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Introduction

Fiber can be defined as carbohydrates or lignin in plant materials that are indigestible by endogenous
animal enzymes and have physiological effects on animals and humans. Cellulose is the most
abundant carbohydrate in the nature, and it is important to find ways to utilize cellulose and other
fibrous components or non-starch polysaccharides (NSP) in the diet for successful and sustainable
future pig production.

Because of the increased usage of starch and oil in the biofuel industry in recent years, many co-
products or by-products are available as a feed ingredient for swine production. Unfortunately, such
alternative feed ingredients are rather high in fiber content. Pigs can obtain energy from fiber but
only after microbial fermentation of the fiber in the gastrointestinal tract and subsequent absorption
of volatile fatty acids (VFA), which may contribute to the energy status of pigs.

Although soluble fiber is easily fermented, fiber is, in general, not well utilized by pigs. especially
insoluble fiber. The greater the concentration of fiber, the lower the overall digestibility of energy in
the diet. Furthermore, fiber may reduce the digestibility of amino acids, lipids, and some minerals.
Therefore, the fundamental and applied information on fiber or its utilization or both would have
considerable impacts on the issue of not just utilizing fibrous components per se but also on the
efficient utilization of alternative feedstuffs for swine production. The objective of this chapter is to
briefly review fiber and its utilization by pigs, which may contribute to successful and sustainable
swine production.

Definition of Dietary Fiber

There are numerous definitions of dietary fiber, but most of them either define dietary fiber as a
group of compounds that are identified in analytical methods or as a group of compounds that
have specific physiological functions (IOM, 2001). In the nineteenth century, the Weende procedure
defined crude fiber as the organic residue that is insoluble in acid and alkaline treatments (Mertens,
2003). This portion of the diet was considered the de facto definition of dietary fiber and without
real value to the animal (AACC, 2001).

Later, two researchers in separate ways proposed that this indigestible residue might improve
human health (Kritchevsky, 1988). Denis Burkitt reported that bowel cancer is rare in humans
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who consume a “high residue diet,” and Hugh Trowell suggested that high intakes of undigesteg i

residue help protect people in developing countries from ischemic heart disease (Burkitt et 4

1972; Kritchevsky, 1988; Carpenter, 2003). These conclusions triggered interest in dietary fiber, but
it became clear that dietary fiber is a heterogeneous group of chemical components with multiple
physiological functions and is therefore difficult to define (Carpenter, 2003).

It is now accepted that an accurate definition of dietary fiber must include the physiological
effects of fiber (IOM, 2006). Therefore, an important aspect of the definition is that dietary fiber
consists of carbohydrates that are indigestible by endogenous animal enzymes (AACC, 2001; [oM
2006). The inclusion of this term in the definition is important, but difficult to measure (Eng]ys;
et al,, 2007). The current definition of dietary fiber (AACC, 2001) includes the following aspects;
(1) it is an indigestible portion of the diet, (2) it originates from carbohydrates or lignin, (3) it is
a part of a plant, and (4) it has physiological effects in humans that improve laxation or attenuae
blood cholesterol or glucose or both.

The definition of dietary fiber by the IOM separates the definition into three parts (i.e., dietary
fiber, functional fiber, and total fiber). Dietary fiber consists of non-digestible carbohydrates and
lignin that are intrinsic and intact in plants. Functional fiber consists of isolated, non-digestible
carbohydrates that have beneficial physiological effects in humans, and total fiber is the sum of
dietary fiber and functional fiber (IOM, 2006).

The term NSP is related to dietary fiber but does not cover all components that can be classified as
dietary fiber (Elia and Cummings, 2007). For example, NSP does not include oligosaccharides and
lignin, which were included in the definitions of dietary fiber by AACC (2001) and by IOM (2006).
Therefore, use of the term NSP may not be an accurate description of fiber in feed ingredients
because dietary fiber is not limited to NSP or plant cell walls (Cho et al.. 1997).

The correct definition of dietary fiber is important for labeling the concentration of dietary fiber
in human food products. In swine diets, it is important to clearly describe the components of dietary
fiber that have nutritional and physiological effects in the animals and to define the components that
contribute to the energy value of the feed ingredient. It is also important that analytical procedures
are available to accurately determine the concentration of dietary fiber in animal feed and feed

ingredients.
Analysis of Fiber in Animal Feed Ingredients

There are many methods to determine the concentration of dietary fiber in human food, animal
feed, and feed ingredients. All methods include two basic steps: digestion of carbohydrates and
other nonfiber components of the diet (i.c., protein and fat) and quantification of the undigested
residue. The digestion procedure can use chemicals ( e.g., acid, alkali, and detergent) or enzymes
(e.g., amylase, amyloglucosidase, and protease). Measurement of the indigestible residue can be
accomplished by weighing the residue (gravimetric) or by measuring chemical compounds in the
residue using gas-liquid chromatography, or high-performance liquid chromatography. There are
newer methods to study the composition and structure of non-starch polysaccharides in cell walls of
plants and their relationship with degradation in the gut (Guillon et al., 2006). These methods include
Raman Microspectroscopy, Fourier Transform Infrared Spectroscopy (FT-IR), immunolabeling,
fluorescence, and mass spectroscopy, among others (Guillon et al., 2006).

Crude Fiber

This is a chemical-gravimetric method that is part of the proximate analysis of feed ingredients

developed in the Agricultural Experimental Station in Weende, Germany (Grieshop et al., 2001).
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The method separates carbohydrates into two portions, ni'trogen free extract ar_ld crude fiber. C(ude
fiber is the residue that is left after digestion of a sample with 1.25% sul’func acid and 1 ..25% sodium
hydroxide (Cho et al., 1997; Furda, 2001). At the time of the procedure s development, it was known
oﬂy that digestion included acid and alkaline processes, but the crucial enzymes were unknown
(Méﬂcns. 2003). The crude-fiber procedure is very robust and repeatable, but there is no relationship
petween crude fiber and the definitions of dietary fiber by AACC and IOM (Memens.‘ZOD?, ) because
the recovery of cellulose (40-100%), hemicelluloses (15-20%), apd lignin (5-90%) is not corr?plete
(Grieshop et al., 2001: Mertens, 2003). However, the procedure is still used to regulate maximum
crude-fiber guarantee level in swine feed (AAFCO, 2008).

