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Preface 

The thesis is based on research conducted during my enrolment as Ph.D. student at the 

Department of Animal Science, Aarhus University from September 2018 to February 2022 

(including a 4-month parental leave in 2021). The Ph.D. thesis includes data from two 

animal experiments in two different projects: 

1. Rovabio Advance to increase nutrient digestibility of arabinoxylan rich cereal 

based diets. Financially supported by Adisseo France S.A.S. 

2. Processing of co-products from the vegetable food industry to improve health and 

welfare in pigs and sows. Financially supported by the Danish Ministry of Food, 

Agriculture, and Fisheries and KMC, Brande, Denmark; Danisco Sugar A/S, 

Assens, Denmark; CPKelco ApS, Lille Skensved, Denmark; Agro-korn a/s, 

Videbæk, Denmark; Prodana Seeds A/S, Odense, Denmark and DLF Trifolium 

A/S, Roskilde, Denmark.  

The main objective of this project was to deepen our understanding of different aspects 

of dietary fibre on digestion and fermentation at all sites of the gastrointestinal tract, 

energy utilisation and how dietary fibre it can influence parameters related to gut health 

exemplified through infection studies with Brachyspira hyodysenteriae.  
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Summary 

The price of major feed ingredients for pigs has been fluctuating and with the expected 

continuous growth in demand for concentrated foods for human consumption, pig 

producers have to find alternatives for major feed ingredients. In addition, the interest in 

eco-friendly farming, precise nutritional knowledge and limited use of antibiotics has been 

growing to reduce the environmental impact of animal production. In this situation, the 

use of high-fibre co-products from food and agro industries hold a potential to reduce 

price of feed, improve animal health thereby placing the pigs as a cornerstone in a circular 

food system (circular bioeconomy).  

Evaluation and understanding of cereal co-products and co-products from the food 

and agro industries are necessary in order to improve their utilization as high-fibre 

ingredients for pig feed. The main difficulties of fibre-rich ingredients and co-products are 

dietary fibre which cannot be fully utilized by pigs, inducing low digestibility and energy 

utilization. In contrast, the fermentation process, which can cause beneficial effects on 

gut health, is strongly related with dietary fibre and its composition. In this Ph.D. thesis, 

the effects of diets with dietary fibre from cereals, cereal co-products and co-products 

from the food and agro industries were studied to understand the mechanism of dietary 

fibre, how carbohydrases can be used to improve the utilisation of dietary fibre and find 

relationships between the dietary fibre content and composition and establishment of 

swine dysentery in growing pigs.  

These aspects were studied in three in vivo experiments in growing pigs and 

presented in four papers. The first experiment was conducted to study the improvement 

of nutrient digestibility using a carbohydrase complex, which targets arabinoxylan and β-

glucan among non-starch polysaccharides fractions, based on maize, wheat and rye diets. 

The second experiment was performed to evaluate the utilization of nutrients in diets high 

in soluble and insoluble dietary fibre prepared from high dietary fibre feed ingredients 

compared to a low dietary fibre diet. The third experiment was conducted with the same 

diets as in the second experiment, but half of the pigs were inoculated with Brachyspira 

hyodysenteriae, which can cause swine dysentery, to understand the mechanism of 

preventive effects of dietary fibre through fermentation in the large intestine.  
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 The results showed that the carbohydrase complex increased ileal digestibility of 

arabinoxylan, β-glucan and starch but did not influence the digestibility of other nutrients. 

Because the maize diet contained maize DDGS and bran having higher resistance to 

arabinoxylan degradation because of more complex arabinoxylan structure than wheat- 

and rye-based diets, the lowest effect of the carbohydrase complex was found with this 

diet. The high dietary fibre diets in general reduced ileal and total tract digestibility 

because of higher resistance of digestion and lower degradability in the large intestine 

compared with low dietary fibre diet. The soluble dietary fibre caused lower ileal 

digestibility but higher total tract digestibility than other high dietary fibre diets caused by 

high fermentation and short-chain fatty acids production and concentration. However, 

high dietary fibre diets did not affect energy utilization when proper adjustments with 

amino acids were performed. Type and level of dietary fibre did not influence the 

prevalence of infection with swine dysentery despite a higher fermentability in the large 

intestine of the diet high in soluble dietary fibre. A unique result, however, was that the 

infection with swine dysentery did not impair ileal digestibility but influenced luminal 

viscosity whereas the dietary fibre degradation in caecum and the short-chain fatty acid 

concentration in colon of infected pigs were higher compared with non-infected pigs.  

In conclusion, the results in this study confirmed that dietary fibre had a profound 

influence on digestion and fermentation in the gastrointestinal tracts whereas the 

expression of swine dysentery after experimental challenge was not affected by the type 

of diets fed. Better knowledge on the diverse effects of dietary fibre can help increase the 

use of high dietary fibre ingredients for growing pigs in the future. 
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Sammendrag (Danish summary) 

Prisen på vigtige foderingredienser til svin har været svingende og med den forventede 

fortsatte vækst i efterspørgslen efter koncentrerede fødevarer til mennesker, har 

svineproducenterne været nødsaget til at finde alternativer til vigtige foderingredienser. 

Derudover er interessen for miljøvenligt landbrug, præcis ernæringsmæssig viden og 

begrænset brug af antibiotika vokset, hvilket kan reducere de miljømæssige effekter af 

husdyrproduktionen. I denne situation rummer brugen af fiberrige biprodukter fra 

fødevare- og agroindustrien et potentiale til at reducere prisen på foder og forbedre 

dyresundheden, og derved placere grisene som en hjørnesten i et cirkulært 

fødevaresystem (cirkulær bioøkonomi). 

For at forbedre udnyttelsen af ingredienser med højt fiberindhold i svinefoder er 

evaluering og forståelse af kornbiprodukter og biprodukter fra fødevare- og 

landbrugsindustrien nødvendig. De største vanskeligheder ved fiberrige ingredienser og 

biprodukter er kostfibre, som ikke kan udnyttes fuldt ud af grise, hvilket forårsager lav 

fordøjelighed og energiudnyttelse. I modsætning hertil er fermenteringsprocessen, som 

kan have gavnlige virkninger på tarmsundheden, stærkt relateret til kostfibre og deres 

sammensætning. I denne ph.d.-afhandling blev virkningerne af diæter med kostfibre fra 

korn, korn-biprodukter og biprodukter fra fødevare- og landbrugsindustrien undersøgt for 

at forstå mekanismen bag kostfibre, hvorledes brug af kulhydratspaltende enzymer kan 

forbedre næringsstofudnyttelsen samt finde sammenhænge mellem kostfiber-indhold og 

-sammensætning og etablering af svinedysenteri hos voksende grise. 

Disse aspekter blev undersøgt i tre in vivo-eksperimenter hos voksende grise og 

præsenteret i fire artikler. Det første eksperiment blev udført for at studere forbedringen 

af næringsstoffernes fordøjelighed ved hjælp af kulhydratspaltende enzymer, som er 

målrettet mod arabinoxylan og β-glucan i ikke-stivelses polysakkaridfraktionen i majs-, 

hvede- og rugdiæter. Det andet eksperiment blev udført for at evaluere udnyttelsen af 

næringsstoffer i diæter med højt indhold af opløselige og uopløselige fibre sammensat ud 

fra fiberrige ingredienser i forhold til en diæt med et lavt fiberindhold. Det tredje 

eksperiment blev udført med samme diæter som i det andet forsøg, men hvor halvdelen 
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af forsøgsgrisene blev podet med Brachyspira hyodysenteriae, som kan forårsage 

svinedysenteri, for at undersøge en mulig forebyggende virkning mod svinedysenteri 

forårsaget af fermentering i tyktarm. 

Resultaterne viste, at kulhydratspaltende enzymer øgede fordøjeligheden af arabinoxylan, 

β-glucan og stivelse i tyndtarm, men ikke påvirkede fordøjeligheden af andre 

næringsstoffer. Som følge af, at majsdiæten indeholdt majs DDGS og -klid med højere 

modstand mod arabinoxylan-nedbrydning forårsaget af mere kompleks arabinoxylan-

struktur end hvede- og rugbaserede diæter, blev den laveste effekt af de 

kulhydratspaltende enzymer fundet med denne diæt. De fiberrige diæter reducerede 

generelt fordøjeligheden i tyndtarm og i fæces på grund af højere modstandsdygtighed 

over for fordøjelsen i tyndtarm og lavere nedbrydelighed i tyktarm sammenlignet med 

diæten med lavt fiberindhold. Diæten høj i opløselig kostfibre forårsagede lavere 

fordøjelighed i tyndtarm, men højere fordøjelighed i fæces end de andre fiberrige diæter 

som følge af en større fermentering med deraf højere produktion og koncentration af 

kortkædede fedtsyrer. Diæter med højt fiberindhold påvirkede dog ikke energiudnyttelsen 

når aminosyreindholdet blev balanceret i diæterne. Type og niveau af kostfibre påvirkede 

heller ikke andelen af grise, der blev inficeret med svinedysenteri uagtet en højere 

fermenteringsgrad af diæten, der var rig på opløselige kostfibre. Et unikt fund var 

imidlertid, at infektionen med svinedysenteri ikke påvirkede fordøjeligheden af 

næringsstoffer i tyndtarm, men påvirkede luminal viskositet og kostfiber-nedbrydningen i 

blindtarm, ligesom koncentration af kortkæde fedtsyrer i tyktarm hos inficerede grise var 

højere sammenlignet med ikke-inficerede grise. 

Som konklusion bekræftede resultaterne i denne undersøgelse, at kostfibre havde stor 

indflydelse på fordøjelse og fermentering i mave-tarmkanalen, hvorimod andelen af grise, 

der blev inficeret med svinedysenteri efter eksperimentel infektion, ikke blev påvirket af 

de forskellige diæter. Bedre viden om de forskellige effekter af kostfibre med forskellig 

sammensætning kan bidrage til at øge brugen af ingredienser med højt fiberindhold til 

grise i fremtiden. 
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1. General introduction  

The price of major feed ingredients for animal production has been increased over the 

last decade and the global demand for food is expected to continuous to increase 

because of increasing world population and purchasing power (der Poel et al., 2020). In 

this situation, finding novel ingredients as alternatives for conventional ingredients have 

gained increased interest in the animal industry in order to reduce feed cost. However, 

low price feed ingredients are usually high in dietary fibre (DF) causing low digestibility 

and nutrient utilisation. Moreover, DF from different ingredients have different functional 

properties with influence on nutrition, health and welfare aspects. Thus, evaluation of high 

fibre-based ingredients and diets are necessary considering their many functional and 

nutritional aspects. 

    
 Figure 1. Price of maize and wheat in the world for last 20 years. 

 

Cereal grains such as wheat, maize and barley are main ingredients in swine feed but 

co-products of the cereal grains are also frequently used. The major component of cereal 
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grains and co-products is carbohydrate with a diverse composition from simple sugars to 

complex composed polysaccharides. Traditionally, carbohydrates in swine feed have 

been considered an energy source, making up 60 to 70 % of the total energy intake (Bach 

Knudsen et al., 2013). Chemically, the carbohydrate fraction is classified as sugars, 

oligosaccharides and polysaccharides (starch and NSP) containing diverse physical and 

chemical properties, and each component has different functional properties according to 

types of ingredients and DF composition. Hence, during last few decades new 

approaches of carbohydrates have been identified that can influence feed efficiency, 

animal health and welfare. 

Most of starch and sugars are easily digested in the small intestine by digestive 

enzyme, whereas DF which include NSP (non-starch polysaccharide), lignin, some 

oligosaccharides and resistant starch (RS) is resistant to endogenous enzyme and 

neither digested nor absorbed in the small intestine. DF is typically classified in two basic 

categories - soluble and insoluble DF. Soluble DF (β-glucan, soluble arabinoxylan, 

fructans and some oligosaccharides) absorb water, swell and may increase viscosity in 

digesta of small intestine, and thereby delays gastric emptying and hampers nutrients 

digestion and absorption. However, soluble DF is easily degraded and fermented in 

caecum and proximal colon stimulating abundance of bacteria and production of short-

chain fatty acid (SCFA), and thereby prevent or alleviate the intestinal disease such as 

colitis (Pituch-Zdanowska et al., 2015) but may also influence common swine diseases 

such as swine dysentery and post weaning enteric disorders (Molist et al., 2009; Helm et 

al., 2021). Insoluble DF such as insoluble arabinoxylan (AX) and cellulose have in most 

cases a very rigid structure with cross linkages between cell wall polysaccharides and 

lignin. These structures are less degraded and fermented in the large intestine compared 

with soluble DF. Insoluble AX is the largest fraction of NSP in most cereals and its rigid 

structure may also contribute to encapsulation of nutrients as is the case with aleurone 

cells. Moreover, protein is present as structural components of most cell walls which 

makes them difficult to digest by endogenous enzymes but supplementation by 

exogenous enzyme may help improving nutrient utilisation in DF rich diets. 
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The current thesis work is intended to present and discuss results obtained with diets 

varying in DF content and composition on digestion and fermentation, energy metabolism 

and influence on swine dysentery. 
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2. Background 

2.1 Carbohydrates and lignin – definition and terminology 

Carbohydrates in feeds can chemically be classified in monosaccharide, disaccharide, 

oligosaccharide and polysaccharide according to degree of polymerization (DP; Table 1). 

Mono- and disaccharides (DP 1-2) called sugars, can be easily digested by endogenous 

enzymes from intestinal lumen and epithelial brush border and easily absorbed. In 

contrast, oligosaccharides (DP 3-9) and polysaccharides (DP ≥10) have a different 

digestion process depending on linkages. α-linked carbohydrates such as starch are 

hydrolyzed to monosaccharides whereas β-linkages carbohydrates such as cellulose and 

non-cellulosic polysaccharides (NCP) have to be degraded with microbial enzymes 

primarily in the large intestine. The digestion of starch starts with α-amylase in saliva, but 

most of starch are digested with pancreatic α-amylase in the small intestine. The starch 

contains two different types of polysaccharides, amylose and amylopectin. Amylose is 

linear structure with helical chains of α-D-glucose monomers which is linked through α-

(1-4)-glycosidic bonds, and the bonds can be broken down by maltase and amylase. The 

basic structure of amylopectin is in line with amylose with α-(1-4)-glycosidic bonds, but 

amylopectin has also branching points which is linked through α-(1-6)-glycosidic bonds, 

and these bonds can be degraded by isomaltase unlike α-(1-4)-glycosidic bonds. Starch 

granule from different sources has a different X-ray diffraction pattern because of different 

ratio of amylose and amylopectin. Generally, cereal starches have similar structure 

composing 74-79 % amylopectin and 25-30 % amylose (Chakraverty, 1988), and is 

mainly stored in starchy endosperm which is major storage tissue for nutrients. There are 

three different types of starch by X-ray diffraction patterns; A type, B type and C type 

starches. A type starch has short branched chain length of amylopectins and is found in 

cereal grains such as maize, wheat, rye, barley, oats and rice.  B type starch has relatively 

long branched chain amylopectins and are found primarily in potato. The branched chain 

length of C type starch is positioned between A type and B type starches mainly 

presenting in legumes. Generally, amylose has a more compact structure and thus 

digestion of amylopectin is easier compared with amylose. Specifically, A-type starch is 
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more rapidly digestible compared with B-type starch because of increased amylose 

(Martens, 2019).  

In theory, all starch can be digested in the small intestine but, practically the digestion 

is lower, 90-98 %; the starch that escape digestion is denominated RS, which can be 

classified into four categories.  RS1 is physically encapsulated into cell walls, RS2 is non-

digestible because of the starch structure and present in raw starch as unripe bananas 

and raw potato, RS3 is formed by recrystallization of starch after cooling of heated starch 

and gelatinised starch and RS4 is chemically modified such as modified wheat starch.  

     

 
    Definitions of DF have been suggested by various countries and institutions. Trowell 

(1972) defined DF as the skeletal remains of plant cell walls that are resistant to hydrolysis 

by endogenous enzymes of human. More recent, Codex Alimentarius on Nutrition and 

Foods (2008) defines DF as carbohydrate polymers with ten or more monomeric units, 

which are not hydrolysed by the endogenous enzymes in the small intestine of humans 

and belong to the following categories: 

• Edible carbohydrate polymers naturally occurring in the food as consumed 

• Carbohydrate polymers, which have been obtained from food raw material by 

physical, enzymatic or chemical means and which have been shown to have a 

physiological effect of benefit to health as demonstrated by generally accepted 

scientific evidence to competent authorities 

Table 1. Classification of carbohydrates and dietary fibre

Monosaccharides Disaccharides Oligosaccharides Lignin

Glucose Sucrose Raffinose

Fructose Lactose Stachyose Digestible starch Resistant starch Cellulose NCP

Fructans Arabinoxylans

β-glucans

Pectins

Arabinogalactans

Blue line indicates components of carbohydrates digested by endogenous enzyme

Red line indicates dietary fibre that cannot be digestible by endogenous enzyme

Carbohydrates

Polysaccharides

Starch Nonstarch polysaccharides
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• Synthetic carbohydrate polymers which have been shown to have a physiological 

effect of benefit to health as demonstrated by generally accepted scientific 

evidence to competent authorities 

The European Union (EU) has essentially adapted the Codex definition but added that it 

is up to the individual member states to decide if non-digestible oligosaccharides should 

be included or not (Floch, 2011). 

The major component of DF according to the most recent definition is thus: NSP, RS, 

oligosaccharides and lignin. The NSP is complex polysaccharides consisting of both 

soluble and insoluble form and classified in NCP and cellulose. The NCP consists of 

mainly xylan, AX, pectin, and β-glucan in plant cell wall (Figure 2). 

 
Figure 2. Components of total DF in the soluble and insoluble forms modified from 

McCleary and Cox (2017)  

  

Cellulose is one of the major components of cell wall in plants and consist of D-glucose 

as monomeric unit with β(1→4) glycosidic linkage making three dimensional latticework 

like in fabrics (Bach Knudsen et al., 2016). Other NSPs are present in both soluble and 

insoluble form whereas cellulose is almost completely insoluble. 

 β-glucan is a D-glucose polymer linked by β-(1,3)/(1,4) glycosidic bonds, present 

predominantly in the endosperm and aleurone cell walls of barley, oats, rye and wheat. 

The structure of β-glucan is different in the different cereal grains; ratio of β-(1, 3) and β-
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(1-4) bonds, and degree of polymerization differ according to botanical origin (Lazaridou 

and Biliaderis, 2007).  

Arabinoxylan is a complex polysaccharide present in all cell walls from the outer to the 

central part of the cereal grain but with different structure. The xylan backbone is highly 

branched with substitution of arabinofuranosyl, acetyl, ferulic acid and p-coumaric acid 

(Motta et al., 2013). Structure of xylans varies from different plant origin but xylan 

backbone is generally consisting of a β-1,4-d-linked xylose residue. AX can be present 

as soluble and insoluble but in various proportions depending on cereal grains and tissue; 

wheat and rye have higher soluble AX content compared with barely and oat and the AX 

present in the endosperm is far more soluble than those present in the outer tissues. 

Lignin is not a carbohydrate, but is an important component in many cell walls. Lignin 

is high molecular weight macromolecule and consists of p-coumaryl, coniferyl and sinapyl 

alcohols linked by ether and carbon-carbon bonds making 3-dimensional pattern (Bach 

Knudsen, 2014). Lignin is also linked with NSP through ferulic acid making very rigid 

structure and cell walls, and thus generally it is impossible to utilize in animal body.  

2.2 Carbohydrates in feedstuffs 

2.2.1 Cereal and cereal co-products 
Cereal grains have been used as main ingredients for animal feed due to relatively high 

contents of starch with high digestibility, whereas co-products are used to a lower extent 

in animal feed because the high DF content and lower digestibility. Cereals and co-

products can be used in diverse forms and provided as ground powder and pelleted 

according to type of animal and purpose. Generally, ground cereal grains are used in the 

swine industry because reducing particle size improves feed efficiency and can easily be 

mixed with other ingredients and materials. Maize is cereal grain used particularly in the 

United States, Eastern Canada and Asian countries as major ingredients making up 

between 50 and 70 % of the feeds for monogastric animals. Maize contains approximately 

823 g/kg carbohydrates and lignin, 690 g/kg starch, 88 g/kg protein, 46 g/kg fat and 108 

g/kg DF (Bach Knudsen, 1997; Shah et al., 2016), meaning that there are abundant 

carbohydrates that can contribute energy for the animal body (Table 2). Maize bran and 

distiller's dried grains with solubles (DDGS) are co-products of maize and great attention 
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has been paid particularly to DDGS because of the large quantities available from the 

bioethanol industry particularly in North America and relatively low price. Maize DDGS is 

used in feed for cattle, pig and poultry as an alternative of SBM. However, DDGS has a 

high DF content that makes it difficult to degrade even in the large intestine. This limits its 

inclusion rate in diets for pigs. DDGS contains 297-337 g/kg protein, 51 g/kg starch, 79-

93 g/kg fat and 404 g/kg DF (Pedersen et al., 2014) (Table 2). Maize DDGS has higher 

starch content but less protein content compared to SBM and RSM.  Maize DDGS has 

very high amount of insoluble NSP (296 g/kg), and thus, the inclusion is limited to 20 % 

DDGS in swine diet. Maize bran represents the outer part of maize after the milling 

process and is used for human and animal consumption. Maize bran contains 

approximately 79-85 g/kg protein, 376 g/kg starch, 11-31 g/kg fat, 379 g/kg DF, 32 g/kg 

soluble NCP and 240 g/kg insoluble NCP (Bach Knudsen, 1997; Hussain et al., 2021) 

(Table 2). Maize bran has higher starch and lower DF contents compared with other 

cereal brans. However, even though maize bran has lower DF content than other brans, 

it is still rich in AX (188 g/kg), cellulose (83 g/kg) and lignin (25 g/kg). AX in maize bran 

and DDGS has a much more complex structure compared with other cereal grains 

because the xylans in maize bran is cross-linkage with ferulic acid which can hinder 

degradation and fermentation of AX in the large intestine (Chateigner-Boutin et al., 2016).  

Wheat is an important energy source for pigs and poultry in Europe, Western Canada 

and Australia, and with nutrient composition almost similar to maize including 823 g/kg 

carbohydrates and lignin, 690 g/kg starch, 122-152 g/kg protein, 18-22 g/kg fat and 108 

g/kg DF (Bach Knudsen, 1997; Rosenfelder et al., 2013) (Table 2). Thus, wheat can 

substitute part or all of maize in the swine industry. Wheat bran is co-product of wheat 

and widely used in the feed industry because of relatively higher degradation and 

fermentation of DF compared with other cereal co-products in the large intestine.  Wheat 

bran is a residue after making wheat flour for human consumption and contains the outer 

tissues, pericarp, testa and the aleurone layer of wheat. In the past, wheat bran was not 

an excellent ingredient to weaning and growing pigs because of relatively low digestibility 

due to high DF content. The nutrient content of wheat bran is shown in Table 2 and 

contain approximately 151-221 g/kg crude protein, 222 g/kg starch, 27-65 g/kg fat, 442 

g/kg DF, soluble NCP 29 g/kg and insoluble NCP 273 g/kg (Bach Knudsen, 1997; 
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Rosenfelder et al., 2013). Wheat bran has relatively variable starch, protein and DF 

contents depending on the processing conditions. The major component of insoluble NCP 

is AX making up 80 % of insoluble NCP (221 g/kg insoluble AX). The basic structure of 

AX in the different cereal grains is approximately the same, but wheat AX has relatively 

less dense structure with less substitution with arabinose and ferulic acids than other co-

products. (Bunzel, 2010; Jilek and Bunzel, 2013; Malunga and Beta, 2016). Older pigs 

have a better ability to degrade complex structure of polysaccharides with diverse 

microbiota and can consequently more efficiently utilize AX compared with weaning pigs 

(younger pigs) (Lærke et al., 2015; Van Hees et al., 2019). 

Rye is an important crop for human food in Northern European countries but its use 

as animal feed has been restricted because of ergot toxins which can cause excessive 

pig mortality derived from ergotism. However, rye has gained increased interest 

(Chuppava et al., 2020) in the feeding of pigs because new hybrid rye varieties have a 

reduced risk for fungal infection which decrease the risk of ergot toxins. Rye contains 850 

g/kg carbohydrates and lignin, 613 g/kg starch, 83 g/kg protein, 15 g/kg fat and 167-209 

g/kg DF (Bach Knudsen, 1997; Nilsson et al., 1997) (Table 2). The contents of protein 

and starch are in the same order as of wheat and maize whereas the DF content is higher 

and more in line with barley. Rye bran is co-product after milling of rye flour and more 

than 40 % of rye bran is used for animal feed worldwide. Rye bran contains approximately 

87-249 g/kg starch, 128-175 g/kg protein, 30-46 g/kg fat, 370-490 g/kg DF, 45 g/kg ß-

glucan, 63 g/kg soluble NCP and 321 g/kg insoluble NCP (Bach Knudsen, 1997; Nilsson 

et al., 1997) (Table 2). Rye bran has relatively higher β-glucan and soluble NCP 

compared with other co-products, and dominant NCP of rye bran is AX (291 g/kg) as in 

the case of wheat bran. β-glucan in rye bran is present at higher concentration than in 

wheat and maize brans. β-glucan can negatively affect digestion and absorption of 

nutrients from the small intestine but may stimulate gut microbiota and production SCFA 

(Xu et al., 2021a), thereby reducing the absorption of cholesterol (Jayachandran et al., 

2018). Because of these reasons, supplementation of rye bran to pig and poultry diets is 

very limited and rye bran has consequently been used more often for cattle feeding.  

Barley is grown primarily in Europe and Russia and to a minor extent in North America 

and used as major ingredient for pigs. Carbohydrate and lignin amount 834 g/kg 



24 
 

carbohydrates and lignin, 587 g/kg starch, 89-177 g/kg protein, 20 g/kg fat and 221 g/kg 

DF (Bach Knudsen, 1997; Hicks et al., 2014) (Table 2). Unlike maize and wheat, barley 

is covered by a lignocellulose rich husk layer which is the reason for the much higher DF 

level in barley than maize and wheat; however, hulless barley varieties without covering 

hull layer is nutritionally almost comparable to wheat and maize. Barley hull meal contains 

less starch and has higher DF contents than most other cereal brans and its use in feeds 

for monogastric animals is therefore limited.  

2.2.2. Protein rich feedstuffs 
Cereals and its co-products cannot provide sufficient protein for optimal grown of pigs 

and the diets have consequently to be supplied by ingredients rich in protein. Protein rich 

ingredients have typically contributed 65-66 % of the protein for growing pigs. In addition 

to protein, these ingredients also contain significantly amounts of carbohydrates and 

lignin.  

Soybean meal (SBM) is one of the most important protein rich feed ingredients due to 

high protein and amino acid contents. SBM is the by-product after extraction of oil from 

soybean that is grown in North and South America, and China. SBM contain 440 – 480 

g/kg protein, around 400 g/kg carbohydrate and lignin, 27 g/kg starch and 233 g/kg DF 

(Bach Knudsen, 1997; Bernard, 2016). SBM has high amount of non-digestible 

oligosaccharides as stachyose (47 g/kg) and raffinose (10 g/kg) and is also rich in soluble 

NSP (63 g/kg), which can decrease nutrients digestibility (Bach Knudsen, 1997; Zhang et 

al., 2001). SBM also contains anti-nutritional factors such as trypsin inhibitor that can 

cause low growth rate in pigs (Lawrence et al., 2002). Thus, use of SBM in weaning pigs 

is usually restricted, whereas growing-finishing pigs better can cope with SBM because 

of higher ability to degrade oligosaccharides and soluble NSP in the gastrointestinal tract 

(GIT). 
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Table 2. Major nutrients composition of cereal grains and protein rich feedstuffs (g/kg DM basis)  

  Major feed ingredients1 
 Maize M. DDGS M. bran Wheat W.bran Rye R.bran Barley 
Crude protein 88 297-337 79-85 122-152 151-221 83 128-175 89-177 
Fat 46 79-93 11-31 18-22 27-65 15 30-46 20 

Carbohydrates and lignin 823 - 887 823 704 850 674 834 

Starch 690 51 376 603-690 222 613 87-249 587 
Dietary fibre 108 404 379 138 442 161-174 406-490 221 
Total NSP 97 325 354 119 374 152 422 186 
Soluble NCP 9 18-37 32 25 29 42 63 56 
Insoluble NCP 66 239-246 240 74 273 94 321 88 
Cellulose 22 52-91 83 20 72 16-25 39-67 43 
β-glucan 1 - 2 8 24 14-16 19 42-60 

Xylose 30 88-100 116 40-47 148-188 61 213 56 
Arabinose 22 65-72 72 25-29 88-98 36 78 28 
1M.DDGS, maize distiller's dried grains with solubles; M.bran, maize bran; W.bran, wheat bran; R.bran, rye bran.  

2NSP, non-starch polysaccharides        

References: Bach Knudsen (1997); Rosenfelder et al. (2013); Shah et al. (2016); Pedersen et al. (2014); Hussain et al. (2021); Nilsson et al. 
(1997); Hicks et al. (2014). 
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Rapeseed meal (RSM), also called canola meal in some parts of the world, is one of 

the most prevalent feed sources in the EU, China and North America and used as protein 

source in swine feed. RSM is the residue after oil extraction of rapeseed and contains 

349-386 g/kg protein, 454 g/kg carbohydrates and lignin, 18 g/kg starch and 354 g/kg DF 

(Bach Knudsen, 1997; Nega and woldes, 2018). RSM has been used as alternative for 

SBM because of high content of protein, but the use of RSM is more limited because of 

lower lysine and higher DF contents than that of SBM. Insoluble NSP (123 g/kg) and lignin 

(134 g/kg) in RSM are greater than that of SBM, and the use of RSM as a feed ingredient 

in weaning pigs is therefore limited. Moreover, RSM has anti-nutritional factors such as 

glucosinolates and erucic acid which cause deleterious effect on animal health and 

production, inducing growth retardation (Tripathi and Mishra, 2007). The use of RSM is 

therefore restricted compared with SBM in pig. For instance, Do et al. (2017) reported 

that 2% of RSM showed beneficial effect to growth performance, whereas 8 % of RSM 

supplementation in growing pig diet did not show negative effect to growth performance. 

2.2.3. Fibre rich co-products 
Sugar beet pulp (SBP) is a by-product after sugar extraction, and has been used as 

animal feed showing diverse effects on growth performance, digestibility and gut health 

of pigs. SBP contains approximately 79 g/kg protein, 16 g/kg fat, 814 g/kg DF, 407 g/kg 

soluble NCP and insoluble NCP 177 g/kg (Bach Knudsen, 1997; Fadel et al., 2000; 

González-Alvarado et al., 2010) (Table 3). SBP is high in soluble NCP compared with 

other co-products, meaning that it can modulate digestion and absorption of nutrients in 

small intestine. Liu et al. (2021) reported that the total tract digestibility of dry matter, 

protein and energy was inversely related to the supplementation of SBP when provided 

above 10 % of the feed in line with results of Zhang et al. (2019). However, 

supplementation of 10 % SBP in pig diets was found to improve gut health due to 

increased colonization of Bifidobacteria and reduced colonization with E. coli (Gebbink et 

al., 1999). Yan et al. (2017) reported that SBP could be used as alternative of zinc oxide 

in weaning pigs when it was supplemented by 12 % without negative effect. However, the 

prebiotic effects reported have primarily been identified in vitro and the positive effects on 

gut health only identified when more than 10 % of SBP was included. Therefore, care has 
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to be taken for the supplementation dose of SBP considering the different aspects such 

as growth performance or gut health.  

Table 3. The contents of fibre rich co-products (g/kg DM basis)   

  Fibre rich co-products1 
 SBP BSG PR PP PH SR 

Dry matter 919 212 185 142 896 923 
Crude protein 79 140-310 63 61 116 91 

Fat 16 90-120 54 6 18 28 

Carbohydrate and lignin 845 651 878 878 838 751 
Starch 0 0-120 4-54 177-249 88 147 

Dietary fibre 814 590 837-839 612 730 873 

Total NSP 540-779 463 743 576 721 430 
Soluble NCP2 407 121 117 280 121 21 

Insoluble NCP 177 148 174 95 148 212 

Cellulose 195 147 421 202 452 197 

Xylose 14-29 167 57 14 80 135 

Arabinose 180-189 86 16 39 45 34 
1SBP, sugar beet pulp; BSG, brewer's spent grain; PR, pectin residue; PP, potato pulp; PH, pea hull; SR, 
seed residue. 
2NCP, non-cellulosic polysaccharides     

References: Bach Knudsen (1997); Fadel et al. (2000); González-Alvarado et al. (2010); Serena and 
Bach Knudsen (2007); Bouillon (2016); Aravantinos-Zafiris et al. (1994); Ncobela et al. (2017). 

 

Brewer’s spent grain (BSG) is a residue after the brewing processes in the beer and 

whiskey industries (Mussatto et al., 2006). BSG is made up of the husk, pericarp/testa, 

aleurone and starchy endosperm cell walls from barley and contains approximately 0-120 

g/kg starch, 140-310 g/kg protein, 90-120 g/kg fat, 590 g/kg DF, 190-250 g/kg AX, 120-

160 g/kg lignin and 90-250 g/kg cellulose (Serena and Bach Knudsen, 2007; Bouillon, 

2016) (Table 3). BSG has typically been used as a feed ingredient for animals because 

of its protein content but is less suitable as energy source for pigs due to the low starch 

and high DF contents. Yaakugh et al. (1994) reported that supplementation of BSG 

instead of maize delayed the time for reaching slaughter weight and decrease average 

daily gain (ADG), but the feed cost was lower compared with the maize-based diet. In 

contrast, 40 % of dried BSG in growing pig diet did not influence on nutrient digestibility 

compared with maize and wheat based diet (Amaefule et al., 2006). Moreover, 
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fermentation of BSG could have beneficial effects improving nutritional properties (Wang 

et al., 2021). Therefore, BSG can be an option as a feed ingredient with the potential of 

being a functional fibre source reducing feed cost.  

      Pectin is a polysaccharide consisting of galacturonic acid and is considered a soluble 

DF source present in many feeds and foodstuffs such as sugar beet pulp, legumes and 

tropical origin fruits. Pectin is primarily used in the food industry for jellies and jams for 

humans, for modulating viscosity in beverage (Logan et al., 2015) but has also been used 

as additives to improve gut health (Larsen et al., 2019). There is therefore a sizeable 

production of pectin residue after extraction of pectin. Pectin residue contains 

approximately 63-69 g/kg protein, 4-54 g/kg fat, 4 g/kg starch and 837-839g/kg DF 

(Aravantinos-Zafiris et al., 1994; Serena and Bach Knudsen, 2007). Major components 

of DF in pectin residue is cellulose (421 g/kg), lignin (130 g/kg), soluble NCP (117 g/kg) 

and insoluble NCP (174 g/kg) (Serena and Bach Knudsen, 2007). Pectin residue has high 

DF as both soluble and insoluble DF. Serena et al. (2008b) reported that high soluble DF 

in a sow diet including 14 % of pectin residue was more fermentable compared with a diet 

high in insoluble DF. Moreover, the same diet also influenced gut morphology (Serena et 

al., 2008a). In addition, inclusion of 15 % pectin residue in growing pig diet could stimulate 

the microbial activity and thereby increasing fermentation in hindgut (Hansen et al., 2007).  

Potato pulp is the residue after extraction of starch in the potato industry and used as 

feed for the feeding of animals. After extraction of starch, potato pulp is present wet and 

a drying process is consequently necessary for an efficient handling. Potato pulp contains 

approximately 61g/ kg protein, 6 g/kg fat, 177-249 g/kg starch, 612 g/kg DF consisting of 

280 g/kg soluble NCP and 95 g/kg insoluble NCP (Serena and Bach Knudsen, 2007; 

Ncobela et al., 2017) (Table 3). Potato pulp has low amount of protein, but relatively 

higher amount of starch and soluble NCP compared with other co-products. Soluble NCP 

can be better utilised compared with insoluble NCP in growing pigs because of high 

fermentability and can potentially have an influence on gut health (Lindberg, 2014). In 

addition, supplementation of 5 % fermented potato pulp improve weight gain and feed 

conversion in growing-finishing pigs (Li et al., 2011), and 15 % of potato pulp could 

replace barley in diets for growing pigs (Friend et al., 1963). Therefore, potato pulp has a 

great potential for multiple purpose as a feed ingredient in pig.  



29 
 

Pea hull is a co-product from the processing of dry flaked peas for human consumption 

and has primarily been used in feeds for ruminant. According to Serena and Bach 

Knudsen (2007), pea hull contains approximately 88 g/kg starch, 116 g/kg protein and 

730 g/kg DF of which cellulose was 452 g/kg, 121 g/kg soluble NCP and 148 g/kg 

insoluble NCP (Table 3). Peal hull fibre compose mainly of cellulose, pectic 

polysaccharides and xylans (Castell et al., 1996), meaning that pea hull contains high 

amount of soluble and insoluble DF like it is the case for potato and SBP. However, there 

is almost no published paper in relation to supplementation of pea hull in diets for pigs.  

Seed residue is remained waste after process of removing seed of rye grass and 

purification (Serena and Bach Knudsen, 2007). The residue of ryegrass has been mainly 

used as ruminant feed because of high DF content. Serena and Bach Knudsen (2007), 

reported that seed residue contains 147 g/kg starch, 91 g/kg protein, 873 g/kg DF, 197 

g/kg cellulose, 21 g/kg soluble NCP and 212 g/kg insoluble NCP. The DF composition of 

Seed residue is mostly insoluble and addition of seed residue will therefore reduce ileal 

and total tract digestibility. Andersson and Lindberg (1997) showed that ileal and total 

digestibility of pigs fed perennial ryegrass and Serena at el. (2007) reported a very low 

energy value of rye grass both for growing pigs and sows. However, the nutrient 

composition of ryegrass and its residue will most likely depend on variety but the 

knowledge on this aspect is very limited. 
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2.3. Carbohydrates in nutrition of monogastric animals 

2.3.1. Digestion of carbohydrates 
Digestion of carbohydrates starts in the mouth breaking down disaccharides and starch 

into maltose by salivary α-amylase during chewing of feed. Generally, salivary α-amylase 

does not contribute much to digestion of starch as it is only in the order of 5 – 10 % of 

starch that is broken down in the mouth. In the stomach, there is no secretion of enzymes 

which can break down starch and the acid condition inactivate the salivary α-amylase; pH 

in the stomach of weaning pigs is 2.6-5.0 and in growing pigs 2.0-3.0 (Heo et al., 2013).  

