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ABSTRACT

The composition and properties of different NSP fractions of grain legumes, cereals and rape-
seed meal are described and their implications in ileal digestibility of protein and amino acids in pigs
are discussed. The effects of exogenous carbohydrases added to the diets of young pigs on protein
digestibility are presented.

KEY WORDS: pigs, dietary fibre, NSP, NDF, -amino acids, ileal digestibility

INTRODUCTION

Cereal grains constitute the bulk of pig feedstuffs and provide 30-60% of die-
tary amino acids. Protein should be added to the diet to provide both an adequate
amount of total protein and amino acids in proportions approaching the ideal ami-
no acid pattern. Protein feedstuff must now be of plant origin because animal meals
are to be completely excluded from animal feeds. All plant feedstuffs contain con-
siderable amounts of non-starch polysaccharides (NSP), lignin, oligosaccharides,
which cannot be digested by endogenous mammalian enzymes. NSP, the principal
component of dietary fibre (DF) and of cell walls, can affect many processes along
the entire gastrointestinal tract (Low, 1985; Graham et al., 1990; Rakowska et al.,
1992; Simon, 1998; Smulikowska, 1998). The physiological effects of NSP de-
pend on their composition and physicochemical properties (e.g., solubility, water-
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holding capacity, fermentability). In general, viscous polysaccharides reduce ab-
sorption in the small intestine, whereas insoluble cell-wall polysaccharides have a
smaller impact on this process but encapsulate nutrients (protein, starch) decreas-
ing their hydrolysis.

Dietary fibre also contains various types of protein (Bjergegaard et al., 1997 a,b).
Many authors investigated the negative correlation between fibre content in feed-
stuffs and ileal digestibility of protein and amino acids in pigs (Taverner and
Farrel, 1981; Eggum and Beames, 1983; Gdalaetal,, 1992; Fan et al.,, 2001). It was
documented that protein association with fibre is one of the important factors
causing large variability in digestibility values.

By encapsulating or binding protein, insoluble NSP form a physical barrier to
endogenous enzymes. On the other hand, the water soluble fraction of NSP in-
creases the viscosity of the digesta in the small intestine, decreasing nutrient
absorption. Thus, there is a basis for the action of exogenous NSP hydrolyzing
enzymes. There is a wealth of data reporting significant improvement of the fe-
eding value of cereals supplemented with various enzymes in diets for poultry.
There are also many examples of beneficial effects of exogenous enzymes used in
the nutrition of young pigs (Partridge, 2001).

This paper will review the composition and properties of different NSP frac-
tions of the main plant-origin feedstuffs, their implication in ileal digestibility of
protein and amino acids and some positive effects of exogenous carbohydrase en-
zymes used in diets for young pigs.

DIVERSITY AND FRACTIONS OF FIBRE IN FEEDSTUFFS

Al plant feedstuffs used in pig nutrition contain non-starch polysaccharides
which together with lignin constitute the main part of dietary fibre. All DF com-
ponents are resistant to mammalian hydrolases. According to Bach Knudsen
{1997}, NPS can be classified as ccll wall NSP and non-cell wall NSP. Taking
into account chemical composition, the first group of NSP consists of: cellulose,
mixed linked -glucans, arabinoxylans, arabinogalactans, xyloglucans, rhamnoga-
lacturans and galactans occurring in different proportions in most feedstuffs. The
non-cell wall NSP are represented by fructans (e.g., in rye), mannans {e.g., in
coconuts and palm cakes), pectins (e.g., in bect pulp and lupins) and galactoman-
nans (e.g., in guar-gum).

Further separation of DF can be obtained by sequential extraction of fibre in
water, alkaline solution and sulphuric acid resulting in the following fractions:
pecting, hemicelluloses, cellulose and lignin (Bjergegaard et al., 1997b). Each of
these fractions comprises heterogeneous groups of compounds, varying with the
DF source. They differ not only between plant species and varieties but also
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change due to environmental factors as well as stage of plant cell maturity (The-
ander and Aman, 1979).