Detergent Fiber Procedures

t procedure is a chemical-gravimetric procedure that empirically relates the value from
g&?ﬁiﬁoﬁhe physiological properties of dietary fiber ( Van_ Soest et al., 1991). Th‘e procedure
was developed by Van Soest (1963) and it divides dietary fiber into neutron detergent hber (NDF),
acid detergent fiber (ADF), and acid detergent lignin (Robertson z_md Horvath, 2001). This proc.edure'
was an improvement over the crude-fiber procedure; hqwever, it does not recover so]ybl‘e d'zet‘i:r)f
fiber such as pectins, mucilages, gums, and f-glucans (Grieshop et al.,2001). The lack ot_ rea.o.\f‘e_ry 0
soluble dietary fiber components is less concerning in cereal grains such as corn and dned‘dlsilllers
grains with solubles (DDGS) that have high concentrations of insoluble fiber (Johnston et al., 2003)

" than feed ingredients such as soybean hulls and sugar beet pulp that also contain soluble dietary

fiber. Other problems with the detergent procedure include the possible contamination of the residue
with starch and protein, which reduces robustness and repeatability ( Mertens, 2003).

| Total Dietary Fiber

The procedure of Prosky is known as the total dietary fiber ?rocedure (TDF : Metflod 98{51£3 - ;)Cl);:(;
2006) and has been modified to determine soluble and insoluble dietary ﬁbu: (MZ ; .) ;0
AOAC, 2006). The TDF procedure uses enzymes (€.8.. am)fl&se,_glucoz_lmyl_a_su :mal p{gge;:e“e
mimic digestion in the small intestine, and then the residue is weighed (P}‘osky etal., : .;,u-m o
residue also is analyzed for undigested proteins and ash. The TDF procedure is more.nrr;e-bc 01[';c TD;
and less reproducible than the crude-fiber and detergent methods, but vulue:s g(t;g;meM y a Aot
procedure are more representative of the concept of dietary fiber (Mertens, o _t.’l}. «ngh e
needed to improve the TDF procedure to include low-molecular-weight indigestible carbohy

and correct for contaminants of the indigestible residue (Gordon et al., 2007).

Enzymatic Chemical Methods

There are two commonly used methods that combine the initial steps ofuenzymatic digestion wi:h
chemical determination of sugars in the undigested residue (Theander am:.l Am‘e_m, 1979,15?3131;1 e[di 8
1982). The Uppsala method calculates dietary fiber as the sum of amylase-resistant po y:;a(;:g 9:;1;11 %
uronic acids, and Klason lignin (AOAC, 2006). The digesu(‘):n S)If)(p)(:;l l”l;; AOAdCﬁI:I;::hdiVi(d i
d . : cosidase (AOAC, 2 . The resi S
uses a heat-stable a-amylase and amyloglucosidase ( 64 as alditol
i fractions o eth | sugars released are quantified as aldito
soluble and insoluble fractions by 80% ethanol. The neutra_ : : e ;
acetate derivatives by gas liquid chromatography and uronic acids chromatographically (Theander

ﬁ
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mdAnm. 1979). The NSP method developed by Englyst et al. (1982) is similar to the U
method, but it excludes lignin and resistant starch from the final value (Grieshop et al., 2001

Estimation of Dietary Fiber by Difference

For practical purposes, the concentration of indigestible nutrients in feed ingredi
" : : . gredients may be L
lated as the sum of organic residues (OR) in a feed ingredient using the following equati{m- -

OR = dry matter (DM) — (ash + starch + sugars + crude protein + crude fat).

This equation assumes that all starch and sugars are digested and : i

s s gested and absorbed in the small intesti
and that ca:bohydrane_s other than starch and sugars are undigested by mammalian enzymes a:::;
therefore, belong to dietary fiber (Noblet et al., 1994; de Lange, 2008). e

Comparison of Methods to Measure Dietary Fiber

There is no single method of analysis of dietary fiber that is

. d ys : precisely measures all carbohydrates that
are covered by the definition of dietary fiber (NRC, 2007). The TDF procedure is the :wlhod m::
captures the ;':3151 ca&rt)lohytilrams that are considered dietary fiber. However, some of the oligosac-
chandcs‘ , including fructooligosaccharides and some fructan polysaccharid ‘ alway
included in the values for TDF (NRC, 2007). S

Physiological Properties of Dietary Fiber

:‘hcthunique Properlies Lh‘a_t differentiate dietary fiber from digestible polysaccharides are influenced

tgra : e chemical composition and }he physical structure of the fiber. The physicochemical properties

are rel‘evam_ to human and am'n?ai nutrition include solubility, water-holding and water-binding

mg;s;cosily _amli f::fnnenllzbiluy. These physicochemical properties of dietary fiber are respon-
[ physiological effects that may improve human well-being N D’ aduce ani

i Lighyis p ell-being but they can also reduce animal

Solubili

mﬁgg mrg be clal.;ﬂf?eq as soluble a_nd insqluhlc fiber (Cho et al., 1997). Solubility of dietary
pes alsobediﬁm:jm to :b:.ﬂ')lh!y of the dl(:rtary fiber to dissolve in water (Oakenfull, 2001), butit
S i enas its llln).; to dtﬁso'lvc in dilute acud: dilute base, or a buffer or enzyme solution
Pracdoimryd Z[};r(ljlefr;ﬂmu::)(:;ll Zpsl‘mg in the gastm_m.les-linal tract (Cho et al., 1997). Soluble
(Choetal. ]997531’31'). 4 ietary fiber by precipitation in ethanol after enzyme digestion
ridg‘:::?;"g;f: at;l::lfydf:ibcr is greally influenced by the linkages between and among monosaccha-
S e & dr:ﬁ 0w:l:ary fiber ( Oak-cnfull.‘Z()(}l ). The linkages provide the physical structure
clikois sllows fgr = mf:kpl::lpeﬂy. ?f dietary fiber. The p-(1-4) linkage among glucose units in
St P s T crys?dlhne structure preventing the entrance of water molecules in

structure, thus ing cellulose insoluble (Oakenfull, 2001). However, the presence of f-(1-3)

Pppsaly
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branching in B-glucan does not allow for the formation of an ordered crystalline structure similar
o that of cellulose, thus, making f-glucan a soluble fiber (Oakenfull, 2001).

The solubility of dietary fiber does not provide information about the carbohydrate composition,
physical structure, and degree of polymerization, but it is important because soluble and insoluble
fiber differ in their physiological effects and overall contributions to human health and animal

uction. Soluble fiber results in increased digesta viscosity. which is responsible for reducing
postprandial insulin and blood-glucose increases in humans and dogs (Dikeman and Fahey, 2006),
whereas insoluble dietary fiber results in increased rate of digesta passage in the gastrointestinal
tract and increased fecal mass (Chesson, 2006).

Water-Holding and Water-Binding Capacity

The physiological property of fiber is affected by the interaction between fiber and water. Fiber binds
water through different mechanisms such as ionic interactions, hydrogen bonding, and enclosure of
water involving capillary action (Chaplin, 2003). Because of these different binding mechanisms,
soluble and insoluble fibers are capable of binding water (Oakenfull, 2001). The intensity of binding
and the amount of water bound is largely dictated by the morphological structure and composition
of fiber. The binding strength and the amount of water bound, therefore, vary among fiber sources
(Cadden, 1987; Chaplin, 2003).

The ability of dietary fiber to hold water may be expressed in different ways. The expression
“water-holding capacity” (WHC) describes the guantity of water that can be bound in fiber without
the application of any external force, whereas “water-binding capacity” (WBC), or the preferred
term “water-retention capacity,” describes the quantity of water retained in a hydrated fiber after the
application of an external force (Robertson et al., 2000). In the literature, however, these terms are
used interchangeably (Ang, 1991; Leterme et al., 1998; Chaplin, 2003).