     In the small intestine, starch is broken down to a mix of maltose, maltotriose and 

dextrins by pancreatic α-amylase. The villi of the epithelium in the small intestine produce 

sucrase (breaking down sucrose into glucose and fructose), maltase (breaking down 

maltose into glucose), lactase (breaking down lactose into glucose and galactose) and 

isomaltase (breaking down dextrin into glucose). However, the neonatal pigs produce 

only a small amount of amylase, maltase and sucrose, but the activity of lactase in the 

small intestine is higher compared with other enzyme by week 5 after birth in order to 

digest lactose in sow milk. After the 5th week, other carbohydrases are produced.  

Digestion of carbohydrates and other nutrients in the small intestine can be influenced 

by several factors such as viscosity of luminal fluids, pathogenic bacteria and stress. 

Digestion of DF in the small intestine is negligible but there is activity of microbial enzymes 

modifying and degrading DF. Generally, high molecular weight soluble DF cause high 

viscosity in stomach and small intestine with increasing retention time thereby disturbing 

the enzyme contact with nutrients inducing low digestibility of nutrients in the small 

intestine of mono-gastric animals (Jha et al., 2019). However, small molecular weight 

soluble DF including oligosaccharides will only to a limiting extent influence viscosity and 

digestibility in the small intestine. Moreover, insoluble DF are only to a limiting extent 

degraded in the small intestine. 

2.3.2. Fermentation of carbohydrates 
The fermentation process occurs predominantly in the large intestine because of high 

density of microorganisms and with DF as the primary substrate for the fermentation. DF 

include NSP, RS, oligosaccharides and lignin and is present as soluble and insoluble 
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components. Although mono-gastric animals does not produce enzymes that can 

degrade the DF compounds, parts of DF, however, is degraded (i.e. 20 to 25 % of NSP)   

in the small intestine of pigs (Bach Knudsen et al., 2016).                      

Figure 3. Fermentation of dietary fibres and the effects of the fermentation products of 

SCFA 

Most of degradation of DF is caused by the microbiota in caecum and colon. The 

number of microorganism is roughly 1012-1013 CFU/g in intestinal contents of caecum and 

colon and more than 400 different kinds of microbes exist making diverse metabolites 

from different microbiota and depending on substrate composition (Li et al., 2020).  

 

Figure 3. Fermentation of dietary fibres and the effects of the fermentation products of 

SCFA 

 

Non-digestible oligosaccharides (NDO), RS and soluble NCP is easily degraded in 

caecum and proximal colon, whereas insoluble DF such as cellulose and insoluble NCP 

is more slowly degraded reaching end of colon due to rigid structure and cross linkage 

with lignin (Bach Knudsen et al., 2016). The SCFA, acetate, propionate and butyrate, is 

produced when microbiota ferment DF in the large intestine and can supply energy to the 

epithelial cell of caecum and colon. The production of SCFA is positively correlated with 

DF in the feed, and the type of DF and its components can modify ratio and total 
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production of SCFA (Nielsen et al., 2014). Moreover, production of SCFA in large intestine 

can reduce pH and thereby influence the colonization with pathogens. 

2.3.3. Influence of carbohydrate composition on energy metabolism in growing 
pig 
Energy is contained in nutrients such as carbohydrates, proteins and lipids. After 

digestion, fermentation and absorption the nutrients released are used for maintenance 

and production – growth, milk, and egg. The carbohydrates are quantitatively the largest 

energy fraction in most feedstuffs (Table 2 and 3). Starch is well digested and absorbed 

and with high energy utilisation, whereas DF has a diverse effect to energy metabolism 

and utilisation. Goff and Noblet (2001) found that 1 % increase in neutral detergent fibre 

(NDF) could decrease energy digestibility by 0.9 %. Thus, the composition of the 

carbohydrate fraction in the feed has a strong influence on the energy digestibility in 

growing pigs.  

Energy is expressed and classified as gross energy (GE), digestible energy (DE), 

metabolizable energy (ME) and, net energy (NE); the latter can be divided into NE for 

maintenance and retained energy (RE). GE can be measured in a bomb calorimeter after 

combusting.  

The different energy fractions are calculated as: 

DE = GE – energy in faeces.  

ME = DE – energy in urine and gas (CH4 and H2), and 

NE = ME – thermic energy.  

NE = NE for maintenance + RE.  

RE is retained energy in protein + retained energy in lipid and assume that energy 

retained as carbohydrate is zero.  

There are many factors that can cause variation in the energy value of a feed such as 

body weight, feed intake and composition of the feed. Especially, the DF in feed can 

cause extensive variation in energy value. Zhang et al. (2013) reported that in response 

to increased levels of DF, DE and ME content was decreased. The main reason is due to 

the low digestibility of particularly insoluble DF. Moreover, ME is influenced by the energy 

loss due to loss of energy from gas production in large intestine. In growing pigs, the 
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energy loss from CH4 was 1.2 % of DE in DF diets, but only 0.2 % of DE in low DF diets 

in growing pigs (Jørgensen et al., 1996b). In addition, increased DF level is positively 

correlated with heat production because increased level of DF and consequently more 

digesta to be handled in the large intestine requires more energy thereby reducing NE 

and RE contents (Jørgensen et al., 1996a).  

Fermentation of DF in the large intestine of pigs produce SCFA containing acetate (GE 

3.5 kcal), acetate (5.0 kcal) and butyrate (5.9 kcal) meaning that the production of SCFA 

from fermentation can be used as energy source (Kil et al., 2013). Although energy 

utilisation of SCFA for maintenance and growth performance on average is 15 % lower 

than that of glucose (Bakker et al., 1998), the SCFA can contribute up 24 % of the heat 

production in growing pigs (Yen et al., 1991). 

2.4. Exogenous carbohydrases to improve the nutritive value of the feed 

2.4.1. Xylanase 
AX is the dominant NSP of most cereals and cereals co-products (Table 2 and 3). AX can 

be hydrolyzed by xylanase to a variable extent depending on the chemical composition 

of the AX and cross-linkages. Several types of xylanases have been identified in different 

organisms such as bacteria, fungi, yeasts, and plants and these enzymes can be 

classified in the glycoside hydrolase (GH) family (Cheng et al., 2014). Although there are 

many different types of GH family which produce xylanase such as family 5, 7, 8, 9, 10, 

11, 12, 16 and so forth, the xylanase from GH 10 and 11 are the best known for its ability 

to cleave main chain of xylans in the animal feed.  

Several beneficial effects of degradation of AX with supplementation of xylanase have 

been identified in pig studies. First, supplementation of xylanase in pig diet increase 

nutrients digestibility because it can breakdown structures of AX and thereby pig can 

utilize more encapsulated nutrients locked in cell wall of cereal grains. Second, 

degradation of AXs reduces the molecular weight of AX leading to production of 

arabinoxylan oligosaccharide (AXOS). AXOS have in some studies been shown to 

stimulate Bifidobacteria thereby potentially improving gut health (Rivière et al., 2014). 

However, results from different studies are variable depending on source, structure and 

substitution of AX. 
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2.4.2. Arabinofuranosidase 
Arabinofuranosidase can cleave L-arabinofuranosyl residues, which are connected with 

xylan back bone. Generally, xylanase plus arabinofuranosidase have synergetic effects 

in the degradation of AX. However, the degree and pattern of substitution of arabinose 

with xylan backbone are variable depending on the botanical tissue of the grain. Alfa-L-

arabinofuranosyl are attached at O-2 or O-3 position of the xylan backbone and occurs 

as mono-substituted, and di-substituted, or unsubstituted (Trogh et al., 2004); the 

proportion of the substitutions are variable depending on the cereal and tissue layer. In 

addition, highly branched AX is difficult to be degraded even when enzyme cocktails 

containing a mix of xylanases and arabinofuranosidases are supplemented to animal feed. 

Moreover, the proportion of substitution and its position are different depending on cereal 

grains, and the effects of xylanase and arabinofuranosidase will therefore vary depending 

on the different cereals. 

2.4.3. β-glucanase  
Soluble β-glucan can raise the viscosity in the small intestine of pigs and thereby hinder 

digestion of nutrients (Metzler-Zebeli and Zebeli, 2013; Schop et al., 2020). This negative 

effect on nutrient digestion, however, can be counteracted by β-glucanase that can cleave 

β-1, 4-O-glycosidic bonds inducing degradation of β-glucan. Li et al. (1996) reported that 

the digestibility of dry matter, crude protein and energy was increased when β-glucanase 

was supplemented in cereal-based diets of pigs. However, β-glucanase has different 

characteristics depending on GH family. According to carbohydrate-active enzymes data 

base, β-glucanase which can hydrolyze β-(1, 3) glycosidic bonds classified into GH 

families 5, 6, 17, 55, 64, 72, and 8 (Ishida et al., 2009), whereas β-glucanase from GH 

families 7 can cleave β-(1, 4) glycosidic bonds (Liu et al., 2015), and β-glucanase from 

GH family 16 can cleave both glycosidic bonds (Liberato et al., 2021).   

2.4.4. Cellulase 
Cellulose has in general a very rigid structure and thus almost impossible to be used by 

the microbiota in the small intestine. Zhang et al. (2004) reported that average ileal 

digestibility of cellulose was – 6.3 % and average total tract digestibility of cellulose was 

48.7 % in growing pigs, and the total tract digestibility of NCP was higher than that of 



35 
 

cellulose. Thus, the degradation of cellulose in the small intestine is negligible and 

degradability of cellulose in large intestine is also lower compared with other components 

of DF. Cellulase is produced by microorganisms, bacteria, fungi and protozoans, and 

comprise three different enzymes; endoglucanases, exoglucanases and β-glucosidase 

found in GH families 1, 3, 5, 6, 7, 8, 9, 12, 26, 44, 45, 51, and 48 (Zhang and Zhang). 

Endoglucanase can cleave β(1, 4) glycosidic bond generating glucose, cellobiose and 

cellodextrins (Churilova et al., 1979), whereas exoglucanase includes cellobiohydrolase 

which can hydrolyze cellobiose (Tsai et al., 2015). β-glucosidase is a final step which can 

hydrolyze cellobiose into glucose (Zang et al., 2018). Cellulase has been used in pig feed 

together with other enzymes including xylanase showing variable results in pigs (Kim et 

al., 1998; Jerez-Bogota et al., 2020), and thus further study would be required to identify 

effects of cellulase.  



36 
 

2.5. Dietary fibre as a mean to influence gut health, morphology and the 
susceptibility to infection with swine dysentery 

2.5.1. Effects of dietary fibre in gut health 
The term of gut health has been used in many aspects and popularly used, except exact 

definition does not exist. The gut health involves conception of digestion and absorption 

of nutrients, immune system, diverse microorganism, protection from pathogen and 

histology of intestinal tracts, meaning that gut health is in harmony with many factors. 

Several studies have investigated the impact of DF with different properties to improve 

gut health. The fermentation of DF results in diverse consequences according to type and 

level of DF. Generally, oligosaccharides, RS soluble DF such as fructans, β-glucan and 

other soluble NCP generates higher fermentation compared with insoluble DF and it can 

lead to improve gut health.  

DF sources can influence all factors related with gut health and those factors are 

closely related to each other. More than 70 % of body immune cell is concentrated and 

located in GIT (Yoo and Mazmanian, 2017). Schley and Field (2002) reported that soluble 

DF increased proportion of intraepithelial lymphocytes, CD4+ and CD8+ T-cell and 

immunoglobulin, and thereby protective effects in the intestinal tracts is feasible against 

pathogen. Fermentation of DF produce SCFA which is positively related with T cells 

differentiation which can eliminate pathogen in part because an active fermentation will 

lower luminal pH which is a hostile environment to pathogens (Tian et al., 2020).  In 

addition, more than 400 species of microbiota exist in the intestinal tracts of pigs. Among 

the species, Lactobacillus SPP and Bifidobacterium SPP are well known for its beneficial 

effects and considered as major biomarkers of good gut health (Mikelsaar et al., 2016). 

Generally, consuming DF, prebiotics in particular (Gibson et al., 2017) induce high 

abundance of Lactobacillus SPP and Bifidobacterium SPP (Ojo et al., 2020), which are 

related with prevention of diarrhoea (Allen et al., 2013). The significant increased 

Bifidobacteria caused by prebiotics is typically linked to an increased acetate production, 

lower pH but may also increase the production of butyrate (Gibson et al., 1995). 

Butyrate is considered the most important metabolite among SCFA in relation to a healthy 

gut in pigs. High amount of butyrate in large intestine results in positive effects such as 
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improving growth performance and gut development, and reduction of inflammation in 

pigs (Bedford and Gong, 2018). The two other main SCFAs, propionate and acetate also 

have important effects in the gut as propionate can stimulate epithelial proliferation and 

acetate can increase absorption rate of calcium and magnesium through epithelial cells 

of large intestine (Mikelsaar et al., 2016).   

2.5.2. Influence of dietary fibre on gut morphology and histology 
The pig gut is complex environments because of gut microbiota, metabolites produced by 

the microbiota, gut morphology and histology. The complex environment of the GIT is 

strongly correlated with diet composition, and especially the carbohydrate sources can 

significantly influence gut function and morphology of GIT. Reduced villus height in the 

small intestine which is seen immediately after weaning induce less nutrient absorption, 

and the villus height and daily gain were positively correlated in weaning pigs (Pluske et 

al., 1996a). Moreover, the villus height is positively correlated with the activity of digestive 

enzymes in the small intestine (Wang et al., 2020), whereas increased crypt depth can 

decrease nutrients absorption but produce more mucus. Thus, the villus height and crypt 

depth ratio (V:C ratio) can be a useful indicator to predict the digestive capacity in the 

small intestine in pigs (Jha et al., 2019).  

The mucus covers the surface of the GIT and is mainly related with protection of 

epithelial cells against infection. The production of mucus is strongly related with DF 

composition in the diet (Lien et al., 2001), and major component of mucus is mucins that 

can be classified into neutral and acidic mucins.  

    The DF in pig diet is one of the important factors that can influence the villus height 

and crypt depth. The feeding high DF (10% of wheat straw) can increase crypt depth in 

the ileum and colon of growing pig because it can stimulate cell proliferation and turnover 

in the intestinal mucosa (Jin et al., 1994). In contrast, the villus height of pigs fed beet 

pulp (25 %) was increased compared with the pigs fed corn based diet but did not affect 

crypt depth (Diao et al., 2020). The reason behind is probably that the major part of DF 

of wheat straw is insoluble (more than 40 % of cellulose) whereas SBP has high content 

of soluble DF (29 % of soluble NCP). These data indicate that soluble and insoluble DF 

can differently influence villus height and crypt depth. Hedemann and Bach Knudsen 
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(2007) reported that the V:C ratio in the small intestine of pigs fed 9.2 % of RS in the diet 

was higher than that of pigs fed 0.5 and 4.9 % of RS. Moreover, the increasing ratio of 

insoluble:soluble DFs could reduce V:C ratio (Li et al., 2019). The villus height was 

increased when pigs fed chicory root but crypt depth was not changed by the diet (Liu et 

al., 2012) and the villi  and the crypts in pigs fed a diet supplemented with pectin were 

shorter, but with no influence on the V:C ratio (Hedemann et al., 2006). Generally, 

supplementation of DF in swine diet causes more production of mucus and mucin, 

thereby increases endogenous loss. Montagne et al. (2003) reported that mucin synthesis 

was stimulated by DF intake, and feeding DF to pigs could increase production of neutral 

and acidic mucins in the large intestine. Ito et al. (2009) reported that soluble DF with high 

viscosity might relate with mucin secretion in the small intestine of rats. However, RS did 

not affect mucin production but addition of β-glucan increased mucin production in 

weaning pig (Morel et al., 2005). Therefore, type and level of DF can greatly influence 

intestinal morphology and histology. 

2.5.3. Swine dysentery 
Swine dysentery is a severe intestinal disease inducing mucoid and bloody diarrhoea and 

thereby reducing feed intake, growth performance and increasing mortality in growing 

pigs (Figure 3). Mortality rate is high showing 50-90% and morbidity is around 90 % after 

the infection which is caused by Brachyspira SPP (Alvarez-Ordóñez et al., 2013). In 

addition, although survival time of this pathogen is only 10 days in soil, it can be survived 

until 112 days in faeces at 10 °C (Boye et al., 2001). Thus, recurrence of the infection is 

possible with this persistent pathogen at farm level. Helm et al. (2020) reported that 

average daily feed intake was reduced 38 % and apparent total tract digestibility of DM, 

nitrogen and gross energy was also reduced in the infected pigs.  
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Figure 3. Lesion of the large intestine and clinical sign of swine dysentery with bloody 

diarrhoea in growing pigs. 

 

The incidence of swine dysentery decreased after the introduction of common use of 

antibiotics combat diseases in livestock production but also because antimicrobial growth 

promoters were common practise in many countries. However, the use of antibiotics as 

growth promoters was banned in EU in 2006 and in USA in 2017. Moreover, routine using 

of antibiotic will be banned in EU from 2022. Recurrence of the disease has been 

observed in USA, UK and some European countries, and outbreak of swine dysentery 

will most likely be worsened in EU in the future.  

There are several Brachyspira SPP such as B. hyodysenteriae, B. suanatina and B. 

hampsonii that can cause swine dysentery with more severe symptoms but B. 

hyodysenteriae is the one that cause the most severe symptoms. B. hyodysenteriae does 

not affect the small intestine unlike salmonella and porcine epidemic diarrhoea virus but 

is classified as colitis. Several researchers have focused on the prevention or alleviation 

of swine dysentery without use of antibiotics by using carbohydrate sources such as 

highly digestible diet (cooked rice), fructans and RS (Pluske et al., 1996b; Siba et al., 

1996; Pluske et al., 1998; Thomsen et al., 2007; Hansen et al., 2010; Helm et al., 2021). 

The results of these studies, however, have been variable depending on compositions 

and sources of carbohydrate in swine diets, and pathogen type. Therefore, proper 

evaluations of nutritional interventions with B. hyodysenteriae are necessary to find 

alternatives to antibiotics. 
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3. Aims and hypotheses 

The overall objective of the project presented in this thesis is to improve our 

understanding of the influence of DF sources with different properties on nutrient 

digestion and how DF can be used to modulate intestinal health in growing pigs. For this 

objective, three individual experiments were carried out with ileal cannulated pigs and 

growing pigs. The specific aims and hypotheses of each experiment would be shown as 

lists 

3.1 Aims 

1.   In the first experiment, ileal cannulated pigs were fed diets varying in cereal grains 

and co-products without and with a carbohydrase complex containing xylanase, 

arabinofuranosidase and β-glucanase and the ileal and total tract digestibility of fibre and 

nutrients measured. 

2.   In the second experiment, ileal cannulated pigs were fed diets with various soluble 

and insoluble DF from co-products from the food and agro industries to investigate 

physicochemical properties of digesta, digestibility of nutrients and energy utilisation.  

3.   In the third experiment, the effects of experimental infection with B. hyodysenteriae 

were investigated when feeding diets varying in soluble and insoluble DF on the 

expression of swine dysentery, growth performance, nutrients digestibility, SCFA 

concentration and intestinal histology in growing pigs. 

 

3.2 Hypotheses 

1.   Supplementation of a carbohydrase complex increases the ileal and total tract 

digestibility of nutrients of cereal-based diets varying in soluble and insoluble DF. 

2.   Diets varying in soluble and insoluble DF from co-products will induce different 

physicochemical properties and digestibility of nutrients at terminal ileum and over the 

total tract but no the utilisation of energy. 

3.   The infection of B. hyodysenteriae induces negative effects on growth performance, 

digestibility of nutrients, SCFA concentration and intestinal histology but a diet high in 
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soluble DF will protect or alleviate clinical symptoms against causative pathogen in 

growing pigs.  
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4. Materials and methods 

4.1. Ileal cannulation and sampling methods 

In this Ph.D. project, we used ileal cannulation to separate the digestion up to the end of 

the small intestine from the fermentation in the large intestine. T-cannula was surgically 

inserted in the terminal ileum of growing pigs. During the surgery, vital sign of each pig in 

all experiments appears normal. After the surgery, the pigs had a recovery period for one 

or two weeks with antibiotic to prevent the infection of surgical site. During the first and 

second experiments, two pigs were euthanized before the end of the experiment because 

of the infection at surgical area. The administration of antibiotic generally induces 

dysbiosis of intestinal microbiota in the GIT (Strati et al., 2021). Especially, Streptocillin 

(Streptomycin), which was used in the surgery in this project, influences the intestinal 

bacteria overgrowth and altering the intestinal microbiota profile (Bazett et al., 2016). In 

this respect, there could be a risk that the abundance of microbiota was probably not 

completely normalised compare with commercial pigs when we started the experiments 

after the recovery of pigs. Moreover, the experiment diets were formulated with DF 

sources meaning that the antibiotic could potentially influence the fermentation process 

of the microbiota, thereby influencing the total tract digestibility of DF and the SCFA 

concentration. In a recent study, daily antibiotic injections with benzylpenicillinprocain and 

dihydrosreptomycin for 7 days before euthanasia was found to disrupt butyrate production 

in the caecum and changed the microbiota profile but with minimal impact on SCFA 

concentration and composition overall and the digestibility of NSP (Xu et al., 2021b). In 

the two experiments with ileal cannulated pigs, digesta was sampled over a period of 8 

hours for two or three days. This will ensure that the digesta collected are representative 

for the digesta flowing from the small to the large intestine. In study 3, the pigs were 

euthanised 3 hours after feeding the morning ration which make sense as it is close to 

the mean transit time of the small intestine of 3.7 to 4.3 hour when feeding low and high 

DF diets (Wilfart et al., 2007). The standard error of means for NSP in this project was 

also reasonably similar in study I and II (2-3 absolute digestibility units) and only slightly 

higher in study 3 of 3.9 absolute units. The mean transit time of the total tract is very 
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different according to fibre level; mean transit time of pigs fed low fibre diet was 49.7 hour 

and mean transit time of pigs fed high fibre diet was 40.5 hour (Wilfart et al., 2007), 

meaning that at least two to three days are needed before the composition of the faecal 

output have reached a steady state. In Exp 1, faeces was sampled for one day just before 

starting the collection of ileal digesta and after being adapted to the feed for 7-days 

whereas sampling of faeces in Exp 2 was for three consecutive days; the latter can be 

considered a better way of sampling. 

Ileal cannulation is generally a good method for sampling of ileal digesta but this is 

an invasive method and it would therefore be of interest to develop alternatives. A way 

could be to use endoscopic capsule which can take a picture of intestinal tracts and get 

digesta samples without invasive surgery (Hale et al., 2014; Ding et al., 2021). 

4.2. Dietary fibre based on non-starch polysaccharides and lignin 

There are several methods available for the analysis of fibre fraction in feed and diets but 

accounting for different fractions of what is now considered total DF. The crude fibre 

method and the detergent methods are classical methods (Fahey et al., 2018) which, 

however, omit important components of DF such as soluble DF, RS and non-digestible 

oligosaccharides. 

The method used in this project is an enzymatic-chemical-gravimetric procedure 

based on the principles published in the Uppsala and Englyst method. Determination of 

NSP and lignin was performed by GLC for neutral sugars, colorimetry for uronic acids 

and gravimetry for lignin essentially following the method described by Bach Knudsen 

(1997) but modified to include the determination of low-molecular weight carbohydrates 

(oligosaccharides) (Quéméner et al., 2006; Lærke et al., 2015). The basic principles of 

the procedure are to remove the starch by hydrolysing by thermostable α-amylase and 

amyloglucosidase followed by 80% of ethanol and hydrolysing the starch and sugar free 

residue to monomers by sulphuric acid, reduce the neutral to alcohols, derivatise to alditol 

acetates and determine the neutral sugars by GLC. Uronic acids are determined by a 

colorimetric procedure and lignin (Klason) by gravimetry. The procedure is illustrated in 

Figure 5 and allowed separation of total NSP into cellulose, soluble and insoluble NCP 
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(Procedures A-C) and was further extended to include analysis of low-molecular weight 

carbohydrates (Oligosaccharides, Procedure D). 

Figure 5. Analytical procedure for determination of different fractions of non-starch 

polysaccharides and total carbohydrates. CHO, carbohydrates; NCP, non-cellulosic 

polysaccharide; NSP, non-starch polysaccharides. 
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Based on the four parallel runs in the NSP procedure, the following calculations can be 

performed; 

Cellulose can be calculated as: 

Cellulose = NSPglucose, 12 M – NCPglucose, 2 M 

Total NSP as: 

Total NSP = rhamnose + fucose + arabinose + xylose + mannose + galactose + NCP-
glucose + uronic acids + cellulose 

Soluble NCP as:  

Soluble NCP = Total NSP – insoluble NSP 

Total NDC as: 

Total NDC = Total CHO – starch 

Low molecular weight (LMW) CHO as: 

LMW-CHO = Total CHO – Total NSP, 

and total DF as: 

Total DF = total NSP + Klason lignin. 

4.3. Energy evaluation system on growing pig 

Gross energy (GE) represents total amount of energy in organic materials in ingredients 

and feeds. However, feed cannot be totally digested and used by animals as energy 

because of loss of energy in faeces, urine, heat production and movement of pig. The DE 

is strongly related with apparent total tract digestibility of nutrients where particularly DF, 

not digested in the small intestine, also limits the total tract digestibility of nutrients and 

energy. In the large intestine, part of DF can be microbially fermented producing SCFA 

which supply energy and gases (CH4 and H2); the latter is lost as energy for the animals. 

In general, DE and ME are strongly correlated with a ME:DE ratio typically of 0.96 but the 

ration will vary depending on the fermentation of DF. Energy lost as gases can amount 

up 3.9% of DE when feeding a diet high in fermentable (Jørgensen, 2007).  In paper 2, 

we used indirect calorimetry to estimate the energetic losses due to fermentation and to 

estimate ME, RE and HP. The measurement of RE is relatively more difficult than that of 

GE, DE and ME as it has to account for the energy lost due to heat production (HP); the 
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latter representing the basal energy metabolism in the body and the thermic energy 

related to feed consumption.  

The RE can be calculated by two methods, carbon and nitrogen (CN) method and 

respiratory quotient (RQ) methods. The CN-method is based on retained carbon and 

nitrogen in the form of protein and lipid in animal body, assuming no deposition of 

carbohydrate in the body. 

 
Figure 6. Respiration chamber for indirect calorimetry in Foulum (Henry Jørgensen). 

 

A respiration chamber as shown in Figure 6, is necessary in order to measure the oxygen 

consumption, carbon dioxide production and carbon loss from CO2 and CH4 whereas 

values for nitrogen and carbon can be obtained from balance experiments by analysing 

carbon and nitrogen in diet, faeces and urine. Although the individual sub-fractions in the 

energy metabolism can be measured by a reasonable high precision it is sometimes 

difficult to identify significantly differences between diets even when feeding diets 

relatively different in composition. This is partly because of individual differences between 

animals. In this experiment, we tried to check for pigs’ movement such as resting and 

standing but it cannot represent all energy expenditure from movements of pigs. 

Moreover, compared to pigs under commercial production conditions, there may also be 
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differenced because pigs move and sometime physically fight whereas the pigs in this 

experiment for respiration chamber were restricted to limited space area and movements 

were also restricted compared with commercial farm.  

4.4. Short-chain fatty acids, and gut morphology and histology 

The concentration of SCFA, gut morphology and histology were analysed to study the 

influence of fermentation on the intestinal epithelial cells and the influence of the infection. 

The SCFA is end products of fermentation and thus can be considered an indicator of 

fermentation in the small and large intestines. In this study, we analysed digesta from 

ileum, caecum and colon, and faeces for SCFA. Generally, high DF in diet causes high 

production of SCFA resulting in diverse effects such as lowering pH of digesta providing 

energy for epithelial cells and influencing the stability of the microbiota thereby potentially 

reducing the proliferation of pathogens. However, the concentration of SCFA is usually 

declining from caecum through the colon because it is absorbed efficiently through 

epithelial cells in the large intestine. Thus, SCFA concentration in faeces has to be 

considered as remained SCFA after the absorption in the colon and can further be 

influenced during sampling. Generally, the SCFA is produced by under anaerobic 

condition in caecum and colon but it cannot be excluded that the more aerobic conditions 

in faeces can influence the concentration of SCFA. Thus, sampling for SCFA has to be 

careful and the samples frozen as quickly as possible before the analysis.  

Specialized epithelial cells constitute the barrier surfaces that separate the pigs host 

from the external environment. The intestinal epithelium is one layer thick and combined 

with the mucus layer it contributes to the protection of the epithelium from the microbiota 

in the gut lumen. In the paper 4, we studied the influence of diet and infection with B. 

hyodysenteriae on morphological parameters (crypt depth and area, and mucin area), 

and found that the parameters were influenced by the B. hyodysenteriae infection, but 

with no effect of dietary composition. A reason could be that these analyses are not 

sensitive enough to identify interactions between infection and diets because the effect 

of infection might overshadow the effects from the diets. Moreover, we analysed intestinal 

morphology and histology only in the large intestine because swine dysentery is not 



48 
 

expected to affect the small intestine. However, the viscosity of digesta from the small 

intestine of the infected pigs was higher than non-infected pigs indicating that swine 

dysentery may influence even to the small intestine. Generally, luminal viscosity is 

positively related with mucus production, and high mucus production can influence crypt 

and mucin area. Thus, the analysis of the crypt depth and area, and mucin area is 

recommended in the small intestine even if clinical symptoms of colitis are expected to 

be limited to the large intestine.  
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 5. Summary of included papers 

5.1. Paper 1 

The use of carbohydrase complex to modify and improve ileal and total tract 
digestibility of high-fibre cereals-based diets for pigs  
GeonIl Lee, Tina Skau Nielsen, Helle Nygaard Lærke and Knud Erik Bach Knudsen 

In preparation for submission to Journal of Animal Feed Science and Technology 

 

There has been a growing interest in feed industry of ingredients, high in DF because it 

is a way to lower the feed cost. However, the DF resist the degradation by endogenous 

enzymes but can partly be alleviated by the supplementation of exogenous 

carbohydrases which can help to improve feed efficiency when using diets rich in cereal 

grains and co-products.  

The objective of this study was to investigate the effects of a carbohydrase complex 

(xylanase, arabinofuranosidase and β-glucanase) on ileal and total tract digestibility of 

energy, DF and nutrients in pigs fed diet containing different types of cereal grains and 

co-products. The results showed that AX was degraded by carbohydrase complex 

showing higher ileal digestibility of AX in enzyme supplemented diet, but did not influence 

on total tract digestibility of energy, DF fractions and nutrients. 

5.2. Paper 2 

Influence of dietary fibre on nutrient digestibility and energy utilisation in growing 
pigs fed diets varying in soluble and insoluble fibres from co-products 
GeonIl Lee, Mette Skou Hedemann, Henry Jørgensen and Knud Erik Bach Knudsen 

Manuscript submitted to Animal Journal (revision) 

 

The application of co-products has gained an interest to reduce feed cost in animal 

industry. In the past, DF was considered as anti-nutritional factor due to its negative 

influence on energy and nutrients digestibility and utilisation of energy. However, the 
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effects of DF on digestibility and energy utilisation will vary depending on type and levels 

of DF. 

The objective of this study was to investigate the influence of DF varying in soluble and 

insoluble DF on the digestibility of nutrients in the small intestine and the total tract, and 

the influence on the energy utilisation. The DF sources were co-products from the 

vegetable and agro-industries varying in soluble and insoluble DF. Four diets were 

prepared: low fibre control (LF), high fibre control (HF), high soluble fibre (HFS) and high 

insoluble fibre (HFI) diets. In the diets high in insoluble DF, seed residue, pea hulls, 

brewers spent grain, and barley hulls were used, whereas sugar beet pulp, potato pulp 

and pectin residues were used in the diet high in soluble DF.  

The results showed that the high DF diets reduced ileal and total tract digestibility, 

whereas the total tract digestibility of carbohydrates and NSP in pigs fed the HFS diet 

was higher compared with the HF and HFI diets. However, there was no significant 

difference among diets in energy utilisation.  

5.3. Paper 3 

Influence of infection with Brachyspira hyodysenteriae on clinical expression, 
growth performance and digestibility in growing pigs fed diets varying in type and 
level of fiber 
Geonil Lee, Mette Skou Hedemann, Bent Borg Jensen and Knud Erik Bach Knudsen 

Manuscript submitted to Journal of Animal Science (revision) 

 

Swine dysentery can cause poor growth and feed efficiency and high mortality with 

mucous and bloody diarrhoea. Antibiotic can easily cure this disease, but subtherapeutic 

levels of antibiotic as growth promotor has been banned in many countries, thereby being 

partly responsible for the increased frequency of swine dysentery in EU and the USA. 

The objective of this study was to investigate the effects of experimental infection with B. 

hyodysenteriae when feeding diets varying in soluble and insoluble DF on the expression 

of swine dysentery, growth performance and nutrients digestibility in growing pigs. The 
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hypothesis was that the soluble DF because of its higher fermentability may prevent or 

alleviate the symptoms of swine dysentery in growing pigs. 

The results showed that the infection with swine dysentery influenced growth 

performance negatively, but compensatory growth was found after 6 weeks of the 

infection. The infection, however, did not affect ileal digestibility whereas the digestibility 

of NSP, NCP and cellulose in the caecum of the infected pigs was higher than in non-

infected pigs. However, neither type nor level of DF prevented or alleviated the infection 

of swine dysentery in growing pigs.  

5.4. Paper 4 

Influence of Brachyspira hyodysenteriae on gastrointestinal tract weight, short 
chain fatty acids concentration and intestinal morphology in growing pigs fed diets 
varying in soluble and insoluble fibres 
Geonil Lee, Knud Erik Bach Knudsen, Tina Skou Nielsen, Christian Visscher and Mette 

Skau Hedemann 

In preparation for submission to Animal Nutrition Journal 

 

The infection of B. hyodysenteriae induces severe diarrhoea and necrosis of epithelial 

cells in the large intestine. Moreover, colitis like swine dysentery can influence histology 

of large intestine and stimulate the production of mucin. However, research focusing on 

the influence of infection on intestinal histology and mucin is scarce.  

The objective of this study was to investigate swine dysentery on weight of GIT, SCFA, 

pH, intestinal morphology and mucin in growing pigs fed diets varying in soluble and 

insoluble DF. The hypothesis was that the infection affects SCFA concentration, histology 

and mucin in a negative way whereas soluble DF may prevent detrimental effects from 

the pathogen in growing pigs.   

The results showed that the weight of GIT was negatively influenced by the infection, 

whereas the relative weight of GIT in the infected pigs was higher than of non-infected 

pigs. The concentration SCFA in the infected pigs was greater than non-infected pigs, 

whereas there was no effect of the infection on pH in the large intestine. The crypt depth, 
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crypt area and mucin in the infected pigs was increased compared to non-infected pigs. 

Moreover, the experimental diets did not influence on the infection of swine dysentery in 

growing pigs.  
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6. Included papers 

6.1. Paper 1 

The use of carbohydrase complex to modify and improve ileal and total tract 
digestibility of high-fibre cereals-based diets for pigs  

 

G. I. Leea, T. S. Nielsena, H. N. Lærkea and K. E. Bach Knudsena 

 
a Department of Animal Science, Aarhus University, Foulum, DK-8830 Tjele, Denmark 

 

Corresponding author: Knud Erik Bach Knudsen. E-mail: 

knuderik.bachknudsen@anis.au.dk 
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ABSTRACT 

This study was conducted to investigate the effects of a carbohydrase complex in the 

form of xylanase (Xyn), arabinofuranosidase (Abf) and β-glucanase (BGn) on ileal and 

total tract digestibility of energy, fibre and nutrients in pigs fed different types of cereal 

grains and co-products. The experiment was carried out as a 8 × 4 Youden Square design 

(8 diets and 4 periods by 2 blocks) using 16 growing pigs (33.3 ± 0.8 kg) surgically fitted 

with a T-cannula in the terminal ileum. The pigs were fed eight experimental diets based 

on either – maize, wheat, rye, or a wheat and rye mix (WRmix) that were provided with or 

without enzymes. The apparent ileal digestibility (AID) and apparent total tract digestibility 

(ATTD) of dry matter (DM), organic matter (OM), energy, crude protein (CP), fat, starch, 

and soluble and insoluble non-starch polysaccharides (NSP) were studied using titanium 

dioxide as an indigestible marker. Addition of the carbohydrase complex resulted in 

significant improvement in the AID of high molecular weight arabinoxylan (HMW-AX) (P 

= 0.044) and starch (P = 0.042), whereas none of the other components were affected (P 

> 0.05) except with a tendency (P <0.10) of a higher AID of non-cellulosic polysaccharide 

glucose residue (β-glucan) and soluble arabinoxylan (AX.) There was no interaction 

between cereal types and the carbohydrase (P > 0.05). The composition of ileal digesta 

was influenced by cereal type (P < 0.05) but not by enzyme addition (P > 0.05) for total 

non-digestible carbohydrates, total AX, and HMW-AX. The ATTD of nutrients in the large 

intestine was mainly influenced by the fibre composition and was significantly lower (P 

<0.001) for NSP, protein and energy for the Maize than the other diets. Collectively, the 

results indicate that the carbohydrase complex degrade AX in stomach and small 

intestine leading to higher ileal digestibility but with no influence on the total tract 
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digestibility of the fibre fraction and with no significant effect on the energy and nutrient 

digestibility. 

Keywords: cereal grains, arabinoxylan, carbohydrase, digestibility, pigs 
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Implications 

Growing interest to use fibrous ingredients in diets for mono-gastric animal have 

stimulated researchers to find new way to improve feed efficiency with diverse cereal 

grains and co-products. The main fibrious component in the cell walls of cereals is 

arabinoxylan that cannot be degraded and digested by intestinal enzymes. The 

carbohydrase complex is cell wall degrading enzyme that can improve nutrients release, 

targeting arabinoxylan, β-glucan and arabinofuranosidase in cell walls. The results of this 

study imply that the supplementation of carbohydrase complex may increase degradation 

of arabinoxylan and nutrients digestibility in growing-pigs fed maize, wheat and rye diets.  
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Introduction 

The price of major concentrated feed ingredients for animal production has been 

increased over the last decade primarily because of purchasing power, and increased 

use of feed crops for bioethanol production (der Poel et al., 2020). It can therefore be 

expected that future pig production have to rely more on fibre rich feedstuffs among them 

cereal co-products. A general feature of these co-products, however, is a high dietary 

fibre (DF) content and thereby a lower digestibility of nutrients and nutrient utilization 

(Zhang et al., 2013). A way that may help to alleviate some of the negative effects of DF 

is by the use of exogenous enzymes which may degrade part of the DF matrix and un-

lock nutrients locked in cell walls (Vangsøe et al., 2020a). 

