermentation can happen before the end of the ileum (Noblet and Le Goff, 2001; Wenk, 2001; 

Jha and Berrocoso, 2015). Furthermore, the different fiber types have different susceptibility 

to microbial fermentation and thus, generally, soluble fiber has a faster fermentation rate than 

insoluble fiber. Indeed, it has been shown that fermentation of soluble fiber occurs in the 

proximal colon, whereas fermentation of insoluble fiber is gradual and can be sustained until 

the end of the colon (Choct, 1997). In addition, it has been reported that addition of insoluble 

fiber to pig diets may lead to low or insignificant microbial fermentation in the small 

intestine, whereas fermentation remains low in the hindgut (Noblet and Le Goff, 2001). 

Therefore, it follows that diets containing a high amount of insoluble fiber may hamper fiber 

fermentation in pigs. For instance, Urriola and Stein (2010) and Gutierrez et al. (2013) 

reported that addition of up to 30% DDGS and 40% corn bran with solubles, respectively, to 

corn-soybean meal based diets reduced total tract and hindgut disappearance of TDF and NDF 

in growing pigs compared with those fed corn-soybean meal based diets. Nonetheless, 

fermentation of fiber in sows is greater than in growing pigs owing to the longer digesta 

retention time in the hindgut and well-developed gut capacity in sows (Shi and Noblet, 1993; 

Wilfart et al., 2007).    

Microbial fermentation of dietary fiber results in volatile fatty acids (VFA), mainly 

acetic, propionic and butyric acids and gasses, i.e., CO2, H2, and methane (Wenk, 2001). The 
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absorbed VFA contribute towards the dietary energy supply (Yen et al., 2004). Indeed, reports 

(e.g., Imoto and Namioka, 1978; Rerat et al., 1987; Yen et al., 1997) suggest that the absorbed 

VFA can supply up to 28% of the maintenance energy requirement of pigs. However, the 

amount of energy available to the pig for productive functions from fiber fermentation is low 

due to the energy losses due to methane and H2 production, and heat of fermentation. The 

VFA have also been suggested to be beneficial to intestinal development and gut health in 

pigs (Bindelle et al., 2008; Jha and Berrocoso, 2015). For example, butyrate is used as an 

energy source for colonic cell proliferation, whereas propionate and some amount of butyrate 

are used for gluconeogenesis and nearly two-thirds of acetate is metabolized in the muscle 

cells (Slavin, 2013). In addition, the products of fiber fermentation are used to promote 

bacterial growth (Wenk, 2001; Yen et al., 2004; Slavin, 2013). Therefore, dietary fiber 

ingestion does not only influence nutrient utilization, but also other physiological functions in 

the pig gut. However, fiber type and hydration properties, particularly solubility, and dietary 

fiber level affect the ability of dietary fiber to influence gut functions (Bach Knudsen et al., 

2012; Molist et al., 2014). 

 

2.4.7 Fiber Effect on Viscera Organ Mass 

Ingestion of high fiber diets leads to increased secretion of digestive juices and 

enzymes as mention previously. This implies an increase in the workload of the secretory 

organs leading to hypertrophy. In addition, the increase in feed intake, to compensate for the 

low-energy value of high fiber diets, results in adaptive changes in the gastrointestinal tract 

(Jin et al., 1994). For instance, Jin et al. (1994) observed a 33%-unit increase in the rate of cell 

proliferation in the jejunum and colon of pigs offered a 10% wheat straw-containing diet 
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compared with the control. These changes lead to enlargement of some or all organs 

comprising the gastrointestinal tract (Stanogias and Pearce, 1985). For example, pigs fed 

corn-soybean meal diets containing 40% alfalfa meal had heavier stomach, small intestine, 

large intestine, and liver weights compared with pigs fed corn-soybean meal control diet 

(Anugwa et al., 1989; Pond et al., 1989). Feeding pigs a 30% DDGS-containing diet increased 

visceral organ mass relative to the control-fed pigs (Agyekum et al., 2012). However, Jin et 

al. (1994) did not find any effect of feeding growing pigs a 10% wheat straw-containing diet 

on changes in visceral organ mass compared with the control. In the study by Jin et al. (1994), 

pigs were fed the fibrous diet for 14 days and the dietary fiber level was lower than the studies 

mentioned above (Anugwa et al., 1989; Pond et al., 1989; Agyekum et al., 2012) showing 

increases in visceral mass due to fiber ingestion in pigs. Therefore, the lack of effect of fiber 

ingestion on visceral mass in the study by Jin et al. (1994) could be due to dietary fiber 

inclusion level and adaptation period employed in their study.  

 

2.4.8 Fiber Effect on Energy Metabolism  

The effect of fiber on energy metabolism in pigs has been studied extensively. Results 

from such studies show a negative effect of fiber ingestion on energy metabolism in pigs. 

Several mechanisms have been adduced to explain the negative effects of fiber on energy 

metabolism in pigs. Firstly, and as mentioned previously in this review, dietary fiber may 

decrease the digestibility of starch, fat, and protein, which are energy-yielding substrates, 

resulting in decreased energy digestibility and thus hampering energy metabolism. The 

second mechanism relates to the increased visceral organ mass due to ingestion of high fiber 
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diets as mentioned previously. The visceral organs drained by the portal vein (PDV) and liver 

(collectively termed splanchnic tissues) are metabolically active tissues and thus require 

substantial amounts of the whole-body energy (and nutrient) supply for their maintenance. 

Indeed, Yen et al. (1989) showed that the PDV alone accounts for 25% of whole-body energy 

demand (measured as the amount of O2 consumed) in pigs. Furthermore, as a percentage of 

whole-body energy demand, the splanchnic tissues account for nearly 45 to 50% in cattle 

(McBride and Kelly, 1990) and 45% in pigs (Yen, 1997). Thus, it follows that the changes in 

the PDV mass due to high fiber ingestion would increase their energy demand for 

maintenance. For example, Yen et al. (2000) reported that growing pigs fed a barley-canola 

meal based (high fiber) diet had increased PDV mass and maintenance energy requirement 

(measured as fasting O2 consumed by the PDV and whole-body animal) compared with pigs 

fed a casein-cornstarch based (low fiber) diet.  However, Agyekum et al. (2012) did not 

observe increased whole-body fasting O2 consumption in growing pigs fed a corn-soybean 

meal diet containing 30% DDGS, albeit increased PDV mass relative to pigs fed the control 

diet. The smaller sample size (4 pigs per treatment) in the study by Agyekum et al. (2012) 

may partly explain the lack of high fiber diet effect on maintenance requirement in the pigs. 

Nonetheless, the increased PDV energetic and nutrient demands in pigs due to high fiber 

intake reduces the amount of energy and nutrients used for the growth of tissues of economic 

importance, such as muscle. Indeed, ingestion of diets rich in fiber was shown to reduce pig 

carcass weight in several studies, albeit similar slaughter body weight (Xu et al., 2010; 

Agyekum et al., 2012; Jha et al., 2013; Graham et al., 2014).   

The third mechanism by which high fiber diet intake negatively affects energy 

metabolism relates to the increased endogenous secretions. This is because energy is 
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expended during the synthesis and secretion of endogenous juices and enzymes leading to an 

increase in the maintenance energy requirement (Wenk, 2001).  

 

2.5 Exogenous Enzymes for Fiber-rich Diets in Pigs 

Pigs, like other monogastric animals, do not secrete the endogenous enzymes required 

to hydrolyze NSP. Furthermore, from the preceding discussion on fiber effects in pig 

nutrition, it is apparent that although NSP-rich diets can improve sow welfare and be 

beneficial to pig gut health, they interfere with energy and nutrient digestibility and utilization 

and thereby hamper growth performance in pigs. Therefore, to ameliorate the anti-nutritional 

effects of NSP in pig nutrition, several exogenous enzyme preparations have been developed 

over the years to target and degrade the NSP components to improve nutrient digestion and 

utilization in pigs. Exogenous enzymes, by definition, are biologically active proteins that 

hydrolyze specific chemical bonds such that nutrient are liberated to ensure further digestion 

and absorption. In this context, the NSP enzymes target specific NSP. For instance, xylanase 

degrades arabinoxylans, ß-glucanase degrades ß-glucans, whereas cellulase degrades 

cellulose. Other commercially available carbodydrase enzymes include α-amylase, ß-

mannanase, α-galactosidase, and pectinase. These enzymes are of importance to the livestock 

and feed industry; however, xylanases and ß-glucanases account for more than 80% of the 

global NSP enzymes (Adeola and Cowieson, 2011) owing to the abundance of their substrates 

in the feedstuffs, including the NSP-rich feed resources, commonly used in pig diets. 

Furthermore, all the NSP enzymes belong to the glycosyl hydrolases (EC 3.2.1.x) group of 

proteins and mostly degrade complex carbohydrate polymers into lower molecular weight 
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components, i.e., endo-acting enzymes (Adeola and Cowieson, 2011). Presently, and owing to 

the complexity of the NSP in oilseed and oilseed meal, carbohydrase enzyme development 

has primarily focused on enzyme preparation for NSP in cereal grains, whereas little attempt 

has been made towards generating enzyme preparation suited to the NSP in oilseed and 

oilseed meal (Paloheimo et al., 2011).   

The NSP enzymes have been extensively studied in monogastric animals, including 

pigs and has been the subject of several reviews, for example, Adeola and Cowieson (2011), 

Bedford and Schulze (1998), and Partridge and Bedford (2001). Three mechanisms by which 

NSP enzymes improve energy and nutrient digestibility have been proposed: (1) disruption of 

the cell wall to eliminate nutrient-encapsulating effects of NSP and thereby increase starch, 

protein, and fat availability for digestion; (2) partial hydrolysis of soluble NSP to reduce 

digesta viscosity in the upper gut; and (3) degradation of insoluble NSP into lower molecular 

weight components for effective hindgut fermentation to improve overall energy utilization.  

 

2.5.1 Xylanases 

Xylanase (endo-1,4-ß-xylanase) randomly cleaves the xylan backbone leading to 

branched xylooligosaccharides. The ‗accessory‘ enzymes cleave the oligosaccharides into 

xylose and arabinose residues and possibly cause the release of other nutrients that are 

associated with arabinoxylans found in the grain endosperm and aleurone layers (Paloheimo 

et al., 2011). Bacteria and fungi serve as the primary sources for the commercially available 

xylanase. The main function of xylanase is to degrade arabinoxylans to release xylose and 

arabinose (and the encapsulated nutrients) before the terminal ileum to promote digestion and 

absorption, rather than microbial fermentation in the hindgut (Bedford and Schulze, 1998; 
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Paloheimo et al., 2011). This, in turn, increases the energy and nutritive value of feed 

ingredients that contain arabinoxylans. Thus, xylanase is more effective in diets with a greater 

amount of arabinoxylans. In this context, xylanase is more suited to wheat-based diets 

because arabinoxylans represent more than 70% of the total NSP in wheat (Zijlstra et al., 

1999). Indeed, most of the experiments conducted with xylanase have focused on wheat-

based diets and some positive effects have been reported. For instance, supplementing wheat-

based diets with xylanase at rates of (on an as-fed basis) 5,500 and 11,000 xylanase units per 

kg improved the apparent ileal digestibility (AID) of CP and most AA in growing pigs 

(Barrera et al., 2004). Positive effects of xylanase addition to wheat-based diets on the AID of 

CP and AA have also been observed in other studies (Moehn et al., 2007; Nortey et al., 2007; 

Woyengo et al., 2008). The positive effect of xylanase on protein digestibility in wheat-based 

diets could be due to the disruption of the endosperm cell wall to release the entrapped 

protein.  Xylanase has also been shown to have positive effects on nutrient digestibility in rye-

based diets (Lærke et al., 2015).  

 

2.5.2 Cellulases and ß-glucanases  

The enzymes belonging to this class of proteins degrade cellulose and ß-glucans and 

are namely endoglucanases, cellobiohydrolases, β-glucosidases and cellobiases (Paloheimo et 

al., 2011). Cellobiase acts primarily on cellobiose but is normally included in the cellulase 

complex. Furthermore, concerning the endoglucanases, endo-1-3(4)-ß-glucanase cleaves 

bonds in the mixed-linked-ß-glucans and endo-(1,4)-ß-glucanase hydrolyses ß-(1,4)-glucan. 

Additionally, endo-(1,4)-ß-glucanase is considered as part of the cellulases (Adeola and 

Cowieson, 2011).  
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The ß-glucanases, which degrade 1-3(4)-ß-glucan), along with xylanases, are the 

major NSP enzymes in the feed industry. The ß-glucanases are more suited to barley- and oat-

based diets because ß-glucan is the predominant NSP in barley and oats (Bedford and 

Schulze, 1998).  

 

2.5.3 Multi-carbohydrase Enzyme Combinations 

Xylanase and ß-glucanase (endo-1-3(4)-ß-glucanase) are often used together or in 

combination with the other commercially available carbohydrases. The rationale is to target 

all the components that make up the NSP to ensure complete hydrolysis of the NSP and thus 

reduce the amount of undigested energy and nutrients in the pig diets. Indeed, the available 

information concerning NSP enzymes in pig nutrition suggests that a cocktail of NSP 

enzymes is more effective in improving the nutritive value of pig diets rich in NSP owing to 

their ability to hydrolyze the complex NSP structure in those diets. For instance, Emiola et al. 

(2009) showed that an NSP cocktail containing xylanase, ß-glucanase, and cellulose improves 

AID and total tract digestibility (ATTD) of nutrients in growing pigs fed a mixed-grain diet 

containing up to 30% wheat DDGS. Similarly, Omogbenigun et al. (2004) reported that 

adding a cocktail of cellulase, galactanase, mannanase, and pectinase improved the AID and 

ATTD  of energy and nutrients in weanling pigs fed mixed-grain diets containing wheat co-

products (i.e, wheat screenings and millrun).  

Feed enzymes were developed to target poultry fed on standard European diets, which 

comprise of wheat, barley, oats, and rye (Bedford and Schulze, 1998). Therefore, like poultry, 

most of the research on NSP enzymes in pigs has focused on non-corn-based diets with 
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limited research on the impact of these enzymes in corn-based diets. However, corn and 

soybean meal are the most widely used feed ingredients in the pig and poultry industry, 

including North America. Therefore, for NSP enzymes to be used successfully in North 

America, they must demonstrate their ability to improve nutrient digestibility when added to 

pig diets containing substantial amounts of corn and co-products from the ethanol plants. 

Single NSP enzymes have shown positive effects on nutrient digestibility for corn-based diets 

in pigs, but admixtures of NSP enzymes are more effective in improving the nutritive value of 

corn-based diets. For instance, an admixture of NSP enzymes improved nutrient digestibility 

in weanling (Kim et al., 2003) and growing (Ao et al., 2010) pigs fed corn-soybean meal 

based diets. Similarly, an NSP enzyme cocktail of xylanase, α-amylase, protease, and β-

glucanase improved the ATTD of dry matter, CP, and energy  in nursery and growing-

finishing pigs fed corn-soybean meal based diets containing corn or sorghum DDGS (Feoli, 

2008).     

 

2.5.4 Response to NSP degrading Enzymes  

 The beneficial effects of NSP enzymes on nutrient digestibility and performance are 

well documented. The NSP enzymes are more effective and produce consistent positive 

responses when incorporated into poultry diets compared with when added to pig diets. 

Reasons, why differing responses to NSP enzymes exist between poultry and pigs, have been 

reviewed by several authors including Campbell and Bedford (1992), Chesson (1993), and 

Bedford and Schulze (1998). Taken together, these excellent reviews suggest that the 

differences in gastrointestinal anatomy, digestive capacity, and digesta characteristics are the 

main factors influencing the differing responses to NSP enzymes in pigs compared with 
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poultry. For instance, digesta has a much faster passage rate in the poultry than in the pig, 

which could explain some of the observed differences in response to NSP enzyme 

supplementation. Further, differences in upper gut microflora load, gut motility, and digesta 

moisture content also contribute to the observed differences in NSP enzyme response between 

poultry and pigs. In addition, whereas digesta viscosity is the major reason for the depressed 

nutrient digestibility and growth performance in poultry, this is not the case in pigs owing to 

the greater digesta moisture content in the pig. Therefore, the fact that the major NSP 

enzymes, xylanases and ß-(1glucanases), were designed to target wheat- barley- and oats-

based diets, which have more viscous soluble (rather than insoluble) fiber may also explain 

the disparity in response to NSP enzymes in pigs and poultry.     

The responses obtained from some recent studies evaluating NSP enzyme effects on 

nutrient digestibility and/or growth performance of pigs fed NSP-rich diets are summarized in 

Table 2.2. Some experiments (e.g., Omogbenigum et al., 2004; Emiola et al., 2009) observed 

positive effects on nutrient digestibilities and/or growth performance when NSP enzymes 

were added to NSP-rich diets, whereas others (Jacela et al., 2010; Jones et al., 2010) failed to 

demonstrate any beneficial effects. Furthermore, Kerr et al. (2013) recently reported small and 

inconsistent effects of NSP enzyme addition to NSP-rich diets in nursery and grower-finisher 

pigs and no improvement in pig growth performance. In addition, a recent review by 

Swiatkiewicz et al (2015) suggested that the use of NSP enzymes to improve nutrient 

digestibility and/or pig performance fed DDGS-containing diets have not produced consistent 

results. 

Variations in dietary ingredients and composition and experimental conditions among 

studies contribute to the inconsistent results reported on NSP enzymes in pig trials (Svihus,  
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Table2.2. Effects of supplementing fiber-rich diets with carbohydrase complex on nutrient digestibility and growth performance in 

pigs 

Diet composition
1 

NSP enzyme Pig  Nutrient digestibility
2
  Growth performance  References 

Wheat, SBM, wheat 

screening, millrun 

Cellulase, galactanase, 

mannanase, and 

pectinase 

Nursery   Improved DM, starch, 

energy, NSP, CP and 

phytate digestibility  

Improved growth rate 

and feed efficiency  

Omogbenigun et al. 

(2004) 

      

Corn, SBM, DDGS 

(corn or sorghum) 

Xylanase, α-amylase, ß-

glucanase, and protease 

Nursery  DM digestibility 

Improved, but not CP 

and energy  

Improved feed 

efficiency, but not 

growth rate 

Feoli (2008) 

      

Corn, SBM, DDGS 

(corn or sorghum) 

Xylanase, α-amylase, ß-

glucanase, and protease 

Grower-

finisher 

CP digestibility 

Improved, but not DM 

and energy 

No significant 

improvement 

Feoli (2008) 

      

Corn, barley, SBM, 

wheat DDGS 

xylanase, ß-glucanase, 

and cellulose 

Grower-

finisher 

Improved DM, CP, ether 

extract and energy 

digestibility  

Improved growth rate 

and feed efficiency 

Emiola et al.(2009) 

      

Corn, SBM, corn 

DDGS 

Xylanase, ß-glucanase, 

and mannanase 

Nursery  Not determined  No significant 

improvement   

Jones et al. (2010) 

      

Corn, SBM, corn 

DDGS 

Xylanase, ß-glucanase, 

protease, and mannanase 

Grower-

finisher 

Not determined  No significant 

improvement  in all 4 

studies   

Jacela et al. (2010) 

      

Wheat, barley,corn, 

SBM, CM, corn 

DDSG, wheat, 

middlings, rye 

Xylanase and ß-

glucanase 

Grower-

finisher 

Improved DM, CP, and 

energy digestibility 

Improved gilt growth 

performance, but not 

barrows 

Kiarie et al. (2012) 
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Corn-SBM, wheat 

middling, fish meal 

Xylanase,α-amylase, 

and protease 

Nursery  Improved DM, CP and 

energy digestibility 

Improved growth rate 

and feed efficiency 

Zhang et al. (2014) 

1
CM, canola meal; DDGS, distillers dried grains with solubles; SBM, soybean meal. 

2
CP, crude protein; DM, dry matter; NSP, nonstarch polysaccharides.  
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2011). Furthermore, variations between different enzymes sources and the optimal dosage of 

NSP enzymes and the age of experimental animals may partly explain the inconsistencies 

between studies. However, the mechanism by which NSP enzymes influence the metabolic 

response and thus the digestive physiology of pigs fed high fiber diets is not clearly 

understood. 

Growth response is often used to assess the efficacy of NSP enzymes in pigs fed fiber-

rich diets. However, growth relies on the interplay of biological and biochemical processes. 

Thus, specific processes within an animal have to be suppressed or enhanced in order for an 

animal to grow. For instance, it has been reported that greater starch digestion is associated 

with greater AA absorption in pigs (Yin et al., 2010), which is likely due to glucose acting as 

a signal molecule for AA transporters. The same authors reported in a subsequent study (Yin 

et al., 2011) that increased starch digestion up-regulated the activity and gene expression 

profiles of enzymes involved in lipid metabolism in pigs, which may explain how increased 

glucose absorption promotes pig growth. Because NSP enzymes are expected to improve 

starch digestibility, it can be surmised that NSP enzymes can influence transporter activities 

and expression of enzymes involved in nutrient and energy metabolism in pigs. However, 

information regarding NSP enzyme effects on nutrient transporter activities and energy 

metabolism-related gene expressions in pigs is scarce. Such information may advance our 

understanding of how NSP enzymes influence the digestive physiology of the pig to elicit 

growth. 

The ileal and/or total tract digestibility methods were used in the studies evaluating the 

effect of NSP enzymes on nutrient absorption in pig fed NSP-rich diets. The digestibility 

method, however, measures the amount of nutrients that disappear from the gastrointestinal 
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tract and does not quantify the net absorption of nutrient from the GIT (Rérat et al., 1984; Yen 

and Killefer, 1987). This is because the gut lumen is external to the animal‘s systemic 

environment and thus, estimating nutrient appearance in the portal and systemic environments 

may provide an accurate measurement of nutrient absorption than the disappearance from the 

gut lumen (Bajjalieh et al., 1981; Yen and Killefer, 1987). Furthermore, considerable amounts 

of the dietary AA digested and/or absorbed from the gut lumen are used by the PDV with 

limited amounts of the absorbed AA reaching the other tissues such as muscles for protein 

synthesis (Wu, 1998; Stoll and Burrin, 2006). Moreover, the digestibility method only allows 

estimation of the overall postprandial nutrient release into the portal vein and therefore does 

not present the opportunity to assess the postprandial time course of nutrient release, which is 

of importance in terms of AA metabolism (Rerat, 1980). Therefore, it would be necessary to 

determine whether the improved nutrient digestibility observed due to supplemental NSP 

enzymes result in increased postprandial portal nutrient fluxes. In this context, the portal vein 

catheterized pig model can be used to study NSP enzyme effect on the postprandial portal 

nutrient absorption patterns as well as quantify the net portal fluxes of nutrients. Such 

information may help explain why improvement in nutrient digestibility observed when NSP 

enzymes are added to NSP-rich diets does not always translate into improved pig growth 

performance.  

Furthermore, as discussed in this chapter, ingestion of fiber-rich diets lead to visceral 

organ hypertrophy owing to the increase in the workload of these organs to break down such 

diets together with the required modification in the digestive tract to handle fibrous diets. It 

was also concluded that the PDV accounts for a higher proportion of the whole-body energy 

and nutrient utilization, albeit its small mass relative to the total body mass. Therefore, an 
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increase in the PDV mass and/or activity due to dietary fiber intake will exert an additional 

increase in their energy and nutrient requirement at the expense of body growth. In this 

context, any dietary factor that is able to reduce the effect of high-fiber ingestion on the 

visceral organs is expected to reduce their maintenance energy and nutrient requirements to 

favor body growth. In a recent study by Agyekum et al. (2012), it was shown that addition of 

enzymes to a fiber-rich diet reduced the PDV mass relative to the unsupplemented fiber-rich 

diet. However, one important aspect that needs further research is whether the reduced PDV 

mass due to enzyme addition to the fiber-rich diet will reduce channeling of energy and 

nutrients to the PDV and thus increase the availability of energy and nutrient for whole-body 

growth. 

 

2.6. Summary and Perspectives 

Cereal co-products from the milling and ethanol plants are widely available for use in 

swine feed to reduce feed cost. Based on the literature review presented herein, it is clear that 

incorporating these co-products into pig diets will inevitably increase dietary fiber content, 

due to their fibrous nature. Ingestion of diets rich in fiber has negative consequences on the 

nutrient utilization of the growing pig leading to growth depression. Enzyme technology 

presents an opportunity to ameliorate the negative effects associated with ingestion of diets 

rich in fiber in pigs, and can allow a wide range of fiber-rich feedstuffs to be used in swine 

feeds. However, results of NSP-degrading enzyme effect in pig feeds rich in fiber have not 

been consistent among studies and thus additional studies are warranted to thoroughly 

investigate the inconsistencies. One way of addressing these inconsistencies will be to 
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investigate the influence of NSP degrading enzymes on the expression of genes associated 

with intestinal integrity and nutrient transport as they relate to the normal function of the 

intestinal epithelial cells and the ability of the intestine to absorb nutrients from the gut lumen. 

Further, the effect of dietary fiber on the growth performance of pigs is influenced by the 

interplay of biological and biochemical processes. However, studies on enzyme effect on 

fiber-rich diets in pigs have concentrated on activities within the gut lumen without 

considering their consequences on the changes in nutrient absorption patterns and the growth-

related endocrine system, especially, secretions of important gut hormones involved in growth 

performance. Surgically modified pig models and slaughter techniques can be used to study 

the digestion process within the different segments of the digestive system and the associated 

metabolic and physiological effects. Further, indirect calorimetry can be used to study enzyme 

effect on the energy expenditure of pigs fed fiber-rich diets. Coupling these models and 

techniques can assist in elucidating the effects of feed enzymes on nutrient digestion and 

absorption, energy metabolism, and the biological and physiological processes responsible for 

growth in pigs fed fiber-rich diets. Such information will assist in designing strategies for 

effective nutrient utilization of fiber-rich diets by pigs.   
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CHAPTER THREE 

HYPOTHESES AND OBJECTIVES 

It was hypothesized that pig diets rich in fiber will alter intestinal functions, depress 

nutrient absorption patterns and insulin production, and increase energy expenditure in 

growing pigs to reduce growth and that supplemental enzyme will ameliorate these effects to 

promote growth. 

Because NSP-degrading enzymes break down complex NSP into hydrolysis  products, 

which can modulate gut microbial activities, it was also hypothesized that addition of 

enzymes to the fiber-rich diet will stimulate the growth of fiber-fermenting bacteria and 

volatile fatty acid production. 

The overall objective of the research presented in this thesis was to study the effects of 

supplementing a high-fiber diet with enzymes on nutrient absorption and energy expenditure 

in growing pigs and to determine the mechanisms involved. 

The specific objectives were to evaluate the effect of supplementing a high fiber diet, 

manufactured with distillers‘ dried grains with solubles (DDGS), with enzymes on: 

1. Energy and nutrient digestibility, digesta volatile fatty acid concentrations, and 

intestinal bacterial composition in growing pigs. 

2. Growth performance, intestinal nutrient transport, and nutrient transporter mRNA 

expressions in growing pigs. 

3. Portal nutrient fluxes, insulin production, and oxygen consumption by the portal-

drained viscera and whole-animal in growing pigs. 
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CHAPTER FOUR 

Nutrient digestibility, digesta volatile fatty acids, and intestinal bacterial profile in 

growing pigs fed a distillers’ dried grains with solubles containing diet supplemented 

with a multi-enzyme cocktail
1
 

 

4.1 ABSTRACT 

This study investigated the effects of adding a multi-enzyme cocktail (MC) to a 

distillers dried grains with solubles (DDGS)-containing diet on energy and nutrient 

coefficients of apparent ileal (CAID) and total tract (CATTD) digestibility, digesta volatile 

fatty acids (VFA) concentration, and gut bacterial profile using ileal-cannulated barrows (n = 

9; 62.7 ± 6.4 Kg initial body weight). Three isocaloric/isonitrogenous diets based on corn and 

soybean meal with 0 (control) or 30% DDGS (DDGS diet) and DDGS diet supplemented with 

MC (DDGS+MC) were used.  The 3 diets were fed to pigs in a 2-period change-over design 

to obtain 6 observations per diet. A casein-cornstarch-based diet was used in a separate period 

to determine basal endogenous N and AA losses to estimate standardized ileal digestibility 

(SID) of AA. All diets contained titanium dioxide as a digestibility marker. Ileal digesta and 

feces were used for VFA and bacterial profile determination, respectively. The CAID for DM, 

N, starch, and energy were greater (P < 0.05) in pigs fed the control diet than in pigs fed the 

DDGS diet. The addition of MC to the DDGS diet improved (P < 0.05) the CAID for DM, 

starch, and energy, but not N (P > 0.10). The DDGS diet also decreased (P < 0.05) the CAID 

and SID for AA and the MC improved (P < 0.05) the CAID and SID of some of the AA. 

                                                           
1A version of the material presented in chapter four of this thesis has been published in 

Animal Feed Science and Technology. The authors are A.K. Agyekum, A. Regassa, E. Kiarie, 

and C.M. Nyachoti. Anim. Feed Sci. Technol. 2016. 212:70-80 
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Further, the DDGS diet decreased (P < 0.05) the CATTD for DM, N, and energy and tended 

to decrease (P < 0.10) the CATTD for NDF, whereas the MC improved (P < 0.05) the 

CATTD for DM and energy, but not (P > 0.10) for N and NDF. However, diet had no effect 

(P > 0.10) on hindgut nutrient disappearance. Diet also did not influence (P > 0.10) digesta 

pH and VFA concentrations except for isovalerate concentration, which was greatest (P < 

0.05) in the DDGS+MC-fed pigs. Bacteroides-Prevotella-Porphyromonas and 

Enterobacteriaceae abundance were greatest (P < 0.05) in the feces of the DDGS+MC-fed 

pigs. Additionally, the abundance of the β-xylosidase gene, xynB, from the Bacteroidetes 

group increased (P < 0.05) when the MC was added to the DDGS diet. However, the DDGS-

fed pigs had the greatest abundance (P < 0.05) of Firmicutes. The abundance of Lactobacillus 

spp. was not affected (P > 0.10) by diet. In conclusion, adding MC to the DDGS diet 

improved the digestibility of DM, starch, most AA, but not NDF and N digestibility. The 

results show that addition of MC to the DDGS diet stimulated the growth of intestinal bacteria 

with xylanolytic and cellulolytic activities. 

Keywords: Distillers dried grains with solubles, multi-enzyme cocktail, digestibility, 

bacterial profile, pig       

 

4.2 INTRODUCTION 

Distillers dried grains with solubles (DDGS), a co-product of the ethanol industry, is 

used extensively in pig diet because of its availability, low cost and high nutrient composition 

(Stein and Shurson, 2009). However, like all co-products, it has high nonstarch- 

polysaccharide (NSP) content and its incorporation into pig diet has been reported to depress 
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energy and nutrient utilization (Nyachoti et al., 2005; Stein and Shurson, 2009; Urriola and 

Stein, 2010). Thus, exogenous enzymes (EE) have been used as a strategy to improve the 

nutritive value of diets containing DDGS in pigs (Kerr et al., 2013; Swiatkiewicz et al., 2015). 

However, the use of EE to improve nutrient digestion in DDGS-containing diets has yielded 

inconsistent results (Swiatkiewicz et al., 2015) probably due to the complex structure of the 

fiber in DDGS (Pedersen et al., 2014a) and the use of single enzymes or enzyme activities, 

which may not be suitable for effective hydrolysis of such components (Kerr et al., 2013). 

Therefore, an enzyme matrix containing different enzyme combinations might be required to 

effectively hydrolyze the fiber in DDGS-containing diet to improve nutrient digestibility.   

In vitro studies have shown that oligosaccharides derived from cell wall 

polysaccharides are fermented by intestinal bacteria, and bateroides are able to degrade xylans 

(Van Laere et al., 2000). In addition, using an in vitro model of the pig gastrointestinal tract, 

Bindelle et al. (2010) showed that cereal grains with high insoluble NSP contents stimulate 

the growth of acetate-producing cellulolytic bacteria and xylanolytic bacteria. The fiber in 

DDGS is predominantly insoluble because of its high insoluble arabinoxylans, cellulose and 

lignin contents (Pedersen et al., 2014a) and is mostly resistant to hindgut fermentation 

(Urriola et al., 2010; Urriola and Stein, 2010). Exogenous enzymes have been reported to 

degrade complex NSP structure into lower molecular weights that are accessible for microbial 

fermentation and thereby influence intestinal microflora composition and microbial 

metabolites (Kiarie et al., 2009; Bindelle et al., 2011; Bedford and Cowieson, 2012). 

