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10.

Lokt 2 S

Stellingen

De relatieve verhouding in netto energiegehalte tussen grondstoffen is afhankelijk
van de huisvesting van varkens tijdens de bepaling.
Dit proefschrift

De betrouwbaarheid en nauwkeurigheid van een maearkstof voor de bepaling van
verteerbaarheid dient voor ieder laboratorium apart te worden vastgesteld.
Dit proefschrift

Bij de bepaling van het netto energiegehalte van fermenteerbare koolhydraten in
varkens dient te worden gecorrigeerd voor de viuchtige vetzuren die in de mest
worden uitgescheiden.

Dit proefschrift

Fermenteerbare koolhydraten hebben tegenstrijdige effecten op de hoeveelheid
energie benodigd voor onderhoud in varkens:

1. een lagere behoefte aan energie voor onderhoud door minder fysieke activiteit
fSchrama et al., 1996. J. Anim. Sci. 74; 2220-2225);

2. een hogere energiebehoefte voor onderhoud van het maagdarmweefsel

fdit proefschrift}.

Met het cog op welzijn en gezondheid van varkens, kwaliteit van het product, het
milieu en een efficiént gebruik van voer is kennis over de hoeveelheid opgenomen
nutridnten en hun onderlinge verhouding belangrijker dan de totale hoeveelheid
opgenomen netto energie. Het wordt dus tijd dat er een systeem ontwikkeld wordt
gehaseerd op nutriéntenstromen.

Een regressievergelijking is slechts geldig binnen de range waarin deze is gemeten.
Bij toepassing als energieformuie suggereert men ten onrechte algemene geldigheid.

In studies naar het effect van ‘ruwvoer’ op het gedrag van dragende zeugen dient
cok de energiebalans te worden gemeten.

Het onder de post ‘materiéle kosten’ boekhoudkundig verwerken van de salarissen
van medewerkers met een tijdelijk contract maakt het voor managers gemakkelijker
te vergeten dat het om mensen gaat.

Het continu dragen van een identiteitspasje door medewerkers mag niet worden
bevorderd door het een noodzakelijk instrument te laten zijn om bhij de
koffieautomaat te komen,

Door het gebruik van de motorfiets voor het woon-werkverkeer te bevorderen, kan

de overheid het fileprobleem aanzienlijk verminderen.

Stellingen behorend bif het proefschrift

Interaction between carbohydrates and fat in pigs; Impact on energy evaluation of feeds

Gertruud C.M. Bakker, 4 december 1996
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General introduction and outline of the thesis

Introduction

in the Netherlands, pigs receive in general (29%) compound feeds, containing
all the nutrients they require (LEl, 1991}). Cereals used to be the major
ingredients. However, their proportion was reduced from 40% in 1970 to 15%
in the eighties. They have been substituted by tapioca, and e.g. maize giuten
feed, imported from the USA (LEI, 1991). In addition, increasing amounts of
{mostly fibrous) by-products are used in pig feeds, originating from the food-
processing industry, like milling and distillery by-products and also some forages.

The use of ingredients other than cereals or tapioca in compound feeds
affected the chemical composition of the pig diet: from feeds with a large
amount of starch towards feeds containing less starch but more fibrous
polysaccharides, which are often called non-starch polysaccharides (NSP).
Starch and NSP differ in many aspects: in chemical structure; in the type of
nutrients they supply and their effect on other nutrients in the digestion process;
efficiency of utilisation for energy gain; and other, non-nutritional, aspects.

in feed evaluation systems, each of the digestible nutrients is valorized after
its supply of digestible (DE), metabolizable {(ME)} or net energy {NE) (as reviewed
by Henry et al., 1988). In general, when the variation in ingredients used is
relatively low, the less complex systems based on DE or ME will be sufficient.
Otherwise, the NE-system is recommended. in the WNetherlands, the NE-
valarization of the carbohydrates as crude fibre and nitrogen-free extractives was
criticized (Borggreve et al., 1976), and therefore evaluation of carbohydrates has
been changed into separate evaluation of starch, sugar and fermentable
carbohydrates (calculated as a residu by subtracting crude protein, crude lipid,
starch and sugar from the organic matter content) (CVB, 1993).

To check the calculated NE from data in feedstuff tables with the actual NE,
Van der Honing et al. {1982, 1985a and b) performed a series of experiments.
They measured the NE-content of diets containing cereals, by-products and fat
in pigs in respiratory chambers and concluded that efficiency of utilization of
cereal-based diets was similar to NSP-rich diets. However, these NSP-rich diets
also containad more fat than the cersal-based diet. In an experiment with almost
similar diets as Van der Honing et al. (1982, 1985a and b) used, Jongbloed et
al. {1986) demonstrated that pigs performed worse when offered diets with a
similar calculated net energy supply but composed of by-products plus
supplementary fat, compared to pigs given diets based on cereals or by-products
without supplemented fat. It was suggested that either the energy contribution
by fat was overestimated or fat and NSP interacted in energy supply.

Therefore, it is necessary to re-evaluate the present feed evaluation systems
for their accuracy of predicting the feeding value of a pig feed, when large
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amounts of NSP are present.

Qutline of the thesis

This thesis aimed to investigate the interaction between amount of fat and
source of carbohydrate, by quantifying the effects of adding incremental
amounts of fat to starch or to different sources of fermentable carbohydrates.