Several methods can be used to measure the capability of fiber to hold water. Water-holding
capécity is measured by filtration (Chaplin, 2003) or by a Baumann apparatus (Auffret et al., 1994).
Water-binding capacity can be measured by centrifugation, suction pressure, or the use of a dialysis
tubing immersed in simulated gut contents (Stephen and Cummings, 1979; Cadden, 1987; Chaplin,
2003). These different methods evaluate different mechanisms of water binding. Measured values
for WBC of fiber, therefore, depend on the method that was used to measure WBC. A European
collaborative study has recommended standardized methods to evaluate WBC and other hydration
properties of fiber (Robertson et al., 2000). This method is based on centrifugation, but modifications
in terms of sample weight or centrifugal speed, are needed to minimize sample loss, which could
affect the results (Robertson et al., 2000).

The WBC of fiber is an appropriate measure of bulk (Kyriazakis and Emmans, 1995) because
the swelling property of fiber is positively correlated with WBC (Auffret et al., 1993). Soluble fiber
usually has greater WBC than insoluble fiber (Auffret et al., 1994; Robertson et al., 2000). Cellulose
and lignin are generally associated with low WHC and hemicelluloses are generally associated
with high WHC (Shelton and Lee, 2000). Monosaccharide components of hemicelluloses that are
positively correlated with WHC include arabinose and xylose (Holloway and Greig, 1984).

Viscosity

r, particularly soluble dietary fiber, to thicken or form

Viscosity refers to the ability of dietary fibe . .
Insoluble fiber is usually not associated with viscosity

gels in solution (Dikeman and Fahey, 2006).
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although insoluble fiber may influence viscosity through its ability to absorb water (Takahash
2009).

The viscosity induced by dietary fiber is usually affected by the inclusion rate of dietary fiber
but the effect is not linear (Dikeman and Fahey, 2006). At a low concentration of soluble dietan;
fiber, the molecules in a solution are separated and are free to flow, but at a critical concentration
molecular movement becomes limited and physical entanglement of the dietary fiber molecules Occu;
(Oakenfull, 2001). Thus, the viscosity of a solution with soluble dietary fiber increases rapidly with
increasing concentration of pectin (Buraczewska et al., 2007). Measurement of viscosity involvip
dietary fiber in solution depends on the shear rate or the stirring rate of the liquid (Oakenfyll
2001). Greater shear rates result in low viscosity measurements (Dikeman and Fahey, 2006). |,;
most studies, viscosity is measured using only one shear rate, but because different shear rates
provide different viscosity values, comparison of viscosity values, whether in solution or in digests,
is not possible (Dikeman and Fahey, 2006). To overcome this limitation, measurement of Viscosity
using different shear rates is recommended to generate viscosity profiles for different dietary fibers
(Dikeman and Fahey, 2006).

The viscosity of dietary fiber in solution or in digesta is also affected by molecular weight and
particle size. At equal inclusion rates, high-molecular-weight guar gums produce more viscous
solutions than low-molecular-weight guar gums (Dikeman and Fahey, 2006) and larger particle size
also contributes to greater apparent viscosity in pig cecal contents than does small particle size
(Takahashi and Sakata. 2002).

ietal,

Cation-Binding Capacity

Dietary fiber also can bind minerals and organic molecules (Oakenfull, 2001). Free carboxy! groups
and uronic acids (ionizable groups) are attached to metal ions. This attachment between fiber and
minerals may prevent the absorption of minerals such as Ca*2, Mg*? and Zn*? (Cho et al., 1997).
Part of the compounds in dietary fiber that bind minerals are phytates, but lignin and other co-
passengers may also have effects on mineral absorption (Kritchevsky, 1988; Adlercreutz et al,
2.006)‘ Dietary fiber may also bind to organic molecules such as bile acids (Scheneeman. 1998) and
lignin is among the strongest binding substances in dietary fiber (Kritchevsky, 1988).

Fermentation

The‘susceptibi]ily of dietary fiber to microbial fermentation varies depending on the accessibility
of dietary fiber to the microbial population in the hindgut (Oakenfull, 2001). The solubility and
the WBC greatly influence the fermentation rate of dietary fiber. After absorption of water, dietary
fiber swells, which increases the surface area of the polysaccharide for microbial action (Canibe and
Bach_!(nudscn, 2001). Because soluble fiber has a higher WBC, and, therefore, a greater degree of
swelling than insoluble fiber, soluble fiber is fermented at a faster rate than insoluble fiber (Auffret
etal., ]9?3: Auffret et al., 1994; Oakenfull, 2001). Fermentation of soluble dietary fiber is mainly at
%&’.ggi;ommal colon, whereas fermentation of insoluble fiber is sustained until the distal colon (Cho,
Increase in fecal weight is mainl y a function of fermentability of the fiber (Stephen and Cummings.
]979). Fermentable carbohydrates support microbial growth, which may contribute to an increast
in fecal output by increasing fecal microbial mass (Cho et al., 1997 ). Undegraded residues from

NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION 261

Jy fermented dietary fiber also contribute to an increase in fecal output (Stephen and Cummings,
1979). Therefore, for dietary fiber that is composed of 'both .soluble and msolub?e fiber, the incrffase
in fecal output is attributable to increases both in mu:m.bl.al feclal mass and in undegraded fiber
residues (Cho et al., 1997). For purposes of laxation, official guidelines recommend dietary fiber
that is coarsely ground (Jenkins et al., 1999). However, fecal output was similar between coarsely
ground and finely ground wheat bran, but coarsely ground wheat bran res_ghed in higher frequency
of bowel movement than finely ground wheat bran (Jenkins et al., 1999). Finely ground wheat br?,in_
however, was fermented to a greater extent than coarsely ground wheat bran and the concr;mratmn
of butyrate in the intestinal contents was greater if finely g‘rounq wheat br_a_n was fed (Jenk?ns etal.,
1999). These observations indicate that particle size may affect fermentability and the laxative effect
of dietary fiber. _ o

The major products of fiber fermentation are acetate, propionate. carbon d.mmde. melhan.e. and
hydrogen (Lunn and Buttriss, 2007). The concentrations of each of lhf:se VFA vary depending on
the chemical and physical structure of the dietary fiber (Lunn and Buttriss, 2007). Hf?\x'e\'er. aceta.te
is the most abundant VFA, comprising about 60% of the total short chain fatty acid pmduced_ in
the hindgut, whereas propionate and butyrate are produced in smaller quantities (Lunn and Buttriss,

2007).