Dietary carbohydrates are the single most abundant energy fraction in diet for pigs and 

can be divided in digestible carbohydrates consisting of starch and sugars and non-

digestible carbohydrates – oligosaccharides, resistant starch and non-starch 

polysaccharides (NSP); the latter can further be divided into cellulose, arabinoxylan (AX), 

β-glucan (BG) (Bach Knudsen, 2014). Non-digestible carbohydrates together with lignin, 

termed DF, account for approximately 10-30 % of the dry matter of cereals (Bach 

Knudsen, 2014; Jaworski et al., 2015) and known as the dietary factor with the strongest 

negative influence on nutrient digestibility (Bach Knudsen et al., 2013) but with important 

impact on the microbiota and the environment of the intestinal tract (Jha et al., 2019).  

AX is the most abundant polymer of NSP in cereals and can be present both in soluble 

and insoluble form and with a structure that varies depending on the sources and 

botanical origin (Bach Knudsen, 2014). The general structure of AX is a linear backbone 

of (1->4)-β-D-xylopyranosyl residues substituted at either the O-2, O-3, or both with α-L-
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arabinofuranosyl residue. However, the structure and substitution of AX vary with cereal 

species and botanical fraction, and thereby also in the co-products (Hemery et al., 2007). 

The structure of AX in wheat and rye is rather similar (Vinkx and Delcour, 1996), whereas 

it is far more complex in maize (Ordaz-Ortiz and Saulnier, 2005). BG is also a prominent 

polysaccharide of cereals and consists of mixed linked (1->4; 1->3)-β-D-glucan 

(Izydorczyk and Dexter, 2008). Soluble BG increases luminal viscosity in stomach and 

small intestine and in this way delay gastric emptying and impeding the digestion 

processes in the small intestine (Schop et al., 2020). 

Xylanase (Xyn) and β-glucanase (BGn) have been used in feeds for mono-gastric 

animals to degrade AX and BG, reduce luminal viscosity thereby improving nutrient 

digestibility (O'Connell et al., 2005). The objective of the present investigation was to 

study the effect of a carbohydrate complex with activity of Xyn, BG and 

arabinofuanosidase (Abf) on the ileal and total tract digestibility of NSP and nutrients in 

pigs fed cereal based diets varying in structure and solubility of NSP. It was hypothesized 

that the addition of a carbohydrase complex increases the ileal and total tract digestibility 

of NSP and nutrients.  

 

Materials and methods 

Experimental design and diets  

Four cereal based diets: Maize, Wheat, Rye, and wheat and rye mixed diet (WRmix) 

that were provided without and with enzymes were used (Table 1 and Table 2). The Maize 

diet was based on whole grain maize, maize DDGS and maize bran, the Wheat diet on 
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whole grain wheat and wheat bran, the Rye diet on whole grain rye and rye bran, and the 

WRmix diet on a mix of the Wheat and Rye diets. Soybean meal and rape seed meals 

were used as protein sources. The AX content was intended to be kept constant among 

treatments at 120 g/kg but in practices the AX content varied from 110-130 g/kg with the 

proportion of soluble AX varying from 10 to 13%. The chemical composition of the feed 

ingredient is shown in Supplementary materials (Table S1). The whole ingredients (wheat, 

rye, maize, maize DDGS) and soybean meal were milled in a hammer mill to pass a 3 

mm screen. The carbohydrase complex (Rovabio Advance®, Adisseo France S.A.S) 

contains endo-β-1,4-xylanase, α-L-arabinofuranosidase and endo-1,3(4)-β-glucanase 

and was added at a dose of 0.05g/kg, which provide 2010 visco-units of endo-β-1,4-

xylanase, 1180 visco-units of endo-1,3(4)-β-glucanase and 9250 visco-units of α-L-

arabinofuranosidase applied by (Cozannet et al., 2017) as an average in enzyme 

supplemented diets. One unit of the carbohydrase complex is defined as the amount of 

enzyme that hydrolyzes the substrate related with each enzyme to give a change in 

relative fluidity of 1 g of enzyme under the conditions of the assay by decreasing the 

viscosity of the solution (Karboune et al., 2009). Titanium oxide (0.3%) was added as an 

indigestible marker to calculate digestibility.  

Animal experiment 

The experiment was carried out as a 8 × 4 Youden Square design (8 diets and 4 

periods by 2 blocks) using 16 growing pigs (Danish Landrace ×Yorkshire × Duroc; Aarhus 

University, Department of Animal Science, Foulum, Denmark). After 7 days of adaptation 

to the experimental environment, the pigs (initial body weight 33.3 ± 0.8 kg) were 

surgically equipped with a T-cannula approximately 15 cm before the end of small 
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intestine essentially as decribed by (Jørgensen et al., 1992). After 1 week recovery with 

post-surgical prophylactic treatment with antibiotics (Streptocillin® vet., Boehringer 

Ingelheim Danmark A/S) for 3 days and analgesia in the form of Flunixin x 1 for 3 days 

and Buprenorphine x 3 for a minimum of 2 days, the pigs were allocated to individual 

housing in a 3 × 2 m2 pen individually on plastic grids. The temperature in the room was 

maintained around 20°C. The daily ration was divided into 3 equal meals at 07:30, 15:30, 

and 23:30 h. The food intake was recorded on a daily basis and body weight was recorded 

on weekly basis. The pigs had ad libitum access to tap water from drinking nipples. Ileal 

digesta was collected in 60 × 200 mm polyamide autoclave bags (Buch and Holm, Herlev, 

Denmark) fixed to cannula for a total period of 8 hours from 07:30 to 15:30 hour on day 

on 4 and 5 weekly. Faeces samples were collected once weekly between sampling of 

ileal digesta. The collected samples were stored at −20°C until analyses. 

Analytical methods.  

The chemical analyses were performed in duplicate. Dry matter (DM) content of feed 

and freeze-dried samples of ileal digesta, and faeces was determined by drying to 

constant weight at 103˚C (approximately 20 h). Crude ash was analyzed according to 

AOAC (923.03; AOAC, 1990), crude protein (CP; nitrogen ×6.25) by thermal conductivity 

after complete digestion at 1300°C in pure oxygen (LECO CNS-2000, Carbon, Nitrogen, 

and Sulphur Analyzer, St. Joseph, MI, USA) (Hansen, 1989), fat (hydrochloric acid-fat) 

according to the Bligh and Dyer method (Lauridsen and Danielsen, 2004), amino acids 

as described by Mason et al. (1980), phosphorus and calcium as described by Nørgaard 

et al. (2015), titanium dioxide as described by Short et al. (1996) and gross energy on a 

6300 Automatic isoperibol Calorimeter system (Parr Instruments, Moline, IL, USA). Starch 
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was analyzed by the enzymatic-colorimetric method of Bach Knudsen (1997), and total 

NSP and their constituent sugars determined as alditol acetates by gas-liquid 

chromatography for neutral sugars and by colorimetric determination for uronic acids 

using a modification of the Uppsala (Theander et al., 1990) and Englyst procedures 

essentially as described by Bach Knudsen (1997). This method divides total NSP into 

cellulose and soluble and insoluble non-cellulosic polysaccharides (NCP) based on the 

analysis of monomeric constituents. The content of total non-digestible carbohydrates 

(NDC) in ileal digesta was determined by direct acid hydrolysis without starch removal 

and alcohol precipitation and corrected for content of starch as described by Kasprzak et 

al. (2012). Analysis of viscosity was performed with a viscometer (Brookfield Digital 

Viscometer, Model DV2T, Brookfield Engineering laboratories, Inc., Middleboro, MA, 

USA). The diet and digesta samples in tempered tube were centrifuged at 100000 rpm 

for 20 min. The temperature of samples and viscometer were maintained at 40 ℃ using 

water bath which was connected with plate of viscometer through plastic tube. 

Supernatant of samples (0.5 mL – 1.0 mL) was positioned in the viscometer. 

Measurement of Viscosity was based on shear rates with different rpm (4, 8, 16, 32, 64 

and 96). 

Cellulose was determined as the difference of glucose content of NSP when the 

swelling step with 12 M H2SO4 was included (NSPGlucose (12 M H2SO4)) or omitted (NSPGlucose 

(2 M H2SO4)) and calculated as: 

Cellulose = NSPGlucose (12 M H2SO4) – NSPGlucose (2 M H2SO4). 

Total NCP were calculated as: 
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total NCP = glucose + galactose + xylose + arabinose + mannose + rhamnose + fucose 

+ uronic acids. 

And soluble NCP as  

Soluble NCP = total NCP – insoluble NCP 

Total NDC in ileal content was determined as the sum of anhydro-sugars in the direct 

hydrolysis and subtracting starch content from the glucose values obtained, and total AX 

was calculated as:  

Total AX = arabinose + xylose 

The content of arabinoxylan oligosaccharides (AXOS) in ileal digesta was calculated as 

the difference between total AX determined without alcohol precipitation and the content 

of high-molecular weight arabinose and xylose (HMW-AX) determined by alcohol 

precipitation in the NSP procedure. 

Klason lignin was measured as the insoluble residue after hydrolysis with 2 M H2SO4 and 

the content of total DF calculated as: 

Total DF = total NSP + fructans + Klason lignin. 

Calculations and statistical methods.  

Apparent ileal digestibility of organic matter, starch, nitrogen, HCl-fat, amino acids, 

phosphorous, calcium and total NSP and constituent sugars was calculated by the index 

method relative to dietary, ileal and faecal concentrations of titanium dioxide and 

calculated as: 
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Digestibility of X (% of intake) = �1 − TiO2(diet) × X(ileum faeces)⁄
TiO2(ileum faeces⁄ )×X(diet)

� × 100, 

where X = the concentration of each nutrient or energy in ileal digesta or faeces and 

the diet.  

The fermentability of nutrient X was calculated as: 

Fermentability of X (% of intake) = total tract digestibility of X – ileal digestibility of X 

Data were analyzed as a Youden square design and were subjected to an analysis of 

variance with main effects of cereal types and enzyme, and interaction between the cereal 

types and enzyme supplementation using two-way ANOVA: 

Yijr = 𝜇𝜇 + 𝛼𝛼i + 𝛽𝛽j + γk + 𝛼𝛼𝛽𝛽ij + 𝜀𝜀ijk, 

where Y was the measured variable, 𝜇𝜇 was the overall mean, 𝛼𝛼i is the effect of cereal 

types (i = Maize, Rye, Wheat and MixWR), 𝛽𝛽j is the effect of enzyme (j = -/+ carbohydrase 

supplementation), γk is the block effect, 𝛼𝛼𝛽𝛽ij is the interaction between cereal types and 

enzyme supplementation, and 𝜀𝜀ijk was the residual. The data were analyzed as standard 

least squares on the Fit Model platform of JMP version 14. 1. 1 (SAS Inst. Inc., Cary, NC). 

Statistical significance was determined at P <0.05, and P <0.10 was considered as a 

tendency. Means separation was determined using Student T test. 

Results 

Animals  

All pigs were healthy during the experiment and had an average daily weight gain of 

703 g/d. For one pig in the last period, however, the collection of ileal digesta and faeces 
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was lost due to inflammation of the area around the T-cannula. It was therefore necessary 

to euthanize the pig before completion of the study. 

Chemical composition of diets.  

The concentration (% of dry matter (DM)) of ash was almost identical in all diets 

whereas gross energy, HCl-fat and DF, particularly cellulose in the Maize diet were higher 

and starch lower than in the other diets (Table 2). The highest concentration of protein, 

amino acids and soluble AX were found in the Rye diet. The experimental diets were 

designed to contain similar amounts of AX but analysis showed a higher content of AX in 

the Maize diet (13.1 % DM) than in the other diets (10.0 % to 10.6 % of DM). The higher 

AX content of the Maize diet was caused by a higher than expected insoluble AX contents 

of Maize bran (Table S1). Furthermore, the Rye diet and MixWR diets had higher 

concentration of NCPglucose (mostly BG) due to a higher BG content in the Rye diet (Table 

1). The arabinose:xylose ratio (A:X ratio; Figure 1) in the Wheat diet was slightly lower 

than the Maize diet, and the Rye and the MixWR diets were higher than the Maize diet. 

Viscosity of the diets were increased when soluble NCP contents in diets were increased. 

Effect of carbohydrase complex and cereals on ileal digestibility of NSP and 

nutrients  

The apparent ileal digestibility (AID) of nutrients as influenced by cereal type and 

enzyme supplementation is shown in Table 3. The AID of DM, OM, energy, crude protein, 

amino acids, fat, ash, calcium, phosphorus, soluble and insoluble NCP and cellulose was 

not significantly influenced by the enzymes (P > 0.05), but enzyme supplementation 
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induced significantly higher AID of starch and HMW-AX (P = 0.041). For the AID of 

NCPglucose and soluble AX a tendency for an enzyme effect was observed (P < 0.1).  

The AID of DM, energy, calcium, phosphorous, threonine, methionine, fat, starch, 

soluble and insoluble NCP, NCPglucose and soluble and insoluble AX was different between 

diets, whereas there was no interaction between cereal types and enzyme 

supplementation (P > 0.05). 

The types of cereal had a strong influence on the ileal digestibility of nutrients and 

NSP (Table 3). The AID of energy in Maize and Rye diets was lower compared with Wheat 

and MixWR diets (P < 0.01). The AID of calcium was almost similar for the Maize and 

MixWR diets but lower for the Rye and Wheat diets (P < 0.01). Feeding the Maize diet 

resulted in the highest AID of phosphorus, soluble NCP and insoluble AX whereas the 

AID of Rye and MixWR diets were lower, and Wheat diet lowest AID (P < 0.01). The AID 

of threonine, methionine, insoluble NCP and NCPglucose was significantly lower for the 

Maize diet compared with the other (P < 0.01). The Maize diet resulted in a higher AID of 

fat (P < 0.01). The AID of fat of the Maize diet was higher than that of the other diets (P 

< 0.05). The Wheat and MixWR diets had the highest AID of starch, the Maize diet the 

lowest and the AID of Rye in between (P < 0.01). The AID of soluble AX for Rye and 

MixWR diets was higher compared with the Maize and Wheat diets (P < 0.01). 

Non-digestible carbohydrate composition and viscosity of digesta  

The NSP contents and composition in ileal digesta is listed in Table 4. The non-

digestible carbohydrate composition was influenced by the cereal type for total NDC, total 

AX, and HMW-AX (P < 0.05) but with no effect on the ileal contents and viscosity (P > 
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0.05). There was significant enzyme×cereal types interaction for the content of insoluble 

AX in ileal digesta (P < 0.05). Furthermore, type of cereal and enzymes addition tended 

to interact to affect content of total insoluble NSP and HMW-AX (P < 0.1). There was a 

highly significant difference between cereal types for all parameters (P < 0.001) except 

for concentration of AXOS. The concentration of insoluble NSP, cellulose, total NCP and 

its constituent (total AX, insoluble AX and HMW-AX) were highest when pigs were fed the 

Maize diet, lowest when fed the Rye diet and in between for the Wheat diet. The contents 

of soluble NSP and AX, and viscosity for the Rye diet was highest, but Wheat and MixWR 

diets in between, and the Maize diet lowest.  

Apparent total tract digestibility 

The apparent total tract digestibility (ATTD) was not significantly affected for any of 

the parameters by addition of enzyme (P > 0.05), and no interaction was identified 

between cereal type and the enzyme (P > 0.05) (Table 5).  

The cereal type had a significant effect on ATTD for all the measured 

parameters (P < 0.001). The ATTD of DM, OM, energy, protein, NSP, cellulose, NCPglucose 

and AX was lowest in the Maize diet, highest in the Rye diet and with the Wheat diet in 

between. The MixWR had similar or lower values for the ATTD compared with the Rye 

diet. The A:X ratio in faeces from pigs fed the Rye, Wheat and MixWR diets were all 

higher than the ileal values whereas the faecal A:X ratio was lower than the ileal A:X ratio 

for the Maize diet (Figure 1).  

Disappearance of NSP and nutrients in the large intestine  
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The fermentability of nutrients and NSP in the large intestine is presented in Table 6. 

The fermentability of NSP, AX, arabinose and xylose was significantly affected by enzyme 

(P < 0.05), and there was a tendency of interaction between cereal type and enzyme on 

AX and arabinose (P < 0.1).  

For the cereal types, the fermentability of DM, energy, NSP, AX, arabinose and xylose 

was highest for in the Rye diet, lowest for pigs fed the Maize diet and in between for the 

Wheat and MixWR diets (P < 0.001). The fermentability of NCPglucose for the Maize diet 

was lower than of the other diets, whereas the fermentability of cellulose in the Rye diet 

was higher than that of other diets (P < 0.001). 
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DISCUSSION 

There was for most of the nutrient fractions a significant difference between the AID 

of energy and most nutrients (protein, amino acids, starch) which was lower for the Maize 

diet than other diets. The reason is the high DF and AX content caused by high inclusion 

rate of maize bran and DDGS accounted for 45 % of the diet. A plausible explanation for 

the negative impact of DF and AX in maize bran and DDGS on AID is the high degree of 

arabinofuranosyl substitution of AX that negatively influence the release of encapsulated 

nutrients. On the other hand, the AID of fat in the Maize diet is higher than in the other 

diets. This is probably a consequence of the lower content of soluble DF and high 

proportion of the fat in the Maize diet deriving from DDGS, which already in connection 

with the bioethanol production has been enzymatically modified (Pedersen et al., 2014). 

The digestibility of phosphorus and calcium is also higher in the Maize diet than other 

diets caused by higher digestibility of phosphorous and calcium in maize DDGS and bran 

than maize or other cereals (Stein and Shurson, 2008) and that phytase in maize DDGS 

already has been hydrolyzed during ethanol fermentation (Stein, 2006).  

In the Rye diet, the AID of DM, energy and macro nutrients was lower or similar 

compared with the Wheat diet but higher than the Maize diet. This is mostly caused by 

the higher content of soluble DF causing higher digesta viscosity which can reduce the 

ileal digestibility (Święch et al., 2012). The ileal viscosity of the Rye diet was higher than 

of the other diets and overall the ileal viscosity was correlated with the concentrations of 

soluble NCP and AX in ileal digesta. Compared to the difference in extract viscosity 

between the Wheat and the Rye diets, the differences in ileum, however, was leveled out 

because a proportion of insoluble AX in wheat was converted into soluble AX as also 
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found in other studies with wheat (Courtin et al., 2001). Furthermore, even though the A:X 

ratio do not fully explain the degree of substitution and branching of cereal AX, the A:X 

changes from diet to ileum and faeces provide information on the structural changes of 

AX. For all diets, the A:X ratio in ileal digesta was higher than of the diets, supporting the 

view that it is the low substituted AX that are most readily degraded in stomach and small 

intestine. The A:X ratio of the AX in faeces, however, was significantly different with the 

A:X ratio for the Wheat and Rye diets increasing from 0.69-0.75 in ileal digesta to 1.05-

1.08 in faeces and for the Maize diet decreasing from 0.70 in ileal digesta to 0.56 in faeces. 

The reason for the difference is the higher ferulic and coumaric acid cross-linkage of 

maize AX than wheat and rye AX (de Vries et al., 2014; Pedersen et al., 2015; Vangsøe 

et al., 2020b) making the maize AX more resistant for degradation than of wheat and rye 

AX. The lower degradation of the AX from maize than of wheat and rye is the main reason 

for the lower ATTD of NSP, protein and energy of the Maize diet than the other diets. 

The ATTD of DM, energy, NSP, cellulose and AX of the Rye diet was higher than of 

the Wheat diet. The cause for that is the higher content of soluble NSP of the Rye diet 

present in non-lignified tissues and being relatively easy to degrade by the microbiota in 

the large intestine. 

The supplementation with the carbohydrase complex resulted in general in higher 

digestibilities in the small intestine but it was only for the AID of HMW-AX and starch that 

the difference was significant and with a tendency for NCPglucose. The strongest effect of 

enzyme supplementation was found for the wheat diet which corroborate other studies 

showing that the Xyn and Abf effectively degrade wheat AX in vitro (Vangsøe et al., 2020a) 

and in vivo (Sun et al., 2020) whereas the effects were lower both for the Maize diet with 



70 
 

the most complex structure but also for the Rye diet in spite of a relatively high content of 

soluble NSP.  

The lower effect of the carbohydrase supplementation for the Maize than the Wheat 

diet is most likely caused by structural differences of the AX. The general structure of AX 

in cereal is a β-1,4-linked D-xylopyranosyl backbone with varying degree of terminal α-L-

arabinofuranosyl substituents either linked to the O-2 or O-3 position of xylosyl units 

different depending on the type of cereal. Cereal AX with a high proportion of un- 

substituted region compared with mono- and di- substitutions can more easily degraded 

with Xyn and Abf than cereal AX with higher proportions of mono- and di- substitutions 

(Izydorczyk and Biliaderis, 1995). Wheat AX has a higher proportion (approximately 66% 

of unsubstituted xylose backbone) than maize AX (24%) (Saulnier et al., 2007; 

Rumpagaporn et al., 2015). The higher mono- and disubstitution in maize AX give rise to 

a higher degree of arabinofuranosyl substitution in maize AX than wheat (Ordaz-Ortiz and 

Saulnier, 2005) and a more complex substitutions with mono-, di- and tri-ferulic acids in 

maize compared with wheat AX (Malunga and Beta, 2016). The ferulic acid groups forms 

covalent bonds with macro nutrients such as proteins and glucans (Saulnier et al., 2007), 

thus making them less susceptible to degradation with Xyn and Abf. Moreover, AX in 

maize DDGS and bran are even more resistant to enzymatic degradation due to a higher 

degree of substitutions and more complex ferulic acid cross-linkages compared to the 

cell-wall polysaccharides in the aleurone cells (Antoine et al., 2003).  

Although rye AX has an almost similar proportion of substitutions as wheat AX, the 

proportion of mono- and di-substitutions is relatively higher than of wheat AX (Knudsen 

and Lærke, 2010). This is the likely reason why rye AX in spite of a relatively high 
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proportion of soluble DF among cereals (Bach Knudsen, 2014) is more difficult to 

degraded by the carbohydrase complex compared with wheat AX found in the present 

and the study of Lærke et al. (2015) using Xyns from different sources.  

The two main structures concerning the effects of exogenous enzymes on nutrient 

digestibility have been discussed – reduced encapsulation by cell walls structures and 

viscosity reduction, whereas a third mechanism, the prebiotic properties of NSP 

degrading enzymes (carbohydrases), always has been considered as a possibility but 

less well documented (Bedford, 2018). AX and BG are major contributor to digesta 

viscosity in mono-gastric animals (Tiwari et al., 2020) and the target substrates for Xyns 

and BGn (Patience and Petry, 2019). In the present study, the AID of NCPglucose (mostly 

BG) was increased when the carbohydrase was supplemented but overall there was no 

effect of carbohydrate supplementation on digesta viscosity because degraded soluble 

AX is balanced by solubilization of insoluble AX as also found by others (Passos et al., 

2015). Therefore, the effect of the carbohydrate complex was most on solubilizing 

insoluble AX and degrading BG but with only limited effect on digesta viscosity. Further, 

although the AID of the nutrients found in high concentration in the aleurone cells (protein, 

amino acids, phosphorous) (Bach Knudsen and Vangsøe, 2019) were numerically higher 

after carbohydrase complex supplementation, the difference was not significant.  

The ATTD of AX and other macro-nutrients were not significantly affected by the 

carbohydrase complex supplementation and the disappearence of nutrients in the large 

intestine after enzyme treatment is lower than of the non-treated diets showing that the 

carbohydrate complex is moving the digestion aboral but not influencing the total tract 

digestibility. This also demonstrates than the effects on the cell walls that can be obtained 
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by supplementing with Xyn and Abf is lower than what is provided by the microbiota in 

the large intestine. A contributing factor for the lack of effect of carbohydrase complex on 

ATTD could be the use of restricted feeding which causes higher total tract DM and 

energy digestibility when compared with ad libitum feeding in pigs (Chastanet et al., 2007).  

Conclusion 

In conclusion, supplementation of cereal based diets with carbohydrase complex partially 

degrade AX and BG giving rise to a generally higher AID of HMW-AX starch and 

NCPglucose of enzyme supplemented compared with non-enzyme supplemented diets. 

However, it does not lead to improve AID and ATTD of macro-nutrients except for starch 

because of different patterns of arabinofuranosyl substitutions and complex structures 

with ferulic acids particularly in the Maize diet. The AID and ATTD in the Maize diet are 

lower compared with other diets, supporting the view that higher composition of maize 

DDGS and bran in feed may decrease digestibility due to complex structure of AX. The 

AID in the rye diet is higher than wheat diet, but for the total tract the results are opposite 

because the Rye diet has higher soluble NSP content that relatively easily can be 

degraded in the large intestine, releasing nutrients.  

Ethics approval 

Animal experimentation complied with Danish laws and regulations regarding humane 

care and use of animals in research (The Danish Ministry of Justice, Act on Animal 

Experiments no. 474 of 15 May 2014, as stipulated in the executive order no. 12 of 7 

January 2016) and performed according to license obtained for the Danish Animal 

Experiments Inspectorate, Ministry of Food, Agriculture and Fisheries, Danish Food and 

Veterinary Administration, Copenhagen, Denmark.  



73 
 

Data and model availability statement 

   None of the data were deposited in an official repository. 

Author ORCIDs 

Geon Il Lee- ORCID: 0000-0003-0412-2905. 

Helle Nygaard Lærke- ORCID: 0000-0002-0303-0745 

Tina Skau Nielsen- ORCID: 0000-0003-0541-4387 

Knud Erik Bach Knudsen- ORCID: 0000-0001-8345-9236. 

Author contributions 

Geon Il Lee: Investigation, Methodology, Formal analysis, Writing – original draft 

Helle Nygaard Lærke: Conceptualization, Investigation, Writing – review & editing 

Tina Skau Nielsen: Conceptualization, Investigation, Writing – review & editing 

Knud Erik Bach Knudsen: Conceptualization, Investigation, Supervision, Resources, 

Writing – review & editing 

Funding 

This work was supported by Adisseo France Company and Aarhus University.  

Declaration of interest 

     None. 

Acknowledgements 



74 
 

The authors thank Winnie Østergaard and Stina Greis Handberg for great assistance in 

planning and executing the animal experiment and for excellent technical assistance in 

performing the analyses. The authors also thank the staff at the animal facility. 

 

Financial support statement 

This work was supported by Adisseo France Company and Aarhus University.  

 

 



75 
 

References 

Antoine, C., S. Peyron, F. Mabille, C. Lapierre, B. Bouchet, J. Abecassis, and X. Rouau. 2003. 
Individual contribution of grain outer layers and their cell wall structure to the mechanical 
properties of wheat bran. Journal of Agricultural and Food Chemistry 51(7):2026-2033. 
(Article) doi: 10.1021/jf0261598 

Association-of-Official-Analytical-Chemists. 1990. Official methods of analysis.  15th edition 

Bach Knudsen, K. E. 1997. Carbohydrate and lignin contents of plant materials used in animal 
feeding. Animal Feed Science and Technology 67(4):319-338. doi: 
https://doi.org/10.1016/S0377-8401(97)00009-6 

Bach Knudsen, K. E. 2014. Fiber and nonstarch polysaccharide content and variation in common 
crops used in broiler diets. Poultry science 93doi: 10.3382/ps.2014-03902 

Bach Knudsen, K. E., H. N. Lærke, and H. Jøgensen. 2013. Carbohydrates and Carbohydrate 
Utilization in Swine. In: L. I. C. (ed.), editor, Sustainable Swine Nutrition. John Wiley & 
Sons, Inc, Hoboken, NJ, USA. p. 109-137. 

Bach Knudsen, K. E., and C. Vangsøe. 2019. Fibre - how and which structures can be modified 
by enzymes. In: G. González-Ortiz, M. R. Bedford, K. E. Bach Knudsen, C. C.M. and H. 
L. Classen, editors, The value of fibre: Engaging the second brain for animal nutrition. 
Wageningen Academic Publishers, Wageningen. p. 85-98. 

Bedford, M. R. 2018. The evolution and application of enzymes in the animal feed industry: the 
role of data interpretation. British Poultry Science 59(5):486-493. doi: 
10.1080/00071668.2018.1484074 

Chastanet, F., A. A. Pahm, C. Pedersen, and H. H. Stein. 2007. Effect of feeding schedule on 
apparent energy and amino acid digestibility by growing pigs. Animal Feed Science and 
Technology 132(1):94-102. doi: https://doi.org/10.1016/j.anifeedsci.2006.03.012 

Courtin, C. M., G. G. Gelders, and J. A. Delcour. 2001. Use of Two Endoxylanases with Different 
Substrate Selectivity for Understanding Arabinoxylan Functionality in Wheat Flour 
Breadmaking. Cereal Chemistry 78(5):564-571. 
(https://doi.org/10.1094/CCHEM.2001.78.5.564) doi: 
https://doi.org/10.1094/CCHEM.2001.78.5.564 

Cozannet, P., M. T. Kidd, R. Montanhini Neto, and P.-A. Geraert. 2017. Next-generation non-
starch polysaccharide-degrading, multi-carbohydrase complex rich in xylanase and 
arabinofuranosidase to enhance broiler feed digestibility. Poultry Science 96(8):2743-
2750. doi: https://doi.org/10.3382/ps/pex084 

de Vries, S., A. M. Pustjens, C. van Rooijen, M. A. Kabel, W. H. Hendriks, and W. J. Gerrits. 2014. 
Effects of acid extrusion on the degradability of maize distillers dried grain with solubles in 
pigs. J Anim Sci 92(12):5496-5506. doi: 10.2527/jas.2014-7596 

der Poel, A. F. B. v., M. R. Abdollahi, H. Cheng, R. Colovic, L. A. den Hartog, D. Miladinovic, G. 
Page, K. Sijssens, J. F. Smillie, M. Thomas, W. Wang, P. Yu, and W. H. Hendriks. 2020. 
Future directions of animal feed technology research to meet the challenges of a changing 
world. Anim Feed Sci Tech 270:114692. doi: 
https://doi.org/10.1016/j.anifeedsci.2020.114692 



76 
 

Hansen, B. 1989. Determination of Nitrogen as Elementary N, an Alternative to Kjeldahl. Acta 
Agriculturae Scandinavica 39(2):113-118. doi: 10.1080/00015128909438504 

Hemery, Y., X. Rouau, V. Lullien-Pellerin, C. Barron, and J. Abecassis. 2007. Dry processes to 
develop wheat fractions and products with enhanced nutritional quality. Journal of Cereal 
Science 46(3):327-347.  

Izydorczyk, M. S., and C. G. Biliaderis. 1995. Cereal arabinoxylans: advances in structure and 
physicochemical properties. Carbohydrate Polymers 28(1):33-48. doi: 
https://doi.org/10.1016/0144-8617(95)00077-1 

Izydorczyk, M. S., and J. E. Dexter. 2008. Barley β-glucans and arabinoxylans: Molecular 
structure, physicochemical properties and use in food products: A review. Food Research 
International 41:850-868. doi: https://doi.org/10.1016/0144-8617(95)00077-1 

Jaworski, N., H. Lærke, K. Knudsen, and H. Stein. 2015. Carbohydrate composition and in vitro 
digestibility of dry matter and nonstarch polysaccharides in corn, sorghum, and wheat and 
coproducts from these grains. Journal of animal science 93:1103-1113. doi: 
10.2527/jas.2014-8147 

Jha, R., J. M. Fouhse, U. P. Tiwari, L. Li, and B. P. Willing. 2019. Dietary Fiber and Intestinal 
Health of Monogastric Animals.  6(48)(Review) doi: 10.3389/fvets.2019.00048 

Jørgensen, H., K. Jakobsen, and B. Eggum. 1992. The influence of different protein, fat and 
mineral levels on the digestibility of fat and fatty acids measured at the terminal ileum and 
in faeces of growing pigs. Acta Agriculturae Scandinavica Section A - Animal Science 
42:177-184.  

Karboune, S., L. L'Hocine, J. Anthoni, P.-A. Geraert, and S. Kermasha. 2009. Properties of 
Selected Hemicellulases of a Multi-Enzymatic System from Penicillium funiculosum. 
Bioscience, biotechnology, and biochemistry 73:1286-1292. doi: 10.1271/bbb.80808 

Kasprzak, M. M., H. N. Lærke, F. H. Larsen, K. E. B. Knudsen, S. Pedersen, and A. S. Jørgensen. 
2012. Kasprzak, M.M., et al., Correction: Effect of Enzymatic Treatment of Different Starch 
Sources on the in Vitro Rate and Extent of Starch Digestion. Int. J. Mol. Sci. 2012, 13, 
929–942. Int J Mol Sci 13(12):17292-17293. doi: 10.3390/ijms131217292 

Knudsen, K. E. B., and H. N. Lærke. 2010. REVIEW: Rye Arabinoxylans: Molecular Structure, 
Physicochemical Properties and Physiological Effects in the Gastrointestinal Tract. Cereal 
Chemistry 87(4):353-362. (https://doi.org/10.1094/CCHEM-87-4-0353) doi: 
https://doi.org/10.1094/CCHEM-87-4-0353 

Lærke, H. N., S. Arent, S. Dalsgaard, and K. E. Bach Knudsen. 2015. Effect of xylanases on ileal 
viscosity, intestinal fiber modification, and apparent ileal fiber and nutrient digestibility of 
rye and wheat in growing pigs1,2. Journal of Animal Science 93(9):4323-4335. doi: 
10.2527/jas.2015-9096 %J Journal of Animal Science 

Lauridsen, C., and V. Danielsen. 2004. Lactational dietary fat levels and sources influence milk 
composition and performance of sows and their progeny. Livestock Production Science 
91(1):95-105. doi: https://doi.org/10.1016/j.livprodsci.2004.07.014 

Malunga, L. N., and T. Beta. 2016. Isolation and identification of feruloylated arabinoxylan mono- 
and oligosaccharides from undigested and digested maize and wheat. Heliyon 
2(5):e00106. doi: https://doi.org/10.1016/j.heliyon.2016.e00106 



77 
 

Mason, V. C., M. Rudemo, and S. Bech-Andersen. 1980. Hydrolysate preparation for amino acid 
determinations in feed constituents. 6. The influence of phenol and formic acid on the 
recovery of amino acids from oxidized feed proteins. Zeitschrift fur Tierphysiologie, 
Tierernahrung und Futtermittelkunde 43(1):35-48.  

Nørgaard, J. V., J. K. Petersen, D. B. Tørring, H. Jørgensen, and H. N. Lærke. 2015. Chemical 
composition and standardized ileal digestibility of protein and amino acids from blue 
mussel, starfish, and fish silage in pigs. Animal Feed Science and Technology 205:90-97. 
doi: https://doi.org/10.1016/j.anifeedsci.2015.04.005 

O'Connell, J. M., T. Sweeney, J. J. Callan, and J. V. O'Doherty. 2005. The effect of cereal type 
and exogenous enzyme supplementation in pig diets on nutrient digestibility, intestinal 
microflora, volatile fatty acid concentration and manure ammonia emissions from finisher 
pigs. Animal Science 81(3):357-364. doi: 10.1079/ASC42040357 

Ordaz-Ortiz, J. J., and L. Saulnier. 2005. Structural variability of arabinoxylans from wheat flour. 
Comparison of water-extractable and xylanase-extractable arabinoxylans. Journal of 
Cereal Science 42(1):119-125. doi: https://doi.org/10.1016/j.jcs.2005.02.004 

Passos, A. A., I. Park, P. Ferket, E. von Heimendahl, and S. W. Kim. 2015. Effect of dietary 
supplementation of xylanase on apparent ileal digestibility of nutrients, viscosity of digesta, 
and intestinal morphology of growing pigs fed corn and soybean meal based diet. Anim 
Nutr 1(1):19-23. doi: 10.1016/j.aninu.2015.02.006 

Patience, J. F., and A. L. Petry. 2019. Susceptibility of fibre to exogenous carbohydrases and 
impact on performance in swine. In: G. González-Ortiz, M. R. Bedford, K. E. Bach 
Knudsen, C. C.M. and H. L. Classen, editors, The value of fibre: Engaging the second 
brain for animal nutrition. Wageningen Academic Publishers, Wageningen. p. 989-115. 

Pedersen, M. B., M. Bunzel, J. Schäfer, K. E. Knudsen, J. F. Sørensen, S. Yu, and H. N. Lærke. 
2015. Ferulic acid dehydrodimer and dehydrotrimer profiles of distiller's dried grains with 
solubles from different cereal species. J Agric Food Chem 63(7):2006-2012. doi: 
10.1021/jf505150g 

Pedersen, M. B., S. Dalsgaard, K. E. B. Knudsen, S. Yu, and H. N. Lærke. 2014. Compositional 
profile and variation of Distillers Dried Grains with Solubles from various origins with focus 
on non-starch polysaccharides. Animal Feed Science and Technology 197:130-141. doi: 
https://doi.org/10.1016/j.anifeedsci.2014.07.011 

Rumpagaporn, P., B. L. Reuhs, A. Kaur, J. A. Patterson, A. Keshavarzian, and B. R. Hamaker. 
2015. Structural features of soluble cereal arabinoxylan fibers associated with a slow rate 
of in vitro fermentation by human fecal microbiota. Carbohydrate Polymers 130:191-197. 
doi: https://doi.org/10.1016/j.carbpol.2015.04.041 

Saulnier, L., P.-E. Sado, G. Branlard, G. Charmet, and F. Guillon. 2007. Wheat arabinoxylans: 
Exploiting variation in amount and composition to develop enhanced varieties. Journal of 
Cereal Science 46:261-281. doi: 10.1016/j.jcs.2007.06.014 

Schop, M., A. J. M. Jansman, S. de Vries, and W. J. J. Gerrits. 2020. Increased diet viscosity by 
oat β-glucans decreases the passage rate of liquids in the stomach and affects digesta 
physicochemical properties in growing pigs. Animal 14(2):269-276. doi: 
10.1017/s1751731119001824 



78 
 

Short, F. J., P. Gorton, J. Wiseman, and K. N. Boorman. 1996. Determination of titanium dioxide 
added as an inert marker in chicken digestibility studies. Animal Feed Science and 
Technology 59(4):215-221. doi: https://doi.org/10.1016/0377-8401(95)00916-7 

Stein, H. 2006. DDGS: Energy and nutrient content and digestibility. Midwest Swine Nutrition 
Conference  

Stein, H., and G. Shurson. 2008. BOARD-INVITED REVIEW: the use and application of distillers 
dried grains with solubles in swine diets. Journal of animal science 87:1292-1303. doi: 
10.2527/jas.2008-1290 

Sun, H., P. Cozannet, R. Ma, L. Zhang, Y.-K. Huang, A. Preynat, and L.-h. Sun. 2020. Effect of 
concentration of arabinoxylans and a carbohydrase mixture on energy, amino acids and 
nutrients total tract and ileal digestibility in wheat and wheat by-product-based diet for pigs. 
Animal Feed Science and Technology 262:114380. doi: 
https://doi.org/10.1016/j.anifeedsci.2019.114380 

Święch, E., A. Tuśnio, M. Taciak, M. Boryczka, and L. Buraczewska. 2012. The effects of pectin 
and rye on amino acid ileal digestibility, threonine metabolism, nitrogen retention, and 
morphology of the small intestine in young pigs. Journal of Animal and Feed Sciences 
21(1):89-106. doi: 10.22358/jafs/66055/2012 

Theander, O., P. Åman, E. Westerlund, and H. Graham. 1990. The Uppsala Method for Rapid 
Analysis of Total Dietary Fiber. In: I. Furda and C. J. Brine, editors, New Developments in 
Dietary Fiber: Physiological, Physicochemical, and Analytical Aspects. Springer US, 
Boston, MA. p. 273-281. 