First the literature was reviewed for the effects of fermentable carbohydrates
on digestion and utilization of nutrients (Chapter 1). Then, a series of
experiments are described (Chapters 2 to 7). Twelve diets were testedina 4 x 3
factorial design with four amounts of animal fat and three sources of
carbohydrate. The amounts of animal fat added to the diets were : 0 (0), 35 (I},
70 {m} and 105 {(h} g per kg. The three sources of carbohydrate were maize
starch (M)}, purified cellulose {C) and toasted soya bean hulls (S). The cellulose
was used as a source of inert bulking material (Slavin and Marlett, 1980;
Fleming and Lee, 1983; Ward and Reichert, 1986) and the soya bean hulis as a
source of easily fermentable by-products (Stancgias and Pearce, 1985). Their
maximum intake by pigs was ascertained in a preceding feeding trial. It was
found that 320 g cellulose or 280 g soya bean hulis could be added per kg feed
without problems. Tha amount of digestible nutrients in the same batch of soya
bean hulls and cellulose and thus their calculated net energy (NE,} content, were
measured in separate digestibility trials.

Each kilogram of the control diet {Mo) contained 510 g basal diet, supplying
all necessary aming acids, minerals and vitamins, and 490 g maize starch. In the
other 11 experimental diets, an amount of the maize starch in the control diet
{Mo} was exchanged with the amounts of fat, cellulose and soya bean hulls, to
supply the equivalent net energy {NE). Figure 1.1 shows the amounts (g) of the
different diets yielding the same total NE. As a result, the 12 diets had different
astimated NE, per kg.

The pigs received equal amounts of net energy during the whole growing-
finishing period from 35 to 105 kg. Thus they received different amounts of feed
and different amounts of the energy-supplying nutrients starch, NSP and fat, but
similar amounts of the basal diet. With these diets, both ileal and total tract
digestibility of nutrients were measured and the energy gain during the entire
growing-finishing period. To enable a proper evaluation of the data obtained, it
was necessary to check whether the techniques used, fitted with the standard
technigues. In this respect, a new cannulation technique is described (Chapter
2), which leaves the hindgut intact, and thus enables measuring both ileal and
total tract digestibility within the same pig. The total tract digestibility in ileum
cannulated pigs and the use of a marker was compared with the data in non-
cannulated pigs. In addition, two markers {chromium oxide and acid insoluble
ash) were tested for their suitability as markers in pigs in pens and in metabolism
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crates (Chapter 3).
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Figure 1.1
The amounts {g} of the 12 experimental diets yielding the same total assumed
net energy

In group-housed pigs in pens, total tract digestibility of the 12 experimental
diets was measured to check whether the calculated amounts of digestible
nutrients (from the feedstuff table and preliminary experiments) corresponded
with the actual supply of digestible nutrients (Chapter 4). Also, performance of
the pigs was determined. In addition, with six of the twelve diets {only those
diets with the zero (0} and the medium (m) fat addition levels} it was checked
whether the assumption of additivity of digestible nutrients was valid at the
terminal ileum and over the total tract (Chapter 5). To picture the fermentation
process, with these same six diets the energy loss in methane, and the
concentrations of volatile fatty acids at the terminal ileum and in faeces were
determined (Chapter 6). With all the twelve experimental diets, the energy
balance was measured by using the comparative slaughter technique {Chapter
7). The consequences for amounts of digestible nutrients and energy gain were
discussed in the general discussion {Chapter 8).
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Effect of different sources of non-starch polysaccharides on digestion
of nutrients and efficiency of energy utilization in pigs

Chemical composition of starch and non-starch polysaccharides

On average, pig diets contain 550-700 g carbohydrates per kg DM, of which
40-70 g per kg DM are low molecular weight sugars; 250-400 g starch per kg
DM and 150-250 g non-starch polysaccharides (NSP) per kg DM (Bach Knudsen
and Johansen, 1995). In the conventional Weende feed analysis, these
carbohydrate components together with lignin represent the nitrogen-free extract
and the crude fibre fractions {Figure 1.1). However, the analysed crude fibre
fraction underestimates the NSP content with 70 to 370% (Schaller, 1978).
Nowadays, in feed evaluation the carbohydrates are often identified as starch (&
sugars) versus NSP.

Starch contains mainly two components: a minor component amylose, having
an essentially linear structure, and a major component amylopectin, with a
branched structure (Manners, 1979). Both components are built from glucose
molecules. It is suggested that the ratio between these components determines
the rate of degradation of the starch.

Carbohydrates
Crude fibre Nitrogen-free extract
Lignin Cellulose Hemi- Pectin Oligo- Starch +
cellulose saccharides sugars

b b b

Non-starch polysaccharides (NSP)

Figure 1.1
Classification of the carbohydrates



The NSP comprise a soluble fraction and a non-soluble fraction, which is
analysed as neutral detergent fibre (NDF) at pH 7.0 (Van Scest, 1967; Figure 1).
The soluble fraction contains pectin, some hemicellulose and oligosaccharides.
The oligosaccharides contain one or more of the monomeric sugars {glucose,
“mctose, galactose). A well known oligosaccharide in barley and oats is £
Jlucan. it contains pg-linked glucose molecules (1,3-D-glucose and 1.4-D-

icose). Pectin consists of a chain of a-1,4-linked D-galacturonic acids, partly
ssterified with methanol (Pilnik and Rombouts, 1979).