Therefore, the addition of EE to DDGS-containing diets is expected to generate 

oligosaccharides that will promote the growth of cellulolytic and xylanolytic bacteria and 

volatile fatty acids (VFA) production. However, there is a dearth of information on the 
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influence of multi-enzyme cocktail (MC) supplementation of DDGS-containing diets on gut 

microbial profile and microbial metabolites. 

The first objective of this study was to evaluate the effect of supplementing a diet 

containing 30% DDGS with MC on coefficients of apparent ileal (CAID) and total tract 

(CATTD) energy and nutrient digestibility. The second objective was to test the hypothesis 

that addition of MC to a DDGS-containing diet will stimulate the growth of fiber-fermenting 

bacteria and volatile fatty acid (VFA) production.  Fecal samples were used for the intestinal 

microbial composition analysis and the bacterial groups determined were selected based on 

the results from previous studies (Guo et al., 2008; Bindelle et al., 2011; Ivarsson et al., 2014) 

showing that these bacteria have xylanolytic and cellulolytic activities, responsive to dietary 

changes and composition, and are the most abundant bacterial groups in the pig gut.     

 

4.3 MATERIAL AND METHODS 

4.3.1 Animals, Housing, and Experimental Diets  

The experimental protocols used in this study were reviewed and approved by the 

University of Manitoba Animal Care Committee and pigs were cared for according to the 

Canadian Council on Animal Care guidelines (CCAC, 2009).  

Nine Yorkshire x Hampshire x Duroc barrows surgically fitted with a T-cannula in the 

distal ileum were used for this experiment. Because the pigs were used in an experiment 

before the present study, they were standardized on a commercial grower diet for 7 d before 

the commencement of the present experiment to offset any carryover effect from the previous 

study as described in the experiment by Ayoade et al. (2012). At the commencement of the 

present study, pigs had an average body weight of 62.7 ± 6.4 kg. Pigs were housed 
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individually in pens (1.5 x 1.2 m) with plastic-covered expanded metal sheet flooring 

equipped with a nipple drinker and a stainless steel feeder in a temperature-controlled room. 

The pens were partitioned with metal walls that allowed visual contact with pigs in adjacent 

pens.  

Three experimental diets were fed in this study. The diets were based on corn and soybean 

meal (SBM; control) and corn-SBM with 30% DDGS to manufacture the DDGS diet. The 

DDGS was produced from the fermentation of equal proportions of corn and wheat and was 

obtained from a commercial plant (NorAmera BioEnergy, Weyburn, SK, Canada). The third 

diet (DDGS+MC) was the DDGS diet supplemented with MC (at 500g/MT of complete diet 

as recommended by the manufacturer as the expense of some corn) to supply 4,400 xylanase, 

175 ß-glucanase, 3,000 protease, 1,500 α-amylase, and 30 pectinase U/kg of feed (Porzyme® 

TP100HP; DuPont Industrial Biosciences, Marlborough, Wiltshire, UK). The MC was chosen 

to match the substrates in the DDGS diet. The experimental diets were formulated to contain 

similar calculated metabolizable energy (ME) and standardized ileal digestible (SID) lysine 

contents, and all other nutrients were supplied according to NRC (1998) requirements for 

growing pigs (Table 4.1). Additionally, a casein-cornstarch-based diet (CCS, Table 4.1) was 

included in this experiment and used to estimate basal endogenous N and AA losses to 

determine the standardized ileal digestibility of N and AA. Titanium dioxide (3g/kg of diets) 

was included in all diets as an indigestible marker for calculation of energy and nutrient 

digestibilities.  
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Table 4.1. Composition of experimental diets (as-fed basis)
1  

 

Item  Control  DDGS CCS 

Ingredients, g/kg    

    Corn 680.0 535.8 - 

    Cornstarch  - - 594 

    Dextrose  - - 252 

    Soybean meal, 45% 268.4 100.0 - 

    Casein  - - 50 

    Solka-flok - - 40 

    DDGS
2
  - 300.0 - 

    Canola oil  12.5 22 20 

    Salt  5.0 5.0 4 

    Dicalcium phosphate  9.6 5.2 23 

    Limestone  10.5 14.0 4 

    L-lysine, HCl  0.8 5.0 - 

    DL-Methionine  0.1 -  

    L-Threonine  0.1 - - 

    Vitamin and mineral premix
3 

 10.0 10.0 10 

    Titanium dioxide 3.0 3.0 3.0 

Calculated nutrient composition
4 

   

    ME, MJ/kg          13.8 13.7  

    SID Lysine/ME, g/Mcal  0.63 0.63  

    SID Lysine, g/kg
5 

 8.7 8.6 3.6 

1
DDGS= DDGS-containing diet; CCS= casein-cornstarch-based diet for estimating 

basal endogenous losses of N and AA. The third diet (DDGS+MC) was the DDGS diet 

supplemented with multi-enzyme cocktail (MC) to supply xylanase, protease, β-glucanase, α-

amylase, and pectinase at target activities of 4400, 3000, 175, 1500 and 30 U/kg of complete 
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feed, respectively (DuPont Industrial Biosciences-Danisco Animal Nutrition, Marlborough, 

Wiltshire, UK). 

2
DDGS, distillers‘ dried grains with solubles produced from co-fermentation of wheat 

and corn in equal proportions. The DDGS was obtained from NorAmera BioEnergy, 

Weyburn, SK, Canada. 

3
Supplied per kilogram of diet: vitamin A, 8,250 IU; vitamin D3, 825 IU; vitamin E, 

40 IU; vitamin K, 4 mg; thiamine, 1 mg; riboflavin, 5 mg; niacin, 35 mg; pantothenic acid, 15 

mg; vitamin B12, 25 μg; biotin, 200 μg; folic acid, 2 mg; Cu, 15 mg (copper 55sulphate); I, 

0.21 mg as calcium iodide; Fe, 100 mg (ferrous 55sulphate); Mn, 20 mg (manganese oxide); 

Se, 0.15 mg (sodium selenite); and Zn, 100 mg (zinc oxide). 

4
Nutritional composition was calculated based on ingredient composition values from 

our laboratory and NRC (1998).  

5
SID = standardized ileal digestible. 
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4.3.2 Experimental Design and Sampling Protocol 

Pigs were randomly assigned to 1 of the 3 experimental diets in a 2-period cross-over 

design with 3 pigs per diet per period to obtain 6 replicates per diets (Petersen, 1994). Each 

experimental period lasted for 16 d with a 12-d acclimation to experimental diets based on 

time expected or required to alter intestinal microflora (Collier et al., 2003). Feces were 

collected on d 13 and 14, and ileal digesta was collected on d 15 and 16. Pigs were weighed at 

the beginning of each period and feed allowance was adjusted to 2.6 times maintenance 

requirement for energy (NRC, 1998). Diets were fed to pigs as mash in 2 equal meals at 0800 

and 1600 h with free access to water. The CCS diet was fed to all the pigs in a separate 

period, before the main experiment, to estimate the basal endogenous losses of N and AA. 

Fresh fecal samples were collected twice daily by grab method from carefully cleaned 

pen floors. Samples for digestibility assessment were collected into plastic bags and 

immediately frozen (-20
o
C). Subsamples of the freshly voided feces were collected in sterile 

plastic bags, snap frozen in liquid nitrogen, and transferred immediately into a -80
o
C freezer 

until required for bacterial DNA extraction. Ileal digesta for digestibility assessment were 

collected from 0800 to 2000 h into plastic bags containing 10 mL of 10% (vol/vol) formic 

acid to minimize bacterial fermentation. Two bags of ileal digesta (1100 and 1400 h) were 

collected without formic acid as described by Metzler-Zebeli et al. (2010). Subsamples were 

used for pH determination using a pH meter (AB15 plus; Fisher Scientific, Toronto, ON, 

Canada) and the rest were snap frozen in liquid nitrogen and transferred immediately into a -

80
o
C freezer until required for volatile fatty acid (VFA) analysis. Ileal digesta samples for 

nutrient digestibility determination were removed when the bags (dimension; 4.5 x 9 inches) 

were filled to approximately 75% with digesta and immediately frozen at -20
o
C.  
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4.3.4 Digesta Volatile Fatty Acid Analysis  

Volatile fatty acid concentrations were determined using gas chromatography (Varian 

Chromatography System, model Star 3400; Varian Medical Systems, Palo Alto, CA), 

equipped with a capillary column (30 m by 0.5 mm; Restek Corp., Bellefonte, PA) according 

to the method described (Erwin et al., 1961). Briefly, 1 mL of 25% metaphosphoric acid was 

mixed with 5 mL of digesta fluid in a 15 mL centrifuge tube and the mixture was frozen 

overnight.  Samples were then thawed, neutralized with 0.4 mL of 25% NaOH and vortexed. 

Thereafter, 0.64 mL of 0.3 M oxalic acid was added to the samples and vortexed again. The 

samples were then centrifuged for 20 min at 3,000 x g at 4
o
C and 2 mL supernatants were 

transferred into gas chromatography vials for VFA analysis.  

 

4.3.5 Bacterial DNA Extraction  

Bacterial genomic DNA was extracted from fecal samples using QIAmp DNA Stool 

mini Kit (QIAGEN, Hilden, Germany) according to manufacturer‘s instructions. Fecal 

samples were thawed before DNA was extracted. Briefly, 200 mg fecal samples were 

homogenized in stool lysis buffer, ASL, and heated at 95°C for 5 min to lyse bacterial cells. 

After removal of potential inhibitors by incubation with an InhibitEx tablet, the lysates were 

treated with proteinase K and buffer AL at 70°C for 10 min to remove protein and 

polysaccharides. The DNA was precipitated by ethanol, applied to a column provided in the 

kit followed by washes with buffers AW1 and AW2 and then dissolved in elution buffer. 

Quantity and quality of isolated DNA were determined using a Nanodrop 2000 

spectrophotometer (ThermoScientific, Wilmington, DE, USA). 
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4.3.6 Quantitative Real-Time PCR 

Pairs of primers used for quantification of the different bacterial groups were obtained 

from previously published works (Table 4.2). Quantitative real-time RT-PCR was performed 

in duplicate reactions including nuclease free water, the forward and reverse primers, template 

cDNA, and SYBR Green as a detector using a CFX Connect
TM

 Real-Time PCR Detection 

System (Life Science Research, Bio-Rad, Canada). Expression data for all bacterial groups 

were generated using the ∆∆Ct method by normalizing the expression of the target bacterial 

group to that of total eubacteria and the values were reported as fold changes of the 

expression of the target group in treatments compared with the control group.  

 

4.3.7 Sample Preparation, Chemical Analyses, and Enzyme Assay 

Ileal digesta and fecal samples were thawed and independently pooled for each pig per 

period. Samples were homogenized and subsamples were taken for further processing. Ileal 

digesta samples were freeze dried, whereas fecal samples were dried in a forced air oven at 

60
o
C for 3 d. Diet, ileal digesta, and fecal samples were ground to pass through a 1 mm sieve 

before chemical analyses. All samples were analyzed for DM, GE, N, crude fat, neutral 

detergent fiber (NDF) and titanium contents. Diet and ileal samples were further analyzed for 

starch and amino acid contents.  

Dry matter was determined according to AOAC (1990) method 934.01, whereas 

nitrogen was determined according to method 968.06 of AOAC (1990) using a Leco 

2000Nitrogen Analyzer (Leco Corporation, St. Joseph, MI, USA) with EDTA as a calibration 

standard. Gross energy was determined using a Parr Isoperibol oxygen bomb calorimeter 

(Parr Instrument Co., IL, USA) with benzoic acid as a calibration standard. Fat content was  
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Table 4.2. Primers used for quantitative Real-Time PCR analysis of gut bacteria groups 

Target bacterial group Annealing temperature (°C) Primer sequence Reference 

Total Eubacteria 58 
F: CGGYCCAGACTCCTACGGG 

Lee et al. (1996) 
R: TTACCGAGGCTGCTGGCAC 

Enterobacteriaceae 63 
F: CATTGACGTTACCCGCAGAAGAAGC 

Bartosch et al. (2004) 
R: CTCTACGAGACTCAAGCTTGC 

Lactobacillus  62 
F: AGCAGTAGGGAATCTTCCA 

Karlsson et al. (2011) 
R: CACCGCTACACATGGAG 

Bacteroides-Prevotella-

Porphyromonas 
60 

F: GGTGTCGGCTTAAGTGCCAT 
Rinttilä et al. (2004) 

R: CGGAYGTAAGGGCCGTGC 

Firmicutes 
60 F: GGAGYATGTGGTTTAATTCGAAGCA 

Guo et al. (2008) 
 R: AGCTGACGACAACCATGCAC 

Bacteroidetes
a 

58.3 
F: GGCATYGAYCCYTCKTTYTTYTTYTTC 

Ivarsson et al. (2014) 
R: GGNCCYTCAATCCARATVGG 

a
The target gene for this bacterial group was the beta-xylosidase gene, xynB. Primer positions (bp) for the forward and reverse 

primers were 561 and 773, respectively.  
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determined using an Ankom XT10 extractor (Serial no., XT10110202; Ankom Technology, 

Macedon, NY, USA) using hexane and following the manufacturer‘s instructions. Neutral 

detergent fiber was assayed (using a heat-stable α-amylase) according to the method of Van 

Soest et al. (1991) using the Ankom
200

 Fiber Analyzer (Ankom Technology, NY, USA). Total 

starch was assayed according to method 996.11 (AOAC, 2006) using a test kit (Megazyme 

International Ireland, Wicklow, Ireland). Amino acid composition was determined after acid 

hydrolysis according to AOAC (2006) method 994.12. Total sulfur AA content was 

determined after performic acid oxidation followed by acid hydrolysis (AOAC, 2006; method 

985.18). Tryptophan was not determined. The AA in samples were analyzed using an AA 

analyzer (SYKAM, Eresing, Germany). Titanium was determined according to the method 

described by Lomer et al. (2000) with some modifications in the duration of digestion time 

and temperature settings. Briefly, samples were ashed at 550°C for 12 h followed by digestion 

in sulfuric acid for 2 h at 350°C and then diluted with deionized water before quantification 

using an Inductively Coupled Plasma Mass Spectrometry (Varian Inc., Palo Alto, CA). 

Additionally, diet samples were sent to a commercial laboratory (Danisco Laboratories, 

Brabrand, Denmark) to assay for xylanase, protease and glucanases activities. 

 

4.3.8 Digestibility Calculations and Statistical Analyses 

         The CAID and CATTD of nutrients were calculated using the TiO2 concentration of 

diets, digesta and feces according to the following formula: 

CAID/CATTD = [1-(N(digesta/feces) × TiO2(diet))/( N(diet) × TiO2(digesta/feces))], where N(digesta/feces) = 

nutrient concentration in digesta/faeces; N(diet)  = nutrient concentration in diet; TiO2(digesta/feces) 

= TiO2 concentration in digesta/faeces; and TiO2(diet) = TiO2 concentration in diet.  
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 The hindgut disappearance (%) of energy and nutrient were calculated as CATTD – 

CAID of energy and nutrients × 100. The coefficients of SID of N and AA were calculated as 

described by Ayoade et al. (2012).  

Data were subjected to ANOVA using the Proc MIXED of SAS (version 9.3; SAS 

Institute Inc., Cary, NC, USA) to compare differences among diets. The model included 

dietary treatments (n=3) as fixed effect, whereas period (n=2) and pigs (n=6) were random 

effects. The pig was the experimental unit. Results were reported as least-squares means with 

SEM. Significance was defined as P < 0.05 and 0.05 < P ≤ 0.10 as trends and the means were 

separated using the PDIFF option of SAS. 

 

4.4 RESULTS 

4.4.1 Pigs and Diets 

All pigs remained healthy and readily consumed their daily feed allowance throughout 

the experiment. The control diet had greater and lower starch and NDF content, respectively, 

compared with the DDGS-containing diets (Table 4.3). The DDGS diets had greater crude fat 

content than the control diet. The AA contents in the control diet were slightly greater 

compared with the two DDGS diets, except lysine, which was greater in the DDGS diets than 

in the control diet. Diets met the minimum nutrient requirements for pigs of the body-weight 

group used for this study. The recoveries of xylanase, protease, and β-glucanase in 

DDGS+MC diet were 105, 111 and 85%, respectively of the targeted activities. The control 

and DDGS diets had <100 U/kg of xylanase and <50 U/kg of ß-glucanase, whereas protease 

was 780 and <100 U/kg in the DDGS and control diets, respectively (Table 4.3).  
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Table 4.3. Analyzed chemical composition of experimental diets, the distillers dried grains 

with solubles (DDGS) used to produce the DDGS diets, and the casein-corn starch diet (as is 

basis)
1 

Item  Control DDGS DDGS+MC CCS DDGS
2 

DM, g/kg 877 894 893 926 920 

CP, g/kg 163 158 155 42.1 316 

GE, MJ/kg 16.3 17.6 17.7 15.5 19.7 

Starch, g/kg 438 366 399 ND 13.2 

Crude fat, g/kg     34.0 55.0 55.2 ND 33.5 

NDF, g/kg 95.9 158 150 13.5 260 

Indispensable AA, g/kg      
Arginine 11.3 7.5 7.8 1.4 11.5 
Histidine 4.8 3.8 3.7 1.5 7.7 
Isoleucine 4.6 3.8 3.7 1.8 12.3 
Leucine 13.7 11.3 11.6 4.4 32.8 
Lysine 9.4 11.8 12.1 3.7 7.6 
Methionine 2.9 2.9 2.8 1.2 5.7 
Phenylalanine 7.9 6.0 6.2 2.6 16.8 
Threonine 4.6 3.6 3.5 1.5 12.2 
Valine 6.9 4.8 5.3 3.0 15.1 

Dispensable AA, g/kg      
Alanine 8.2 7.2 7.2 1.2 17.7 
Aspartic acid 15.4 10.5 10.2 3.7 20.3 
Cysteine 2.2 2.3 2.1 0.3 5.9 
Glutamic acid 26.6 25.2 23.9 9.3 66.6 
Glycine 4.5 3.8 3.7 0.6 14.3 
Proline 19.1 18.9 18.3 8.9 32.2 
Serine 8.4 7.0 6.6 2.8 17.5 
Tyrosine 4.0 3.0 3.2 1.6 11.6 

Enzyme activity, U\kg of diet      

     Xylanase <100 <100 4,605 ND ND 

     Protease <100 780 3,342 ND ND 

     ß-glucanase <50 <50 149 ND ND 
1
DDGS = distillers dried grains with solubles; DDGS+MC= the DDGS diet was 

supplemented with multi-enzyme cocktail  (MC); CCS = casein-cornstarch-based diet; ND = 

not determined 

2
The DDGS data have been reported previously (Agyekum et al., 2014). 



63 
 
 

4.4.2 Coefficients of Apparent Ileal and Total Tract Digestibilities, and Hindgut 

Disappearance of Energy and Nutrients  

 The CAID for DM, N, energy, and starch were greater (P < 0.05) in pigs fed the 

control diet compared with those fed the DDGS diet (Table 4.4). The addition of MC to the 

DDGS diet improved (P < 0.05) the CAID for DM, energy, and starch, but not N (P > 0.10) 

relative to the DDGS diet without MC. The CAID for starch did not differ (P > 0.10) between 

the control and DDGS+MC diets. In addition, diet had no effect (P > 0.10) on the CAID for 

crude fat and NDF.  

The CATTD for DM, N, and energy were greater (P < 0.05) in pigs fed the control 

diet compared with those fed the DDGS diet. The addition of MC to the DDGS diet improved 

(P < 0.05) the CATTD for DM and energy, but not N (P > 0.10) relative to the DDGS diet 

without MC (Table 4.4). The CATTD for crude fat tended (P < 0.10) to increase in pigs fed 

the DDGS-containing diets compared with those fed the control diet. However, the CATTD 

for NDF tended (P < 0.10) to be greater in pigs fed the control diet than in those fed the 

DDGS and DDGS+MC diet. Hindgut disappearance of energy and nutrient were not different 

(P > 0.10) among the dietary treatments (Table 4.4). 

 

4.4.3 Basal Endogenous Losses and AA Digestibility 

 The basal endogenous N and AA losses (mg/kg DMI) estimated in the present study 

and used to calculate the SID coefficients were as follows: N, 2940; Arg, 549.8; His, 392.9; 

Ile, 229.6; Leu, 451.4; Lys, 328.7; Met, 128.1; Phe, 207.3; Thr, 400.5; Val, 363.3; Ala, 655.7; 

Asp, 668.1; Cys, 97.8; Glu, 1118; Gly, 202.4; Pro, 1501; Ser, 837.7; and Tyr, 144. Proline, 

Glu, and Ser were the most abundant endogenous dispensable AA, whereas Cys and Tyr were 
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the least abundant endogenous dispensable AA (Table 4.5). Among the indispensable AA, 

Arg, Leu, Thr, and His were the most abundant endogenous AA, whereas Met, Phe, and Ile 

were the least abundant endogenous AA (Table 4.5). 

Pigs fed the control diet had greater (P < 0.01) CAID and CSID for all indispensable 

and dispensable AA than those fed the DDGS diet (Table 4.5). The addition of MC to the 

DDGS diet improved (P < 0.05) the CAID and CSID for the indispensable AA with the 

exception of His and Met, and Thr, which did not differ (P > 0.05) relative to the DDGS. For 

the dispensable AA, MC supplementation of the DDGS diet improved (P < 0.05) CAID and 

CSID for Ala and Tyr relative to the DDGS diet. The CAID and CSID of Cys were not 

different (P > 0.10) for pigs fed the control and DDGS+MC diets (Table 4.5).   

 

4.4.4 Ileal Digesta pH and Volatile Fatty Acid Concentrations 

The ileal digesta isovalerate concentration was greatest (P < 0.05) in pigs fed the 

DDGS+MC diet, intermediate (P < 0.05) for pigs fed the DDGS diet and lowest (P < 0.05) in 

pigs fed the control diet (Table 4.6). There were, however, no differences (P > 0.10) in the 

remaining individual ileal digesta VFA measured and digesta pH among the dietary 

treatments (Table 4.6).    

  

4.4.5 Fecal Bacterial Abundance (Fold Change)  

       Pigs fed the DDGS+MC diet had greater (P < 0.05) abundances of bacteria belonging to 

Enterobacteriaceae and Bacteroides-Prevotella-Porphyromonas in their feces than the 

control- and DDGS-fed pigs (Figure 4.1), whereas the abundance of the bacteria belonging to 

these families were not different (P > 0.05) in the feces of pigs fed the control and DDGS  
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Table 4.4. Coefficients of apparent ileal (CAID) and total tract (CATTD) digestibilities and 

hindgut disappearance of energy and nutrient in growing pigs fed a control diet or a DDGS diet 

without or with a multi-enzyme cocktail
1,2

 

Item  Control DDGS DDGS+MC SEM  P-value  

Ileal digestibility      

   DM 0.704
a
 0.585

c 
0.632

b 
0.015 0.002 

   Energy 0.721
a 

0.615
c 

0.661
b 

0.013 0.002 

   Starch  0.948
a 

0.926
b 

0.939
ab 

0.005 0.054 

   Crude fat  0.826 0.796 0.857 0.039 0.356 

   NDF 0.142
 

0.101 0.108 0.041 0.784 

Total tract digestibility       

   DM 0.873
a 

0.765
c 

0.791
b 

0.011 <.0001 

   Nitrogen 0.880
a 

0.752
b 

0.765
b 

0.014 0.001 

   Energy 0.866
a 

0.757
c 

0.786
b  

0.011 <.0001 

   Crude fat  0.530 0.634 0.616 0.033 0.084 

   NDF 0.477 0.334 0.350 0.051 0.067 

Hindgut disappearance
3
, %      

   DM 16.8 18.1 15.9 1.59 0.655 

   Nitrogen 9.4 11.0 10.7 0.74 0.739 

   Energy 14.5 14.3 12.5 1.53 0.623 

   Crude fat -29.0 -14.9 -25.9 4.02 0.180 

   NDF 30.7 24.0 21.0 5.30 0.305 
a,b,c

 Within a row, means with different superscripts differ (P < 0.05). Values are means 

with SEM; n = 6. The P-values represent the overall treatment effects.  

1
SEM, standard error of the mean; DDGS, high-fiber; MC, multi-enzyme cocktail. 

  
2
Control = corn-soybean meal basal diet; DDGS = control plus 30% DDGS; DDGS+MC 

= the DDGS diet was with MC. 

3
Hindgut disappearance (%) = coefficient of apparent total tract digestible nutrient or 

energy – coefficient of apparent ileal digestible nutrient or energy × 100. 
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Table 4.5. Coefficients of apparent ileal (CAID) and standardized ileal (CSID) digestibilities of nitrogen and amino acids in growing 

pigs fed a control diet or a DDGS diet without or with a multi-enzyme cocktail
1,2

 

 CAID  CSID 

Item  Control DDGS DDGS+MC SEM P-value  Control DDGS DDGS+MC SEM P-value 

Nitrogen  0.786
a
 0.643

b
 0.657

b 
0.013 <.0001  0.804

a 
0.661

b 
0.676

b 
0.013 <.0001 

Indispensable AA       
   

  

Arginine 0.801
a 

0.746
c 

0.781
b 

0.011 <.0001  0.930
a 

0.820
c 

0.852
b 

0.011 <.0001 

Histidine 0.555
a 

0.229
b 

0.270
b 

0.049 <.0001  0.638
a 

0.324
b 

0.370
b 

0.049 <.0001 

Isoleucine 0.777
a 

0.505
c 

0.580
b 

0.014 <.0001  0.828
a 

057.7
c 

0.646
b 

0.014 <.0001 

Leucine 0.845
a 

0.721
c 

0.756
b 

0.018 <.0001  0.878
a 

0.761
c 

0.795
b 

0.018 <.0001 

Lysine 0.829
a 

0.782
c 

0.811
b 

0.013 0.0001  0.864
a 

0.811
c 

0.838
b 

0.013 <.0001 

Methionine 0.848
a 

0.775
b 

0.780
b 

0.012 0.010  0.892
a 

0.819
b 

0.832
b 

0.012 0.012 

Phenylalanine 0.846
a 

0.726
c 

0.760
b 

0.017 <.0001  0.872
a 

0.761
c 

0.792
b 

0.017 <.0001 

Threonine 0.638
a 

0.338
b 

0.383
b 

0.038 <.0001  0.725
a 

0.449
b 

0.497
b 

0.038 <.0001 

Valine 0.788
a 

0.528
c 

0.660
b 

0.028 <.0001  0.841
a 

0.604
c 

0.721
b 

0.028 <.0001 

            

Dispensable AA            
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Alanine 0.805
a 

0.661
c 

0.694
b 

0.022 <.0001  0.885
a 

0.753
c 

0.785
b 

0.022 <.0001 

Aspartic acid 0.785
a 

0.538
b 

0.561
b 

0.027 <.0001  0.828
a 

0.601
b 

0.627
b 

0.027 <.0001 

Cysteine 0.704
a 

0.572
b 

0.584
ab 

0.034 0.044  0.749
a 

0.615
b 

0.632
ab 

0.034 0.043 

Glutamic acid 0.848
a 

0.726
b 

0.734
b 

0.017 <.0001  0.890
a 

0.771
b 

0.781
b 

0.017 <.0001 

Glycine 0.557
a 

0.199
b 

0.238
b 

0.040 <.0001  0.602
a 

0.252
b 

0.293
b 

0.040 <.0001 

Proline 0.883
a
 0.814

b
 0.815

b
 0.011 0.002  0.962

a 
0.894

b 
0.898

b 
0.011 0.003 

Serine 0.794
a 

0.622
b 

0.634
b 

0.021 <.0001  0.893
a 

0.742
b 

0.761
b 

0.021 <.0001 

Tyrosine 0.787
a 

0.594
c 

0.656
b 

0.028 <.0001  0.823
a 

0.643
c 

0.702
b 

0.028 <.0001 

a,b,c
 Within a row, means with different superscripts differ (P < 0.05). Values are means with SEM; n = 6. The P-values 

represent the overall treatment effects. 

1
SEM, standard error of the mean; DDGS, high-fiber; MC, multi-enzyme cocktail. 

2
Control = corn-soybean meal basal diet; DDGS = control plus 30% DDGS; DDGS+MC = the DDGS diet supplemented with 

MC. 
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Table 4.6. Ileal digesta volatile fatty acid concentrations (mmol/L) and digesta pH in growing 

pigs fed a control diet or a DDGS diet without or with a multi-enzyme cocktail
1,2

 

Item  Control DDGS DDGS+MC SEM P-value 

Total VFA 20.93 28.28 22.4 3.41 0.263 

    Acetate  17.02 23.08 18.67 2.92 0.255 

    Propionate  2.13 1.96 1.20 0.65 0.653 

    Butyrate  1.13 1.97 1.31 0.35 0.397 

    Valerate  0.43 0.48 0.21 0.10 0.405 

    Isobutyrate  0.12 0.31 0.36 0.07 0.186 

    Isovalerate  0.32
b 

0.47
ab 

0.62
a 

0.06 0.008 

Digesta pH 6.69 6.80 6.87 0.08 0.219 

a,b,
 Within a row, means with different superscripts differ (P < 0.05). Values are means 

with SEM; n = 6. The P-values represent the overall treatment effects. 

1
SEM, standard error of the mean; DDGS, high-fiber; MC, multi-enzyme cocktail. 

2
Control = corn-soybean meal basal diet; DDGS = control plus 30% DDGS; 

DDGS+MC = the DDGS diet supplemented with MC. 
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Figure 4.1. Relative abundance of Enterobacteriaceae, Lactobacillus spp., and Bacteroides-

Prevotella-Porphyromonas in the fecal samples of growing pigs fed a control or a DDGS diet 

without or with a multi-enzyme cocktail. Values are means with SEM; n = 6. Means with 

different letters differ (P < 0.05). 
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diets. Diet had no effect (P > 0.10) on the fecal abundance of Lactobacillus spp. (Figure 4.1). 

Pigs fed the control diet had greater (P < 0.05) abundance of the ß-xyloxidase genes, xynB, 

from Bacteriodetes and lower (P < 0.05) abundance of Firmicutes in their feces compared 

with those fed the DDGS diet (Figure 4.2). However, there were no differences (P > 0.10) in 

the abundance of the Firmicutes and xynB in the feces of pigs fed the control and DDGS+MC 

diets (Figure 4.2). 

 

4.5 DISCUSSION 

 The present study evaluated the effects of dietary DDGS inclusion and MC 

supplementation of a DDGS-containing diet on energy and nutrient digestibility, fecal 

microbial composition and ileal digesta VFA in growing pigs. The fiber concentration in 

DDGS is nearly 3 times more than that of the parent grain (Kim et al., 2008; Pedersen et al., 

2014a). As a result, replacing 30% of the control diet with DDGS inevitably changed the 

carbohydrate composition of the high starch-low fiber diet to a low starch-high fiber diet as 

observed in previous studies  (Urriola and Stein, 2010; Agyekum et al., 2012; Gutierrez et al., 

2013; Agyekum et al., 2015) which used DDGS and other co-products from the ethanol plant.  

 In the present study, ingestion of the DDGS diet decreased CAID for DM, N, starch, 

and energy and CATTD for DM, N, and energy, which was due to the high dietary fiber 

content in the DDGS diet. These findings are consistent with the results of previous studies 

(Nyachoti et al., 2005; Widyaratne et al., 2009; Urriola and Stein, 2010; Yáñez et al., 2011), 

showing that DDGS-containing diets have lower energy and nutrient digestibility. Generally, 

fibrous diets depress DM and energy digestibility. The different fiber types decrease energy  
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Figure 4.2. Relative abundance of Firmicutes and the ß-xyloxidase genes, xynB, from 

Bacteriodetes in the fecal samples of growing pigs fed a control or a DDGS diet without or 

with a multi-enzyme cocktail. Values are means with SEM; n = 6. Means with different letters 

differ (P < 0.05). 
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and nutrient digestibility through different mechanisms (Wenk, 2001). The fiber in DDGS is 

predominantly insoluble (Pedersen et al., 2014a) and thus, the DDGS diet fed to pigs in the 

present study might have decreased ileal and fecal DM, N, and energy digestibility by 

enhancing DM flow and reducing transit time as well as increasing endogenous nutrient 

losses, along with nutrient-encapsulating effect (Souffrant, 2001; Wenk, 2001). Gutierrez et 

al. (2013) also observed decreased ileal and fecal energy and nutrient digestibilities when they 

replaced some amounts of corn and soybean meal with corn bran with solubles, another co-

product from the ethanol plant. Fiber and starch can interact with other grain components 

during DDGS production to form complexes, which can also limit nutrient utilization of diets 

based on DDGS (Jha et al., 2015). 