Tiwari, U. P., S. A. Fleming, M. S. Abdul Rasheed, R. Jha, and R. N. Dilger. 2020. The role of 
oligosaccharides and polysaccharides of xylan and mannan in gut health of monogastric 
animals. Journal of Nutritional Science 9:e21. doi: 10.1017/jns.2020.14 

Vangsøe, C. T., E. Bonnin, M. Joseph-Aime, L. Saulnier, V. Neugnot-Roux, and K. E. Bach 
Knudsen. 2020a. Improving the digestibility of cereal fractions of wheat, maize, and rice 
by a carbohydrase complex rich in xylanases and arabinofuranosidases: an in vitro 
digestion study. Journal of the Science of Food and Agriculture n/a(n/a)doi: 
10.1002/jsfa.10806 

Vangsøe, C. T., N. P. Nørskov, M. F. Devaux, E. Bonnin, and K. E. Bach Knudsen. 2020b. 
Carbohydrase Complexes Rich in Xylanases and Arabinofuranosidases Affect the 
Autofluorescence Signal and Liberate Phenolic Acids from the Cell Wall Matrix in Wheat, 
Maize, and Rice Bran: An In Vitro Digestion Study. Journal of Agricultural and Food 
Chemistry 68(37):9878-9887. doi: 10.1021/acs.jafc.0c00703 

Vinkx, C. J. A., and J. A. Delcour. 1996. Rye (Secale cerealeL.) Arabinoxylans: A Critical Review. 
Journal of Cereal Science 24(1):1-14. doi: https://doi.org/10.1006/jcrs.1996.0032 

Zhang, W., D. Li, L. Liu, J. Zang, Q. Duan, W. Yang, and L. Zhang. 2013. The effects of dietary 
fiber level on nutrient digestibility in growing pigs. Journal of Animal Science and 
Biotechnology 4(1):17. doi: 10.1186/2049-1891-4-17 

 

  



79 
 

Table 1 
Ingredient composition of the experimental diets (%, as-fed basis) 

Diet Maize Rye Wheat MixWR 

Maize 39.32 ─ ─ ─ 

Wheat ─ ─ 56.51 28.36 

Rye ─ 58.00 ─ 28.90 

Maize bran 19.22 ─ ─ ─ 

Maize DDGS 26.11 ─ ─ ─ 

Rye bran ─ 11.75 ─ 5.88 

Wheat bran ─ ─ 20.41 10.21 

Soy bean meal 8.15 15.62 7.24 11.43 

Rape seed meal ─ 10.00 8.00 9.00 

Soy oil 4.55 3.08 4.64 3.86 

DL methionine 0.03 0.11 0.09 0.10 

L lysine 0.62 0.29 0.55 0.42 

L threonine 0.11 0.08 0.15 0.11 

Tryptophan 0.05 ─ ─ ─ 

CaCO3 0.97 0.00 1.33 0.66 

CaPO3 ─ 0.20 0.20 0.20 

Salt 0.37 0.37 0.37 0.37 

Premix1 0.20 0.20 0.20 0.20 

Titanium oxide 0.30 0.30 0.30 0.30 

1Provided the following quantities of micro-minerals and vitamins per kilogram of complete diet: 
4200 IU vitamin A, 420 IU vitamin D3, 70 mg vitamin E, 2.1 mg vitamin k3, 2.1 mg thiamin, 2.1 
mg riboflavin, 2.1mg niacin, 10.5mg pantohtenic acid, 3.15mg pyridoxine, 0.05mg biotin, 0.02mg 
vitamin B12, 84 mg Fe, 15mg Cu, 80 mg Zn, 42 mg Mn, 0.21 mg iodin, 0.3 mg Se  
  



80 
 

Table 2  
Chemical composition of the experimental diets (MJ/kg or % of dry matter) 
 
Diet Maize Rye Wheat MixWR 

Gross energy, MJ/kg 20.51 19.26 19.37 19.28 

Ash 4.4 4.8 6.5 5.3 

  Calcium 0.52 0.28 0.81 0.54 

  Phosphorus 0.41 0.59 0.62 0.6 

Crude protein 17.7 19.7 17.3 18.1 

  Lysine 1.18 1.27 1.16 1.19 

  Threonine 0.77 0.82 0.72 0.73 

  Methionine 0.33 0.41 0.34 0.37 

  Cysteine 0.3 0.37 0.33 0.34 

HCl-fat 11.5 5.9 7.7 6.7 

Digestible carbohydrates     

  Starch 32.0 39.2 41.3 40.3 

  Sugars 2.6 6.2 4.0 5.4 

Non-digestible carbohydrates     

Total NSP1 23.3 17.6 16.9 17.6 

  Cellulose 5.3 2.5 3.0 2.7 

  NCP2 18.1 (2.9) 15.1 (4.9) 13.9 (2.7) 14.9 (3.9) 

   NCPglucose 1.0 (0.3) 2.4 (0.6) 1.3 (0.3) 1.9 (0.6) 

   Arabinoxylan 13.1 (1.5) 10.0 (3.1) 10.1 (1.6) 10.2 (2.6) 

    Arabinose 5.3 (0.7) 4.2 (1.4) 4.1 (0.8) 4.2 (1.2) 

    Xylose 7.8 (0.7) 5.8 (1.6) 6.0 (0.8) 6.0 (1.4) 

   A:X ratio3 0.68 (1.03) 0.73 (0.87) 0.67 (0.90) 0.70 (0.86) 

Fructans 0.1 1.0 0.6 0.7 

Klason lignin 1.9 2.9 2.9 3.0 

Dietary fibre 25.3 21.4 20.4 21.3 

Viscosity, mPa·s 0.97 2.95 1.10 2.03 

Titanium oxide 0.33 0.33 0.33 0.33 
1NSP, non-starch polysaccharides; 2NCP, non-cellulosic polysaccharides; 3A:X ratio, 
arabinose:xylose ratio.
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Table 3 
Apparent ileal digestibility (%) of dietary constituents in pigs fed maize, rye, wheat and mixWR with (+) and without (-) carbohydrase 
complex 
   Cereals    Enzyme  P-value1 

 Maize Rye Wheat MixWR SEM - + SEM Cereal Enzyme CxE 

Dry matter, % 55.6c 59.1b 62.4a 60.8ab 1.03 58.7 60.4 0.73 0.001 0.113 0.227 

Organic matter, % 58.1c 62.4b 66.1a 64.2ab 0.95 62.0 63.4 0.67 0.001 0.137 0.253 

Energy, % 60.1b 61.1b 64.4a 62.7ab 1.08 61.1 62.9 0.76 0.031 0.110 0.269 

Ash, % 3.0 -4.3 2.0 -2.0 3.70 -3.4 2.7 2.61 0.476 0.104 0.333 

  Calcium, % 56.2a 41.5b 46.2b 51.6a 1.75 48.1 49.7 1.24 0.001 0.361 0.628 

  Phosphorus, % 51.2a 46.7b 41.0c 46.5b 1.33 45.5 47.2 0.94 0.001 0.208 0.266 

Crude protein, % 63.0 68.0 69.1 67.9 1.67 66.1 67.9 1.18 0.073 0.304 0.850 

  Lysine, % 77.6 79.7 81.7 80.0 1.04 79.1 80.4 0.73 0.061 0.207 0.900 

  Threonine, % 57.4b 64.0a 65.0a 63.4a 1.70 61.4 63.5 1.20 0.014 0.242 0.833 

  Methionine, % 77.1b 83.6a 83.3a 83.2a 1.26 81.1 82.5 0.89 0.001 0.267 0.930 

  Cysteine, % 56.5 62.1 65.6 64.5 2.51 60.5 63.8 1.77 0.068 0.192 0.677 

Fat, % 74.1a 65.5b 66.9b 67.0b 1.82 67.6 69.1 1.28 0.010 0.401 0.503 

Starch, % 93.3c 95.6b 98.1a 97.2a 0.43 95.6b 96.5a 0.30 0.001 0.042 0.580 

NSP2, % 3.8 5.8 5.8 7.6 1.99 4.2 7.3 1.40 0.632 0.136 0.273 

Cellulose, % 2.0 -0.9 0.6 1.0 2.65 0.5 0.9 1.87 0.898 0.893 0.091 

  Soluble NCP3, % 23.8a -2.9b -37.9c -0.3b 4.10 -7.5 -1.2 2.90 0.001 0.135 0.682 

  Insoluble NCP, % 9.3b 25.2a 28.7a 26.0a 2.00 7.3 9.5 1.68 0.004 0.361 0.451 
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NCPglucose, % 6.6b 26.7a 27.1a 33.1a 2.84 20.7 26.1 2.01 0.001 0.069 0.509 

Total AX4, % -2.5 -5.1 -1.0 -0.9 2.25 -4.2 -0.6 1.60 0.514 0.116 0.579 

  Soluble AX, % 39.5a -1.9b -51.4c 1.2b 4.90 -7.5 1.2 3.47 0.001 0.211 0.349 

  Insoluble AX, % 0.9b 4.7b 16.0a 7.4b 2.46 5.7 8.8 1.74 0.001 0.083 0.836 
  HMW-AX5, % 5.4 2.7 5.4 5.9 1.97 2.8c 6.9a 1.39 0.650 0.044 0.211 

a-c Within a row, values with different superscripts differ (P < 0.05); 1Cereal, main effects of cereal types; Enzyme, main effects of 
carbohydrase complex; CxE, interaction between cereal types and carbohydrase complex; 2NSP, non-starch polysaccharides.; 3NCP, 
non-cellulosic polysaccharides; 4AX, arabinoxylan; 5HMW-AX, high molecular weight arabinoxylan. 
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Table 4  
Constituents of non-digestible carbohydrates in ileal digesta (% of DM) of pigs fed maize, rye, wheat and mixWR with (+) and without 
(-) carbohydrase complex 
   Cereals    Enzyme  P-value1 

 Maize Rye Wheat MixWR SEM - + SEM Cereal Enzyme CxE 

Total NDC2, % 53.3a 43.1b 43.1b 42.1b 1.18 45.4 45.9 0.84 0.001 0.706 0.846 

Soluble NSP3, % 5.0c 12.3a 9.9b 10.0b 0.42 9.4 9.2 0.29 0.001 0.623 0.915 

Insoluble NSP, % 46.3a 29.3c 32.5b 31.2bc 0.70 34.6 35.1 0.50 0.001 0.391 0.095 

Cellulose, % 11.8a 6.0d 8.0b 6.8c 0.19 8.0 8.3 0.14 0.001 0.093 0.202 

NCPglucose
4, % 2.1d 4.3a 2.6c 3.3b 0.11 3.1 3.0 0.08 0.001 0.359 0.850 

Total AX5, % 30.3a 25.1c 26.9b 25.3bc 0.63 26.9 26.9 0.44 0.001 0.976 0.637 

Insoluble AX, % 26.3a 16.1d 19.1b 17.8c 0.40 19.7 19.9 0.28 0.001 0.685 0.034 

Soluble AX, % 2.1c 7.6a 6.4b 6.5b 0.27 5.8 5.5 0.19 0.001 0.408 0.872 

HMW-AX6, % 28.3a 23.7c 25.5b 24.3bc 0.48 25.5 25.4 0.34 0.001 0.846 0.076 

AXOS7, % 2.0 1.5 1.6 1.0 0.37 1.4 1.6 0.26 0.372 0.524 0.192 

Viscosity, mPa·s 1.16c 1.82a 1.34bc 1.46b 0.08 1.41 1.48 0.05 0.001 0.468 0.644 

a-c Within a row, values with different superscripts differ (P < 0.05); 1Cereal, main effects of cereal types; Enzyme, main effects of 
carbohydrase complex; CxE, interaction between cereal types and carbohydrase complex; 2NDC, non-digestible carbohydrates; 3NSP, 
non-starch polysaccharides; 4NCP, non-cellulosic polysaccharides; 5AX, arabinoxylan; 6HMW-AX, high molecular weight arabinoxylan; 
7AXOS, arabinoxylan oligosaccharides. 
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Table 5  
Apparent total tract digestibility (%) of energy, organic matter, protein and non-starch polysaccharides, and AX ratio in faeces of pigs 
fed maize, rye, wheat and mixWR with (+) and without (-) carbohydrase complex 
   Cereals    Enzyme  P-value1 

 Maize Rye Wheat MixWR SEM - + SEM Cereal Enzyme CxE 

Dry matter, % 69.4c 81.2a 78.8b 80.2a 0.44 77.4 77.5 0.30 0.001 0.808 0.580 

Organic matter, % 70.3c 83.1a 81.1b 82.1ab 0.43 79.1 79.2 0.31 0.001 0.780 0.638 

Energy, % 71.0c 80.2a 78.0b 79.0ab 0.52 76.9 77.2 0.37 0.001 0.605 0.671 

Ash, % 49.6a 46.0b 41.4c 45.6b 0.82 45.8 45.6 0.58 0.001 0.799 0.515 

Protein, % 73.6b 78.5a 79.8a 78.9a 0.90 77.5 78.0 0.64 0.001 0.562 0.971 

NSP2, % 23.1d 66.0a 54.1c 59.4b 1.26 50.9 50.3 0.88 0.001 0.643 0.542 

Cellulose, % 19.5c 41.8a 20.8c 26.8b 1.90 28.7 25.8 1.34 0.001 0.133 0.203 

NCPglucose
3, % 31.0b 81.0a 76.3a 80.1a 2.85 66.9 67.2 2.01 0.001 0.928 0.872 

Total AX4, % 17.4c 67.9a 60.1b 63.1b 1.66 52.2 52.1 0.82 0.001 0.920 0.509 

a-c Within a row, values with different superscripts differ (P < 0.05); 1Cereal, main effects of cereal types; Enzyme, main effects of 
carbohydrase complex; CxE, interaction between cereal types and carbohydrase complex. 2NSP, non-starch polysaccharides; 3NCP, 
non-cellulosic polysaccharides; 4AX, arabinoxylan. 
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Table 6  
Disappearance (%) of energy, organic matter, protein and non-starch polysaccharides in the large intestine of pigs fed maize, rye, 
wheat and mix WR with (+) and without (-) carbohydrase complex 
 Cereals 

 
Enzyme  P-value1 

 Maize Rye Wheat MixWR SEM  - + SEM  Cereal Enzyme CxE 
Dry matter, % 13.7c 22.1a 16.4bc 19.1b 1.05  18.7 17.0 0.74  0.001 0.103 0.506 
Organic 
matter, % 12.1c 20.7a 15.0b 17.5b 0.98  17.1 15.6 0.69  0.001 0.132 0.605 

Energy, % 11.1c 19.2a 13.6bc 16.1b 1.09  15.8 14.1 0.77  0.001 0.134 0.529 
Ash, % 46.6 50.4 39.5 39.5 3.71  49.2 42.9 2.61  0.185 0.107 0.380 
Protein, % 10.6 10.6 10.8 11.0 1.77  11.4 10.1 1.25  0.998 0.493 0.886 
NSP2, % 19.3c 60.2a 48.3b 50.4b 2.15  46.7a 43.9b 1.52  0.001 0.049 0.339 
Cellulose, % 17.9b 42.7a 20.2b 23.4b 2.84  28.2 23.7 2.01  0.001 0.116 0.484 
NCPglucose

3, % 24.4b 54.2a 49.2a 45.7a 4.27  46.2 41.1 2.77  0.001 0.155 0.971 
Total AX4, % 12.0c 65.3a 54.7b 56.0b 2.08  49.4a 44.6b 1.47  0.001 0.025 0.099 
  Arabinose 21.8c 58.8a 44.7b 47.5b 1.92  45.2a 41.2b 1.35  0.001 0.045 0.068 
  Xylose 5.4c 70.0a 61.5b 62.0b 2.29  52.4a 48.0b 1.62  0.001 0.021 0.121 

a-c Within a row, values with different superscripts differ (P < 0.05); 1Cereal, main effects of cereal types; Enzyme, main effects of 
carbohydrase complex; CxE, interaction between cereal types and carbohydrase complex. 2NSP, non-starch polysaccharides; 3NCP, 
non-cellulosic polysaccharides; 4AX, arabinoxylan. 
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Figure 1. Arabinose:xylose ratio according to cereal type (A), and A:X ratio with or without the carbohydrase supplementation (B). 
a,b,Within a row, values with different superscripts differ (P < 0.05).

(A) (B) 



87 
 

 

Figure 2. Relation between viscosity in ileal digesta and soluble AX, and soluble NCP.
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Table S1. Chemical composition of experimental ingredients       

   Maize    Rye    Wheat    Protein concentrate 
 WG1 Bran DDGS2 WG1 Bran WG1 Bran SBM3 RSM4 

Dry matter 87.62 89.8 86.86 86.91 88.97 85.98 90.66 87.83 89.33 
Ash 1.2 0.8 5.2 1.7 4.9 1.6 5.1 6.8 7.6 
Protein (Nx6.25) 8.5 6.9 32.5 9.2 15.2 11.8 17.1 54.6 42.4 
Fat (HCl-fat)          
Sugars 2.2 1.6 1.0 8.1 7.2 4.3 5.3 5.9 8.1 
Starch 71.3 21.9 1.9 65.3 20.7 70.5 22.9 5.3 0.9 
NSP5          
  Cellulose 1.8 13.4 7.5 1.4 4.2 1.7 6.6 3.2 6.6 
  NCP6 5.8 44.6 21.6 12.8 35.9 9.5 31.3 12.2 14.6 
  NCPglucose 0.4 1.6 2.0 2.5 6.8 1.2 3.4 0.3 0.7 
  Arabinoxylan 4.3 36.1 14.5 9.0 26.2 7.4 25.4 4.1 7.3 
   Arabinose 1.8 13.2 6.5 3.6 9.4 2.7 9.4 2.6 5.4 
   Xylose 2.4 22.9 8.1 5.3 16.8 4.7 16.0 1.5 1.9 
  A:X7 ratio 0.76 0.58 0.80 0.67 0.56 0.58 0.59 1.79 2.83 
Total NSP 7.6 58.0 29.0 14.2 40.1 11.1 37.9 15.4 21.2 
Fructans 0.0 0.0 0.0 0.0 2.3 0.0 1.5 - - 
Klason lignin 3.2 2.5 4.5 1.5 6.1 1.0 6.7 1.7 9.2 
Dietary fibre 10.7 60.4 33.5 15.7 46.2 12.1 44.6 17.1 30.3 

1WG, whole grain; 2DDGS, distillers dried grains with solubles; 3SBM, soybean meal; 4RSM, rape seed meal; 5NSP, non-starch 

polysaccharides; 6NCP, non-cellulosic polysaccharides; 7A:X, arabinose:xylose. 
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Abstract  

The co-products from industry are used to reduce costs in pig diet. However, the co-

products use in pig diet is limited because of high fibre content which is not digested by 

endogenous enzymes and resistant to degradation in the small and large intestines. The 

aim of this study was to investigate digestibility of nutrients and energy, and energy 

utilization in pigs fed diets with various soluble and insoluble dietary fibre (DF) from co-

products. The experiment was performed as a 4 × 4 Latin square design (4 diets and 4 

periods) using 4 growing pigs (66.2 ± 7.8 kg) surgically fitted with a T-cannula in the end 

of small intestine. The pigs were fed four experimental diets: low fibre control (LF), high 

fibre control (HF), high soluble fibre (HFS) and high insoluble fibre (HFI) diets. The 

apparent ileal digestibility (AID) and apparent total tract digestibility (ATTD) of ash, 

organic matter (OM), CP, fat, carbohydrates, starch and non-starch polysaccharides 

(NSP) divided into cellulose and soluble and insoluble non-cellulosic polysaccharide 

residues (NCP) were measured using chromic oxide as marker. The recovery of total 

solid materials, OM and total carbohydrates in ileal digesta in pigs fed the HF and HFS 

diets was higher than in pigs fed LF and HFI, whereas recovery of OM and total 

carbohydrates in faecal materials in the HFS diet was lowest (P < 0.05). AID of OM, total 

carbohydrates and starch was lowest for diet HFS (P < 0.05). ATTD of OM and CP was 

higher for diet LF compared with other diets (P < 0.05), whereas total NSP, cellulose and 

non-cellulosic polysaccharides residues was highest for diet HFS (P < 0.05). Lactic acid 

in ileal digesta was influenced by dietary composition (P < 0.05) whereas neither type nor 

level of DF affected short chain fatty acids (SCFA). The digestible energy (DE), 

metabolizable energy (ME), net energy (NE) and retained energy (RE) intake were similar 
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among diets without influence of DF inclusion (P > 0.05). The ME:DE ratio was lower 

when feeding diet HFS because of higher fermentative methane loss. Faecal nitrogen (N) 

and carbon (C) were positively correlated with DM intake and insoluble DF in diets (P < 

0.05) but N and C (% of intake) were similar among diets. The present findings suggest 

that high DF co-products can be used as ingredients of pig diet when features of DF are 

considered. 

 

Keywords: High fibre, Carbohydrate, Energy metabolism, Non-starch polysaccharides, 

Fermentation 

 

Implications 

There is a growing interest in the use of high fibre feedstuffs as a way to reduce feed cost 

in the swine industry and to make the swine industry more enviromentally-friendly by 

utilising co-products. Cereals and co-products are main sources of dietary fibre, and their 

effects on digestibility and nutrients utilization in pigs varies according to fibre sources. 

Soluble fibre in pig diet causes higher viscosity in digesta, thereby impair digestion of 

nutrients. Insoluble fibre is constraint for feed utilization because of difficulties in 

degradation. Dietary fibre has negative effects on nutrients utilization but can be used in 

diets for pigs provided accounts for differences in energy content is made. 

Introduction 



92 
 

Although technology and knowledge in the field of animal nutrition has matured to a 

considerable extent over the past few decades, the knowledge of dietary fibre (DF) is still 

insufficient mainly because of the diversity of this dietary component. For the nutrition of 

mono-gastric animals, DF is considered an anti-nutritional factor, which limits the 

inclusion rate due to low nutrient digestibility and energy utilization (Lindberg, 2014). 

Feeding strategies, however, have changed towards sustainable animal nutrition and in 

accordance with this, diverse high-DF co-products from the food and bio-fuel industry 

such as sugar beet pulp, potato pulp, dried distillers grains with solubles (DDGS) and 

different brans are increasingly being used in diets for animals (Pedersen et al., 2014). 

The recent increase in the use of high DF ingredients in animal feeding is partly due to 

lower prices than of concentrated feeds and possible prebiotic effects in the hindgut. 

However, the impact of DF on energy and nutrients utilization of the feed is variable 

depending on level, type, physicochemical properties of DF.  Thus, proper evaluation is 

necessary for practical application to use DF ingredients.  

In the present study, we investigated if co-products deriving from the vegetable food 

and agro industries can be used in diets for growing pigs to replace concentrated feed 

ingredient like wheat. We hypothesized that replacing wheat by co-products high in 

soluble DF or insoluble DF to variable extents will influence digestion and fermentation 

patterns in the gastrointestinal tract but to have similar energy utilization and retention 

when proper adjustments in feed intake is taken (Serena et al., 2008), thereby 

contributing to recycle waste from food and agro industries. The main objective of the 

present study was to investigate digestibility of carbohydrates, composition of undigested 

OM at the end of small intestine, and energy and nutrients utilization in growing pigs fed 
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diets with variable soluble and insoluble DF and physicochemical properties from co-

products from the food and agro industries. The co-products used were: barley hulls, 

sugar beet pulp, potato pulp, pectin residues, seed residue, pea hulls and brewers spent 

grain. Sugar beet pulp, potato pulp and pectin residues were used as sources of soluble 

DF and seed residue, pea hulls, brewers spent grain, and barley hulls as sources of 

insoluble DF (Serena and Bach Knudsen, 2007).   

Materials and methods 

Diets 

The pigs were fed four experimental diets: low fibre control diet (LF) and high fibre control 

diet (HF), high-fibre soluble diet (HFS) or high-fibre insoluble diet (HFI) with different 

proportion of feed ingredients (Table 1 and Table 2) and formulated to meet the 

requirements in the Danish minimum recommendations for essential nutrients 

(Jørgensen and Tybirk, 2005), i.e. ileal digestible lysine per unit of physiological energy 

expressed as Feed Unit of growing pigs (FUgp) (Tybirk et al., 2005). The LF diet was 

based on wheat and soybean meal (SBM) and the HF diet was based on barley, barley 

hull and SBM. The major ingredients of the HFS diet were identical to the LF diet, but 

sugar beet pulp (SBP), potato pulp, pectin residue and SBM were replacing wheat to 

increase the soluble DF content. In the HFI diet, seed residue, pea hull, brewer spent 

grain and SBM replaced wheat in the diet to increase the insoluble DF content. Wet 

coproducts (brewers spent grain, pectin residue, potato pulp, SBP) were dried before 

being used (Serena and Bach Knudsen, 2007). The whole ingredients were milled to pass 
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through a 2-mm screen. An indigestible marker (chromic oxide 0.2%) was added to 

calculate AID and ATTD.  

Animal Experiment 

This experiment was carried out as a 4 × 4 Latin Square design (4 diets and 4 periods) 

using 4 castrated growing pigs (initial body weight of 66.2 ± 7.8 kg; Danish Landrace 

×Yorkshire × Duroc; Aarhus University, Department of Animal Science, Foulum, 

Denmark). The pigs were allowed 7 days of adaptation to the experimental environment. 

After 12 hours of fasting, T-cannula was surgically inserted into the ileum, 15 cm anterior 

to the ileal-cecal junction, to collect ileal digesta. After surgery, the pigs had a recovery 

and adaptation period for 14 days to prevent infection of surgical site. Room temperature 

was around 20 °C. The pigs received three equal meals on a daily basis (7:30, 15:30 and 

23:30 hours), and water was freely available from a nipple drinker in the pen. The daily 

feed allowance was recorded and the pigs weighed every week. On d10-11 or d12-13, 

the pigs were placed for 48 h in metabolic cages in the respiration chamber to estimate 

gas exchange using two open-air circuit respiration chambers as described by Jørgensen 

et al. (2011).  The volume of the outgoing air from the chambers was measured 

continuously from the differential pressure over both sides of an orifice (Hartmann & 

Braun, Frankfurt, Germany). Heat production (HP) was estimated from calculations of gas 

exchange. The climate in the respiration chambers was kept constant, and a 12-h (0600 

to 1800 h) light-dark cycle was maintained. Ambient temperature (around 20°C) and 

relative humidity (55%) in the respiration chambers were kept constant to maintain similar 

climate in the pens. On d15, the pigs were moved to metabolic cages of stainless steel 
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for collection of faeces and urine. Faeces and urine were collected daily for three 

subsequent days (d15-17), weighted, and stored at – 20 °C until analysis. Urine was 

collected in bottles with added 5 % sulphuric acid to prevent volatilization of NH3. Faeces 

and urine were pooled per pig per period. On day 18, the pigs were returned to their pens, 

and on d20-21. The digesta from the ileum was collected in a plastic bag fastened to the 

barrel of the cannula from 0730 to 1530 hour two times a week after collection of faeces. 

The plastic bags were emptied every hour (or as needed) and were replaced to new bag 

to collect the samples continuously. The digesta was collected directly into the bucket, 

which was immediately put in the freezer and kept at (-20°C until analysis). Digesta 

samples for determination of viscosity and water binding capacity was taken on d20 at 

10:00 and 13:00. 

Analytical Methods and Calculations 

The chemical analyses were performed in duplicate. Dry matter (DM) in feed, ileal digesta, 

and faeces was determined by drying at 103˚C for 20 hours. Crude ash was analyzed 

according to AOAC (1990), CP (N ×6.25) determined by the Kjeldahl method (Reference 

No. 978.02) (AOAC, 1990) using a Kjeltec 1035 autoanalyser (Foss Tecator A/B, 

Höganäs, Sweden), fat was acid hydrolyzed, extracted with diethyl ether and analyzed by 

the method of Stoldt (1952). Gross energy (GE) was analyzed by a LECO AC 300 

automated calorimeter system 789 - 500 (LECO, St Joseph, MI, USA), carbon as 

described by Neergaard et al. (1969) and short chain fatty acids (SCFA) and lactic acids 

were measured by GLC as described by Jensen et al. (1995). Starch was analyzed using 

an enzymatic colorimetric method (Bach Knudsen, 1997) and sugars (glucose, fructose 
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and sucrose) and fructans according to Bengtsson and Larsson (1983). NSP and their 

constituent sugars were analyzed by the enzymatic-chemical-gravimetric methods as 

described by Bach Knudsen (1997). Klason lignin was the residue left after hydrolysis of 

insoluble fraction by 2 mol/L of H2SO4 (Theander and Aaman, 1979). The viscosity and 

water-binding capacity (WBC) of the diets and digesta were determined following the 

procedure described by (Serena and Bach Knudsen, 2007). 

Total carbohydrate (CHO) was calculated as: 

Total CHO = starch + NSP+ sugar + fructan 

total non-cellulosic polysaccharides (NCP) as: 

Total NCP = glucose + galactose + xylose + arabinose + rhamnose + mannose + fucose 

+ uronic acids, and 

cellulose as: 

Cellulose = NSPGlucose (12 M H2SO4) – NSPGlucose (2 M H2SO4) 

Cellulose in its native form is resistant to hydrolysis with 2 M H2SO4, thereby the 

difference between swelling or not with 12 M H2SO4 followed by hydrolysis with 2 M H2SO4 

can be used to estimate cellulose.  

The content of total dietary fibre (DF) was calculated as: 

DF = total NCP + cellulose + fructan + Klason lignin. 

Calculations and Statistical Methods 

The AID and ATTD of OM, starch, nitrogen, HCl-fat, and total NSP and constituent sugars 

was calculated by the index method relative to dietary, ileal and faecal concentrations of 
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chromic oxide (Schurch et al., 1950). The quantitative flow of nutrient X at the ileum and 

excretion in faeces were calculated as: 

Flow of X (g/d) = intake of X (g/d) × (100 − digestibility of X)/100 

The energy contents and heat production were calculated as described by Brouwer 

(1965). The heat production (HE) was estimated directly based on the consumption of O2, 

the production of CO2 and CH4 from measurements in the respiratory chamber and 

corrected for urine nitrogen (UN).  

HERQ, KJ = 16.181 O2 (ℓ) + 5.023 CO2 (ℓ) – 2.168 CH4 (ℓ) – 5.989 UN (g), 

or indirectly from the carbon and nitrogen balance (CN) assuming that all energy is 

retained in the body as protein or fat. The nitrogen balance (N-balance) was measured 

as: 

N-balance (g/d) = N in feed – (N in faeces + N in urine), 

The carbon balance (C-balance) as: 

C-balance (g/d) = C in feed – (C in faeces + C in urine + C in CO2 + C in CH4), 

and HECN as: 

HECN = metabolizable energy – retained energy 

 

Metabolizable energy (ME), net energy (NE), retained energy (RE) and maintenance 

energy were calculated as: 

ME = DE - energy in urine – energy in CH4 and H2, 

RE = ME – HE (average of HERQ and HECN), 

Maintenance energy= 336 BW0.75, 

NE = RE + maintenance, 
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Where BW is body weight in kg. 

Data were analyzed as a Latin square design and were subjected to an analysis of 

variance with main effect of fibre types using one-way ANOVA: 

Yijk = 𝜇𝜇 + pi + 𝛼𝛼j + dk + 𝜀𝜀ijk, 

where Yijk was the measured dependent variable, 𝜇𝜇 was the overall mean, pi  is effect of 

period 𝛼𝛼j is the effect of animal, dk is effect of fibre types (i = low and high fibres, and 

insoluble and soluble fibres), and 𝜀𝜀ijk was the residual component. The data were 

analyzed as standard least squares on the Fit Model platform of JMP version 14. 1. 1 

(SAS Inst. Inc., Cary, NC). Statistical significance was determined at P < 0.05, and trends 

are considered for 0.05 ≤ P < 0.10. Means separation was determined using Student 

Turkey’s HSD test. 

Results 

Chemical Composition of Diets 

The experimental diets were designed to provide a variable amount of DF in the form of 

soluble and insoluble DF. The LF diet was formulated to represent commercial pig feed 

using common ingredients, whereas the high fibre diets: the HF, HFS and HFI diets were 

formulated to provide higher DF contents compared with the LF diet and similar amount 

of DF level among the high fibre diets. The higher DF content in the high fibre diets was 

reflected in the composition of the DF; all high DF diets were higher in Klason lignin and 

cellulose and for the NCP residues xylose and glucose for diet HF, xylose and uronic 

acids for diet HFI and galactose and uronic acids for diets HFS reflecting the composition 

of the fibre rich ingredients (Supplementary Table S1). The differences in DF levels and 
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types were also reflected in the physicochemical properties, viscosity and water-binding 

capacity that was highest for diet HFS. The concentration of total carbohydrates and 

starch were lower in HFS diet as compared with the other diets (Table 2). This difference 

was caused by SBP, SBM and pectin residue having a low amount of starch (Table S1).  

Recovery of Nutrients in Ileal Digesta 

Total ileal materials in HFS and HF diets were greater (P < 0.05) compared with LF and 

HFI diets when pigs were fed these diets, but there was no significant difference on 

nitrogen content in ileal materials (Table 3). The biggest contributor to higher ileal 

materials in HFS and HF diets was the total carbohydrates contents, comprising 487-599 

g/kg of total ileal materials. Although there was no significant difference in viscosity of 

digesta (P > 0.05), water-binding capacity of digesta materials when feeding diets LF and 

HF were lower compared with HFS and HFI diets (P < 0.05). In the large intestine, 80-

90 % of the water content at ileum was absorbed. Faecal excretion, organic matter and 

total carbohydrates in HF and HFI are greater when compared with LF and HFS diets, 

whereas for LF diet, fat content was higher 

 Apparent ileal and total tract digestibility 

The level and types of DF had a great influence on AID and ATTD (Table 4). The HFS 

diet had the lowest values for the AID of ash, OM, fat, carbohydrates, starch, cellulose, 

NSP and NCP sugars (arabinose, xylose and glucose; P < 0.05), whereas the AID of ash, 

OM, fat and carbohydrates except for NSP, cellulose and NCP sugars on LF diet was 
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higher than high-DF diets. The AID of ash, OM and carbohydrates of HF and HFI was in 

between the LF and HFS diets.  

The ATTD of NSP, cellulose NCP, arabinose, galactose and uronic acid were highest 

for the HFS diet compared with other diets (P < 0.05). The LF diet had the highest ATTD 

of OM, CP, xylose and mannose, and the HF and HFI diets the lowest and lower ATTD 

of OM, CP, carbohydrates, cellulose, NCP, and NCP sugars (xylose, galactose and uronic 

acids) than other two diets (P < 0.05). The HFS diet had higher ATTD of cellulose and 

the NCP sugars arabinose, galactose, and uronic acids, than the other diets (P < 0.05). 

Short chain fatty acid (SCFA) concentration 

As shown in Table 5, no differences were noted in SCFA concentrations in ileal digesta 

and faeces (P > 0.05), whereas the lactic acid concentration varied significantly (LF > HF 

> HFI > HFS) in ileal digesta (P < 0.05). Numerically, the HFS and HFI diets, however, 

were higher in SCFA, lactic, acetic and butyric acids (P > 0.05). 

Energy Utilization of Growing Pigs 

The pigs were planned to be fed different amounts of feed to provide the same amount 

of RE per day, which resulted in greater DM and GE intake when feeding the HF and HFI 

diets compared with the LF and HFS diets (Table 6; P < 0.05). Faecal energy was almost 

similar for the HF and HFI but lower for the LF and HFS diets (P < 0.05). The DE, ME, 

NE and RE intake showed only a tendency (P < 0.1) and there was no significant 

difference in urine, methane (CH4), hydrogen and heat production (HP) energy (P > 0.05). 
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Methane energy of the HFS diet was numerically but not significantly higher than the other 

diets. 

Nitrogen and Carbon Utilization of Growing Pigs 

Nitrogen and carbon utilization in growing pigs is presented in Table 7. The pigs were fed 

the LF diet had the lowest values for faecal N and C, whereas the HF and HFI diets were 

highest, and the HFS diet positioned in between the HFI and LF diets (P < 0.05). The C 

intake was lowest when pigs were fed the LF and HFS diets, highest when fed the HF 

diet and in between for the HFI diet (P < 0.05).  

Discussion 

In the current study we investigated how co-products deriving from the food and agro 

industries can be used in growing pigs. It was clear from the investigation that the DF 

level, composition and physicochemical properties of the experimental diets influenced 

the wet and dry digesta flow at ileum and excretion in faeces, nutrient digestibility but with 

no influence on the energy digestibility and utilization when proper adjustments are made 

in feed intake according to calculated energy content of the diet and metabolic body 

weight. In this way our study demonstrates that growing pigs can be used in a circular 

food system to convert vegetable co-products into valuable products (Van Zanten et al., 

2019). 