The non-soluble fraction comprises cellulose and most of the hemicellulose.
The acid detergent fibre {(ADF)-fraction in the NDF, corrected for lignin content
{acid detergent lignin; ADL), corresponds with the cellulose content (Van Soest,
1967). Cellulose contains long chains of £-1,4-linked glucose molecules. The
difference between NDF and ADF content, then, corresponds with the {(inscluble}
hemicellulose content. Although hemicellulose can be partly soluble, in general
the insoluble fraction is considered to represent the whole hemicellulose fraction.
Hemicelluloses rather are present as hetero polysaccharides cansisting of at least
two to four sugar residues {mainly pentoses like xylose and arabinose, but also
linked with the hexoses galactose, mannose and glucose) in a branched
structure {Dekker, 1979}.

In human nutrition, a different classification is used. Dietary fibre is defined as
the polysaccharides and lignin of plant material that resist hydrolysis by enzymes
of the hurman digestive system (Trowell et al., 1976; Englyst et al., 1982}. Van
Soest {1985) concluded that the assumption in human nutrition that all fibres are
the same is not correct. On the other hand, from a practical point of view, a
single term for the fermentable carbohydrates is preferred over dealing with more
terms. However, a single term is only allowed when the separate structures of
NSP don’t differ in the digestion and absorption process in the alimentary tract.
In this respect, NDF is found to be not representative for the whole of NSP: it
underestimates the amount of fermentable carbohydrates in most feedstuffs
(Carré and Brillouet, 1988), and it gives inaccurate data on digestibility of NSP
(Chabeauti et al., 1991; Vervaeke et al., 1291).

For a more detailed description of chemical structure and analytical
procedures for determining fibre see Goering and van Soest (1970) and
Theander and Aman (1979). Also, other techniques for determining cell wall
structures are being developed, as reviewed by Casu (1985) and Boon (1989)}.
However, their relevance for feed evaluation is not clear, yet.

In conclusion, on one hand the fermentable carbohydrates {NSP}, calculated
as organic matter minus starch, sugar, crude protein and crude fat {Aman and
Hesselman, 1984; cited by Theander et al., 1989), might be included in feed
evaluation as a single term. On the other hand, it might be crucial for an
accurate feed evaiuation to discriminate between, for example, socluble
carbohydrates (NSP minus NDF), hemicellulose and cellulose. This will be
discussed in the next sections.
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Degradation of starch and NSP

Digestion of starch

Starch is mainly digested into oligosaccharides by pancreatic a-amylase in the
intestinal lumen {(Gray, 1992}. Furthermore, enzymes in the intestinal surface
membrane degrade these oligosaccharides into glucose (Manners, 1979). The
extent of starch breakdown depends on a number of factors, such as: the
chemical structure of the starch, its physical form, and the method of feed
processing {Dreher et al., 1984; Williams and Chesson, 1989). In general,
however, most of the starch in pig feeds has been disappeared at the terminal
ileum {Keys and DeBarthe, 1974, Vervaeke et al.,1989; Table 1.1).

Fermentation of NSP

Monogastrics don’t produce enzymes that degrade NSP. Therefore, this is
performed by the microflora, mainly present in caecum and colon of
monogastrics. The gastrointestinal microflora synthesize mainly volatile fatty
acids {VFA) of which acetic acid, propionic acid and butyric acid are the most
important ones (Bergman, 1990). They are absorbed through the gut wall and
serve as a nutrient source for the pig. The variation in degradability of the NSP,
however, is very large. Bach Knudsen et al. {1993) concluded that the order of
breakdown of the various NSP constituents over the entire gastrointestinal tract
was: f-glucans > > arabinoxylans > cellulose. However, far each of these
constituents differences are found between sources. The degree of cell wall
lignification is considered to play an important role for the breakdown of NSP
{Bach Knudsen et al., 1993}. In addition, particle size and retention time in the
gut are also important aspects {Ehle et al., 1982; Drochner, 1984).

For a good fermentation of NSP in the large intestine an adequate supply of
nitrogen is required to colonic bacteria {(Bergner, 1982). In general, adequate
levels of nitrogen are provided by residual feed protein escaping precaecal
digestion, endogenous nitrogen in mucus and epithelial cells and urea recycled
into the gastrointestinal tract {Chesson, 1930).

Apparently, fermentation not only occurs in the hindgut; at the terminal ileum
on average 26% {from -8 to 62%) of the NSP has disappeared (Table 1}. For
instance, on average 44 % of NSP in beet pulp is degraded at the terminal ileum,
whereas it is less than 3% in wheat bran (Graham et al., 1986). It is concluded
that this difference is related to the proportion of soluble NSP in the NSP. This
corresponds with the ileal degradability of the insoluble cellulose being close to
zero (Drochner, 1284; Partridge et al., 1986).