The porcine endogenous enzymes are not suited to breaking down the complex 

carbohydrate components of feedstuffs, such as the NSP, which constitute the major part of 

the dietary fiber. Therefore, experiments designed to evaluate efficacies of NSP-degrading 

enzymes in growing pigs offered fibrous diets are based on the premise that these enzymes 

will hydrolyze the NSP component of the diet to release trapped nutrients and offset NSP 

adverse effects on energy and nutrient digestibility. In the present study, the addition of MC to 

the DDGS diet improved the CAID and CATTD for DM and starch indicating that MC was 

able to mitigate the adverse effect of the DDGS diet on energy and nutrient digestibility. 

Some previous studies (Omogbenigun et al., 2004; Nortey et al., 2008; Emiola et al., 2009; 

Kiarie et al., 2012) have also reported improvements in ileal and/or fecal energy and nutrient 

digestibilities in pigs fed diets containing high amounts of fibrous co-products supplemented 

with enzymes. However, the use of exogenous NSP-degrading enzymes to degrade 

indigestible dietary components in DDGS diets has yielded inconsistent results. For instance, 



73 
 
 

Yáñez et al. (2011) did not observe any positive effect of supplemental xylanase on energy 

and nutrient digestibility in growing pigs fed a wheat DDGS-containing diet. Similarly, Kerr 

and Shurson (2013b) reported small and inconsistent effects on fecal energy and nutrient 

digestibility in nursery and finisher pigs fed corn-DDGS diets supplemented with commercial 

NSP-degrading enzymes. The ability of exogenous enzymes to improve nutrient digestibility 

will depend on the enzyme activity level, substrate availability, fiber composition and enzyme 

matrix (Bedford and Schulze, 1998; Nortey et al., 2008; Adeola and Cowieson, 2011). 

Additionally, the source of enzyme or expression system used for the enzyme may be a 

contributing factor to the inconsistent results across studies. In the present study and that of 

Kiarie et al. (2012), a combination of NSP-degrading enzymes was supplemented to the 

DDGS-containing diets. However, single NSP-degrading enzymes (i.e., xylanase or 

glucanases) were used in the studies by Yáñez et al. (2011) and Kerr and Shurson (2013b), 

whereby enzymes had little or no effect on nutrient digestibility in the DDGS diets. It, 

therefore, appears that supplementing DDGS-containing diets with MC are more effective in 

improving nutrient digestibility.  

The MC improved energy digestibility in the present study but did not improve NDF 

digestibility. In addition, when the DDGS diet tended to decrease fecal NDF digestibility, the 

MC did not improve fecal NDF digestibility. This observation contradicts the results of Kiarie 

et al. (2010) showing improvement in NDF digestibility when MC was added to the DDGS-

containing diet and the authors linked their observation to the improvement in energy 

digestibility. We did not determine MC effects on the individual NSP sugars, which would 

have provided better information on how the MC affected the various NSP fractions of the 

DDGS diet, especially when the MC influenced the gut bacterial groups determined in this 
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study as discussed below. It is also possible that the MC might have degraded the long chain 

NSP into medium and short chain NSP to release starch and AA for digestion, but the 

degraded NSP was still indigestible and poorly fermentable. Nonetheless, our findings seem 

to suggest that the improvement in energy digestibility due to the addition of MC to the 

DDGS diet may be due to the observed improvements in the digestibilities of starch and AA, 

which are major energy-yielding substrates in non-ruminant diets. Usually, fat or oil is added 

to fibrous diets to compensate for the energy-dilution effect of these diets. Increasing dietary 

fat content has been shown to increase fat digestibility (Kil et al., 2010). Thus, it could be 

speculated that the higher CATTD of crude fat in pigs fed the DDGS-containing diets 

observed in this study could be due in part to the high amounts of canola oil added to those 

diets. The lack of diet effect and low CAID of NDF among the diets observed in this study 

indicate low and insignificant microbial fermentation before the end of the ileum. The low 

CAID of NDF for the control and DDGS diets observed in this study agrees with the findings 

of Gutierrez et al. (2013) and Urriola and Stein (2010), who evaluated DDGS and corn bran 

with solubles, respectively, on CAID of NDF. It has been shown that addition of insoluble 

fiber to pig diets may lead to low or insignificant microbial fermentation in the small 

intestine, whereas fermentations remain low in the hindgut (Noblet and Le Goff, 2001). The 

fiber in corn and its co-products are mostly insoluble (Bach Knudsen, 1997) and thus it could 

be speculated that the high insoluble fiber fraction of the diets used in this study may have 

resulted in the lack of diet effect on the CAID of NDF.  

Endogenous ileal AA losses refer to AA present in endogenously synthesized proteins 

that have not been digested and reabsorbed before reaching the end of the ileum (Nyachoti et 

al., 1997; Souffrant, 2001; Stein et al., 2007). Endogenous ileal losses of AA can be classified 



75 
 
 

into basal or minimum quantities of AA that are inevitably lost in all diets and specific losses 

that are influenced by diet ingredient composition (Stein et al., 2007). The basal ileal 

endogenous losses of N and the individual AA determined in this study were within the range 

of values for basal endogenous N and AA from previous studies (Opapeju et al., 2006; 

Woyengo et al., 2010; Yang et al., 2010)  conducted in our laboratory using a low-protein 

(5% casein) diet in growing pigs with body weights ranging from 26 to 85 kg. Proline and Glu 

made the greatest, whereas Met and Cys made the smallest contribution to endogenous AA 

loss in this study and these findings are consistent with results from our previous studies cited 

above.  

Regarding diet-specific ileal endogenous AA loss, dietary fiber ingestion has been 

reported to be a major contributor to the increased excretion and loss of endogenous AA in 

pigs (Nyachoti et al., 1997; Souffrant, 2001; Montagne et al., 2003). The increased 

endogenous AA losses due to dietary fiber ingestion has been attributed to increased 

secretions of pancreatic enzymes and bile juice, mucus and sloughed epithelial cells (Low, 

1989; Souffrant, 2001). Thus, the low CAID and CSID (CAID corrected for basal endogenous 

losses) for the AA in pigs fed the DDGS diet observed in this study indicates higher intestinal 

specific endogenous AA losses due to increased insoluble fiber ingestion (Schulze et al., 

1994). This observation agrees with the results of previous studies in pigs (Langlois et al., 

1987; Schulze et al., 1994; Urriola and Stein, 2010; Gutierrez et al., 2013) fed diets containing 

high amounts of insoluble fiber. Therefore, it is not surprising that addition of MC to the 

DDGS diet improved the CAID and CSID for some AA in this study as this indicates that the 

MC was able to ameliorate the adverse effect of the DDGS diet on ileal endogenous AA 

losses. These findings agree with the results of Kiarie et al. (2010) in growing pigs fed 



76 
 
 

DDGS-containing diets supplemented with MC. Fiber can also adsorb AA and peptides and 

thereby withhold them from digestion (Souffrant, 2001). Therefore, it is possible that the MC 

improved the CAID of AA in this study by reducing dietary fiber effect on dietary AA 

digestion. It is also possible that the protease in the MC used for this study might have 

assisted in hydrolyzing the protein in the DDGS diet to improved CAID of AA. However, 

whereas the MC improved the digestibility of some AA, N digestibility was not improved and 

the reason for this is not clear. Perhaps, the overall improvement in the CAID for the AA was 

not sufficient to influence the CAID of N.         

It was expected that addition of MC to the DDGS diet would stimulate the growth of 

intestinal bacterial groups that utilize fiber. Thus, the observed greater abundances of 

Bacteroides-Prevotella-Porphyromonas and bacteria possessing ß-xyloxidase genes, xynB, 

from Bacteriodetes in the feces of pigs fed the DDGS+MC diet supports our hypothesis and 

suggest that the MC stimulated the growth of bacteria that possess cellulolytic and xylanolytic 

activities. Pigs fed the DDGS diet had the greatest abundance of Firmicutes in their feces. 

This observation could be related to the tendency for the greater fecal crude fat digestibility in 

the DDGS-fed pigs since some members of this bacteria group are involved in lipid 

metabolism (Guo et al., 2008; Cui et al., 2013).   

In this study, pigs fed the MC-supplemented DDGS diet had the highest number of 

Enterobacteriaceae. Although some bacteria in this family may have positive effects on their 

host, this bacterial group contains opportunistic pathogens, such as Escherichia coli. Reasons 

why MC supplementation increased the abundance of Enterobacteriaceae is not clear. 

However, the gut ecosystem is very complex and thus, additional studies are warranted to 

elucidate the link between the MC and DDGS diet on the growth of Enterobacteriaceae. 
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Nonetheless, the findings from the selected bacterial groups evaluated in the current study 

suggest that MC can be added to corn-soybean meal based diets containing DDGS to 

stimulate the growth of intestinal bacteria that may influence gut health. These findings also 

suggest that MC could be used to manipulate intestinal microbial groups involved in lipid 

metabolism and extends support to the use of MC as a strategy to improve the efficiency of 

pork production.   

Another observation of this study was that ileal digesta VFA concentrations were not 

different among the diets except isovalerate concentrations, which were higher in the pigs fed 

the DDGS-containing diets and indicate fermentation of branched-chain AA. The lack of diet 

effect on the total VFA may be a reflection of the lack diet effect on the CAID of NDF 

observed in this study.    

4.6 CONCLUSIONS 

 Results of this study indicate that supplementing a DDGS-containing diet with MC 

improved the CAID for DM, starch, most AA, and energy, and the CATTD for DM and 

energy. However, N and NDF digestibility were not improved by MC supplementation. The 

results also indicate that supplementing diets containing DDGS with MC can stimulate the 

growth of gut bacterial groups that have xylanolytic and cellulolytic activities. Therefore, the 

findings of this study indicate that MC could be used as an effective dietary tool to increase 

nutrient digestibility to improve feed efficiency in growing pigs fed diets containing high 

amounts of DDGS.     
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CHAPTER FIVE 

Effect of supplementing a fibrous diet with a xylanase and β-glucanase blend on growth 

performance, intestinal glucose uptake and transport-associated gene expression in 

growing pigs
2
 

 

5.1. ABSTRACT 

The present study evaluated supplemental enzyme effect on performance, intestinal 

glucose uptake and transporter mRNA expressions in growing pigs offered a high fiber diet 

manufactured with distillers dried grains with soluble (DDGS). Twenty-four pigs (body 

weight, 22.4 ± 0.7 kg) were randomly assigned to 1of 3 nutritionally adequate diets (8 pigs 

per diet) based on corn and soybean meal (SBM) with either 0 (control) or 30% DDGS (HF). 

The third diet was supplemented with a xylanase and β-glucanase blend (XB) in addition to 

the 30% DDGS (HF+XB). Parameters determined were ADFI, ADG, G:F, plasma glucose 

(GLU) and urea nitrogen (PUN) concentrations, jejunal tissue electrophysiological properties 

(JEP), and mRNA expressions of the Na-dependent glucose transport 1 (SGLT1) and cationic 

AA transporter, b
o,+

AT, in the jejunal and ileal tissues. In addition, mRNA expressions of the 

short-chain fatty acid transporters, monocarboxylate transporter 1 (MCT1) and Na-coupled 

MCT, and mucin genes were quantified in the ileum. Feed intake, GLU, and JEP were not 

affected (P > 0.10) by diet. However, control-fed pigs had superior growth rate and feed 

efficiency and higher PUN (P < 0.05) than HF- and HF+XB-fed pigs. The HF diet increased 

(P < 0.05)
 
SGLT1 mRNA expression in the jejunum and decreased (P < 0.05)

 
b

o,+
 mRNA 

                                                           
1
 A version of the material presented in chapter five of this thesis has been published in the 

Journal of Animal Science. The authors are A.K. Agyekum, J.S Sands, A. Regassa, E. Kiarie, 

D. Weihrauch, W. K. Kim, and C.M. Nyachoti. J. Anim. Sci. 2015. 93:3483-3493. 
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expression in the ileum. The XB supplementation also increased b
o,+

 mRNA expression in the 

ileum relative to HF-fed pigs. Additionally, MCT1 mRNA expression was greater (P < 0.05) 

in the ileum of the HF- and HF+XB-fed pigs. In the present study, XB supplementation 

influenced nutrient transporter mRNA expression, although not accompanied by improved pig 

growth performance.    

Keywords: Growing pigs, High-fiber diet, xylanase and β-glucanase blend, performance, 

electrophysiological properties, intestinal nutrient transporter mRNA expressions.    

 

5.2 INTRODUCTION 

High fiber (HF) diets decrease energy and nutrient utilization in pigs due to the lack of 

the enzymes necessary to break down dietary fiber (Owusu-Asiedu et al., 2006) and are 

known to increase intestinal mass (Pond et al., 1989; Jørgensen et al., 1996; Agyekum et al., 

2012), intestinal cell proliferation, and to alter intestinal morphology in pigs (Jin et al., 1994; 

Brunsgaard, 1998). These changes coupled with the increased endogenous nutrient losses 

associated with feeding HF diets constitute a significant nutritional and metabolic cost to the 

pig (Nyachoti et al., 2000). Furthermore, HF diets decrease active glucose transport (Schwartz 

and Levine, 1980; Schwartz et al., 1982; Johansen and Bach Knudsen, 1994), which may also 

involve a decrease in the Na-dependent glucose transporter 1 (SGLT1) activity (Ferraris, 

2001; Shirazi-Beechey et al., 2011). Therefore, glucose, a major energy source in practical 

swine diet, absorption decreases when pigs are fed HF diets. 

Exogenous enzymes (EE) are commonly added to swine diets to mitigate negative 

effects associated with feeding HF diets to swine (Adeola and Cowieson, 2011; Kerr and 
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Shurson, 2013a). However, studies investigating how EE supplementation might influence 

intestinal nutrient absorption and transporter activities when feeding HF diets are scarce. 

Elucidating the EC effect on intestinal nutrient uptake and transporter activities could 

enhance our understanding of how EC impact the digestive physiology of pigs to ensure 

effective manipulation of pig diets containing HF to promote pig growth. Thus, the objective 

of this study was to determine the effects of supplementing a HF diet with a xylanase and ß-

glucanase blend (XB) on pig performance, intestinal active glucose transport, and mRNA 

expressions of SGLT1, short-chain fatty acid (SCFA) transporters, monocarboxylate 

transporter 1 (MCT1) and Na-coupled MCT (SMCT), the cationic AA (CAA) transporter, 

b
o,+

,  and the mucin genes, MUC4 and MUC20 (as indicators of endogenous N losses). 

5.3 MATERIALS AND METHODS 

5.3.1 Animals, Housing, and Dietary Treatments 

The experimental protocol for this study was reviewed and approved by the Animal 

Care Committee of the University of Manitoba (Winnipeg, Canada) and animals were cared 

for according to the standard guidelines of the Canadian Council on Animal Care (CCAC, 

2009). Twenty-four crossbred (Yorkshire-Landrace × Duroc) pigs (12 gilts and 12 barrows) 

with an initial body weight of 22.4 ± 0.7 kg were obtained from the University of Manitoba 

Glenlea Swine Research Unit for use in the present study. Pigs were individually housed in 

pens (1.5 x 1.2 m) with plastic-covered expanded metal sheet flooring equipped with a nipple 

drinker and a stainless steel feeder in a temperature-controlled room (20 to 22
o
C). The pens 

were partitioned with metal walls that allowed visual contact with pigs in adjacent pens. Three 

experimental diets based on corn and soybean meal (SBM) were used for this study (Table 

5.1). The diets were: 1) a corn-SBM basal control; 2) corn-SBM based with 30% distillers 
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dried grains with solubles (DDGS) to produce the HF diet. The DDGS, which is a co-product 

of ethanol production from cereal grains, was used as the major dietary fiber source. The 

DDGS was produced from the fermentation of equal proportions of corn and wheat and was 

obtained from a commercial plant (Husky Energy Ethanol Plant, Lloydminster, AB, Canada). 

The third diet (HF+XB) was HF supplemented with XB (Axtra
®
XB; DuPont Industrial 

Biosciences, Marlborough, Wiltshire, UK) at 4,000 and 300 U/kg for the xylanase and ß-

glucanase, respectively. The XB was added at 500g/MT of complete diet as recommended by 

the manufacturer at the expense of some corn. The experimental diets were formulated to 

contain similar calculated ME and standardized ileal digestible (SID) lysine contents, and all 

other nutrients were supplied according to NRC (1998) requirements for growing pigs. The 3 

diets were fed ad libitum for 21 d in a completely randomized design resulting in 8 pigs (equal 

number of each sex) per diet. At the end of the experiment, body weight gain and feed 

consumption were determined. Non-fasting blood samples (10 mL) were collected from each 

pig via jugular vein puncture into vacutainer tubes coated with lithium heparin (Becton 

Dickson & Co., Franklin Lakes, NJ), in the morning before they were sacrificed, and used to 

determine plasma glucose (GLU) and urea nitrogen (PUN) concentrations. Thereafter, pigs 

were euthanized to obtain intestinal tissue samples. 

5.3.2 Slaughter Procedure and Tissue Collection 

Pigs were anesthetized by an intramuscular injection of ketamine:xylazine (20:2 

mg/kg; Bimeda-MTC Animal Health Inc., Cambridge, ON, Canada) and euthanized by an 

intravenous injection of sodium pentobarbital (50 mg/kg of BW; Bimeda- MTC Animal 
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Table 5.1. Composition of experimental diets
1,2  

 

Item  Control  HF 

Corn 67.91 54.80 

SBM, 45% 27.25  10.00 

DDGS  -  30.00 

Vegetable oil  1.25  1.70 

Salt  0.50  0.50 

Dicalcium phosphate  0.96  0.52 

Limestone  1.05  1.40 

L-lysine, HCl  0.06  0.41 

DL-Methionine  0.01 - 

L-Threonine  0.01 - 

Vitamin and mineral premix
3 

 1.00  1.00 

Calculated chemical composition
4 

  

    ME MJ/kg 13.8 13.7 

    NE, MJ/kg 10.1 10.3 

     CP, % 18.2 18.1 

    SID Lys/ME, g/MJ 0.63 0.63 

    SID Lys, %
4 

0.87 0.86 

    SID Met, % 0.28 0.30 

    SID Meth+Cys, % 0.54 0.60 

    SID Thr, % 0.60 0.62 

    SID Trp, % 0.21 0.18 
1 

HF = high fiber; DDGS = distillers dried grains with solubles; SID = standardized 

ileal digestible, XB = xylanase and ß-glucanase blend  

2  
The third diet (HF+XB) was the same as the HF except that this diet was 

supplemented with XB at 500g/MT of diet (i.e., HF+XB 

3
Premix supplied per kilogram of diet: vitamin A, 8,250 IU; vitamin D3, 825 IU; 

vitamin E, 40 IU; vitamin K, 4 mg; thiamine, 1 mg; riboflavin, 5 mg; niacin, 35 mg; 

pantothenic acid, 15 mg; vitamin B12, 25 μg; biotin, 200 μg; folic acid, 2 mg; Cu, 15 mg 

(copper sulfate); I, 0.21 mg as Ca(IO3)2; Fe, 100 mg (ferrous sulfate); Mn, 20 mg (manganese 

oxide); Se, 0.15 mg (sodium selenite); and Zn, 100 mg (zinc oxide). 

4
Nutritional composition was calculated based on ingredient composition values from 

NRC and our laboratory (1998). 
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Health Inc.). Thereafter, the abdomen and the thorax were cut open by a midline incision. Two 

10-cm tissue samples from the jejunum (200 cm from the stomach) and a 10-cm tissue sample 

from the ileum (30 cm from the ileal-cecal junction) were obtained after carefully removing the 

mesentery. The 2 whole jejunal tissue samples were used to determine SGLT1 and b
o,t 

mRNA 

expressions and electrophysiological properties, respectively, whereas the whole ileal tissue 

sample was used to quantify mRNA expressions of SGLT1, b
o,t 

, MCT1, SMCT, MUC4, and 

MUC 20. Tissue samples for mRNA expressions were rinsed with ice-cold PBS, snap-frozen in 

liquid nitrogen, and stored at -80
o
C until required for analysis. The jejunal tissue samples for 

determination of electrophysiological properties were rinsed with ice-cold Ringer buffer with the 

following composition (mmol/L): NaCl, 115; NaHCO3, 25; K2HPO4, 2.4; CaCl2, 1.2; MgCl2, 

1.2; KH2PO4, 0.4; and D-glucose, 10. After rinsing, intestinal segments were transported to the 

laboratory in the ice-cold Ringer buffer oxygenated with a mixture of 95% O2 and 5% CO2. The 

tissue samples were opened along the mesenteric border and gently rinsed with the Ringer buffer 

at 4°C to remove digesta particles. Thereafter, the tissue samples were kept in the ice-cold 

Ringer buffer (for approximately 4 min) and continuously gassed with a mixture of 95% O2 and 

5% CO2 until mounted in Ussing Chambers. 

 

5.3.3 Electrophysiological Studies  

The Ussing chamber was used to study glucose transport across the jejunal epithelial 

tissues. The electrical variables studied were tissue short-circuit current (Isc; net ion movement 

across a tissue) and conductance (Gt; tissue permeability). Experimental procedures were 

performed according to Woyengo et al. (2012). The serosal and muscle layers were removed 

using microforceps and the epithelial tissues were mounted in modified Ussing  chambers (VCC-
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MC6, Physiologic Instruments Inc., San Diego, CA) containing pairs of current (Ag wire) and 

voltage (Ag/AgCl pellet) electrodes housed in 3% agar bridges and filled with 3 M KCl. The 

chambers had an exposed surface area of 0.9 cm
2
. The mucosal surface was bathed in 4 mL of 

the Ringer buffer solution and the serosal surface was bathed in 4 mL of the Ringer buffer 

solution enriched with 10 mmol/L of D-mannitol instead of D-glucose for osmostic reasons. The 

bathing medium in the chambers was continuously aerated with a mixture of 95% O2 and 5% 

CO2 maintained at 37
o
C in a water bath. The electrode potential and the solution resistance were 

corrected before tissues were mounted in the chamber. The tissues were left to equilibrate for 

approximately 10 min followed by recording the Isc and Gt at 15 and 30 min. To test the 

involvement of SGTL1 in the mucosal-serosal ion transport, the Ringer on the mucosal side was 

replaced with a similar Ringer solution that contained phloretin (an SGLT1 inhibitor; Sigma-

Aldrich Corp., Ontario, Canada) at 0.5 mmol/L and the Isc and Gt recorded at 45 and 60 min. 

The SGTL1 dependent Isc and Gt were calculated as the difference between the Isc and Gt 

values recorded at 15 and 30 min, and the values recorded at 45 and 60 min.   

  

5.3.4 RNA Isolation, cDNA Synthesis, and qRT-PCR 

Total RNA was extracted from 80 mg of tissue sample using 1 mL TRIzol (Invitrogen 

Canada Inc., Burlington, ON, Canada) according to the manufacture‘s protocol. The RNA pellet 

was re-suspended in nuclease-free water, and the total concentration of RNA was determined 

using Nanodrop (Thermo Scientific, Wilmington, DE, USA). Additionally, purity of RNA was 

assessed by measuring absorbance at 260 and 280 nm using Nanodrop and the ratio of 

absorbance at 260:280 nm for all the RNA samples was between 1.8 to 2.0. 
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First strand cDNA was synthesized using a high capacity cDNA synthesis kit following 

the suppliers‘ protocol (Applied Biosystems, Burlington, ON, Canada). Pairs of primers for each 

gene were designed and checked for target identity using the National Center for Biotechnology 

Information (NCBI; Bethesda, MD, USA). Quantitative real-time RT-PCR (qRT-PCR) was 

performed in duplicate reactions including nuclease free water, the forward and reverse primers 

of each gene, template cDNA, and SYBR Green as a detector using CFX Connect 
TM 

Real-Time 

PCR Detection System (Life Science Research, Bio-Rad, Ontario, Canada). Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. Data were generated 

using the ∆∆Ct method by normalizing the expression of the target gene to the housekeeping 

gene, and the values were reported as fold changes of the expression of the target genes in the 

treatment groups compared with the control group. Pairs of primers used for qRT-PCR assay and 

their sequences are presented in Table 5.3.  

 

5.3.5 Chemical Analyses and Enzyme Assay 

The diet and DDGS samples were finely ground in a sample mill (1093 Cyclotec sample 

mill; Foss Tecator, AB, Höganäs, Sweden) to pass through a 1 mm sieve and thoroughly mixed 

before chemical analysis. Samples were analyzed for moisture (AOAC, 1990; method 934.01) to 

estimate DM, CP (AOAC, 1990; method 968.06) using a Leco NS 2000 Nitrogen Analyzer, 

Leco Corp., St. Joseph, MI), GE using a Parr Isoperibol oxygen bomb calorimeter (Parr 

Instrument Co., IL, USA), and total starch (AOAC, 2006; method 996.11) using a test kit 

(Megazyme International Ireland, Wicklow, Ireland). Fat content was determined using an 

Ankom XT10 extractor (Serial no., XT10110202; Ankom Technology, Macedon, NY, USA) 

using hexane following the manufacturer‘s instructions. Neutral detergent fiber was assayed 
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(using a heat-stable α-amylase) according to the method of Van Soest et al. (1991) using the 

Ankom
200

 Fiber Analyzer (Ankom Technology, NY, USA). Diet samples were further analyzed 

for total non-starch polysaccharides (NSP) using gas-liquid chromatography (component neutral 

sugars) and by colorimetry (uronic acids). The procedure for neutral sugars was performed as 

described by Englyst and Cummings (1988) with some modifications (Slominski and Campbell, 

1990), whereas uronic acids were determined using the procedure described by Scott (1979). 

Additionally, diet samples were sent to a commercial laboratory (Danisco Laboratories, 

Brabrand, Denmark) for enzyme assay. One BGU-β-glucanase unit is the amount of enzyme that 

releases 2.4 µmol of reducing sugar equivalents (as glucose by the Dinitrosalicylic [DNS] acid 

reducing sugar method) from barley glucan per min at pH 5.0 and 50°C. One xylanase unit (XU) 

is the amount of enzyme that releases 0.5 µmol of reducing sugar equivalents (as xylose by the 

DNS acid reducing sugar method) from an oat-spelt-xylan substrate per min at pH 5.3 and 50°C 

(Bailey et al., 1992). All analysis were done in duplicate. 

 Plasma glucose and PUN concentrations were analyzed at a commercial laboratory 

(Veterinary Diagnostic Services, Winnipeg, MB, Canada) utilizing Ortho Diagnostics Vitros
®

 

250 Chemistry System (Ortho-Clinical Diagnostics Inc., Johnson & Johnson, Rochester, NY, 

USA) 

 

5.3.6 Statistical Analysis 

Data were subjected to analysis of variance using the GLM procedure of SAS (version 

9.2; SAS Inst. Inc., Cary, NC) with dietary treatment as the main effect in the model. Pig was 

considered the experimental unit and significance and trends were defined as P < 0.05 and 0.05 < 

P < 0.10, respectively. Normality was assessed using the univariate procedure of SAS and 
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homogeneity of the variance using residual plots. Data are presented as least-squares means with 

SEM and the means were compared using the PDIFF option of SAS. 

 

5.4 RESULTS 

5.4.1 Diet Composition, Performance, and Plasma Metabolites 

The starch content in the control diet was 6.4%-units greater than in the HF diet (Table 

5.2). However, the NDF contents in the 2 HF diets were 2 times greater compared with the 

control diet, reflecting the high NDF content in the DDGS used to produce the HF diets. Further, 

the HF diet had 4.1%-units greater total NSP content than the control diet. The results of the 

enzyme assay of the HF+XB diet for the xylanase and ß-glucanase were 4,226 and 266 U/kg of 

diet, respectively, and these values were close to the respective values for the target enzyme 

activities, i.e., 4,000 and 300 U/kg of diet. The control diet had 266 and <50 U/kg of xylanase 

and ß-glucanase, respectively, whereas the unsupplemented HF diet had nondetectable xylanase 

and ß-glucanase activities (Table 5.2). 

Pigs fed the control diet were heavier (P < 0.05; 40.7 kg of BW) than pigs fed the HF 

(37.0 kg of BW) and HF+XB (38.1 kg of BW) at the completion of the experiment. In addition, 

the control-fed pigs grew faster (P < 0.05) and had superior (P < 0.01) feed efficiency than pigs 

fed the HF and HF+XB diets (Table 5.4). Supplementing the HF with XB did not improve 

growth rate, final body weight, and feed efficiency in pigs compared with those fed the HF diet 

alone. Feed intake, however, did not differ among the dietary treatments. Plasma glucose 

concentration was not affected by dietary treatment, but pigs fed the HF and HF+XB diets had 

lower (P < 0.05) PUN concentrations compared with those fed the control diet (Table 5.4). 
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Table 5.2. Analyzed chemical composition of experimental diets and the distillers dried grains 

with solubles (DDGS) used to produce the fibrous diets (as-is basis)
1 

Item  Control HF HF+XB DDGS
2 

DM, % 90.3 90.5 90.8 92.0 

CP, % 17.5 17.6 17.8 31.6 

GE, MJ/kg 16.3 17.3 17.4 19.7 

Starch, % 40.4 34.0 33.8 1.32 

Crude fat, %     3.36 6.06 6.39 3.35 

NDF, % 11.1 22.2 21.9 26.0 

Total NSP, %
 

8.52 12.63 12.72 24.4 

     Insoluble, % 7.60 12.3 12.1  

     Soluble, % 0.92 0.30 0.62  

NSP component sugars,%      

     Arabinose                                                       1.67 2.74 2.78 4.9 

      Xylose 1.88 3.85 3.83 8.1 

     Mannose  0.28 0.46 0.45 1.5 

     Galactose  1.36 1.07 1.02 1.0 

     Glucose  2.67 4.04 4.04 7.6 

     Uronic acid 0.66 0.48 0.49 1.3 
1 

HF = high fiber; XB = xylanase and ß-glucanase blend; DDGS = distillers dried grains 

with solubles; NSP = nonstarch polysaccharides. The third diet (HF+XB) was the same as the 

HF except that this diet was supplemented with XB at 500g/MT of diet (i.e., HF+XB). Enzyme 

assay of experimental diets, U/kg of diet: Control = xylanase (337) and ß-glucanase (<50); 

HF+XB = xylanase (4226) and ß-glucanase (266). 

2 
The DDGS data have been reported previously (Agyekum et al., 2014).  
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Table 5. 3. Porcine-specific primers used for the qRT-PCR
1 

Genes  Accession no. Primer sequence (5‘→ 3‘)  Annealing  temperature (
o
C) Product length (bp) 

GAPDH NM_001206359.1  58 238 

     Forward  GGTGAAGGTCGGAGTGAACG   

     Reverse   GGGATCTCGCTCCTGGAAGA   

SGLT1 NM_001164021.1  55 153 

    Forward  GGCTGGACGAAGTATGGTGT   

    Reverse   ACAACCACCCAAATCAGAGC   

b
o,+

AT NM_001110171.1  55 283 

    Forward  GAGCACTGAACCCAAGACCA   

    Reverse   GAGATAGGCAGGAATGGGGC   

MCT1 NM_001128445.1  55 225 

    Forward  TGGGCATGTGGCATAATCCT   

    Reverse   CTCCTCCTCTTTGGGGCTTC   

SMCT XM_003126684.3  58 200 

    Forward  CTCTGGGCAATCCTCACCTG   

    Reverse   ACGGTGCTCAATGTTCCACA   

MUC4 NM_001206344.1  56 229 

    Forward  GGACCCCATCACGGTTCAAT   

    Reverse   GCAGGAGGCATGGAGGATTT   

MUC20 NM_001113440.1  55 239 

    Forward  CCCCTCCCAGTGGAAAGTTG   

    Reverse   TGTGCTGCCTGTGGTAGAAG   
1
Glyceraldehyde 3-phosphate dehydrogenase; SGLT1, sodium-dependent glucose transporter 1; b

o,+
AT, sodium-independent 

cationic amino acid transporter; MCT1, monocarboxylate transporter 1; SMCT, sodium-coupled moncarboxylate transporter; MUC4, 

mucin gene 4; MUC20 mucin gene 20. 
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5.4.2 Electrophysiological Studies 

  The total Isc and Gt did not differ (P > 0.10) among the dietary treatments (Figure 

5.1). Similarly, the SGLT1 dependent Isc and Gt were not affected (P > 0.10) by dietary 

treatment (Figure. 5.1). 

