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ABSTRACT

Two experiments were conducted to evaluate the effect of enzyme supplementation on growth
performance and nutrient digestibility of pigs weaned at 18 days of age. Enzyme supplements
included a conventional xylanase and [3-glucanase preparation (Enzyme A) and a preparation of
xylanase and [3-glucanase fortified with other enzyme activities including amylase, protease and
cellulase (Enzyme B). Four dietary treatments were used: positive control (wheat/corn/soybean
meal/fish meal/spray dried plasma), negative control (wheat/hulless barley/soybean meal/canola
meal/fish meal/spray dried plasma), negative control + Enzyme A and negative control + Enzyme B.
In Experiment 1 (16 pigs per treatment), daily gain and feed conversion ratio averaged 396, 388, 405
and 419 g, and 1.39, 1.36, 1.35 and 1.32, respectively. In phase I of the experiment (4.8-10.4 kg),
fecal digestibility of dry matter (82.6, 79.8, 82.7, 85.6%), protein (79.5, 75.5, 78.1, 83.3%) and
energy (82.7, 78.5, 82.0, 85.2%) was significantly (P<0.05) improved by enzyme supplementation.
Similar improvements in energy (82.2, 78.3, 82.3, 84.9%) and protein (78.9, 77.3, 77.7, 80.1%)
digestibilities were observed for phase II (10.4-20.4 kg) of the experiment. Although not statistically
significant, non-starch polysaccharide digestibility (64.8%) and phytate digestibility (55.3 %) tended
to be greater for the enzyme supplemented groups. Complete fecal digestibility of starch was noted
for all treatments (98.9%). In Experiment 2, 6 pigs per treatment were fed the same experimental
diets as in Experiment 1 for a 25 d period (5.0-10.0 kg) after which time the digesta samples were
collected from different segments of the gastrointestinal tract. There was a significant effect (P<0.05)
of enzyme supplementation on intestinal starch digestibility which averaged 48.4, 27.1, 59.4, 65.9%

for the medium segment and 87.9, 83.5, 90.4, 94.2% for the lower segment of the small intestine for



m

four treatments, respectively. There was no treatment effect on digesta viscosity, pH, plasma urea
nitrogen and digestive organ weight and length. In conclusion, enzyme supplementation improved

nutrient digestibility and tended to increase growth performance of early weaned pigs.
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Introduction

To reduce the transfer of certain diseases from sow to piglets, segregated early weaning has
become common practice in swine production. Piglets are weaned as early as two or three weeks of
age. This strategy has increased efficiency of pig production and improved the number of pigs
marketed per sow per year. However, early weaning imposes stress to piglets. There is evidence that
early weaning causes insufficient secretion of digestive enzymes and acids; decreased feed intake and
absorptive capacity (Thacker, 1998) which may depress piglets growth and affect their lifetime
performance (Whitemore, 1985). Early-weaned piglets are usually fed highly digestible nutrients,
such as milk products, fish meal and spray dried porcine plasma. All these highly digestible products
are expensive ingredients and identification of less-expensive but readily digestible feed ingredients
for early-weaned pigs would therefore be of value to the industry.

Maize is the most common cereal grain used in the pig diets. When the price of maize is high,
barley can be substituted for maize. However, inclusion of barley in swine diets reduces the
performance of young pigs because of the high 3-glucan content (Bell and Keith, 1993; Baidoo and
Liu, 1998).

Canola meal (CM) is a high quality protein supplement for growing, finishing and reproducing
swine, but with the content of antinutritive factors such as glucosinalates and fibre, its dietary
inclusion is limited to growing-finishing pigs. When replacing soybean meal (SBM) with CM, a
linear decrease in performance was found in early-weaned piglets ( Baidoo et al., 1987).

Dietary fibre (DF) in feedstuffs such as barley and canola meal may increase intestinal

viscosity or encapsulate nutrients reducing their digestion by young pigs.
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Studies have been undertaken to seek methods of DF removal or degradation. Interest in
enzyme use has increased over the past twenty years due to economics of enzyme application. The
digestive capability of young pigs may be augmented by addition of enzymes such as lipase, protease
and amylase. With carbohydrase supplementation, the feeding value of less expensive feedstuffs such
as barley, wheat and canola meal may be enhanced by decreasing digesta viscosity or releasing
nutrients encapsulated by the cell wall structure. Therefore, the inclusion rates of these feedstuffs
could be increased with less soybean meal, fish meal, synthetic amino acids (AA), and fat used in
young pig diets without compromising performance. I[n addition, the competitiveness of barley,
wheat and canola meal could be enhanced. Increased digestibility of nutrients (ie., nitrogen,
phosphorus) would also reduce their excretion to the environment which is extremely important for
intensive animal agriculture.

In poultry, studies have confirmed the positive effect of enzyme supplementation on animal
performance. However in pigs, the results are not as consistent as in poultry. The differences in
digestive physiology of pigs relative to poultry may be attributed to such different responses.

The objectives of this study were to:

1. Investigate the effect of replacing corn and soybean meal (SBM) with hulless barley and canola
meal (CM) in early-weaned pig nutrition;
2. Examine the effect of a new multi-enzyme preparation on nutrient digestibility and performance

of early-weaned pigs fed diets containing barley and canola meal.



Literature Review

Early-Weaned Pig Nutrition

Segregated early weaning has been used in North American for many years. It is known to
improve sow productivity (increasing litters/sow/year) and piglet health condition (reduce disease
transfer from dam). However, early-weaning poses environmental, immunological and nutritional

challenges for piglets, which limits the post-weaning growth potential.

Effect of Weaning on Digestive Enzyme Secretions

The digestive capability of the gastrointestinal (GI) tract plays a major role in the performance
of young pigs. The pigs are born with ability to digest milk. At weaning, the piglets are often fed a
dry, plant protein-based diet that is not readily utilized. Weaning, change of diet and environment all
have an adverse effect on digestive enzyme secretions (Efird et al.,1982; Szabo et al,1976). Studies
have shown a depression in the pancreatic enzyme levels in the piglets at the time of weaning
(Lindemann et al.,1986; Efird et al., 1982; Makkink et al.,1994). The levels of pancreatic enzymes,
lipase, amylase, chymotrypsin and trypsin increase with age. However, with weaning at four weeks
of age, the levels of these enzymes have been shown to decrease dramatically, then recover in three

to four weeks ( Figure 1; Lindemann et al., 1986; Chesson, 1990).
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The reduction in enzyme activity may impair diet digestibility, cause growth depression (ie., known
as postweaning lag; Okai, 1976) and lead to digestive disorder due to malabsorption (Hampson and
1986). The depression of piglet growth has deleterious effect on their lifetime performance
(Whitemore, 1985). The indigestible fibre components may impede the digestion of protein and
energy (Low, 1985). Incomplete digestion of nutrients in small intestine may enhance their
fermentation by the bacterial population of the hind gut and cause proliferation of the microflora.
Addiing enzymes to the postweaning diet may compliment the piglet’s own digestive enzymes and

therefore increase the digestibility of dietary nutrients.

Antinutritional Factors and their Effects on Pigs

Antinutritional factors refer to the substances intrinsic to a feed, that hampering digestion,
absorption, or utilization of nutrients. This section will focus on non-starch polysaccharides (NSP),
phytate and trypsin inhibitors.

A widely accepted definition of dietary fiber refers to the sum of polysaccharides and lignin
that are not digested by the endogenous secretions of the digestive tract (Trowell et al.,1976). From
the practical analysis standpoint, the dietary fibre is often defined as NSPs and lignin (Low,1987) .

In addition, wall-inserted protein, arabinogalactan protein, polyphenols other than lignin, minerals
associated with the cell walls, galactooligosaccharides, fructosans, resistant starch and Maillard
reaction products could be included under this term since they are not digested by the endogenous

enzymes of the small intestine (Slominski, 1997). Different feedstuffs contain different NSPs. f3-
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glucans in barley and arabinoxylans in wheat are partially water-soluble NSPs while the majority of
NSPs in soybean meal or canola meal are water-insoluble. The NSPs are part of the cell wall
structure and are closely associated with other polymeric material such as lignin and glycoprotein
(Fincher and Stone, 1986; Selvendran et al.,1987). Using arabinoxylan of wheat as an example, the
association of NSP with lignin and protein will significantly decrease their solubility in water (Smits

and Annison, 1996).

B-Glucans of Barley

Barley is a major feed grain in Western Canada. Millions of pigs are raised annually on barley-
based diets. The performance of swine fed a barley-based diet is generally inferior to those fed diets
based on wheat or maize (Hollis and Palmer, 1971) due to barley’s relatively high content of cell wall
polysaccharides and low energy level (Larson and Oldfield, 1961). Perez et al. (1980) compared
seven barley cultivars (including two hulless types) and documented that the digestible energy
content decreased by 110 kcal/kg for each 1% increase in crude fibre content. Bell et al. (1983)
found energy digestibility of barley declining by 19.9% as the DF content increase from 2.5 to 11.0%.
Higher feeding value was found in two-row barley than in six-row barley due to the higher fibre
content in the latter samples (Castell and Bowren, 1980). Replacing hulled barley by wheat in a
growing pig diet has been shown to cause a linear increase (p<0.01) in average daily gain (ADG) and
feed conversion efficiency (FCE) (Bell and Keith, 1993). A large proportion of dietary fiber is
present in the hull fraction of barley (Bhatty, 1986). The hull consists of two glues, the lemma and
the palea, which constitute 10-13% of the dry weight of barley grain. In the hulled barley, these two

glues are fused together, enclosing the seed tightly. But in hulless barley, the fusion does not occur,
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so the hull can be easily removed during the threshing process. Therefore, hulless barley contains a
lower concentration of crude fiber (about 2%) and higher level of protein (13.5%)(Mitchall et al,
1976; Bhatty, 1986) and would have a higher nutritive value when compared to hulled barley.
However, studies have shown that hulless barley contains high NSP content, especially high B-glucan
content in the endosperm and the aleurone layer of the grain (Table 1).