Volatile fatty acids (VFA)

The rate of fermentation is often related to the concentration of VFA in {parts
of) the digestive tract and/or in faeces. The smallest concentration is found in
the stomach and small intestine (up to 20 mmol/L); in the caecum and colon a
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Table 1.1

Intake (g/d) and digestibility {% of intake} of starch and non-starch
polysaccharides in the small intestine of pigs (Cited from Bach Knudsen and
Johansen, 1995; for the references the reader is referred to their study)

Starch NSP
Diet Intake Digestibility Intake Digestibility Reference
‘Wheat-barley-oats 556 96.0 182 20 {1}
+ wheat bran 310 95.7 351 11 4]
+sugar beet fibre 193 95.3 633 37 {1
Barley-soyabean meal 816 95.% 296 35 {2)
+ f-glucanase 816 96,7 296 41 {2}
Cereal-peas-soyabean meal 666 6.0 181 20 3}
+ peas-early 348 92.9 338 28 (3}
+ peas-iate 348 92.9 338 28 {3
Barley-soyabean meal 492 83.7 181 28 {4}
Barley-soyabean meal extruded 457 96.9 184 25 {4}
Barley-soyabean meal 588 20.3 168 57 {5}
+ pelleting 588 24.9 168 55 {5}
+enzymes 588 92.7 168 58 {5}
+ pelleting and enzymes 588 95.8 168 62 {5}
Barley-soyabean meal 801 94.8 182 50 {6}
+ baked HMLT 564 98.6 196 62 {6)
+baked LMHT 612 96.9 184 60 {6}
Wheat flour 978 99.4 45 3 {7}
+aleurcne 1120 99.3 83 -4 {7}
+ pericarp/testa 299 29.5 B6 -4 {7}
+wheat bran 1003 28.7 86 10 {7}
Wheat flour 944 97.8 49 18 {7}
+oat bran 1086 98.6 77 36 {7
Rolled oats 891 96.8 119 36 {7
+oat bran 1000 96.6 162 34 7
Qat groats 885 97.0 123 21 (8}
Oat flour 878 98.6 81 25 (8}
Qat flour coarse 860 98.% 141 24 {8}
Qat bran 814 98.9 202 15 8)
Wheat flour 911 100.0 44 30 [§))
+8-glucan conc. 304 99.0 97 27 19}
+insoluble residues 1086 98.0 74 27 19}
+ oat bran 16021 100.0 88 28 {9}
Barley-soyabean meal 542 92.5 206 21 {10)
+ peas-dark 600 91.7 206 29 {(10)
+ peas-light 618 90.7 209 30 {10)
Barley-wheat starch 1573 100.0 118 2 {11)
+pea fibre and pectin 1127 95.0 663 1 n
Peas-dried 402 92.9 169 -9 12)
Peas-toasted 399 94.2 154 15 {12)
Peas-dried 467 88.9 226 40 {12}
Peas-toasted 443 867 197 24 {(12)
Cereal-soyabean meal 248 93.8 120 8 {13)
Cereal-peas-soybean meal- 216 98.5 125 1 {13)

rapeseed cake

HMLT, high moisture baked at low temperature; LMHT, lower moisture baked at high temperature.

Data from: {1) Graham et al. {1986b}; (2) Graham et al. (1986a); (3) Graham and Aman {1986b); {4} Fadel
et al. {1988); (5) Graham et al. {1989); (6) Fadel et al. {(1983); (7) Bach Knudsen and Hansen (1991); (8}
Bach Knudsen et al. (19923a); (9) Bach Knudsen et al. (1923b); (10} Abrahamsson et al. {1993); {11)
Jargensen et al. {19995); {12) Canibe and Bach Knudsen (1995a); {13) Gdala et al. (1995).
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higher concentration of 170 to 230 mmol/L is found {Clemens et al., 1975).
Within the hindgut, the concentration of VFA is highest in the caecum and
gradually decreases along the colon (Bolduan et al.,, 1991; Vervaeke et al.,
1989). The concentration increases with the amount of fermentable NSP in the
diet (Kass et al., 1980; Gargallo and Zimmerman, 1981). It should be noted that
measuring concentiration of VFA in the gut can be used as a qualitative
parameter for ranking fermentable NSP sources. However, it cannot be used as a
quantitative parameter for determining the total amount of VFA produced,
because both the production and the absorption of VFA depend on many
factors. The concentration of VFA can be used, however, to determine
quantitatively the difference between the amounts of VFA produced and
absorbed. For this, the concentration needs to be multiplied by the digesta flow.
To know the total amount of VFA produced, the amount of absorbed VFA
should be known. The rate of absorption depends on the place in the
gastrointestinal tract, and the type of VFA (Von Engelhardt et al., 1989). In
addition, absorption of VFA is a passive process. It increases linearly with
concentration (Von Engelhardt et al., 1989), and thus a higher amount of digesta
might reduce the absorption rate because of its diluting effect. Measuring the
flow of VFA in the portal vein underestimates the total amount of VFA absorbed,
hecause some of the VFA are used as a energy source by the gut tissue
{Latymer et al., 1991},

Not only the concentration, but also the relative ratios in which the separate
VFA {mainly acetic acid, propionic acid and butyric acid} are found, are
considered to change with the source of NSP {Ehle et al., 1982; Imoto and
Namioka, 1983; Zebrowska, 1988; Schnabel et al.,, 1990). In general, highly
fermentable carbohydrates tend to result in a high propionate to acetate ratio
(Bergman, 1990}. Conversely, cellulose-rich diets increase the proportion of
acetate. In addition, f-glucans might enhance the proportion of butyric acid
{Bach Knudsen et al., 1993).

For reviews on microbial biology of the large intestine of pigs the reader is
referred to Cranwell, 1968; Ratcliffe, 1985; Varel, 1987; Allison, 1989; and
Fonty and Gouet, 1989.