The AID of the nutrients is negatively influenced by DF because of the lack of 

endogenous enzymes in small intestine to cleave these bonding’s (Bach Knudsen et al., 

2012). Soluble DF, because of its interaction with digestive enzymes, may in some 
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situations have a stronger negative influence on the ileal digestibility than insoluble DF. 

This was also found in the present study where the AID of OM, ash, and carbohydrates 

was lower for the HFS diet than the other diets, fat lower than the HF and HFI diets and 

starch lower than the LF and the HFI diets. The digestibility of fat is particularly sensitive 

to a high viscosity and although the ileal viscosity is not different between diets the two 

diets with the highest dietary viscosity, diets HFS and LF, are also the diets with the lowest 

AID of fat. The AID of fructan and soluble NSP is higher than of total NSP primarily 

because the soluble components are easier to degrade by microbiota than the insoluble 

components. The AID of NCP and its residues were in general higher than of cellulose 

but there were also indications of segregation between the DF components and the 

marker giving rise to an overestimation of the AID of the DF components at the ileal level 

(Zhang and Adeola, 2017). This was particularly seen by the AID of the HFI diet being 

significantly higher than of LF and HFS diets and with diet HF in between.  

The ATTD of OM across diets are reflecting DF level and composition as seen in other 

studies (Jørgensen et al., 1997). The ATTD is particularly influenced by the degree of 

lignification of the cell walls. Thus, most of the soluble DF is degraded and fermented by 

the microbiota in caecum and proximal colon, whereas insoluble DF are fermented at 

more distal locations. Notwithstanding gradual fermentation of insoluble DF in colon, the 

ATTD of total carbohydrates, NSP and NCP of the HF and HFI diets was lower compared 

with the LF and HFS. Because of the complex structure and cross linkages to phenolic 

compound, insoluble DF are more resistant to microbial fermentation than soluble DF. 

These aspects are reflected in the degradation of the NSP sugar residues. For instance, 

NCP xylose and arabinose in diets LF and HF are markers for arabinoxylan and the lower 
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ATTD of NCP xylose in diet HF than diet LF is caused by the arabinoxylan from the 

lignified cell walls in barley hull (Jensen et al., 1998). Likewise, the NCP glucose in HF is 

primarily representing barley β-glucan which is known to be easily degraded already in 

the caecum (Bach Knudsen et al., 1993). The higher ATTD of NCP galactose and uronic 

acids and to some extent arabinose in the HFS diet than in the other diets is a reflection 

of the presence of pectin polysaccharides in sugar beet pulp, potato pulp and pectin 

residue which under most circumstances are relatively easily degradable (Serena et al., 

2008). 

The concentration of lactic acid in ileal digesta was influenced by the dietary 

composition and was lowest for diet HFS. Diet HFS is the diet with the lowest starch 

content and potentially, the starch concentration could play a role because lactic acid 

producing bacteria utilize starch (Tiwari et al., 2019). On the other hand, the SCFAs 

concentration in small intestine were not significantly affected by the type of DF because 

of low bacterial activity in small intestine (Duarte and Kim, 2022). Although, the higher 

level of DF may increase the microbial activity leading to increased production and 

concentration of SCFAs in the large intestine (Jha et al., 2019), we did not find any 

significant difference in the concentration of lactic acid and SCFAs in faeces.  

In general, high DF feedstuffs are lower in DE, ME, NE and RE values compared with 

low DF diet. In this experiment, the pigs were fed different amounts of DM based on 

metabolic body weight, to provide similar amount of NE irrespective of DF level and types. 

However, the ME:DE ratio was lower when feeding the HFS diet than when feeding other 

diets due to the higher fermentation of DF in the large intestine and thereby higher 

methane energy loss; the latter account for 1.2% of DE which is comparable to findings 
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of Noblet and Henry. (1993) on sows but higher than found in general for growing finishing 

pig of 0.4-0.5 % of DE (Noblet and Henry, 1993; Jørgensen et al., 2011).The ME:DE ratio 

is also negatively related with CP content in mixed diet (Noblet and Henry, 1993). A 

contricuting factor for the lowest ME:DE ratio for diet HFS with higher SBM inclusion than 

the other diets is a reflection of the higher CP content for diet HFS than other diets, 

contributing to a higher urinary energy loss and thereby lower ME:DE ratio. The RE:ME 

was not influenced by the diets, which is in contrast to the finding of Jørgensen et al. 

(1996). However, in the later study there was a much larger difference in DF level between 

low DF (59 g/kg) and high DF (268 g/kg). In the present study, the difference between 

low and high DF diets was lower, and HP (RQ and CN methods) were not influenced by 

the diets supporting our hypothesis that the DF rich co-products can be included in mixed 

diets to replace concentrated feeds, wheat, still maintaining the  RE:ME ratio.  

    As expected from the results of the digestibility and energy metabolism, faecal N and 

C when feeding high DF diets were greater than when feeding the LF diet. As discussed 

before, this is because of a larger proportion of N and C in HF and HFI diets are present 

as insoluble DF being less fermented than the DF in HFS and the lower amount in diet 

LF. A contributing factor can be increased endogenous nitrogen loss and higher bacterial 

fermentation of the high DF diets contributing to increase faecal N. Furthermore, the C 

intake when feeding LF and HFS diets was lower than when feeding diets HF and HFI. 

However, neither total N nor urinary N loss were influenced by the dietary composition in 

spite of the potential influence of CP in diet (Agyekum and Nyachoti, 2017) or 

redistribution of N from faeces to urine caused by DF fermentation (Mpendulo et al., 2018). 
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Moreover, there was no significant difference in N and C balance between diets, probably 

because level and type of DF applied were not sufficient to influence N and C utilization.  

Conclusions 

Feeding the high DF diets increased the ileal flow of OM and reduced the digestibility of 

nutrients relative to diet LF to a larger extent for diet HFS than the other high DF diets. In 

the large intestine, the non-digested carbohydrates when feeding diet HFS were 

fermented to a larger extent than for the other diets resulting in higher ATTD of total 

carbohydrate and NSP and lower faecal energy excretion whereas there was no influence 

on the energy utilization. We also found that nitrogen and C retention as percentage of 

intake were similar among diets despite higher faecal N and C excretion for the high DF 

diets compared to diet LF. Therefore, the inclusion of high DF ingredients from the food 

and agro industries in mixed diets for growing pig is possible and can thereby contribute 

to a more circular food system.  
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Table 1  

Ingredients composition of the experimental diets 
  

  Diet1 

Item LF HF HFS HFI 

Ingredients, % as-fed basis     

 Wheat 74.2 - 49.1 61.6 

   Soybean meal, toasted 19.9 17.8 27.6 12.0 

   Barley - 67.1 - - 

 Barley hulls - 10.0 - - 

   Brewers spent grain - - - 7.0 

   Pea hulls - - - 7.0 

   Seed residue (residue of ryegrass) - - - 7.0 

   Pectin residue - - 6.0 - 

   Potato pulp - - 6.0 - 

   Sugar beet pulp - - 6.0 - 

 Soy oil 2.0 2.0 2.0 2.0 

 Lysine 0.9 0.5 0.3 1.0 

 Methionine 0.3 0.1 0.2 0.2 

 Threonine 0.3 0.1 0.3 0.4 

 CaPO3 0.8 0.8 0.8 0.8 

 CaCO3 0.9 0.9 0.9 0.3 

 NaCl 0.4 0.4 0.4 0.4 

 Chromic oxide 0.2 0.2 0.2 0.2 

 Vitamin and mineral premix2 0.2 0.2 0.2 0.2 

Calculated nutritional composition     

NE (FUgp), MJ/kg DM 9.86 (1.28) 8.32 (1.08) 9.54 (1.24) 8.47 (1.10) 

Ileal digestible lysine, g/FUgp 7.8 8.0 7.8 7.8 

Ileal digestible methionine, g/FUgp 2.9 2.5 2.7 2.5 
1 LF, low fibre diet; HF, high fibre diet; HFS, high soluble diet; HFI, high insoluble diet.  
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2 Provided the following quantities of vitamins and minerals per kilogram of complete diet: 4,400 IU vitamin 

A, 1,000 IU vitamin D3, 60 mg alpha-tocopherol, 2.2 mg menadione, 2.2 mg thiamin, 4 mg riboflavin, 3.3 

mg pyridoxine, 11 mg D-pantothenic acid, 22 mg niacin, 0.055 mg biotin, 0.022 mg vitamin B12, 50 mg 

Fe as FeSO4∙7H2O, 80 mg Zn as ZnO, 27.7 mg Mn as MnO, 20 mg Cu as CuSO4∙5H2O, 0.2 mg I as KI, 

and 0.3 mg Se as Na2SeO3. 
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Table 2  

Chemical composition and physicochemical properties of the experimental diets (MJ/kg, % of 

diet or % of DM) 

  Diet1 

Item LF HF HFS HFI 

Chemical composition, % of DM unless otherwise indicated 

GE, MJ/kg 18.33 18.70 18.55 18.81 

DM, % of diet 90.85 91.38 90.98 91.55 

OM 93.71 94.17 93.02 94.95 

Ash 6.20 5.80 6.90 5.00 

CP (N × 6.25) 19.00 17.20 20.90 16.60 

Fat 5.00 5.40 5.00 5.20 

Total carbohydrates 66.77 68.72 62.65 69.29 

Sugars 3.30 2.89 3.64 2.57 

Starch 48.39 44.8 33.42 41.84 

Total NSP2 13.79 (4.11) 20.57 (5.05) 24.69 (7.84) 23.85 (4.63) 

Cellulose 2.65 5.25 7.88 8.50 

NCP3 11.14 (4.11) 15.32 (5.05) 16.97 (7.84) 15.36 (4.63) 

Arabinose 2.91 (0.94) 3.03 (0.59) 3.79 (1.48) 3.59 (1.05) 

Xylose 3.83 (1.01) 5.21 (0.31) 3.26 (0.49) 6.12 (0.92) 

Mannose 0.33 (0.14) 0.41 (0.13) 0.77 (0.15) 0.32 (0.10) 

Galactose 1.56 (0.83) 1.41 (0.70) 3.46 (2.06) 1.44 (0.75) 

Glucose 1.20 (0.46) 3.90 (2.63) 1.41 (0.53) 1.71 (0.59) 

Uronic acid 1.14 (0.63) 1.17 (0.60) 3.88 (2.91) 1.96 (1.12) 

Fructans 1.44 0.77 1.08 1.29 

A:X ratio 0.76 0.58 1.16 0.59 

Total non-digestible CHO 15.19 21.34 25.77 25.14 

Klason lignin 2.79 4.75 4.36 4.79 

Dietary fibre 18.02 26.09 30.28 29.93 

Chromic oxide 0.24 0.21 0.23 0.20 

Physicochemical properties     
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Viscosity, mPa·s, 1.35 1.29 1.43 1.19 

WBC4, kg/kg of DM 1.80 2.09 3.18 2.10 
1 LF, low fibre diet; HF, high fibre diet; HFS, high soluble diet; HFI, high insoluble diet.  
2 NSP, non-starch polysaccharides. 
3 NCP, non-cellulosic polysaccharides. 
4 Water-binding capacity.   
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Table 3  

The quantity and chemical composition of ileal digesta and faeces of pigs fed the 

experimental diets 

  Diet1   

Item LF HF HFS HFI SEM P-value 

Ileal digesta       

Total wet materials, g/d 8074b 9387ab 10782a 8686b 561 0.030 

Total solid, g/d 625c 875a 871a 720b 29 0.001 

Total solid, g/kg wet material 78b 93a 81b 84ab 3 0.040 

Ash, g/d 101b 117ab 134a 102b 7 0.020 

Organic matter, g/d 524c 761a 740a 622b 25 0.001 

Total carbohydrates, g/d 304c 503a 521a 418b 27 0.001 

Total carbohydrates, g/kg 

solid 
487b 573a 599a 582a 24 0.020 

Nitrogen x 6.25, g/d 100 125 119 108 8 0.210 

Nitrogen x 6.25, g/kg solid 160 143 136 149 7 0.190 

Fat, g/d 51 60 59 56 4 0.420 

Fat, g/kg solid 8 6.8 6.8 7.8 9 0.380 

Organic acids, g/d 36 34.6 26.1 28.3 5 0.410 

Organic acids, g/kg solid 56a 40ab 30b 39b 6 0.040 

Residue, g/d 33 38 14 11 19 0.680 

Physicochemical properties       

WBC2, kg/kg of DM 3.30b 3.43b 3.97ab 4.53a 0.30 0.043 

Viscosity, mPa·s 1.69 1.49 1.77 1.95 0.20 0.210 

Faeces       

Total wet materials, g/d 980 1608 1248 1601 164 0.050 

Total solid, g/d 259c 459a 336bc 402ab 26 0.001 

Total solid, g/kg wet material 280 291 278 251 24 0.700 

Ash, g/d 53 68 63 57 4 0.060 

Organic matter, g/d 206b 393a 274b 348a 24 0.001 

Total carbohydrates, g/d 92a 226b 125a 212b 20 0.001 
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Total carbohydrates, g/kg 

solid 
356b 492a 370b 517a 26 0.001 

Nitrogen x 6.25, g/d 57.1 90.4 82.6 86.5 9 0.100 

Nitrogen x 6.25, g/kg solid 219 195 244 217 19 0.370 

Fat, g/d 35.0b 45.9a 36.6ab 42.4a 2 0.030 

Fat, g/kg solid 136a 100b 109b 106b 4 0.001 

Organic acids, g/d 7.5 13.9 12.9 16.7 2 0.090 

Organic acids, g/kg solid 28.5 29.8 38 41 5 0.230 

Residue, g/d 14.4 16.5 16.9 -9.2 11 0.290 
1 LF, low fibre diet; HF, high fibre diet; HFS, high soluble diet; HFI, high insoluble diet.  
2 Water-binding capacity. 
 a-c Within a row, values with different superscripts differ (P < 0.05). 
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Table 4  

Apparent ileal and total tract digestibility of dietary constituents in pigs fed experimental 

diets 

  Diet1   

Item LF HF HFS HFI SEM P-value 

Ileal digestibility       

Ash 16a 14ab 0b 5ab 3 0.032 

Organic matter 71a 65b 57c 68ab 1 0.001 

CP 72 69 70 70 1 0.417 

Fat 47ab 53a 38b 49a 2 0.008 

Total carbohydrates 76a 69b 56c 71ab 1 0.001 

Starch 95a 91b 91b 97a 0 0.001 

Fructans 87 93 70 78 4 0.206 

Soluble NSP 8 29 13 27 8 0.257 

Total NSP2 4b 17ab 4b 25a 3 0.005 

Cellulose -25c 1ab -14bc 18a 4 0.001 

Arabinose 11b 15b 12b 28a 2 0.011 

Xylose 4b 10b 0b 24a 3 0.006 

Mannose 36 30 29 35 2 0.274 

Galactose 22 23 29 33 3 0.059 

Glucose 25b 55a 19b 47a 3 0.001 

Uronic acid 3 -10 10 26 1 0.369 

Total tract digestibility       

Ash 56 50 53 47 2 0.084 

Organic matter 88a 82b 84b 82b 0 0.001 

CP 84a 77b 79b 76b 1 0.052 

Fat 64 64 61 62 1 0.581 

Total carbohydrates 93a 86b 90a 86b 0 0.001 

Starch 99 99 99 99 0 0.681 

Total NSP 65ab 53c 73a 59bc 2 0.001 

Cellulose 36bc 24c 63a 47ab 4 0.001 



118 
 

NCP3 72ab 63b 79a 66b 2 0.002 

Arabinose 59b 59b 74a 62b 1 0.001 

Xylose 68a 36c 63ab 57b 2 0.001 

Mannose 84a 81a 75b 77b 1 0.001 

Galactose 87b 82c 91a 81c 1 0.001 

Glucose 83b 93a 76c 80bc 1 0.001 

Uronic acid 72bc 68c 89a 77b 1 0.001 
1 LF, low fibre diet; HF, high fibre diet; HFS, high soluble diet; HFI, high insoluble diet. 
2 NSP, non-starch polysaccharides. 
3 NCP, non-cellulosic polysaccharides. 
 a-c Within a row, values with different superscripts differ (P < 0.05). 
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Table 5  

Content of SCFA in ileal digesta and faeces in growing pigs fed experimental diets 

(mmol/kg digesta) 

  Diet1   

Item LF HF HFS HFI SEM P-value 

Ileal digesta       

Formic acid 16.02 18.63 17.21 15.15 2.04 0.682 

Lactic acid 31.53a 24.13ab 9.85b 21.17ab 4.04 0.035 

Acetic acid 22.85 22.69 24.43 19.97 1.63 0.179 

Propionic acid 0.73 0.82 0.17 0.74 0.31 0.563 

Butyric acid 1.15 1.05 0.99 0.95 0.15 0.836 

Total SCFA 24.70 23.15 25.58 21.65 2.12 0.301 

Faeces       

Lactic acid 0.78 0.00 0.73 1.96 0.77 0.202 

Acetic acid 67.22 63.21 82.08 86.84 8.43 0.223 

Propionic acid 23.27 31.22 28.03 29.73 3.84 0.422 

Butyric acid 12.43 16.46 21.76 19.62 3.64 0.449 

Isovaleric acid 2.22 1.87 2.34 2.18 0.34 0.800 

Valeric acid 2.61 3.65 3.28 2.97 0.61 0.491 

Capronic acid 0.20 0.41 0.59 1.00 0.23 0.430 

Total SCFA 111.58 119.98 142.65 145.73 16.03 0.415 

 1 LF, low fibre diet; HF, high fibre diet; HFS, high soluble diet; HFI, high insoluble diet. 
 a-c Within a row, values with different superscripts differ (P < 0.05). 
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Table 6  

Energy metabolism of growing pigs fed experimental diets 

  Diet1   

Item2 LF HF HFS HFI SEM P-value 

Average BW, kg 92.05 91.15 87.08 88.40 - - 

DM intake, kg/d 1.86b 2.28a 1.87b 2.03a 0.07 0.025 

GE intake, MJ/d 34.96b 42.68a 34.59b 38.15ab 1.24 0.017 

Faecal energy, MJ/d 4.96c 8.91a 6.50b 7.91a 0.34 0.001 

DE intake, MJ/d 30.00 33.77 28.09 30.24 1.02 0.075 

Urine energy, MJ/d 0.83 0.81 0.89 0.61 0.09 0.187 

CH4 energy, MJ/d 0.25 0.22 0.35 0.21 0.05 0.161 

H2 energy, MJ/d 0.001 0.026 0.007 0.017 0.01 0.067 

ME intake, MJ/d 28.92 32.72 26.84 29.41 1.04 0.067 

HPRQ, MJ/d 16.56 17.79 16.07 16.01 0.57 0.482 

HPCN, MJ/d 17.22 19.15 17.59 16.84 1.26 0.684 

RE, MJ/d 12.08 14.31 10.05 13.03 0.80 0.054 

Maintenance, MJ/d 9.94 9.85 9.53 9.67 0.10 0.662 

NE intake, MJ/d 21.74 23.88 19.59 22.71 0.82 0.056 

ME:DE 0.96ab 0.97a 0.96b 0.97a 0.01 0.049 

RE:ME 0.40 0.41 0.34 0.43 0.04 0.344 
1 LF, low fibre diet; HF, high fibre diet; HFS, high soluble diet; HFI, high insoluble diet.  
2 HP, heat production; GE, gross energy; DE, digestible energy; ME, metabolizable energy; RE, retained 

energy; NE, net energy MJ per day.  

a-c Within a row, values with different superscripts differ (P < 0.05) 
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Table 7  

Nitrogen and carbon utilization of growing pigs fed experimental diet. 

  Diet1   

Item LF HF HFS HFI SEM p-value 

Nitrogen utilization       

N intake, g/d 58.06 62.72 62.32 53.97 1.88 0.058 

Faecal N, g/d 9.14b 14.12a 12.81ab 13.16a 0.55 0.005 

Urinary N, g/d 19.62 18.97 21.04 13.56 2.27 0.187 

N losses, g/d 28.76 33.09 33.85 26.72 2.25 0.149 

N balance 29.30 29.64 28.48 27.26 3.59 0.984 

N retained, % of intake 50.47 47.25 45.60 50.22 4.93 0.816 

Carbon utilization       

C intake, g/d 831.82b 1004.78a 813.18b 899.04ab 29.24 0.020 

Faecal C, g/d 112.75b 208.83a 151.56ab 191.25a 11.75 0.006 

Urinary C, g/d 21.69 21.94 24.03 17.20 1.93 0.158 

CO2 C, g/d 457.41 498.14 443.71 435.10 24.59 0.634 

CH4 C, g/d 3.35 2.93 4.78 2.82 0.70 0.161 

C losses, g/d 595.19 731.84 627.08 646.37 34.44 0.127 

C balance 236.63 272.94 189.10 252.67 20.41 0.124 

C retained, % of intake 28.45 27.16 23.25 28.59 2.56 0.388 
1 LF, low fibre diet; HF, high fibre diet; HFS, high soluble diet; HFI, high insoluble diet. 
 a-c Within a row, values with different superscripts differ (P < 0.05). 
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LAY SUMMARY 

Swine dysentery is severe disease that can cause increased mortality and poor feed efficiency with 

bloody diarrhea. This disease can be treated with antibiotics, but there is limitation of using 

antibiotic due to governmental policy, thereby incidence of swine dysentery has been increased. 

We therefore try to find alternatives with diverse fiber sources and understand mechanism of swine 

dysentery in growing pigs. In this study, infection of Brachyspira hyodysenteriae showed a 

negative influence on growth performance, but compensatory growth and recovery was observed 

in pigs after 6 weeks of the infection. The ileal digestibility was not affected by the infection and 

digestibility of non-starch polysaccharide in cecum was rather increased than decreased probably 

because of interaction between Brachyspira hyodysenteriae and specific bacteria which can 

stimulate fiber degradation in cecum. However, fiber type and level did not influence to prevention 

and alleviation of the infection. 

 

Teaser text: Influence of swine dysentery on growth performance, and digestibility of nutrients 

and fiber in growing pigs. 
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ABSTRACT:  Research on effects of different fiber types and levels on infection with 

Brachyspira hyodysenteriae on growth performance and nutrients digestibility in pigs is scarce. 

The objective of the current study was to investigate the effects of infection with B. hyodysenteriae 

when feeding diets varying in soluble and insoluble dietary fiber (DF) on the expression of swine 

dysentery, growth performance and nutrients digestibility. A total of 96 growing pigs (26.9 ± 2.5kg) 

were used for the experiment and divided into 6 blocks. The growing pigs were fed one of four 

diets for 12 weeks: Low fiber (LF), high fiber (HF), high soluble fiber (HS) and high insoluble 

fiber (HI). After two weeks, half of the pigs were inoculated with B. hyodysenteriae via gastric 

gavage. Half of the pigs in each group were euthanized at week 6 for measurement of the 

digestibility at ileum, cecum, colon and total tract. The remaining pigs were maintained to observe 

and analyze clinical expression of faecal score and excretion of B. hyodysenteriae, growth 

performance and total tract digestibility up to 12 weeks. In the current study, the experimental diets 

did not influence the expression of infection in the pigs. In week 5, the most severe clinical 

expression including faecal score were observed. The body weight (BW) and average daily gain 

(ADG) were in line with the results of clinical expression from week 4 to 6. However, the ADG 

of the infected pigs started to recover from week 6 (P < 0.05), and then rebounded from week 8 to 

12 showing compensatory growth (P < 0.05). The infection with B. hyodysenteriae did not impair 

ileal digestibility (P > 0.05), whereas the digestibility of organic matter (OM), total non-starch 

polysaccharide (NSP), non-cellulosic polysaccharide (NCP) and cellulose in cecum of the infected 

pigs was higher compared with non-infected pigs (P < 0.05). The colonic digestibility of ash and 

nitrogen was higher in non-infected pigs than in infected pigs (P < 0.05). The pigs fed the LF diet 

had a higher digestibility in all segment of the intestinal tract, whereas the HS diet had the lowest 

digestibility at ileum but higher or similar to the LF diet in cecum, colon and the total tract (P < 
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0.05). The pigs fed the HF and HI diets, with high proportion of insoluble fiber, had a lower 

digestibility in the hindgut compared with the other two diets (P < 0.05).  

 

Key words:  dietary fiber, digestibility, growth performance, pigs, physicochemical property, 

swine dysentery 
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Abbreviations 

B. hyodysenteriae, Brachyspira hyodysenteriae,  

DF, dietary fiber 

LF, low fiber 

HF, high fiber 

HS, high soluble fiber 

HI, high insoluble fiber 

BW, body weight 

ADG, average daily gain 

OM, organic matter 

NSP, non-starch polysaccharide 

NCP, non-cellulosic polysaccharide 

WBC, water binding capacity 
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INTRODUCTION 

Enteric bacterial infections are among the most common and economically significant 

diseases affecting swine production worldwide. Swine dysentery is caused by the anaerobic 

spirochete Brachyspira hyodysenteriae (B. hyodysenteriae). It is an infection of the large intestine 

and affects mainly growing pigs. Affected pigs show muco-haemorrhagic diarrhea often with 

fibrin clots and/or specks of blood.  

Swine dysentery is known to be influenced by dietary composition and several studies 

conducted during the past two decades have focused on the effect of dietary fiber (DF) on the 

incidence of swine dysentery. A number of studies have shown that feeding a diet low in 

fermentable carbohydrates protects against swine dysentery in an experimental challenge model 

(Pluske et al., 1996; Pluske et al., 1998; Durmic et al., 2002; Thomsen et al., 2007) whereas diets 

containing insoluble DF increase the incidence of swine dysentery (Wilberts et al., 2014). However, 

other researchers have not been able to reproduce these results (Lindecrona et al., 2003) and 

recently it was shown that a diet supplemented with highly fermentable carbohydrates offered 

complete protection against swine dysentery (Helm et al., 2021). The consequences of swine 

dysentery are increased mortality, decreased rate of growth, and poor feed efficiency during the 

outbreak of the disease. The effect of intestinal infection on the ileal and/or total tract digestibility 

of nutrients including fermentation of DF has to our knowledge never been investigated. Therefore, 

it remains to be elucidated whether physiological or microbial factors are affected and causes 

changes in digestibility or whether poor feed conversion is due to overestimation of the feed intake 

caused by feed spillage.  

In the present study the effect of four experimental diets differing in amount and 

composition of DF on experimental B. hyodysenteriae challenge was investigated. It was 
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hypothesized that a diet high in soluble DF would protect against swine dysentery. Furthermore, 

the digestibility of nutrients at the terminal ileum and the total tract were evaluated four weeks 

after experimental challenge. We did not expect the digestibility at the terminal ileum to be affected 

by the infection whereas we anticipated that the total tract digestibility would be affected due to 

the perturbation of the microflora caused by the infection.  

 

MATERIALS AND METHODS 

 The protocol used in this experiment complied with the guidelines of the Danish Ministry of 

Justice concerning animal experimentation and care of experimental animals. 

 

Diets and feeding 

 Four diets were formulated; a low fiber (LF) control diet based on wheat, a high fiber (HF) 

control diets based on barley and barley hulls, and two experimental high fiber diets; high fiber 

soluble (HS) and high fiber insoluble (HI) with the same amount of DF as the HF diet but different 

proportion between soluble and insoluble DF (Table 1 and 2). The diets HS and HI were based on 

wheat and with increased amount of DF from different co-products (residues from the industrial 

production of: potato pulp, KMC, Kartoffelmelcentralen Amba, Brande, Denmark; sugar beet pulp, 

Danisco Sugar A/S, Assens, Denmark; pectin residue, CPKelco Aps, Lille Skensved, Denmark; 

brewer’s spent grain, Carlsberg A/S, Fredericia delivered by Agro-korn A/S, Videbæk, Denmark; 

pea hull, Prodana Seeds A/S, Odense, Denmark and seed residues, DLF Trifolium A/S, Roskilde, 

Denmark). Wet co-products – sugar beet pulp, potato pulp, pectin residue and brewer’s spent grain 

- were all dried to dry-matter content above 87.5 %. Chromic oxide (2 g/kg diet) was included in 

the diets as a marker for the determination of digestibility. The diets were cold pelleted at feed mill 
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at Aarhus University, Foulum and did not contain any antimicrobials. The pigs were fed 

restrictively according to BW. The amount of feed was adjusted according to the BW of the non-

challenged pigs every week. Feed residues were recorded daily. Feed residues of the non-

challenged pigs were weighed. Due to extensive spillage of feed, the feed intake of the challenged 

pigs could not be calculated. Water was available ad libitum. The pigs were adapted to the 

experimental diets for two weeks prior to B. hyodysenteriae challenge. 

 

Animals and housing 

A total of 96 pigs (Landrace/Yorkshire/Duroc, 26.9 ± 2.5kg), half females and half castrates, 

were included in the experiment. The pigs were obtained from the specific pathogen free swine 

herd at Aarhus University, Foulum and the absence of B. hyodysenteriae was confirmed by 

analyses of faecal samples when the pigs were included in the experiment. The pigs were divided 

into six blocks with 16 pigs in each block. Within each block, the pigs were originating from four 

litters (4 pigs/litter). Pigs from the same litter were allocated to the same dietary treatment group. 

Half of the pigs (on female and one castrate from each litter), which were planned to be challenged 

with B. hyodysenteriae, were placed in a separate barn in the intensive care unit at the Department 

of Animal Science, Aarhus University, Foulum in order to prevent spreading of disease. The other 

half of the pigs was housed in the pig barn unit at the Department of Animal Science, Aarhus 

University, Foulum. The pigs were housed pair-wise.  

 

Experimental challenge and monitoring of infection 

 The B. hyodysenteriae strain used for inoculation was a Danish field isolate from a herd with 

clinical swine dysentery. The spirochaete was grown in a pre-reduced anaerobic medium 
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consisting of trypticase soya broth (BBL, Cockeysville, USA) supplemented with 0-1 % cysteine, 

0.001 % resazurin, 0.2 % glucose, and 5 % foetal bovine serum. The broth culture was incubated 

on a rocking platform at 37°C for 24 h in an anaerobic chamber. On three consecutive days at week 

2, pigs were inoculated with 50 ml of broth culture containing approximately 109 colony-forming 

units per ml of B. hyodysenteriae according to Lindecrona et al. (2003). The inoculum was given 

intragastrically by a stomach tube. The pigs were fasted for 12 h before and 2 h after inoculation.  

After inoculation, the pigs were observed daily with evaluation of general health and 

appetite and for signs of swine dysentery. Consistency scoring of faecal samples was done daily 

(normal, loose, watery/mucoid diarrhea, or bloody diarrhea). Watery/mucoid diarrhea or bloody 

diarrhea, and faecal excretion of B. hyodysenteriae were considered as clinical signs of swine 

dysentery. Faecal samples were collected on week 4, 5, 6 and 12 of the experiment and cultured 

for the presence of B. hyodysenteriae as described by Møller et al. (1998). The pigs were weighed 

every second week throughout the experimental period to determine the growth rate of challenged 

and control animals in the feeding groups. An overview of the experimental design and analyses 

is presented in Fig 1. 

 

Sample collection 

 Half of the pigs were euthanized 4 weeks after the experimental challenge (week 6 from the 

start of the experiment) to investigate the effect of the infection and the experimental diets on the 

digestibility of nutrients. Three days prior to the euthanization at week 6 faecal samples were 

collected from the pigs that were planned to be euthanized. The samples were pooled within pig. 

The pigs were killed by bolt pistol followed by exsanguinations 3 hours after the morning meal. 

The digesta of each segment were collected after euthanasia to estimate digestibility. Wet samples 
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for determination of chromic oxide in intestinal contents and faeces were stored at -20°C while 

samples for the estimation of digestibility of organic matter, nutrients and non-starch 

polysaccharides (NSP) components were freeze dried. Faecal samples were collected for three 

days in week 12 from the remaining pigs. The samples were pooled within pig and treated as 

described above.  

 

Chemical analysis 

 All freeze-dried samples and the feed samples were milled through a 0.5 mm mesh screen 

(Cyclotec 1093 Sample mill, Foss Tecator, Hoeganaes, Sweden) before analysis. The DM was 

determined by freeze drying followed by drying at 105ºC for 20 h, and ash was determined by 

combustion at 525 °C for 6 h (Association-of-Official-Analytical-Chemists, 1990). Protein (N x 

6.25) was determined as elementary N (Hansen, 1989). Fat was extracted with diethyl ether after 

acid hydrolysis (Stoldt, 1952). Starch were determined by enzymatic-colorimetric assays (Bach 

Knudsen, 1997; McCleary and Monaghan, 2002). Fructan was determined by an enzymatic-

colorimetric method modified as previously described (Larsson and Bengtsson, 1983; Hindrichsen 

et al., 2004). Neutral NSP and constituent sugars were analysed as alditol acetates by gas 

chromatography and uronic acids by colorimetry (Bach Knudsen, 1997). Klason lignin was 

measured gravimetrically as the residue resistant to 2 M H2SO4 (Theander and Aaman, 1979) 

Chromic oxide was measured using the method of Schurch et al. (1950). The water binding 

capacity (WBC) and viscosity in diets and digesta were determined following the methods 

described by Serena et al. (2008). 

 

Calculation and statistical analysis 
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Apparent ileal, caecal, colonic and faecal digestibility of nutrients were calculated by the 

marker index method relative to dietary, ileal and faecal concentrations of chromic oxide and 

calculated as: 

Digestibility of X (of intake) = [1 - (Cr2O3 diet × X digesta/faeces) / (Cr2O3 digesta/faeces × X diet)] × 100 

where X = the concentration of each nutrient or energy in intestinal digesta or faeces and the diet. 

Faecal excretion of B. hyodysenteriae and faecal score data were subjected to an analysis of 

variance with diets as the main effect. 

Yij = 𝜇𝜇 + 𝛼𝛼i + 𝜀𝜀ij, 

where Yij was the measured dependent variable, 𝜇𝜇 was the overall mean, 𝛼𝛼i is the effect of the diets 

and 𝜀𝜀ij was the residual errors. 

Growth performance and digestibility in ileum, cecum and colon data were subjected to an 

analysis of variance with main effects of B. hyodysenteriae infection, the diets and interaction 

between them using two-way ANOVA: 

Yij = 𝜇𝜇 + 𝛼𝛼i + 𝛽𝛽j + 𝛼𝛼𝛽𝛽ij + 𝜀𝜀ij, 

where Yij was the measured dependent variable, 𝜇𝜇 was the overall mean, 𝛼𝛼i is the effect of the diets, 

𝛽𝛽j is the effect of B. hyodysenteriae (inoculation), 𝛼𝛼𝛽𝛽ij is the interaction between the diets and B. 

hyodysenteriae. 𝜀𝜀ij represents residual errors. 

Total tract digestibility was subjected to an analysis of variance with main effects of the 

diets, B. hyodysenteriae infection, period (week) and the interactions among them using three-way 

ANOVA: 

Yijk = 𝜇𝜇 + 𝛼𝛼i + 𝛽𝛽j + γk + 𝛼𝛼𝛽𝛽ij + 𝛼𝛼γik + 𝛽𝛽γjk + 𝛼𝛼𝛽𝛽γijk + 𝜀𝜀ijk 

where Yijk was dependent variable, 𝜇𝜇 was the overall mean, 𝛼𝛼i is the effect of the diets, 𝛽𝛽j is the 

effect of B. hyodysenteriae (inoculation) and γk\ is the effect of week (period). The effects of 
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interaction were indicated by 𝛼𝛼𝛽𝛽ij (the diets×B. hyodysenteriae), 𝛼𝛼γik (the diets×week), 𝛽𝛽γjk (B. 

hyodysenteriae×week) and 𝛼𝛼𝛽𝛽γijk (the diets×B. hyodysenteriae×week). 𝜀𝜀ijk is residual errors.  

The data were analyzed as standard least squares on the Fit Model platform of JMP pro 

version 15. 0. 0 (SAS Inst. Inc., Cary, NC). Statistical significance was determined at P < 0.05, 

and P < 0.10 was considered a trend. Student Turkey’s HSD test was used for determination of 

means separation. 

 

RESULTS 

Incidence of swine dysentery and faecal score 

All pigs included in the experiment were examined for the presence of B. hyodysenteriae; 

none of them excreted the spirochete. Of the 48 pigs experimentally infected with B. 

hyodysenteriae 10 developed muco-haemorrhagic diarrhea requiring treatment, the pigs were 

distributed among all dietary treatment groups. Two pigs, both receiving HS, died two weeks after 

the inoculation. The numerically highest incidence of faecal excretion of B. hyodysenteriae was 

observed in week 5; highest for pigs fed the LF diet and lowest for pigs fed the HI diet (P > 0.05; 

Table 3). As shown in table 4, there was no significant difference in faecal score (P > 0.05). 

 

Growth performance 

The infection with B. hyodysenteriae had a strong influence on BW and ADG during the 10 

weeks following infection (Table 5). Prior to infection (week 0-2) no effect of the experimental 

groups was observed (P > 0.05), whereas there was strong effect of B. hyodysenteriae on BW (P 

< 0.05) during week 3 to 12. The ADG of inoculated pigs was lower compared with non-inoculated 

pigs until week 8, whereas opposite results were found from week 8 to 12 (P < 0.05). The ADG 
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for the HS was lower than the ADG for the other diets in week 8 to 10 (P < 0.05), and there was 

tendency of interaction between diets and B. hyodysenteriae in week 6 to 8 (P = 0.084). 

 

Physicochemical properties in stomach and small intestine 

The viscosity in the SI and WBC in stomach of infected pigs were higher compared with 

non-infected pigs (P < 0.05), whereas there was no effect of diet on the viscosity either in stomach 

or SI (P > 0.05; Table 6). The WBC in the stomach of the pigs fed the LF diet was lower than of 

the pigs fed the high-fiber diets and the WBC in SI of pigs fed the HS diet higher compared with 

pigs fed the other diets (P < 0.05). 