[-glucans are the major non-starch polysaccharides of hulless barley (ie., 75% of total NSP).
Other NSP of the cell walls include arabinoxylans and mannose-containing polymers. [-glucans of
the aleurone layer are for the most part water-soluble (Bacic and Stone, 1991) and consist of glucose
units with a 3-1,4- linked backbone and 3-1,3 side linkages (Classen and Bedford, 1991). The
presence of [3-1,3 linkage and a branched structure prevents compact folding of the molecules and
increases water-holding capability, which results in high viscosity and gel-forming properties (Fadel
et al., 1987, Wang et al.,1992). P-glucan and arabinoxylan fractions of the cell walls are linked to
other components forming molecules of very high molecular weight (4x10” Da ) (Classen and
Bedford, 1991). The larger the molecule, the greater impact it has on viscosity (White et al., 1983).
It is possible that viscosity is the result of macromolecular complex comprised of many different
components, rather than one component.

The content of -glucans varies from 1.5 to 8% (Thacker et al., 1996) and is a function of
soil and climate conditions, agronomic practices, degree of maturity at harvest, storage conditions
and barley variety (Henry, 1986). The content of PB-glucans and total NSPs in three varieties,
Condor, Falcon and CDC Buck were found to be 49 and 110 g/kg, 45 and 88 g/kg and 59 and 107
g/kg DM, respectively (Baidoo and Liu, 1998).

The performance of pigs fed hulless barley-based diet has not always been superior to that



Table 1. Dietary fibre content of common feedstuffs (gkg™ DM)

Maize Wheat Barley Soybean Canola
meal meal

Hulled Hulless

Cellulose 22 20 43 10 62 48.9
NCP? 75 (9)° 82 (8) 144 (56) 114 (50) 155 (62) 137.9
Rhamose 0 0 0 0 3(1) 2
Arabinose 22 (3) 29 (7) 28(6) 20(3) 26 (9) 45.1
Xylose 30(2) 47 (9) 56 (6) 24(@4) 19 (2) 16.1
Mannose 3(2) 32 4(2) 4 (1) 13 (5) 39
Galactose 4 (1) 4 (2) 3(1) 3(1) 41 (16) 16.6
Glucose 10 (1) 11 (4) 47 (39) 58 (41) 7 (6) 498
Uronic acid 7(1) 5(1) 6(2) 2(D) 48 (25) 433
B-Glucan - 65(5.2) 43.6 (28.9) 51 - -
Pentosans - 663 (11.8) 56948 nd° - -
Total NSP 97(9) 119(25) 186(S6) 124 (50) 217 (63) 179 (15)
Klason lignin 11 19 35 9 16 84¢
Total fibre 108 138 221 133 233

a: Non-cellulosic polysaccharides;

b: Values in parentheses are soluble NSP;

c: Not determined.

d: Includes lignin and polyphenols;

Data from: Bach Knudsen,1997; Chesson,1993; Slominski and Campbell, 1990; Slominski, 1997,

Baidoo et al., 1998.
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of pigs fed hulled barley. Regardless of a slightly lower acid detergent fiber (ADF) content of
hulless barley, Thacker et al. (1988) found no significant difference in the digestibility of DM, energy
or protein, average daily gain (ADG) or average daily feed intake (ADFI) in growing pigs fed hulled
or hulless barley-based diets, although lower feed conversion efficiency (FCE) was noted for a hulless
barley diet. Jensen et al.(1998) found hulless barley (var. Condor) to contain lower insoluble NSPs
(88 vs 160 g/kg DM), but similar level of soluble NSPs (48 vs 48 g/kg) relative to hulled barley (var.
Arra). The authors also reported a high digestibility of total NSPs, fat and energy in hulless barley
when fed to young pigs. Baidoo and Liu (1998) found that digestibility of hulless barley for growing

pigs was comparable to that of wheat.

Arabinoxylans of Wheat

In many countries, wheat is one of the most commonly used cereal grain in swine and poultry
feeds. In general, wheat has a high nutritive value, superior to barley or rye. However, the feeding
value of some varieties of wheat could be low due to low apparent metabolizable energy (AME)
content and low DM and starch digestibility (Annison and Choct, 1991) which, in turn, may lead to
significant economic losses for the producers (Bedford, 1997).

The availability of energy from wheat depends upon location, growing conditions and variety,
and different values for available energy content were reported in several countries: UK wheat, 13.01-
15.24 MJ/kg; Australian wheat, 9.18-14.98 MJ/kg; Canadian wheat, 12.93-15.18 MJ/kg; Belgium
wheat, 11.2-12.1 MJ/kg (Cwan, 1997). Many efforts have been directed to explain the relationship
between chemical composition and low and high AME content of wheats. A negative correlation

between water-soluble NSPs content and feeding value of wheat was noted (Annison, 1991; Classen
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et al., 1995).

Arabinoxylans are the main NSP components of wheat (Table 1.) and consist of 3-linked
xylose backbone with arabinose side chains. In many instances, they also contain hexoses, hexuronic
acids and phenolic acids (Marquardt, 1996). Arabinoxylans are the principle components of the
endosperm and the aleurone layer cell walls of wheat (50-80 g/kg; Annison and Choct, 1991) and have
similar antinutritional effects as B-glucans of barley. One third of the total arabinoxylan content of
wheat is water-soluble (Mares and Stone, 1973). Both arabinoxylans and 3-glucans are known to
depress nutrient utilization in broiler chickens (Choct and Annison, 1992).

Climate and storage condition are considered the two major factors affecting the NSP content
of cereals (Cowan, 1997). Addition of exogenous enzymes can reduce the variation among wheats

and lead to more consistent results in animal performance (Cowan, 1997).

Dietary Fiber of Canola Meal

The worldwide demand for canola has increased from 1,022,000 tonnes in 1989 to 2,159,000
tonnes in 1997 (Statistics Canada, 1999). Canola meal (CM) is a valuable protein supplement for
growing, finishing and reproducing swine. In starter pigs, dietary inclusion rate of CM should be
limited due to the presence of antinutritional factors including glucosinalates, fibre, tannin, phytic acid
and sinapine. This section will focus on dietary fibre and phytic acid of CM.

The content of fiber in CM is shown in Table 1. Fiber comprises about 33% of the meal (Bell
and Shires, 1982) and is for the most part insoluble in water. Since the glucosinolate content of CM
is fairly low, there are indications that the low metabolizable energy (ME) content of CM is

associated with the high fibre content. Various approaches have been undertaken to reduce the fiber
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content of CM. Among them are dehulling of canola seed (most of fibre is contained in the hull
fraction; Bell and Shires,1982), development of the yellow-seeded canola with lower lignin and
polyphenol content (Slominski, 1997) or the use of exogenous enzymes to depolymerize certain fiber
components (Slominski and Campbell, 1990).

The performance of starter pigs tends to be reduced with high dietary inclusion rates of CM.
Replacing SBM with CM in early-weaned pigs (3 wks old) resulted in a linear decrease in average
daily feed intake (ADFI) and ADG by 4g and 2g, respectively for each 1% increase in the inclusion
of CM (Baidoo et al., 1987). Shaw et al. (1990) observed that relative to SBM-based diet, the
inclusion of 15% (equivalent to 8% CM and 5% canola oil) and 30% canola seed decreased the crude
protein (CP), lysine, energy and DM digestibility in pigs weaned at 3-weeks of age. In addition, it
is believed that the often seen reduction in feed intake may be related to the products of glucosinolate
degradation (Mckinnon and Bowland, 1977; Ochetim et al.,1980), reduced palatability (Baidoo te
al, 1986) and high fibre content of CM (Bjergegaard et al., 1991). Danielsen et al. (1994) observed,
that when replacing skim milk powder with the low glucosinolate (1.1 pmol/g) dehulled rapeseed
meal (RSM) containing no active myrosinase in an early-weaned pig diet, the decrease in digestibility
of protein (r’=0.90), energy (’=0.91), ADFI (r’=0.86) and ADG (r*=0.82) was negatively carrelated
with the dietary fiber content. In addition, an increase of 1% in the soluble fiber content resulted in
1.6% and 1% decrease in true nitrogen and energy digestibility, respectively. Bell and Kieth (1993)
also observed that the digestibility of energy and protein of yellow hulls for pigs was 30 and 20%,
respectively, and was much higher than that of brown rapeseed hulls (ie., 2 and 0%). The author
concluded that these difference may be due to the low fibre, lignin and high CP levels in yellow hulls.

The levels of CM recommended by different authors for starter pig diets are as follows: 12% (Bell
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and Aherne,1981), 6-8% (Baidoo and Aherne,1985) and 5-10% (Thacker and Aherne,1984).

Phytate of Canola Meal

Phytate, myo-inositol 1, 2, 3, 4, S, 6-hexakis (dihydrogen phosphate) is a polyanionic
compound that is abundant in all seeds and vegetative storage tissues serving as the major reserve
form of phosphorus. Under normal dietary condition, phytate phosphate is poorly utilized by
monogastric animals as they lack sufficient activity of phytase enzyme for an effective phytate
hydrolysis and phosphorus release. The phytate phosphorus accounts for 50-80% of the total
phosphorus content of feedstuffs. Phytate is a strong chelating agent and can chelate Ca, Co, Cu, Fe,
Mn, Ni, Se, and Zn, causing mineral deficiency in monogastric animals (Harland and Oberleas, 1996).
Phytate can also form complexes with protein, free amino acids and starch, decreasing their
availability (Kies et al., 1997).

Numerous studies have been carried out to improve phytate phosporous utilization by means
of heat treatment, fermentation, malting, sprouting, irradiation or the use of phytase enzyme (Harland

and Oberleas, 1996).

Trypsin Inhibitors and Dietary Fibre of Soybean Meal
The world production of soybean in 1996/1997 was about 147 million tonnes(Moller,1998).
Due to high protein content (44 - 48%) SBM is the most valuable protein supplement in animal feeds.
A transient hypersensitivity response to SBM was reported (Stokes et al., 1984), which may
contribute to poor utilization of soy products by early-weaned pigs. Li et al. (1990) observed the

decreased villus height and increased crypt depth due to the cell-mediated immune response in the
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intestine. Such effects are attributed to the antinutritional factors (ANFs) present in the meal (ie.,
trypsin inhibitors, antigens glycinin and 3-conglycinin, lectins, phytate).