Effect of NSP on the digestion of other nutrients
General

For a maximum benefit of the nutrients supplied by starch and sugar, protein
and fat, they need to be absorbed before the terminal leum. However, there are
indications that NSP have a negative effect on the precaecal digestion and
absorption process of these nutrients. To illustrate the effects of NSP on both
ileal and total tract digestible nutrients, Drochner {1984) measured these in diets
with an identical basal diet but with different sources of added NSP (Table 1.2}.
From this study it can be concluded that addition of NSP reduced the apparent
digestibility of protein and fat both at the terminal ileum and over the total tract.
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Table 1.2
Effect of source of NSP on ileal and total tract apparent digestibility of nutrients
(%) (data from Drochner, 1984; based on 20 kg minipigs}

control diet A+ 5% A+ 5% A+ 5%
A wood fibre  purified cellulpse pectin
intake {g/d)

starch 183.1 190.5 190.1 189.7
crude protein 115.2 113.1 114.4 112.5
crude fat 25.6 24.6 24.4 246
saluble NSP? 9156 74.2 73.4 105.8
hemicellulose 42.3 50.0 45.7 315
cellulose 10.7 241 31.8 10.6
lignin 5.1 10.8 5.9 5.3

ileal digestibility (%)2

starch 95.6 94.3% 94,8 93.0M
crude protein 72.8 65.1°"7" 68.3" 65.8""
crude fat 73.2 47.3™ 67.8° 68.2°
soluble NSP’ 63.1 49.7 54.8 21.2
hemicellulose 27.3 12.2°% 12.0°" 425"
cellulose 3.7 1.7 5.7N8 -9.40N8

total tract digestibility {%)?

starch 100.0 100.0 100.0 100.0
crude protein 83.8 77.8"" 80.0°"" 79.6""
crude fat 63.8 30.8"" 51.4"" 67.0°"
soluble NSP' 88.7 79.8 85.3 81.9
hemicellulose 61.1 51.5M 58.4"8 69.9°
cellulose 22.2 8.3" 33.6° 39.3""

! calculated as: nitrogen free extract + crude fibre - starch - NDF; Statistical analysis could not

be performed, because individual data are not published.
2 Statistical analysis was performed as pairwise differances of each treatment with the control
diet. ***: P=<0.001; **: P<0.01; *: P=<0.05; NS: P>0.05.

These effects of NSP are related to reduced absorption, increased secretion or
synthesis of fat, protein and minerals, and the retention time of the digesta in
the gastrointestinal tract.

The absorption of glucose was reduced to 50% when guar gum was added to
a glucose solution that was perfused through isolated loops of pig jejunum
{Rainbird et al., 1984). Guar gum is a soluble NSP and increases the viscosity of
the digesta. Therefore, the reduced absorption of glucose is thought to be
associated with reduced diffusion from the intestinal lumen to the epithelial cells
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or inhibition of the absorption process. Moreover, this effect might not only
affect glucose absorption, but also reduce absorption of amino acids and fat.
Indeed, it is shown that inclusion of a high amount of soluble NSP is
accompanied with a reduced apparent fat and protein digestibility at the terminal
ileum (Graham et al., 1986; Bach Knudsen et al., 1993).

Low ({1989) concludsd that increasing ileocaecal flow of water, electrolytes,
secretory products from liver, pancreas and mucosa cells was positively
correlated with increasing fibre levels in the diet. This negatively affects
apparent digestibility of minerals, protein and fat.

It is found that NSP shorten the time the digesta retains in the gastrointestinal
tract {Kass et al., 1980; Ehle et al., 1982). It is often suggested that this allows
the digestive enzymes less time for degradation. However, passage time is only
reduced in the hindgut; the precaecal retention time is either not affected or
even prolonged (Drochner, 1984; Den Hartog et al., 1985; Latymer et al.,
1990). Therefore, the effect on transit time is caused by the hindgut. The total
transit time is shorter with increasing amounts of digesta that flows into the
caecum (Kesting et al., 1991).

Starch and sugars

In general, no effects of NSP are found on starch digestibility at the terminal
ileum {Tables 1.1 and 1.2}. However, NSP are found to have a negative effect
on the activities of the disaccharases sucrase, maltase and lactase in the rat
(Khokhar, 1994). Apparently, in the relatively long small intestine this effect is
corrected for, prior to the terminal ileum. Another option is that part of the
starch is degraded by fermentation. However, until now it has not been possible
to distinguish between fermentation of NSP and starch in the small intestine.

Moreover, there are indications that diets with lower concentrations of
fermentable carbohydrates result in increased concentrations of lactic acid,
produced by the increased population of Lactobacilli in stomach, first and second
half of the small intestine (Koch et al., 1972). This seems to be supported by the
(although not significant) larger amounts of lactic acid appearing in the portal
vein with a diet containing 60% corn starch compared to diets in which part of
the maize starch was exchanged for cellulose, alfalfa meal or lactose (Giusi-
Perier et al., 1989). It remains uncertain, however, whether the higher net
energy supply with the low-NSP diets in these experiments induced the lactic
acid production.