Qualitative Aspects of Dietary Fiber Digestibility
Digestion

Digestion is the process of chemical breakdown that allows ab.-:sor_ption of nutrients by enzymes
secreted into the lumen of the gastrointestinal tract (Tso and Crissinger, 2000). The enzymes are
secreted by glandular cells in the mouth, chief cells in the stqmach. exocrine cells in the pancreas.
and brush-border intestinal glands (Johnson, 2001). Mammalian enzymes may h_\-'cim?_\_'ze a limited
number of linkages such as «(1-4) in starch and maltooligosaccharides, m_l%) in starch and
dextrins, B(1-2) in sucrose, and S(1-4) in lactose. Other linkages (e.g.. B(1-4) in cel]ul_ose! are. no_l
hydrolyzed by endogenous mammalian enzymes and need to pe h_\.-'drol_\-‘zed by bn.ctena]‘ enz_\.met
in the process of fermentation (Tso and Crissinger, 2000). Digestion and absorption qi r}utn@pb
occur in the small intestine, whereas fermentation occurs partially at the end of the small intestine

and mainly in the large intestine.

Formation of VFA

The environment in the intestine requires that microbes live without oxygen. Tht?re are‘three t)"?es
of microorganisms that can live without oxygen: anaerobic ph.ototroph.s‘.. anaerobl-c TEiplrt’:? (sq'ltate
reducers, methanogens, and acetogens), and fermentative microorganisms (White, 2000; ‘Mulier..
2008). Fcrmentulin;n is an energy-conservation process, ip Wthh electror}s from r\edox.re‘acn‘or.\b are
transferred to part of the substrate, from which energy is derived. In _thls process. the s\;lbsizg_lﬁ nl_\
only partially oxidized and only a small amount of energy is extracted for microbial growth (Muller.
2008). : ;
Mi)crobes start breaking down pnlysacchurides“ imo. smullet" pgiysa‘.:chand.gs.or :he) ;OIBE,IIU?I?T
monosaccharides during fermentation of dietary hhcr in the pig mtestmg (Miiller. _0( h )j :L‘p'l:') y
merization occurs with the combination of a few reactions (€.g., hydrolysis, redox, phosphorylation,
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Pyruvate, Pyruvate,
CH3;—CO0—COCOH CHy;—CO0—COOH

-_% | Iy

Acetate, Acetate,
CH;—COOH CH5;—COOH

Figure 11.1 Synthesis of acetate from pyruvate during fermentation. Two different pathways may be used.

and lyases). The monomers are absorbed into the microbial cell and channeled into the pathways of
central metabolism (White, 2000). Oxidation of hexoses (Embden-Meyerhof-Parnas or by Entner.
Doudoroff) and pentoses (pentose phosphate) during fermentation converge at the formation of
pyruvate, which is later oxidized to acetate, propionate, or butyrate (Fi gures 11.1, 11.2, and 11.3),

Absorption of VFA

The VFA that are produced by the microbes in the intestinal tract are excreted from the microbial
cell into the intestinal lumen. Other microbes may use these products as a substrate and excrete
a second product (anaerobic food chain). However, the pig absorbs some of the VFA and they all
contribute to the energy status of the animal. Absorption of VFA. in the pig’s large intestine is a
very efficient process (Barcroft et al., 1944). When VFA were infused in the cecum of growing
pigs, less than 1% of those VFA were excreted in feces (Jorgensen et al., 1997). Absorption of VFA
is proposed to occur by three mechanisms: (1) diffusion of protonated VFA, (2) anion exchange
(Wong et al., 2006), and (3) transporter-mediated absorption (Kirat and Kato, 2006). Diffusion of
protonated VFA is likely a minor form of absorption because at physiological pH, only 1% of all
VFA in the intestinal lumen will be protonated (Cook and Sellin, 1998). If anion exchange is used,
VFA are taken up into the enterocyte and HCO; ™ is released to the intestinal lumen (Cook and
Sellin, 1998). More recent studies have documented the existence of active transportation of VFA.
Active transporters of VFA belong to the monocarboxilate family, and MCT]1 is the transporter
present in the intestine of pigs (Welter and Claus, 2008). Another transporter expressed in human
colonocytes is the sodium-coupled monocarboxylate transporter or SLC5AS8 that may be implicated
in absorption of VFA, especially butyrate (Thangaraju et al., 2008). The MCT| transporter has
been identified in pig intestinal cells, but it is not clear if the SLCS5AS is also present in pig
colonocytes.

Absorption of VFA also facilitates absorption of other nutrients from the diet. Water and sodium
are absorbed along with VFA (Yen, 2001). Plant lignans, diphenolic compounds similar to endoge-
nous steroid hormones, are also co-transported by VFA (Bach Knudsen et al., 2006). Inulin improved
the bioavailability of iron in corn and soybean meal diets in young anemic piglets (Yasuda et al.
2006). It is not clear if inulin increases absorption of Fe by increasing production of VFA, and
thereby VFA increase absorption of Fe, or if VFA reduce luminal pH and increase solubility of Fe.
or if VFA increase the expression of the Fe transporters (Tako et al., 2008).
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Figure 11.2 (a) Synthesis of propionate from pyruvate using the acrylate pathway. (b) Synthesis of propionate from pyruvaie

using the randomizing pathway.

Metabolism of VFA

Volatile fatty acids are metabolized in three ways: (1) by colon u;ells that use lht;ﬂ\ aia source 0(;
energy, (2) by the liver that uses propionate for g!uconmg;nems.'and (.3‘) _b) a 1p}:N, ?Wl.e ané‘
muscle (Wong et al., 2006). Oxidation of all VFA starts with ‘Ihell‘ nctwdt‘lon \_.\‘ll ;mnzx T]e_f)
(e.g., acetyl-CoA), and then they are channeled into puthwu_\'s.ot central metdbol,ls‘m. {_ .1gurn ! - D.
Acetate is converted to acetyl-CoA, propionate becomes succinyl-CoA, and butyrate is turned intc
ac RC son and Cox, 2008). : 3 .
?It'?l:c:(:zlc;(t)lﬁl:::Ine:llz:dn1;:zlatr proportions of VF.L\‘in pnr.[al hlgod is different f:jo.m.that c: n 1nt:e:?[:2;:l
digesta, indicating that VFA are being metabolized in the mlcsgnul_ c§lls (A_rgenzlo ‘mdf lqu{:;\:q. |d
1974; Marsono et al., 1993). The typical VFA molar proportion in intestinal contents is 63:23:
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Figure 11.3  Synthesis of butyrate from acetate.
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Figure 11.4  Oxidation of acetate, propionate, and butyrate
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(i.e.. acetate:propionate:butyrate). The corresponding prqponion after hcpati.c circulation, however,
is 90:10:0, demonstrating selective metabolism of VFA in enterocytes and liver ( Rubcrtson., 2007).
s Human colonocytes metabolize 70-90% of absorbed butyratf‘: to CQg and ketone bodtc's and,
therefore, use butyrate as an energy source instead of glulamlmc (Kritchevsky 1988; E_E]la gnd
Cummings, 2007). Butyrate is not only an energy source, but it also regulates cell proliferation
and differentiation, which, in turn, may contribute to the prevention of colorectal cancer and other
diseases (Cook and Sellin, 1999; Wong et al., 2006). ' : :