Trypsin inhibitors (TI) of soybean include Kunitz TI family (STI or SBTI) and Bowman-Birk
TI family (BBI). The STI primarily inhibits trypsin and to lesser extent chymotrypsin activity while
BBI inhibits both trypsin and chymotrypsin. In rats, these inhibitors have a negative feedback
mechanism which regulates pancreatic secretions. Trypsin inhibitors can form stable complexes with
trypsin and chymotrypsin and decrease their activation. The inhibition triggers endocrine cell release
of CCK-PZ, which stimulates the pancreas to produce more digestive enzymes (trypsin,
chymotrypsin, amylase and elastase). Due to the hypertrophia and hyperplasia, the relative pancreas
weight increases (Green and Lyman, 1972). Hypersecretion of enzyme also enhances the endogenous
nitrogen losses (ENL). However, studies with pigs did not confirm the pancreatic hypertrophy (Yen
et al.,1977) and hypersecretion of pancreatic enzymes (Li et al.,1997). Only increased volume of
pancreatic juice (Li et al., 1997, 1998) and reduced performance (Yen et al.,1974; Cook et al.,
1988) and nutrient digestibility (Combs et al., 1967; Li et al., 1998) were observed. Inactivation of
trypsin and chymotrypsin might cause insufficient level of digestive enzymes in the pig, thus
interfering with the digestive processes and resulting in endogenous and exogenous nitrogen losses
(Li et al., 1998). Protease addition has been showed to effectively inactivate the protease inhibitors
(Classen et al., 1993).

Today, almost all of the soybean seed is processed using solvent extraction and heating of the
meal at temperatures which effectively inactivate TI, lectins (heat-sensitive) and antigen. Soybean
protein concentrates and isolates with high protein content (70-96%) and low ANFs content have

been developed specifically for young animals and have been reported to have no negative effect on
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animal performance (M®ller,1998).
When compared to CM, SBM contains less fiber (Table1.) and phytate and has been reported

to have less adverse effects on animal performance.

Mode of Action of Non-Starch Polysaccharides

The exact mechanism by which the non-starch polysaccharides exert their antinutritional
effects is not fully understood. The prevailing explanations include the viscosity and encapsulation

theories.

The Viscosity Theory

It has been proposed that the viscous NSPs (ie., 3-glucan and arabinoxylan) are responsible
for the poor feeding value of rye, oats, barley and some varieties of wheat for poultry since high
digesta viscosity may be responsible for impaired digestion and absorption of nutrients and feed intake
reduction (White et al., 1982; Fengler and Marquardt, 1988; Bedford et al., 1992; Annison, 1991).
The viscosity and gelling properties tend to hinder intestinal motility (Holt et al., 1979), thereby
reducing the rates of diffusion of endogenous enzymes, the mixing of digesta, digestive enzymes and
other components required for digestion and absorption (Vahouny and Cassidy, 1985; Fengler and
Marquardt, 1988; Wangetal., 1992). The viscous NSPs may also decrease the rate of feed passage
which, in turn, may inhibit feed intake (Sudendey and Kamphue, 1995). Changes in digesta flow rate
may also result in the undigested materials being fermented by the microflora of the small intestine.

The increased fermentation may cause proliferation of microbial population and enhance the capability
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of microflora to compete with host for nutrients (Berford et al., 1992; Choct et al., 1996). An
interaction was found between the enzyme preparation and the antibiotic supplementation in barley-
based diet. Supplemental enzyme(s) improved the ADG and FCE in broiler chickens, while a diet
containing antibiotics and enzyme had no effect on animal performance (Elwinger and Téglof, 1991).
Choct et al. (1992) also found that the antinutritional effect of wheat pentosan was less pronounced
in caecectomized than in intact chickens. Proliferation of microbial population may result in the
production of toxins and bile acid degrading enzymes, therefore reducing lipid digestion (Campbell,
1983; Feighner and Dashkevicz, 1988). Since bile acids stabilize pancreatic proteases in the intestinal
lumen, the digestion of protein could also be affected (Campbell et al, 1983). Since it is important
for the animal to consume enough feed to meet nutrient requirements, especially under a stress
condition, the reduction in feed intake may have a negative effect on animal performance (Classen,
1996).

The effect of viscosity on nutrient absorption is also reflected in the reduced transport rate.
An unstirred water layer exists at the mucosal surface. The nutrients in the lumen gets into epithelial
cell through the water layer by diffusion. The rate of nutrient diffusion is a function of the unstirred
water layer. When the rate of digesta flow decreases, the thickness of unstirred water increases, then
the rate of diffusion decreases and the disappearance rate of nutrients up to the end of the small
intestine decreases (White et al, 1983). With the reduced diffusion rate, high levels of nutrients
accumulate in the gut and serve as nitrogen and energy source for the gut microflora. In the isolated
loops of pig jejunum, guar gum reduced the rate of giucose diffusion by 50% (Low, 1989). Addition
of guar gum also delayed the appearance of glucose and ®-NH, in the blood stream of pigs

(Sambrook et al, 1982).
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The Encapsulation Theory

Non-starch polysaccharides, as part of the endospermal and the aleurone layer cell walls act
as a physical barrier which restricts the access of endogenous enzyme to nutrients (starch and
protein) encapsulated within the cells (Chesson, 1993). For example, B-gucan accounts for 75% of
the barley endosperm cell walls (Fincher and Stone, 1986). This effect could reduce or delay nutrient
digestion in the small intestine. In pigs, the intestinal digesta are more watery than in the chicken
(Bedford et al., 1993) and the contents of pig intestine contain less dry matter (10%) than in the
chicken (20%). Consequently, the average intestinal viscosity measured in pigs is approximately 100-
fold lower than that in chicken digesta (Classen and Bedford, 1991) and the negative effect of
viscosity will be less pronounced in pigs. Therefore, the major antinitritive effect of NSPs in pigs will
be more related to nutrient encapsulation than viscosity.

Studies have shown that increasing the content of DF (e. g., NSPs) in pig diet led to greater
fecal outputs of water and some solid matter (e. g., nitrogen). These extra outputs come from the
hydrophilic nature of many NSPs and the increased endogenous secretions. Various NSPs (pectin,
guar gum, cellulose) and NSPs-rich feedstuff (barley) have been used to investigate their effect on
the gastric, biliary, pancreatic secretions and ileal or fecal nitrogen outputs. The results are
summarized in Table 2.

In addition, different NSP increase the daily gastric, biliary, and pancreatic juice outputs and
electrolytes in such fluids, although enzyme and electrolyte concentration is not significantly changed.

Endogenous nitrogen losses (ENL) in the ileum or feces also increase in the presence of
NSPs. How the fibrous components of the diet enhance ENL is not clear, although an increased

nitrogen secretion in the pancreatic juice (Partidge et al.,1982), bile (Portman et al., 1985) and
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DF or DF origin Juice volume Enzyme activity Source
Gastric Secretion
NDF in barley + + Zebrewska et al., (1983)
Barley/SBM + + Low (1986)
Barley + + Lawerence (1972)
Guar gum + ND Rainbird and Low (1986)
Barley + v Kvasnitskii, et al., 1951
Barley + + Zebrewska and Low, 1983
Biliary Secretion
Barley + ND Sambrook, 1981
Barley/wheat + ND Smbrook, 1981
NDF in wheat bran + ND Payne, 1986

Salivary secretion

Barley + + Arkhipovets, 1956
Barley + - Zebrewska, et al 1983
DF or Juice volume Electrolytes Enzyme activity Nitrogen Source
DF origin output
Pancreatic Secretion
NDF in barley + ND - ND Zebrewska et al., 1983
NCP in barley + + + + Partridge, 1982
NCP in barley + + - - Zebrewska, 1983
NCP in wheat + + - + Zebrewska et al., 1987
Wheat bran + ND + + Langloisetal., 1986
Pectin - ND - - Mosenthin et al., 1994
Jejunum
Guar gum ND ND ND + Rainbird et al., 1984
Guar gum ND ND ND + Low and Rainbird, 1984
Nleum
Pectin ND ND ND + de Lange et al., 1989
Pectin + - - + Mosenthin et al., 1994
Pectin ND ND ND + de Lange et al., 1989
Guar gum ND ND ND + Low and Rainbird, 1984
Guar gum ND ND ND + Sauer ctal., 1977
Guar gum ND ND ND + Taverner et al., 1981

Note: +, DF increased secretion; -, DF has no effect on secretion; ¥, DF decreased secretion; ND, not detenningd.
Data from Low, 1987,1989; de Lange et al., 1989; Zebrewska and Low, 1987; Nyachoti, ef al., 1996, Mosenthin

etal., 1994.
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mucous (Satchithanandam et al., 1990; Mosenthin et al., 1994) ) with increased dietary fibre content
may partially explain these results. NSPs may hinder interaction between enzyme and substrates, so
animals respond by increasing endogenous secretion (mucin and saliva production to reduce viscosity)
and hence enhanced ENL.

Approximately 30% of AA at the distal ileum of pigs is of bacterial origin (Dugan et al.,1994).
Since the high fibre diet cause the proliferation of bacteria in the small and large intestine, the
increased bacteria nitrogen may be the major source of the high ENL in the ileum and feces. It was
reported that, as opposed to the low viscosity fibre the feeding of high viscosity fibre resulted in
increased ENL (Tkegemi et al., 1990; Larsen et al., 1993 and de Lange et al., 1989).

The results on the effect of NSPs on the secretion of endogenous digestive enzyme are
controversial. Under certain conditions, NSPs did enhanced pepsin, amylase and lipase secretion. It
is thought that fibre may influence the secretory activity by affecting cholecystokinin secretion or via
a negative feedback mechanism (Forman and Schneeman, 1980). NSPs may interfere with enzyme
substrate interaction (Schneeman, 1978).

Different methods have been used for the digestive secretions collection, measurement of
lyophilized pancreatic tissue (Forman and Schneeman, 1980), intestinal contents (Shah et al.,1982)
and biliary-pancreatic duct cannulation (Ikegemi et al., 1990). High variation has been observed,
either in the same experiment or among different experiments.

From the feed utilization standpoint, the metabolic cost associated with the enhanced secretion

of water, protein and electrolytes into the lumen by NSP components could be substantial.

The Binding EfTect of NSPs
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NSPs may entrap amino acids, peptides or form complexes with digestive enzymes to reduce
their activities (Ikeda and Kusano, 1983; Schneeman, 1978). At certain pH, some NSPs have high
charge density, so the ions can associate or chelate with the negatively charged groups. Cations may
also formionic bridges between NSPs molecules to increase their viscosity and gel-forming properties
(Smits and Annison, 1996).