Protein

Apparent protein digestibility is significantly reduced both at the terminal
ileum and over the total tract when fermentable carbohydrates are present
(Dierick et al., 1989; Shi and Noblet, 1993; Table 1.2). These effects might be
caused by:
1. an increased endogenous secretion of nitrogen or an increased amount of
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Table 1.3
Effect of source of NSP on ileal and total tract flow of N (g/d} {data from
Drochner, 1984; based on 20 kg minipigs)

cantrol diet A +5% A+ 5% A+ 5%
A wood fibre  purified cellulose pectin
Intake 29.3 30.5 30.4 30.4
Excreted into caecum 8.0 10.7 9.6 10.2
NPN? 25 25 3.6 4.8
Real protein-N 5.5 8.2 6.1 5.4
N in fibre 0.73 0.68 1.69 2.69
N in bacteria 1.86 4.25 2.87 3.45
N in glycoproteins 2.18 2.84 2.4 ND?
Excreted in faeces 4.7 6.8 6.0 6.2
NPN 0.4 2.2 0.4 0.3
Real protein-N 4.3 4.6 5.6 5.9
N in fibre 0.45 0.48 0.60 0.37
N in bacteria 2.42 2.96 3.71 3.98
N in glycoproteins 1.27 0.85 1.06 1.99

NPN: non-protein nitrogen, for example urea, ammania, free amino acids, etc
2ND: not determined
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sloughed cells from the gut wall {as glycoprotein; Table 1.3}

The amount of endogenous secreted nitrogen is linearly related to the amount

of consumed NDF (Furuya and Kaji, 1992; Schulze, 1994} or DM intake
{Butts et al., 1993). The amount of endogenous secreted protein reported
in literature ranges batween 16 to 39 g/kg feed (de Lange et al., 1989; de
Lange et al., 1990; Boisen and Ferndndez, 1995).

. a reduced digestion of dietary and/or endogenous crude protein

Roberfroid (1993) concluded that the effect of NSP on protein absorption
depends on the type of fibre: soluble NSP (like pectins) are expected to have
a larger negative effect than insoluble NSP (NDF). The net result of the
processes 1. and 2. is usually expressed as a linear relationship with NDF
intake (Schulze, 19924} or ADF intake {(Shi and Noblet, 1993).

. presence of active microflora

Differences in bacterial protein are not expected to be a crucial factor for the
differences in ilea! digestibility between the sources of carbohydrates (Sauer
et al., 1991). However, this might depend on the type of NSP (Table 1.3). In
the hindgut, apparent synthesis of protein is reported in the range of 49 to 62




g bacterial protein per kg fermented NSP {(Gargallo and Zimmerman, 1981;
Kirchgefiner et al., 1989; Mosenthin et al., 1992; Bakker et al., 1995). In
addition, N from the blood (as urea} might be secreted into the
gastrointestinal lumen {Mosenthin et al., 1992; Bakker et al., 1995}. This will
decrease the apparent total tract protein digestibility.

4. the presence of N in the NDF matrix, unavailable when NDF is not fermented
{Schulze, 1994; N in fibre in Table 1.3)

5. the presence of trypsin inhibitors, for example in soya products, which have a
negative effect on protein digestibility {Huisman, 1990}). However, adequate
toasting the ingredient eliminates this negative effect (Van der Poel, 1990).

Fat

Similarly as with protein, apparent fat digestibility is significantly reduced
both at the terminal ileum and over the totali tract when fermentabie
carbohydrates are present {Dierick et al.,, 1989; Shi and Noblet, 1993; Table
1.2). Furda (1990} suggested two possible mechanisms of NSP that especially
affect apparent fat digestion. (1} A reduced dietary fat digestion, as a direct
effect, by affecting the bile acids and other micellar components. {2} An
increased secretion of fat in the faeces, as an indirect effect, by increasing the
excretion of bile acids. Furda {(1990) concluded that there are large differences
between the fibres in the magnitude in which they affect fat absorption.
Therefore, more information is needed on the specific source of fibre and its
specific effects. Indeed, increasing amounts of oat hulls and wheat bran
significantly reduced total tract fat digestibility, whereas increasing amounts of
ground barley straw had no effect {Just et al., 1980). Moreover, Mason and Just
{1976) found a reduced fat digestibility both over the total tract and at the
terminal ileum, when they included raw potato starch in the diet. They
speculated that this effect was caused by a reduced true digestibility of the
dietary fat and/or by increased endogenous secretion by the pig and bacterial
synthesis of fatty acids. In addition, supply of fibre is usually accompanied with
an increased DM intake. A loss of 4.7 g fat, as endogenous fat, is expected per
kg DM intake {Jorgensen et al., 1993). More quantitative results of fermentable
NSP on apparent fat digestibility, however, are hardly found, probably because
of the large number of mechanisms involved.

On the other hand, fat might affect the process of fermentation. If it escapes
the precaecal digestion and enters the large intestine, it reduces the number of
fermentation bacteria (Mallett and Rowland, 1983). This was confirmed by a
reduced methane production in pigs which received fat in their diets {Christensen
and Thorbeck, 1987).

Minerals
Lower absorption of minerals might occur in the presence of NSP (Partridge,

1978; Drochner, 1984; Ward and Reichert, 1986; Jongbloed, 1987}. Whether
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inclusion of NSP cause mineral deficiencies depends on the type and the amount
of NSP and the dietary supply of the minerals. Very little is known on the
quantitative aspects (Kornegay and Moore, 1986). Especially in geographical
areas where pollution problems induce lower mineral concentrations in pig feeds,
it should be known whether mineral requirements are still met when (large
amounts of} fermentable NSP are supplied.

Efficiency of utilization of digestible energy from starch and non-starch
polysaccharides

Theory

The proportion of metabaolizable energy (ME)} in digestible energy (DE) is
smaller when the DE is supplied by fermentable carbohydrates compared with
supplying starch, because during fermentation energy will be lost as methane
(Figure 1.2). In addition, loss of energy occurs as fermentation heat.