Most of the acetate and propionate leave the intestine w1t_hout being metabolized and.reach
the liver where propionate is metabolized for gluconeogenesis ( Wong et al., 2006). Prop_mn_alp
metabolism may inhibit hydroxymethyl glutaryl (HMG) CoA reduqasc and, U?erefore. inhibit
synthesis of cholesterol (Wong et al., 2006). It is hclicvgd that most of the acetate is transported to
the adipose tissue and skeletal muscle, where it is used in synthesis of fatty acids or oxidization for
ATP synthesis (Elia and Cummings, 2007). . _ : :

Energy absorbed as VFA account for 67-74% of ‘[he total energy albsnrhed in [hf; hindgut of Plgﬁ
fed high-fiber diets and the energy from VFA provide ’{.]'—17.6.% of the total avzfllah_le energy for
the pig (Anguita et al., 2006). Up to 82% of the energy infused in the cecum as VFA is retained as
body energy (Jorgensen et al., 1997). Ayl iy | o B

The effect of VFA on metabolism of fatty acids and fat distribution is a topic of current re.s:.f'tlrch
(Robertson, 2007). Propionate may change adipose tissue 1ipol_vsisf. adipocyte size and differ-
entiation, and body fat distribution. Volatile fatty acids may also stimulate PPARy. acetyl-CoA
carboxylase, and fatty acid synthase (Lee and Hosser, 2002).

Factors Affecting Energy Value of Dietary Fiber
Factors Inherent to Pigs

Age and breed affect fiber digestibility. Sows can _diger.t greater amounts oi dic[gr}'_hbf rh.zn:
growing and finishing pigs (Le Goff and Noblet, 2001), w hich may be cx’pl:_nne_d h\ labh.]ltj‘l“.\,ffrdt:i;
of digesta passage in the intestine of sows (Grieshop et al., 3()§)l ). Greater lp_mn:.u.;i ll[_\ of the
microbial flora of sows to digest fiber may not be an important factor (Le Qotf et al., 2003 ). .

Meishan pigs have a greater ability to digest fiber than pigs from \\cncmhbr‘eu:t'jn. (Igre\bn_c’re
etal., 1988; Kemp et al., 1991). Several other native breeds of pigs such as‘.\lu}\o{ii .tllm_ ; \\‘L )
Mong Cai (Vietnam), and Kunekune (New Zealand) h'm.e greater L‘;ipi_lflllf& tczr djg‘esngr{l)(;){:_ {:hn;}l
fiber than pigs from commercial Western pig lines (Ndindana et al., _{)f)_: L;i_n et ..1!1... E, % | 01;“
etal., 2006). High-lean growing pigs also digest more energy I.han s.-l(ws..\-grm\mg pl.l:'s. Tegiusc;o e‘i
greater concentration of cellulolytic bacteria in the large intestine of h}gh-]_e'qn_ grm§ ing ‘px.‘_y:“(bear-
etal., 1988). However, other experiments have not observed grcu{;r d]gem.blln_\ ‘ot‘ dlet‘.;ut) ". broilr:
Meishan pigs than in pigs from Western breeds (Yen et al., ?0041. T.hlcrut n:_n(;emt‘or?;mo& ipm
which portion of dietary fiber (insoluble versus soluble) native breeds digest better than Weste
breeds.

Factors Inherent to Diet

There are several processes that can be used to improve the microbial dcgmdatu‘m‘ of d_}e;ar)
l iy  ANeTrease o ;e o eed. ege
fiber in fibrous feedstuffs, which may consequently increase the energy value of feed. The
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processes include physical processes (e.g., grinding, heating, irradiation, and mechanical Separatioy
of plant parts) and chemical processes such as hydrolytic and oxidative agents. Sodium hydroxide
may increase rumen digestibility of organic matter (OM) from 52% to 76% in barley straw gy
digestibility of DM by 22% in other crop residues (Fahey et al., 1993). The drawback of NaOH i
that it can leak to soil where it is a pollutant. Anhydrous NH3, NH4OH, thermoammoniation, and
urea have been used to treat fibrous materials, but the increase in digestibility is not as great as whey
using NaOH. In 32 experiments where crop residues were treated. digestibility of DM by ruminanis
increased by 15% (Fahey et al., 1993). Other chemicals such as Ca(OH )2 and KOH have also begy
used to treat fibrous crop residues, but most of this work has been completed using ruminant animgjs
and it is not known if similar results would be obtained with pigs.

Treatment of fiber with oxidative agents, such as ozone, increases in vitro DM digestibility
from 44% to 67%. However, at ground level, ozone is also a pollutant, and, therefore, leaks 1
the environment and needs to be controlled (Fahey et al., 1993). Hydrogen peroxide may increase
the apparent rumen digestibility of cellulose from 56.5% to 85.7% (Kerley et al., 1985) and sulfur
dioxide can increase in vitro digestibility of DM by 80%. However, the extra sulfur in the treated
feed may not be tolerable to animals (Fahey et al., 1993).

Contribution of Energy from Fermentation
Digestibility of Dietary Fiber

Fermentation of dietary fiber varies among feed ingredients and among different types of fiber
(Bindelle et al., 2008). Data from 51 digestibility experiments show that the apparent ileal digestibil-
ity (AID) of dietary fiber in pigs fed high-fiber feed ingredients is between 10% and 62% (Back
Knudsen and Jorgensen, 2001). The apparent total tract digestibility (ATTD) of cellulose varies
between 23% and 65% in barley, 24% and 60% in wheat and wheat by products, 10% and 84% in
rye and rye fractions, and 13% and 42% in bran and hulls of wheat, corn, and oats. The average
ATTD of TDF in DDGS produced from corn is 47.5% and varies among sources from 29.3% to
57.0% (Urriola et al., 2009). The ATTD of soluble dietary fiber (92.0%) is greater than the ATTD
of insoluble fiber (41.3%:; Urriola et al.. 2009).

Amount of VFA Produced Per Gram of Fermented Fiber

Each gram of fermented fiber may yield different amounts of VFA depending on the type of fiber that

is fermented. Alpha galactosides such as raffinose and stachyose from soybeans yield more gases
(CH4 and H,), cause flatulence, and produce less VFA during fermentation in the large intestine
than fermentation of cellulose and hemicellulose (Liener, 1994). Acetate., propionate, and butyrate
are the VFA produced in the largest concentration and, therefore. the only VFA reported in most
ex@mcnts. The relative production of these VFA may vary slightly depending on the substrate
that is fermented (Topping and Clifton, 2001), but for practical purposes the ratios between acetate,
propionate, and butyrate may be assumed to be constant (de Lange, 2008). However, fermentation of
branched chained amino acid ( AA) yield branched chain VFA (isobutyrate, isovalerate, and valerate),
s0 the concentration of the branched chained VFA depends on the degree to which branched chained

AA were fermented. In most circumstances, the production of the three branched-chained VFA is
less than 5% of the total VFA production.
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Moles of ATP Produced Per Mole of VFA Absorbed and Metabolized

The moles of ATP produced from each mole of VFA that is oxidized by the _animal are 10 ATP for

' 18 ATP for propionate, and 28 ATP for butyrate. The energy that is produced from each
acela_te, imilar for all three VFA and average about 20 kcal/mole of ATP (Blaxter, 1989). This value
;:gs:;imilar to the energy obtained after utilization of ATP from other nutrients.