Over the years, plant fibre has also been classified by using the terms crude
fibre (CF), consisting mainly of ligmin and celbulose, acid detergent fibre (ADF), of
similar composition to CF, and neutral detergent fibre (NDF) in which cellulose,
hemicelluloses and lignin dominate, but some B-glucans, pectins and proteins are
also present (Goering and Van Soest, 1970, after Fan ¢t al., 2001).

As shown by Aman et al. (1988), each analytical method determines a specific
fraction of the fibre present, with no close relationships between DF, NDF, ADF
and CF for different feeds. In general, however, NDF accounts for about 80-90%
of DF while ADF and CF usually account for 20-30% of total fibre, estimated as
the remainder after subtracting the content of free sugars, starch, crude protein,
crude fat and ash from the dry matter of the sample.

Additionally, DF may also be divided into soluble and insoluble fractions with
different physicochemical properties (Asp et al., 1983). However, the physiologi-
cal and nutritional properties of DF depend not only on its composition but also on
the micromolecular organization of the fibre complex in the cell wall, and are often
characterized using parameters like solubility, viscosity, water-holding capacity
and cation-exchange capacity. Soluble polysaccharides, in contrast to insoluble
fibre, may cause viscous conditions in the upper part of the digestive tract and
negatively affect digestive processes (Antoniou et al., 1981).

Plant cell walls, the dominating part of DF, contain not only NSP but also various
types of proteins, lipids, amphiphilic compounds and phenolics, including lignin.

DIETARY FIBRE-ASSOCIATED PROTEINS, GLYCOPROTEINS

In the DF of many feedstuffs, the total amount of protein may account for 10 to
30% of the DF mass. For example, the DF of pea has a low protein content, while
the DF of rape seed has a high content (Bjergegaard and Serensen, 1995: Bjerge-
gaard et al., 1997b). DF or cell-wall proteins were classified as structural proteins
(comprising glycoproteins, arabinogalactan proteins, proline- and glycine-rich pro-
teins}, lectins and enzymes (Bjergegaard et al., 1997a).

Among glycoproteins that are often the dominating group, compounds called
extensins are prominent. They resemble collagen and form crosslinked networks
with each other as well as with cellulose microfibrils (Fry, 1988; Keller, 1993;
Showalter, 1993). These structures reduce the solubility of cxtensins and make
them more resistant towards mammalian- produced hydrolases. This can be part of
the explanation of the relatively low protein digestibility of rape seed (Danielsen et
al., 1994). Also, after rupture of the cell, intracellular glycoproteins may be bound
to DF components, thus increasing the part of indigestible protein in rape seed.
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EFFECTS OF NDF ON PROTEIN DIGESTION IN PIGS
Grain legumes

Gdala et al. (1998} examined the relationship between the NDF-associated pro-
tein content of pea, faba bean and lupin grains and ileal digestibility of protein and
amino acids in growing pigs. The results given in Table 1 show that lupins (three
species) contain significantly more NDF and ADF than pea and faba bean. The

TABLE 1
Relationship between the NDF-protein content in grain legumes and apparent ileal digestibility of
protein and amino acids in pigs (n = varieties of pea and faba bean, species of lupin, Gdala et al,,
1998)

Pea Faba bean Lupins
Item n=4 n=3 0=3 SEM
Chemical composition
Nx0.25 g/kg DM 229.8b 296.2% 360.0¢ 9.40
NDF, g/kg DM 142 .4 191.00 2374 5.84
NDF-protein, % NDF 9.3 12.2# 5.0° 0.48
NDF-protein, % total protein 7.8 8.5 2.9° 0.48
lleal digestibility, %
crude protein 70.9° 70.00 86.5° 0.41
threonine 62.0° 66.9° 76.9° 1.26
isoleucine 70.0" 74.20 §9.2? 0.76
leucine 7L 76.0 82.2¢ 1.32
histidine 76.8° 77.8° 86.9° 0.64
methionine 58.1° 60.5" 90.8* 1.98
tryptophan 46.8 50.1° 617 1.64
lysine 81.1 20.4 79.8 233

ab_ P<{).05

NDF-protein constituted on average 12,2, 9.3 and 5.0% of NDF in faba bean, pea
and lupins, respectively, which is more than in cereals, for which reported protein
values ranged from 1.6 to 5.4% of NDF (Hall ct al., 1987). The values of protein
and also amino acids of the NDF fraction, expressed as a percent of their total
content in legumes, were slightly higher for faba beans than peas; the lowest values
were found for lupins, Moreover, in comparison with the amino acid composition
of total seed protein, significantly (P<0.05} more threonine and valine were found
in the protein bound to the NDF fraction of all tested grain legumes.