33 hexose + 66 H,0 — 66 HAc + 66 CO, + 132 H,
12 hexose + 24 H, - 24 HProp + 24 H,0O

10 hexose - 10 HBut + 20 CO, + 20 H,
128 H, + 32C0, —+32CH, + 64 H,0

bb hexose - 66 HAc + 24 HProp + 10 HBut + 32 CH, + 54 CO, + 22 H,O
{(MJ:}154.5 57.9 36.8 21.8 28.1

Figure 1.2
The supply of energy in volatile fatty acids, methane and heat by fermentation of
carbohydrates, according to the stoichiometry of Hungate {1966}

According to stoichiometry (Hungate, 1966), the total amount of degraded
NSP and the relative ratios of VFA can predict energy losses in methane and
heat (Figure 1.2). For calculating the equations in Figure 1.2, it was assumed
that the VFA acetic acid (HAc), propionic acid (HProp} and butyric acid {HBut)
were synthesized in the molar proportions of 66:24:10 (Gédeken et al., 1989;
Miller et al., 1989). From the equation, it can be concluded that theoretically
6.4% of the available energy {MJ) is lost as heat and 18% is lost as methane
{CH,). Overall, theoretically, a loss of energy of 20 to 25% of the DE can be
expected when hexoses are fermented, compared to enzymatically digestion.

Furthermore, when ME from VFA is used for maintenance or growth,
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efficiency of utilization of energy is on average 15% lower than ME from glucose
(Vermorel, 1968; cited by Rérat, 1978). Calculated from the amount of ATP per
mol fermentable carbohydrate, the total (net) energy supply from fermented
carbohydrates is 63% compared to enzymatically digested starch (Figure 1.2).

In practice, however, energy lost as heat will be higher due to losses in other
metabolic processes in bacteria. Conversely, energy lost as methane is found to
be not as high as theoretically calculated (Zhu et al., 1993}). Moreover, Miiller
and KirchgeRner {1983 and 1989) measured energy losses in methane ranging
from 1 to 10% of the digestible energy {DE}). It is emphasized, that this
stoichiometry is based on hexose; when pentoses are included, which are
present in hemicellulose, the energy loss might be larger. Therefore, it is
concluded that Hungate's stoichiometry is not precise enough to substitute in
vivo measurements in pigs (Longland et al., 1988; Zhu et al., 1993).

Energetic efficiency of utilization of energy as measured in vivo

In vivo, large variations in utilization of energy from degradable NSP (dNSP)
and/or VFA are found (Table 1.4}; for dNSP, the utilization ranged from O to
79%. However, these experiments showed large differences in diets and
substrates, techniques used, feeding level, physioclogical status of the pigs,
adaptation periods, etc.

The utilization of energy (k, in %) of pure volatile fatty acids {nr. 1, 2, 3, 4,
15; Table 1.4} does not include the loss of energy in fermentation heat, and
might, therefore, overestimate the k of ME from NSP. Moreover, infusion of
substrate in the hindgut {(nr. 1, 10, 15; Table 1.4) does not include the negative
effect of NSP on digestion and absorption of other nutrients before the terminal
ileum, which might overestimate the net energy content of a diet. This is
confirmed by giving the same substrates in the feed as infused in the hindgut
{nr. 9 versus nr. 10; Table 1.4}. In some studies, k is determined by relating the
variation in proportion of energy that disappeared in the hindgut to energy gain
(nr. 7, 8, 11; Table 1.4). However, this method ignores the NSP that is
disappeared before the terminal ileum. In addition, the technique used to
measure hindgut digestibility might affect the maintenance requirement of the
pigs and thus affect the amount of retained energy (Herrmann et al., 1989;
Longland et al., 1989). The factor k might overestimate the value for growing
pigs when it is measured with NSP given to adult sows, fed close to
maintenance (nr. 9, 10, 12, 13, 14, 15, 18; Table 1.4). These sows use the
fermentation heat for maintaining their body temperature, while this heat is not
of any use for thermoneutral housed pigs receiving a feeding level of more than
2 x maintenance. A sufficient length of the period for adaptation of at least four
weeks (Walter et al., 1986) to the diet is important, especially with dNSP-rich
diets. In addition, adult pigs are found to have a larger capacity for fermentation
than younger pigs (Shi and Neblet, 1993}, Therefore, the zero energy gain from
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cellulose (ADF; nr. 17; Table 1.4) might be due to both the relatively short
adaptation pericd and the young age of the pigs.

In general, it can be concluded from Table 1.4 {nr. 16 and 17) that soluble
dNSP (calculated as dNSP minus dNDF) tend to result in a higher k than the
insoluble dNSP. Furthermore, measuring efficiency of utilization of energy for
feed evaluation purposes should be performed with the ‘target’-animals, with the
appropriate feeding level, housing conditions, and a sufficient period of
adaptation, preferably the entire period of production (meat, reproduction,
lactation).

Adaptation

The period of adaptation to NSP-rich diets is of great importance for the
interpretation of the results on supply of digestible energy and net energy from
NSP to the pig. The period in which the gastrointestinal processes are
completely adapted to the new diet is usually longer than with low fibrous diets
{usually an adaptation period of seven to ten days). There are mainly two
pracesses involved in this adaptation: the adaptation of the microflora in the
gastrointestinal tract to the new substrate(s} {Edwards, 1993) and the
adaptation of the gastrointestinal tract itself to the new absorbable products
{Johnson, 1988).