 

5.4.3 Relative mRNA Expression 

  The suitability of GAPDH as a housekeeping gene was confirmed by agarose gel 

electrophoresis, which showed no effect across treatments groups (Figure 5.2). In the 

jejunum, the SGLT1 mRNA expression increased (P < 0.05) in pigs fed the HF diet compared 

with those fed the control and HF+XB diets, but SGLT1 expression did not differ between 

pigs fed the control and HF+XB diets. However, b
o,+ 

expression did not differ among the 

dietary treatments (Figure 5.3). Ileal SGLT1 expression was not affected by dietary treatment, 

but the expression of b
o,+ 

decreased (P < 0.05) in the ileum of pigs fed the HF diet, followed 

by those fed the HF+XB diet compared with pigs fed the control diet (Figure 5.4). Further, the 

MCT1 expression increased (P < 0.05) in the ileum of pigs fed the HF and HF+XB diets 

compared with those fed the control diet, but was not different between the HF and HF+XB-

fed pigs (Figure 4). However, ileal SMCT expression was not affected by dietary treatment 

(Figure 5.5). Additionally, ileal MUC4 and MUC20 expressions did not differ among the 

dietary treatments (Figure 5.6).  
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A 

 

B 

                        

Figure 5.1. Transepithelial tissue short-circuit current (Isc, A) and conductance (Gt, B) in the 

jejunum of growing pigs fed a control diet or an HF diet with or without a multi-enzyme 

cocktail  enzyme. Values are means ± SEM; n = 6.  
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Figure 5.2. A 1% agarose gel electrophoresis depicting a stable expression of the 

housekeeping gene (GAPDH) across the treatments as shown by the band intensity for each 

group. An equal amount of cDNA from each treatment group was used for semi-quantitative 

reverse transcription polymerase chain reaction (RT-PCR) using GAPDH primer and PCR 

master mix (Promega, Madison, USA). The PCR product was loaded onto 1% agarose gel for 

electrophoresis and images of PCR product (band strength) were taken using UV fluorescence 

(FluorchemTM, Alpha Innotech, Fisher Scientific, Mississauga Canada). Nuclease-free water 

was used as non-template control (NTC) using the same master mix showing no product 

amplification. 
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Figure 5.3. Effects of ingesting a control diet or a high fiber (HF diet) without or with a 

xylanase and ß-glucanase blend
 
on relative mRNA expressions of Na-dependent glucose 

transporter 1 (SGLT1) and cationic AA transporter, b
o,+

,
 
in the jejunum of growing pigs. 

Values are means ± SEM; n = 8. Means with different letters differ (P < 0.05). 
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Figure 5.4. Effects of ingesting a control diet or a high fiber (HF) diet without or with a 

xylanase and ß-glucanase blend
 
on relative mRNA expressions of Na-dependent glucose 

transporter 1 (SGLT1) and cationic AA transporter, b
o,+

,
  
in the ileum of growing pigs. Values 

are means ± SEM; n = 8. Means with different letters differ (P < 0.05 
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Figure 5.5 Effects of ingesting a control diet or a high fiber (HF) diet without or with a 

xylanase and ß-glucanase blend
 

on relative mRNA expressions of monocarboxylate 

transporter 1 (MCT1) and Na-coupled MCT (SMCT)
 
in the ileum of growing pigs. Values are 

means ± SEM; n = 8. Means with different letters differ (P < 0.05). 
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Figure 5.6. Effects of ingesting a control diet or a high fiber (HF) diet without or with a 

xylanase and ß-glucanase blend
 
on  relative mRNA expressions of MUC4 and MUC20

   
in the 

ileum of growing pigs. Values are means with SEM; n = 8.  
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5.5 DISCUSSION 

The present study was conducted to elucidate the effects of XB supplementation on 

intestinal active glucose uptake and mRNA levels of transporters associated with glucose, 

cationic amino acids, and SCFA absorption and mucin production in growing pigs fed an HF 

diet. Arabinoxylans and ß-glucan together account for a high proportion of the NSP fraction 

in DDGS (Pedersen et al., 2014). Therefore, it was expected that substituting some of the corn 

and SBM in the control diet for DDGS in this study would increase these NSP in the HF diets 

for XB to hydrolyse to increase nutrient supply to the pigs. Thus, 2 effects were studied: the 

effects of HF diets and the effects of XB supplementation towards an HF diet.  

The starch content decreased and the fiber content increased when DDGS was 

included in the basal control diet because including fibrous feedstuffs in diets tend to change 

the carbohydrate composition of a high starch diet to a less starch and but fibrous (NSP) diet. 

The growth rate and body weight of pigs fed the HF diet decreased in the present study, which 

concurs with previous results in pigs (Anugwa et al., 1989; Pond et al., 1989; Jørgensen et al., 

1996). Feed intake, however, was not negatively affected when pigs were fed the HF diet in 

the present study, which is consistent with our previous studies (Agyekum et al., 2012, 2014) 

utilizing such HF diets. However, like growth rate, feed efficiency decreased when pigs were 

fed the HF diet indicating an increase in energy requirement for maintenance purposes at the 

expense of body growth in pigs offered the HF diet (Nyachoti et al., 2000; Montagne et al., 

2004). It is also possible that the nutrients in the control diet were more digestible and thus the 

superior feed efficiency of the control-fed pigs relative to the HF-fed pigs. In addition, 

differences in the percentage of energy coming from fat, starch, sugars, and fiber in the diets 

may have resulted in a difference in metabolic efficiency of the diets. 
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In the present study, supplementing the HF diet with XB did not ameliorate the 

negative effects of the HF diet on performance.  This observation concurs with the results of 

other studies (Kiarie et al., 2007; Olukosi et al., 2007; Woyengo et al., 2008; Jacela et al., 

2009; Jones et al., 2010) showing a lack of EC effect on pig performance. In contrast, some 

studies (Omogbenigun et al., 2004; Emiola et al., 2009) observed improvement in pig growth 

performance due to EC supplementation. In the present study, the closeness of the values for 

the target enzyme activities and the enzyme assay of the HF+XB diet, and the dietary fiber 

content of the HF diet rule out enzyme concentrations and substrate availability as possible 

reasons for the lack of XB effect on pig performance. However, it is not clear whether the XB 

actually improved nutrient digestibility because this was not determined in the current study. 

Nonetheless, an improvement in nutrient digestibility due to EC does not always translate to 

an improvement in pig performance (Barrera et al., 2004).  

Ingestion of the HF diet alone or in combination with XB reduced PUN in the present 

study. The PUN can be used to predict the state of protein metabolism and balance of AA in 

pigs (Coma et al., 1995; Klindt et al., 2006). If AA is consumed in excess of the amount 

required for protein accretion or in unbalanced proportions, AA that cannot be used in protein 

synthesis undergo transamination and deamination, and are subsequently excreted as urea.  

On the other hand, dietary fiber ingestion causes bacterial proliferation in the hindgut and the 

growth of these bacteria depend on the supply of nitrogen, primarily from blood urea (Levrat 

et al., 1993). This implies that dietary fiber ingestion can alter the urea cycle and redirect urea 

from the blood into the cecum and proximal colon for bacterial use, thereby reducing urea 

excretion. Indeed, Younes et al. (1995b) demonstrated, using rats, that dietary fiber ingestion 

reduces PUN concentration and renal nitrogen excretion by increasing urea disposal in the 
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large intestine. In the study by Younes et al. (1995), the addition of fiber to the control diet 

decreased PUN concentration and renal nitrogen excretion by 20-30% and we observed a 

30%-units decrease in PUN value in the HF-fed pigs relative to the control. Therefore, it 

could be argued that the decreased PUN concentration in the HF-fed pigs in this study may be 

due to the ability of dietary fiber to reduce PUN concentration as indicated above. Further, it 

is assumed that the higher PUN concentration observed in the pigs fed the control in this 

study may not be due to excess AA ingestion or dietary AA imbalance because the diets were 

formulated to contain similar calculated SID AA above NRC (1998) requirement for growing 

pigs. The PUN values observed in this study were also within the range (2.42 – 4.51 mmol/L) 

for 20-45 kg pigs fed diets containing adequate SID AA reported by others (Waguespack et 

al., 2012; Htoo et al., 2014). In addition, the control-fed pigs grew faster than those fed the HF 

diet. In this context, the reason for the similar PUN concentrations in the pigs fed the HF and 

XB-supplemented diet observed in the current study may be that the amounts of NSP leaving 

the terminal ileum of the pigs fed those diets were sufficient to trigger dietary fiber effect on 

PUN concentration. The PUN can also be influenced by the post-ingestive digestion dynamics 

and release of AA in the blood as well as intestinal formation in the distal part of the GIT. 

Plasma glucose concentration, however, was not affected by dietary treatment in this study. It 

may be that glucose homeostasis was controlled by insulin and glucagon in the systemic 

circulation as observed in normal healthy human subjects in the non-fasting state (Saltiel and 

Kahn, 2001). Thus, it is possible that glucose absorption in the pigs used in this study was 

modulated to an appropriate level for the needs of metabolism rather than the pigs 

maintaining  higher blood glucose levels, which concurs with previous results in broilers (Gao 

et al., 2008).  
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Sodium is the major generator of Isc across the epithelium (Ussing and Zerahn, 1954). 

The Na-K-ATPase located on the basolateral membrane of the enterocytes actively pumps Na 

from the enterocytes into interstitial fluids, thereby creating an electrochemical gradient that 

serves as the driving force for the movement of Na from the lumen into the enterocytes. This 

movement of Na from the intestinal lumen into the enterocytes and then into the interstitial 

fluids creates Isc. Because Na is co-transported with other nutrients such as glucose, an 

increase in glucose absorption leads to changes in Isc (Wright and Loo, 2000). Therefore, 

dietary factors, such as fiber, which influence glucose absorption is expected to alter changes 

in Isc. However, in the present study, HF ingestion had no effect on intestinal glucose 

transport (i.e. total Isc and Gt) using pig jejunal tissues mounted in Ussing chambers. This 

finding contradicts the results of Schwartz et al. (1982), who observed a decrease in glucose 

transport into rat jejunal tissues mounted in Ussing chambers due to cellulose or pectin 

ingestion. Awad et al. (2008) also observed a decrease in glucose transport in the jejunum of 

healthy broiler chickens fed inulin-containing diets. The discrepancy between the present 

study and the above-mentioned studies may be due to differences in the form and amount of 

the fibrous ingredient added to the diets, species, and experimental conditions.  

The SGTL1 involvement in jejunal glucose uptake of pigs in the study was also 

studied using Phloretin, a potent SGTL1 inhibitor. There were no changes in the SGLT1-

sensitive Isc and Gt in the jejunum of pigs, although the SGLT1 mRNA expression increased 

in the jejunum of the HF-fed pigs compared with those fed the control or HF+XB diets. Apart 

from luminal glucose, expression of the SGLT1 mRNA is modulated by several luminal 

factors such as the gut peptide hormones (e.g. gastrin, glucagon-like peptide 2, and peptide 

YY) (Ferraris and Diamond, 1989; Bird et al., 1996). Because dietary fiber can increase the 
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production of some of these gut peptide hormones (Sánchez et al., 2012), it can be surmised 

that the increase in SGLT1 mRNA expression in the jejunum of the HF-fed pigs may be due 

to the greater dietary fiber content in the HF diet. It is also possible that the increased jejunal 

SGLT1 mRNA expression was an adaptive mechanism to increase absorptive capacity in the 

pigs fed the HF diet as observed in hay-supplemented calves compared with calves 

supplemented with concentrate or corn silage (Klinger et al., 2013). It also appears that the 

decreased SGLT1 mRNA expression in the jejunum of the HF+XB-fed pigs compared with 

the HF-fed pigs may be due to a partial hydrolysis of the dietary fiber, thereby decreasing 

dietary fiber effect on SGLT1 mRNA expression. 

The CAA are the most critical in pigs because lysine, a CAA, is the first limiting AA 

in typical diets fed to pigs (NRC, 1998). The high-affinity Na-independent transport system, 

b
o,+

AT
 
expression in the jejunum and ileum of pigs was determined in this study because it is 

involved in the transport of CAA, including lysine, into the enterocytes (Bröer, 2008). Dietary 

treatment had no effect on the mRNA expression of b
o,+ 

in the jejunum. However, b
o,+ 

mRNA 

expression decreased in the ileum of the pigs fed the HF and HF+XB diets compared with the 

control-fed pigs. Recent studies (García-Villalobos et al., 2012; He et al., 2013), suggest that 

feeding pigs diets with high protein or AA contents may increase the transport capacity of 

some AA in the small intestine via increased mRNA expression. As previously indicated, the 

diets used in this study were formulated to contain similar SID lysine and other AA based on 

the ideal protein ratio and dietary treatments had no effect on feed intake. Therefore, the 

greater b
o,+

 MRNA expression in the ileum of control-fed pigs could not be due to decreased 

dietary CAA intake. We, however, suspect greater CAA digestibility to be a reason for the 

increase b
o,+

 mRNA expression in the ileum of the control-fed pigs compared with the HF-fed 
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pigs. In this context, the greater b
o,+

 MRNA expression in the ileum of XB-fed pigs compared 

with HF-fed pigs could also be attributed to improved CAA digestibility due to XB 

supplementation.   

The greater MCT1 mRNA expression in the ileum of pigs fed the HF and HF+XB 

diets, relative to the control observed in this study concurs with the results of Kirat et al 

(2009), who observed an increase in the abundance of MCT1 protein in the GI tract of rats fed 

a pectin-containing diet. Dietary fiber is fermented in the hindgut to produce SCFA, which are 

absorbed in the lower gut.  In the gut, MCT1, the most widely distributed MCT, has been 

found in both the small intestine and colon of pigs to transport SCFA (Sepponen et al., 2007; 

Metzler-Zebeli et al., 2012), and its expression depends on substrate availability. Thus, the 

greater MCT1 mRNA expression in the ileum of the HF- and HF+XB-fed pigs could suggest 

increased fiber fermentation. 

Mucin can represent up to 11% of total endogenous N losses at the ileum of pigs (Lien 

et al., 1997). Dietary factors such as fiber and protein have been reported to influence the 

synthesis and secretion of mucin from the goblet cells and its recovery in digesta (Montagne 

et al., 2004). Indeed, recent studies in rats and pigs (Gradiner, et al., 2008; Han et al., 2008; 

Montoya et al., 2010; Smith et al., 2011) suggest that dietary fiber and protein may enhance 

ileal endogenous N losses and/or increase mucin gene MRNA expressions along the 

intestines. In the present study the mRNA expressions of two membrane-bound mucin genes, 

MUC4 and MUC20 in pig ileum were considered as indirect indicators of endogenous N 

(AA) loss due to HF ingestion. However, dietary treatment did not affect the mucin mRNA 

expressions, and the reason for this is not clear.    
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In conclusion, pigs fed the control diet had superior growth rate and feed efficiency 

than the pigs fed the HF and HF+XB diets. The mRNA expression of the CAA transporter b
o,+

 

was greater in the ileum of pigs offered the control diet relative to pigs offered either the HF 

or HF+XB diet. The XB supplementation influenced nutrient transporter mRNA expressions 

but did not improve growth performance compared with the HF-fed pigs.    
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CHAPTER SIX 

Postprandial portal glucose and lactate fluxes, insulin production and portal vein-

drained viscera oxygen consumption in growing pigs fed a high fiber diet supplemented 

with a multi-enzyme cocktail
3
 

 

6.1 ABSTRACT 

Information on effects of supplementing fibrous diets with exogenous enzymes on 

nutrient absorption and energetic demands of visceral organs is scarce. Therefore, this study 

investigated the effects of supplementing a high-fiber (HF) diet with a multi-enzyme cocktail 

(MC; to supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase  at target 

activities of 4400, 3000, 175, 1500 and 30 U/kg of complete feed, respectively) on net glucose 

and lactate portal fluxes, insulin production and O2 consumption by the portal-drained viscera 

(PDV) and whole-animal in growing pigs. Three isocaloric-nitrogenous diets based on corn 

and soybean meal with 0 (control) or 30% distillers‘ dried grains with solubles (DDGS; 1:1 

corn and wheat mixture; HF) and HF supplemented with MC (HF+MC) were used. Five gilts 

(initial BW=22.8 ± 1.6 kg) fitted with permanent catheters in the portal vein and carotid artery 

(for blood sampling), and ileal vein (to infuse para-amino hippuric acid (to measure blood 

flow rate) were fed the 3 diets at 4% BW once daily at 0900 h for 7 d in a replicated 3 x 3 

Latin square design. On d 7, pigs were placed in an open-circuit indirect calorimeter to 

measure whole-animal O2 consumption and sample blood for 7 h postprandial. Net glucose 

                                                           
1
 A version of the material presented in chapter six of this thesis has been published in the 

Journal of Animal Science. Presented in part at the 2015 ASAS/ADAS Joint Annual Meeting, 

Orlando, FL, USA. The authors are A.K. Agyekum, E. Kiarie, M. C. Walsh, and C.M. 

Nyachoti. J. Anim. Sci. 2016 doi 10.2527/jas2015-0076 
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and insulin production were calculated from portal-arterial differences x portal blood flow and 

PDV O2 consumption was calculated as arterial-portal O2 differences x portal blood flow. Diet 

had no effect (P > 0.10) on postprandial whole-animal O2 consumption, flow rate, and lactate 

flux. In addition, diet had no effect (P > 0.10) on overall mean postprandial PDV O2 

consumption. Pigs fed control had greater (P < 0.05) portal insulin and glucose fluxes, from 

90 to 300 min, and net glucose flux from 90 to 240 min postprandial. However, pigs fed 

control and HF+MC had similar (P > 0.10) net glucose flux, which was greater (P < 0.05) 

than in pigs fed the HF diet. In conclusion, diet did not affect the energetic demand of the 

PDV but adding MC to the HF diet improved postprandial net glucose portal flux in growing 

pigs.   

Keywords: Fibrous diet, multi-enzyme cocktail, net portal flux, pig 

 

6.2 INTRODUCTION 

Dietary fiber is not digestible by porcine endogenous enzymes. Therefore, diets with 

high fiber (HF) contents decrease energy and nutrient digestibility in pigs (Owusu-Asiedu et 

al., 2006).  High fiber diets may also increase the activity of the visceral organs involved in 

digestion and thereby increase their mass (Jørgensen et al., 1996; Nyachoti et al., 2000; Wenk, 

2001). The visceral organs drained by the portal vein (PDV) account for a higher proportion 

of the whole-body energy and nutrient utilization, even though they represent less than 15% 

of the body mass because they are metabolically highly active tissues (Yen et al., 1989). Thus, 

an increase in their mass and/or activity due to dietary fiber ingestion will exert additional 

increase in their energetic demand at the expense of body growth, which can be assessed by 

measuring oxygen consumption by the PDV and by the whole-body (Yen et al., 1989). 
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Exogenous carbohydrases are able to hydrolyze dietary fiber to improve energy and 

nutrient digestibility (Adeola and Cowieson, 2011; Kerr and Shurson, 2013b) and have been 

reported to reduce PDV mass in pigs fed HF diets (Agyekum et al., 2012) and thus can 

increase the energy and amount of nutrients available for the peripheral tissues of economic 

importance, such as the muscles. However, information on exogenous carbohydrase effects on 

nutrient absorption and energetic demand by PDV in pigs is scarce. 

In the present study, the porcine portal-vein catheterized model was used to investigate 

the effects of HF and a multi-enzyme cocktail (MC) supplementation on portal glucose and 

lactate fluxes, insulin production, and oxygen consumption by the PDV and whole-animal in 

growing pigs. The hypothesis tested was that HF ingestion will decrease portal glucose and 

lactate fluxes and insulin secretion, and increase oxygen consumption by PDV and the whole-

animal and that MC supplementation will ameliorate these adverse effects.  

 

6.3 MATERIAL AND METHODS 

The procedures were reviewed and approved by the University of Manitoba Animal 

Care Committee. Pigs were cared for in accordance with the Canadian Council on Animal 

Care guidelines (CCAC, 2009). 

 

6.3.1 Experimental Diets 

      Three experimental diets based on corn and soybean meal (SBM) were used for this 

study. Composition and chemical analysis of the diets are presented in Table 6.1. The diets 

were: 1) Control: corn-SBM-based diet; 2) HF: corn-SBM based with 30% distillers‘ dried 

grains with solubles (DDGS), produced from the co-fermentation of corn and wheat (1:1;
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Table 6.1. Composition and chemical analysis of experimental diets (as is basis)
1  

 

Item  Control  HF HF+MC 

Ingredients, g/kg    

    Corn 679.1 545.0 545.0 

    Soybean meal, 45% 272.5  100  100 

    DDGS  -  300.0  300.0 

    Vegetable oil  12.5  16.9  16.9 

    Salt  5.0  5.0  5.0 

    Dicalcium phosphate  9.6  5.2  5.2 

    Limestone  10.5  13.9  13.9 

    L-lysine, HCl  0.6  4.0  4.0 

    DL-Methionine  0.1 - - 

    L-Threonine  0.1 - - 

    Vitamin and mineral premix
2 

 10.0  10.0  10.0 

Calculated chemical composition
3 

   

    CP, g/kg 182 181 181 

    ME, MJ/kg 13.8 13.7 13.7 

    NE, MJ/kg 10.1 10.3 10.3 

    SID Lysine, g/kg
 

8.7 8.6 8.6 

    SID Lysine/ME, g/MJ 0.63 0.63 0.63 

Analyzed chemical composition    

    DM, g/kg 876 894 892 

    CP, g/kg 179 188 181 

    GE, MJ/kg 16.6 17.8 17.8 

    Starch, g/kg 412 310 307 

    Neutral detergent fiber, g/kg 116 225 228 

   Acid detergent fiber, g/kg 46 96 99 

   Total NSP, g/kg
 

85.2 126 127 

      Insoluble 76.0 123 115 

      Soluble 9.2 3.0 3.5 

NSP component sugars g/kg    
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     Arabinose                                                       16.7 27.4 27.8 

     Xylose 18.8 38.5 38.3 

     Mannose  2.8 4.6 4.5 

     Galactose  13.6 10.7 10.2 

     Glucose  26.7 40.4 40.4 

     Uronic acid 6.6 4.8 4.9 

Enzyme activity, U/kg of diet    

     Xylanase <100 <100 5397 

     Protease <100 <100 2000 

     ß-glucanase <50 <50 162 

1
HF, high fiber diet; HF+MC, high fiber diet supplemented with multi-enzyme 

cocktail (MC) to supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase  at 

target activities of 4400, 3000, 175, 1500 and 30 U/kg of complete feed, respectively; DDGS, 

distillers‘ dried grains with solubles (corn: wheat, 1:1); SID, standardized ileal digestible; 

NSP, non-starch polysaccharides. 

2
Supplied per kg of diet: vitamin A, 8,250 IU; vitamin D3, 825 IU; vitamin E, 40 IU; 

vitamin K, 4 mg; thiamine, 1 mg; riboflavin, 5 mg; niacin, 35 mg; pantothenic acid, 15 mg; 

vitamin B12, 25 μg; biotin, 200 μg; folic acid, 2 mg; Cu, 15 mg (copper sulfate); I, 0.21 mg as 

calcium iodide; Fe, 100 mg (ferrous sulfate); Mn, 20 mg (manganese oxide); Se, 0.15 mg 

(sodium selenite); and Zn, 100 mg (zinc oxide). 

3
Nutritional composition was calculated based on ingredient composition values from 

our laboratory and NRC (1998). The DDGS nutritional profile has been published previously 

(Agyekum et al., 2014). 
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wt:wt) and was obtained from a commercial plant (Husky Energy Ethanol Plant, 

Lloydminster, AB, Canada); and 3) HF+MC: HF supplemented with MC (at 500g/MT of 

complete diet as recommended by the manufacturer at the expense of some corn) to supply 

4400 xylanase, 175 ß-glucanase, 3000 units/kg protease, 1500 alpha-amylase, and 30 

pectinase U/kg of feed (Porzyme® TP100HP; DuPont Industrial Biosciences, Marlborough, 

Wiltshire, UK). The MC was chosen to match the substrates in the HF diet. The experimental 

diets were formulated to contain similar calculated NE and standardized ileal digestible (SID) 

lysine contents, and all other nutrients were supplied according to NRC (1998) requirements 

for growing pigs.  

 

6.3.2 Animals and Housing 

Six female ([Yorkshire x Hampshire] x Duroc) pigs with an average initial BW of 19.2 

± 1.3 kg were individually housed in pens (1.5 x 1.2 m) with plastic-covered expanded metal 

sheet flooring equipped with a nipple drinker and a stainless steel feeder in a temperature-

controlled room. Pens were partitioned with metal bars that allowed visual contact with pigs 

in adjacent pens. Pigs were fed the experimental diets after 1 week of recovery from surgery. 

The average weight of pigs was 22.8 ± 1.6 kg at the beginning of the experiment. 

 

6.3.3 Animal Preparation, Catheterization, and Post-Surgical Care   

  Pigs were adapted to their new environment for at least 7 d before undergoing surgery. 

Pigs were denied feed for 24 h before surgery. Anaesthesia was induced by intramuscular 

injection of ketamine:xylazine (20:2 mg/kg; Bimeda-MTC Animal Health Inc., Cambridge, 

ON, Canada) followed by intramuscular injection of short-acting antibiotic (excenel, 5 mg/kg; 
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Midwest Veterinary Purchasing, Winnipeg, Manitoba, Canada), Meloxicam (4 mg/kg; 

Midwest Veterinary Purchasing, Winnipeg, Manitoba, Canada), and Atropine (0.05 mg/kg; 

Midwest Veterinary Purchasing, Winnipeg, Manitoba, Canada).  Pigs were intubated, after 

mask induction with 5% Isoflurane, and general anesthesia was maintained with Isoflurane at 

2-3%. After shaving and disinfecting the surgical sites, pigs were placed in dorsal 

recumbency. Heparin-coated polyurethane catheters (Solomon Scientific, San Antonio, Texas, 

USA) were used for the catheterization procedure. 

 An incision was made on the right side of the neck close to the trachea. The carotid 

artery was cleared free of surrounding tissues by blunt dissection making sure not to damage 

the vagus nerves. Two small pieces of sterile umbilical tape were passed beneath the carotid 

artery – 1 towards the cranial side and the other towards the heart – and lifted gently to 

prevent blood flow to the site of catheterization. A small longitudinal incision was made on 

the artery wall and a heparin-coated catheter (i.d. 1.32 mm, o.d. 2.43 mm, length 1 m) was 

inserted in the artery and advanced 12 cm towards the heart. After patency was confirmed by 

flushing with physiological saline (9 g NaCl/L) the catheter was secured in place by occluding 

the carotid artery. A sterile tunneling rod was used to exteriorize the catheter to the right side 

of the neck. The catheter was capped with an injection port, flushed with physiological saline 

and then filled with heparinized saline (250 IU heparin/mL).  

 The pig was then placed in left lateral recumbency and an incision (15 to 20 cm) made 

approximately 3 cm behind and parallel to the last rib on the right-hand side of the pig. 

Individual muscle layers were dissected with a sterile blade and the peritoneum was carefully 

penetrated and cut with scissors. During surgery, the intestine and surrounding tissues were 

moistened with warm sterile saline. Small sterile surgical sponges (Midwest Veterinary 
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Purchasing, Winnipeg, Manitoba, Canada) soaked in warm sterile saline were used to push 

the intestine away gently to allow access to the portal vein. The portal vein was punctured 

anterior to the gastroduodenal vein with a needle (21gauge) and a wire guide was inserted into 

the vein. A catheter introducer (8.0 Fr; Cook Medical Inc., Bloomington, IN) was inserted 

into the vein by threading over the wire. Thereafter, the guide was removed and a catheter 

(i.d. 1.32 mm, o.d. 2.43 mm, length 1 m) was passed through the introducer and gently 

inserted into the portal vein 6 cm towards the liver. Patency was checked before the catheter 

was anchored. The ileal vein was cleared of surrounding tissues by blunt dissection and the 

ileal vein punctured with a 20-gauge needle. A catheter (i.d. 1.02 mm, o.d. 1.65 mm, length 

60 cm) was inserted into the ileal vein and advanced for 10 cm. After patency was confirmed, 

the catheter was sutured to the surrounding tissues. The portal and ileal catheter were 

exteriorized through the back approximately 3 cm anterior and posterior to the incision, 

respectively, with the aid of a sterile tunneling rod. The abdominal cavity was filled with 60 

mL of saline containing 6 mg/kg ampicillin and the main incision site muscle layers were 

closed and the catheters capped and filled with heparinized saline (250 IU/mL). The catheters 

were secured at the back of the pig with the aid of a tubular elastic bandage (SurgiGrip
®
; 

Starkman‘s Surgical Supplies, Toronto, Ontario, Canada). 

 After surgery, pigs were returned to the pens and provided with supplemental heat 

using infrared lamps. A long-acting antibiotic (excede, 5 mg/kg; Midwest Veterinary 

Purchasing, Winnipeg, Manitoba, Canada) was given intramuscularly on d 1 and 4 and 

meloxicam orally for 3 d post-surgery. Pigs were offered 50 g of feed overnight after surgery, 

which was increased gradually until pigs returned to the pre-surgery intake. Therefore, pigs 

were considered fully recovered after attaining their pre-surgery feed intake levels.  
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6.3.4 Experimental Design and Sampling Protocol 

Pigs were randomly assigned to 1 of the 3 diets in a replicated 3 x 3 Latin square 

design. However, 1 pig was removed from the experiment due to catheter patency issues and 

thus each dietary treatment had 5 observations. Pigs were trained to consume 4% of their BW 

within an hour once daily at 0900 h but had free access to fresh drinking water as described 

previously (Agyekum et al., 2012).   

Each experimental period lasted for 7 d. The 6-day adaptation for each experimental 

period was based on information from previous experiments (e.g., Serena et al., 2009; Hooda 

et al., 2010) evaluating fiber-rich diet effect on nutrient absorption using the portal vein 

catheterized pig model. On the morning of d 7 of each period, pigs were individually placed 

in open-circuit calorimeters (Columbus Instruments, Columbus, OH, USA) for a simultaneous 

measure of whole-body O2 consumption and CO2, as previously described (Agyekum et al., 

2012), and blood sampling for 7 h. A priming dose of 1 % para-aminohippuric acid (PAH; pH 

7.45; Sigma-Aldrich, Mississauga, Ontario, Canada) in physiological saline was infused 

through the ileal vein catheter at a rate of 3.80 mL/min for 5 min, using an infusion pump 

(Model 107 323S cassette pump, Watson-Marlow Brendel Pumps Inc., Wilmington, MA, 

USA), followed by 8 h constant infusion at a rate of 0.80 mL/min to allow estimation of portal 

blood flow. Blood sampling commenced 1 h after starting PAH infusion, but just before 

feeding (time 0). Thus, blood was sampled from the portal vein and carotid artery into 

heparinized tubes every 30 min from 0 to 120 min and every 60 min up to 420 min after 

feeding. Catheters were flushed with 10 mL of 10 IU/mL heparinized saline to prevent 

clotting in between sampling. Blood samples were analyzed for concentrations of lactate, 

glucose, and oxygen immediately using a Nova Stat profile M blood gas and electrolyte 
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analyzer (Nova Biomedical Corporation, Waltham, MA, USA). Packed cell volume was 

determined using the standard centrifugation method. Thereafter, plasma was recovered by 

centrifugation at 3000 x g for 10 min. 

 

6.3.5 Sample Preparation and Analyses 

The diet samples were finely ground in a sample mill (1093 Cyclotec sample mill; 

Foss Tecator, AB, Höganäs, Sweden) to pass through a 1-mm sieve and thoroughly mixed 

before chemical analysis. Samples were analyzed for DM (AOAC, 1990; method 934.01), CP 

(AOAC, 1990; method 968.06) using a Leco NS 2000 Nitrogen Analyzer (Leco Corp., St. 

Joseph, MI, USA), and GE using a Parr Isoperibol oxygen bomb calorimeter (Parr Instrument 

Co., IL, USA). Neutral detergent fiber was assayed according to the method of Van Soest et 

al. (1991) using the Ankom
200

 Fiber Analyzer (Ankom Technology, NY, USA). Diet samples 

were further analyzed for total non-starch polysaccharides (NSP) using gas-liquid 

chromatography (component neutral sugars) and by colorimetry (uronic acids). The procedure 

for neutral sugars was performed as described by Englyst and Cummings (1988) with some 

modifications (Slominski and Campbell, 1990), whereas uronic acids were determined using 

the procedure described by Scott (1979). Enzyme activities (glucanase, xylanase, and 

protease) in feed samples (200 g) were measured at the Dupont Nutrition Biosciences 

Innovation Laboratories (Brabrand, Denmark). One BGU-β-glucanase unit is the amount of 

enzyme that releases 2.4 µmol of reducing sugar equivalents (as glucose by the 

Dinitrosalicylic [DNS] acid reducing sugar method) from barley glucan per min at pH 5.0 and 

50°C. One xylanase unit (XU) is the amount of enzyme that releases 0.5 µmol of reducing 

sugar equivalents (as xylose by the DNS acid reducing sugar method) from an oat-spelt-xylan 
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substrate per min at pH 5.3 and 50°C (Bailey et al., 1992). One protease unit (PU) was 

defined as the amount of enzyme that releases 1.0 μg of phenolic compound, expressed as 

tyrosine equivalents, from a casein substrate per minute at pH 7.5 and 40°C. Amylase and 

pectinase activities were not measured. 