Digestibility data (Table 1) show that lupins containing the highest level of
NDF had the highest apparent ileal digestibility of protein (86.5%) and of most
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amino acids. Peas and faba beans, despite a lower NDF content than lupin, had
lower ileal protein digestibility (70.9 and 70.0%, respectively) and, with the ex-
ception of lysine, also lower armino acid digestibility. [t seems that higher apparent
digestibility values of lysine resulted from the different (higher} level of this amino
acid in the protein of those legumes. The reduced ileal digestibility of pea and faba
bean protein, as compared with lupin protein, can be explained in about 70% by
the content of NDF-bound protein in the legumes. The correlation coefficient found
between apparent ileal digestibility of protein and the NDF-protein content of the
legumes was r = -0.840 at P<0.05.

In experiments on growing pigs, Gdala et al. (1992) found that ileal digestibi-
lity of protein of different pea cultivars (10 cultivars were compared) was signifi-
cantly affected by NDF content. Also Fan and Sauer (1999) recently showed that
the ileal digestibility values of the majority of the indispensable amino acids were
negatively correlated with the NDF content in pea samples that originated from six
cultures located in different places in Canada. However, in an earlier experiment,
inclusion of isolated pea carbohydrates into diets for piglets did not affect apparent
ileal protein digestibility but decreased dry matter digestibility of the test diets
containing three protein sources (Huisman and Le Guen, 1991).

[t may be concluded that NDF-associated protein negatively affects the ileal
digestibility of protein and amino acids of different grain legumes in growing pigs.

Cereals

Many authors reported that differences in the DF content of cereals were re-
sponsible for a considerable part of the variation in ileal digestibility values of
protein and amino acids. Taverner and Farrell {1981) found that the NDF content
i cereal grain negatively influenced the availability of amino acids to pigs. A
negative relationship between protein digestibility and fibre content in cereal grains
was also found by Eggum and Beames (1983) in studies with pigs and rats.

The effect of variation in fibre content in wheat fractions on protein and amino
acid digestibility in pigs was studied by Jondréville et al. (1995) and recently by
Huang et al. (1999). In the earlier studies on wheat fractions containing from about
7 to 48% NDF, they found negative correlations between ADF content, or propor-
tion of total N bound to NDF, and true ileal digestibilities of crude protein and all
amino acids. Less pronounced correlations (Tabie 2) were found between NDF
level and apparent ileal digestibility values in wheat fractions composed by taking
different proportions of wheat bran, shorts and flour, containing from 29.5 to 42.3%
NDF (on a DM basis). However, the digestibilities were usually lowest in the wheat
fractions containing wheat bran. These results are in general agreement with those
reported by Graham et al. (1986a) who found that the dietary inclusion of wheat
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TABLE 2
The neutral detergent fibre content (% DM) and apparent ilcal digestibility (%) of crude protein and
limiting amino acids in the wheat fractions (Huang et al., 1999)

Wheat fraction

[tem SEM!
A B C D E

Wheat shorts, % 70 85 100 85 70

Wheat bran, % 30 15 - - -

Wheat flour, % - - - 15 30

NDF 42.3 41.8 41.3 35.2 295

Digestibility
crude protein 59,20 61.4% 62.9% 68.6° 67.6° 1.88
lysine 54.7 593 62.0 64.1 57.2 2.95
methionine 7220 77.8% 76.8% 80.3¢ 79,30 1.47
cystine 63.2% 64.7° 60.4° 73.6° 66.7% 2.42
threonine 489> 57.2% 62.4¢ 69.2¢ 67.8¢ 3.00

* — standard error of the mean
e ¢ means in the same row with different superscript letter differ at P<0.053

bran depressed the ileal digestibility of crude protein. In studies on pigs fed puri-
fied diets containing NDF from wheat, ileal protein digestibility decreased by 4.9
percentage units when 18% NDF was included (Schulze et al,, 1994). A similar
effect was observed by Lenis et al. (1996) in pigs fed a diet containing 15% NDF.