 

Nutrient digestibility in ileum, cecum and colon 

The ileal digestibility of OM, ash, sugars and total non-cellulosic polysaccharide (NCP) was 

influenced by diets (P < 0.05; Table 7). The ileal digestibility of sugars in HF was higher than the 

other diets, whereas the digestibility of OM, ash and total NCP in the LF was higher compared to 

the HS and HI diets, and the digestibility in the HF diet was similar to the LF or positioned in 

between the LF and HI diets. The ileal digestibility of sugars and OM in HS was lower than the 

other diets and with a tendency of lower ileal digestibility of protein (P = 0.078). The caecal and 

colonic digestibility had a different pattern compared with ileal digestibility. The caecal and 

colonic digestibility of OM, total NSP, total NCP and cellulose in the HS was higher than the other 

diets or in line with the LF except for the OM digestibility in cecum (P < 0.05). No effect of B. 

hyodysenteriae infection was found for the ileal digestibility of OM, ash, nitrogen, starch, sugars, 

fructan, total NSP and total NCP except for cellulose (P > 0.1). However, the caecal digestibility 

of OM, total NSP, total NCP and cellulose in the inoculated pigs was greater compared with the 
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non-inoculated pigs (P < 0.05). The colonic digestibility of ash and nitrogen in the challenged pigs 

was lower than the non-challenged pigs (P < 0.05), and there was similar tendency in the colonic 

digestibility of OM (P = 0.092). 

 

Total tract digestibility of nutrients 

The diets had a great influence on the total tract digestibility (P < 0.05), whereas there was 

no influence of B. hyodysenteriae (P > 0.05) and no interactions between the two effects (P > 0.05; 

Table 8). However, there was an effect of week in the digestibility of nitrogen and fat (P < 0.05), 

and tendency of interaction between effects of diet and week in the digestibility of ash and cellulose 

(P < 0.1). The total tract digestibility of OM in week 6 and 12 in the LF was higher compared with 

the other diets, and the digestibility in the HF and HI was almost similar but lower than the HS (P 

< 0.05). The digestibility of nitrogen in week 12 in the pigs fed the LF was higher and the HF was 

lower than the other diets, and with the other two diets positioned in between LF and HF (P < 

0.05). As opposed to the digestibility of OM and protein, the digestibility of total NSP, total NCP 

and cellulose in the HS was higher compared with the other diets regardless of week. The total 

tract digestibility of the LF was in line with the HF and HI, or slightly lower than the two diets 

except for total NCP in week 12 (P < 0.05). 

 

DISCUSSION 

Recently, the occurrence of swine dysentery has been increasing in the USA and UK 

compared with 1990s (Wilberts et al., 2014; Williamson, 2020). The increase has been related to 

the use of feed ingredients high in insoluble fiber such as maize DDGS and wheat bran has been 

increasing in diets for pigs and a lower use of antibiotics compared to the past (Wilberts et al., 
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2014). The EU legislation prohibit routine use of antibiotic in animal farm from 2022, meaning 

that outbreaks of swine dysentery in EU may be more common as seen in the USA and UK. Thus, 

prevention of swine dysentery and alleviation of the symptoms are necessary with proper 

alternatives instead of antibiotics. In many experiments, researchers have tried to find alternatives 

by modulating the composition of carbohydrates and DF instead of using antibiotics. However, 

contradictory results have been found. Fermentable carbohydrates such as inulin from chicory 

roots and sweet lupins completely inhibited occurrence of swine dysentery after experimental 

inoculation in the pig (Thomsen et al., 2007; Hansen et al., 2010),  whereas insoluble fiber from 

DDGS has been shown to worsen the severity of swine dysentery (Wilberts et al., 2014).  Contrary 

to the findings of Thomsen et al. (2007) and Hansen et al. (2010), Kirkwood et al. (2000) reported 

that high fermentable fiber or highly digestible diets did not protect against infection with swine 

dysentery in pigs. Moreover, diets providing rapidly fermentable carbohydrates to the large 

intestine could increase the incidence of swine dysentery in infected pigs (Pluske et al., 1998). The 

most likely cause for the diverse findings is that different structures of carbohydrates and fibers 

influence microbial activity and composition to different degrees. 

The data from the current experiment did not confirm extensive effects of the diets on the 

clinical signs of swine dysentery, and the infection with B. hyodysenteriae had a strong influence 

on growth performance and the total tract digestibility. Clinical signs and faecal excretion of B. 

hyodysenteriae were deteriorated from week 4, and the most severe symptoms was shown in the 

week 5 except for the HI. These differences were also reflected in the faecal score from week 4 to 

6 whereas the incidence of diarrhea had fully recovered after week 8 regardless of the diets. These 

results are in line with previous results which showed that the symptoms were found at 3 to 4 week 

intervals after infection with swine dysentery (Bilkei, 1996). In week 5, the pigs fed the diets with 
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the highest content of insoluble fiber - HF and HI diets - had lower faecal excretion of B. 

hyodysenteriae compared with the other diets. The reason is probably that the higher insoluble 

fiber reduced the feed intake compared to the other two diets (Owusu-Asiedu et al., 2006). Support 

for this interpretation is that feed restriction in comparison to ad libitum feeding can reduce clinical 

outcome of pathogen and virus in pigs (Le Floc'h et al., 2014). Thus, insoluble fiber in the HF and 

HI diets restricting the feed intake could influence excretion of B. hyodysenteriae. 

In the present study, infection with swine dysentery clearly reduced growth performance of 

infected pigs. Already a week after inoculation (week 3), a difference in BW between inoculated 

and non-inoculated pigs was identified. The negative effect of the infection on BW lasted until 

week 12 and the largest difference, 16.3 kg, between inoculated and non-inoculated pigs was 

observed in week 8. Similarly, the ADG of infected pigs was much lower from week 2 to 6 

compared with uninfected pigs, whereas the difference diminished from week 6 to 8 after which 

compensatory growth was observed. Compensatory growth is potential growth that can occur after 

malnutrition or restriction feeding, and this type of growth is strongly connected with feed intake 

(Skiba, 2005). Generally, swine dysentery infection can decrease feed intake with loss of appetite 

showing limitation of growth performance due to lack of ingestion of protein and energy. However, 

feed intake might be increased after recovery period from week 8, and it was reflected to ADG at 

week 8 to 12 showing higher ADG of the infected pigs. Thus, despite the infection of the pigs, the 

pigs could recover showing compensatory growth after week 8.  

Results of the present experiment revealed that infection with B. hyodysenteriae did not 

impair ileal digestibility regardless of fiber type and level. Schweer et al. (2019) reported that B. 

hyodysenteriae has minimal impact on basal endogenous loss and thereby did not impact amino 

acids digestibility in ileum. In this study, the ileal digestibility of total NSP, NCP and cellulose 
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was not influenced by B. hyodysenteriae indicating that the colonization of B. hyodysenteriae 

occurs only in the large intestine. However, the infection with B. hyodysenteriae did increase the 

viscosity of ileal digesta probably because infection with B. hyodysenteriae increased the mucus 

production in the small intestine. However, this increase in ileal viscosity did not influence ileal 

digestibility and hence higher viscosity caused by the mucus might not be related with ileal 

digestibility unlike viscosity from DF. The caecal digestibility of OM, total NSP, total NCP and 

cellulose was higher in the inoculated pigs, which might be a result of interaction between host-

microbiota and pathogen stimulating microbial activity in cecum.  It has earlier been found by 

(Varel, 1987) that high microbial activity caused by a high fiber diet increased fiber degradation 

in the large intestine. Leser et al. (2000) reported synergistic effects between B. hyodysenteriae 

and Bacteroides uniformis, Bacteroides. fragilis, and Prevotella melaninogenica. These species 

are positively correlated with fiber degradation in the intestine (Nakajima et al., 2020; Steimle et 

al., 2021), and especially Prevotella species can ferment fiber polysaccharides with high SCFA 

concentration as a result (Myhrstad et al., 2020). Thus, microbes may interact with B. 

hyodysenteriae thereby increasing the NSP digestibility in cecum. In contrast, the digestibility of 

ash and nitrogen in colon of infected pigs was lower than of non-infected pigs. A possibility could 

be that the induced necrosis of the epithelium in the cecum and colon by B. hyodysenteriae could 

lower mineral absorption in the cecum and colon and thereby lower the digestibility of ash in colon. 

For the nitrogen, the most likely cause for the lower digestibility of nitrogen in colon is the 

endogenous losses of mucin and degeneration of epithelial cells in cecum and colon. (Schweer et 

al., 2019) 

Although ileal digestibility in the pigs fed the HS diet was lower compared with the 

digestibility of the other diets, the digestibility in cecum and colon was opposite. The lower 
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digestibility in ileum is related to the relatively higher soluble NSP content influencing luminal 

viscosity and WBC that delay gastric emptying and hinder nutrients absorption in ileum (Bach 

Knudsen et al., 2016) whereas in cecum and proximal colon the soluble NSP are almost completely 

degraded. In contrast, the high proportion of insoluble fiber with a rigid structure in HF and HI 

diets limits the degradation and fermentation by microbiota in the hindgut (Bach Knudsen et al., 

2016).  Although the viscosity of ileal digesta was not influenced by the diets unlike the result of 

the ileal digestibility, WBC in the ileal digesta of the pigs fed HS diet was higher than other diets. 

Tan et al. (2017) reported that soluble DF increase viscosity and WBC in digesta, but there was no 

difference by the diet in the ileal viscosity. We speculate that effect of the infection results in high 

production of mucus in the infected pigs, and thereby reduced diet effect in the viscosity of ileal 

digesta. In addition, WBC might not be influenced by mucus and thus WBC can be a better 

indicator for effects of DF, especially in the infected pigs with intestinal disease.  

The total tract digestibility of NSP was not different between infected and non-infected 

pigs in week 6 and 12 unlike the results for the digestibility in cecum. The likely explanation is 

that the degradation and fermentation in the colon of non-infected pigs will level out the 

differences seen in the cecum, whereas for the infected pigs in week 6, the larger degradation and 

fermentation of NSP in cecum results in less degradation and fermentation in the colon. In this 

way, the total tract digestibility is leveled out.  

The total tract digestibility of the experimental diets in week 6 was similar to the digestibility 

observed in the cecum and colon. The digestibility of nitrogen and fat increased significantly at 

week 12 regardless of the diets in contrast to ash, OM and NSP and its components where there 

was no week effect. Although the total tract digestibility of fiber is positively related to age and 

body weight, the total tract digestibility of NSP, NCP and cellulose for diets LF, HS and HI were 
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only numerically higher at week 12 than week 6. However, the pigs fed the HF diet had 

significantly higher OM, NSP, NCP and cellulose digestibility in week 6 than week 12. This has 

also been found in a previous study where younger pigs were found to have higher DM digestibility 

compared with older pigs on barley-based diet (Beames and Ngwira, 1978). Angelis et al. (2015) 

reported that Bacteroides, Porphyromonas, and Prevotella spp, which are related with DF 

degradation, were decreased due to barley β-glucan. In the current study, HF diet consist 67.3 % 

barley and 10 % barely hull and it cannot be excluded that the β-glucan in barley could be related 

to lower OM and fiber digestibility in older pigs (week 12).   

In conclusion, the current study clearly showed a negative influence of infection by B. 

hyodysenteriae on growth performance regardless of fiber type and level. However, the negative 

effect of infection on ADG was eliminated after 6 weeks after which compensatory growth was 

observed. The ileal digestibility was not impaired by B. hyodysenteriae, whereas the digestibility 

of NSP, NCP and cellulose in the cecum of infected pigs was higher probably because of an 

unknown interaction between B. hyodysenteriae and species of the microbiota at this site of the 

gastrointestinal tract. The difference seen in the cecum was not reflected in the total tract 

digestibility. Although the pigs fed the HS diet had lowest ileal digestibility, the digestibility in 

the cecum, colon and total tract was similar or higher compared with the pigs fed the LF diet 

because of higher degradation of NSP in the hindgut. However, the experimental diets did not 

cause prevention or alleviation of B. hyodysenteriae infection suggesting that the infection of B. 

hyodysenteriae is not strongly related to the fermentation caused by neither fiber type nor level. 
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Tables and Figure 
 
Table 1. Composition of the experimental diets 
 Diet1 
Item LF HF HS HI 
Ingredients, g/kg (as-fed basis) 
Wheat 744  493 618 
Barley  673   
Barley hulls  100   
Sugar beet pulp   60  
Potato pulp   60  
Pectin residue   60  
Seed residue    70 
Pea hulls    70 
Brewer’s spent grain    70 
Soybean meal 199 178 276 120 
Animal fat 20 20 20 20 
L-lysine 9 5 3 10 
Methionine 3 1 2 2 
Threonine 3 1 3 4 
Ca(H2PO4)2 8 8 8 8 
CaCO3 9 9 9 3 
NaCl 4 4 4 4 
Mineral-vitamin premix2 2 2 2 2 
Chromic oxide 2 2 2 2 

1LF = low fiber; HF = high fiber; HS = high fiber soluble; HI = high fiber insoluble 
2Provided the following quantities of vitamins and minerals per kilogram of complete diet: 4,400 IU 
vitamin A, 1,000 IU vitamin D3, 60 mg alpha-tocopherol, 2.2 mg menadione, 2.2 mg thiamin, 4 mg  
riboflavin, 3.3 mg pyridoxine, 11 mg D-pantothenic acid, 22 mg niacin, 0.055 mg biotin, 0.022 mg 
vitamin B12, 50 mg Fe as FeSO4∙7H2O, 80 mg Zn as ZnO, 27.7 mg Mn as MnO, 20 mg Cu as 
CuSO4∙5H2O, 0.2 mg I as KI, and 0.3 mg Se as Na2SeO3 
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Table 2. Chemical composition of the experimental diets   

  Diet1 
Item LF HF HS HI 
Chemical composition, g/kg of DM 
Dry matter 902 904 902 907 
Protein (N x 6.25) 193 177 210 175 
Fat 50 52 51 55 
Ash 62 60 69 61 
Total carbohydrates 635 635 593 644 
    Sugars 27 24 31 24 
    Starch 461 403 326 392 
Total NSP2 134 201 225 216 
    Cellulose 31 58 77 83 
    Total NCP3 104 (35) 143 (52) 148 (65) 133 (25) 
    Arabinose 28 (9) 29 (6) 36 (13) 33 (7) 
    Xylose 37 (8) 37 (8) 31 (5) 57 (6) 
    Mannose 3 (1) 4 (1) 6 (0) 3 (1) 
    Galactose 13 (7) 12 (6) 29 (17) 11 (5) 
    Glucose 12 (5) 35 (27) 11 (4) 14 (2) 
    Uronic acid 9 (5) 10 (5) 32 (24) 12 (4) 

Fructans 13 7 11 12 
Total non-digestible CHO4 147 208 236 228 

Klason lignin 27 51 34 45 
Dietary fiber 174 259 270 273 

Physicochemical properties     
Viscosity, mPa·s 1.35 1.29 1.43 1.19 
WBC5, kg/kg DM 1.80 2.09 3.18 2.10 

1LF = low fiber; HF = high fiber; HS = high fiber soluble; HI = high fiber insoluble. 
2Non-starch polysaccharides. 
3Non-cellulosic polysaccharides, values in brackets are soluble NCP. 
4Carbohydrates. 
5Water binding capacity. 
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Table 3. Clinical signs and faecal excretion of B. hyodysenteriae fed the experimental diets. 

Period Diet1 SEM p-value2 
LF HF HS HI 

Clinical signs of infected pigs3   

 4 week 5/12 3/12 7/12 7/12 ─ ─ 

 5 week 12/12 6/12 10/12 5/12 ─ ─ 

 6 week 5/12 5/12 7/12 7/12 ─ ─ 

 12 week 0/12 0/12 1/6 0/4 ─ ─ 

Faecal excretion of B. hyodysenteriae4   
 4 week 0.83 0.50 1.17 1.17 0.288 0.313 
 5 week 2.00a 1.16b 1.67ab 1.00b 0.237 0.023 
 6 week 1.00 0.83 1.17 1.40 0.295 0.610 
 12 week 0.00 0.00 0.33 0.00 0.175 0.474 
 Overall (4 to 12 week) 0.87 0.59 0.93 0.78 0.143 0.366 

1 LF+ = low fiber with infected pigs; HF+ = high fiber with infected pigs; HS+ = high fiber soluble with 
infected pigs; HI+ = high fiber insoluble with infected pig 
2 a-c Within a row, values with different superscripts differ (P < 0.05) 
3 Clinical signs indicate faecal excretion of B. hyodysenteriae and/or higher diarrhea score (greater than or 
equal to 1.5). 
4 Excretion of B. hyodysenteriae in faeces; 0, no detection; 2, detection, average score is presented in the table. 
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Table 4. Faecal score of infected pigs fed the experimental diets.  

Period Diet1 SEM p-value 
LF HF HS HI 

Faecal score2     
  

 3 to 4 week 1.52 0.45 1.19 0.94 0.328 0.165 
 4 to 5 week 1.85 0.96 1.88 1.67 0.340 0.227 
 5 to 6 week 1.90 1.75 1.77 1.26 0.320 0.525 
 6 to 7 week 1.71 1.63 1.36 1.26 0.253 0.555 
 7 to 8 week 1.29 1.38 1.32 1.70 0.289 0.818 
 8 to 9 week 0.99 1.14 0.94 1.11 0.267 0.946 
 9 to 10 week 0.56 0.75 0.82 0.29 0.273 0.619 
 10 to 11 week 0.39 0.25 0.45 0.23 0.236 0.903 
 11 to 12 week 0.60 0.28 0.36 0.11 0.173 0.343 
 Overall (3-12 week) 1.18 0.93 1.10 1.13 0.128 0.563 

1 LF+ = low fiber with infected pigs; HF+ = high fiber with infected pigs; HS+ = high fiber soluble with 
infected pigs; HI+ = high fiber insoluble with infected pig 
2 Faecal score ranged from 1 to 3; a score of 0 is a normal faeces; 1 is a soft faces; 2 is watery and mucoid; 3 
is bloody diarrhea
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Table 5. Body weight and average daily gain of pigs fed the experimental diets. 

Period Diet1 B. hyo SEM 
p-value2 

LF HF HS HI SEM - + Diet B. hyo D x B 
Body weight (kg)            
 Initial 26.8 27.1 26.5 27.2 0.52 26.8 27.0 0.37 0.742 0.809 0.876 
 2 week  33.8 34.5 34.4 33.0 0.85 34.0 33.8 0.60 0.609 0.815 0.619 
 3 week 38.9 40.6 39.6 38.9 1.09 40.7x 38.3y 0.77 0.642 0.029 0.635 
 4 week 41.4 44.9 42.3 42.4 1.49 45.4x 40.1y 1.05 0.361 0.001 0.634 
 6 week 50.4 52.9 51.0 52.8 1.57 58.3x 45.5y 1.10 0.422 0.001 0.893 
 8 week 66.7 66.8 65.5 63.7 2.15 74.0x 57.7y 1.57 0.222 0.001 0.495 
 10 week 84.5 84.4 78.9 80.7 2.98 88.5x 75.3y 2.10 0.451 0.001 0.918 
 12 week 95.8 96.6 91.7 95.0 2.28 100.0x 90.0y 1.65 0.428 0.001 0.765 
Average daily gain (g/d)           
 0 to 2 week (pre-challenge) 510 531 554 436 38.7 514 503 27.3 0.132 0.788 0.482 
 2 to 4 week 546 695 467 580 69.2 767x 435y 47.6 0.170 0.001 0.555 
 4 to 6 week 629 440 474 475 116.3 884x 231y 80.1 0.721 0.001 0.900 
 6 to 8 week 1037 889 908 707 122.8 1034x 791y 91.5 0.165 0.014 0.084 
 8 to 10 week 1148a 1205a 905b 1230a 81.9 1033y 1184x 58.3 0.031 0.037 0.318 
 10 to 12 week 1126 1135 1099 1177 108.8 975y 1253x 78.4 0.940 0.014 0.966 
 0 to 6 week 558 573 536 550 38.6 731x 420y 25.1 0.795 0.001 0.958 
 6 to 12 week 1109 1065 972 1014 51.5 1015 1063 37.3 0.321 0.436 0.360 
 0 to 12 week 814 824 768 803 23.6 884x 746y 16.6 0.271 0.001 0.522 

1 LF = low fiber; HF = high fiber; HS = high fiber soluble; HI = high fiber insoluble 
2 a-b, x-y Within a row, values with different superscripts differ (P < 0.05). 
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Table 6. Physicochemical properties of digesta in intestinal segments of pigs fed the experimental diets in week 6  

Item1 Segment2 
Diet 

SEM 
B. hyo 

SEM Diet B. hyo D x B 
LF HF HS HI - + 

Viscosity 
Stomach 1.41 1.04 1.29 1.39 0.109 1.34 1.24 0.078 0.097 0.341 0.791 
SI 1.80 1.88 1.85 1.98 0.144 1.54y 2.21x 0.102 0.836 0.001 0.531 

WBC 
Stomach 1.06b 1.60a 1.85a 1.62a 0.148 1.32y 1.74x 0.105 0.004 0.007 0.101 
SI 3.04b 2.92b 3.60a 3.03b 0.143 3.13 3.17 0.101 0.007 0.794 0.301 

1 WBC, water binding capacity. 
2 SI, small intestine. 
a-b, x-y Values within a row with different superscripts differ significantly (P < 0.05).
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Table 7. Digestibility of organic matter, nutrients and non-starch polysaccharides components in the different intestinal segments of pigs fed the 
experimental diets in 6 weeks 

Item Segment3 Diet1 SEM B. hyo SEM 
p-value2 

LF HF HS HI - + Diet B. hyo D x B 

 Starch SI3 96.5 97.4 92.7 96.3 1.82 95.5 96.1 1.30 0.363 0.747 0.705 
 Sugars SI3 87.6b 95.2a 88.9b 88.7b 1.46 89.8 90.4 1.04 0.003 0.674 0.712 
 Fructan SI3 40.5 49.4 31.0 44.4 8.41 47.8 35.1 6.01 0.488 0.136 0.793 

Organic matter 
SI3 67.8a 59.3b 47.0c 54.8bc 2.76 56.8 58.1 1.97 0.001 0.732 0.569 
Ce 74.8a 55.0c 66.4b 63.7b 2.27 62.6y 67.4x 1.62 0.001 0.043 0.645 
Co 79.4a 65.2c 75.4ab 70.8bc 2.14 74.5 70.7 1.52 0.001 0.092 0.627 

Ash 
SI3 19.7a 7.6ab -4.5b -7.3b 7.20 1.2 7.0 5.15 0.051 0.443 0.817 
Ce 14.0 7.4 7.8 -9.6 8.51 5.7 3.9 6.10 0.248 0.881 0.392 
Co 13.8 13.7 23.5 18.9 7.83 27.2x 7.5y 5.54 0.804 0.017 0.494 

Nitrogen 
SI3 72.3 63.4 58.2 65.2 3.49 62.1 67.8 2.49 0.078 0.117 0.501 
Ce 70.6 66.8 71.5 71.0 2.27 70.7 69.1 1.62 0.454 0.537 0.559 
Co 68.3 64.1 68.3 69.0 4.36 71.6x 62.8y 3.05 0.812 0.049 0.846 

Total NSP4 
SI3 6.3 9.7 -4.7 -3.9 5.37 5.5 -1.7 3.85 0.171 0.191 0.368 
Ce 27.0ab -16.4c 30.8a 8.4b 6.64 5.2y 19.2x 4.71 0.001 0.035 0.906 
Co 48.4a 23.0b 58.2a 34.3b 3.94 41.8 39.6 2.79 0.001 0.709 0.610 

Total NCP5 
SI3 9.7ab 18.6a 1.3b -0.4b 4.81 8.5 6.3 3.44 0.033 0.648 0.588 
Ce 39.0ab 10.4c 47.6a 26.3b 4.86 25.8y 35.4x 3.48 0.001 0.043 0.652 
Co 57.0b 40.1c 67.1a 46.0c 3.13 53.4 51.2 2.21 0.001 0.587 0.599 

Cellulose 
SI3 -5.0 -12.3 -16.2 -9.5 7.75 -2.3x -19.3y 5.55 0.774 0.037 0.202 
Ce -13.0a -82.5b -1.5a -20.2a 11.16 -41.8y -17.9x 7.93 0.001 0.031 0.998 
Co 19.9b -19.3c 41.1a 15.5b 5.94 15.0 12.3 4.23 0.001 0.849 0.607 

1 LF = low fiber; HF = high fiber; HS = high fiber soluble; HI = high fiber insoluble 
2 a-c, x-y Within a row, values with different superscripts differ (P < 0.05) 
3 SI3 = end of small intestine; Ce = Cecum; Co = colon. 
4 Non-starch polysaccharides. 
5 Non-cellulosic polysaccharides. 
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Table 8. Digestibility of organic matter, nutrients and non-starch polysaccharides components in faeces of pigs fed the experimental diets in 6 and 12 
weeks 

Item Period Diet1 SEM B. hyo SEM 
p-value2 

LF HF HS HI - + Diet B. hyo D x B 

 Organic matter 6 week 81.5a 76.9bc 78.8ab 74.1c 1.23 77.4 78.5 0.75 0.001 0.265 0.643 
12 week 85.5a 74.8c 81.1b 77.0bc 1.42 79.4 80.8 1.02 0.001 0.232 0.991 

 Ash4 6 week 29.7 39.0 37.2 30.1 4.34 33.1 36.1 3.00 0.134 0.417 0.568 
12 week 43.5 33.1 41.1 34.7 2.88 37.5 39.7 4.04 0.219 0.456 0.821 

 Nitrogen3 6 week 73.1 70.4 73.3 69.5 2.36 70.5 74.0 1.63 0.294 0.114 0.446 
12 week 82.8a 75.0b 78.2ab 77.1ab 2.05 78.2 78.8 1.45 0.047 0.673 0.613 

 Fat3 6 week 64.2 65.7 64.3 66.4 3.01 63.9 68.1 2.08 0.716 0.095 0.116 
12 week 71.6 67.8 69.9 70.1 1.66 68.5 71.3 1.21 0.422 0.101 0.987 

 Total NSP5 6 week 53.7b 53.8b 67.6a 47.5c 2.27 55.1 57.4 1.55 0.001 0.417 0.516 
12 week 59.1b 46.5c 70.2a 52.5bc 3.51 54.4 60.2 2.54 0.001 0.120 0.848 

 Total NCP6 6 week 61.9b 62.9b 73.8a 56.3c 1.90 63.4 64.8 1.35 0.001 0.602 0.756 
12 week 66.1 58.9 75.4 59.6 2.94 62.6 68.0 2.13 0.001 0.106 0.857 

 Cellulose4 6 week 26.7b 31.3b 55.5a 33.4b 3.54 35.6 41.0 2.51 0.001 0.302 0.384 
12 week 36.0b 16.0c 60.3a 41.1ab 5.89 34.1 40.8 4.27 0.001 0.225 0.787 

1 LF = low fiber; HF = high fiber; HS = high fiber soluble; HI = high fiber insoluble. 
2 a-c Within a row, values with different superscripts differ (P < 0.05). 
3 Effect of week (P < 0.05). 
4 Tendency of interaction between diet and week (P < 0.1). 
5 Non-starch polysaccharides. 
6 Non-cellulosic polysaccharides. 
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Figure Legend 

Figure 1: 

The experimental design and analysis are described with the passage of experimental time with 

pig. 
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Abstract 

Swine dysentery caused by Brachyspira hyodysenteriae (B. hyodysenteriae) induces mucous 

diarrhea and detrimental effects to intestinal morphology causing severe damage to the pigs. The 

current study was conducted to investigate how swine dysentery in growing pigs fed diets varying 

in soluble and insoluble dietary fibre (DF) affected the weight of the gastrointestinal tract (GIT), 

concentration of short chain fatty acid (SCFA), pH, intestinal morphology and mucin area. The 

experiment lasted 12 weeks including a 2 weeks adaption period to the experimental diets. A total 

of 96 pigs (Landrace/Yorkshire/Duroc, 26.9 ± 2.5kg) were divided and allocated into two different 

experimental facilities due to biosecurity. One half of the pigs was orally inoculated with B. 

hyodysenteriae at week 2 after the adaption period. The diets were formulated according to type 

and level of DF using various co-products: a low fibre diet (LF), a high fibre diet (HF), a high 

soluble fibre diet (HS) and a high insoluble fibre diet (HI). The infected pigs had lower weight of 

the GIT, whereas the relative weight of GIT was higher in the infected pigs (P < 0.05). The SCFA 

concentration in digesta of caecum (Cae) and colon (Co), pH in small intestine (SI), crypt area and 

crypt depth and mucin area in the infected pigs was greater compared with non-infected pigs in 

week 6 (P < 0.05). However, SCFA concentration was lower in faeces of infected pigs versus non-

infected pigs in week 6 (P < 0.05), whereas there was no difference except for butyric acid in week 

12 (P > 0.05). The experimental diets influenced the weight and digesta of Co, SCFA of digesta in 

Co and faeces, pH in SI and Co (P < 0.05), whereas the diets did not affect intestinal morphology 

and mucins and there was no interaction between diet and infection (P > 0.05). Overall, the 

infection with B. hyodysenteriae caused significant negative effects on indicators of intestinal 

health, which could not be either prevented or alleviated with the diets varying in type and levels 

of DF.  
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Introduction 

Since the 1990s swine dysentery has not been considered an important infectious disease 

neither in North America nor in the EU, however, reemergence of swine dysentery in growing pig 

has recently been reported in both USA and EU (Wilberts et al., 2014; Williamson, 2020). A 

contributing factor to this may be that antibiotic use has been more restricted and antimicrobial 

growth promoters has been banned in the pig industry following a global trend (Kirchhelle, 2018). 

Moreover, increased use of ingredients with high insoluble fibre content such as DDGS has been 

considered a contributing factor for the development of swine dysentery (Wilberts et al., 2014). 

Infection with swine dysentery is mainly caused by the anaerobic spirochaete Brachyspira 

hyodysenteriae (B. hyodysenteriae). The infection induces mucous diarrhea and necrosis of the 

epithelial cells in the large intestine with a high mortality rate in growing-finishing pigs (Panah et 

al., 2021). Generally, colitis or enteritis cause hyperplasia of crypts and stimulate the mucus 

production compared with normal condition of the large intestine. Thomsen et al. (2007) reported 

that swine dysentery did not affect histology of infected pigs, whereas another study showed that 

swine dysentery had negative effects on the intestinal mucosa and epithelial cells (Sueyoshi and 

Adachi, 1990). The mucus layer in the intestines is the barrier against invasive microorganisms, 

pathogen and toxins in feed. This mucosal surface mainly consists of mucin glycoproteins called 

mucins that can influence immune response related with mucosal pathogen (McGuckin et al., 

2015). The B. hyodysenteriae is one of the mucosal pathogens which can affect mucus and mucin 

production of the large intestine, and change mucin composition in colon. However, research in 

the histology and mucin production in infected pigs with B. hyodysenteriae is scarce. 

Infection studies with B. hyodysenteriae in combination with different diet compositions and 

fibre types have been conducted in pigs to understand the mechanisms related to alleviation and 
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prevention of the infection. Studies have shown that fermentable dietary fibre (DFs) protected 

against swine dysentery increasing mucin production and changed microbiota composition 

(Thomsen et al., 2007; Helm et al., 2021). In addition, DF can modulate secretion or synthesis of 

mucins, and increase recovery and production of mucin probably causing preventive effect against 

pathogen (Montagne et al., 2003). Pluske et al. (1996) reported that highly digestible diets, which 

contained steam-flaked sorghum and corn, reduced incidence of the disease and cooked white rice 

based diet completely protected against the infection, whereas other studies showed no effect of 

neither a highly digestible diet, highly fermentable fibre, non-fermentable fibre or a resistant fibre 

(Kirkwood et al., 2000). Therefore, many factors might be entangled giving rise to contradictory 

results from different fibre sources and diets, and hence a direct comparison among the fibre 

sources and compositions of diet is necessary.  

              We hypothesized that a diet stimulating increased fermentation in the large intestine 

would influence the environment of the large intestine in a beneficial direction and thereby protect 

against infection with B. hyodysenteriae and swine dysentery in growing pigs. The objective of 

the current study was to investigate the effect of different levels and types of dietary fibre on 

intestinal tract characteristics, intestinal morphology and concentration of fermentation products 

(short chain fatty acids) in growing pigs experimentally infected with B. hyodysenteriae.  

Materials and methods 

This experiment complied with the guidelines of the Danish Animal Experiments 

Inspectorate, Ministry of Food, Agriculture and Fisheries, Danish Food and Veterinary 

Administration, Copenhagen, Denmark. 

Animals and housing 

               This study was carried out at Aarhus University, Foulum. A total of 96 pigs 
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(Landrace/Yorkshire/Duroc, 26.9 ± 2.5kg), half females and half castrated pigs, which were 

obtained from at specific pathogen free swine farm free of B. hyodysenteriae, were used. The pigs 

were divided into 6 blocks with 16 pigs in each block within each blocks the pigs originated from 

four litters. Pigs from the same litter were designated to the same experimental treatment group 

and allocated in two pigs per pen. The eight different experimental groups were organized with 

factorial design; 4 different diets without or with inoculation of B. hyodysenteriae. The B. 

hyodysenteriae challenged pigs were placed in a separate barn in the intensive care unit to maintain 

biosecurity and the non-challenged group was allocated in the pig unit at Aarhus University, 

Foulum.  

Diets and feeding 

              The four experimental diets were formulated to vary in fibre type and level. A low fibre 

diet (LF) based on wheat and soybean meal, a high fibre diet (HF) based on barley, barley hulls 

and soybean meal, a high soluble fibre diet (HS) based on wheat, sugar beet pulp, potato pulp, 

pectin residue and soybean meal, and a high insoluble fibre diet (HI) based on wheat, seed residue, 

pea hulls and brewer’s spent grain and soybean meal. The HF, HS and HI diets were formulated 

to provide similar amount of dietary fibre (DF), but different combinations of co-products were 

used to provide proportionally higher soluble DF in the HS diet and higher insoluble DF in the HI 

diet as have been studied in experiments with growing-finishing pigs (Lee et al., 2021 unpublished) 

and sows (Serena et al., 2008b). The diets were formulated to meet the requirements in the Danish 

minimum recommendations for essential nutrients (Jørgensen and Tybirk, 2005) (Table 1).  

All co-products were residues from the food and feed industry (potato pulp, KMC, 

Kartoffelmelcentralen Amba, Brande, Denmark; sugar beet pulp, Danisco Sugar A/S, Assens, 

Denmark; pectin residue, CPKelco Aps, Lille Skensved, Denmark; brewer’s spent grain, Carlsberg 
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A/S, Fredericia delivered by Agro-korn A/S, Videbæk, Denmark; pea hull, Prodana Seeds A/S, 

Odense, Denmark and seed residues, DLF Trifolium A/S, Roskilde, Denmark; Table 1). All co-

products were dried before been used as the ingredients of the diets. The diets were cold pelleted 

at the feed mill at Aarhus University, Foulum. The experimental diets were provided to the pigs 

during 2 weeks for adaptation prior to the inoculation of the pathogen. The restricted feeding was 

applied following the body weight of the non-challenged pigs on a weekly basis. Feed residues in 

the non-challenged pigs were recorded whereas feed waste and residue in the challenged pigs could 

not be recorded because of extensive spillage during the period of infection. Water was supplied 

with a water nipple to guarantee free access to water. 

Brachyspira hyodysenteriae challenge and monitoring of clinical signs 

          The strain of B. hyodysenteriae for inoculation was isolated from pigs in a commercial 

Danish farm showing clinical symptoms of swine dysentery. B. hyodysenteriae was incubated with 

trypticase soya broth culture (BBL, Cockeysville, USA) containing 5 % of bovine serum, 0.2 % 

of glucose, 0-1 % of cysteine and 0.001% of resazurin on a rocking platform at 37°C for 24 h in 

an anaerobic chamber. Half of the pigs were inoculated with B. hyodysenteriae at week 2 after 

adaption to the diets. After incubation, 50 ml of the culture (109 colony-forming units per ml) was 

orally administered by stomach rubber tube to the experimental pigs for three consecutive days 

(Lindecrona et al., 2003). The condition of pigs was monitored to evaluate the symptoms of swine 

dysentery on a daily basis until end of the experiment, and the faecal excretion of the pathogen 

was analyzed to evaluate the infected condition on week 4, 5, 6 and 12.  

Collection of samples 

             Half of the pigs were euthanized at week 6, and at week 12 pigs were sampled (4 and 10 

weeks after the inoculation). A faecal sample was pooled for three days before euthanasia to 
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determine SCFA. The pigs were slaughtered three hours post feeding. The abdominal cavity was 

opened and the entire gastrointestinal tract (GIT) was immediately removed. The small intestine 

(SI), the caecum (Cae) and the colon (Co) were separated to prevent contamination of samples. 

Digesta were collected from the stomach (Sto), three equal parts of the SI (SI1, SI2 and SI3), the 

Cae and 4 equal parts of the Co (Co1, Co2, Co3 and Co4). The content and tissues (not washed) 

were weighed, the pH was measured in all segments, except Sto and SI1 and SI2, and digesta was 

sampled from each intestinal segment and stored at −20 °C for determination of SCFA. Tissue 

samples for morphology were taken in the Cae and the segments colon 2 (Co2) and colon 3 (Co3), 

at approximately 40 % and 60 % of the Co length respectively. The samples were immediately 

transferred to 10 % neutral-buffered formaldehyde. From pigs euthanized at week 12, pigs fed HI 

and HS diets, only tissue samples for morphology were obtained. The overall experimental design 

and time process are described in Figure 1. 

Mucin staining and morphometric measurements 

              Tissues samples were placed for 24h in 10 % (v/v) neutral-buffered formalin solution (Bie 

& Berntsen, Rødovre, Denmark). The samples were dehydrated and infiltrated with paraffin wax. 

A slide containing minimum 4 sections cut at 4 µm at least 50 µm apart was made from each 

sample. A combined Alcian blue periodic acid Schiff’s technique was used to stain neutral and 

acidic mucins (Bancroft and Gamble, 2002). The slides were immersed in 0.05% alcian blue 

(Sigma A3157, pH 2.5) for 15 min, and then rinsed with distilled water, and incubated in 0.1% 

periodic acid for 5 min. Following, the slides were washed in water and counterstained with 

Mayer’s Hematoxylin, cleared, dehydrated and mounted with cover slips. Blue or magenta staining 

differentiated acidic or neutral mucins, respectively. On 15 will-oriented crypts on each slide, the 

granules of all mucous cells (goblet cells and crypt secretory cells) as well as the apical secretion 
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of these cells was measured using an image analyzing system (Leica QWin version 3.2.0, Leica 

Microsystems Imaging Solutions Ltd, Cambridge, UK). The crypt area, crypt depth, crypt density 

and muscle thickness were measured as previously described by Hedemann et al. (2006).  