Plasma samples were kept frozen (-80
o
C) until required for analysis. Para-amino 

hippuric acid (PAH) concentration in plasma was assayed as described by Marsilio et al. 

(1997) using HPLC (Agilent 1100 Series, column model Agilent Eclipse XDB-C18 [5μm, 

4.6x250 mm],  Agilent Technologies, Santa Clara, CA, USA). Insulin was analyzed using an 

ELISA kit (Cayman Chemical, Ann Arbor, MI, USA). 

  

6.3.6 Calculations and Statistical Analyses 

Oxygen concentration was calculated as described by Huntington and Tyrrell (1985). 

Portal blood flow (PBF, mL/kg
(0.75)

/min) was estimated as follows; 

PBF = Ci x IR/(PAHp(100 - PCVp)/100) - (PAHa (100-PCVa)/100) (Yen and Killefer, 1987), 

where Ci is the concentration of the PAH infusion solution (mg/mL), IR is the infusion rate of 

PAH (mL/min), PAHp and PAHa are PAH concentrations in portal vein and arterial plasma, 

respectively (mg/L), and PCVp and PCVa are packed cell volumes (%) of portal vein and 

arterial blood, respectively. The net portal appearance of nutrients and insulin production 

were calculated from portal-arterial differences x blood flow rate, whereas PDV O2 

consumption was calculated as arterial-portal O2 differences x blood flow rate.  

Data were analyzed using the MIXED procedure of SAS (version 9.3; SAS Institute) 

with pig as the experimental unit. Portal and carotid blood parameters and net nutrient flux 

were analyzed as repeated measures. The statistical model included period within square and 
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pig as random effects and diet, time, and diet x time as fixed effects. Normality was assessed 

using the univariate procedure of SAS and homogeneity of the variance using residual plots. 

Results were reported as least-squares means with SEM. Significance was defined as P < 0.05 

and 0.05 < P ≤ 0.10 as trends and the means were compared using the PDIFF option of SAS. 

 

6.4 RESULTS 

6.4.1 Diet Composition and Enzyme Assay 

The analyzed chemical compositions of the diets are presented in Table 6.1. The 

control diet had 10.4%-unit greater starch content than the HF diet, whereas the NDF and 

ADF contents in the HF diet were 2 times greater than the control diet. Further, the NSP in the 

experimental diets were predominantly water-insoluble. In addition, the total NSP content was 

greater in the HF diet than in the control diet. The enzyme assay results of the 3 main enzyme 

activities in HF+MC were 5397, 2000, and 162 for xylanase, protease, and β-glucanase, 

respectively (Table 6.1). The recoveries of xylanase, protease and β-glucanase in HF+MC diet 

were respectively 123, 67 and 93% of the targeted activities. The control and HF diets had 

<100 U/kg of xylanase and protease and <50 U/kg of ß-glucanase.   

 

6.4.2 Portal Blood Flow, Indirect Calorimetry, and PDV Oxygen Consumption 

   The mean 7 h postprandial PBF was not influenced (P > 0.10; Table 6.2; Figure 6.1) by diet, 

whereas the PBF did not differ (P > 0.10) among the dietary treatments at the various 

sampling times. Similarly, diet had no effect (P > 0.10) on postprandial whole-animal O2 

consumption and CO2 production and respiratory quotient (RQ; Table 6.2). In addition, the 

mean 7 h postprandial PDV O2 consumption was not affected (P > 0.10) by diet (Figure 6.2).  
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Table 6.2. Portal vein blood flow rate, whole-animal and portal vein viscera (PDV) oxygen consumption, carbon dioxide production, 

and respiratory quotient (RQ), in growing pigs fed a control diet or high fiber diet (HF) with or without a multi-enzyme cocktail
1,2

. 

    Control HF HF+MC SEM P-value 

PBF, mL/min/kg BW
(0.75)

   185 173 176 25.1 0.881 

O2 consumption, mL/kg/min       

    Whole-animal   5.13 4.66 4.79 0.20 0.461 

     PDV  1.39 1.29 1.37 0.12 0.844 

CO2 production, mL/kg/min  5.66 4.79 4.90 0.23 0.207 

Respiratory quotient   1.06 1.03 1.05 0.03 0.267 
1
SEM, standard error of the mean; HF, high-fiber; MC, multi-enzyme cocktail. 

2
Control = corn-soybean meal basal diet; HF = control plus 30% DDGS; HF+MC = HF supplemented with a multi-enzyme 

cocktail (MC) to supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase  at target activities of 4400, 3000, 175, 1500 

and 30 U/kg of complete feed, respectively. 
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Figure 6.1. Postprandial blood flow rate in growing pigs fed a control or high fiber diet 

without (HF) or with a multi-enzyme cocktail (HF+MC). Values are means with SEM; n = 5.  
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Figure 6.2. Postprandial portal vein viscera oxygen consumption in growing pigs fed a 

control or high fiber diet without (HF) or with a multi-enzyme cocktail (HF+MC). Values are 

means with SEM; n = 5. 
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6.4.3 Glucose and Lactate Fluxes   

Pigs fed the control diet had the highest (P < 0.05) portal glucose concentration from 90 to 

300 min postprandial compared with those fed the HF and HF+MC diets (Table 3). Portal 

glucose concentrations were not different (P > 0.10) for pigs fed the HF and HF+MC diets, 

except at 240 min postprandial, whereby the HF+MC-fed pigs had higher (P < 0.05) portal 

glucose concentration compared with the HF-fed pigs. However, diet had no effect (P > 0.10) 

on arterial glucose concentration (Table 6.3). The control-fed pigs had the highest (P < 0.05) 

mean 7 h postprandial portal glucose concentration (Table 6.4). In addition, pigs fed the  

HF+MC diet had higher (P < 0.05) postprandial portal glucose concentration than the HF-fed 

pigs (Table 6.4). Further, net portal glucose flux was higher (P < 0.05) in pigs fed the control 

diet than those fed the HF diet from 90 to 300 min postprandial, but net portal glucose flux 

was similar (P > 0.10) for the control- and HF+MC-fed pigs at 90 and 300 min postprandial 

(Figure 6.3). The Pigs fed the HF+MC diet also had higher (P < 0.05) net portal glucose flux 

than the control-fed pigs at 360 min postprandial (Figure 6.3). Additionally, pigs fed the 

control and HF+MC diets had similar (P > 0.10) mean 7 h postprandial net glucose fluxes, 

which were higher (P < 0.05) than in pigs fed the HF diet (Table 6.4). The mean 7 h 

postprandial arterial glucose concentration was not affected (P > 0.10; Table 6.4). In addition, 

diet had no effect (P > 0.10) on arterial glucose concentration at the various sampling times 

(Table 6.3; P > 0.10).   

       Diet had no effect (P > 0.10) on postprandial portal and arterial lactate concentrations 

(Table 6.4), but net portal lactate flux tended (P < 0.10) to be lower in the HF+MC-fed pigs 

compared with those fed the control and HF diets (Table 6.4). In addition, diet had no effect 

(P > 0.10) on portal and arterial lactate concentration (Table 6.3) and lactate flux (Figure 6.4) 



120 
 
 

at the various sampling times. However, lactate flux tended (P < 0.10) to decrease in the 

HF+MC-fed pigs.  

 

6.3.4 Insulin Production   

Portal insulin concentration was similar (P > 0.10) in the control- and HF-fed pigs at 

60 min and 180 min postprandial, but highest (P < 0.05) in pigs fed the control diet compared 

with the HF- and HF+MC-fed pigs at 120 min postprandial (Table 6.4). Further, portal insulin 

concentration was similar (P > 0.10) in the control- and HF+MC-fed pigs at 240 min 

postprandial (Table 6.4). Net portal insulin production was highest (P < 0.05) at 60 and 240 

min postprandial (and the sampling times) in pigs fed the control diet compared with those fed 

HF and HF+MC diets (Figure 6.5). In addition, both mean 7 h postprandial portal insulin 

concentration and net portal insulin production were highest (P < 0.05) in pigs fed the control 

diet compared with those fed the HF and HF+MC diets (Table 6.3). However, the mean 7 h 

postprandial portal insulin concentration and net portal insulin production were similar (P > 

0.10) for pigs fed the HF and HF+MC diets (Table 6.4 and Figure 6.5).  

Arterial insulin concentration was higher (P < 0.05) in pigs fed the control and HF 

diets compared with pigs fed the HF+MC diet, but similar (P > 0.10) in the control and HF-

fed pigs at 120 min postprandial (Table 6.4). However, the mean arterial insulin concentration 

was not affected (P > 0.10) by diet (Table 6.4).  



121 
 
 

Table 6.3. Portal and arterial blood concentrations of glucose lactate and oxygen, and plasma insulin concentration in growing pigs 

fed a control diet or high fiber diet (HF) with or without a multi-enzyme cocktail
1,2 

 Sampling time with respect to post-feeding, min 

Item  Diet  0 30 60 90 120 180 240 300 360 420 

Portal             

      Glucose, mg/dL    Control  97.5 147.0 143.5 143.3
a 

156.5
a 

142.3 145.3
a 

155.0
a 

134.9 140.5 

 HF 101.8 121.0 133.6 125.6
b 

121.0
b 

129.8 126.0
c 

131.4
b 

130.2 112.4 

 HF+MC 108.2 125.6 134.2 126.0
b 

129.8
b 

132.8 139.0
b 

135.4
b 

135.2 129.0 

 SEM 8.37 12.41 7.90 4.95 4.70 5.16 5.03 5.15 4.77 10.15 

 P-value  0.668 0.317 0.635 0.025 <0.001 0.232 0.026 0.005 0.685 0.155 

            

    Lactate, mmol/L    Control  1.25 2.30 2.58 2.52 2.08 1.78 1.53 1.45 1.30 1.45 

 HF 1.30 1.96 2.16 2.26 2.16 1.64 1.68 2.34 1.72 2.14 

 HF+MC 2.80 2.50 2.42 2.32 1.84 1.66 1.44 1.30 1.14 1.04 

 SEM 0.87 0.40 0.32 0.31 0.28 0.18 0.22 0.57 0.41 0.45 

 P-value  0.347 0.600 0.656 0.828 0.692 0.859 0.710 0.363 0.556 0.195 

            

    Oxygen, mL/L   Control  12.0 13.6 12.4 12.1 11.3 11.5 11.3 10.9 11.3 11.0 

 HF 12.8 13.9 12.9 12.2 12.3 10.9 10.9 10.8 10.5 10.5 

 HF+MC 13.2 13.0 12.1 12.5 11.3 11.1 11.0 10.6 10.8 10.4 

 SEM 0.61 0.38 0.60 0.51 0.22 0.37 0.38 0.41 0.40 0.31 

 P-value  0.366 0.200 0.606 0.833 0.142 0.499 0.686 0.841 0.390 0.344 

            

   Insulin, ng/mL   Control  3.45 5.11 6.18
 a
 3.95

 
 5.37

 a
 5.82

 a
 5.50

 a
 4.32 3.64 2.70 

 HF 1.62 3.61 4.71
a 

3.98 3.16
b 

4.43
ab 

2.01
b 

2.78 2.95 2.30 

 HF+MC 3.41 3.52 2.57
b 

2.64
 

2.82
b 

2.81
b 

4.03
a 

3.74 4.23 3.13 
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 SEM 1.26 0.96 0.76 0.59 0.66 0.80 0.98 0.78 1.14 0.48 

 P-value  0.494 0.447 0.005 0.174 0.018 0.036    0.042 0.377 0.695 0.421 

            

Carotid            

    Glucose, mg/dL    Control  91.3 105.3 108.5 110.8 111.3 113.8 113.5 122.0 118.8 115.5 

 HF 97.6 102.6 108.2 106.2 120.6 109.2 110.4 117.6 111.2 110.5 

 HF+MC 102.4 100.2 103.4 102.6 105.6 108.4 114.4 112.2 109.6 107.8 

 SEM 5.87 5.19 5.41 5.17 12.67 3.63 3.05 4.83 5.26 4.67 

 P-value  0.432 0.639 0.749 0.552 0.681 0.558 0.604 0.370 0.451 0.501 

            

     Lactate, mmol/L    Control  1.30 1.50 2.05 2.07 1.63 1.33 1.10 1.03 1.03 0.9 

 HF 1.44 1.60 1.64 1.94 1.80 1.32 1.24 1.80 1.22 1.62 

 HF+MC 3.60 2.16 2.08 1.98 1.52 1.32 1.18 1.02 0.84 2.36 

 SEM 1.20 0.35 0.25 0.19 0.21 0.16 0.15 0.63 0.33 1.52 

 P-value  0.304 0.347 0.347 0.888 0.634 1.000 0.802 0.593 0.697 0.801 

            

    Oxygen, mL/L  Control  13.8 15.6 13.8 13.6 13.1 13.1 12.7 12.5 12.5 12.5 

 HF 14.1 15.2 13.8 13.5 13.5 12.2 12.3 12.1 12.0 11.7 

 HF+MC 14.5 14.4 13.8 13.6 13.0 12.5 12.5 12.1 12.3 12.2 

 SEM 1.10 0.58 0.57 0.37 0.28 0.19 0.24 0.24 0.36 0.39 

 P-value  0.911 0.334 0.999 0.961 0.440 0.004 0.510 0.492 0.518 0.355 

            

   Insulin, ng/mL   Control  1.58 3.22 3.19 3.12 3.82
a 

3.46 2.46 3.03 1.67 1.96 

 HF 0.36 1.81 3.12 2.29 2.64
ab 

3.45 1.97 2.59 2.67 3.15 

 HF+MC 1.35 2.66 2.25 2.28 1.99
b 

2.11 3.30 2.77 3.26 2.34 

 SEM 0.33 0.80 1.10 0.62 0.48 0.72 0.45 0.68 0.64 0.59 

 P-value  0.021 0.465 0.803 0.572 0.034 0.303 0.101 0.906 0.231 0.341 
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a,b

Within a column, means with different superscripts differ (P < 0.05). Values are means with SEM; n = 5.  

1
SEM, standard error of the mean; HF, high-fiber; MC, multi-enzyme cocktail. 

2
Control = corn-soybean meal basal diet; HF = control plus 30% DDGS; HF+MC = HF supplemented with a multi-enzyme 

cocktail (MC) to supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase  at target activities of 4400, 3000, 175, 1500 

and 30 U/kg of complete feed, respectively. 
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Table 6.4. Mean portal and arterial concentrations, net fluxes of glucose and lactate, and insulin production in growing pigs after 

feeding (0-7 h) a control diet or high fiber diet (HF) with or without a multi-enzyme cocktail
1,2

 

 Portal      Carotid     

Item  Control HF HF+MC SEM P-value  Control HF HF+MC SEM P-value 

Glucose, mg/dL  145.4
a 

125.7
c 

131.2
b 

3.35 0.006  113.4 110.7 107.1 2.96 0.359 

Net flux, mg/kg BW
(0.75)

/min 27.4
a 

17.8
b 

23.3
a 

2.12 0.023  - - - - - 

Lactate, mmo/L  1.89 2.01 1.74 0.17 0.684  1.40 1.58 1.60 0.25 0.839 

Net flux, mmol/kg BW
(0.75)

/min 0.45 0.42 0.16 0.19 0.099  - - - - - 

Insulin, ng/mL  4.73
 

3.33
 

3.33
 

0.45 0.084  2.87 2.63 2.55 0.25 0.819 

Net production, ng/kg BW
(0.75)

/min 1.81
a 

0.45
b 

0.41
b 

0.21 0.030  - - - - - 

a,b
 Means in a row within variables with different superscripts, differ (P < 0.05). Values are means with SEM; n = 5.  

1
SEM, standard error of the mean; HF, high-fiber; MC, multi-enzyme cocktail. 

2
Control = corn-soybean meal basal diet; HF = control plus 30% DDGS; HF+MC = HF supplemented with a multi-enzyme 

cocktail (MC) to supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase  at target activities of 4400, 3000, 175, 1500 

and 30 U/kg of complete feed, respectively. 
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Figure 6.3. Postprandial portal glucose flux in growing pigs fed a control or high fiber diet 

without (HF) or with a multi-enzyme cocktail (HF+MC). Values are means with SEM; n = 5. 

Means with different letters differ (P < 0.05). 
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Figure 6.4 Postprandial portal lactate flux in growing pigs fed a control or high fiber diet 

without (HF) or with a multi-enzyme cocktail (HF+MC). Values are means with SEM; n = 5.  
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Figure 6.5. Postprandial apparent insulin production growing pigs fed a control or high fiber 

diet without (HF) or with a multi-enzyme cocktail (HF+MC). Values are means with SEM; n 

= 5. Means with different letters differ (P < 0.05). 
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6.5 DISCUSSION 

6.5.1 Diet Composition 

The experimental diets used in this study, similar to the diets described previously 

(Agyekum et al., 2012, 2015), were formulated to be isocaloric and isonitrogenous and the 

most noticeable differences in the diets were the starch and fiber contents. Thus, including 

DDGS in the control diet changed the carbohydrate composition of the high starch diet to a 

less starch, but fibrous diet. This is because DDGS contains high fiber (Agyekum et al., 2012; 

Pedersen et al., 2014) and therefore, substituting some of the corn and soybean meal in the 

control diet for this fibrous ingredient inevitably increased dietary fiber content in the HF diet. 

Therefore, the effects studied in this study were HF ingestion and MC supplementation of the 

fibrous diet.  

 

6.5.2 Portal Blood Flow 

In our previous experiment (Agyekum et al., 2012), we used dietary treatment similar 

to those used in the present study and ingestion of the HF diet increased PDV mass. 

Therefore, it was expected that the HF diet used in the present study will increase blood flow 

rate in the HF-fed pigs due to increased PDV mass as observed by Yen et al. (2004) in 

Meishan pigs fed a high fiber diet. It is possible that the diet had no effect on PDV mass of the 

pigs used in this study due to the shorter adaptation time compared with our previous study 

and that of Yen et al. (2004). Nonetheless, it concurs with the results of previous experiments 

(Nunes and Malmlöf, 1992; Van Der Meulen et al., 1997a; 1997b; Hooda et al., 2010) in 

growing pigs fed diets containing different dietary fiber types and sources, which used 

adaptation periods (i.e., 6-9 days) similar to that of the current study. Lenis et al. (1996), 
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however, observed an increase in PBF in pigs offered a diet containing purified NDF from 

wheat bran. The amount and type of nutrients ingested and the rate of dietary nutrient 

absorption into the portal blood may also influence the pattern of blood flow across the PDV 

(Chou and Coatney, 1994). Lenis et al. (1996) used a shorter adaptation period for their study 

compared with the present study (5 vs. 7 days, respectively), but the NDF content in the high 

fiber diet was nearly 6 times greater than in the control diet (contained 1.76% NDF). 

Therefore, it is possible that the greater NDF content in the fiber-rich diet used by Lenis et al. 

(1996) for their experiment might have caused the greater mean 6 h postprandial PBF.  

 

6.5.3 Whole-animal and PDV Oxygen Consumption 

 Factors such as diet composition, the level of feed intake, and physical activity may 

affect the energy expenditure (Schrama et al., 1996; Van Milgen and Noblet, 2003b). In the 

present study, pigs were trained to consume their daily feed allowance within 1 h and pigs 

were also confined in respiratory chambers to measure whole-body O2 consumption. As in the 

present study, Yen et al. (2000) observed that feeding growing pigs a barley-canola meal-

based diet (an HF diet) did not influence the mean 6 h postprandial whole-body O2 

consumption relative to pigs offered a casein-cornstarch-based diet. Similarly, Le Goff et al. 

(2002) and de Lange et al (2006) did not find any effect of diets containing maize bran or 

wheat straw, respectively, on energy expenditure during the fed state. Therefore, it could be 

argued that the mean 7 h postprandial whole-body O2 consumption in the present study was 

influenced by energy expended for feeding and the processes associated with digestion, 

absorption, and metabolism of the nutrients absorbed from the experimental diets rather than 

the diet composition per se.  
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In the study by Yen et al. (2000), PDV mass increased in pigs fed the barley-canola 

meal diet compared with those fed the casein-cornstarch control diet. The PDV mass of the 

pigs was not determined in the present study. However in our previous study (Agyekum et al., 

2012) utilizing similar dietary treatments, the PDV mass increased in the HF-fed pigs relative 

to the control and enzyme supplementation reduced PDV mass. The lack of an HF effect on 

PDV O2 consumption observed in the present study and that of Yen et al. (2000) during the 6-

7 h postprandial period suggest that HF ingestion may not alter the energetic demand of PDV 

in growing pigs during the fed state, even if  PDV mass increases. The PDV O2 consumption, 

however, increased in the barley-canola meal-fed pigs during the 24-30 h postprandial (fast 

state) in the study by Yen et al. (2004). Nonetheless, direct measurement of oxygen 

consumption by the PDV is warranted to further elucidate the energetic demands of the PDV 

in pigs offered an HF diet without or with MC supplementation. The postprandial RQ  for the 

pigs in the current study is consistent with the results of Le Goff et al. (2002) and de Lange et 

al. (2006) for pigs in the fed state. The RQ is typically slightly greater than 1.0 during the fed 

or anabolic state and lower than 1.0 during the fast state. The RQ greater than 1.0 indicates 

that carbohydrate (starch) is the main energy source for pigs in the fed state. 

   

6.5.4 Glucose and Lactate Fluxes   

Measurements of net portal glucose fluxes in the present study represent portal 

appearance and not necessarily intestinal absorption or glucose metabolism in the digestive 

tract. Ingestion of the HF diet significantly reduced postprandial portal glucose and net 

glucose flux in the present study. The fact that the starch content in the HF diet was more than 

10%-unit lower, leading to lower starch intake in the HF-fed pigs, compared with the control-
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fed pigs could explain the greater portal glucose flux in the control-fed pig in this study. 

Glucose absorption also decreased in previous studies (Nunes and Malmlöf, 1992; Van Der 

Meulen et al., 1997a; Serena et al., 2009; Hooda et al., 2010) that fed pigs diets containing 

fibrous ingredients relative to the low-fiber control diets. Apart from the lower starch content 

in fibrous diets which reduces portal glucose appearance, several mechanisms by which 

ingestion of HF diet decrease glucose absorption have been proposed. For instance, ingestion 

of HF diets have been reported to reduce gastric emptying, increase digesta viscosity, or 

reduce digesta transit time (Ellis et al., 1995; Owusu-Asiedu et al., 2006; Bach Knudsen, 

2011; Zijlstra et al., 2012), which ultimately slows down and/or decreases starch digestibility 

and absorption. The different fiber types reduce portal glucose absorption through different 

mechanisms. Generally, when the fibrous diet ingested by pigs is high in insoluble fiber, the 

reduction in portal glucose flux is attributed to reduced digesta transit time leading to 

decreased ileal starch digestibility rather than the delayed gastric emptying and increased 

digesta viscosity ascribed to soluble fiber (Johansen and Bach Knudsen, 1994; Owusu-Asiedu 

et al., 2006; Serena et al., 2009). The fiber fraction of the HF diet used in the present study 

was predominantly water-insoluble and thus it could be argued that the HF diet decreased 

glucose absorption by decreasing digesta transit time and ileal starch digestibility.  

 Supplementing the HF with MC somewhat improved the rate of glucose absorption 

and significantly improved the overall mean postprandial portal glucose appearance and net 

flux relative to the un-supplemented HF diet. Exogenous carbohydrases are added to HF diet 

to reduce the detrimental effects of NSP, particularly arabinoxylans and ß-glucans. The 

proposed mechanism of action of these enzymes is the elimination of the nutrient-

encapsulating effect of NSP, thereby increasing the availability of nutrients such as starch, 
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amino acids, and minerals for use by the animal (Simon, 1998). The enzyme assay results for 

the HF diet supplemented with MC suggested adequate levels of xylanase and ß-glucanase to 

ensure the hydrolysis of the arabinoxylans and ß-glucans in that diet. The MC was also 

composed of amylase to complement the endogenous amylase produced by the pigs. 

Therefore, the improvement in postprandial glucose absorption of the HF diet observed when 

supplemented with MC could be that the MC was able to hydrolyze dietary NSP to increase 

starch availability for digestion and absorption. To our knowledge, no such study has been 

reported in the literature for comparison. These results suggest that addition of carbohydrase 

preparations to fibrous diets will improve glucose absorption into the peripheral tissues of 

economic importance (e.g., muscles). 

 Lactate is produced from carbohydrate fermentation in the stomach and small intestine 

(Argenzio and Southworth, 1975; Cranwell et al., 1976; Bach Knudsen et al., 1991). It can 

also be produced from glutamine and glucose metabolism in the gut wall (Giusi-Perier et al., 

1989). In this study, the HF diet had no effect on the 7 h postprandial portal lactate 

absorption. This observation is consistent with the results of Giusi-Perier et al. (1989), who 

did not find any effect on portal lactate flux when pigs were offered semisynthetic diets 

containing the same amounts and/or different fiber sources. Similarly, in sows, Serena et al. 

(2009) did not find any effect of HF diet containing high insoluble NSP on lactate absorption 

compared with the control diet. The fiber contents in the present study and that of the studies 

mentioned above were predominantly insoluble, which have low fermentability. However, the 

present study and those mentioned herein did not separate lactate into microbial and metabolic 

origins. Therefore, it is not clear what could have caused the lack of dietary effect on portal 

lactate appearance and flux observed in the present and other studies. In this study, portal 
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fluxes of lactate and glucose followed a similar pattern, which concurs with the results of the 

study by Serena et al. (2007) in sow showing that uptake of lactate synchronizes with the 

uptake of glucose better than when compared with the uptake of volatile fatty acids.  

 

6.5.5 Insulin Production 

   Insulin production has a direct link to glucose absorption (Ellis et al., 1995). Therefore, 

it is not surprising that ingestion of the HF diet in the present study reduced postprandial 

apparent insulin production because the HF diet also reduced the postprandial glucose 

absorption. This observation is consistent with previous experiments in pigs (Ellis et al., 1995; 

Hooda et al., 2010), which also reported that ingestion of HF diets reduced apparent insulin 

production along with reduced glucose absorption. Supplementing the HF diet with MC 

significantly improved postprandial glucose absorption relative to the un-supplemented HF 

diet. However, improvement in glucose absorption did not coincide with postprandial insulin 

production. It is possible that the elevated postprandial glucose in the pigs fed the HF+MC 

diet compared with those fed the HF diet was below the minimum threshold required for 

glucose-induced insulin secretion and thus the lack of MC supplementation on postprandial 

insulin production observed in this study.  

 

6.6 CONCLUSIONS 

Under the present experimental conditions, diet did not influence the energetic 

demand of the whole-animal and PDV. When the HF diet was offered, MC did not 

decrease the PDV O2 consumption and it did not improve insulin production. However, 



134 
 
 

MC improved the net flux of glucose, whereas net lactate flux reduced. Therefore, MC 

supplementation ameliorated the reduced portal glucose flux due to the HF diet ingestion 

in the growing pigs.  
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CHAPTER SEVEN 

Postprandial portal fluxes of essential amino acids, volatile fatty acids, and urea 

nitrogen in growing pigs a high fiber diet supplemented with a multi-enzyme cocktail
4
 

 

7.1 ABSTRACT 

The present study investigated the effects of adding a multi-enzyme cocktail (MC, to 

supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase at target activities of 

4400, 3000, 175, 1500 and 30 U/kg of complete feed, respectively) to a high-fiber diet on net 

portal fluxes of essential AA (EAA), volatile fatty acids (VFA) and blood urea-N (BUN) in 

growing pigs. Five gilts (22.8 ± 1.6 kg BW), with permanent catheters in the portal vein, ileal 

vein and carotid artery, were fed 3 isocaloric-nitrogenous diets at 4% of their BW once daily 

at 0900 h for 7 d in a replicated 3 x 3 Latin square design. The diets contained corn and 

soybean meal with 0% (control) or 30% distillers‘ dried grains with solubles (DDGS; HF) 

produced from a 1:1 mixture of wheat and corn. The third diet was supplemented with MC in 

addition to the 30% DDGS (HF+MC). On d 7, para-amino hippuric acid was infused into the 

ileal vein (to measure flow rate) and blood was sampled from the portal vein and carotid 

artery for 7 h after feeding to assay EAA, urea-N and VFA. Portal absorption of nutrients was 

derived by multiplying the porto-arterial plasma concentration differences by portal vein 

blood flow. Diet had no effect (P > 0.10) on postprandial portal vein plasma flow rate and net 

BUN flux, but portal BUN tended to be lower (P = 0.07) and arterial BUN was lower (P < 

                                                           
4
 A version of the material presented in chapter seven of this thesis has been published in the 

Journal of Animal Science. Presented in part at the 2015 ASAS/ADAS Joint Annual Meeting, 

Orlando, FL, USA. The authors are A.K. Agyekum, E. Kiarie, M. C. Walsh, and C.M. 

Nyachoti. J. Anim. Sci. 2016 doi 10.2527/jas2015-0077 
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0.05) over the 7 h in pigs fed control. Postprandial portal Arg, Ile, Leu, Trp, and Val or net 

fluxes were lower (P < 0.05) in HF-fed pigs from 30 to 240 min than control-fed pigs and 

MC supplementation tended (P < 0.10) to or improved (P < 0.05) portal appearance of those 

AA, but not their fluxes (P > 0.10). Control-fed pigs had higher (P < 0.05) net portal fluxes of 

most EAA and pigs fed HF+MC had higher (P < 0.05) Lys and similar Met and Phe (P > 

0.10) net portal fluxes compared with control-fed pigs. Portal VFA was not affected (P > 

0.05) by diet. However, total portal VFA flux was lower (P < 0.05) in the HF-fed pigs than in 

the control pigs. The MC supplementation improved the total portal VFA flux, but it did not 

improve arterial VFA concentration relative to the HF diet. In conclusion, supplementing the 

HF diet with MC improved the net portal appearance of some EAA and fluxes of total VFA, 

whereas fluxes of EAA did not change. In addition, ingestion of the HF diet increased EAA 

demand by the portal vein-drained visceral organs, but MC addition was not able to reduce 

this demand. 

Keywords: Fibrous diet, multi-enzyme cocktail, net portal flux, essential amino acids, 

volatile fatty acids, pig 

 

7.2 INTRODUCTION 

   Previous research suggests that addition of feed enzymes to pig diets rich in non-starch 

polysaccharides (NSP) can improve nutrient, including amino acids (AA), digestibility 

(Adeola and Cowieson. 2011). However, the improvement in ileal nutrient digestibility due to 

feed enzymes does not always translate into improved pig growth rate (Adeola and Cowieson. 

2011; Swiatkiewicz et al., 2015). These studies used the digestibility method, a measure of 

nutrient disappearance in the gut, to evaluate nutrient absorption for use by the pig. However, 
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the gut lumen is external to the animal‘s systemic environment and thus estimating nutrient 

appearance in the portal and systemic environments may provide an accurate measurement of 

nutrient absorption rather than disappearance from the gut lumen (Bajjalieh et al., 1981; Yen 

and Killefer, 1987). Also, a greater portion of AA digested and/or absorbed from the gut 

lumen are utilized by the portal vein-drain viscera (PDV) with only limited amounts of AA 

reaching the peripheral  tissues (e.g. muscles) for protein synthesis (Wu, 1998; Stoll and 

Burrin, 2006). Moreover, the digestibility method does not provide an opportunity to assess 

the postprandial time course of nutrient release, which is of particular importance with regards 

to AA metabolism (Rerat, 1980). Elucidating feed enzyme effects on AA absorption will 

advance our knowledge to effectively manipulate pig diets to promote growth.  

  The NSP-degrading enzymes degrade complex NSP into lower molecular weight 

components, which are easily accessible for microbial fermentation to produce volatile fatty 

acids (VFA; Bindelle et al., 2011; Bedford and Cowieson, 2012). However, information on 

the effect of NSP-degrading enzymes on VFA absorption into the portal and systematic 

circulation is scarce. The objective of this experiment was to test the hypothesis that 

supplementing a fibrous diet with a multi-enzyme cocktail (MC) will improve portal essential 

AA (EAA) and VFA fluxes in growing pigs.  