In a recently published paper, Fan et al. (2001} evaluated the effect of NDF
content on apparent ileal amino acid digestibility in six high-protein wheat sam-
ples given to growing-finishing pigs. Within each sample, the digestibility of lysine
and threonine, the first and second limiting amino acid, were the lowest among the
indispensable amino acids and ranged from 54 to 70% and 64 to 73%, respectively.
There was also considerable variation in the digestibility values of other amino
acids. The digestibility values of most indispensable amino acids were negatively
correlated (P<0.05) with NDF content. Differences in NDF content in wheat rang-
ing from 11.7 to 17.8% were, in part, responsible for the variation in the determined
digestibilities. The authors suggested that in the wheat samples, different proportions
of low digested proteins, deposited in the aleurone layer, the pericarp and the seed
coat (together about 20% of total wheat protein) could be responsible for the digesti-
bility variations. In studies with wheat shorts, it was demonstrated earlier (Huang,
1997, after Fan et al., 2001) that considerable proportions of crude protein and amino
acids are directly associated with NDF and are of low digestibility.

The lower ileal digestibility of protein and amino acids with increasing water-
insoluble fibre may be attributed to the accelerated passage of digesta (Stanogias
and Pearce, 1985) and increased ileal recovery of endogenous nitrogen compounds
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(De Lange et al., 1989; Furuya and Kaji, 1992; Grala et al., 1998). Different mecha-
nisms of influence on digestive processes are suggested for water-soluble fibre,
[ts viscosity can decrease the digestion and absorption of nutrients by reducing the
mixing of intestinal digesta, thus blocking enzyme-substrate interaction and
lowering nutrient absorption (Bedford and Classen, 1992; Choct and Annison, 1992),

The effect of soluble fibre content on results of ileal digestibility of DM, pro-
tein and limiting amino acids was observed in pigs fed rye with a low (3.8%) or
high level (5.8%) of soluble dietary fibre (SDF) (Table 3). The viscosity of the
high-SDF rye was more than 3 times higher than that of low-SDF rye. All digesti-
bility values were significantly lower for both samples of rye than for wheat, used
as a control cereal, and were usually the lowest in the cereal containing the highest
SDF level. Similar values of methionine digestibility in both samples of rye can be
explained by the higher content of this amino acid in protein (2.07 vs 1.83) and in
the DM of high-SDF-rye than in low-SDF-rye.

According to our recent results, a high viscosity of digesta in pigs does not
always affect protein and amino acid digestibilities (Buraczewska et al., not
published). The inclusion of carboxymethylcellulose instead of erystalline cellu-
lose into semisynthetic diets increased the viscosity of ileal digesta from 1.82 to

TABLE 3
Dietary fibre content (% DM) and apparent ileal digestibilities of dry matter, crude protein and
limiting amino acids in wheat and in rye containing different levels of soluble dictary fibre (SDF)
(Buraczewska and Wasilewko, not published)

Wheat Low-SDF rye High-SDF rye
Dietary fibre
insciuble 10.16 15.30 16.56
soluble 2.00 3.80 5.60
total 12.16 19.10 22,16
Klason lignin 2.13 2.89 3.18
Viscosity' 24 1270 4284
Digestibility
dry matter 77.24 61.48 55.1¢
crude protein 81.74 70.4% 65.9¢
lysine 86.74 64.98 62.8%
methionine 86.8% 78.48 78.88
cystine R4.64 76.78 65.2¢
threonine 72.5% 59.8° 54.1¢€
tryptophan 79.4% 68.08 62.5°

! expressed in mPas, measurcd with Theotest-2
ABC _ P<0.0}
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649.5 mPas, but had no effect on ileal digestibility of soyabean protein (Table 4).
On the other hand, in the cereal based diets, reduction of viscosity from 10.6 to
3.3 mPas by xylanase supplementation significantly increased all determined ileal
digestibility values.