Chemical analyses 

The chemical analyses were carried out in duplicate. The feed samples were freeze 

dried and milled by a 0.5 mm mesh screen (Cyclotec 1093 Sample mill, Foss Tecator, Hoeganaes, 

Sweden). Dry matter (DM) in feed was determined using drying oven at 105 ºC for 20 h and crude 

ash was analyzed following the method from Association-of-Official-Analytical-Chemists (1990). 

Nitrogen was analyzed by the Kjeldahl method (Hansen, 1989), and protein calculated as N×6.25. 

Fat was extracted with diethyl ether and analyzed (Stoldt, 1952). An enzymatic-colorimetric 

method was used to determine starch (Bach Knudsen, 1997), low molecular weight sugars and 

fructans were determined by modified enzymatic-colorimetric method (Larsson and Bengtsson, 

1983; Hindrichsen et al., 2004), non-starch polysaccharides (NSP) were analyzed by gas 

chromatography and Klason lignin was measured by an enzymatic gravimetric method (Bach 

Knudsen, 1997). The concentration of SCFA in digesta and faeces from SI, Cae and Co was 

analyzed by GC (Jensen et al., 1995).  

Statistical analysis 

Gastrointestinal tract and digesta weight, pH of digesta, SCFAs concentration of 

digesta and faeces, intestinal morphology, and area of mucins were subjected to an analysis of 

variance with main effects of B. hyodysenteriae infection, the diets (week) and interaction between 

them using two-way ANOVA: 

Yij = 𝜇𝜇 + 𝛼𝛼i + 𝛽𝛽j + 𝛼𝛼𝛽𝛽ij, 
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where Yij was the measured dependent variable, 𝜇𝜇 was the overall mean, 𝛼𝛼i is the effect of diets or 

week (i = LF, HF, HS or HI; week 6 or 12), 𝛽𝛽j is the effect of B. hyodysenteriae infection (j = with 

or without inoculation), 𝛼𝛼𝛽𝛽ij is the interaction between the diet (week) and B. hyodysenteriae. 

Results 

Weight of the gastrointestinal tract and digesta 

Infection with B. hyodysenteriae showed a strong impact on the weight of the body, 

the GIT and digesta (Table 2). Infected pigs had a lower weight of the GIT except for Co compared 

with non-infected pigs (P < 0.05), whereas it was opposite for the relative organ weight except for 

the weight of SI (P < 0.05). The SI digesta weight and weight of the caecal content of non-infected 

pigs was higher than for infected pigs (P < 0.05), and there was tendency of overall digesta weight 

(P = 0.072).  

The diet effect on weight of Co, relative weight of Sto and Co, and digesta weight in 

Co was significant (P < 0.05). The pigs fed the HS and HI diets had higher weight of the Co and 

relative weight of the Sto and Co whereas the LF diet was the lowest, and the HF diet was 

positioned in between the HS and the LF diets. The pigs fed the LF, HS and HI diets had higher 

weight of Co digesta compared with the pigs fed the HF diet. The tendency for a diet effect on 

weight of Sto was found (P = 0.088), and no effect of the diets was shown for the pig weight, and 

weight of SI and Cae, and relative weight of SI and Cae, and digesta weight in Sto, SI and Cae in 

digesta weight (P > 0.05). 

Short chain fatty acid concentration and pH in digesta  

The pH in SI of the infected pigs was higher than non-infected pigs (P < 0.05) but no 

difference was found in Sto and large intestine (P > 0.05; Table 3). The pH in SI of pigs fed the 
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LF diet was lower compared with the other diets whereas in Co4 the pH was lowest for pigs fed 

diet HI; significantly lower than of pigs fed diet LF and HS (P < 0.05). 

The concetration of total SCFA in Co, acetic acid in Co2, propionic acid in Co, butyric 

acid in Co1 and 2, valeric acid in Co, and total BCFA in Cae and Co was higher in infected pigs 

compared to non-infected pigs (P < 0.05; Table 4). There was no difference due to infection in the 

concentration of lactic acid regardless of the site (P > 0.05).  

Total SCFA in Cae and Co4, lactic acid in SI, butyric acid in Cae, acetic acid and 

valeric acid in the large intestine was strongly influenced by the experimental diets (P < 0.05). The 

pigs fed the LF and HF diets had higher total SCFA concentration compared with the other diets 

in Cae and Co4. Lactic acid concentration in SI of the HS and HI groups was lower than the LF, 

and with HF in between. The concentration of acetic acid in the pigs fed the HF diet was lowest 

and the HS diet highest, and with the LF and HI in between. (P < 0.05). The valeric acid 

concentration in the large intestine of the pigs fed LF diet was higher than for other diets (P < 0.05). 

No interaction was found between the infection and the diets (P > 0.05). 

Short chain fatty acid concentration in faeces at week 6 and 12 

The concentration of SCFA and acetic acid week 6 and butyric acid in week 6 and 12 

were higher in infected pigs than in non-infected pigs (Table 5; P < 0.05). The opposite  was the 

case for valeric acid and total BCFA concentrations in week 12 (P < 0.05).  

The concentration of acetic acid of pigs fed HS and HI diets in week 6 and 12 was 

higher compared with HF diet, and with LF in between (P < 0.05). The butyric acid concentration 

in the pigs fed the HI diet was higher than the other diets in week 12 (P < 0.05). The concentration 

of BCFA in the LF and HF diets was higher than the HI diet and with HS in between in week 6 (P 
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< 0.05) whereas for the BCFA concentration in week 12: LF > HF = HS > HI (P < 0.05). A tendency 

for an interaction between the diets and the infection was found for the concentration of acetic acid, 

propionic acid, BCFA in week 6, and of butyric acid in week 12 (P < 0.1).  

Crypt depth and area in the caecum and colon 

Diet did not affect any of the morphological parameters in neither the Cae nor the Co 

(P > 0.05), whereas there was a clear effect of infection with B. hyodysenteriae (Table 6; P < 0.05). 

The crypt depth and crypt area in the large intestine, and muscle thickness in the Cae of infected 

pigs was higher compared with non-infected pigs. However, the crypt density in the Co was lower 

in infected than in non-infected pigs (P < 0.05). 

Mucin staining in the large intestine 

The area of mucins in the large intesinte of growing pigs is presented in Table 7. The 

total area of mucins, the proportion of crypt covered by total mucin, the area of acidic mucins, the 

proportion of crypt covered by acidic mucin and the area of neutral mucins were consistently 

higher in infected than non- infected pigs in all segments of the large intestine. For the acidic mucin 

as proportion of total mucin, the proportion of the crypt covered by neutral mucin, and neutral 

mucin as proportion of total mucins the difference between non-infected and infected pigs was 

only significant in Co3. Tendency of an interaction between the diet and the infection was found 

for the proportion of crypt covered by total mucin and proportion of crypt covered by acidic mucin 

in Co3 (P < 0.1). 

Crypt depth and area at caecum and colon in week 6 and 12 

         The intestinal morpholgy of infected and non-infected pigs fed diets HS and HI in week 6 

and 12 was shown in Table 8. The intestinal morphology was not influenced by the diets (P > 0.05). 
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The infection effect was observed in the crypt depth and area in the Co, and muscle thickness in 

the Co2 (P < 0.05). There were significant week effects on the crypt depth in the Co and crypt area 

in the large intestine (P < 0.05). A significant  interaction between infection and week was found 

in the crypt area of Co3, and the muscle thickness in the Cae and Co (P < 0.05). The crypt area of 

Co in the infected pigs at week 6 was higher than the others. The muscle thickness of Cae was 

highest in the infected pigs at week 6 and lowest in the non-infected pigs at week 6 and week 12, 

and the muscle thickness of the infected and non-infected pigs at week 12 was positioned in 

between the infected pigs and non-infected pigs at week 6. The muscle thickness of Co3 at week 

12 in the infected pigs was higher than others. There were tendencies of week effect on muscle 

thickness of Co3 and the interaction between the infection and week on crypt depth in Co and crypt 

area in Co2.  

Mucin staining in the large intestine in week 6 and 12 

         The total area of mucin and the area of acidic mucins in Co, and the mucin proportion of 

crypt covered by total mucin and acidic mucin as proportion of total mucin in the large intestine, 

and the area of neutral mucins, and the proportion of  crypt covered by neutral mucin  in Co3 were 

significantly influenced by B. hyodysenteriae infection (Table 9; P < 0.05). The week effect was 

observed in the proportion of crypt covered by acidic mucin in Co2, and the acidic mucin as 

proportion of total mucin, area of neutral mucins, proportion of crypt covered by neutral mucin 

and neutral mucin as proportion of total mucins in the large intestine (P < 0.05). A significant 

interaction between B. hyodysenteriae infection and week was found in the total area of mucins of 

Co3 (P < 0.05); the total area of mucins of the infected pigs in week 6 was higher than the others. 

There were tendencies of interactions in the total area of mucins in Co2, the proportion of crypt 
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covered by total mucin, the area of acidic mucins in the Co3, and the area of neutral mucins and 

the proportion of crypt covered by neutral mucin in Cae (P < 0.1). 

Discussion 

         In the current study, we investigated and compared the GIT and digesta weight, SCFA 

concentration in the intestinal segments, intestinal morphology and mucin staining related with B. 

hyodysenteriae infection as influenced by diets varying in level and proportion of soluble and 

insoluble fibre. For body weight, total and relative organ weight, total SCFA and most of the 

morphometic measurements, there was a clear effect of infection with B. hyodysenteriae, whereas 

diet only affected a few of the endpoints and hardly no interactions between diet and infection 

shown. 

The weight of the pigs, the GIT and digesta in the SI and Cae was negatively influenced by 

B. hyodysenteriae infection, whereas the relative GIT weight in the infected pigs was higher than 

non-infected pigs except for the SI. Unfortunately, we were not able to measure the feed intake of 

infected pigs due to extensive spillage of feed but most likely it was lower (Helm et al., 2020), 

potentially influencing the development of the intestinal organ. A reason for higher weight of 

relative GIT could be that the GIT in the infected pigs could be hypertrophic due to increased 

secretion of intestinal enzymes, mucus and with a higher microbial activities influenced by 

infection in comparison to non-infected pigs. These features were reflected in the SCFA 

concentration and intestinal morphology as well. In the present experiment, we showed that B. 

hyodysenteriae infection increased the total SCFA and propionic acid concentration in the Co, and 

valeric acid and BCFA in the large intestine. The reason for the higher concentration of SCFAs 

and BCFAs in the infected pigs is probably that B. hyodysenteriae have synergetic effect with 

some bacteria such as Bacteroides uniformis, Bacteroides fragilis and Prevotella groups (Joens et 
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al., 1981; Hayashi et al., 1990; Helm et al., 2021), which potentially can lead to increased 

fermentation of DF. In previous studies (Zhao et al., 2016; Chen et al., 2017), the two species were 

found to increase the concentration of total SCFAs and propionate with DF fermentation, which is 

in line with the results of the present study. Moreover, the concentration of valeric acid and BCFAs 

was increased in B. hyodysenteriae infected pigs in the Cae and Co, suggesting increased protein 

fermentation in the large intestine from mucus and mucin, or non-digested feed residues as also 

indicated by the nitrogen data (Lee et al., 2022). These results are strongly related with pH in the 

large intestine because the production of ammonia from protein fermentation can increase pH 

(Williams et al., 2001), thereby counterbalancing a lower pH caused by higher SCFA 

concentration. In the current study, there was no difference in pH between infected and non-

infected pigs 

Contrary to the results on the concentration of SCFA and BCFA in the Cae and Co, the 

SCFA concentration except propionic and valeric acids in faeces of the non-infected pigs was 

higher compared with the infected pigs at week 6. Lin et al. (2019) reported that Prevotella spp, 

which are involved in fibre degradation, were more abundant under aerobic condition indicating 

that the activity of Prevotella spp in fecal materials could result in higher concentration of SCFAs 

in the faeces. However, the SCFAs concentration in the faeces of infected pigs was similar in Co4 

and faeces at week 6 whereas for non-infected pigs the concentration was lower in Co4 than in the 

faeces. This is potentially because B. hyodysenteriae is anaerobic intestinal spirochaete and thus 

the synergetic relationship between B. hyodysenteriae and Prevotella spp was diminished when it 

was faced aerobic condition inducing lower activity of Prevotella spp unlike non-infected pigs. In 

week 12, there was no difference in total SCFAs, acetic acid and propionic acids suggesting that 

the infected pigs had almost recovered and condition of the large intestine had been changed to 
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normal condition. However, the concentration of butyric acid in the infected pigs was lower than 

the non-infected pigs, whereas opposite results were shown for total BCFA. The later indicate a 

higher protein fermentation in the hindgut (Heo et al., 2012; Qaisrani et al., 2015), and that the 

influence of B. hyodysenteriae infection remained at week 12. 

        The crypt depth and area of the infected pigs at week 6 was higher compared with the 

non-infected pigs. Burrough (2016) reported that the crypts could be deeper when growing pig 

suffered from swine dysentery, and crypt hyperplasia occurred when the pigs was infected with B. 

hyodysenteriae (Kent and Moon, 1973). Moreover, inflammatory bowel disease cause decreased 

crypt density in human subjects in agreement with current results (Hammer, 2012). The depth of 

the intestinal crypts is related with epithelial cell turnover in the large intestine, and the cell 

turnover may be faster in the large intestine during inflammation (Xu et al., 2003). In addition, 

crypt area and depth are positively correlated with abundance of microbiota in Cae (Zaborin et al., 

2017). In the current study, crypt depth and area in the Cae of the infected pigs, and muscle 

thickness in the Cae of the infected pigs was higher than for non-infected pigs. The muscle 

thickness can be reduced with the absence of microbiota (Gómez and Soledad, 2006), suggesting 

that the abundance of microbiota in the Cae of the infected pigs might induce higher muscle 

thickness in line with the results of the crypts.  

Swine dysentery causes bloody diarrhea with extensive mucus production in the large 

intestine. The main component of the mucus layer is mucin, which is an efficient barrier against 

pathogens (Linden et al., 2008). Quintana-Hayashi et al. (2015) suggested that pigs inoculated with 

B. hyodysenteriae had higher mucus production compared with healthy pigs due to binding of B. 

hyodysenteriae to mucins, and a 7-fold higher mucin content was found in the inoculated pigs. In 

addition, Hedemann et al. (2009) reported that thickness of mucus layer is positively correlated 
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with neutral mucin area. In the current study, the area of mucin in the infected pigs was greater 

than the non-infected pigs regardless of mucin type, indicating that there were thicker mucus layer 

and more mucin production in the large intestine of infected pigs, because of inflammatory 

response against B. hyodysenteriae infection (Li et al., 2021). Generally, feeding dietary fibre 

induces increased production of mucus and mucin, and Desai et al. (2016) stated that DF 

deprivation causes greater epithelial access and lethal colitis by mucosal pathogen. The feeding 

different type and level of DF, however, did not influence condition of mucin area and type, and 

infection of B. hyodysenteriae probably meaning that effects of the infection had a substantial 

impact on mucin in the large intestine diminishing the effect of the diets on mucin. 

The crypt depth and crypt area in the Co of the infected pigs at week 6 were 

numerically or significantly higher compare with the non-infected pigs at week 6, and infected 

pigs and non-infected pigs at week 12. This implies that the Co of infected pigs had recovered at 

week 12. Data that support a recovery are the muscle thickness of the Cae. Muscle thickness 

however, in the Co3 of infected pigs at week 12 was highest. This is probably because infected 

pigs had smaller Co than non-infected pigs even at week 12, but the feed intake of infected pigs 

had increased after recovery. Therefore, more digesta flow into the Co of the infected pigs causing 

more peristalsis and segmentation movement which causes development of muscle in the Co. The 

total area of mucins and acidic mucins in the Co3 of the infected pigs at week 6 tended or were 

significantly higher compared with others. These results are in line with the results of the crypt 

depth and area showing recovery at week 12. Moreover, there was clear effect of the infection in 

the area of total mucins in Co2, acidic mucins in Co, and neutral mucins in the Co3. Acidic mucins 

prevent bacterial translocation (Hedemann et al., 2006), and microbe invasion (Soga et al., 2013). 

Thus, higher production of acidic mucins is a possible response to invasion of pathogen. Moreover, 
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the main component of the mucin in the goblet cells is acidic mucins making up 62-99% of total 

mucin (Hedemann et al., 2009), which could be the cause for the higher production of mucus in 

the Co3 of the infected pigs even at week 12. The results suggest that the influence of the infection 

was lasting even at week 12 in accordance with the results of the SCFAs concentration, probably 

meaning that infected pigs was not fully recovered and was recovering even at week 12, even if 

there was indication of recovery.  

          The diets influenced the weight of the GIT and of digesta, the pH, the concentration of SCFA 

in large intestine and faeces, whereas there was no effect on the intestinal morphology and area of 

mucins. Jørgensen et al. (1996) observed that the weight of Co in pigs fed high-fibre diets was 

higher compared with low-fibre diet in line with the results of the current study. A general effect 

of insoluble DF is increased faecal volume and decreased digesta retention time (Wilfart et al., 

2007). In line with these findings, the weight of digesta in Co of the pigs fed the HI diet was higher 

than of the other diets. However, the cause for the higher weight of digesta after feeding diet LF is 

unclear. The pH in the Co followed in general the variation in the concentration of SCFAs; lower 

pH in the Co4 of the pigs fed the HS and HI diets compred with the LF and HF diets.  

The concentration of total SCFA in Cae and Co4, and acetic acid in the large intestine of the 

pigs fed the HS diet is in line with followed the higher degradation of NSP in the large intestine 

(Lee et al., 2022 unpulished) of diet HS as compared with the other diets. The concentration valeric 

acid in the large intestine of the pigs fed the LF diet was higher than of other diets. Laerke et al. 

(2000) reported a positive relationship between valeric acid and amino acid fermentation and 

catabolism. For the LF diet, the higher concentration of valeric acid in the large intestine could be 

due to the relatively lower DF content in the LF diet causing a relatively higher contribution of 

protein fermentation in the large intestine. This is supported by the BCFA data that was highest in 
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pigs fed diet LF. The higher faecal acetic acid concentration after feeding the HS and HI diets week 

6 than for the two other diets. The concentration of acetic and butyric acids week 12 is for diet HS 

a reflection of a higher degradation of NSP in the large intestine and for diet HI the cellulytic nature 

of fermented NSP as also seen in other studies (Serena et al., 2008a).  

In the current study, the type and level of DF had no influence on the incidenc of swine 

dysentery, prevention or recovery after infection with B. hyodysenteriae (Lee et al., 2022 

unpublished). Lindecrona et al. (2003) reported that a fermented liquid feed diet that contained 

molasses and was highly fermented in the large intestine, reduced the incidence of swine dysentery, 

whereas wheat, barley and rice based diets supplemented by organic acids did not influence the 

incidence of swine dysentery. Moreover, a fructan rich diets (inulin 119 and 89 g/kg in each 

experiment) completely prevented swine dysentery (Thomsen et al., 2007; Hansen et al., 2010). 

Also, guar gum and retrograded resistant starch showed protetive effect against swine dysentery 

(Pluske et al., 1998; Helm et al., 2021). A common feature of ingredients showing protective and 

preventive effects against the infection of swine dysentery, was a bifidogenic effect of the fibre 

(Queiroz-Monici et al., 2005; Thomsen et al., 2007; Meyer and Stasse-Wolthuis, 2009). 

Bifidobacteria SPP Have the capability of producing diverse metabolites such as SCFAs, 

polyunsaturated fatty acid, diacetyls, hydrogen peroxides and carbon dioxides which can hinder 

propagation of pathogen (Sarkar and Mandal, 2016). In the current study, we have formulated diets 

varying in fermentable and resistant fibres and as confirmed in a parallel study (Lee et al., 2022, 

unpublished) and although the HS diet had the highest NSP degradation and higher SCFAs 

concentration that did not either prevent or protect the pigs against infection with B. hyodysenteriae. 

Thus, current knowledge indicate that preventive and protective effects against infection with B. 
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hyodysenteriae requires DF sources not only stimulating the fermentation but also need to 

influence bifidogenic bacteria in the large intestine. 

In conclusion, this study showed a clear effect of B. hyodysenteriae infection on the 

large intestine of growing pigs; we found that the large intestine of the infected pigs was 

hypertrophic considering relative organ weight and that the SCFA concentration of infected pigs 

were greater compared with the non-infected pigs. We speculated that some microorganism such 

as Bacteroides spp and Prevotella spp have synergetic effect with B. hyodysenteriae. The crypt 

area and depth, and mucin area of the infected pigs was much higher than the non-infected pigs, 

indicating that higher production of mucus stimulated by the pathogen. The soluble DF in the HS 

diet increased the weight of the Co and caused higher SCFA concentration caused by fermentation 

in Cae and Co compared with other diet, whereas none of the morphology and mucin parameters 

were influenced by the diets. No interactions between B. hyodysenteriae infection and the diets 

were identified and although the HS resulted in more fermentation in the large intestine, there was 

no preventive effect on swine dysentery.  
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Table 1. Composition and analyzed chemical composition of the four experimental diets (as-fed basis) 

  Diet1 

Item LF HF HS HI 

Ingredients, %     
Wheat 74.41  49.34 61.83 
Barley  67.33   
Barley hulls  10.00   
Sugar beet pulp   6.00  
Potato pulp   6.00  
Pectin residue   6.00  
Seed residue    7.00 
Pea hulls    7.00 
Brewer’s spent grain    7.00 
Soybean meal 19.86 17.77 27.55 11.95 
Animal fat 2.00 2.00 2.00 2.00 
L-lysine 0.86 0.45 0.34 1.00 
Methionine 0.30 0.10 0.20 0.20 
Threonine 0.30 0.10 0.30 0.38 
Monocalcium phosphate 0.80 0.80 0.80 0.80 
Calcium carbonate 0.91 0.89 0.91 0.28 
Sodium chloride 0.36 0.36 0.36 0.36 
Vitamin-mineral mixture2 0.20 0.20 0.20 0.20 
Chromic oxide 0.20 0.20 0.20 0.20 
Analyzed chemical composition, % DM 

   

Dry matter 90.20 90.40 90.20 90.70 
Crude protein (N x 6.25) 19.30 17.70 21.00 17.50 
Crude fat 5.00 5.20 5.10 5.50 
Ash 6.20 6.00 6.90 6.10 
Sugars 2.70 2.40 3.10 2.40 
Starch 46.10 40.30 32.60 39.20 
Total non-starch polysaccharides 13.40 20.10 22.50 21.60 
Cellulose 3.10 5.80 7.70 8.30 
Total non-cellulosic polysaccharides 10.4 (3.5) 14.3 (5.2) 14.8 (6.5) 13.3 (2.5) 
Fructans 1.3 0.7 1.1 1.2 
Total non-digestible carbohydrates 14.7 20.8 23.6 22.8 
Klason lignin 2.70 5.10 3.40 4.50 
Dietary fiber 17.4 25.9 27.0 27.3 

1LF = low fibre; HF = high fibre; HS = high fibre soluble; HI = high fibre insoluble  

2Provided the following quantities of vitamins and minerals per kilogram of complete diet: 4,400 IU vitamin A, 1,000 
IU vitamin D3, 60 mg alpha-tocopherol, 2.2 mg menadione, 2.2 mg thiamin, 4 mg riboflavin, 3.3 mg pyridoxine, 11 
mg D-pantothenic acid, 22 mg niacin, 0.055 mg biotin, 0.022 mg vitamin B12, 50 mg Fe as FeSO4∙7H2O, 80 mg Zn 
as ZnO, 27.7 mg Mn as MnO, 20 mg Cu as CuSO4∙5H2O, 0.2 mg I as KI, and 0.3 mg Se as Na2SeO3.
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Table 2. Gastrointestinal tract and digesta weight in different intestinal segments of pigs fed the experimental diets in week 6.1 

Item Segment2 
Diet 

SEM 
B. hyo 

SEM Diet B. hyo D x B 
LF HF HS HI - + 

Pig weight Body, kg 48.9 52.2 50.0 51.5 2.4 57.6x 43.7y 1.7 0.761 0.001 0.718 
GIT weight3 Stomach, g 367 434 434 446 23.6 457x 383y 16.7 0.088 0.003 0.882 

SI, g 1652 1630 1554 1710 89.6 1844x 1439y 63.4 0.661 0.001 0.383 
Cae, g 119 124 131 137 6.3 135x 120y 4.4 0.215 0.027 0.264 
Co, g 631b 691ab 795a 785a 43.5 711 740 30.8 0.032 0.500 0.701 
Overall, g 2769 3042 2913 3078 130.6 3149x 2730y 93.8 0.387 0.004 0.696 

Relative GIT weight4 Stomach, % 0.76b 0.84ab 0.89a 0.88a 0.03 0.79y 0.89x 0.2 0.038 0.009 0.929 
SI, % 3.43 3.10 3.15 3.33 0.13 3.22 3.29 0.9 0.318 0.614 0.178 
Cae, % 0.25 0.24 0.27 0.27 0.01 0.23y 0.28x 0.1 0.295 0.001 0.826 
Co, % 1.29c 1.37bc 1.66a 1.58ab 0.09 1.23y 1.72x 0.6 0.021 0.001 0.673 
Overall, % 5.73 5.62 5.97 6.05 0.16 5.49y 6.25x 1.2 0.277 0.001 0.383 

Digesta content Stomach, g 1778 1764 1907 1654 253.0 1918 1633 178.9 0.917 0.268 0.240 
SI, g 1177 1132 1214 1106 139.5 1334x 980y 98.6 0.950 0.015 0.398 
Cae, g 367 366 430 474 43.8 494x 324y 31.0 0.242 0.001 0.629 
Co, g 1084a 806b 963ab 1196a 96.3 972 1053 68.1 0.041 0.407 0.130 
Overall, g 4405 4067 4512 4430 394.1 4717 3990 278.6 0.862 0.072 0.360 

1 n = 12 per mean by each diet; n = 24 per mean by infection (- and +); n = 6 per mean by each treatment, unless otherwise noted. 
2 SI, small intestine; Cae, caecum; Co, colon. 
3 Gastrointestinal tract 
4 Relative GIT weight to body weight (%) = organ weight (kg)/body weight of pig (kg) 
a-c, x-y Values within a row with different superscripts differ significantly (P < 0.05)      
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1 SI, small intestine; Cae, caecum; Co, colon. 
a-c, x-y Values within a row with different superscripts differ significantly (P < 0.05). 

  

Table 3. pH in digesta from intestinal segments of pigs fed the experimental diets for week 6.  

Item Segment1 
Diet 

SEM 
B. hyo 

SEM Diet B. hyo D x B 
LF HF HS HI - + 

pH 

Stomach 4.43 3.92 4.27 3.77 0.289 4.00 4.19 0.205 0.353 0.515 0.591 
SI3 6.38b 6.79a 6.74a 6.98a 0.116 6.59y 6.86x 0.082 0.007 0.023 0.636 
Cae 6.00 6.05 5.95 6.00 0.088 5.96 6.04 0.062 0.900 0.397 0.998 
Co 1 6.30 6.13 6.09 6.19 0.086 6.21 6.14 0.061 0.362 0.432 0.768 
Co 2 6.41 6.31 6.24 6.24 0.075 6.33 6.27 0.053 0.354 0.480 0.845 
Co 3 6.53 6.56 6.41 6.37 0.073 6.45 6.48 0.052 0.217 0.726 0.997 
Co 4 6.66ab 6.75a 6.54bc 6.50c 0.044 6.56 6.65 0.031 0.002 0.069 0.987 
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Table 4. Concentration of short chain fatty acids (SCFA) in small and large intestines of pigs fed the experimental diets for week 6 (mmol/kg wet 
digesta) 

Item Segment1 
Diet 

SEM 
B. hyo 

SEM Diet B. hyo D x B 
LF HF HS HI - + 

Total SCFA 

SI 10.5 8.6 10.7 9.1 1.84 10.2 9.3 1.30 0.817 0.621 0.836 

Cae 127.7a 108.8b 127.4a 112.7b 5.81 115.6 122.4 4.16 0.049 0.228 0.943 

Co 1 120.0 108.8 123.1 110.6 5.63 108.5y 122.7x 3.98 0.217 0.016 0.672 

Co 2 119.7 106.2 120.9 118.1 5.02 105.9y 126.9x 3.55 0.140 0.001 0.229 

Co 3 112.0 100.8 118.4 108.2 5.18 104.4y 115.3x 3.66 0.128 0.042 0.909 

Co 4 101.0ab 88.5c 106.0a 92.2bc 4.01 92.6y 100.9x 2.90 0.016 0.043 0.793 

Lactic acid SI 44.9a 30.3ab 22.5b 19.3b 6.63 32.3 26.3 4.69 0.044 0.375 0.611 

Caecum 5.4 3.0 0.1 0.4 1.98 1.3 3.3 1.41 0.228 0.359 0.591 

Acetic acid 

SI 9.8 8.5 10.4 9.1 1.66 10.2 8.7 1.17 0.871 0.378 0.712 

Caecum 77.9ab 67.0b 87.9a 74.0b 3.84 75.6 77.4 2.75 0.005 0.547 0.888 

Co 1 73.6ab 64.1b 79.8a 70.1ab 3.89 70.2 73.6 2.75 0.049 0.387 0.965 

Co 2 71.5ab 63.4b 78.8a 74.6a 3.21 67.9y 76.3x 2.29 0.011 0.011 0.205 

Co 3 68.7ab 61.1b 76.2a 68.7ab 3.11 66.9 70.4 2.20 0.015 0.273 0.784 

Co 4 62.7ab 53.7c 67.9a 59.0bc 2.66 59.4 62.0 1.93 0.005 0.319 0.856 

Propionic acid 

SI 0.7 0.1 0.3 0.0 0.37 0.0 0.6 0.26 0.574 0.132 0.574 

Caecum 32.1 28.6 28.3 27.5 1.76 28.4 30.0 1.26 0.283 0.380 0.881 

Co 1 26.6 27.9 27.1 25.7 1.90 24.2y 29.4x 1.34 0.885 0.009 0.263 

Co 2 27.2 25.7 23.5 26.3 1.63 22.4y 29.0x 1.16 0.390 0.001 0.570 

Co 3 24.0 22.8 23.7 23.3 1.32 21.8y 25.1x 0.93 0.926 0.017 0.912 

Co 4 21.3 19.4 20.9 19.2 0.91 18.9y 21.4x 0.66 0.296 0.009 0.546 

Butyric acid 
SI 0.0 0.0 0.0 0.0 - 0.0 0.0 - - - - 

Cae 13.7a 9.5b 9.8b 8.5b 1.18 9.6 11.2 0.84 0.020 0.209 0.682 

Co 1 13.4 11.3 11.9 10.3 1.14 10.2y 13.2x 0.81 0.297 0.012 0.639 
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Co 2 13.5 10.8 12.9 12.2 1.16 10.8y 14.0x 0.83 0.412 0.007 0.324 

Co 3 12.0 10.2 12.5 10.6 1.14 10.6 12.1 0.81 0.433 0.193 0.973 

Co 4 10.5 9.0 11.1 8.6 0.88 9.4 10.2 0.64 0.166 0.354 0.867 

Valeric acid 

SI 0.0 0.0 0.0 0.0 - 0.0 0.0 - - - - 

Cae 3.0a 2.4ab 1.3c 1.7bc 0.31 1.7y 2.6x 0.22 0.002 0.007 0.385 

Co 1 4.0a 3.1ab 2.4b 2.4b 0.37 2.3y 3.7x 0.26 0.012 0.001 0.387 

Co 2 4.1a 3.1b 2.7b 2.5b 0.32 2.3y 3.9x 0.23 0.007 0.001 0.268 

Co 3 3.5a 2.8b 2.5b 2.3b 0.25 2.1y 3.4x 0.17 0.008 0.001 0.470 

Co 4 3.2a 2.5ab 2.3b 2.1b 0.21 2.0y 3.0x 0.15 0.016 0.001 0.528 

BCFA2 

SI 0.0 0.0 0.0 0.0 - 0.0 0.0 - - - - 

Cae 1.0 1.2 0.1 0.9 0.36 0.4y 1.1x 0.26 0.155 0.042 0.594 

Co 1 2.1 2.1 2.2 1.8 0.39 1.6y 2.5x 0.28 0.858 0.031 0.540 

Co 2 3.0 2.9 2.7 2.2 0.30 2.3y 3.1x 0.22 0.326 0.013 0.424 

Co 3 3.5 3.7 3.0 2.9 0.35 2.7y 3.8x 0.24 0.297 0.002 0.740 

Co 4 3.1 3.7 3.2 3.0 0.34 3.9y 2.6x 0.24 0.539 0.001 0.689 
1 SI, small intestine; Cae, caecum; Co, colon. 
2 Branched chain fatty acid 

          

a-c, x-y Values within a row with different superscripts differ significantly (P < 0.05)       
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Table 5. Concentration of short chain fatty acids (SCFA) in faeces of pigs fed the experimental diets in week 6 and 12 (mmol/kg wet digesta) 

Item Week 
Diet 

SEM 
B. hyo 

SEM Diet B. hyo D x B 
LF HF HS HI - + 

Total SCFA* 6 week 104.9 102.7 118.8 116.8 6.82 120.6x 101.7y 4.86 0.272 0.011 0.119 

12 week 128.3 125.9 139.8 146.5 5.71 137.8 129.7 4.05 0.101 0.383 0.125 

Acetic acid* 6 week 67.6ab 61.3b 78.0a 76.4a 3.84 78.2x 64.2y 2.74 0.017 0.001 0.099 

12 week 81.0bc 78.4c 91.7ab 92.4a 3.54 87.6 82.5 2.51 0.030 0.418 0.283 

Propionic acid* 6 week 20.3 22.5 22.4 23.0 1.34 22.9 21.2 0.96 0.497 0.240 0.073 

12 week 25.8 27.2 26.0 30.8 1.44 28.1 26.0 1.02 0.090 0.242 0.113 

Butyric acid* 6 week 9.1 10.2 11.0 10.7 1.42 12.0x 8.6y 1.02 0.785 0.023 0.378 

12 week 12.2b 11.7b 13.6b 16.6a 1.13 14.3x 11.9y 0.80 0.028 0.048 0.072 

Valeric acid† 6 week 3.2 3.8 2.9 3.0 0.33 3.2 3.2 0.24 0.309 0.743 0.413 

12 week 3.3 3.4 3.1 2.6 0.25 2.8y 3.6x 0.17 0.270 0.001 0.525 

Total BCFA* 6 week 4.3ab 4.8a 3.7bc 3.3c 0.31 3.9 4.1 0.11 0.014 0.461 0.076 

12 week 5.5a 4.7b 4.6b 3.3c 0.23 4.3y 4.9x 0.23 0.001 0.037 0.184 
* Week effect (P < 0.05)            
† The interaction between the diets and week (P < 0.05)         
a-c, x-y Values within a row with different superscripts differ significantly (P < 0.05)       
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Table 6. Crypt depth and area in caecum and colon of pigs fed experimental diets in week 6      

Item Segment1 
Diet 

SEM 
B. hyo 

SEM Diet B. hyo D x B 
LF HF HS HI - + 

Crypt depth (μm) 
Cae 771 838 827 800 62.2 716y 903x 44.0 0.877 0.005 0.680 
Co 2 793 892 862 805 65.6 691y 985x 46.8 0.740 0.001 0.624 
Co 3 841 855 818 762 49.8 696y 948x 35.6 0.576 0.001 0.776 

Crypt area (μm2) 
Cae 54383 56779 56516 50707 4346.5 48371y 60822x 3073.5 0.742 0.007 0.335 
Col 2 51426 57636 54703 49587 4180.0 39566y 67134x 3028.7 0.602 0.001 0.596 
Col 3 51522 54568 46853 45571 3838.2 38668y 61186x 2743.0 0.363 0.001 0.376 

Crypt density (n/mm) 
Cae 7.6 7.7 7.6 8.1 0.22 7.7 7.8 0.16 0.334 0.726 0.579 
Col 2 8.2 8.9 8.1 8.5 0.30 8.8x 8.0y 0.21 0.173 0.016 0.573 
Col 3 8.9 9.1 9.2 9.2 0.30 9.4x 8.8y 0.22 0.904 0.034 0.729 

Muscle thickness (μm) 
Cae 494 527 570 476 32.4 437y 601x 23.2 0.223 0.001 0.912 
Col 2 348 397 422 267 47.3 324 391 32.8 0.109 0.179 0.333 
Col 3 342 318 261 303 33.1 288 326 23.6 0.375 0.312 0.311 

1SI, small intestine; Cae, caecum; Co, colon. 
a-c, x-y Values within a row with different superscripts differ significantly (P < 0.05) 
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Table 7. Area of mucin, and mucin proportion of crypt and total mucin at large intestine of pigs fed experimental diets in week 6 

Item Segment1 
Diet 

SEM 
B. hyo 

SEM Diet B. hyo D x B 
LF HF HS HI - + 

Total area of mucins (µm2) 

Cae 13520 16587 15513 11971 2710.5 9259y 19537x 1916.6 0.634 0.001 0.663 

Co 2 20645 24036 17766 18261 2843.5 11380y 29059x 2011.6 0.320 0.001 0.366 

Co 3 21614 18549 17811 17517 2566.3 11687y 26418x 1832.1 0.692 0.001 0.262 

Proportion of crypt covered by total 
mucin (%) 

Cae 23 27 25 23 2.4 19y 30x 1.7 0.597 0.001 0.703 

Co 2 37 39 31 34 2.9 29y 42x 2.1 0.248 0.001 0.386 

Co 3 37 33 36 37 2.5 30y 42x 1.8 0.578 0.001 0.086 

Area of acidic mucins (µm2) 

Cae 9175 9186 9070 7221 1578.5 5473y 11853x 1116.1 0.774 0.001 0.343 

Co 2 19121 22216 16119 17445 2826.5 10404y 27143x 1999.3 0.388 0.001 0.398 

Co 3 19425 16459 16075 16548 2376.9 11023y 23541x 1701.4 0.769 0.001 0.289 

Proportion of crypt covered by 
acidic mucin (%) 

Cae 15 15 15 14 1.5 11y 18x 1.1 0.937 0.001 0.233 

Co 2 34 36 28 33 3.1 26y 39x 2.2 0.326 0.001 0.372 

Co 3 34 30 33 36 2.4 28y 38x 1.7 0.392 0.001 0.088 

Acidic mucin as proportion of total 
mucin (%) 