Studies have also shown that insoluble NSPs impede digestion. Choct and Annison (1992)
observed that inclusion of alkali-extractable wheat pentosan decreased the digestibility of nutrients
and bird performance. Studies with pigs demonstrated that cellulose addition can increase fecal
nitrogen output (Low, 1987) and ileal nitrogen and AA concentration (Sauer et al., 1977). Danielsen
et al. (1994) found nitrogen and energy digestibility to correlate with insoluble DF fraction in early-

weaned pigs fed rapeseed meal.

Enzyme Supplementation

Over the last 20 years, attempts have been made to improve the nutrient value of feedstuffs
such as rye, barley, wheat, canola, peas by means of genetic selection, gamma irradiation, water
extraction, enzyme or antibiotic supplementation, diet acidification and processing methodsinvolving
heat treatment (ie., pelleting, extrusion, toasting, etc.).

A successful story in the area of genetic selection was the development of canola with
markedly reduced glucosinalate content when compared to its parent rapeseed. In Australia, a low

B- glucan variety of barley is under development (Annison and Choct, 1993). Gamma irradiation of
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barley has been reported to improve its feeding value for broiler chickens, since the irradiation can
degrade the (3-glucans by cleaving the B-1,3 and -1,4 bounds and can dramatically decrease its
viscous properties (Classen, 1985). Similar results were reported for rye (Campbell et al., 1983;
Patel et al.,1980). Water treatment is thought to remove the water-soluble NSPs and activate the
endogenous enzymes necessary for effective NSPs hydrolysis (Antoniou and Marquardt, 1982).
Diet acidification is based on the assumption that young pigs do not produce enough HCI to maintain
a proper gastric pH, which is important to prevent the colonization of bacteria in the upper small
intestine, activate pepsinogen and solublize the complex carbohydrates (Easter. 1988). Lactic acid
addition has been reported to improve performance and to reduce the proliferation of E. coli. and
piglet scour ( Reviewed by Easter, 1988). Antibiotic supplementation has been reported to improve
nutrient absorption and performance in chickens fed hulless barley-based diet (Classen et al., 1985)
and rye-based diet (Misir and Marquardt, 1978). The improvement with antibiotic supplementation
was mainly due to suppression of microflora proliferation induced by the NSP-rich cereal grains,
barley and rye (Misir and Marquardt, 1978).

In recent years, the use of exogenous enzymes has been among the most popular and cost

effective approaches to improve the nutritive value of feedstuffs.

Mode of Action of Enzyme

The utilization of amylase, protease and lipase in animal feeds is based on augmentation of
the piglet’s own digestive system which is often depressed by early-weaning or diet change.
Improvements in protein (Corring et al., 1978), starch (Officer et al., 1993; Collier and Hardy, 1986;

Inborr and Ogle, 1988) and fat (Cera et al., 1988) digestibilities after weaning with protease, amylase
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and lipase supplementation is well documented.

Supplementation of poultry and swine diets with phytase enzyme has consistently improved
phytate phosphorus availability and decreased phosphorus excretion (Lei et al., 1993; Sebastian et
al, 1998).

The use of carbohydrase enzymes is to target the NSP components, primarily 3-glucans,
pentosans, oligosaccharides and cellulose. Exogenous enzymes can break down the water-soluble
NSP, reducing or eliminating the negative effect of increased intestinal viscosity. Improvement in
performance due to viscosity reduction is typical for poultry (Bedford, 1993). However, in pigs, the
improvement in performance by carbohydrase supplementation may not be related to viscosity
reduction (Bedford et al., 1992; Dierick and Decuypere, 1994). In some studies, enzyme addition
had no effect on digesta viscosity (Bedford et al., 1992) or even increased their viscosity (Graham
et al., 1988; Bedford et al., 1992; Petterson and Aman, 1989). Another hypothesis related to mode
of action of carbohydrase enzymes is that the intact cells enclose the nutrients (starch, protein),
making them unavailable for digestion and absorption in the small intestine (Hesseman, 1983).
Addition of enzyme can disrupt the integrity of the cell, so the host digestive enzymes have free
access to the cell contents (Hesselman and Aman, 1986). The greater the accessibility of the cell wall
contents to the digestive enzyme, the greater the rate of nutrient utilization.

The linkages between different NSPs within the cell wall structure have a synergistic effect
on digesta viscosity and influence nutrient encapsulation effect. When isolated wheat arabinoxylans
were added back to a diet, higher concentration was required to elicit a response comparing to using
wheat (Annison and Choct, 1993). A synergistic effect of cellulase and mannanase in degradation

of the cell wall material from palm-kernel meal was reported (Dusterhoft et al.. 1993). Although -
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glucanase can effectively degrade [3-glucans, high levels of cellulase and xylanase are required to
maximize the release of protein from the aleurone layer of wheat and barley (Murison et al., 1989;
Muder et al. 1991). In general legumes and canola contain more complex polysaccharides than
cereals and require more diversified enzyme combination for an effective cell wall disruption. In
addition, other ANFs (amylase inhibitors, trypsin inhibitors, lectins, glucosinolates, tannins) would
require specific enzymes for their inactivation. These would indicate that a multi-enzyme supplement
containing amylase, protease , lipase, cellulase, xylanase and other enzyme activities would be required

to improve the nutritive value of feeds.

Effect of Enzyme Supplementation in Pigs

Studies have been undertaken to investigate the effect of enzyme supplementation on
performance of all classes of pigs, especially starter pigs. A comprehensive summary of the results
of such studies is given in Table 3. The enzymes employed included fungal or bacterial -glucanase,
xylanase, cellulase, pentosanase, pectinase, amylase, protease and galactosidase. The magnitude of
change observed with enzyme supplementation were for daily weight gain from -8 to 45%; feed
consumption from 0 to 11.5% and feed to gain ratio, -40 to 15%.

As shown in Table 3, enzyme addition has been reported to improve the performance of
weaners, growers, and even finishers. However, in many studies the improvement was related to the
age of pigs. Old pigs have an increased ability to digest cereal components through the increased
enzyme secretion by the bacterial population in the gut (Graham et al., 1986,1988; Newman et al.,
1983). Therefore, the response to [3-glucanase supplementation is usually more pronounced in

growing than in finishing pigs (Newman et al., 1983). As a consequence, there may be less potential
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Enzyme Diet Response (%)* Source
Weaner

Cellulase Wheat/maize/soy/rice bran ADG, 45; FCE, 9 1
-glucanase Enzyme-pretreated barley ADG, 5; FCE, 5 2
Amylase/sucrase Maize/soy Nil 3
Amylase/B-glucanase Cooked barley/oat/soy/fish Nil for ADG, FCE,
/glucoamylase Less diarrhea 4
Amylase/ Cooked barley/oats/soy/fish Nil for ADG, FCE 4
cellulose/protease

Amylase/B-glucanase Nil for ADG, FCE,
/glucoamylase/ Cooked barley/oats/soy/fish Less diarrhea
proteasc/cellulase 4
Amylase/cellulase Cooked barley/steamed oats/ ADG, -8 5
/protease soy/fish

B-glucanase/ Cooked barley/stcamed oats/ Nil S
amylase/protease soy/fish

Cellulase or Maize/soy/ensiled rice bran Nil for ADG,
Cellulosc/amylase FCE,-32—40 6
Cellulase/f3-glucanase Enzyme pretreated barley Nil for ADG, FCE 7
Xylanase/amylase Barley/wheat FCR, 10-15;Less diarrhea 7
Pentosanase Rye/soy/SBM Nil 8
B-glucanase Barley/soy/SBM ADG,17; Nil for FCE 8
Xylanase/amylase/pectinase Wheat/soy/fish FCE, 4. 9
[B-glucanase/xylanase Barley/soy/fish FCE, 4; 9
/pectinase

B-glucanasc/amylase Barley/sugar beet/soy/fish Nil 9
/pectinase

Xylanase Rye/soy Nil for ADG, FCE; 10
[B-glucanase Barley/soy ADG, 17: 10
-glucanase Barley/soy Nil for ADG, FCE; 11
[3-glucanase/xylanasc Barley/wheat/soy Nil for ADG, FCE; 12

B-glucanase Barley/soy ADG, 11.3;FL, 11.5

Nil for FCE 13
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Enzyme Diet Response (%) Source®
Xylanase Wheat/soy ADG, 6.9; FCR, 6.3;

Nil for FCE 13
Protease/amylase/lipase/ Wheat/fish/meat/tallow/ Nil for ADG, FCE
[B-glucanase Soy/blood meal 14
Cellulase/ B-glucanase/xylanase/ Barley/CM ADG, 11;
amylase/pectinase 15
B-glucanase Barley/SBM/fish Nil 16

Grower

Cellulase/ 3-glucanase/xylanase/ Barley/CM ADG, 9;
amylase/pectinase 15
Xylanase Wheat Nil 16
Xylanase/protease Whecat/barley/SBM/fish ADG, 30; ADFI, 5.3;

FCE, 14 16
Xylanase Wheat/barley/SBM/fish ADG, 36; ADFI, 9.2;

FCE, 14 16

Grower to Finisher

B-glucanase Barley Nil 17
B-glucanase Barley Nil 18
Pentosanase Rye (mash) FCE, 10 I9
Pentosanase Rye (pellet) FCE, 4 19
f3-glucanase Barley Nil 11
B-glucanase Barley Nil L1
[3-glucanase Barley Nil 20

a Value represents percentage response to enzyme supplementation.
b, References: 1. Sugaret, al, 1978; 2, Thomke ct.al., 1980; 3, Hogberg et al., 1983; 4, Inborr and Ogle, 1988; 5, Inborr
ct al., 1988; 6, Tangendjaja et al., 1988: 7, Bohom, 1990; 8, Inborr and Graham, 1991; 9, Mellange et al., 1992; 10,
Bedfordetal., 1992; 11, Thackeretal., 1992; 12, Inborretal., 1993; 13, Cosetal., 1993; 14, Officer, 1995; 15, Baidoo
etal,, 1996; 16, Duscl et al., unpublished; 17, Thacker ct al., 1988; 18, Thackerct al., 1989; 19, Thackeretal., 1991;

20, Bass, 1994.
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for improved performance with enzyme supplementation in older pigs.