Negative Effects of Fiber on Energy and Nutrient Digestibility

Effects on Energy Digestibility

ine fi soncentration by increasing the inclusion of wheat bran in the diet (0—-40%) pro-
[m.::é?f (?z';:s‘::;mml tract gnergy digestibility (Wilfart et al., 2007 ). The; r.c_ducuop in d:et:n!*y
Enmergy digestibility was associated with a reduction in DM and OM dlge;iubmt} (\Fhlfdﬁ ele;.é
2007). Adding a mixture of wheat bran, maize bran, soybea_n hu!ts_. .anq sugar bf:et pL_l‘ P to.mcrd_\
dietary fiber concentrations also reduced total tract energy digestibility in pigs \Mt}:y a Logresgsg ;r;gsz
reduction in carbohydrate digestibility (Le Gall et al., 20091. The degree f)f ejn(era}- ]:lf-:hucglubjlin‘,-
calculated to be 1% for each 1% increase in NDF concentration ( Le G:_i[l_ttt ('11.._..)0 ). le i o
f the fiber influences energy digestibility because total tract dlges.'nb‘tllt? ot‘beet.py p u._': }
fhan that of soybean hulls (Mroz et al., 2000). The presence of llgpln.‘m dletanhbu Larl:nzg
reduce energy digestibility (Wenk, 2001). Ehi rgductmn lr;1 enert‘c_;)r:t;lllg:'::;‘bg g}-a;sdaczf;;;i?drme;
of the substitution of digestible CP and carbohydrates, such as starch, w : g 'Cﬂ
s-digestible cell wall components of fiber sources; the influence of the phySIL?c E!-Y]'.Ill
mtfﬁl;ﬁsad:ﬁihe fiber on the diggt‘ion and abs‘:orplion processes of a;hejg}g?ry nutrients; and
the physiological effects of fiber on the gastrointestinal tract (Le Gall et al., 2009).

Effects on Amino Acid Digestibility

Addition of 7.5% citrus pectin to a diet based on f‘.o_vbean meal and cml-nsila;;:l rc;;iur;;tlij c[]:;) :llr?t ;]3;
CP and AA by 8.2-28.7 percentage units, respectively lMoscnthm'el a h 40?. e
standardized ileal digestibility (SID) of CP and AA was also observed w Ln .fr.(; "60‘?)13 g
was added to a diet based on wheat, comn, and_ so){bean meal (B}lrac!i\!le[\; ;l:; Etl v:ldb -mce;g-ed i
decrease in ileal N digestibility was observed in pigs when Puﬁhe‘_j“ ) Jcl ‘omftan:hh Sichiae
wheat bran was added at increasing levels to a diet based on m)" iSO at;e Aa\r{; ; ')L-; e
etal., 1994). Adding 15% purified wheat NDF alsp reduced the »\IDbo 1;3 16}3;({-1--7 pcrcemaze
units, tively (Lenis et al., 1996). Increasing : G ik
by aclr;::rfge gtradej l(evels of soy hulls (3-9%) to soybean ‘meal (Sﬁhgj‘lvfmf:[a;h _ngi‘)l ‘:;zt;l;?
induced a linear or quadratic reduction in AID and SID of most AA (-hitfid diet, the AID of AA,
QR stiilous and baicy strzwswllh‘ udt(id :(z)l)l I?BSTL}:(ZT:SEEIIOHAI:I AID o‘f CP and AA was
except Leu and Gly, was not reduced (Sauer et al., e S Lt g
also io%f)bser\fed ):x/hen graded levels of Solka floc (4.3—|3..«%)“WEZC dddeg1 l?ci liﬁgg;;);‘;;ed
based diet fed to young pigs (Li et al., 1994). In contrast, when car ,Xyn:e 7)(‘)07. i
to diets, SID of CP and AA increased (Larsen et al., 1994: Ba‘l'le.lt . atﬂc}’ d;c;eslibi!ily ghrough
2007). Insoluble and poorly fermentable fibers, such as cellulose, impac g6




268 FIBER IN SWINE NUTRITION

their water-holding properties, whereas soluble fibers, such as carboxymethylcellulose ang pectin,
mediate their effects through their viscosity properties.

Dietary fiber can reduce the efficiency of CP and AA utilization by impairing the digestion
process, decreasing CP absorption, or increasing endogenous CP and AA loss (Mosenthin ef g,
1994). When 20% purified wheat bran NDF was fed to pigs, Schulze et al. (1995) observed g
increase in ileal N flow with 59% of the N being endogenous. Addition of graded levels of pea inner
fibers to protein-free diets resulted in an exponential increase in ileal N flow, which was correlated
with increased WHC of the diet (Leterme et al., 1998). The ileal flow of epithelial cells glgo
increased exponentially with a corresponding linear increase in crude mucin and bacteria (Leterme
et al., 1998). When a viscous and nonfermentable fiber (carboxymethylcellulose) was added, mucin
secretion and endogenous N loss also increased, but without a change in ileal bacterial population
(Bartelt et al., 2002; Piel et al., 2004). However, an increase in some ileal populations of bacteria
was observed by Owusu-Asieda et al. (2006) when viscous and fermentable fibers, such as guar
gum, were fed to pigs. In contrast, adding cellulose, an insoluble and poorly fermentable fiber, g
3.31-16.5% to the diet did not induce an increase in endogenous CP and AA loss, which may be
the reason for the absence of a reduction in the AID of CP and AA of the diets when cellulose was
added (Li et al., 1994). The level and the source of dietary fibers are important factors that influence

endogenous CP and AA losses (Sauer and Ozimek, 1986), and inclusion of cellulose may reduce
the AID of AA only if a certain threshold level is exceeded (Li et al.. 1994 ).

Effects of fiber on pancreatic secretions and enzyme activity may also be modulated by the
physicochemical properties of fiber. Barley-based or wheat-based diets increased bi le and pancreatic
juice secretions compared with corstarch-, casein-, and cellulose-based diets without affecting
enzyme output (Low, 1989). However, when 400 g of wheat bran were added to isonitrogenous and
isocaloric diets, chymotrypsin and trypsin secretions were greater than when pigs were fed diets
without wheat bran (Langlois et al., 1986). In contrast, addition of pectin to SBM-based diets did
not increase pancreatic secretions and did not affect secretions and enzyme activities of trypsin
and chymotrypsin (Mosenthin et al., 1994). However. dietary carboxymethylcellulose may reduce
pepsin activity in the stomach without affecting trypsin and chymotrypsin activities (Larsen et al,
1993).