TABLE 4
Viscosity of ileal digesta (in mPas) and apparent ileal digestibility of DM, protein, NDF and gross
energy in young pigs (20-25 kg BW) fed two purified diets (C and CMCY and two cereal diets (RW
and RWE)?, %

[tem C CMC RW RWE
Viscosity of ileal digesta 1.824 649.5° 10.6° 33
Ileal digestibility
dry matter 859 84.8 70.9° 73.9%
crude protein 85.1 85.0 777 79.4"
NDF 43.7° 5220
energy 907 90.2 82.1 86.5

' two similar diets: one contained 5% crystalline cellulosc (C) and one was with 3% cellulose and
2% carboxymethylcellulose of high viscosity {(CMC)

? two similar rye-wheat diets: one without enzyme (RW) and one supplemented with xylanase (ZY68)
at a level of 0.4 g per kg (RWE)

Rapeseed meal

A negative correlation between NDF-content and apparent ileal amino acid di-
gestibility values was found in canola meal (Fan et al., 1996) and in rapeseed meal
(Buraczewska et al., 1998). In our study, the contents of NDF and of the NDF-
protein and its amino acid composition were determined in rapeseed cake and rape-
sced meal heated at 130°C for 0, 20, 40, 60 and 80 min, and the same components
were also determined in commercial rapeseed meals of different origin. The NDF
content of rapeseed cake and meal increased with increasing duration of heating.
After 80 min, the NDF in rapeseed cake increased from 21 to 34% and that in meal
increased from 26 to 38%. At the same time, a nearly two- fold increase in the
protein content of the meal and cake NDF fraction was observed. The content of
NDF-bound protemn expressed as a percent of total protein, ranged from 10% in the
meal from vellow-seeded spring rape (Brassica rapa L.) to 18% in the industrial
rapeseed meal (Brassica napus L.).

The apparent ileal digestibility of protein and amino acids of industrial rape-
seed meals decreased with increasing NDF content in the meals (Table 5). The
highest digestibility values were found in Canadian {canola) and Finnish meals
containing the lowest level of NDF (25.7 and 26.5%), while the lowest digestibi-
lity was found in two Polish commercial meals with the highest level (32 and 38%)
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TABLE 3
Apparent ilcal digestibility of protein and amino acids (%) of rapeseed meals differing in NDF con-
tent, fed in semisynthetic diets to growing pigs {Buraczewska et al., 1998)

Rapeseed meals

Canola' RSM-F? RSM-1? RSM-2¢ RSM-33 RSM-4¢

NDF, %DM 257 26.5 27.1 30.1 323 38.1
Iteal digestibility

crude protein 69.5 72.4 64.4 64.6 59.5 57.6

lysine 76.5 72.3 69.5 66.7 61.8 49.6

methioning 80.7 86.1 77.4 80.0 75.3 74.3

cysting 76.6 717 68.4 66.8 60.5 58.3

threonine 65.5 70.2 65.0 63.3 57.2 56.3

tryptophan 67.8 74.5 63.3 63.9 58.0 59.8

mea) from Canada

meal from Finland

experimental meal from oil factory Szamotuty, toasted at 90°C

experimental meal from oil factory Kruszwica, toasted at 90-95°C
& commercial meals

L T .

of NDF. It was concluded that rapeseed meals containing more than 30% NDF are
over-heated during fat extraction and toasting and that they have a relatively low
nutritive value, as indicated by apparent ileal digestibility.

EFFICACY OF EXOGENOUS CARBOHYDRASE ENZYMES IN PROTEIN
DIGESTION

Soluble NSP are present in considerable amounts in barley, rye, wheat, triticale
and oat. As the dominating soluble NSP are mixed-linked (8 1,3 and B 1,4 linka-
ges) B-glucan and arabinoxylans occurring in different proportions and levels,
enzyme preparations with 3-glucanase and arabinoxylanase (xylanase) activities
are most commonly used to decrease their antinutritive effect. The use of xylanase
for wheat and B-glucanase for barley in poultry feeding is a common practice.
Generally, most of the enzymes effectively depolymerize the soluble NSP into
smaller polymers, though some products with affinity for both soluble and insolu-
ble NSP are also used (e.g. , hemicellulase, pectinase, &-galactosidase).