Improved feed intake with enzyme supplementation (amylase, xylanase, 3-glucanase) may be
explained by the accelerated gastric emptying in piglets (Sudendey and Kamphues, 1995). Studies
by Inborr and Ogle (1988) pointed out that a multi-enzyme preparation (cellulase, amylase, protease
and carbohydrase) markedly decreased the incidence and severity of diarrhea in young pigs (4 kg;
2 wks of age). The positive effect could be the result of changing the site of digestion from the large
intestine to the small intestine and then reducing availability of substrates for the pathogenic bacteria
in the lower gut. Studies by Béhme (1990) indicated that enzyme supplementation ([3-glucanase and
amylase) reduced need for antibiotic treatment due to lower incidence of digestive disorders.

Addition of xylanase and [3-glucanase to wheat/barley/corn-based diet decreased the variation
in the final weight of pigs (Wyatt, 1995). In this context, the improved herd uniformity with enzyme
supplementation would be of benefit to the pig producers. These results are consistent with those
reported for poultry (Classen et al, 1988).

Research data on the effect of enzyme addition on nutrient digestibility are summarized in
Table 4. Feed ingredients investigated include barley (hulled, hulless), rye, wheat, maize, oats and
legumes. The range of improvement was as follows: for ileal digestibility, DM,0-6.6%; GE, 0-9%;
CP, 0-9%; fat, 0-8.2; AA, 0-15%; starch, 0-2.8%; ash, 0-10%; for fecal digestibility, DM, 0-18%,;
GE, 0-6.8%; CP, 0-6%; fat, 0-9.1%; AA, 0-5.3%; starch, 0-3%; ash, 0-25%.

Taverner and Campbell (1998) found increased availability of energy (13%) and protein
(21%) in pigs fed barley-based diet supplemented with [3-glucanase due to shifted digestion site from
the large intestine to the small intestine. It is believed that the anterior digestion results in improved

nutrient utilizations. In the large intestine, the major products of fermentation are volatile fatty acids
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Enzyme Diet Response (%)* Source'
Weaner
Cellulase Wheat/maize/fish/soy/ Fecal: CP, 2; CF, 6; fat, 2
rice bran 3

[3-glucanase/xylanase Barley/pollard/soy Ileal: B-glucan, 19; CP, 6;

Ash,10; fat,5.5 2
B-glucanase Barley/soy Hleal: GE, 2.7; St¢, 2.7; DF, 2.9

Fecal: GE, 1.4;ash,25;DF, 14 3
B-glucanase/cellulase/ Wheavbarley/soy/whey Fecal: CP, ash and OM,4
xylanase/amylase 4
Xylanase/amylase/ Wheat/soy/fish DNF, -3-9; fat, 6-7
/pectinase 5
f3-glucanase/xylanase Barley/fish/soy DNF. -3-9; fat, -6-7 5
pectinsae
B-glucanase/amylase/ Barley/sugar beet/soy/fish Nil
pectinase 5
Xylanase Rye/soy Nil 6
B-glucanase Barley/soy Nil 6
Cellulase Wheat Nil 7
Cellulase/pectinase/ Wheat Nil
xXylanase 7
B-glucanase Barley/soy Nil 8
Amylase/xlanase/ Wheat/hypro soy/ Ileal: DM, GE, OM, 4-5;
pectinase concentrate Fecal: DM, GE, OM, 2 9
-glucanase/pectinase/ Wheat/hypro soy/ Nil
cellulase/hemicellulase concentrate 9
Carbohydrase Whole maize plant Fecal:NDF, 10; ADF, 11;

CP, 5; GE, 3.6 10
Exo-P-glucanase/ Barley/SBM Ileal: GE, 8; CP, 7.9;
endo-P-glucanase and B-glucan, 12
glucosidase/protease/ Fecal: GE, 2.6. CP, 6
pectinase 11
Cellulase Wheat by-product Ileal:CP,5.9; NSP, 16.7;

Fat, 8.2; P5, 6.9; DF.13.7

AA 4494 12
[-glucanase Barley/SBM Ileal: DM,6.6; CP, 8.3: GE, 6.2

-glucan, 12; AA, 3.5-9.8;
ecal: DM, 1.8; OM,1.9;
GE. 54; AA, 2.6-53 13
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Enzyme Diet Response (%) Source®
B-glucanase Barley/SBM Fecal: DM, 3.7;CP, 6.9

GE, 4.3 14
B-glucanase Wheat/SBM Nil 14
B-glucanase ConmvSBM Nil 14
(-glucanase Rye/SBM Nil 14
o-galactosidase Barley/wheat/SBM/pea/RPM Nil 15
Protease Barley/wheat/SBM/pca/RPM Nil 15
Xylanase Barley/wheat/SBM/pea/RPM Nil 15
B-glucanase Barley/wheat/SBM/pea/RPM Nil 15
a-galactosidase/
xylanase/protease Barley/wheat/SBM/pea/RPM Ileal: DM, 7.6; Ara,12.3;

Xyl, 20.8; Man, 16.9 15
c-amylase Barley/wheat/SBM/pea/RPM Ileal: DM, 0.7 15
B-glucanase Barley/SBM/fish SI¢: B-glucan, 16.3-17.4

Soluble B-glucan, 15.7-19.4

AA, 2.2-12.7 16

Grower - finisher

B-glucanase Barley/SBM/oats/wheat Nil 17
3-glucanase Barley Fecal: DM, 2; CP, 5.5 18
[B-glucanase Barley/SBM Fceal: DM, 4.4 19
B-glucanase Barley/SBM lieal: St, 1.7; B-glucan, 1.4 20
Cellulose/PB-glucanase/ Barley/CM liecal: DM, 4.5; GE, 6.2;
xylanase/amylase CP, 4.2; AA, 3598,
/pectinase NDF, 17.8; NSP, 27.4; 21
Xylanase Wheat/barley/rye/SBM/fish Ileal: fat, 7.3; Feces, fat,7.2,

NDP, 2.4; GE, 6.8 22
Xylanase/protease Wheatbarley/rye/SBM/fish Ieal: fat, 1.9; Fecal: fat,9.1;

NDP, 2.2; GE, 5.8 23

a Value represents percentage response to enzyme supplementation.

b: Reference. 1, Sugar et al., 1978; 2, 3, Graham et al., 1988,1989; 4, Inborr and Graham, 1991; 5, Mellange et al.,
1992; 6, Bedford et al., 1992; 7, McClean and McCcraker, 1992; 8, Thacker et al., 1992; 9. McClean et al., 1993; 10,
Wenk et al.,, 1993; 11, Li et al, 1993; 12, Dierick and Decuypere, 1996: 13, Li et al., 1996; 14, Li et al., 1996; 15,
Gdala et al., 1997; 16, Jensen et al., 1998; 17, Graham et al., 1986; 18, Thacker et al., 1988; 19, Thacker, 1992; 20,
Graham et al., 1988; 21, Baidoo et al.,1998; 22,23, Dusel ct al.,unpublished.
c: Last forth section of small intestine; d,starch; e, Phosphorus.
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(VFA) and lactic acid which are utilized with a lower efficiency than the carbohydrates digested and
absorbed directly from the small intestine (55 vs 75%; NRC, 1998).

Many studies have been carried out on the digestibility of B-glucans in barley-based diets (Li
et al,, 1993, 1996;Graham et al.,1986,1988,1989). In pigs, considerable degradation of (3-glucans
was observed prior to ileum. The ileal digestibility of total NSPs and [3-glucans in 20, 40, 90 kg pigs
was found to average 40 and 12%, 68 and 35%, and 96 and 56%, respectively (Grahamet al., 1988).
Such an effective degradation of B-glucans by bacteria of the small intestine may reduce the benefits
from glucanase supplementation (Newman et al., 1980; Aman and Graham, 1987; Cromell et al,,
1988). This may explain why the response to 3-glucanase supplementation in barley-based diets for
growing pigs (20-60 kg) is more pronounced than that observed in finishing pigs (60-90 kg)(Newman
et al., 1983).

Inboor et al. (1993) examined the disappearance of 3-glucan in various sections of the piglet
GI tract and found 32.1% and 71.9% [3-glucan being decomposed in the last fourth section of the
small intestine without and with enzyme supplementation (B-glucanase, xylanase, amylase),
respectively. With cellulase supplementation, Dierick and Decuypere (1996) detected a significant
increase in NSPs (16.7%) and AA (4.4-9.4%) digestibility and commented that the improvement in
AA digestibility largely resulted from the release of fibre-bound nitrogen. Similar results were
reported by Li et al. (1996) and Baidoo et al. (1998).

Some studies have shown a positive effect of enzyme addition on chick performance when
fed diets containing SBM (Charlton, 1996), field bean (Castanon and Marquardt, 1989) and CM
(Slominski and Campbell, 1990). Supplemental amylase or amylase/xylanase preparations were also

reported to improve apparent ileal digestibility of threonine and glycine, and plasma urea nitrogen in
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early-weaned pigs fed peas (Owusu-Asiedu, 1998). FCE but not ADG, was also improved during
the 4 to 10 kg period. The author concluded that amylase and xylanase supplementation could be
beneficial for young pigs. Other studies have shown protease to break down protease inhibitors
(Classenetal., 1993). Cellulase and hemicellulase enzymes increased the NSPs hydrolysis and in vitro
dry matter digestibility of SBM, rapeseed meal (RSM) and peas (Dierick and Deceupre, 1984). Pre-
treatment of SBM with a combination of cellulase, protease and B-glucanase improved protein
digestibility in pigs (Nasi, 1991).

Least cost ration formulation and pollution control are two main advantages of enzyme use
in pig nutrition. Application of exogenous enzymes in feeds would allow for the use of less expensive
feed ingredients at higher inclusion rates without any losses in performance. Such feedstuffs include
low quality cereal grains (barley, rye, and some varieties of wheat) or oilseed by-products (linseed
meal, canola meal). Their use would reduce the cost of feed and will allow for greater flexibility in
ration formulation. Increased AA availability with enzyme supplementation would also reduce the
demand for high quality protein supplements (ie., fish meal, meat meal) or synthetic AAs (Johnson
et al., 1993).