Effects on Mucin Production and E ndogenous Losses of Energy

The goblet cells of the gastrointestinal tract secrete mucin. a hi gh-molecular-weight glycoprotein that
lubricates the epithelial surface and protects the gut from physical abrasions, chemical aggressions,
and microbial pathogenic attachments that may compromise gut health (Forstner and Forstner, 1994;
Tanabe et al., 2006). Mucin also plays an important role in digestion and absorption of nutrients,
and changes in mucin secretions may change the dynamics of absorption of dietary nutrients and
endogenous molecules in the gut (Tanabe et al., 2006).

Several studies have shown that dietary fiber increases mucin secretion. The intestinal concen-
tration of amino sugars in mucin ( glucosamine and galactosamine) increased linearly as graded
levels of wheat straw, corncobs, and wood cellulose were added to protein-free diets fed to pigs
(Mariscal-Landin et al., 1995). Feeding carboxymethylcellulose, a viscous but nonfermentable fiber,
also increased crude mucin concentration and output at the end of the ileum and the number of total
ileal goblet cells per villus in the small intestines of weaned pigs increased (Piel et al., 2005). Supple-
mentation of 5% citrus fiber to a purified diet also produced a substantial increase in small-intestinal

mucin secretion ( Satchithanandam et al., 1990)),
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In the stomach, the bulk-forming property and the fenngntability qf fiber did not affe_ct mucin
ion. but in the cecum, the fermentability of fructooligosaccharide and I?eet pulp increased

m@o ' retion (Tanabe et al., 2006). A similar observation was reported by Libao-Mercado et al.
%‘?)s:vchen the addition of pectin stimulated mucin and mucosal CP synthesis in the colon but not
. ﬂw}ejlll::;" r.nolecule is composed of a protein backbone with attached carbohydrate side chains.
Onzh :f":he two regions of the mucin molecule has i protein backbgne composed _of Prm. Ser,
and Thr. This region is resistant to proteolytic digestion because 80% of the pr(‘)tctm b:i(:k‘b()ljle
is protected by oligosaccharides, of which, the carbghydratf: components are fucose, gdld(.}fOS?,

. | galactosamine, N-acetyl glucosamine, and sialic acnd§ (Montagne et al., 2004). Be’c_duse
oNfa;‘:‘Yproteolyticu]ly resistant region of mucin, it is poquy dlgested: and, therefm:ﬁ, c;;r;;xb;t:;
substantial amounts of endogenous CP and carbohydrates in the ileal digesta ( Leeetal., ;
etg;dlt)g}gzl)c;us CP and AA recovered from the ileal digesta are mostly from pancreatluf enzymes,

ithelial cells, bacterial cells, and mucin, whereas endogenous carbohydrates are mostly tro'rr; mu&:g
(Lien et al., 1997, Miner-Williams et al., 2009). Endnogcnou.‘.s CP and AA that afrfe not re;al 5{1)2!9'%-
before the end of the ileum are utilized by microbes in the‘hmdgut of plg.&t fS({u ]:anF e:]'d t : [h:rii
Libao-Mercado et al., 2009). Very little mucin is recovered in the feces, which further indicates
mucin in the hindgut is fully fermented (Lien et al., 2001).

Effects on Utilization of Other Nutrients

‘d res - - .y o P -
fﬁi?wfem bran to a barley-based diet did not affect starch digestibility (Hogberg and Lindberg,

2004) and adding 20 and 40% wheat bran to a cereal-based d.iel did not aﬁ'c?clls}t]a.rch Ti:s'tlféli;[;
(Wilfart et al., 2007). Ninety-nine percent of l(lj]c;lajgh wa:()(gfe;l\eﬁt‘;r;l t:f: ;lmaj O{l}r;[)ml;t P

i feces (Hogberg and Lindberg, 20U4; : -2 : .,
ﬁl;r:;z c:zzz:ﬁ;dt{;eihir:)m 12% to 38%, the addilioq of gr:‘nded levels _c[)'; Sh(;aiali;?mrijltz;
bran, soybean hulls, or sugar beet pulp in similar proportions rcd}lc‘ed’ ::t)le A[. f{;m; - jéjunm{]
(Le Gall et al., 2009). The addition of guar gum ;lso reduced glu_uo_sc Tl\!:.orprlg::d T
by 50% (Rainbird et al., 1984). Similar observations were repo_ncd by ! un::is o ] e
and Owusu-Asiedu et al. (2006), where guar gum, but not cellulns}e.‘rcve ULS «Sd it di:ffusmn
concentration in pigs. The digesta viscosity induced byr guar gum‘n}uy _h.all\hf; Tb \l;Lrp S aglucose
rate of glucose from the lumen to the epithelial cells causing a reduction in s g
(Rainbird et al., 1984; Kritchevsky, 1988).

Lipids - f ac
Tlfe addition of 20% or 40% wheat bran to a cefeal-based ;ilet reducg'd‘lhe (;?'I;Te[; otu le;h;r z):zi;
by 7-12% compared with the control diet (Wilfart et al., 2007): B ll-lr:“jlt bran diIc)i not (Graham
et al,, 1986). In contrast, adding a combinatic o o, : 2 ot
of fiber to C)ereal-based diets improved the AID m.ld ATTD e tlo.mllmtl;‘el(-j[ w:)tth t;::;:gggtzlmdl:;
(Hogberg and Lindberg, 2004). This obser\-'ati(_wl'l indicates that [hf' soul ”?)f Wheat.‘bran maiz.;
different sources of fiber influences fat digestibility because whe'n 2 ml)-( lIlnpi:ls;-lrlber diet the‘ ATTD
bran, soybean hulls, and sugar beet pulp was added at grude?d }e\e:is, bteo a Ome g 'Gall e
of fat was not affected, despite increasing levels of total dietary rin
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2009). The level of dietary fiber inclusion also influences lipid digestibility, because decreas;
fat digestibility was observed as coconut expeller, soybean hulls, or sugar beet pulp were addédng
graded levels to a low-fiber control diet (Canh et al., 1998). .

Minerals

Dietary fiber is composed of polysaccharides that may bind minerals, but the results of studes
dietary fiber’s effects on mineral digestibility have not been consistent. Addition of 6% celtuiloo11
depressed the apparent absorption of Ca, P, Mg, and K. Serum concentrations of Ca, P, Cy andzsne
per unit of mineral ingested were also lower in sows fed high-fiber diets containing a comi“)inati(m
of corncobs and wheat bran or oats and oat hulls compared with corn-SBM diets (Girard et al
1995). In contrast, the addition of oat hulls, soybean hulls, and alfalfa meal did not affect total 1
digestibility of Ca. P. Zn, or Mn (Moore et al., 1988). Likewise, the AID and ATTD of Ca, P M
and Zn was not affected by the addition of 6% inulin to diets fed to pigs (Vanhoof and De SL:hr'ijvegrl
1996). The AID of ash was also not affected by the addition of 20% and 40% wheat bran lna‘
low-fiber diet, but the ATTD of ash was reduced if high levels of wheat bran were added to the diet
(Wilfart et al., 2007).