Enzyme supplementation of different types of diets is less effective and consis-
tent in pigs than in poultry (Graham et al,, 1986 b; Bedford et al., 1992). However,
there are results showing that addition of B-glucanase, xylanase and protease to
hull-less barley diets for 15-35 kg pigs significantly increased ileal digestibility of
dry matter, gross energy, protein, amino acids and NSP (Liu et al., 1997). The
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supplementation of hull-less barley only with B-glucanase also resulted in signifi-
cant improvement in the digestibility of protein and energy. A linear increase in the
digestibility values of dry matter, protein and energy was observed when increas-
ing levels (0.05, 0.1 and 0.2%) of B-glucanase were added to the barley-soyabean
meal diets, but significant improvement in protein digestibility (increase by 6.9
percentage units) was recorded only for the highest enzyme supplementation. In-
creased ileal digestibility of protein after enzyme supplementation of barley diets
was found also in recent studies (Baidoo et al., 1998; Yin et al., 2000). The positive
response of wheat, triticale and rye to exogenous enzymes in pigs seems to depend
on the feeding value of cereals, e.g., poor value wheat was significantly improved
by xylanase supplementation (Choct et al., 1999; Partridge et al., 1999). Relatively
few studies have been reported on the effects of exogenous enzymes on diets con-
taining maize and sorghum in which insoluble arabinoxylans comprise over 40%
of NSP. Positive responses were found both after addition to maize-based diet of a
complex enzyme blend containing protease, cellulase, pentosanase, galactosidase
and amylase (Lindemann et al., 1997} or xylanase (Schulze et al., 1996; Partridge
et al., 1999). Gdala et al. (1997) examined the effect of a-galactosidase (0.5%)
supplementation to the diet containing 35% lupin. The enzyme significantly in-
creased not only hydrolysis of a-galactosides but also ileal digestibility of most
amino acids.

In many experiments there were no positive effects of enzyme supplementa-
tion. To obtain a benefit, the added enzyme must be active along the whole small
intestine and resist proteolysis by digestive enzymes. Differences in the anatomy
and physiology of the digestive tract between pigs and poultry are such that exoge-
nous enzymes find dissimilar environments during passage along the gut. Accord-
ing to Dierick and Decuypere (1996) and Bedford and Schulze (1998) these differ-
ences include the following: 1. anatomy; 2. digestive capacity; 3. bacterial activity;
4. fibre fermentation. In poultry, feed stays in the crop for several hours; there
enzymes can act at a pH of approximately 6.0 before the digesta passes into the
acid environment of the gizzard, whereas in pigs, feed passes directly into the
stomach with a low pH. Birds have a shorter small intestine than the pig and thus
reduced possibilities for enzyme inactivation. The importance of poultry gut mi-
croflora is much less than in the pig, and fibre fermentation in poultry is lower.

It seems that more attention should be paid to description of dietary compo-
nents, particularly fibre analysis and properties, as well as enzyme sources and
levels to receive the cost-effective responses to enzyme supplementation. Moreo-
ver, better understanding is needed of the role that enzymes have to play in gut
physiology, particularly aspects such as digesta passage rate and patterns of fer-
mentation in the fore- and hindgut in the pig. More experiments should be carried
out on the use of appropriate enzymes in novel pig feeding applications involving
pretreatments of raw materials, with or without the use of liquid feeding systems.
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STRESZCZENIE
Skladniki wlokna wplywaja ujemnie na strawno$¢ bialka do konca jelita cienkiego u $win

Dokonano przegladu prac na temat skiadu i wlasciwoéci réznych frakeji polisacharydéw nie-
skrobiowych znajdujacych si¢ w nasionach roslin motylkowych, ziarnach zboz i w poekstrakeyj-
nych §rutach rzepakowych. Przedstawiono wplyw tych zwiazkéw na strawnos¢ biatka i aminokwa-
sow do konca jelita cienkiego u $win. Podano takze informacje o wplywie egzogennych enzyméow
rozkladajacych weglowodany w paszach dla rosnacych $win na strawno$é jelitowa biatka i amino-
kwaséw.