 

7.3 MATERIAL AND METHODS 

 The experimental protocols used in this study were reviewed and approved by the 

University of Manitoba Animal Care Committee and pigs were cared for according to the 

Canadian Council on Animal Care guideline (CCAC, 2009). 
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 7.3.1 Experimental Diets  

 The experimental diets used for this study were based on corn and soybean meal (SBM; 

control) and corn-SBM with 30% distillers‘ dried grains with solubles (DDGS) to 

manufacture the high fiber (HF) diet. The DDGS was produced from the fermentation of 

equal proportions of corn and wheat and was obtained from a commercial plant (Husky 

Energy Ethanol Plant, Lloydminster, AB, Canada). The third diet (HF+MC) was HF 

supplemented with MC (at 500g/MT of complete diet as recommended by the manufacturer at 

the expense of some corn) to supply 4,400 xylanase, 175 ß-glucanase, 3,000 protease, 1,500 

alpha-amylase, and 30 pectinase U/kg of feed (Porzyme® TP100HP; DuPont Industrial 

Biosciences, Marlborough, Wiltshire, UK). The MC was chosen to match the substrates in the 

HF diet. The experimental diets were formulated to contain similar calculated NE and 

standardized ileal digestible (SID) lysine contents, and all other nutrients were supplied 

according to NRC (1998) requirements for growing pigs (Table 7.1).  

7.3.2 Animals and Housing 

  Six Yorkshire x Hampshire x Duroc gilts (22.8 ± 1.6 kg average initial BW) with chronic 

indwelling catheters in the portal vein, ileal vein, and carotid artery were used in the present 

study. The vessel catheterization was carried out according to Yen and Killefer (1987). The 

catheters were heparin-coated polyurethane tubings (Solomon Scientific, San Antonio, Texas, 

USA) with i.d. 1.32 mm, o.d. 2.43 mm for the portal vein and carotid artery and i.d. 1.02 mm, 

o.d. 1.65 mm for the ileal vein. Catheters were filled with physiological saline (9 g NaCl/L) 

containing heparin (250 IU/per mL) and secured at the back of the pigs with the aid of a 

tubular elastic bandage (SurgiGrip
®

; Starkman‘s Surgical Supplies, Toronto, Ontario, Canada)  

after surgery and between sampling.  
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Table 7.1. Composition of experimental diets
1  

 

Item  Control  HF 

Corn 67.91 54.50 

SBM, 45% 27.25  10.00 

DDGS
2
  -  30.00 

Vegetable oil  1.25  1.70 

Salt  0.50  0.50 

Dicalcium phosphate  0.96  0.52 

Limestone  1.05  1.40 

L-lysine, HCl  0.06  0.40 

DL-Methionine  0.01 - 

L-Threonine  0.01 - 

Vitamin and mineral premix
3 

 1.00  1.00 

Calculated chemical composition
4 

  

    ME MJ/kg          13.8         13.7 

    SID Lysine/ME, g/Mcal  0.63   0.63 

    SID Lysine, %
5 

 0.87   0.86 

    SID Met, % 0.23 0.25 

    SID Thr, % 0.50 0.51 

    SID Trp, % 0.21 0.18 

1 
The third diet (HF+MC) was the same as the HF except that this diet was 

supplemented with multi-enzyme cocktail to supply xylanase, protease, β-glucanase, alpha-
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amylase, and pectinase  at target activities of 4400, 3000, 175, 1500 and 30 U/kg of complete 

feed, respectively. 

2
 DDGS, distillers‘ dried grains with solubles produced from co-fermentation of wheat 

and corn in equal proportions.  

3 
Supplied per kilogram of diet: vitamin A, 8,250 IU; vitamin D3, 825 IU; vitamin E, 

40 IU; vitamin K, 4 mg; thiamine, 1 mg; riboflavin, 5 mg; niacin, 35 mg; pantothenic acid, 15 

mg; vitamin B12, 25 μg; biotin, 200 μg; folic acid, 2 mg; Cu, 15 mg (copper sulfate); I, 0.21 

mg as Ca(IO3)2; Fe, 100 mg (ferrous sulfate); Mn, 20 mg (manganese oxide); Se, 0.15 mg 

(sodium selenite); and Zn, 100 mg (zinc oxide). 

4
 Nutritional composition was calculated based on ingredient composition values from 

our laboratory and NRC (1998). Information on the data is published elsewhere (Agyekum et 

al., 2014) 

5 
SID = standardized ileal digestible. 
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Pigs were individually housed in pens (1.5 x 1.2 m) with plastic-covered expanded 

metal sheet flooring equipped with a nipple drinker and a stainless steel feeder in a 

temperature-controlled room. Pens were partitioned with metal bars that allowed visual 

contact with pigs in adjacent pens. Pigs were fed experimental diets after 1 wk of recovery 

from surgery. 

7.3.3 Experimental Design and Sampling Protocol 

  Pigs were fed 1 of the 3 diets for 7 d in a replicated 3 x 3 Latin square. One pig was 

removed from the experiment due to problems with catheter patency. Therefore, each dietary 

treatment had 5 observations. Pigs were trained to consume their daily feed allowance (4% of 

BW) within 1 h once daily at 0900 h but had unlimited access to fresh drinking water as 

previously described (Agyekum et al., 2012).   

In the morning of day 7 of each period, a priming dose of 1 % para-aminohippuric acid 

(PAH; pH 7.45; Sigma-Aldrich, Mississauga, Ontario, Canada) in physiological saline was 

infused (Model 323S cassette pump, Watson-Marlow Brendel Pumps Inc., Wilmington, MA) 

through the ileal vein catheter at a rate of 3.80 mL/min for 5 min, followed by 7 h constant 

infusion at a rate of 0.80 mL/min to allow estimation of blood flow across the PDV. Blood 

was sampled from the portal vein and carotid artery into heparinized tubes every 30 min from 

0 to 120 min and every 60 min up to 420 min after feeding. In between sampling, catheters 

were flushed with 10 IU/mL of heparinized saline (10 mL) to preventing clotting.    

 

7.3.4 Sample Preparation and Analysis 

    Diet samples were finely ground in a sample mill (1093 Cyclotec sample mill; Foss 

Tecator, AB, Höganäs, Sweden) to pass through a 1-mm sieve and thoroughly mixed before 
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chemical analysis. Samples were analyzed for moisture (AOAC, 1990; method 934.01) to 

estimate DM, CP (AOAC, 1990; method 968.06) using a Leco NS 2000 Nitrogen Analyzer 

(Leco Corp., St. Joseph, MI), and GE using a Parr Isoperibol oxygen bomb calorimeter (Parr 

Instrument Co., Moline, IL). Neutral detergent fiber was assayed according to the method of 

Van Soest et al. (1991) using the Ankom
200

 Fiber Analyzer (Ankom Technology, NY, USA). 

Diet samples were further analyzed for total NSP using gas-liquid chromatography 

(component neutral sugars) and by colorimetry (uronic acids). The procedure for neutral 

sugars was performed as described by Englyst and Cummings (1988) with some 

modifications (Slominski and Campbell, 1990), whereas uronic acids were determined using 

the procedure described by Scott (1979). Amino acid composition was determined after acid 

hydrolysis (AOAC, 2006; method 994.12). Total sulfur AA content was determined after 

performic acid oxidation followed by acid hydrolysis (AOAC, 2006; method 985.18). 

Tryptophan content was determined after alkaline hydrolysis following the procedure 

described by Hugli and Moore (1972). The AA in samples were analyzed using an AA 

analyzer (SYKAM, Eresing, Germany). In addition, diet samples were sent to a commercial 

laboratory (Dupont Nutrition Biosciences Innovation Laboratories, Brabrand, Denmark) for 

enzyme assay. Enzyme activities (glucanase, xylanase, and protease) in feed samples (200 g) 

were measured at the (Brabrand, Denmark). One BGU-β-glucanase unit is the amount of 

enzyme that releases 2.4 µmol of reducing sugar equivalents (as glucose by the 

Dinitrosalicylic [DNS] acid reducing sugar method) from barley glucan per min at pH 5.0 and 

50°C. One xylanase unit (XU) is the amount of enzyme that releases 0.5 µmol of reducing 

sugar equivalents (as xylose by the DNS acid reducing sugar method) from an oat-spelt-xylan 

substrate per min at pH 5.3 and 50°C (Bailey et al., 1992). One protease unit (PU) was 



143 
 
 

defined as the amount of enzyme that releases 1.0 μg of phenolic compound, expressed as 

tyrosine equivalents, from a casein substrate per minute at pH 7.5 and 40°C. Amylase and 

pectinase activities were not measured. 

  Blood samples were analyzed for urea nitrogen (BUN) using a Nova Stat profile M 

blood gas and electrolyte analyzer (Nova Biomedical Corporation, Waltham, MA, USA) 

immediately after sampling before plasma was recovered by centrifugation at 3000 x g for 10 

min. Plasma VFA concentrations were determined following the procedure described by 

Erwin et al. (1961), using gas chromatography (Varian Chromatography System, model Star 

3400; Varian Medical Systems, Palo Alto, CA, USA) equipped with a capillary column (30 m 

by 0.5 mm; Restek Corp., Bellefonte, PA, USA). Briefly, 200 μL of 25% metaphosphoric acid 

was mixed with 1 mL of plasma samples in a micro-centrifuge tube and the mixture was 

frozen overnight. Samples were then thawed, mixed with 80 μL of 25% NaOH, and vortexed 

followed by the addition of 128 μL of 0.3 M oxalic acid. The samples were centrifuged for 20 

min at 3,000 × g at 4°C and 400 μL supernatant was transferred into a gas chromatography 

vial for analysis. Plasma-free AA concentrations were analyzed using an AA analyzer after 

plasma samples were deproteinized with 10% sulfosalicylic acid (Jayaraman et al., 2015) .  

 

7.3.5 Calculations and Statistical Analysis 

  The portal vein blood flow (PBF, mL/kg
(0.75)

/min) was calculated using the following 

equation; PBF = Ci x IR/(PAHp(100 - PCVp)/100) - (PAHa (100-PCVa)/100) (Yen and 

Killefer, 1987) where Ci is the concentration of the PAH infusion solution (mg/mL), IR is the 

infusion rate of PAH (mL/min), PAHp and PAHa are PAH (mg/L) concentrations in portal 

vein and arterial plasma, respectively, and PCVp and PCVa are packed cell volume (%) of 
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portal vein and arterial blood, respectively. Net portal fluxes of nutrients were calculated from 

the portal-arterial differences x blood flow rate. 

 The effect of dietary treatment on blood flow, nutrient concentrations, and nutrient 

fluxes were determined for each sampling time and for means over the 7-h measuring period 

using the Proc MIXED of SAS (version 9.3; SAS Institute) with pig as the experimental unit. 

In the statistical model period within square and pig were considered as random effects, 

whereas diet, time, and diet x time were the fixed effects. Normality was assessed using the 

univariate procedure of SAS and homogeneity of the variance using residual plots. Results 

were reported as least-squares means with SEM. Significance was defined as P < 0.05 and 

0.05 < P ≤ 0.10 as trends and the means were compared using the PDIFF option of SAS. 

 

7.4 RESULTS 

7.4.1 Diet Composition and Enzyme Assay 

  Pigs remained healthy and consumed their daily feed allowance (4% of body weight) 

throughout the experimental period.The analyzed chemical compositions of the experimental 

diets are shown in Table 7.2. The NDF and ADF contents in the HF diets were almost two 

times greater than in the control diet. In addition, the HF diets had nearly 4%-unit greater NSP 

content than the control diet. Conversely, the starch content in the control diet was almost 

10%-unit greater than in the HF-containing diets.  The AA contents were similar for the HF 

and HF+MC diets (Table 7.2). The results of the enzyme assay for the HF+MC diets 
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Table 7.2. Analyzed chemical composition of experimental diets (as is basis)
1
  

Item  Control HF HF+MC 

DM, % 87.6 89.4 89.2 

CP, % 17.9 18.8 18.1 

GE, MJ/kg 16.6 17.8 17.8 

Starch, % 41.2 31.0 30.7 

Neutral detergent fiber, % 11.6 22.5 22.8 

Acid detergent fiber, % 4.6 9.6 9.9 

Total NSP, %
 

8.52 12.63 12.72 

     Insoluble, % 7.60 12.33 12.37 

     Soluble, % 0.92 0.30 0.35 

Essential AA, %    

     Arg 1.08 0.84 0.88 

     His  0.47 0.47 0.49 

     Ile  0.43 0.39 0.41 

     Leu  1.39 1.56 1.64 

     Lys  0.90 1.11 1.04 

     Met  0.33 0.31 0.35 

     Phe  0.78 0.76 0.78 

     Thr  0.46 0.43 0.44 

     Trp 0.80 1.31 1.35 

     Val  0.67 0.69 0.71 

Non-essential AA, %     
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     Ala  0.84 0.96 1.00 

     Asp  1.46 1.13 1.16 

     Cys  0.22 0.24 0.27 

     Glu  2.61 2.66 2.76 

     Gly  0.45 0.43 0.44 

     Pro  1.96 2.19 2.26 

     Ser 0.84 0.80 0.83 

     Tyr  0.40 0.41 0.43 

Enzyme activity, U/kg of diet    

     Xylanase <100 <100 5397 

     Protease <100 <100 2000 

     ß-glucanase <50 <50 162 

1
 Control = corn-soybean meal basal diet; HF = control plus 30% DDGS; HF+MC = 

same as HF except that this diet was supplemented with a multi-enzyme cocktail (MC) to 

supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase  at target activities of 

4400, 3000, 175, 1500 and 30 U/kg of complete feed, respectively. 
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suggested 123, 67, and 93% recoveries for xylanase, protease, and β-glucanase, respectively 

(Table 7.2). 

 

7.4.2 Portal Urea Nitrogen, Essential Amino Acid, and Volatile Fatty Acid Concentrations 

There were no differences in blood flow rate among pigs fed the 3 experimental diets 

(refer to chapter 6). From 0 to 60 min postprandial (Table 7.3), pigs fed the control diet had 

the lowest (P < 0.05) portal BUN compared with those fed the HF and HF+MC diets; 

however, portal BUN concentrations were not different (P > 0.10) for the HF- and HF+MC-

fed pigs (Table 7.3). In addition, portal BUN was not affected (P > 0.10) by diet from 90 to 

420 min postprandial (Table 7.3). The mean 7 h portal BUN tended (P = 0.070) to increase in 

pigs fed the two HF-containing diets compared with those fed the control diet (Table 7.4). 

With the exception of Lys, Thr, and Trp, the EAA concentrations in the portal vein 

reached peak levels at 120 min postprandial and showed a decline thereafter (Table 7.3). 

From 30 to 240 min postprandial, Arg, Ile, and Val concentrations were greatest (P < 0.05) in 

the portal vein of pigs fed the control diet compared with those fed the HF and HF+MC diets 

(Table 7.3). In addition, the concentrations of Phe and Thr in the portal vein of pigs fed the 

control diet were greater (P < 0.05) than in pigs fed the HF-containing diets between 60 and 

120 min postprandial. However, portal vein concentrations of His, Leu, and Met were similar 

(P > 0.10) in pigs fed the control and HF+MC diets from 90 to 12 min postprandial and these 

concentration were greater (P < 0.05) than in pigs fed the HF diet (Table 7.3). Lysine 

concentration in portal vein was not affected (P > 0.10) by diet, except at 420 min 

postprandial whereby pigs fed the control diet had greater (P < 0.05) concentration of Lys in
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Table 7.3. Portal and arterial concentrations of blood urea nitrogen (mmol/L) and plasma essential amino acid (mmol/L) in 

growing pigs fed a control diet or high fiber diet without or with a multi-enzyme cocktail
1,2 

 

  Sampling time with respect to post-feeding, min 

Item  Diet  0 30 60 90 120 180 240 300 360 420 

Portal  
           

Urea nitrogen Control  3.30
b 

3.30
 

3.28
 

3.45 3.83 4.13 4.28 4.50 4.29 4.25 

 HF 4.34
a
 4.04

 
4.02

 
4.02 4.04 4.12 4.44 4.44 4.46 3.99 

 HF+MC 4.02
a 

3.94
 

3.92
 

4.14 4.16 4.08 4.30 4.30 4.28 4.34 

 SEM 0.23 0.23 0.22 0.26 0.26 0.25 0.29 0.29 0.32 0.36 

 P-value  0.007 0.061 0.053 0.157 0.672 0.990 0.907 0.880 0.899 0.768 

            

Arg Control  146.6 242.3
a 

287.3
a
 367.6

a
 407.8

a
 366.8

a
 354.4

a 
257.1 224.8 222.4

a 

 
HF 95.3

 
132.0

c
 174.3

b
 207.8

b
 241.1

b
 232.4

b
 213.3

b
 209.5 187.9 138.5

b
 

 
HF+MC 110.1 170.4

ab 
228.4

b
 241.8

b
 264.3

b
 260.9

b
 244.0

b
 232.5 213.8 192.7

a
 

 
SEM 27.3 27.3 18.2 25.4 27.6 22.4 36.9 38.3 17.9 16.6 

 
P-value  0.417 0.021 <0.001 <0.001 <0.001 <0.001 0.026 0.690 0.329 0.003 

            
His Control  77.7 107.2 119.1 142.8 165.0 141.2 133.5 112.9 105.4 112.6

a 

 
HF 87.9 93.0 108.1 117.0

 
126.6 122.0 120.5 122.3 118.2 93.3

b
 

 
HF+MC 88.1 106.2 125.2 125.8 134.6 132.1 125.6 123.5 115.7 113.3

a 

 
SEM 8.75 8.25 6.23 8.22 12.11 7.72 12.97 13.19 8.92 6.07 

 
P-value  0.650 0.385 0.128 0.095 0.079 0.220 0.785 0.835 0.601 0.028 

            
Ile Control  64.4 102.1

a 
115.4

a 
150.1

a 
177.9

a 
141.3

a 
134.4

a 
105.4 98.3 102.2

a
 

 
HF 53.9 63.9

b
 70.6

c
 79.0

b
 87.4

b
 91.8

b
 78.2

b
 73.5 69.8 48.5

c
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HF+MC 56.0 78.1

a 
87.2

b 
84.2

b
 102.1

b
 98.9

b
 89.0

b
 85.1 75.6 72.9

b
 

 
SEM 9.60 8.02 6.80 7.36 13.88 9.47 10.88 12.53 10.47 4.46 

 
P-value  0.732 0.005 <0.001 <0.001 <0.001 0.001 0.001 0.212 0.170 <.0001 

            
Leu Control  138.0 231.8 251.7 325.3

a
 391.2

a
 314.8 310.7 182.0 240.7 248.8

a
 

 
HF 147.1 175.3 198.5 226.7

b
 269.9

b
 293.0 264.3 263.2 255.5 181.1

b
 

 
HF+MC 157.3 212.5 247.6 260.2

ab
 304.8

ab
 312.0 297.3 307.5 293.8 290.8

a
 

 
SEM 25.3 23.6 18.2 19.1 34.0 26.1 37.5 39.7 34.3 20.2 

 
P-value  0.868 0.236 0.071 0.002 0.046 0.805 0.668 0.093 0.528 <0.001 

            
Lys Control  118.0 216.8 263.9 336.8 367.1 310.9 276.4 201.7 150.3 148.4

ab
 

 
HF 54.3 253.8 393.2 438.8 456.6 378.3 320.2 274.9 218.0 136.6

b
 

 
HF+MC 91.7 307.8 420.3 402.2 409.1 407.6 345.8 289.5 237.5 192.1

a
 

 
SEM 44.7 57.9 57.7 54.8 52.9 39.2 50.4 33.7 26.8 16.3 

 
P-value  0.607 0.545 0.147 0.434 0.502 0.227 0.634 0.168 0.077 0.031 

            
Met Control  39.3 60.0 67.0

 
70.9 74.5 62.0 61.3 46.7 47.0 50.0 

 
HF 42.1 47.2 51.3

 
58.5 57.7 64.7 57.0 53.6 55.7 40.3 

 
HF+MC 47.2 62.6 61.7

 
57.1 76.5 67.1 69.5 66.8 61.8 59.2 

 
SEM 9.03 5.37 4.66 4.85 10.36 6.18 6.20 7.66 8.46 6.32 

 
P-value  0.820 0.086 0.059 0.107 0.353 0.850 0.330 0.177 0.494 0.081 

            
Phe Control  66.0 103.9 126.2 169.8

a
 189.5

a
 174.8 171.4 120.1 129.8 123.7 

 
HF 63.1 74.7 96.4 110.2

b
 126.8

b
 148.5 131.8 127.9 119.5 77.4 

 
HF+MC 73.1 108.3 121.6 124.1

b
 144.2

b
 153.1 155.1 146.2 141.1 128.5 

 
SEM 13.94 13.76 15.54 13.61 14.49 12.82 16.26 17.73 15.10 17.08 

 
P-value  0.865 0.161 0.339 0.009 0.011 0.319 0.235 0.566 0.550 0.058 
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Thr Control  277.5 390.6 447.5

 
539.6

a 
604.0

a 
545.8 523.6 434.8 425.6 483.7

a 

 
HF 303.5 321.4 356.2

 
401.6

b 
451.1

b 
469.6 460.3 458.8 448.1 333.1

b 

 
HF+MC 286.9 333.2 398.1

 
401.8

b 
442.3

b 
453.8 431.7 448.2 434.0 432.9

a 

 
SEM 34.6 35.3 25.6 34.7 47.6 32.1 63.2 50.4 50.0 38.6 

 
P-value  0.866 0.364 0.052 0.009 0.038 0.117 0.596 0.947 0.950 0.026 

            
Trp Control  94.0 151.6 156.0

a
 219.1

a
 251.1

a
 253.8

a
 245.3 182.5 177.7 196.3

a
 

 HF 95.2 101.6 125.2
b
 142.4

b
 178.3

b
 180.9

b
 180.2 160.4 156.8 117.3

b
 

 HF+MC 102.3 122.4 152.6
a
 170.5

ab
 181.3

b
 195.2

b
 183.3 191.9 179.6 172.8

a
 

 SEM 8.79 15.75 9.40 17.66 16.04 14.65 26.94 24.01 13.98 13.80 

 P-value  0.769 0.094 0.040 0.013 0.003 0.002 0.184 0.616 0.408 <0.001 

            

Val Control  168.6 243.5
a 

266.7
a 

326.4
a 

376.3
a 

313.7
a 

300.3
 

247.5 226.4 232.6
a 

 
HF 164.1 185.4

b 
203.3

b 
221.5

b 
235.5

b 
237.9

b 
209.4

 
207.8 187.8 137.1

c 

 
HF+MC 171.7 217.7

ab 
246.3

ab 
234.3

b 
275.2

b
 253.5

b 
228.0

 
227.2 206.1 197.0

b 

 
SEM 18.9 17.4 13.7 16.0 30.9 19.0 28.1 26.7 21.7 11.1 

 
P-value  0.958 0.071 0.005 <0.001 0.007 0.016 0.070 0.587 0.483 <0.001 

            
Carotid 

           
Urea nitrogen Control  3.20

b 
3.10

b 
3.10

b 
3.28

 
3.35 3.75 4.05 3.98 4.05 4.00 

 HF 4.06
a 

3.94
a 

3.80
a 

3.74
 

3.90 3.92 4.06 4.12 4.06 4.38 

 HF+MC 3.72
ab 

3.66
a 

3.62
ab 

3.92
 

3.82 3.90 4.04 4.18 3.90 4.02 

 SEM 0.21 0.20 0.19 0.20 0.21 0.19 0.22 0.31 0.32 0.25 

 P-value  0.018 0.015 0.035 0.075 0.155 0.800 0.998 0.895 0.919 0.475 

            

Arg Control  83.8 130.9 203.2 272.3
a 

315.1
a 

288.3 283.3
a 

239.1a 190.1 210.2
a 
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HF 92.2 105.7 146.7 172.5

b 
200.6

b 
239.8 204.1

b 
173.8

b 
151.5 120.4

b 

 
HF+MC 98.2 131.2 180.4 198.8

b 
211.7

b 
220.4 224.0

ab 
195.5

ab 
175.1 156.3

b 

 
SEM 9.5 10.7 17.1 20.1 24.5 35.9 21.9 15.8 12.5 15.2 

 
P-value  0.578 0.147 0.072 0.003 0.003 0.414 0.041 0.018 0.096 0.001 

            
His Control  63.7 76.8 95.4 109.9 124.1 119.0 117.7 108.1 91.7 94.7 

 
HF 83.4 86.0 99.8 112.0 115.6 117.1 104.8 95.5 92.9 86.4 

 
HF+MC 82.6 90.2 106.9 114.1 113.5 115.3 114.7 107.5 97.9 98.2 

 
SEM 6.12 5.91 5.95 6.39 6.82 9.53 9.26 10.14 8.46 9.26 

 
P-value  0.051 0.284 0.393 0.900 0.533 0.964 0.586 0.601 0.858 0.629 

            
Ile Control  43.8 71.7

a 
84.9

a 
105.2

a 
119.2

a 
104.6 95.5 81.9 60.4 74.2

a 

 
HF 49.5 51.5

b 
62.5

b 
68.0

b 
75.2

b 
87.4 67.8 59.4 62.7 38.3

c 

 
HF+MC 48.5 57.6

b 
64.6

b 
68.1

b 
73.0

b 
72.0

 
70.0 64.0 56.7 52.7

b 

 
SEM 5.26 4.91 6.67 7.59 10.81 14.05 8.99 8.48 8.31 5.81 

 
P-value  0.731 0.018 0.045 0.001 0.006 0.277 0.071 0.164 0.867 <0.001 

            
Leu Control  93.0 151.4 183.7 226.7 252.7 243.6 228.3 164.7 131.0

b 
172.9

b 

 
HF 137.0 146.7 172.4 195.6 225.2 254.8 201.9 195.1 198.5

a 
149.1

ab 

 
HF+MC 135.3 155.1 178.8 202.5 219.0 232.4 241.3 235.8 218.3

a 
216.2

a 

 
SEM 16.4 17.0 18.8 19.9 24.3 23.4 17.7 28.9 24.1 18.2 

 
P-value  0.122 0.936 0.915 0.534 0.605 0.780 0.255 0.230 0.038 0.027 

            
Lys Control  55.5 119.6 195.8 250.9 280.4 300.6 268.5 212.3 151.0 127.0 

 
HF+MC 55.2 165.4 316.1 395.4 414.4 337.9 263.7 207.6 166.7 136.6 

 
HF 49.7 184.7 317.6 342.2 354.8 344.7 329.7 250.0 197.4 164.9 

 
SEM 9.7 51.0 54.2 46.7 41.8 36.4 28.3 26.3 23.2 22.9 
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P-value  0.887 0.670 0.219 0.103 0.089 0.675 0.176 0.442 0.362 0.479 

            
Met Control  23.3 44.7 50.6 56.6 55.1 59.6 59.9 54.1 44.6 44.9 

 
HF+MC 40.5 40.2 53.4 53.9 58.2 54.0 45.0 40.6 51.2 38.5 

 
HF 42.7 47.3 49.8 53.2 56.4 55.4 54.5 55.6 56.5 52.2 

 
SEM 5.37 5.28 6.95 5.31 6.34 6.09 4.45 6.74 8.82 6.37 

 
P-value  0.029 0.614 0.923 0.900 0.943 0.808 0.062 0.213 0.642 0.293 

            
Phe Control  42.9 63.4 79.8 105.2 130.0 137.7 147.7 130.0 105.5 94.8 

 
HF 60.0 65.4 91.3 89.8 106.0 120.1 105.3 94.9 101.3 77.8 

 
HF+MC 58.9 73.5 94.3 99.6 114.0 123.5 124.2 126.8 106.6 100.8 

 
SEM 9.4 8.5 13.5 12.1 11.5 19.3 15.1 16.9 14.5 13.1 

 
P-value  0.384 0.674 0.744 0.663 0.352 0.805 0.154 0.262 0.961 0.416 

            
Thr Control  264.0 339.8 423.7 478.8 530.5 535.4 550.6 489.5 444.5 454.2 

 
HF 330.0 329.5 379.9 420.9 454.7 457.2 430.0 396.2 401.5 384.6 

 
HF+MC 305.0 330.0 377.5 414.0 426.4 439.4 462.3 437.0 409.6 411.9 

 
SEM 24.8 26.7 25.3 31.8 35.7 43.5 49.5 52.1 53.8 53.5 

 
P-value  0.186 0.957 0.379 0.317 0.125 0.282 0.230 0.466 0.845 0.667 

            
Trp Control  81.0 105.3 136.6 170.8 214.3

a 
217.4 223.2

 
199.5

a 
169.4 173.1

a 

 HF 94.8 96.8 121.6 142.9 158.8
b 

183.3
b 

169.2
 

146.0
b 

134.9 115.8
b 

 HF+MC 98.8 107.1 139.1 156.7 171.6
b 

176.4 185.1
 

171.0
ab 

157.5 155.4
b 

 SEM 6.61 5.95 9.54 9.07 15.15 18.22 15.53 14.26 14.15 11.94 

 P-value  0.160 0.409 0.359 0.107 0.036 0.264 0.054 0.038 0.224 0.003 

            

Val Control  129.7 185.2 217.5 254.8 284.3
a 

257.5 241.4 209.2 166.6 145.1 
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HF 161.4 170.0 191.6 205.9 220.1

b 
230.6 191.7 175.6 168.6 123.0 

 
HF+MC 159.8 181.2 200.1 210.7 213.7

b 
211.1 203.4 187.8 169.1 160.8 

 
SEM 11.3 9.6 13.0 16.6 21.4 29.3 18.8 19.7 15.3 26.3 

 
P-value  0.105 0.514 0.378 0.092 0.049 0.550 0.172 0.496 0.993 0.572 

a,b,c 
Means in a column within variables with different superscripts differ (P < 0.05). Values are means with SEM; n = 5.  

1
SEM, standard error of the mean; MC, multi-enzyme cocktail. 

2
Control = corn-soybean meal basal diet; HF = control plus 30% DDGS; HF+MC = same as HF except that this diet was 

supplemented with MC to supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase  at target activities of 4400, 3000, 

175, 1500 and 30 U/kg of complete feed, respectively. 
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their portal vein compared with those fed the HF diet. Pigs fed the HF+MC diet had 

similar (P > 0.10) portal Lys concentration compared with those fed the control.       

The mean 7 h portal vein His and Thr concentrations were greatest (P < 0.05) in pigs fed 

the control diet compared with those fed the HF and HF+MC diets (Table 7.4). Further, portal 

vein Arg, Ile, Trp, and Val concentrations were lower (P < 0.05) in pigs fed the HF diet 

compared with those fed the control diet. However, supplementing the HF diet with MC 

increased (P < 0.05) the concentrations of these EAA in the portal vein (Table 7.4). Pigs fed 

the HF+MC and control diets had similar (P > 0.10) mean postprandial portal vein 

concentrations of Leu, Met, and Phe, which were greater (P < 0.05) than in pigs fed the HF 

diet (Table 7.4). However, Lys concentration in the portal blood of pigs fed the HF+MC diet 

was greater (P < 0.05)  than in pigs fed the control, but similar (P > 0.10)  for the control- and 

HF-fed pigs (Table 7.4).  