In pigs receiving cellulose-rich diets, Giusi-Perier et al. {1989} observed
significantly more VFA absorbed in the portal vein after 28 days compared to 21
days. Similarly, Gargallo and Zimmerman (1981} found that degradation of a
high level of purified cellulose in a diet increased with time, with an optimum
after 29 to 40d of adaptation. Adaptation seems to be related to a higher
cellulase activity of the microflora (Varel, 1987). In addition, Anugwa et al.
(1989} found more cellulolytic bacteria in the pig colon contents after feeding a
diet containing 40% alfalfa for 34 d., but not after 17 d.

It has been reported several times that caecumn and large intestine increase in
length and/or weight {Kass et al., 1980; Stanogias and Pearce, 1985). Levrat et
al. {1991} and Key and Mathers {1993) found in rats increasing weights of the
empty caecum up to 21 days by feeding 30% soybean fibre (15% cellulose,
58% hemicellulose, 27% others) or up to 45% haricot beans (16.5% NSP, of
which 92% non-cellulosic NSP), respectively, However, Anugwa et al, {1989)
found no hypertrophic effect of alfalfa on the hindgut. The reason for a lack of
hypertrophic effect of NSP in their study may be due to the larger contents of
the mainly cellulose-containing alfalfa diets in pigs. These diets are more difficult
to ferment than the easily degradable NSP in the rat studies. This hypothesis
suggests that the amount of VFA plays an important role in the hypertrophy of
the gastrointestinal tract, which is confirmed by infusion of separate VFA into
the gastrointestinal tract {Sakata, 1987): VFA stimulated cell proliferation of
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jejunum, caecum and colon. Effects of VFA were dose-dependent, and varied
among acids {butyrate > propionate > acetate). It is suggested that hormanal
mechanisms are behind this hypertrophy (Roberfroid, 1993). These heavier
visceral organs may increase maintenance requirements for energy {(Koong et al.,
1983; Pekas, 1991) and thus reduce potential energy gain.

in conclusion, a too short adaptation period might underestimate the potential
digestible energy supply by NSP and it might overestimate the potential energy
gain of the pigs.

Non-nutritional aspects of non-starch polysaccharides

Apparently, including NSP-rich ingredients in pig diets has many
disadvantages. It reduces apparent ileal and total tract digestibility of protein,
fat, minerals and energy {Fernandez and Jergensen, 1986; Dierick et al., 1989).
In addition, it will increase the amount of manure, due to its lower digestibility.
Moreover, it will result in increased offals at slaughter, because the weight of
offals at slaughter will be larger (both gut fill and empty gut weight; Kass et al.,
1980; Stanogias and Pearce, 1985b),

Howsever, there are also quite a number of advantages for including NSP-rich
ingredients in pig diets. A very important one is that these ingredients are usually
relatively cheap. Moreover, when receiving these ingredients, the pig is not
competing with humans for food ingredients. Because of the lower energy
density, the pigs usually eat more bulk with these diets. It is suggested that this
may imprave the wellbeing of the pigs and it reduces the energy used for
activity {Frazer, 1975; Broom and Potter, 1984; Matte et al., 1994; Schrama et
al., 1996}. Also, health of pigs may benefit from NSFP in the diets. It has been
found that a more coarsely-ground diet, as with NSP-rich ingredients, results in
less gastric ulcers than with high energy density diets (Lee and Close, 1987). In
addition, the lower pH caused by the fermentation products, can prevent
pathogens from colonisation (Prohaszka, 1986; Wells et al., 1988). The
fermentation processes both inside (in the gastrointestinal tract) and outside the
pig (in the manure), might have beneficial effects on ammonia emission (Kreuzer
and Machmiiller, 1993; Scipioni et al., 1923; Canh et al., 1996; Bakker et al.,
1996).

Consequences for feed evaluation systems
In general, feed evaluation systems are based on the amounts of digestible
protein, fat and carbohydrates supplied by the separate ingredients. These

amounts are genetally obtained from feedstuff tables, that list all the ingredients
with their average chemical composition and digestibility. Feed manufacturers
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analyse usually each batch of ingredients more and more, prior to adding it to a
compound feed. The digestibility of the nutrients is generally obtained from the
feedstuff tables, and occasionally from a digestibility trial with the particular
batch.

Thus, the methods by which chemical composition and digestibility are
measured, determine the precision of diet formulation. The quality of analytical
techniques can relatively easy be guaranteed by comparing the results on
standards between the different laboratories. The data on digestibility in the
feedstuff tables are mostly obtained with pigs housed under experimental
canditions. For instance, the pigs are housed individually in metabolism crates.
Heousing pigs in pens compared to housing on metabolism crates was found to
decrease retention time of digesta in the gut. This resulted in on average 1.8%
lower digestibility coefficients for dry matter (Metz and Dekker, 1985). This
effect was found to be enhanced by feeding a fibrous feed compared to a cereal
feed.

The digestibilities of ingredients, which are listed in feedswff tables, are
usually obtained by the difference method: the ingredient is added to a basal diet
of known digestibility (Sebek, 1989). The basal diet is usually made of relatively
few ingredients, that are known not to affect digestibility of other nutrients. By
using these data in diet formulation, it is assumead that they are representative
for practical circumstances, where pigs are usually housed in groups and receive
complex diets. However, when large acunts of NSP are included in the diets, the
digestibility and energy supply from other ingredients might be reduced, as
discussed in the previous sections of this chapter. Therefore, the present feed
evaluation systems need to be re-evaluated for their accuracy of predicting the
feeding value of a pig feed when large amounts of NSP are present.
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