Effect of Dietary Fiber on Nitrogen Excretion and Manure Characteristics

A major impact of dietary fiber on nitrogen excretion in pigs is the shift of nitrogen excretion
fl:om the urine to the feces. The presence of fiber causes enhanced microbial fermentation in the
hindgut, and, thus, the ammonia produced by the fermentation of dietary and endogenous proteinis
used for bacterial metabolism and growth (Zervas and Zijlstra, 2002). Therefore, there is an overll
reduction in the concentration of ammonia available for absorption by the blood to be brought fo
[I..'e liver for urea synthesis (Mroz et al., 2000; Zervas and Zijlstra, 2002). Asa consequence, urinary
nitrogen excretion is reduced. The shift from urinary to fecal nitrogen excretion is dependent on
Iht-? level of dietary fiber, because increasing the inclusion of sugar beet pulp linearly decreases the
unnary-lo—fecal nitrogen excretion ratio (Bindelle et al., 2009). The magnitude 01"rc.spunse from
tht_: shift from urinary to fecal nitrogen excretion is also modified by the source of fiber, because the
upﬂary-m-fecal nitrogen excretion ratio of barley-based diets is lower than maize- and wheat-based
d]_eIS. anFi diets containing beet pulp have lower urinary-to-fecal nitrogen excretion ratios than diets
with tapioca meal (Canh et al., 1997; Leek et al., 2007). Fermentable fiber, such as pectin and potato
starch, has a stronger impact on shifting nitrogen excretion from urine to feces, compared with poorly
fermen}able fiber, such as cellulose (Pastuszewska et al., 2000). A gradual substitution of sugar beet
pulp with oat hulls also increased the urinary-to-fecal nitrogen excretion ratio (Bindelle et al., 2009)
This reductlor:l in urinary nitrogen excretion is an advantage in the light of environmental concemns
about ammonia emission in pig-production systems (Aarnink and Verstegen, 2007).

Increasing fiber in the diet linearly increases the amount of daily fecal-matter excretion in pigs
fMoese_r and van Kempen, 2002). However, there is a corresponding reduction in fecal DM with
increasing ﬁ‘ber intake, indicating a substantial contribution of water to the fecal bulk from pigs fed
high-fiber diets (Canh et al.. 1998). Manure pH is also reduced with the addition of dietary fiber
and manure pH pf pigs fed diets with soybean hulls and beet pulp was lower compared with pigs fed
? e((;(}.tl.trol diet without soybean hulls and sugar beet pulp (Mroz et al., 2000). The manure from pigs
fron?ﬁt;sc?er:jta(;::gg 22‘7"%. NDF from soybean hulls also had lower pH compared with the manure
' containing 6% and 12% NDF (Moeser and van Kempen, 2002). The reduction
in the pH of the manure was attributed to the presence of high concentrations of volatile fatty acids
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in the feces (Canh et al., 1998). The concentration of VFA was dependent on the level and source
of fiber (Canh et al., 1998).

Summary

Fiber comprises carbohydrates or lignin in plant materials that are indigestible by endogenous
animal enzymes, and, as such, cause physiological effects in animals and humans. Fiber may be
analyzed using different procedures, but the total dietary fiber analysis most accurately describes
the fiber concentration in feed ingredients. This analysis may be expanded to include values for
soluble and insoluble fiber.

Because of the increased usage of starch and oil in the biofuel industry, many feed ingredients that
are now being fed to swine have high concentrations of fiber. However, fiber is not well utilized by
pigs and the greater the concentration of fiber in the diet, the lower the digestibility of DM and OM.
Animals and humans may obtain energy from fiber only after microbial fermentation of the fiber in
the gastrointestinal tract and subsequent absorption of VFA. Acetate, propionate, and butyrate are
the three VFA produced in greatest concentrations as fiber is fermented, and they all contribute to
the energy status of pigs.

Soluble fiber is easily fermented, and total tract disappearance of soluble fiber may be greater
than 90%. However, insoluble fiber is not easily fermented and the disappearance of insoluble fiber
over the entire intestinal tract is often less than 50%. Therefore, increased concentrations of fiber in
the diet will reduce overall energy digestibility of the diet. Fiber may also reduce the digestibility
of AA due to increased endogenous AA losses in pigs fed high-fiber diets. Fiber induces increased
production of mucin, which is one of the reasons for increased endogenous losses of AA. The
total tract digestibility of lipids and minerals is also reduced in high-fiber diets, but dietary fiber
may shift-nitrogen excretions from urine to feces, which may contribute to a reduced synthesis of
ammonia.
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12 Enzymes and Enzyme Supplementation of Swine Diets
Oluyinka A. Olukosi and Olayiwola Adeola

Introduction

Sustainable swine nutrition requires a sound understanding of enzyme supplementation in diets.
The need to supply animals with nutritionally adequate diets contributes to the excretion of nutrients
into the environment and the depletion of resources (for example, rock phosphate is used to meet P
needs). The method currently used to meet animal needs is unsustainable because there is a finite
supply of resources and a limit to which plants can use excreted nutrients effectively.

The use of exogenous enzymes can reduce dependence on non-renewable feed resources and
nutrient excretion. This may ultimately reduce the costs of swine production because of expected
faster growth (less nutrient intake per weight gain), less cost outlay for animal waste disposal
(reduced nutrient excretion), and reduced use of mineral supplements (e.g., dicalcium phosphate).

To demonstrate how enzyme supplementation contributes to sustainable swine nutrition, this
chapter first describes the inefficiencies associated with the digestive process in pigs, and then
discusses the enzymes used in swine production and their effect on growth and nutrient utilization.
The future of enzyme supplementation in swine nutrition is also discussed.

Brief Overview of the Digestive Process in the Pig

Digestion that starts in the mouth of the pig is insignificant because of the presence of a very
small quantity of salivary a-amylase (Corring, 1980). The exocrine pancreas produces the most
digestive enzymes in pigs. The enzymes produced by the pancreas are carbohydrases, proteases,
lipases, and nucleases (Cranwell, 1995) and are used in the digestion of carbohydrates, protein, and
fat. The products of pancreatic digestion are broken down to simple sugars (monomeric units) by
brush-border enzymes or enzymes located at the brush-border membrane area.

Fermentation is aided by the length of time that digesta stays in the large intestine. The microflora
in the large intestine produce enzymes that are capable of hydrolyzing ingested fiber (Yen, 2001).
The most important products of the fermentation of carbohydrates and protein are the volatile fatty
acids (VFA), which may account for up to 30% of the maintenance energy requirement of mature
pigs (Rérat et al., 1987) and bacterial amino acids (AA).

Generally, carbohydrates, protein, and lipids are well digested by pigs because they have the
complement of enzymes needed for hydrolyzing complex compounds into their building blocks.
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