Butyrate and isovalerate concentrations were greatest (P < 0.05) in the portal vein of pigs 

fed the HF+MC diet at 30 min postprandial compared with those fed the HF and control diets 

(Table 7.5). In addition, butyrate, isobutyrate, and isovalerate concentrations tended (P < 

0.10) to be greatest in the portal vein of pigs fed the HF+MC diet compared with HF- and 

control-fed pigs (Table 7.6). However, the mean 7 h postprandial portal vein concentrations of 

the individual VFA measured and the total VFA concentrations were not affected (P > 0.10) 

by diet (Table 7.6). 
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Table 7.4. Mean portal and arterial concentrations of blood urea nitrogen (mmol/L), plasma essential amino acid (mmol/L) and net 

fluxes (mmol/kg BW
(0.75)

/min) in growing pigs after feeding (0-7 h) a control diet or high fiber diet without or with a multi-enzyme 

cocktail
1,2

 

 Portal  Carotid 

Item  Control HF HF+MC SEM P-value  Control HF HF+MC SEM P-value 

Urea nitrogen 3.97 4.14 4.19 0.19 0.070  3.69
b 

3.92
ab 

3.96
a 

0.16 0.018 

  Net flux 0.25 0.16 0.25 0.05 0.297  - - - - - 

Arg 310.8
a 

194.1
c 

232.5
b 

15.2 <0.001  234.1
a 

189.5
b 

165.6
bc 

9.9 <0.001 

  Net flux 70.2
a 

28.3
b 

18.8
b 

5.2 <0.001  - - - - - 

His 133.4
a 

115.1
b 

120.1
b 

7.7 <0.001  108.0 103.8 102.7 8.3 0.275 

  Net flux 22.0
a 

9.0
b 

9.2
b 

2.5 <0.001  - - - - - 

Ile 127.0
a 

73.1
c 

85.6
b 

3.5 <0.001  88.5
a 

63.8
b 

64.0
b 

3.8 <0.001 

  Net flux 33.5
a 

6.5
b 

12.5
b 

2.4 <0.001  - - - - - 

Leu 281.1
a 

233.9
b 

278.2
a 

9.1 0.001  192.2 210.7 193.4 9.2 0.150 

  Net flux 74.5
a 

29.0
b 

41.2
b 

7.4 <0.001  - - - - - 

Lys 273.5
b 

324.4
ab 

332.8
a 

34.7 0.055  215.6
b 

276.3
a 

268.7
ab 

26.8 0.023 

  Net flux 44.8 34.8 32.9 7.8 0.392  - - - - - 

Met 62.4
a 

56.0
b 

63.9
a 

5.2 0.007  54.0 51.8 49.9 5.4 0.198 

  Net flux 7.7 3.4 7.1 2.3 0.159  - - - - - 

Phe 148.6
a 

116.2
b 

133.9
a 

10.7 <0.001  109.7 104.7 97.1 10.7 0.106 

  Net flux 34.1
a 

12.2
b 

16.3
b 

3.6 <0.001  - - - - - 

Thr 488.9
a 

415.6
b 

416.6
b 

23.9 <0.001  467.2
a 

403.3
b 

413.5
b 

31.9 <0.001 

  Net flux 17.4 4.6 8.0 13.6 0.518  - - - - - 

Trp 208.6
a 

150.8
c 

171.0
b 

8.1 <0.001  177.5
a 

157.9
bc 

142.0
c 

7.6 <0.001 

  Net flux 25.6
a 

9.5
b 

6.0
b 

3.1 0.002  - - - - - 
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Val 285.5
a 

202.8
c 

231.3
b 

10.2 <0.001  214.4
a 

193.1
ab 

186.3
b 

10.0 0.016 

  Net flux 59.3
a 

12.9
b 

20.0
b 

3.74 <0.001  - - - - - 
a,b,c

 Means in a row within variables with different superscripts differ (P < 0.05). Values are means with SEM; n = 5.  

1
SEM, standard error of the mean. 

2
Control = corn-soybean meal basal diet; HF = control plus 30% DDGS; HF+MC = same as HF except that this diet was 

supplemented with a multi-enzyme cocktail (MC) to supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase at target 

(and analyzed) activities of 4400 (5397), 3000 (2000), 175 (162), 1500 and 30 U/kg of complete feed, respectively. 
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7.4.3 Arterial Blood Urea Nitrogen, Essential Amino Acid, and Volatile Fatty Acid 

Concentrations 

 From 0 to 90 min postprandial, arterial BUN concentrations were lower (P < 0.05) in pigs 

fed the control diet compared with those fed the HF diet, whereas the BUN concentrations in 

pigs fed the HF+MC diet were not different (P > 0.10) from either the control- or HF-fed pigs 

(Table 7.3). However, pigs fed the HF+MC diet had greater (P < 0.05) mean 7 h postprandial 

arterial BUN concentrations than those fed the control, whereas those fed the HF diet had 

arterial BUN concentrations  similar (P > 0.10) those fed the control and HF+MC diets (Table 

7.4). 

Arterial plasma AA concentrations reached peak levels at 180 min postprandial (except 

for Leu, Thr, and Trp) and exhibited a gradual decrease thereafter (Table 7.3). Diet had no 

effect (Table 7.3; P > 0.10) at the different sampling times on arterial Lys, Phe, and Thr 

(Table 7.3).  For His, Met, and Val, the only differences (P < 0.05) in arterial concentrations 

due to diet effect were observed at 0 (for His and Met) and 120 (for Val) min postprandial 

(Table 7.4). There were no differences (P > 0.10) in the arterial plasma concentrations of Arg, 

Leu, Ile, and Trp in pigs fed the HF and HF+MC diets between 30 to 420 min postprandial. 

Pigs fed the control diet had the greatest (P < 0.05) arterial plasma concentrations of Arg, Ile, 

and Trp, but the lowest (P < 0.05) arterial plasma Leu concentrations compared with HF- and 

HF+ MC-fed pigs (Table 7.3). 

The mean 7 h arterial concentrations of His, leu, Met, and Phe were not affected (P > 

0.10) by diet (Table 7.4). However, pigs fed the control diet had the greatest (P < 0.05) mean 

7 h arterial Arg, Ile, Thr, and Trp concentrations, but lowest (P < 0.05) Lys concentration 

compared with those fed the HF and HF+MC diets; values for these AA in pigs fed the HF 
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and HF+MC diets were not different (Table 7.3; P > 0.10). In addition, there were no 

differences (P > 0.10) in arterial plasma Val concentration for pigs fed the control and HF diet 

(Table 7.4).  

 There were no differences (P > 0.10) in the sampling times for arterial plasma 

concentrations of any of the VFA measured (Table 7.5). Additionally, diet had no effect (P > 

0.10) on the mean 7 h postprandial plasma concentrations of propionate, butyrate, and 

valerate (Table 7.6). Pigs fed the control and HF diets had similar (P > 0.10) mean 7 h 

postprandial plasma arterial acetate, isovalerate and total VFA concentrations, whereas pigs 

fed the HF+MC diet had the lowest (P < 0.05) arterial concentrations of these VFA and total 

VFA (Table 7.6)     
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Table 7.5. Portal and arterial plasma concentrations of volatile fatty acids (mmol/L) in growing pigs fed a control diet or high fiber 

diet without or with a multi-enzyme cocktail
1,2 

 Sampling time with respect to post-feeding, min 

Item  Diet  0 30 60 90 120 180 240 300 360 420 

Portal             

    Acetate  Control  1.69 1.45 2.30 1.93 1.57 1.53 1.61 1.32 1.75 1.59 

 HF 1.32 1.28 1.29 1.78 1.60 1.50 2.73 1.73 1.48 1.42 

 HF+MC 1.40 1.56 1.58 1.57 2.19 1.48 1.52 1.72 2.22 1.88 

 SEM 0.23 0.20 0.53 0.58 0.74 0.27 0.84 0.41 0.52 0.30 

 P-value  0.240 0.600 0.414 0.911 0.781 0.990 0.510 0.771 0.551 0.508 

            

    Propionate   Control  0.25 0.21 0.47 0.36 0.25 0.23 0.25 0.23 0.30 0.33 

 HF 0.21 0.22 0.21 0.30 0.14 0.17 0.58 0.39 0.29 0.27 

 HF+MC 0.31 0.32 0.38 0.33 0.47 0.26 0.36 0.40 0.47 0.38 

 SEM 0.04 0.05 0.19 0.13 0.18 0.04 0.25 0.11 0.13 0.09 

 P-value  0.265 0.147 0.604 0.938 0.307 0.343 0.634 0.538 0.493 0.637 

            

   Butyrate   Control  0.03
 

0.02
c 

0.02 0.10 0.13 0.03 0.09 0.08 0.11 0.12 

 HF 0.08 0.09
b 

0.27 0.16 0.09 0.13 0.30 0.18 0.13 0.14 

 HF+MC 0.14
 

0.15
a 

0.19 0.18 0.24 0.12 0.15 0.18 0.19 0.14 

 SEM 0.03 0.02 0.20 0.08 0.12 0.03 0.13 0.05 0.08 0.05 

 P-value  0.099 0.032 0.955 0.879 0.519 0.429 0.527 0.285 0.739 0.978 

            

   Valerate  Control  0.04 0.05 0.31 0.35 0.07 0.09 0.04 0.05 0.09 0.07 

 HF 0.05 0.06 0.11 0.23 0.14 0.07 0.33 0.17 0.10 0.19 

 HF+MC 0.20 0.16 0.15 0.22 0.30 0.10 0.13 0.22 0.24 0.13 

 SEM 0.04 0.04 0.12 0.15 0.18 0.03 0.14 0.09 0.13 0.07 

 P-value  0.003 0.130 0.497 0.836 0.651 0.737 0.339 0.426 0.592 0.582 
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   Isobutyrate   Control  0.05 0.04 0.20 0.17 0.06 0.06 0.02 0.05 0.08 0.07 

 HF 0.03 0.03 0.03 0.08 0.06 0.04 0.30 0.08 0.06 0.10 

 HF+MC 0.07 0.07 0.06 0.10 0.15 0.05 0.10 0.10 0.13 0.07 

 SEM 0.01 0.02 0.08 0.07 0.08 0.02 0.13 0.04 0.07 0.04 

 P-value  0.074 0.180 0.393 0.702 0.645 0.728 0.252 0.615 0.776 0.913 

            

   Isovalerate   Control  0.07 0.10
b 

0.29 0.37 0.21 0.15 0.14 0.10 0.18 0.17 

 HF 0.12 0.11
b 

0.09 0.18 0.13 0.16 0.32 0.18 0.19 0.21 

 HF+MC 0.18 0.19
a 

0.18 0.27 0.40 0.17 0.19 0.27 0.34 0.21 

 SEM 0.03 0.02 0.10 0.14 0.13 0.05 0.13 0.07 0.13 0.08 

 P-value  0.087 0.020 0.384 0.677 0.307 0.942 0.605 0.243 0.553 0.901 

            

   Total VFA  Control  2.18 1.92 3.79 3.23 2.24 2.13 2.16 1.82 2.50 2.35 

 HF 1.82 1.80 1.81 2.73 2.41 2.06 4.82 2.73 2.29 2.29 

 HF+MC 2.30 2.45 2.56 2.67 3.75 2.14 2.37 2.89 3.60 2.80 

 SEM 0.33 0.28 1.13 1.05 1.42 0.37 1.57 0.67 1.03 0.58 

 P-value  0.265 0.185 0.480 0.929 0.691 0.986 0.407 0.541 0.587 0.769 

            

Carotid            

    Acetate  Control  1.54 1.58 1.41 1.88 1.46 1.10 1.22 1.00 1.13 1.14 

 HF 1.10 1.06 1.21 1.03 1.08 0.89 0.90 1.12 1.02 1.23 

 HF+MC 1.93 1.20 1.16 1.10 1.02 1.13 1.52 1.53 1.10 1.00 

 SEM 0.49 0.28 0.15 0.44 0.14 0.17 0.30 0.28 0.13 0.17 

 P-value  0.460 0.434 0.505 0.353 0.080 0.562 0.320 0.346 0.820 0.563 

            

    Propionate   Control  0.13 0.25 0.11 0.32 0.18 0.09 0.12 0.08 0.10 0.09 

 HF 0.14 0.09 0.11 0.08 0.08 0.10 0.05 0.08 0.07 0.22 

 HF+MC 0.13 0.09 0.06 0.07 0.06 0.09 0.17 0.21 0.11 0.08 

 SEM 0.05 0.10 0.04 0.12 0.04 0.03 0.08 0.07 0.03 0.08 

 P-value  0.983 0.459 0.609 0.268 0.115 0.952 0.484 0.264 0.549 0.344 
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   Butyrate   Control  0.06 0.15 0.06 0.17 0.10 0.05 0.04 0.03 0.04 0.03 

 HF 0.06 0.05 0.05 0.04 0.05 0.04 0.04 0.03 0.03 0.13 

 HF+MC 0.11 0.06 0.06 0.03 0.05 0.05 0.10 0.16 0.05 0.08 

 SEM 0.03 0.07 0.03 0.07 0.03 0.02 0.04 0.05 0.02 0.05 

 P-value  0.376 0.597 0.989 0.350 0.496 0.964 0.363 0.072 0.471 0.424 

            

   Valerate  Control  0.11 0.25 0.11 0.25 0.14 0.07 0.06 0.04 0.06 0.04 

 HF 0.07 0.08 0.06 0.05 0.06 0.05 0.03 0.04 0.05 0.22 

 HF+MC 0.12 0.07 0.06 0.06 0.05 0.08 0.14 0.31 0.26 0.18 

 SEM 0.04 0.11 0.05 0.09 0.04 0.03 0.07 0.13 0.10 0.09 

 P-value  0.624 0.506 0.704 0.228 0.238 0.679 0.563 0.234 0.242 0.372 

            

   Isobutyrate   Control  0.07 0.13 0.07 0.15 0.11 0.06 0.04 0.03 0.04 0.02 

 HF 0.18 0.05 0.04 0.03 0.02 0.02 0.05 0.03 0.03 0.12 

 HF+MC 0.05 0.03 0.03 0.02 0.02 0.03 0.07 0.11 0.06 0.05 

 SEM 0.09 0.06 0.02 0.06 0.03 0.02 0.04 0.04 0.03 0.06 

 P-value  0.529 0.514 0.351 0.271 0.066 0.356 0.7855 0.318 0.580 0.440 

            

   Isovalerate   Control  0.22 0.31 0.21 0.31 0.25 0.15 0.13 0.09 0.14 0.13 

 HF 0.21 0.13 0.11 0.11 0.09 0.08 0.07 0.07 0.12 0.21 

 HF+MC 0.20 0.16 0.16 0.15 0.17 0.25 0.22 0.29 0.18 0.17 

 SEM 0.07 0.10 0.05 0.07 0.05 0.06 0.06 0.07 0.04 0.06 

 P-value  0.982 0.459 0.403 0.121 0.062 0.084 0.149 0.058 0.602 0.650 

            

   Total VFA  Control  2.13 2.66 1.97 3.06 2.22 1.49 1.61 1.27 1.49 1.45 

 HF 1.65 1.47 1.59 1.34 1.39 1.00 1.06 1.40 1.32 2.11 

 HF+MC 2.55 1.62 1.53 1.44 1.37 1.65 2.22 2.62 1.77 1.55 

 SEM 0.61 0.67 0.27 0.82 0.29 0.27 0.54 0.54 0.25 0.43 

 P-value  0.550 0.412 0.491 0.283 0.074 0.163 0.304 0.141 0.430 0.495 

             
1
SEM, standard error of the mean; MC, multi-enzyme cocktail. Values are means with SEM; n = 5.  
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2
Control = corn-soybean meal basal diet; HF = control plus 30% DDGS; HF+MC = same as HF except that this diet was 

supplemented with MC to supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase at target (and analyzed) activities of 

4400 (5397), 3000 (2000), 175 (162), 1500 and 30 U/kg of complete feed, respectively. 
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Table 7.6. Mean portal and arterial plasma concentrations (mmol/L) and net fluxes (mmol/kg BW
(0.75)

/min)   of volatile fatty acids in 

growing pigs after feeding (0-7 h) a control diet or high fiber diet without or with a multi-enzyme cocktail
a,b

 

   Portal    Carotid 

Item  Control HF HF+MC SEM P-value  Control HF HF+MC SEM P-value 

Acetate  1.76 1.54 1.72 0.18 0.482  1.35
a 

1.19
ab 

1.06
b 

0.11 0.045 

  Net flux 0.30 0.31 0.39 0.04 0.939  - - - - - 

Propionate   0.32 0.28 0.36 0.06 0.352  0.17 0.10 0.10 0.04 0.058 

  Net flux 0.15 0.08 0.18 003 0.079  - - - - - 

Butyrate  0.14 0.16 0.16 0.03 0.754  0.09 0.06 0.06 0.03 0.221 

  Net flux 0.05 0.06 0.06 0.02 0.961  - - - - - 

Valerate 0.14 0.14 0.15 0.05 0.644  0.13 0.12 0.07 0.05 0.242 

  Net flux 0.02 0.03 0.03 0.02 0.936  - - - - - 

Isobutyrate  0.09 0.07 0.09 0.02 0.753  0.09
a 

0.04
b 

0.04
b 

0.03 0.001 

  Net flux 0.02 0.04 0.04 0.02 0.842  - - - - - 

Isovalerate    0.21 0.19 0.24 0.06 0.302  0.18
a 

0.17
a 

0.12
b 

0.05 0.001 

  Net flux 0.04
b 

0.02
b 

0.09
a 

0.02 <.0001  - - - - - 

Total VFA 2.60
 

2.30 2.80 0.35 0.358  2.03
a 

1.69
ab 

1.42
b 

0.30 0.032 

  Net flux 0.83
a 

0.35
c 

0.70
b 

0.09 <.0001  - - - - - 

a,b,c
 Means in a row within variables with different superscripts differ (P < 0.05). Values are means with SEM; n = 5.  

1
SEM, standard error of the mean. 
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2
Control = corn-soybean meal basal diet; HF = control plus 30% DDGS; HF+MC = same as HF except that this diet was 

supplemented with a multi-enzyme cocktail (MC) to supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase at target 

(and analyzed) activities of 4400 (5397), 3000 (2000), 175 (162), 1500 and 30 U/kg of complete feed, respectively. 
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7.4.4 Portal Fluxes of Urea Nitrogen, Essential Amino Acid, and Volatile Fatty Acid 

  Pigs fed the HF diet had the lowest (P < 0.05) portal flux of BUN compared with those 

fed the control and HF+MC diet, whereas portal BUN flux was not different (P > 0.10) for 

pigs fed the control and HF+MC diets (Table 7.7). However, diet had no effect (P > 0.10) on 

the mean 7 h portal BUN flux (Table 7.4).  

The portal fluxes of most of the EAA reached peak levels at 120 min postprandial and 

gradually decreased thereafter, with the portal EAA fluxes of pigs fed the HF diet showing a 

more gradual decrease (Table 7.7). Diet effects on the portal fluxes for the EAA occurred 

between 30 and 120 min postprandial. The control-fed pigs had the greatest (P < 0.05) portal 

EAA fluxes relative to pigs fed the 2 HF-containing diets, whereas portal EAA fluxes were 

not different (P > 0.10) for pigs fed the HF and HF+MC diets (Table 7.7).  

There was no diet effect (P > 0.10) on the mean 7 h postprandial portal fluxes of Lys, 

Met, and Thr (Table 7.4). The mean 7 h portal fluxes of the remaining EAA were, however, 

were greater (P < 0.05) in pigs fed the control diet than in pigs fed the 2 HF-containing diets. 

However, there were no differences (P > 0.10) in the mean 7 h portal AA fluxes between the 

pigs fed the HF and HF+MC diet (Table 7.4).   

Diet had no effect (P > 0.05) on the postprandial portal fluxes of the individual VFA and 

total VFA (Table 7.8). However, the mean 7 h postprandial portal flux of total VFA was 

greatest (P < 0.05) in pigs fed the control diet, followed by those fed the HF+MC diet (P < 

0.05), whereas the HF-fed pigs had the least (P < 0.05) mean postprandial portal total VFA 

flux (Table 7.6). Additionally, pigs fed the HF+MC diet had greater (P < 0.05) mean 7 h 

postprandial portal isovalerate flux than those fed the control and HF diets. Diet did not 
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Table 7.7. Portal flux of blood urea nitrogen (mmol/kg BW
(0.75)

/min)   and plasma essential amino acid (mmol/kg BW
(0.75)

/min)  in 

growing pigs fed a control diet or high fiber diet without or with a multi-enzyme cocktail
1,2

 

  Sampling time with respect to post-feeding, min 

Item  Diet  0 30 60 90 120 180 240 300 360 420 

Urea nitrogen Control  0.06 0.17
ab 

0.18 0.17 0.35
a 

0.36 0.20 0.32 0.15 0.34
b 

 HF 0.26 0.08
b 

0.21 0.23 0.16
b 

0.30 0.39 0.30 0.26 0.24
c 

 HF+MC 0.16 0.27
a 

0.25 0.24 0.26
ab

 0.14 0.19 0.11 0.33 0.40
a 

 SEM 0.08 0.05 0.07 0.06 0.06 0.07 0.09 0.08 0.11 0.31 

 P-value  0.192 0.013 0.759 0.636 0.052 0.101 0.224 0.147 0.549 0.039 

            

Arg Control  52.9 91.7
a 

111.5
a 

82.7
a 

91.4 52.2 54.7 20.2 55.7 16.6 

 
HF 2.0 14.0

b 
15.9

b 
18.7

b 
31.6 13.5 5.5 20.4 40.3 14.8 

 
HF+MC 9.9 23.7

b 
27.0

b 
22.6

b 
33.4 24.5 11.4 19.4 22.1 23.6 

 
SEM 22.9 19.4 8.7 15.3 27.2 21.0 17.5 40.2 11.1 4.9 

 
P-value  0.269 0.015 <0.001 0.008 0.240 0.176 0.116 1.000 0.119 0.352 

            
His Control  11.7 25.1

a 
31.4

a 
28.6

a 
40.3

a 
14.7 12.2 5.4 18.1

b 
7.9 

 
HF 2.9 3.7

b 
4.7

b 
2.6

b 
8.6

b 
2.3 9.4 15.4 27.9

a 
5.2 

 
HF+MC 4.6 9.7

b 
10.3

b 
6.2

b 
13.4

b 
10.1 6.2 8.4 10.1

b 
9.8 

 
SEM 5.2 6.0 3.6 5.3 8.0 4.1 5.3 9.8 4.3 3.1 

 
P-value  0.471 0.045 <0.001 0.002 0.017 0.088 0.737 0.761 0.008 0.550 

            
Ile Control  17.4 25.1

 
40.4

a 
39.0

a 
57.8

a 
24.4 29.9 26.3 32.9 10.5 

 
HF 2.9 6.6

 
4.6

b 
5.8

b 
9.5

b 
2.1 6.2 8.1 7.8 7.6 

 
HF+MC 6.3 12.4

 
12.8

b 
8.5

b 
18.4

b 
16.3 10.8 11.0 10.8 13.1 

 
SEM 6.4 5.3 6.5 6.4 9.8 9.4 8.6 11.3 15.3 3.4 
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P-value  0.278 0.055 0.001 0.001 0.002 0.233 0.141 0.497 0.503 0.466 

            
Leu Control  37.9 66.2

a 
90.2

a 
85.5

a 
136.7

a 
47.3 63.4 69.4 54.9 31.0 

 
HF 6.6 15.2

b 
15.1

b 
16.5

b 
34.9

b 
17.8 37.4 39.0 63.1 21.9 

 
HF+MC 18.3 34.7

b 
38.7

b 
30.4

b 
54.4

b 
49.2 31.9 37.5 43.1 48.4 

 
SEM 13.7 13.7 14.2 12.9 21.8 15.3 21.0 25.3 34.5 9.8 

 
P-value  0.287 0.040 0.002 0.001 0.004 0.248 0.551 0.841 0.480 0.117 

            
Lys Control  52.6 80.0 90.3

a 
74.6

a 
85.5 6.9 6.1 11.8 9.7

c 
16.6 

 
HF 10.6 47.2 44.4

b 
23.0

b 
32.9 18.9 33.8 38.6 56.6

a 
10.1 

 
HF+MC 35.0 74.4 57.9

b 
31.6

b 
34.4 34.3 9.2 20.7 22.9

b 
17.6 

 
SEM 27.2 17.9 11.3 11.1 28.3 16.0 17.9 23.8 13.4 4.3 

 
P-value  0.378 0.379 0.019 0.004 0.359 0.498 0.479 0.339 0.040 0.382 

            
Met Control  13.5 12.6 21.8

a 
12.5

a 
19.1

a 
1.6 1.0 8.3 5.2 3.3 

 
HF 1.0 3.7 1.2

b 
2.5

b 
2.4

b 
5.0 7.2 7.4 5.0 2.9 

 
HF+MC 3.7 9.2 6.7

b 
2.0

b 
12.7

a 
6.8 8.5 5.9 3.0 4.5 

 
SEM 4.7 2.9 6.2 2.6 4.9 3.3 3.3 5.9 9.4 3.1 

 
P-value  0.168 0.097 0.039 0.011 0.020 0.545 0.256 0.137 0.982 0.909 

            
Phe Control  19.5 33.3

 
61.5

a 
56.0

a 
58.6

a 
24.7 18.2 11.1 40.2 17.7 

 
HF 2.0 5.0

 
2.9

b 
10.8

b 
16.2

b 
13.2 15.9 18.9 20.0 5.9 

 
HF+MC 11.7 21.1

 
15.4

b 
12.9

b 
19.2

b 
15.4 17.6 10.2 19.7 18.0 

 
SEM 9.3 8.0 11.3 7.9 8.7 6.4 9.2 15.3 12.2 7.1 

 
P-value  0.426 0.052 0.001 <0.001 0.002 0.417 0.983 0.385 0.466 0.376 

            
Thr Control  11.4 41.7 31.5

a 
32.8

a 
32.5 6.9 -20.7 -21.3 -5.8 24.4 
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HF -17.3 -4.3 -13.7

c
 -10.3

b 
-2.8 15.8 18.2 35.9 36.5 17.5 

 
HF+MC -15.0 1.9 11.6

b 
-6.4

b 
10.1 12.1 -17.4 5.9 13.9 13.6 

 
SEM 15.6 20.2 10.7 18.6 35.0 21.4 19.9 33.9 34.7 16.5 

 
P-value  0.386 0.246 0.016 0.040 0.297 0.975 0.301 0.137 0.500 0.121 

            
Trp Control  11.0 38.1 25.7

a 
41.9

a 
36.4 24.2 17.0 9.1 29.2 16.0 

 
HF 0.2 2.6 2.0

b 
0.2

b 
15.3 5.1 6.6 8.2 24.2 6.6 

 
HF+MC 2.9 9.2 7.6

b 
7.3 6.1 12.9 6.0 10.9 12.6 11.3 

 
SEM 4.8 11.9 2.9 12.1 10.2 9.5 11.8 25.9 8.5 3.9 

 
P-value  0.2876 0.101 <0.001 0.044 0.117 0.166 0.574 0.684 0.370 0.279 

            
Val Control  32.8 48.0

a 
65.2

a 
62.1

a 
90.7

a 
37.3 45.3 43.0 55.5 41.2 

 
HF 1.8 8.2

b 
6.7

b 
8.3

b 
12.0

b 
3.4 10.7 18.4 21.3 14.0 

 
HF+EE 9.9 22.0

b 
26.0

b 
12.5

b 
39.0

b 
25.6 14.0 20.7 21.1 23.5 

 
SEM 11.8 11.0 9.8 11.8 22.4 16.3 16.7 20.9 24.8 11.3 

  P-value  0.183 0.044 0.0003 0.003 0.054 0.324 0.301 0.678 0.580 0.276 
a,b,c

 Means in a column within variables with different superscripts differ (P < 0.05). Values are means with SEM; n = 5.  

1
SEM, standard error of the mean; MC, multi-enzyme cocktail. 

2
Control = corn-soybean meal basal diet; HF = control plus 30% DDGS; HF+MC = same as HF except that this diet was 

supplemented with MC to supply xylanase, protease, β-glucanase, alpha-amylase and pectinase at target (and analyzed) activities of 

4400 (5397), 3000 (2000), 175 (162), 1500 and 30 U/kg of complete feed, respectively. 
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Table 7.8. Portal flux of volatile fatty acids (mmol/kg BW
(0.75)

/min)   in growing pigs fed a control diet or high fiber diet (HF) without 

or with a multi-enzyme cocktail
1,2

 

  Sampling time with respect to post-feeding, min 

Item  Diet  0 30 60 90 120 180 240 300 360 420 

Acetate Control  0.11 0.43 1.24 0.09 0.13 0.29 0.37 0.38 0.68 0.23 

 
HF 0.15 0.12 0.04 0.40 0.12 0.32 1.11 0.36 0.42 0.24 

 
HF+MC 0.22 0.56 0.19 0.25 0.74 0.17 0.10 0.10 0.64 0.58 

 
SEM 0.48 0.13 0.65 0.61 0.44 0.12 0.49 0.16 0.28 0.15 

 
P-value  0.338 0.231 0.418 0.865 0.481 0.691 0.249 0.363 0.777 0.143 

            
Propionate Control  0.16 0.03 0.55 0.03 0.07 0.09 0.12 0.18 0.22 0.11 

 
HF 0.05 0.07 0.05 0.12 0.05 0.03 0.38 0.19 0.20 0.09 

 
HF+MC 0.14 0.15 0.18 0.13 0.26 0.10 0.10 0.10 0.21 0.19 

 
SEM 0.04 0.06 0.23 0.16 0.12 0.03 0.16 0.06 0.08 0.06 

 
P-value  0.146 0.107 0.331 0.772 0.333 0.140 0.418 0.459 0.991 0.364 

            
Iso butyrate Control  0.02 0.08 0.19 0.003 0.02 0.002 0.02 0.03 0.03 0.004 

 
HF 0.1 0.10 0.01 0.03 0.05 0.07 0.10 0.09 0.03 0.02 

 
HF+MC 0.02 0.03 0.02 0.04 0.08 0.01 0.02 0.02 0.04 0.02 

 
SEM 0.06 0.04 0.12 0.08 0.06 0.01 0.09 0.04 0.06 0.04 

 
P-value  0.235 0.284 0.522 0.960 0.357 0.560 0.194 0.638 0.991 0.922 

            
Butyrate Control  0.05 0.06 0.31 0.01 0.01 0.02 0.04 0.05 0.07 0.04 

 
HF 0.02 0.02 0.12 0.07 0.03 0.02 0.20 0.08 0.10 0.05 

 
HF+MC 0.03 0.06 0.07 0.08 0.13 0.03 0.03 0.01 0.08 0.03 

 
SEM 0.03 0.04 0.18 0.10 0.08 0.01 0.08 0.04 0.05 0.05 
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P-value  0.696 0.159 0.628 0.895 0.417 0.706 0.278 0.399 0.926 0.957 

            
Isovalerate Control  -0.09 0.17 0.11 0.02 0.07 0.003 0.01 0.01 0.03 0.01 

 
HF -0.06 0.01 0.02 0.04 0.03 0.02 0.18 0.05 0.08 0.07 

 
HF+MC -0.03 0.02 0.03 0.06 0.14 0.01 0.02 0.01 0.09 0.03 

 
SEM 0.05 0.07 0.17 0.13 0.08 0.02 0.08 0.06 0.09 0.05 

 
P-value  0.736 0.126 0.871 0.974 0.145 0.508 0.146 0.748 0.877 0.691 

            
Valerate Control  -0.019 0.163 0.302 0.054 0.064 0.018 0.020 0.001 0.026 0.009 

 
HF -0.012 0.014 0.028 0.096 0.048 0.016 0.219 0.064 0.043 0.078 

 
HF+MC 0.053 0.050 0.052 0.084 0.160 0.009 0.004 0.050 0.012 0.036 

 
SEM 0.02 0.08 0.19 0.15 0.12 0.01 0.11 0.09 0.10 0.07 

 
P-value  0.015 0.153 0.570 0.983 0.440 0.914 0.264 0.606 0.913 0.503 

            
Total VFA Control  0.54 0.62 2.69 0.17 0.01 0.42 0.53 0.64 1.07 0.43 

 
HF 0.11 0.17 0.12 0.74 0.34 0.50 2.43 0.79 0.87 0.55 

 
HF+MC 0.34 0.51 0.51 0.65 1.51 0.29 0.09 0.14 1.04 0.82 

 
SEM 0.55 0.38 1.47 1.14 0.87 0.17 0.99 0.39 0.59 0.37 

 
P-value  0.570 0.127 0.458 0.852 0.416 0.700 0.215 0.406 0.967 0.721 

1
SEM, standard error of the mean; MC, multi-enzyme cocktail. 

2
Control = corn-soybean meal basal diet; HF = control plus 30% DDGS; HF+MC = same as HF except that this diet was 

supplemented with MC to supply xylanase, protease, β-glucanase, alpha-amylase, and pectinase at target (and analyzed) activities of 

4400 (5397), 3000 (2000), 175 (162), 1500 and 30 U/kg of complete feed, respectively. 
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influence (P > 0.05) the mean 7 h postprandial portal fluxes of remaining individual VFA 

(Table 7.6). 

 

7.5 DISCUSSION 

 The current study was designed to study the effects of HF ingestion and MC 

supplementation to an HF diet on postprandial portal fluxes of EAA, VFA, and urea-N in 

growing pigs. The most noticeable differences between the experimental diets were inevitably 

the starch and NSP contents, the degree of lignification of the polysaccharides in the fiber 

fraction, and results of the enzyme assay. No noticeable changes were detected in the 

analyzed CP and most of the AA contents probably because published values from NRC 

(1998) were used to formulate the experimental diets.  