The improvement in efficiency of feed utilization with enzyme supplementation is important
from an ecological standpoint. In recent years, pollution from extensive livestock production has
been of concern due to increased nitrogen and phosphorus excretion into the environment and
pollution of the water supplies. Inthe US, 100 million tonnes of animal manure is produced annually
and represent the liberation of one million tonnes of phosphorus into the environment each year
(Cromell, 1991). Approximately two-thirds of total phosphorus of plant origin is present in a form

of phytate which is poorly utilized by monogastric animals and necessitates the addition of inorganic
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phosphorus to feeds to meet the animal requirements for available phosphorus. The enzyme can also
release protein and other minerals chelated by phytate and increase their utilization. Studies by
Pallauf and Rimbach (1993) demonstrated that addition of 1000 U’/kg phytase decreased phosphorus

excretion by 56% (2.2 g/d to 0.96 g/d) in 15 kg pigs.

Factors Affecting Enzyme Effectiveness use in Pigs

In general, the effect of enzyme supplementation on pig performance is not as consistent as
that seen in poultry. Although some studies demonstrated marked improvement in performance (see
Table3)(Inborr et al., 1991; Jensen et al., 1998; Baidoo et al., unpublished; Dusel et al., unpublished),
many studies showed no effect of enzyme supplementation. In a systematic study, Thacker et al.
(1988, 1989, 1992) demonstrated a minimal improvement in pig performance with enzyme
supplementation. Other researchers indicated that enzyme supplementation increased digestibility of
nutrients, but the increase was not reflected in an improvement in animal performance. Studies by
Officer (1995) even suggested that enzyme supplementation was detrimental to piglets fed wheat-
based diet. Bedford et al. (1992) also found supplemental xylanase to increase the digesta viscosity
of piglets fed rye-based diet.

The difference in digestive physiology between swine and chickens may influence the
effectiveness of enzyme addition. With longer GI tract and greater mean transit time, pigs can
degrade considerable amounts of [3-glucans (Graham et al., 1988; Weitzen and Aherene, 1986;
Hesselman and Aman,1986) and arabinoxylans (Thacker and Baas, 1996) prior to the end of ileum
due to microbial action in the small intestine and some endogenous enzyme activity present in the feed

(Graham et al., 1986).
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Dietary factors including feed quality, NSP concentration, feed processing, antibiotic and fat
addition may all influence the effectivenes of enzyme addition. If enzymes are added to diets which
contain readily digestible ingredients, the magnitude of enzyme effect would be low (Johnson et
al,1993). On the other hand, if there is enough nutrients for the animal to achieve optimal
performance, any increase in nutrient availability due to enzyme supplementation would exceed the
animal requirement and the effect of enzyme addition would be difficult to detect (McNab, 1993).
For example, McNab (1993) found that the beneficial effect of enzyme supplementation in piglets fed
vegetable protein was more pronounced than when the same enzyme was added to a diet containing
a high quality animal protein. Similar results were reported by Officer (1992) for early-weaned pigs
fed high quality diets.

Studies by Choct and Annison (1992) and Fengler and Marquardt (1988) clearly demonstrated
that the monogastric animal is capable of tolerating certain dietary concentrations of NSPs without
performance losses. Studies by Bhatty et al. (1979) indicated that although a high viscosity barley
depressed the performance of young chicks it had no negative effect when fed to pigs. With a high
tolerance of pigs to lower quality feeds, the effect of enzyme supplementation may be masked by
some positive characteristics associated with the feed quality. This may also explain the results of
many experiments with barley (Thacker et al.,1988, 1989, 1992) in which B-glucanase addition was
beneficial for poultry but little effect on growing-finishing pig performance was noted.

The effectiveness of enzyme use depends not only on the type and level of activity, but the
enzyme stability under various conditions (ie., temperature, pH, protease). Stability is inherent to
each enzyme. In the study by McNab (1993), ten commercial enzyme preparations were evaluated

and were found to have different tolerance to high temperature, pH and protease treatment in vitro.
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During feed processing (pelleting, expansion, extrusion), enzyme preparations encounter
hostile conditions (moist and heat), which may reduce their activity. Studies by Inborr and Bedford
(1994) have demonstrated that during pelleting conditioning for 30 seconds or 15 minutes, the
recovery of [3-glucanase activity at 75°C was 66 and 49%, at 85°C - 50 and 31% and at 95°C - 10
and 11%, respectively. There is a negative quadratic effect of pelleting temperature and positive
effect of enzyme level on ADG and FCE. Many other studies have also demonstrated significant
losses of activity of phytase (Jongbloed and Kemme, 1990), and B-glucanase and xylanase (Pickford,
1992) on pelleting.

A number of methods have been developed to stabilize the enzyme preparation, including
encapsulation, adsorption, micro-granulation, coating or post-pelleting application. Studiesby Inborr
and Graham (1991b) and Inborr and Bedford (1994) suggested that with reduced activity, enzyme
addition can still improve the performance of animals, indicting that there is sufficient level of activity
remaining in the pelleted feed.

Thacker and Baas (1996) evaluated ten commercial enzyme products (Biofeed, Prozyme SF,
Endofeed, Amylofeed, Roxzyme, Allzyme PT, Alizyme BG, Biofeedplus, Porzyme TP, Avizyme TX)
and found pH to have a similar effect on all enzyme activities. Little activity was found at pH 2.5
which then slightly increased at pH 3.5. The highest activity was observed at pH 4.5-5.5 which then
declined at pH 6.5. In this context, the pH values in the GI tract of the pig were reported to be as
follows: 2-4.S for stomach (Thacker and Baas, 1996), 4-6.2 for duodenum, 5.5-6.9 for jejunum, 7.0
-7.4 for ileum (Chesson, 1987). It has also been documented that enzyme activity will decrease in the
Gl tract (Thacker and Bass, 1996; Inborr and van der Meulen, 1993). However, studies by Thacker

and Bass (1996) indicated that at the beginning of duodenum, 47% and 28% ofthe total B-glucanase



activity added to the diet was still present after two and four hours after feeding, respectively.
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Materials and Methods

Materials
Commercial soybean meal, canola meal, wheat, spray-dried plasma, whey powder and fish meal were
obtained from a local feed company (Feed-Rite, Winnipeg, Manitoba). Hulless barley ( var. CDC
Buck) was obtained from the Glenlea Research Station, University of Manitoba. Enzyme
supplements included xylanase, [3-glucanase, a-amylase, amyloglucosidase, invertase, protease and

cellulase were provided by Canadian Bio-Systems, Calgary, Canada.

Animal Experiments

Two experiments were conducted to determine the effect of substitution of soybean meal with
canola meal (3% of a diet) and corn with hulless barley (26% of a diet) on performance and nutrient
utilization of early-weaned pigs fed soybean/canola meal/wheat/hulless barley/fish meal/sprayed-dried
plasma-based diet with and without enzyme supplementation.

In Experiment 1, atotal of 64 Cotswold pigs (32 females, 32 castrated males) weaned at 18
d of age were selected. The average weight was 4.8 £ 0.65kg. The pigs were randomly assigned to
one of the four treatments (16 pigs per treatment) by litter origin, weight and sex. The pigs were
housed in flatted-deck pens, two in each pen. The initial room temperature was 28°C and decreased
gradually to 22°C at the end of experiment. Throughout the experiment the pigs had free access to
water from the low-pressured nipple drinkers. The experiment consisted of two phases, phase I from
4.8 + 0.65 to 10.4 £ 1.46 kg and phase II from 10.4 + 1.46 to 20.4 + 2.34 kg body weight (average

body weight for per pen). At the beginning and the end of each phase, blood samples were taken
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from the jugular vein in the morning and collected in heparinized vacutainer tubes (Becton
Dickinson, Rutherford, NJ). The tubes were stored overnight in the cold room at 4°C, then
centrifuged and plasma samples were pipetted into vials and stored at -20°C for plasma urea nitrogen
analysis.

Feed was provided ad libitum. Individual weights and pen feed consumption were recorded
at weekly intervals. At the end of each phase, fecal samples were collected. Prior to collection, the
pen decks were washed, and the fresh samples of feces were collected over three hour period During
morning. The samples were then frozen and freeze-dried.

Experiment 2 consisted of one 25 d phase with 24 piglets weaned at 16d of age and randomly
assigned to four dietary treatments (6 pigs per treatment). The initial weight was 5.0 + 0.57 kg and
the pigs were housed individually. Animal care, assignment, blood and fecal sample collection were
the same as in Experiment 1. On Day 23 and 24 of the experiment (first day is defined as day zero),
three pigs from each treatment were randomly selected and euthanized with carbon dioxide four hour
after morning feeding. The abdominal cavity was exposed and the gastrointestinal (GI) tract was
ligated into the following sections: stomach, three equal segments of the small intestine (upper,
middle and lower), cecum and colon. Each ligate of the GI tract was weighed and the length of the
small intestine, cecum and colon was measured. The contents of the stomach and the three intestinal
sections were transferred into plastic sample bags, frozen and freeze-dried. The kidney, pancreas and
liver were removed and weighed. The digesta pH and viscosity in each ligate was determined
immediately.

Experimental procedures, arrangement and care of animals were approved by the University

of Manitoba Animal Protocol Management and Review Committee and followed the guide of the
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Canada Council on Animal Care (CCAC, 1980).

Experimental Diets

Two basal diets were used in each experiment. Diet 1 was based on wheat, corn, soybean
meal, fish meal, spray-dried plasma and whey and served as a positive control (Table 5 and 6). Diet
2 differed from Diet 1 in that 25 % of the soybean meal was substituted with canola meal and 100%
corn was substituted with hulless barley (var. CDC Buck). Diet 2 was mixed as a single unit and
then divided into three equal batches, a control diet and two test diets which were supplemented with
either Enzyme A or B. Enzyme A was composed of the conventional xylanase and glucanase
preparations while Enzyme B consisted of xylanase, [3-glucanase, @-amylase, protease, invertase and
cellulase. Composition of the enzyme blends and enzyme activities and/or inclusion rates are shown
in Table 7. For the first phase of Experiment | (4.8 - 10.4 kg) and Experiment 2 (5-10 kg) the diets
were formulated to contain 21% crude protein, 1.4% lysine, 1.03% methionine and cystine, 0.86%
threonine and 16.35 MJ/kg digestible energy. In the second phase of Experiment 1 (10.4-20.4 kg),
the diets contained 19% crude protein, 1.2% lysine, 0.99% methionine and cystine, 0.74% threonine
and 15.7 MJ/kg digestible energy.