Cae 66 58 60 65 3.9 61 64 2.7 0.361 0.496 0.220 

Co 2 91 91 89 94 2.0 90 93 1.4 0.355 0.179 0.711 

Co 3 91 90 91 95 2.1 94x 90y 1.5 0.368 0.038 0.450 

Area of neutral mucins (µm2) 

Cae 4345 7402 6443 4749 1449.5 3786y 7684x 1025.0 0.412 0.010 0.797 

Co 2 1523 1821 1646 815 366.6 975y 1916x 259.1 0.230 0.014 0.520 

Co 3 2189 2091 1736 970 580.7 663y 2877x 415.3 0.443 0.001 0.491 

Proportion of crypt covered by 
neutral mucin (%) 

Cae 8 12 10 8 1.6 8y 11x 1.1 0.274 0.033 0.711 

Co 2 3 3 3 2 0.6 2 3 0.4 0.231 0.595 0.674 

Co 3 3 3 4 2 0.9 2y 4x 0.6 0.432 0.003 0.407 

Neutral mucin as proportion of total 
mucins (%) 

Cae 34 42 40 35 3.9 39 36 2.7 0.361 0.496 0.220 

Co 2 9 9 11 6 2.0 10 7 1.4 0.355 0.179 0.711 

Co 3 9 10 9 5 2.1 6y 10x 1.5 0.368 0.038 0.450 
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1SI, small intestine; Cae, caecum; Co, colon. 
x-y Values within a row with different superscripts differ significantly (P < 0.05) 
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Table 8. Crypt depth and area in caecum, colon 2 and colon 3 of pigs fed HS and HI diets in week 6 and 121 

Item Segment2 
6 week  12 week 

SEM B. hyo Week B x W 
- +  - + 

Crypt depth (μm) 
Cae 748 878  725 696 60.7 0.420 0.106 0.207 
Co 2 684 967  613 664 64.6 0.020 0.010 0.099 
Co 3 693 892  679 698 55.1 0.046 0.057 0.097 

Crypt area (μm2) 
Cae 51402 55820  47365 43695 4135.1 0.925 0.047 0.311 
Co 2 40504 62568  36035 40771 4588.0 0.006 0.007 0.069 
Co 3 38868b 54164a  36787b 37910b 3539.2 0.021 0.011 0.044 

Crypt density (n/mm) 
Cae 7.7 8.0  7.5 8.1 0.29 0.141 0.926 0.651 
Co 2 8.5 8.1  8.3 9.0 0.28 0.673 0.269 0.101 
Co 3 9.4 9.0  9.1 9.3 0.26 0.697 0.949 0.268 

Muscle thickness (μm) 

Cae 452b 593a  574ab 521ab 43.3 0.314 0.576 0.031 
Co 2 322 357  252 426 45.2 0.027 0.987 0.135 
Co 3 295b 268b  273b 394a 26.5 0.102 0.076 0.013 

1 This data was based on crypt depth and area of the pigs fed HS and HI diets and there was no significant difference in diet effect 
(P > 0.05) 
2 SI, small intestine; Cae, caecum; Co, colon. 
a-b Values within a row with different superscripts differ significantly (P < 0.05) 
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Table 9. Area of mucin, and mucin proportion of crypt and proportion of total mucin at caecum and colon of pigs fed HS and HI diets 
in week 6 and 121 

Item Segment2 
6 week  12 week 

SEM B. hyo Week B x W 
- +  - + 

Total area of mucins (µm2) 
Cae 10288 17194  10944 10527 2558.6 0.191 0.225 0.141 
Co 2 11125 24347  12448 16735 2629.5 0.002 0.241 0.099 
Co 3 12099b 23721a  13441b 15411b 2099.8 0.003 0.107 0.028 

Proportion of crypt covered by total mucin 
(%) 

Cae 19.8 27.9  22.9 24.7 2.57 0.050 0.966 0.209 
Co 2 26.9 38.0  34.7 39.8 2.60 0.008 0.105 0.307 
Co 3 31.1 43.1  36.3 39.5 2.25 0.002 0.736 0.066 

Area of acidic mucins (µm2) 
Cae 6233 10057  7451 8634 1562.5 0.101 0.946 0.381 
Co 2 10197 22874  12272 16410 2493.1 0.003 0.413 0.116 
Co 3 11511 21568  13350 14979 2115.8 0.009 0.271 0.055 

Proportion of crypt covered by acidic 
mucin (%) 

Cae 12.0 16.0  16.0 21.0 2.0 0.017 0.053 0.995 
Co 2 24.7 35.7  34.2 38.9 2.7 0.013 0.044 0.310 
Co 3 29.6 39.2  36.0 38.6 2.6 0.020 0.248 0.166 

Acidic mucin as proportion of total mucin 
(%) 

Cae 63.8 62.0  71.9 81.6 5.30 0.442 0.009 0.266 
Co 2 89.7 93.1  98.3 97.8 1.88 0.474 0.002 0.339 
Co 3 95.1 90.3  99.1 97.7 2.0 0.128 0.008 0.405 

Area of neutral mucins (µm2) 
Cae 4055 7137  3493 1892 1370.5 0.574 0.032 0.081 
Co 2 928 1473  176 326 281.75 0.228 0.002 0.490 
Co 3 588 2153  91 432 448.88 0.034 0.014 0.165 

Proportion of crypt covered by neutral 
mucin (%) 

Cae 7.7 11.1  7.0 4.2 1.91 0.884 0.042 0.095 
Co 2 2.3 2.3  0.6 0.9 0.52 0.763 0.008 0.799 
Co 3 1.5 4.0  0.3 1.0 0.80 0.050 0.014 0.272 

Neutral mucin as proportion of total 
mucins (%) 

Cae 36.2 37.9  28.0 18.4 5.30 0.442 0.009 0.266 
Colon 2 10.2 6.9  1.7 2.2 2.03 0.474 0.002 0.339 
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Colon 3 4.9 9.7  0.9 2.3 2.03 0.128 0.008 0.405 
1 This data was based on crypt depth and area of the pigs fed HS and HI diets and there was no significant difference in diet 
effect (P > 0.05) 
2 SI, small intestine; Cae, caecum; Co, colon. 
a-b Values within a row with different superscripts differ significantly (P < 0.05) 
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Figure 1. Experimental design and analysis according to week 
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7. General discussion 

The objective of this Ph.D. project was to study the influence of diets varying in soluble 

and insoluble DF and the use of carbohydrates to modify the DF on physicochemical 

properties, digestion, fermentation and gut health exemplified by B. hyodysenteriae. The 

diets were based on concentrates (cereal grains and protein-rich ingredients) and co-

products from the food and agro industries. Furthermore, we expected the soluble and 

insoluble DF to have diverse functions and properties influencing the fermentation in the 

large intestine.  

7.1. Physicochemical properties of dietary fibre in the gastrointestinal tracts of pig 

The level and type of DF are influencing the physicochemical properties in many different 

aspects. Generally, the DF have strong impact on viscosity and WBC of feed and ileal 

digesta, and thereby influence on digestion and transit time in the GIT. The DF contributes 

by swelling cell walls and hold water in the cell wall. The capacity to swell and hold water, 

however, depending on the DF composition. Generally, soluble DF have higher WBC and 

swelling capacity than insoluble DF (Tan et al., 2016) and can increase the viscosity 

depending on the type of DF present (Dikeman and Fahey, 2006). For instance, soluble 

DF such as β-glucan and galactomannans will increase viscosity to a larger extent than 

soluble AX (Robinson et al., 1982; Dikeman and Fahey, 2006). 

The high swelling capacity of cell wall can induce high viscosity of ileal digesta and 

thus hinder the digestion of nutrients in the small intestine. In the large intestine, however, 

soluble DF are easily fermented and soluble DF are therefore not influencing the viscosity 

in the large intestine. The insoluble DF is also related with swelling of cell wall, but matrix 

of insoluble DF is more porous compared with soluble DF and thereby cause less swelling 

and viscosity but higher ability to entrap water in the cell wall matrix (Mudgil, 2017). An 

overview of the relationship between the concentration of soluble and insoluble DF and 

the physiochemical properties of diets and ileal digesta found in this Ph.D. project is 

shown in Table 4. There was a general effect of the DF level on the physiochemical 

properties of diets and ileal digesta but to a variable extent. In the paper 1, the viscosity 
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of diet and ileal digesta in rye diet was higher compared with maize, wheat, and wheat 

and rye mixed diets in line with the results of Cervantes-Pahm et al. (2014). Other studies 

have also found that the β-glucan and soluble AX are strongly related with viscosity in 

ileal digesta (Lærke et al., 2015; de Vries et al., 2016), and NCPglucose (mostly β-glucan) 

and soluble AX composition in the rye diet is higher than in the maize and wheat diets 

(Bach Knudsen, 1997). In paper 2, it was also found that the WBC of high fibre diets was 

higher than low DF control, whereas the viscosity only was high in the diet high in soluble 

DF than the low DF diet. For the insoluble DF in the HF and HI diets, it was only the WBC 

that was influenced.  

The WBC and viscosity of the ileal digesta, however, was different compared with in 

the feed. Especially, WBC in the ileal digesta in the pigs fed HI diet was higher than the 

other diets indicating that the porous structure of insoluble DF in the HI diet could bind 

more water through luminal fluid without influencing the viscosity. There are two types of 

waters in the cell walls; bound water and unbound water. The bound water have property 

that can chemically or physically attach to compound or structural matrix, whereas the 

unbound water is not combined with compounds or cell wall matrix thereby can freely 

move in the matrix (Joardder et al., 2019). Takahashi et al. (2009) reported that the WBC 

of insoluble DF could decrease unbound water and increase viscosity in the digesta of rat 

indicating that probably insoluble DF in the HF and HI diets influenced viscosity and 

thereby difference of viscosity in the ileal digesta among the diets was reduced.  

The composition of the experimental diets in paper3 is similar to paper 2. However, 

the results of WBC and viscosity in small intestine are different probably because of 

difference with initial weight of pigs and inoculation of pathogen. The WBC in the small 

intestine of the pigs fed the HS diet was higher than other diets and there was no effect 

of the infection with B. hyodysenteriae indicating that WBC could be influenced by the 

diets, but not the infection.
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Table 4. Influence of soluble and insoluble DF on the water binding capacity and viscosity in experimental diets and ileal 
digesta 
  Diet (% of dry matter)1 Ileal digesta 
Diets in each EXP2 SNSP INSP TNSP WBC Viscosity WBC Viscosity 
Experiment 1 (P1)        

Maize 2.9 20.4 23.3 - 0.97 - 1.16a 
Rye 4.9 12.7 17.6 - 2.95 - 1.82a 
Wheat 2.7 14.2 16.9 - 1.10 - 1.34bc 
MixWR 3.9 13.7 17.6 - 2.03 - 1.46b 
Experiment 2 (P2)        

LF 4.1 9.7 13.8 1.80 1.35 3.30 1.69 
HF 5.1 15.5 20.6 2.09 1.29 3.43 1.49 
HFS 7.8 16.9 24.7 3.18 1.43 3.97 1.77 
HFI 4.6 19.3 23.9 2.10 1.19 4.53 1.95 
Experiment 3 (P3)        

LF 3.5 9.9 13.4 1.80 1.35 3.04 1.80 
HF 5.2 14.9 20.1 2.09 1.29 2.92 1.88 
HS 6.5 16 22.5 3.18 1.43 3.60 1.85 
HI 2.5 19.1 21.6 2.10 1.19 3.03 1.98 
1SNSP, souluble non-starch polysaccharide; INSP, insoluble non-starch polysaccharides; TNSP, total non-starch 
polysaccharides; WBC, water-binding capacity 
2LF, low fibre; HF high fibre; HFS (HS); High soluble fibre; HFI (HI), high insoluble fibre. 
 a-c Within a row, values with different superscripts differ (P < 0.05).   
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The viscosity in the small intestine was not influenced by the diets but the viscosity of 

ileal digesta in the infected pigs was greater than non-infected pigs. This is most likely 

because the infected pigs can produce more mucin and mucus to protect epithelial cells 

against pathogen. Herath et al. (2020) reported that the viscosity could be increased when 

GIT was abnormalities due to more secretion of mucus in the small intestine. Therefore, 

the ileal viscosity seen in paper 3 is more influenced by the infection than DF in the diets.  

7.2. Digestion and fermentation of carbohydrates and influence on energy 

utilisation in growing pig 

Dietary fibre is influencing digestion and fermentation the various sites of the GIT in a 

fashion related to the composition of the DF. The ileal digestibility of DM and OM is 

negatively correlated with level of DF but for some diets soluble DF also played a role 

(Zhang et al., 2013). In paper 1, 2 and 3, the ileal digestibility of DM and OM was lower 

when the pigs were fed high DF diets and with a difference in the ileal digestibility of OM 

between the LF and HS diets of 14 % (Table 5). The ileal digestibility of fat was also lower 

in the pigs fed the HS diet compared to the LF diet because soluble DF may reduce bile 

acid reabsorption and increase excretion of bile acid (Pezzali et al., 2021). For the starch 

digestibility, however, the variation in the starch digestibility from 91 to 98 % but was not 

consistently related to either soluble or insoluble DF of the diets; in paper 1, the lowest 

value was seen for the maize diet, low in soluble DF, where in paper 2 the lowest values 

were found to HFI and HFS with contrasting proportions of soluble and insoluble DF. 

    The ileal digestibility of NSP and NCP is negligible, but the results indicate that age 

and weight of pigs may have an influence. In the paper 1 and 3, the initial average of body 

weight of the pigs was 33.3 kg and 26.9 kg, respectively, but 66.2 kg in the paper 2. The 

range of the ileal digestibility of total NSP in ileum was 3.8 to 7.6 % in the paper 1 and - 

4.7 to 9.7 % in the paper 3, whereas the NSP digestibility in paper 2 varied from 4 to 25 %, 

suggesting a higher NSP digestibility in the small intestine in older and heavier pigs 

according to age and weight of pig. Support for these findings is the higher digestibility of 

fructans in paper 1 compared with paper 2. Fructans are oligo/polysaccharide with wide 

variation in degree of polymerisation and known to be easily degraded in the small 
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intestine (Strauch et al., 2017). The ileal digestibility of fructans in the paper 1 was 31 to 

49 %, compared to 70 to 93 % in the paper 2. However, the ileal digestibility of cellulose 

was almost zero or very low regardless of the DF source in line with previous result by 

Zhao et al. (2020). 

In pigs, the major site for degradation of DF is the large intestine and the total tract 

digestibility is therefore consistently higher than the ileal digestibility. The composition of 

the DF fraction also plays a role as seen of the higher total tract digestibility of OM in pig 

fed HS and rye diets as compared with the ileal digestibility. Moreover, the disappearance 

of OM in the large intestine of pigs fed rye diet (20.7 %) was higher compared with maize 

and wheat diets (12.1 and 15.9 % each) because most of the soluble DF in cereal-based 

diets are easily degraded and fermented in caecum of pigs (Sholly et al., 2011). The total 

tract digestibility of starch is almost 100 % because even RS was degraded in the caecum 

of pig (Tan et al., 2021). 

The total tract digestibility of NSP varied widely as influenced by DF type and source. 

The NSP digestibility of pig fed maize diet that contained maize bran and DDGS was 

much lower than of rye and wheat-based diet because of the high resistance of 

particularly the AX in the maize bran and DDGS (Ganchev et al., 2020). The low 

degradation of NSP in maize bran and DDGS is due to the high level of ferulic and di-

ferulic acids (Hussain et al., 2021) where the concentration of ferulic and di-ferulic acids 

is 5 times higher than in wheat DDGS (Pedersen et al., 2015). Moreover, the maize 

ingredients also contain p-coumaric acid which is mainly bound to lignin contributing to a 

rigid structure. Further, the level of insoluble DF also plays a role being highest for maize 

diet in the paper 1 contained 15 % insoluble NCP and the HI diet in the paper 2 and 3 

contained around 10.5 % of insoluble NCP; higher than in the other diets. Thus, rigid 

structure of cell walls according to different cereal grain has to be considered for 

evaluation of total tract digestibility of DF. 
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Table 5. Ileal and total tract digestibility of pigs fed experimental diets in each experiment    

  Ileal digestibility1     Total tract digestibility 

Diets OM Starch Fructan NSP NCP  INCP Cellulose OM NSP NCP  Cellulose 
Exp 1 (P1)            

Maize 58c 93c - 4 5 9b 2 70c 23d 24d 19c 
Rye 62b 95b - 6 7 25a -1 83a 66a 70a 41a 
Wheat 66a 98a - 6 7 28a 1 81b 54c 61c 20c 
MixWR 64ab 97a - 8 9 26a 1 82ab 59b 66b 27b 
Exp 2 (P2)            

LF  71a   95a 87 4 11c - -25c  88a  65ab  72ab  36bc 
HF 65b 91b 93 17 22ab - 1ab 82b 53c 63b 24c 
HFS 57c 91b 70 4 12bc - -14bc 84b 73a 79a 63a 
HFI 68ab 97a 78 25 28a - 18a 82b 59bc 66b 47ab 
Exp 3 (P3)            

LF 67a 96 41 6 9ab - -5 81a 53b 61b 27b 
HF 59b 97 49 10 18a - -12 76bc 53b 62b 31b 
HS 47c 92 31 -5 1b - -16 78ab 67a 73a 56a 
HI 54bc 96 44 -4 0b - -10 74c 47c 56c 33b 
1NSP, non-starch polysaccharide; NCP, non-cellulosic polysaccharide; INCP, insoluble non-cellulosic polysaccharide. 
2LF, low fibre; HF high fibre; HFS (HS); High soluble fibre; HFI (HI), high insoluble fibre.    

 a-d Within a row, values with different superscripts differ (P < 0.05).      
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     Generally, the total tract digestibility of DF increases with the age (Jacyno et al., 2016). 

This was, however not the case in paper 3 where the total tract digestibility of NSP, NCP 

and cellulose was lower at week 12 compared with week 6t. The reason is probably that 

barley β-glucan could reduce abundance of Bacteroides, Porphyromonas, and Prevotella 

spp (Angelis et al., 2015), which could help to degrade DF, and thereby degradation of 

DF in the large intestine was decreased with older pigs, or the influence of infection was 

still remained at week 12 causing less degradation of DF. For the nitrogen and fat, 

however, the total tract digestibility in paper 3 was higher at week 12 than 6. 

Diet composition, especially DF proportion, is important on energy metabolisms of 

pigs. Generally, utilisation of energy is negatively correlated with DF reducing digestibility 

of OM and nutrients. However, effect of DF on energy utilisation is diverse and variable 

according to weight, age and DF type in pig (Lindberg, 2014). In paper 2, average body 

weight of growing pigs through the experiment was around 90 kg giving rise to an efficient 

fermentation of DF. Moreover, there was no difference among pigs fed the diets regarding 

the intake of DE, ME, RE and NE indicating that the pigs could efficiently utilize the energy 

from DF. Jørgensen (1997) reported that methane emission was increased with 

increasing DF content of the diets, whereas the influence of DF on methane emission in 

paper 2 was not significant in line with the results of Dubois et al. (2002). 

Additionally, level and type of DF did not influence heat production, and nitrogen and 

carbon retention in pigs meaning that inclusion of DF did not have a major influence on 

the energy retention due to the ability for degradation of DF in the large intestine of 

growing pigs. 

7.3. Influence of carbohydrase on ileal and total tract digestibility of nutrients 

The major carbohydrates enzymes used in the paper 1 are β-glucanase, xylanase and 

arabinofuranosidase. For most of the nutrients studied, the digestibility was higher in the 

enzyme supplemented diets, but it was only for the high-molecular weight AX and starch 

that the digestibility of the individual components was significant. The effects that is found 

in the study in paper 1 is probably lower than if the diets would have been based on whole 

grains only as the DF present in the added co-products (brans and DDGS) have a far 
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more complex composition which restrict the degradation by carbohydrase as seen in 

vitro (Vangsøe et al., 2021) and in vivo (Petry and Patience, 2020). The main factors 

influencing the effect of the carbohydrases are the substitution pattern (Motta et al., 2013) 

and the cross-linkage to phenolic compounds (Mnich et al., 2020). 

Generally, highly branched AX has higher amount of di-substitution with xylose 

residue causing increasing A:X ratio (Saulnier et al., 2007), suggesting that higher A:X 

ratio in the diet cause more difficulty of AX degradation with carbohydrase. For example, 

A:X ratio in maize whole grain and maize DDGS is much higher than rye and wheat in the 

Table S1 of paper 1. However, the A:X ratio is not always related with the degradation of 

AX but also to a large extent related with amounts of ferulic acid and p-coumaric acid. 

Ferulic acid is linked to the O-5 position of AX as ester bond which also has covalent 

linkages with lignin and proteins (Barron et al., 2007; Bunzel, 2010; Kiszonas et al., 2013). 

Thus, a high amount of ferulic acid cause less degradation of AX and utilisation of protein 

with carbohydrase supplementation. It can be speculated that supplementation of 

esterase and more arabinofuranosidase in the maize diet might be necessary to improve 

ability of xylanase.  

The supplementation with the carbohydrase complex did not improve the total tract 

digestibility of nutrients and energy. Rather, the relative contribution of fermentation in the 

large intestine as a proportion of the total tract digestion was lower supporting that the 

supplementation with the carbohydrate complex moved the digestion aboral. 

 7.4. Fermentation products of carbohydrates in the gastrointestinal tract of 

growing pig 

The fermentation processes already starts in stomach and the small intestine (Sappok, 

2012), but with a is much lower extent than in the large intestine because of relatively 

short transit time and less abundance of microbiota compared with the large intestine. 

Lactic acid producing bacteria utilize starch as a fermentation source and thus higher 

starch content in the pig diet may increase lactic acid production in the small intestine as 

seen in the paper 2 and 3 (Table 6), where the LF diet contained the high starch content 

of the diets. However, most of the starch are degraded in the small intestine. 
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The production of SCFA is primarily linked to the level and fermentability of DF but the 

age of the pigs may potentially also play a role (Ke et al., 2019). The produced SCFA is 

rapidly absorbed by the epithelial cells in the large intestine but the concentration of SCFA 

in caecum is usually higher than in colon because of a more active fermentation 

particularly of soluble DF and other carbohydrates whereas insoluble DF is more 

fermented in the distal part of colon but at a slower rate (Jha et al., 2019). The microbial 

activity and the concentration of SCFA therefore mostly decreases from proximal to distal 

large intestine (Bach Knudsen et al., 1991) in the line with the results of paper 3. In 

contrast, the concentration of SCFA in the faeces of pigs fed the HI diet showed different 

pattern in the paper 2 and 4: the concentration of SCFA in colonic digesta when feeding 

the HI diet was lower than when feeding the LF diet in the paper 4, whereas the opposite 

was the case for the SCFA concentration of the faeces when feeding the HI diet and LF 

diet in the paper 2. A reason could be that older pigs may have a better ability for 

fermentation of insoluble DF because of longer retention time and large intestine. In 

addition, the concentration of SCFA in the faeces of pigs in week 12 was higher that of 

pigs in week 6 (Paper 4).  
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Table 6. The concentration of SCFA of pigs fed experimental diets in each experiment   

  Ileal digesta Faecal digesta 

Diets1 Lactic 
acid 

Acetic 
acid 

Propionic 
acid 

Butyric 
acid 

Total 
SCFA 

Acetic 
acid 

Propionic 
acid 

Butyric 
acid 

Total 
SCFA 

Exp 2 (P2)          

LF 31.5a 22.9 0.7 1.2 24.7 67.2 23.3 12.4 111.6 
HF   24.1ab 22.7 0.8 1.1 23.2 63.2 31.2 16.5 120.0 
HFS 9.9b 24.4 0.2 1.0 25.6 82.1 28.0 21.8 142.7 
HFI 21.2ab 20.0 0.7 1.0 21.7 86.8 29.7 19.6 145.7 
Exp 3 (P4)          

LF 44.9a 9.8 0.7 0.0 10.5 67.6ab 20.3 9.1 104.9 
HF 30.3ab 8.5 0.1 0.0 8.6 61.3b 22.5 10.2 102.7 
HS 22.5b 10.4 0.3 0.0 10.7 78.0a 22.4 11.0 118.8 
HI 19.3b 9.1 0.0 0.0 9.1 76.4a 23.0 10.7 116.8 
1LF, low fibre; HF high fibre; HFS (HS); High soluble fibre; HFI (HI), high insoluble fibre.   

 a-c Within a row, values with different superscripts differ (P < 0.05).    
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7.5. Impact of swine dysentery on pigs 

Swine dysentery is induced by B. hyodysenteriae which in the past was called Serpulina 

hyodysenteriae and Treponema hyodysenteriae. Generally, this disease induces severe 

colitis destroying intestinal epithelial cells in the large intestine of growing pigs, and 

thereby causes mucus and bloody diarrhoea, reducing feed intake and sunken abdomen 

(Burrough, 2017). In paper 3, the most severe clinical signs such as faecal excretion of 

the pathogen and diarrhoea score were found in week 5 and 6 (3 to 4 weeks after the 

inoculation). After the inoculation of B. hyodysenteriae, the difference in body weight 

between infected pigs and non-infected pigs became larger until week 8 after which the 

weight of infected and non-infected pigs narrowed because of higher ADG and 

compensatory growth in infected pigs compared with non-infected pigs (paper 3). 

Additionally, the weight of GIT in infected pigs was lower compared with in non-infected 

pigs in the paper 4. These observations demonstrated the negative influence of swine 

dysentery on growth performance in growing pigs in line with the results of previous 

studies (Alvarez-Ordóñez et al., 2013; Helm et al., 2020).  

    The infection of B. hyodysenteriae, however, did not influence the ileal digestibility of 

nutrients and NSP in line with results of other paper (Schweer et al., 2019), whereas 

viscosity and pH in the small intestine of infected pigs was higher compared with non-

infected pigs. The reason for this is could be that B. hyodysenteriae could change diversity 

of microbiota and increase production of mucus in the small intestine of infected pigs, but 

the influence was not enough to change the digestion of nutrients. Moreover, there was 

no difference on the relative weight of the small intestine between infected and non-

infected pigs. Therefore, the influence of B. hyodysenteriae on the small intestine is 

limited as also indicated by La et al. (2019). 

The OM, NSP and NCP digestibility in the caecum of infected pigs was higher 

compared with non-infected pigs. In addition, the SCFA concentration in the colon of the 

infected pigs at week 6 was higher, indicating that there was a higher fermentative activity 

in the large intestine of infected pigs with specific microbiota related with B. 

hyodysenteriae as mentioned in paper 3 and 4. However, these features were not 
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reflected in total tract digestibility probably because transit time of digesta in in the large 

intestine of infected pigs was relatively shorter due to diarrhoea (Guirl et al., 2003) 

levelling out the differences in digestibility between infected and non-infected pigs seen 

in the caecum. The reason for the higher SCFA concentration in the colon could also be 

due to a higher mucin secretion of infected compared to non-infected pigs unlike NSP 

digestibility in caecum (paper 4). 

The infection of B. hyodysenteriae had significantly impacted the histology and 

morphology of the large intestine. Vieten et al. (2006) reported that severe mucosal 

necrosis from colitis can cause crypt hyperplasia and elongation. Moreover, increased 

crypt depth in colon is strongly related with diarrhoea (Pedersen et al., 2012). In paper 4, 

crypt depth and area of infected pigs were greater than non-infected pigs, meaning that 

there was more turnover of intestinal mucosa cells probably because of necrosis of 

epithelial cells in the large intestine of infected pigs with diarrhoea. Mucin can protect 

epithelial cells of colon against pathogens, and the infection of B. hyodysenteriae causes 

more production of mucin (Quintana-Hayashi et al., 2015). In paper 4, mucin area of the 

infected pigs was roughly 2-3 times higher than non-infected pigs regardless of mucin 

type in line with previous study showing preventive response against the pathogen. 

Therefore, the infection of B. hyodysenteriae have a strong influence on growth 

performance, digestibility, fermentation and intestinal health in the large intestine of 

growing pigs. 

7.6. Influence of dietary factors on infection of swine dysentery 

Swine dysentery has classically been treated with antibiotics (tiamulin and valnemulin) 

which have showed excellent effect (Alvarez-Ordóñez et al., 2013). However, B. 

hyodysenteriae has mutated and shown resistance against antibiotics. In addition, EU 

banned the use of antibiotics as growth promotor since 2006 and will prohibit the use of 

routine antibiotic from 2022. Therefore, the incidence of swine dysentery may increase in 

EU and the world, and the new situation has inspired many nutritionists to try finding 

nutritional solution prevent and alleviate the infection of B. hyodysenteriae without 

antibiotics.  
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Although the composition of swine diet has been studied as a factor to control swine 

dysentery, the results were not constant especially according extent of digestion, DF type 

and ingredients. Siba et al. (1996) reported that highly digestible diet including cooked 

rice (77 %) and animal protein diet (18 %) showed protective effect against swine 

dysentery. In addition, the protection effects against swine dysentery were found in pigs 

fed steamed flaked corn (797 g/kg) and sorghum (775 g/kg), and cooked white rice (774 

g/kg) in each diet (Pluske et al., 1996b). Thomsen et al. (2007) reported that fermentable 

carbohydrate using chicory roots (138 g/kg) and sweet lupins (221 g/kg), which are 

fructan and galactan rich ingredients, could completely protect against the infection of B. 

hyodysenteriae. Moreover, supplementation of inulin (80 g/kg) reduced the incidence of 

swine dysentery showing better growth performance compared with a control diet or a 

diet containing lupin (Hansen et al., 2010). Helm et al. (2021) reported that high 

fermentable DF diet containing sugar beet pulp (10 %) and RS (10 %) showed a better 

protective effect compared with low and medium fermentable DF diets. In contrast, 

inclusion of 30 % maize DDGS (insoluble DF source) induced more swine dysentery 

compared with control diet (Wilberts et al., 2014). Moreover, Kirkwood et al. (2000) 

reported that high fermentable DF diets and highly digestible diets did not show any 

protection or alleviation against the infection of swine dysentery; high fermentable DF diet 

in experiment 1 contained wheat shorts (30 %), potato starch (15 %) and corn starch 

(23.4 %), and the highly fermentable DF diet in experiment 2 contained wheat (49.6 %), 

SBM (19 %) and SBP (25 %). These results showed that prevention effects from different 

diet compositions are variable depending on DF type. 

 In paper 3 and 4, no interaction between infection with B. hyodysenteriae and 

experimental diets (DF level and type) was found. The reason for this is probably that the 

HS diet contained SBP (60 g/kg), potato pulp (60 g/kg) and pectin residue (60 g/kg) which 

did not stimulate specific bacteria that in growth outnumber the growth of B. 

hyodysenteriae in the large intestine. The preventive results found for fermentable diets 

in other studies may be related to the bifidogenic effect by specific ingredients such as 

RS and fructans (Queiroz-Monici et al., 2005; Meyer and Stasse-Wolthuis, 2009). Helm 

et al. (2021) found that pigs fed medium and highly fermentable DF diets had higher 

abundance of Bifidobacterium compared with less fermentable diet, whereas the pigs fed 
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diets with RS had higher abundance of Prevotella spp compared with other two diets. 

Other studies have also found that Bifidobacterium can generate bifidogenic effect that 

can improve intestinal health and animal well-being (Meyer and Stasse-Wolthuis, 2009), 

and protect large intestine against pathogen (Rivière et al., 2016). Many scientists stated 

that the prevention or alleviation of the infection was related with fermentation process of 

high soluble DF in the large intestine. However, this statement could not be confirmed in 

paper 3 and 4 as we did not find any protection although the HS diet was highly 

fermentable and with a positive impact on the SCFA concentration. Therefore, stimulation 

of bifidogenic bacteria by specific ingredients is probably more important compared with 

fermentation of DF in the large intestine when considering prevention or alleviation of the 

infection with B. hyodysenteriae.  
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8. Conclusions 

 The Ph.D. project based on the three experiments provides further understanding of 

how DF with different properties can influence the digestibility of nutrients, energy 

metabolism and infection with swine dysentery in growing pigs. Additionally, we also go 

insight in the potential in using carbohydrases to modify the DF fraction during passage 

of the small intestine. The conclusions of these findings are listed in the following: 

Dietary fibre influences physicochemical properties, digestion and fermentation in 

growing pigs 

- High dietary levels of DF reduced ileal and total tract digestibility of nutrients. 

However, the balance of energy, carbon and nitrogen was constant regardless of 

level and type of DF when proper adjustments with amino acids were provided. 

- High DF causes higher viscosity and WBC compared with low DF, and thereby 

hinder digestion of nutrients in small intestine inducing lower ileal digestibility. 

- High dietary levels of soluble DF increased viscosity of the ileal digesta whereas, 

WBC was more related with insoluble DF and structure of cell walls of different 

cereal grains and co-products. 

- Dietary DF composition is the main factor for degradation and fermentation in the 

small and large intestine and with a strong influence on the SCFA production: 

soluble DF is almost completely fermented and degraded in caecum and proximal 

colon producing more SCFA than insoluble DF, whereas insoluble DF is constantly 

fermented and degraded from caecum to distal part of colon. 

- Total tract digestibility of AX is generally high (60-70 %), but the degradation is 

related to the structure of AX. The total tract degradation of AX in maize diet 

containing maize bran and DDGS is only 17.4 %; much lower than found in other 

cereal diets of wheat and rye. 

- Barely with added barley hulls induces less fermentation and degradation of DF in 

the large intestine regardless of DF level and type maybe because barley β-glucan 

reduces abundance of fibre degrading microbiota. 
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- Rye with added rye bran showed higher digestibility and fermentation in the large 

intestine compared with maize and wheat-based diets because of higher soluble 

DF content in rye. 

The influence of carbohydrase complex is limited according to type of cereal grains 

and its-coproducts in growing pigs 

- The carbohydrase complex including xylanase, β-glucanase and 

arabinofuranosidase partially degraded AX and β-glucan (NCPglucose) regardless of 

cereal grains and its co-products improving the ileal digestibility of starch but not 

of other nutrients. 

- The maize diet containing maize bran and DDGS was highly resistant to the 

carbohydrase and fermentation in the large intestine because of the complex 

structure of AX and arabinose substitutions with ferulic acids. 

The influence of swine dysentery infection with dietary factors in growing pigs 

- The infection with B. hyodysenteriae influenced growth performance negatively, 

but growth performance recovered after 6 weeks after infection showing higher 

ADG in infected than non-infected pigs (compensatory growth). 

- The infection with B. hyodysenteriae did not influence ileal digestibility whereas the 

digestibility of NSP, NCP and cellulose in caecum of infected pigs and SCFA in the 

large intestine were increased probably because of synergistic effect between B. 

hyodysenteriae and fibre degrading microbiota. 

- The crypt depth, crypt area and mucin area were larger when pigs was infected 

with B. hyodysenteriae in order to protect intestinal epithelial cells against the 

infection. 

- The dietary factors including type and level of DF did not influence the infection of 

swine dysentery probably because specific ingredients such as RS and fructans 

are necessary to stimulate Bifidobacteria spp with bifidogenic effects protecting the 

large intestine against the infection. 
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9. Future perspective 

DF has been re-discovered because of beneficial factors which can improve intestinal 

health and with positive effects for the utilisation of natural resources. The livestock 

sustainability has been considered as an important factor during the last two decades, 

and thereby improving utilisation of nutrients with low price of high DF ingredients have 

been noticed. Nowadays, precision nutrition is important to minimize the environment 

impact and to develop an environmental-friendly industry. Formulating feed with high DF 

demands precise knowledge for the composition of feed to optimise the digestive process 

of pig. The studies performed in the current Ph.D. project show how different cereal grains 

and co-products, and diets composed from DF-rich co-products from the food and agro 

industries influences digestion, degradation, fermentation and utilisation and how this 

may influence infection with B. hyodysenteriae in growing pigs.  

Currently, using co-products in feed industry is more common compared with the past, 

and thus research on diverse co-products with DF have been conducted around the world. 

Physiologically, feeding DF has some limitations which can hinder the process of 

digestion and degradation in the GIT of pigs. However, the results from this Ph.D. project 

suggests that high DF ingredients and co-products can be applied in reasonably high 

levels considering energy balance and intake. Moreover, the results with the 

supplementation of carbohydrase complex demonstrate that the carbohydrate complex 

can be used to modify the NSP fraction during passage of the small intestine and to 

increase the digestibility of nutrients. However, limitation was also observed because the 

complex of NSP and AX in maize and maize co-products limited the effects of the 

carbohydrase complex leaving room for the enzyme companies for further improvements 

for more diverse enzyme cocktails. Diverse feed ingredients from sea plants and agro-

industries have shown different properties and mechanism when applied in pig diet. 

Studying the DF composition of these feed ingredients and how they can be improved by 

the right enzyme cocktails are pivotal for an efficient utilisation of these ingredients in pigs 

in the future.   

The sources of DF have recently gained interest as alternatives for antibiotic. The 

results on this aspect, however, are variable and even controversy among the papers and 
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experiments. Previous studies and the results from this Ph.D. project showed that the 

preventive effect of DF against pathogen was diverse depending on source and level of 

DF and cereal types. In this project, DF did not influence infection with swine dysentery 

in growing pigs. The fermentation is the most important process to prevent attaching 

pathogen to epithelial cell by reducing intestinal pH in the large intestine and it  was 

hypothesised that a diet rich fermentable DF from soluble DF would protect and alleviate 

infection with B. hyodysenteriae. However, this was not confirmed. Rather, for DF sources 

to be protective they most likely need to stimulate specific microbiota such as 

Bifidobacteria spp. The oligosaccharides of DF might be more related with preventive 

effects against pathogen compared with NSP fractions in the feed. For example, AX 

oligosaccharides are largely degraded from the small intestine and completely degraded 

in caecum and proximal colon stimulating beneficial bacteria in the GIT, whereas NSP 

are mostly modified in the small intestine and not completely degraded in the large 

intestine. With oligosaccharides the prebiotic effect already starts in the small intestine 

thereby giving more beneficial effects with abundance of Bifidobacteria (Rivière et al., 

2014). Therefore, relevant further research is necessary considering pro- and prebiotic 

effects from different DF oligosaccharides (AX- and fructo-oligosaccharides) and 

supplementation specific microbiota related with gut health.  

 This Ph.D. project also revealed that new insight in DF content and composition of 

feedstuffs will be important for how DF-rich feedstuffs can be utilized in the future as ways 

to reduce feed costs and antibiotic use are on the agenda. Improved nutrient utilisation 

will be required in feed and swine industries in the future, and hence we need to find 

among many factors, how DF-rich feedstuffs can contribute to well-balanced nutrition of 

swine in the future.   
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