 Ingestion of the HF diet without or with MC supplementation resulted in higher mean 7 h 

postprandial portal and arterial BUN concentrations compared with the control diet in the 

present study. This observation contradicts the results of the studies by Malmlof (1987) and 

Lenis et al. (1996) showing that feeding pigs fibrous diets decreased the mean postprandial 

portal and arterial urea concentrations. Our finding, however, concurs with the results of Van 

Der Meulen (1997a) showing that complete substitution, but not partial (50%) replacement, of 

cornstarch for raw potato starch increased the mean postprandial portal and arterial urea 

concentrations compared with the low fiber control diet in growing pigs. Changes in urea 

concentrations depend on dietary protein content and fermentability of the dietary fiber 

(Younes et al., 1995a). Thus, highly fermentable dietary fiber together with low dietary 

protein content based on the concept of ideal protein ratio may decrease BUN concentration 



172 
 
 

and thus, urea excretion via urine. Although we used calculated ileal digestible AA values and 

not actual ileal digestible AA value to formulate the diets used in the present study, the total 

AA analysis seems to indicate that dietary AA contents were balanced according to an ideal 

protein ratio. The fibrous diet used in the present study may not have reduced BUN 

concentration for 2 reasons. First, the DDGS used to formulate the fibrous diet used in this 

study has a high degree of lignification (Pedersen et al., 2014b) and, therefore, could have 

been resistant to bacterial fermentation in the hindgut, which was evident from the VFA data 

(discussed below). Second, the fibrous diets used in this study were composed of corn and 

soybean meal, in addition to the DDGS, instead of a semi-synthetic casein-cornstarch basal 

diet as used in the study by Lenis et al. (1996), whereby the HF diet reduced urea 

concentration relative to the control. However, the mean postprandial portal flux of urea 

remained unchanged, although the postprandial portal and arterial BUN concentrations in the 

HF-containing diets differed from that of the control diet. The lack of diet effect on 

postprandial portal urea flux observed in this study agrees with the results reported by 

Malmlof (1987) and Lenis et al. (1996) in growing pigs fed  wheat straw- and purified wheat 

bran-containing  diets, respectively. The slightly positive porto-arterial BUN differences 

observed in this study, which is similar to results found by  Malmlof (1987) and Malmlof et 

al. (1989), may suggest that the diets did not induce a significant net urea flux from the 

circulation into the gastrointestinal tract to be subsequently used for microbial metabolism in 

the hindgut (Younes et al., 1995b; Van Der Meulen et al., 1997a).   

 An important advantage of the portal vein catheterized pig model, in relation to the 

digestibility methods, is that it allows the opportunity to determine the postprandial time 

course of nutrient absorption. This is of importance especially with respect to AA metabolism 
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because the time factor in EAA absorption may influence the extent of protein synthesis in an 

organism (Rerat, 1980). In this study, portal concentrations and fluxes of most EAA reached 

their peak at 120 min postprandial, whereas arterial concentrations of most EEA peaked at 

180 min postprandial. Thereafter, there was a gradual decrease in portal and arterial 

concentrations and portal fluxes of the individual EAA. The EAA appearance and absorption 

patterns observed in this study agree with results found by other researchers (Galibois et al., 

1989; Lenis et al., 1996; Van Der Meulen et al., 1997b; Reverter et al., 2000), suggesting that 

AA absorption pattern is a general phenomenon in pigs.  

Portal concentrations of most of the EAA were greater in pigs fed the control diet relative 

to those fed the HF diet for most of the sampling times determined in this study. This finding 

is not surprising because ingesting fibrous diets decrease ileal AA digestibility due to nutrient 

encapsulating effect of fibrous diets and increased digesta viscosity, thereby reducing the 

enzymatic hydrolysis within the gut lumen (Souffrant, 2001). In addition, dietary fiber 

ingestion has been shown to be a major contributor to endogenous AA losses (Nyachoti et al., 

1997; Montagne et al., 2003). In this context, it is also not surprising that MC 

supplementation of the HF diet improved portal concentrations of some of the EAA at some 

of the sampling times in this study because the MC was expected to ameliorate the adverse 

effects of the fibrous diets on AA digestion as indicated above. The MC also contained 

protease activity, which may also have a direct impact on increasing portal EAA 

concentration and absorption in the HF+MC-fed pigs. A similar trend in diet effect was also 

observed for arterial concentrations of some of the EAA with respect to sampling times.  

With respect to the mean 7 h postprandial, portal EAA concentrations were greater in pigs 

fed the control compared with those fed the HF diet except for Lys, which was similar for the 



174 
 
 

2 diets. Supplementing the HF with MC, however, increased the mean 7 h postprandial portal 

EAA concentrations with the exception of His, Lys, and Thr, which were similar for the HF 

and HF+MC diets. Interestingly, the mean 7 h postprandial arterial concentrations of Arg, Ile, 

Thr, and Val that showed significant decreases due to HF ingestion did not improve when the 

HF diet was supplemented with MC. Similarly, portal fluxes and mean 7 h postprandial portal 

fluxes of the individual EAA that significantly decreased due to HF ingestion were not 

improved by MC supplementation. Thus, although the MC was able to increase the overall 

mean postprandial portal concentrations of the EAA that were decreased due ingestion of the 

HF diet, this did not result in improvements in the systemic availability of those EAA. 

Ingestion of a fibrous diet increases the mass of the visceral tissues (Jørgensen et al., 1996; 

Nyachoti et al., 2000; Yen et al., 2000), thereby causing an increase in AA utilization by the 

visceral tissues for their maintenance. This consequently reduces the systemic availability of 

AA for protein synthesis in the tissue of economic importance (e.g., muscle). We have 

observed previously in pigs (Agyekum et al., 2012), utilizing similar dietary treatments, that 

supplementing HF diet with enzymes may offset the increase in visceral organ mass due to 

HF ingestion. Therefore, the inability of supplemental MC to increase arterial concentrations 

of the EAA that were significantly reduced when pigs were fed the HF diet in the present 

study may suggest that the MC was not able to ameliorate the increased AA utilization by the 

visceral tissues that occurred, as a result, of HF ingestion.   

 Another interesting finding of this study was that mean 7 h postprandial portal and 

arterial Lys concentrations were lowest in the pigs fed the control diet compared with those 

fed the 2 HF-containing diets. Arginine shares the same transporter with Lys (Wu and Morris 

Jr, 1998; Bröer, 2008) and in this study portal and arterial Arg concentrations were higher in 
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the control-fed pigs compared with those fed the fibrous diets. Thus, it could be argued that 

the greater portal and arterial Arg concentrations observed in this study and the possible 

competition for the same absorption site between Arg and Lys, may be the reason for the 

lower portal and arterial Lys concentrations in the pigs fed the control diet. Further, the HF 

diet contained a large proportion of Lys originating from Lys-HCl (a highly digestible 

synthetic AA) which could in part explain the higher portal and arterial Lys concentrates in 

the HF-fed pigs compared with the control-fed pigs.   

The VFA measured in this study were acetate, propionate, isobutyrate, butyrate, 

isovalerate and valerate. These VFA were produced due to microbial fermentation, in the 

hindgut, of the substrates that escaped enzymatic hydrolysis in the upper gut. The greatest 

concentration of VFA in the portal blood was butyrate suggesting that cellulose was the major 

substrate for microbial fermentation (Giusi-Perier et al., 1989). The detectable concentrations 

of the isobutyrate and isovalerate in portal blood indicate fermentation of branch-chain AA. 

The higher arterial acetate concentration relative to the other VFA indicate limited liver 

uptake of acetate (Rérat et al., 1987). Diet did not influence the mean 7 h postprandial portal 

concentrations of the individual VFA or total VFA suggesting that the HF diet produced with 

DDGS, which has a high insoluble fiber content, had a low fermentability (Stein and Shurson, 

2009; Urriola and Stein, 2010; Pedersen et al., 2014b). However, the mean 7 h postprandial 

arterial concentrations of acetate and isobutyrate were greater in pigs fed the control relative 

to those fed the HF-containing diets. Surprisingly, MC supplementation of the HF diet did not 

improve arterial acetate concentrations and actually, pigs fed the HF+MC supplemented diet 

had the lowest mean 7 h postprandial total arterial VFA concentration and the reason for this 

observation is not clear. However, compared with HF diet, the postprandial portal flux of total 
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VFA improved due to MC supplementation. The VFA flux data reported in this study 

represent net portal absorption and not total transfer or flux of VFA from the gut lumen 

because a portion of the absorbed VFA is metabolized by the gastrointestinal mucosa (Yen et 

al., 1991).  A rather surprising observation in this study was the high valerate concentration in 

portal blood of the pigs and the reason for this is not clear. Very few studies have observed a 

high valerate production in pigs (Lærke et al., 2000) and humans (Rasmussen et al., 1988). 

The reason for the high valerate production has been suggested to be due, exclusively, to AA 

fermentation (Rasmussen et al., 1988).   

In conclusion, ingestion of the fibrous diet used in this experiment did not result in 

significant urea transfer to the gastrointestinal tract. Under the current experimental 

conditions, addition of MC to the fibrous diet improved net portal appearance of some of the 

EAA and total VFA flux that decreased due to ingestion of the HF diet. However, MC 

supplementation did not improve net portal EAA fluxes relative to the HF diet. Therefore, the 

MC was not able to reduce the PDV use of EAA due to ingestion of the HF diet.    
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CHAPTER EIGHT 

GENERAL DISCUSSION 

In the context of fiber-rich diets, the intention for the application of enzyme 

technology is to improve their nutritive value such that substantial amounts of an array of 

fibrous feedstuffs can be incorporated into swine diets. However, the efficacy of the 

commercially available enzymes in fiber-rich diets fed to pigs has not been consistent among 

studies as captured in the literature review (Chapter 2, section 2.5.4) of this thesis. Although 

the inconsistencies may be explained by variations in the experimental conditions (age of 

animal, experimental design, and diet composition), substrate conditions (concentration and 

accessibility) and enzyme characteristics (source, spectrum and catalytic activities), the 

mechanism by which exogenous enzymes influence the metabolic and physiological activities 

in pigs fed fiber-rich diets is still not clear and require thorough investigation. Therefore, the 

overall objective of this thesis was to study the effects of supplementing a high-fiber diet with 

enzymes on nutrient absorption and energy expenditure in growing pigs and to determine the 

mechanisms involved. 

The thesis research was conducted in 3 phases to achieve the overall objective. In 

phase 1, growing pigs surgically fitted with T-cannula at the terminal ileum were used to 

evaluate enzyme supplementation of a fiber-rich diet on nutrient digestibility, digesta VFA 

concentrations, and microbial composition. In phase 2, slaughter techniques and an in vitro 

nutrient uptake model (Ussing chamber) were used to evaluate supplemental enzyme and a 

high-fiber diet effect on growth performance, jejunal glucose uptake and nutrient transporter 

gene expressions in growing pigs. Phase 3 of the thesis employed the portal vein catheterized 
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pig model and indirect calorimetry to study nutrient absorption and energy expenditure in 

growing pigs fed a fiber-rich diet supplemented with enzymes. 

Three diets were used for the experiments described in this thesis. The diets were: (1) 

a corn-soybean meal (SBM) basal control diet, (2) a corn-soybean meal with 30% distillers‘ 

dried grains with solubles (DDGS; HF), and (3) a corn-SBM plus 30% DDGS supplemented 

with an enzyme (HF+enzyme). The 30% DDGS was used to manufacture the fiber-rich diet 

(HF). This inclusion level was based on results from our previous study (Agyekum et al., 

2014) showing that the negative effect of DDGS (a fiber-rich ingredient) on nutrient 

utilization and pig performance start to show when included at 30% of a corn-SBM-based 

diet. Furthermore, the experimental diets were based on ingredients (corn, SBM, and DDGS) 

that mimic practical diets used in pig production. In addition, the experimental diets were 

formulated such that the most noticeable differences between them were the carbohydrate 

composition (that is differing starch and NSP contents) and enzyme activity. Therefore, the 

main effects studied in the studies described in this thesis were the effects of a fiber-rich diet 

and effects of enzyme supplementation on a fiber-rich diet. 

Feed enzymes are proteins. Therefore, they are susceptible to enzymatic hydrolysis in 

the digestive tract of livestock and are more effective within a specific pH range (Svihus, 

2011; Ravindran, 2013). Therefore, it is imperative that feed enzymes are protected, to a 

sufficient extent, against proteolytic enzymes within the digestive tract such that they will be 

available at the targeted sites of activity where conditions are optimal (Svihus, 2011; 

Ravindran, 2013), which are mainly the jejunum and ileum. The feed enzymes used for the 

experiments described in this thesis have been selected to be active under the conditions 

encountered in the digestive tract, while at the same time being able to effectively degrade the 
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targeted NSP. However, the HF diet neither was treated with the enzymes in vitro to 

determine the extent of digestion nor were the enzymes assayed in digesta samples to 

determine recovery. However, the measured improvement in the digestibility of some of the 

nutrients in the distal part of the small intestine in pigs fed the HF+enzyme diet relative to the 

HF diet reported in Chapter 4 of this thesis suggests that the enzymes survived in the small 

intestine and worked adequately as expected.  

For feed enzymes to be effective, they have to be matched appropriately with their 

substrates. The most abundant NSPs in the HF diet used for the experiments described in this 

thesis were arabinoxylans and ß-glucans. Therefore, including xylanase and ß-glucanase 

activities in the enzyme admixture used for the studies described herein were expected to 

target the substrates mentioned above. Further, the enzyme products were added  to the HF 

diet at 500 g/MT of a complete diet based on the manufacturer`s recommendation. Therefore, 

no matrix (i.e. Digestible energy or AA) values were assigned to the enzyme products in the 

diet formulation. 

The negative effect of the HF diet on nutrient digestibility and absorption observed in 

this research were consistent with findings reported in Chapter 2 of this thesis. Therefore, the 

ability of the feed enzyme to improve the digestibility of DM, starch, energy, and some AA 

was expected as these findings suggest that the feed enzyme was about to degrade the cell 

wall polysaccharides to liberate and make those nutrients accessible to digestive enzymes for 

digestion.  

Digestion of starch results in glucose, which is transported from the intestinal lumen 

into the enterocytes together with sodium by the SGLT1. Thus, increased availability of 

glucose in the lumen of the small intestine may increase SGLT1 transport activity and gene 
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expression (Ferraris, 2001; Shirazi-Beechey et al., 2011). Therefore, it was hypothesized that 

increased pre-cecal starch digestibility in pigs fed the enzyme-supplemented HF diet will 

increase intestinal glucose transport and SGLT1 activity and mRNA abundance. However, 

whereas prececal starch digestibility increased (Chapter 4), SGLT1 mRNA levels decreased 

in the jejunum of pigs fed the HF+enzyme diet relative to those fed the HF diet, and there was 

no diet effect on SGLT1 mRNA expression in the ileum (Chapter 5). The greater mRNA 

expression of SGLT1 in the jejunum of the HF-fed pigs relative to the HF+enzyme-fed pigs 

could be due in part to an adaptive mechanism to increase absorptive capacity in the pigs fed 

the HF diet as observed in the study by Klinger et al. (2012) in calves supplemented with hay 

compared with those supplemented with concentrate. It has been shown in pigs that ingestion 

of HF diets increase intestinal mass (Jørgensen et al., 1996; Agyekum et al., 2012) and alter 

intestinal  morphology (Jin et al., 1994; Brunsgaard, 1998). Theses adaptive changes that 

occur in the intestines due to fiber ingestion extend support to the premise of an adaptive 

mechanism being responsible for the greater SGLT1 mRNA expression in the jejunum of the 

HF-fed pigs observed in the experiment described in Chapter 5. Further, it has been shown 

that SGLT1 mRNA expression is influenced by gut peptide hormones, such as epidermal 

growth factor and peptide YY (Bird et al., 1996), whose production are influenced by dietary 

fiber intake (Sánchez et al., 2012). This may also explain the greater jejunal SGLT1 mRNA 

expression in pigs fed the HF diet. However, it has been reported that dietary regulation of 

SGLT1 protein expression is modulated mainly by translational and post-translational 

mechanisms (Shirazi-Beechey et al., 1994). The study described in Chapter 5 assessed SGLT1 

expression at only the mRNA level. Therefore, post-transcriptional assessment studies 

employing techniques such as Western Immunoblotting Analysis are required to understand 
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the mechanisms responsible for the cellular regulation of SGLT1 in pigs fed enzyme-

supplemented HF diets.     

It was observed that diet had no effect on active uptake of total ions and SGLT1-

senstive uptake of Na
+
 in the jejunum mounted in Ussing chambers, suggesting a lack of 

dietary treatment effect on total and SGLT1-sensitive active glucose transport in the jejunum 

of pigs used in this study (Chapter 5). These findings contradict the results of Schwartz et al. 

(1982) in rats and Awad et al. (2008) in broiler chicken, showing that diets containing 

cellulose and inulin, respectively, decrease glucose transport into the jejunal tissues mounted 

in Ussing chambers. The differences in the form of fiber (intact natural fiber vs. purified fiber 

source), species, and experimental conditions may explain the differences in results between 

the study described in Chapter 5 and the studies mentioned herein. However, whereas 

intestinal glucose transport was not affected by diet, the HF diet reduced postprandial portal 

glucose appearance and fluxes, and enzyme supplementation reversed these effects (Chapter 

6). Once glucose accumulates in the cells, the sodium-independent glucose transport, GLUT2, 

located on the basolateral membrane transports the glucose from the cytosol across the 

basolateral membrane into the systemic system (Shirazi-Beechey, 1995; Breves et al., 2010). 

The GLUT2, however, can rapidly be inserted in the apical membrane to move glucose from 

the lumen into the cytosol (Shirazi-Beechey, 1995; Kellett and Brot-Laroche, 2005). In 

addition, it has been reported that the presence of glucose in the lumen determines which 

transporter (i.e., SGLT1 or GLUT2) is mainly responsible for apical glucose uptake (Kellett 

and Brot-Laroche, 2005). Furthermore, GLUT2 has a higher capacity, but a lower affinity for 

glucose than SGLT1 and is not saturated even when glucose concentration exceeds 100 mM 

(Kellett and Helliwell, 2000), suggesting that GLUT2 will act as the major route for glucose 
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transport following a meal. Therefore, the increased postprandial portal glucose appearance 

and flux in the HF+enzyme-fed pigs compared with the HF-fed pigs observed in the study 

described in Chapter 6 could be due to GLUT2 translocation to the apical membrane of 

enterocyte to absorb dietary glucose following starch digestion. However, in a more recent 

study, Moran et al. (2010) showed  that SGLT1 was the major route of intestinal glucose 

absorption in weaned pigs fed diets containing up to 51% maize starch and that GLUT2 was 

expressed on the basolateral membrane of the enterocyte irrespective of dietary maize starch 

content. Nonetheless, further studies are warranted to clarify the role of GLUT2 in intestinal 

glucose transport in pigs fed HF diets supplemented with enzyme.      

Because the fiber in the HF diet was mostly insoluble and thus less fermentable, it was 

hypothesized that addition of enzyme to the HF diet will degrade the complex NSP into lower 

molecular weight components for fermentation to produce VFA (Chapter 4). It was further 

hypothesized that the enzyme supplementation will stimulate the growth of bacterial groups 

with cellulolytic and xylanolytic properties owing to the greater arabinoxylans and cellulose 

content in the HF diet used in this research. However, whereas the enzyme supplementation 

stimulated the growth of fiber-fermenting bacteria, it did not improve NDF fermentation or 

total digesta VFA production relative to the HF diet. We had suggested that the enzyme might 

have degraded the complex NSP in the HF diet into medium and short chain NSP, which were 

still not susceptible to fermentation. However, the mRNA expressions of the VFA transporter, 

monocarboxylate transporter1 (MCT1), were greater in the ileum of pigs fed the HF and 

HF+enzyme diets relative to pigs fed the control diet (Chapter 5). The latter observation could 

be due to the greater ileal digesta isovalerate concentrations (chapter 4) in pigs fed the 2 HF-

containing diets than in the control-fed pigs. However, there is a dearth of information on 
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MCT1 responses to the presence of VFA in the intestinal lumen, whereas the substrates that 

modulate MCT1 expression are yet to be established. Lastly, ingestion of the HF diet reduced 

the mean 7 h postprandial portal flux of total VFA and enzyme supplementation increased 

portal absorption of VFA suggesting that the enzyme was able to solubilize the fiber in the HF 

diet to promote microbial fermentation for absorption. However, with the exception of portal 

isovalerate flux, which was highest in pigs fed the enzyme-supplemented HF diet, there were 

no differences in the portal fluxes of the remaining VFA among dietary treatments.     

Ingestion of the HF diet decreased AA digestibility and enzyme addition to the HF 

diet improved digestibility of some of the AA in the small intestine (Chapter 4). This 

observation was expected because enzyme addition to fiber-rich diets has been reported to 

increase ileal AA digestibility (Chapter 2). Further, it has been shown that when pigs are fed 

diets rich in protein or AA, the intestinal capacity to transport some of the AA increases 

through increased gene expression of the specific transport systems for that AA (García-

Villalobos et al., 2012; He et al., 2013). In this context, the increase in ileal digestibility of 

some of the AA due to enzyme supplementation was expected to increase the transport 

capacity for that AA. In pigs, the transport systems for cationic AA are the most critical 

because lysine, a cationic AA, is the first limiting AA in most of the diets fed to pigs (NRC, 

2012). The cationic AA (i.e., lysine and arginine) are transported from the intestinal lumen 

into the enterocyte by the high-affinity sodium-independent transport system, b
o,+

AT (Bröer, 

2008). Because enzyme addition to the HF improved lysine and arginine digestibility (Chapter 

4), it was hypothesized that the expression of the mRNA expression of b
o,+ 

in the intestine of 

pigs will also increase (Chapter 5). Indeed, b
o,+ 

mRNA expression increased in the ileum of 

pigs fed the enzyme-supplemented HF diet relative to the HF-fed pigs. In addition, the 
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postprandial portal appearances of lysine and arginine improved in the HF+enzyme-fed pigs 

relative to the HF-fed pigs (Chapter 7). However, the net postprandial lysine and arginine,  

and indeed the essential AA, absorption did not improve in the HF+enzyme-fed pigs relative 

to pigs fed the HF diet (Chapter 7), which may suggest that the PDV use of these AA did not 

differ in pigs fed the HF diets irrespective of enzyme supplementation. Thus, this finding 

indicates that improvement in ileal AA digestibility in pigs fed fiber-rich diets supplemented 

with enzymes may not imply that the AA will be available to the peripheral tissues of 

economic importance, such as muscle, for protein synthesis. Therefore, PDV nutrient use 

should be taken into account when determining the efficiency with which nutrients are 

absorbed and utilized in pigs fed enzyme-supplemented fiber-rich diets.       

   The organs drained by the portal vein (PDV; gastrointestinal tract, spleen, and 

pancreas), although represent less that 10% of the body weight, have been shown to account 

for more than 20% of the whole-animal energy expenditure, measured as O2 consumption, in 

growing pigs (Yen, 1997), sheep (Burrin et al., 1989) and cattle (McBride and Kelly, 1990; 

Reynolds et al., 1991b). The current data (Chapter 6) suggest that the PDV of the pigs 

accounted for, on average, 27% of the whole-animal O2 consumption in agreement with 

values documented in the scientific literature on animal nutrition. This is because the PDV, 

together with the liver, are responsible for digestion, absorption and the intermediate 

metabolism of ingested nutrients. Therefore, the PDV are metabolically highly active and 

require a substantial amount of the whole-body nutrient and energy for their maintenance. 

This implies that the PDV metabolism plays a vital role in determining the availability of 

energy and nutrients for the growth of peripheral tissue of economic importance. 
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Further, intake of HF diets has been associated with increased PDV mass due to the 

adaptive changes that occur in the digestive system (Chapter 2, section 2.4.7).  Therefore, the 

increased PDV mass due to fiber will exert an additional increase in the energy and nutrient 

requirement of the PDV at the expense of body growth. Indeed, it has been shown in growing 

pigs (Yen et al., 2000) and ruminants (Ferrell, 1988) that HF diets exert an additional increase 

in PDV energy use compared with low fiber diets. However, in this thesis, whereas the HF 

diet increased PDV nutrient use (Chapter 6 and 7), energy expenditure (measured as O2 

consumption) did not change (Chapter 6) in comparison with the control diet.  Because the 

measurements were carried out during the first 7 h post-feeding, we suspect that the PDV 

energetic demand in growing pigs does not change during the fed state when nutrient 

digestion, absorption, and metabolism (energy demanding processes) are taking place. 

Similarly, the whole-animal energy expenditure did not increase due to the intake of 

the HF diet. It was expected that the reduced growth rate due to ingestion of the HF diet 

(Chapter 2) could also be explained by an increase in whole-animal energy expenditure, 

which has been reported in growing pigs (Yen et al., 2000) and beef heifers (Reynolds et al., 

1991a, b) fed on fiber-rich diets. The lack of difference in whole-animal O2 consumption 

observed between the control and HF-fed pigs (Chapter 6) could be due to the increase in 

growth rate of the control-fed pigs (Chapter 4) because muscle protein accretion also increase 

energy expenditure (Tess et al., 1984; Whittemore et al., 2001; Van Milgen and Noblet, 

2003a) and thus, might have masked the overall energy expenditure due to fiber intake.  

Further, other researchers (Yen et al., 2000; Le Goff et al., 2002; de Lange et al., 2006) did 

not find any effect of diets rich in fiber on whole-animal energy expenditure relative to the 

low fiber control diet during the fed state. Therefore, because measurements were carried out 
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during the first 7 h postprandial, it could also be speculated that the lack of fiber intake on 

whole-animal energy expenditure could be due to the processes associated with nutrient 

digestion, absorption, and metabolism occurring during the fed state, which also increase 

energy expenditure. 

Dietary strategies aimed at reducing PDV mass are expected to reduce PDV energy 

use. For example, we have previously shown that an HF diet, similar to the one used in this 

research,  increases PDV mass relative to the low fiber control and that addition of enzymes to 

the HF diet resulted in pigs having similar PDV mass with the control (Agyekum et al., 2012). 

Therefore, it was hypothesized that the reduction in PDV mass due to enzyme 

supplementation will reduce PDV energy and nutrient use to increase their availability for 

body growth. However, although enzyme supplementation reduced PDV glucose use (via 

improved glucose flux; Chapter 6), it did not reduce PDV essential AA use (Chapter 7) and 

had no effect on PDV energy expenditure and ultimately, did not promote pig growth 

(Chapter 2) relative to the HF diet. Conversely, a reduction in PDV mass in growing pigs fed 

diets supplemented with carbadox (Yen et al., 1985; Yen et al., 1987; Yen and Pond, 1990) or 

neomycin (Yen et al., 1987) reduced PDV energy expenditure and nutrient use. However, the 

studies mentioned herein added the antimicrobial growth-promoting agents (AGP) to a low 

fiber diet, which had no effect on PDV mass. Therefore, a reduction in the PDV mass by the 

AGP will reduce PDV energy expenditure and nutrient use relative to the control. We, 

however, used an HF diet, which increases PDV mass. Thus, decreased PDV mass due to 

supplemental enzymes might not have been enough to reduce PDV energy expenditure and 

nutrient use.  
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The addition of enzymes to the HF diet did not improve growth performance 

responses (i.e., growth rate and feed efficiency) of the pigs relative to the HF diet (Chapter 5). 

The lack of enzyme effect on pig performance cannot be ascribed to the inability of the 

enzymes to act on their substrates owing to the observed improvements in the digestibility of 

starch, energy, DM, and some AA (Chapter 4). Furthermore, it may not possibly be due to the 

inability of the enzymes to influence intestinal nutrient transporter mRNA expressions, 

because of the observed positive effect of enzyme supplementation on these parameters 

(Chapter 4). The data from this research suggest 3 possible explanations for the observed lack 

of enzyme effect on pig growth performance. First, whereas enzyme supplementation 

improved portal glucose absorption, it did not improve insulin production compared with the 

HF diet (Chapter 6), and we speculated that the improved glucose absorption due to enzyme 

supplementation was below the minimum threshold to initiate glucose-induced insulin 

secretion. Insulin does not only play a vital role in carbohydrate and fat metabolism, but it 

also has a profound influence on AA uptake and (protein) metabolism by the peripheral (post-

absorptive) tissues (Lotspeich, 1949; Tessari, 1994). Therefore, it is possible that the inability 

of supplemental enzymes to improve postprandial insulin production was the reason why 

enzymes did not improve pig performance. 

Second, whereas enzyme supplementation improved the portal appearance of some 

essential AA, it did not improve the absorption of the essential AA. This suggests that the 

enzymes were not able to reduce the PDV use of essential AA neither were they able increase 

AA availability for protein accretion for growth. Furthermore, the observed lack of enzyme 

effect on PDV energy expenditure discussed previously may explain in part why enzyme 
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addition to the HF diet was not able to offset the growth depression due to the intake of the 

HF diet.  

Third, it has been proposed that bacteria, introduced via probiotic feed 

supplementation, may increase energy expenditure in the digestive tract and thereby increase 

maintenance requirement of the animal (Gaskins, 2001). Enzyme supplementation stimulated 

the growth of intestinal fiber-fermenting bacteria groups in the experiment described in 

Chapter 4. Therefore, it is also possible that increased abundance of the bacteria populations 

increased energy expenditure and thus maintenance requirement in pigs fed the HF+enzyme 

diet at the expense of body growth. However, further studies are warranted to evaluate the 

effects of bacteria growth due to enzyme supplementation on energy expenditure in growing 

pigs.  

Overall, results of the studies described herein suggest that enzyme supplementation 

improved nutrient digestibility and influenced intestinal nutrient transporter mRNA 

expressions, but was not be able to reduce the PDV essential AA and energetic demands. The 

results provide insight into why the addition of enzymes to fiber-rich diets does not always 

lead to improvement in pig growth performance, albeit improvement in nutrient digestibility. 

In addition, the studies have demonstrated that assessing enzyme effects on fiber-rich diets via 

parameters within the gastrointestinal tract (e.g., digesta viscosity and pH, nutrient 

digestibility, and microbial composition) may not provide enough information to explain the 

inconsistencies reported on enzyme effects in pigs fed fiber-rich diet. Therefore, techniques 

that allow assessment of enzyme effect on transporter gene expressions, energy expenditure, 

and nutrient absorption kinetics should also be considered.    
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CHAPTER NINE 

CONCLUSIONS AND FUTURE STUDIES 

CONCLUSIONS 

The following conclusions can be drawn based on the studies described in this thesis: 

1. Ingestion of the fiber-rich diet, manufactured with distiller‘s dried grains with 

soluble, reduced energy and nutrient utilization and growth performance of the 

growing pigs. 

2. The enzyme was effective in improving the nutritive value of the fiber-rich diet by 

improving DM, energy, starch and some AA digestibility. However, enzyme 

addition did not improve NDF and nitrogen digestibility. 

3. The enzymes stimulated the growth of bacteria with cellulolytic and xylanolytic 

activities in the pigs fed the fiber-rich diet. This suggests that the enzyme could be 

added to pig diets rich in fiber to influence the growth of intestinal bacteria 

associated with gut health. 

4. The addition of enzymes had no effect on ileal digesta total VFA concentration 

and NDF fermentation but increased ileal MCT1 expressions and the mean portal 

total VFA absorption. 

5. Enzyme supplementation increased expression of B
o,+

 in the ileum of pigs and 

increased portal appearance of neutral and cationic AA, but not their fluxes. 

Therefore, the enzyme was not able to reduce the amount of neutral and cationic 

AA used by the PDV. 



190 
 
 

6. Supplementing the fiber-rich diet with enzymes improved portal glucose 

appearance and net flux, but did not increase SGLT1 expression or insulin 

production.  

7.  The addition of enzymes to the fiber-rich diet reduced the PDV glucose use, but 

not PDV essential AA or energetic demands.  

8. The enzymes did not improve pig growth performance. This might be due 

primarily to the lack of enzyme effect on insulin production and PDV essential AA 

and energetic demands.    

 

FUTURE STUDIES 

1. Because the metabolic response of pigs to fiber-rich diets is more pronounced in the 

weanling stage, further studies are warranted to test all the hypotheses studied in this 

thesis using weanling pigs.  

2. There is the need to replicate the studies described in this thesis using other fiber sources 

and feed ingredients (such as wheat, barley, canola meal, and peas) to confirm the 

conclusions listed above.  

3. There is also the need for post-transcriptional assessment, such as western 

immunoblotting, of intestinal nutrient transporters to clarify the influence of enzymes on 

the synthesis of intestinal nutrient transporter proteins in pigs fed HF diet observed in this 

thesis.  
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4. There should also be further studies, which employ techniques such as in vitro oxygen 

respiration chambers and an oxygen electrode, to clarify the effect of enzyme on PDV 

energy expenditure in pigs fed fiber-rich diets observed in this thesis.  

Further studies are also required to: 

1. Investigate the effect of dietary enzyme supplementation on the regulation of 

energy metabolism-related gene expressions in the liver and muscles to further 

understand the mode of action of enzymes in pigs fed fiber-rich diets. 

2. Characterize the effects of combining carbohydrases with other dietary tools, such 

as phytase on intestinal physiology, nutrient absorption and energy metabolism in 

pigs fed fiber-rich diets. The effects of combining enzymes with feed processing 

techniques, such as fermentation, should also be evaluated in the context of the 

proceeding parameters  
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