In Experiment 1, acid insoluble ash (McCarthy et al., 1974) was used to determine the
digestibility of dietary components. Using selected samples, its usefulness was compared to that of
chromic oxide which was used as an external marker in Experiment 2. In this study, the chromic
oxide was added to two randomly selected diets and both chromic oxide and acid insoluble ash were
then used to determine the apparent digestibility of dry matter. There was no significant difference

in digestibility of dry matter as determined using acid insoluble ash or chromic oxide (Table 8).
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Table 5. Compaosition and calculated analyses of basal diets used in phase | of the pig
experiments 1 and 2

Diet 1 Diet 2
ingredient (%)
Wheat 46.0 46.0
Com 23.0 0
Huliess barley 0.0 23.0
Soybean meal 12.5 9.3
Canola meal 0.0 3.0
Fish meal 4.0 4.0
Spried dried plasma 3.0 3.0
Whey 4.0 4.0
Vitamin-minerai premix® 5.0 5.0
Canola oit 20 2.0
Lysine-HCI 0.4 0.5
Threonine 0.14 0.25
Chromic oxide 0.2 0.2
Calculated conmposition
Protein (%) 20.5 21
Digestible energy (MJ/kg) 16.35 16.19
Lysine (%) 14 1.4
Methionine+Cystine (%) 1.00 1.03
Threonine (%) 0.86 0.86
Calcium (%) 0.9 09
Available phaosphorus (%) 0.43 0.43
Determined composition
Protein (%) 20.5 21.3
Energy (MJ/kg) 16.74 16.68
NSP (%) 9.6 9.8
-- Glucose (%) 3.2 3.6
Phytate (%) 0.27 0.27

*The premix provided per kilogram diet: Ca, 9.0g; P, 4.25g; Sait, 3.0g; Na, 1.2g;

Mg, 125mg; Mn, 35mg; Fe, 152.5mg; Zn, 137.5mg; Cu, 125mg; |, 0.76mg; Vitamin A,
117501U; Vitamin D5, 1500IU; Vitamin E, 50IU; Vitamin K, 1.75mg; Choline chloride,
750mg; Niacin, 38mg; Calcium pantothenate, 35.75mg; Riboflavin, 10mg; Thiamine,
1mg; Pyridoxine, 1mg; Vitamin B,,, 27.5mg; Biotin, 100mg; Folic acid, 0.5mg.



k!]
Table 6. Composition and calculated analyses of basal diets used in phase Il of the

_pig_experiment 1
Diet 1 Diet 2
Ingredient (%)
Wheat 46.0 46.0
Com 26.0 0
Hulless barley 0.0 26.0
Soybean meal 14.5 93
Canola meal 0.0 3.0
Fish meal 40 4.0
Whey 4.0 40
Vitamin-mineral premix® 5.0 50
Canola oil 2.0 2.0
Lysine-HCI 04 0.5
Threonine 0.14 025
Chromic oxide 0.2 0.2
Calculated conmposition
Protein (%) 19.0 19.1
Digestible energy (MJ/kg) 15.72 15.71
Lysine (%) 1.2 1.2
Methionine+Cystine (%) 0.95 0.99
Threonine (%) 0.74 0.74
Calcium (%) 0.9 0.9
Available phosphorus (%) 0.43 0.43
Determined composition
Protein (%) 19.5 19.2
Energy (MJ/kg) 16.64 16.50
NSP (%) 9.1 10.6
-- Glucose (%) 2.8 36
Phytate (%) 0.27 0.27

*See table 5 for premix composition.



Table 7. Composition of enzyme blends and enzyme activities and/or inclusion rates of

experimental diets
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Enzyme Enzyme A Enzyme B
Xylanase (units kg™ diet) 412 552
B-Glucanase  (units kg™ diet) 307 528
c-Amylase! (FAA units kg™ diet) 8094
Invertase (%) 0.002
Protease (HUT units kg™ diet) 1410
Cellulase (%0) 0.0025

! Includes ot-amylase and amyloglucosidase



Table 8. Digestibility of dry matter as determined using two different markers
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Marker Diet 2 Diet 2+
Enzyme A

Chromic oxide 80.5 £2.9! 853 £2.5

Acid insoluble ash 79.8 +£2.7 842 £26

! Mean £SD (n=6), no significant difference between methods was observed
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Chromic oxide is frequently used as an external marker; however, problems determining digestibility
using chromic oxide, because of interference from other minerals in the rations, has been reported
(Saha & Gilbreath, 1991). Moreover, mineral concentrations are much higher in undigested
materials. Acid-insoluble ash has been suggested an alternative marker to chromic oxide (McCarthy
et al., 1974; Wunsche et al., 1991; Moughan et al., 1991), and as compared to the total collection
method, has been proven to be an accurate indicator for digestible dry matter, protein and energy
determination (McCarthy et al. 1977; Yen et al, 1983; Moughan et al, 1990). Some research data
have also indicated higher recovery rate of acid-insoluble ash than that of chromic oxide (Wunsche
et al., 1984; Moughan et al., 1991). However, Yen et al (1983) indicated that acid insoluble ash was
only a satisfactory marker for nutrient digestibility determination in 12-week old pigs as opposed to

19-week old pigs.

Digestibility coefficients of the analyzed components were calculated using the following

formula:

Digestibility (%) = [1- (N;x C,) / (Ng x Cg] x 100

N = Nutrient concentration in digesta or feces (DM)
N, = Nutrient concentration in feed (DM)

C; = Cr,0; concentration in digesta or feces

C, = Cr,0; concentration in feed

Chemical Analyses

Prior to analysis, all feed, digesta and fecal samples were finely ground in a coffee grinder.
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Samples were analyzed for dry matter using AOAC method(1990). Sg sample was weighted in a pre-
weighted silica dishes and dried to a constant weight for approximately 16-24 hours in a forced
drought oven set at 105°C. The sample were then removed, cooled in a desiccator and weighted.
Crude protein (Kjeldahl N x 6.25) was determined using the AOAC (1990) method. Approximately
0.5-1.0 g of the sample was weighted into a digestion tube and then digested in 18-ml concentrated
sulphuric acid (36% w/v H,SO,) using selenium as a catalyst. The nitrogen content was then
measured using Kejltec Auto 1030 Analyzer, and the protein was calculated using a 6.25 conversion
factor. Chromic oxide was analyzed according to the procedure described by Williams et al. (1962).
0.5 g sample was weighted in a crucible and ashed at 500°C for 16 hours. The ashed sample was then
transferred into a beaker to which phosphoric acid and 3 ml manganese sulphate and 4 mi potassium
bromate solution were gently added. The beaker was covered with the watch glass, placed on a hot
plate and digested until no effervescence was observed and the solution changed into the pink color.
After cooling, the solution was carefully transferred into 200-ml volumetric flask containing 25-ml
calcium chlonide. The flask was then made up to volume using distilled water. Chromic oxide was
then determined using Atomic Absorption Spectrophotometer (Perkin-Elmer, model 603A) at 267.5
nm against a working standard (0-30 ppm). Gross energy was determined using a Parr adiabatic bomb
calorimeter (Parr Instrument Co., Moline, IL.), results were calculated by the calorimeter controller
unit which was pre-programmed. Acid insoluble ash was analyzed according to the method of
McCarthy et al. (1974). 10g sample was weighted in a flask containing 100 ml 4N HCL for 30 min,
then filtered through ashless filter paper, washed with boiling water until free of acid and finally ashed
at 650°C for a minimum of 6h. Non-starch polysaccharides (NSP) were determined by gas-liquid

chromatography (component neutral sugars) and by colorimetry (uronic acids) using the procedure
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described by Englyst and Cummings (1984), with some modifications (Slominski and Campbell,
1990). In brief, a 100 mg sample was treated with dimethylsulfoxide and incubated overnight with
a solution of starch degrading enzymes amylase and pullulanase(Sigma, St. Louis, MO) at 45°C.
Ethanol was then added, the mixture left for 1 hour, centrifuged and the supernatant was discarded.
The dry residue was dissolved in 1 ml of 12 M H,SO, and incubated for 1 hour at 35°C . Six ml of
water and 5 ml of myo-inositol(internal standard) solution were then added and the mixture was
boiled for 2 hours. One milliliter of the hydrolysate was then taken and neutralized with 12M
ammonium hydroxide, reduced with sodium borohydride, and acetylated with acetate anhydride in
the presence of 1-methylimidazole. Component sugars were separated using SP-2340 column and
Varian Vista 6000 Gas Chromatograph. Starch was determined using the NSP procedure in which
starch gelatinization with dimethylsulfoxide was substituted by boiling the samples with water for 30
min. Starchhydrolyzing enzymes (ie., amylase, pullunase and amyloglucosidase) were excluded from
the procedure and the starch content was calculated as total sample glucose (no enzyme added) minus
NSP glucose. The content of phytate was determined according to the method of Haug and
Lantzsch (1983). Briefly, a 40 mg sample was accurately weighted and shaken with 10 ml 0.2 N HCL
for 3 hours at room temperature. After filtration, 1 ml filtrate and 2 ml ferric solution in triplicate
were placed in hydrolysis tubes and boiled for 30 min. After cooling in ice water for 15 min the tubes
were allowed to adjust to room temperature, after which the samples were shaken and centrifuged
at 3000 rpm for 30 min. One ml of supernatant was then transferred into another tube and 1.5 ml
biphyride solution (Aldrich, Canada) was added. After10 min the absorptance was measured
(Ultrospec 2000, Pharmacia Biotech, Cambridge, England) at 519 nm against distilled water. Phytate

was quantified from a standard curve developed using solutions of known amounts of phytic acid
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(Sigma, Canada). Plasma samples were analyzed for nitrogen concentrations using a standard kit
(Procedure No. 535) from Sigma Diagnostics (Sigma Diagnostic, St. Louis, MO., USA). This was
done by quantitative, colorimetric determination of plasma urea nitrogen at 540 nm, based on the
technique described by Crocker (1967). 0.02 ml sample was pipetted into the test tubes. Urea
nitrogen diluted standards were prepared by pipetting the kit reagents into test tubes and were mixed
thoroughly. To each tube 3.0 ml of blood urea nitrogen acid Reagent (Catalog No. 535-5, St. Louis
MO., USA) were added which were then mixed thoroughly. All tubes were placed in a boiled water
bath and boiled for exactly 10 min. The tubes were then quickly removed and placed in the cold tap
water for 3 min, after which time the absorbance was read within 20 min. The urea nitrogen standard
calibration curve was prepared, and plasma urea nitrogen values for each sample were calculated.
Viscosity was determined in the supernatants of digesta using a Brookfield digital viscometer
(LVTDVCP-11, Brookfield Engineering Laboratories INC., Stoughton, MA). Fresh digesta were

used for pH determination with the aid of pH/ISE meter (Orion Research INC. Boston, MA).

Statistical Analysis
Data from two experiments was subjected to analysis of variance (ANOVA) according to
Steel and Torrie (1980) using the General Lineal Models of statistical analysis system (SAS Institute,
1988). Student-Newman-Keuls test was used to compare and separate treatment means.
Moadel used was as follows:
Xx=H+o +Bj +E
K = the population mean,;

o, = the effect of i,, diet;
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f3;= the k,, animal;

&= error term.

Results and Discussion

Animal Performance

The growth performance data of early-weaned pigs fed the experimental Diet 1 (positive
control), Diet 2 (negative control) and Diet 2 supplemented with Enzyme A and B are shown in Table
9. The average daily gain (ADG) in phase I tended to decrease when soybean meal and corn were
substituted with canola meal and barley, respectively (P= 0.20). These results are in agreement with
earlier studies by Bell and Keith (1993), who reported a linear increase in average daily gain (ADG)
and feed conversion ratio (FCR) in growing pigs fed diets in which barley was substituted with wheat.

In another study, replacing soybean meal (SBM) with canola meal (CM) in diets for early-weaned
pig (3 weeks old) resulted in a linear decrease in average daily feed intake (ADFI) and ADG by 4 g
and 2 g, respectively, for each 1% increase in canola meal inclusion rate (Baidoo et al., 1987). A
significant decrease in voluntary feed intake and growth rate (P<0.001) of early-weaned pigs with
increased level of dehulled, high protein rapeseed was also found by Danielsen et al. (1994).

As compared to the negative control (Diet 2), the ADG tended to increase numerically (244
vs 263 and 274 g) in phase I for Diet 2 supplemented with Enzyme A and B (P=0.19) . In addition,
the performance characteristics for both enzyme supplemented diets were equal to that of positive
control. As expressed by standard deviation of the mean, enzyme supplementation also decreased

the variation in final weight of pigs from 61.7 to 47.8 for Enzyme A and to 48.6 for Enzyme B.



Table 9. Effect of enzyme supplementation on performance of early-weaned pigs (Phase | and

Expeiment 1)
Week Diet 1 Diet 2 Diet 2 + Diet 2 + P value
Enzyme A Enzyme B
Daily feed 1 128.6 £33.22 123.225.0 1286 +£340 141.1 2231
intake (g)"? 2 26881350 2545+753 2839+699 29111625
3 529.2876.8 47544635 5145+£1000 5306+ 1043
Mean (phase |) 313.8 £31.9 2952+33.0 3157+43.0 323.7+£523 0.56
4 72724872 7130:714 781.0£623 74101123
5 936.2+£123.3 86441989 863.11+1064 8944714
6 1007.3 +60.4 1000.2 £ 135.0 1010.2 £ 117.2 1005.1 £ 54.0
Mean (phase Il) 832.5+59.9 8319+93.3 861.7+634 852.1167.2 0.94
Overall 550.1 2448 52994+48.2 5518 +48.7 5528 £37.1 0.71
Daily weight 1 1268 +464 1313£31.9 14294408 136.69403
gain (g)' 2 192.9+70.4 20092757 223.2+635 23391751
3 4107757 37861726 40501963 44231983
Mean (phase [) 247.6 £37.3 244.4 $42.2 262.7+£405 273.5+£54.9 0.19
4 5054 £58.1 4742+910 5121+954 51841952
5 615.2+942 606.3+79.1 61421792 6579+37.2
6 6669764 668.11110.2 67521100.1 687.21324
Mean (phase Il) 57362719 5765+116.7 581.7+730 609.14+63.2 0.60
Overall 3956 +546 388.3+61.7 40551478 418.9 1486 0.41
Feed/Gain'? 1 1.03+£0.22 0972027 0.95%£0.17 1.06£0.25
2 1.44 £ 0.20 1.28 £0.18 1.30+£0.19 1.24 £0.15
3 129+ 028 1.27 £0.12 1.28 £+ 0.21 1.21+£0.18
Mean (phase 1) 1.27 £ 0.19 1.21 £0.08 1.21+£0.13 1.18 £0.12 0.58
4 1.43 £ 0.09 144 £0.14 1481020 1.46 £0.27
5 1.53+0.19 1.43 £ 0.08 1.41+£0.07 1.36 £ 0.09
6 1.50+£0.16 1.51+0.19 1.51£0.12 147 £0.12
Mean (phase II) 1.45 £ 0.09 1.44 £ 0.07 1.46 £0.07 14010.12 0.65
Overall 1.39£0.07 1.36 £ 0.03 1.35+£0.07 1.32 £0.06 0.16

"No significant treatment effects were observed (p>0.05).

*Mean + SD (n = 8).
Mean £ SD (n = 16).
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According to numerous studies, the improvement in pig performance by enzyme
supplementation has been highly inconsistent. Some studies documented a marked improvement in
pig performance with enzyme supplementation ( Sugar et al., 1978; Baidoo et al, 1998), while others
showed no benefit of enzyme addition (Bedford et al., 1992; Inborr and Graham, 1991a). In a series
of experiments, Thacker et al. (1988, 1989, 1992) showed only 1-3% improvement in growing to
finishing pig performance with only few cases in which statistically significant difference between the
control and enzyme supplemented diets were observed. Although in some studies enzyme
supplementation increased digestibility of various nutrients, the increase was not reflected in the
improvement in animal performance (Inborr et al., 1993; Thacker et al., 1992). Some studies even
documented a detrimental effect of enzyme addition on piglet performance (Officer, 1995; Bedford
et al., 1992).

There are several factors which may influence the effectiveness of enzyme use. Among them
are age of animal, type of diet, varability in nutritive content of dietary ingredients or the type of
enzyme preparation used in the study (ie., single enzyme activity vs multiple enzyme preparation).
Traditionally, enzyme preparations have been proven effective in improving the performance of
poultry, especially young chickens known to be susceptible to viscous polysaccharides (ie., B-glucan,
arabinoxylan) of barley, rye or wheat. However, the difference between swine and chicken digestive
physiology may influence the effectiveness of enzyme use. Ascompared to chicks, pigs can degrade
considerable amounts of B-glucans (Graham et al., 1988; Weitzen and Aherne, 1986; Hesselman and
Aman, 1986) and arabinoxylans (Thacker and Baas, 1996) prior to the ileum due to a much longer
gastrointestinal tract and a greater mean transit time. Polysaccharide degradation may result from

both microbial action in the pig small and large intestine and the activity of endogenous [-glucanase
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and xylanase present in the feed (Graham et al., 1986).

It is a well known fact that the increase in starch digestibility with enzyme supplementation
provides the birds with a significant net energy gain. However, in the pig, this net energy gain may
not be as pronounced. Any undigested starch will be fermented in the lower gut with the production
of volatile fatty acids and their absorption. Therefore, any exogenous enzyme addition would only
shift the site of starch digestion from the large intestine to the small intestine increasing the efficiency
of energy utilization but reducing the potential for improved performance with enzyme
supplementation (Chesson, 1990). In addition, the viscosity in the pig small intestine is smaller than
that in the chicken and enzyme supplementation may have little effect on improved pig performance
due to digesta viscosity reduction. All these differences indicate that more complex enzyme
preparations are needed for swine diets and the use of conventional “poultry” enzymes in swine
rations may explain why pigs respond to enzyme supplementation to a lesser extent than chickens.

Exogenous enzymes are expected to augment the animal’s own digestive system and digest
substrates that animal’s own digestive enzyme can not act on. In cases when enzymes are added to
the diets which contain readily digestible ingredients, the magnitude of enzyme effect would be less
pronounced (Johnson et al., 1993). In addition, if the amount of nutrients in the pig diet is sufficient
for optimal performance, any increase in nutrient utilization due to enzyme supplementation will be
in excess of animal requirement and consequently the effect of enzyme addition on animal
performance may be difficult to detect (McNab, 1993). In addition, Campbell (cited from McNab,
1993) found that the effect of enzyme addition on pig performance was more pronounced when the
animals were fed diet containing vegetable protein rather than the animal protein, both diets

containing the same digestible energy and amino acids contents. Officer (1995) also found no effect
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of enzyme supplementation on performance of weaned pigs fed high quality animal protein (spray
dried plasma, fish meal, whey) based diet.

Studies by Fengler and Marquardt (1988) and Choct and Annison (1992) clearly demonstrated
that animals are capable of tolerating certain concentrations of non-starch polysaccharides (NSP)
present in their diets, without losses in performance. Studies by Bhatty et al. (1979) indicated that
a high viscosity barley depressed the performance of young chick but was not detrimental to growing
pigs. With a high tolerance of pigs to visrous polysaccharides in diet, the effect of enzyme addition
on pig performance could be easily masked by other beneficial characteristics such as feed

processing (ie., pelleting), feed particle size, antibiotic addition or type of fat.

Digestibility of Dietary Components

A total tract digestibility of dry matter, energy, starch, protein and phytate determined in
Experiment 1 is shown in Table 10. In phase I of the experiment, replacing corn and soybean meal
(Diet 1) with barley and canola meal (Diet 2) significantly decreased dry matter digestibility (P<0.0S5).
As compared to the negative control (Diet 2), increased digestibility of dry matter, energy and
protein with enzyme supplementation was observed. Dry matter digestibility increased following
addition of either enzyme blends (P<0.05) while improvement in digestibility of energy (P<0.01) and
protein (P<0.05) was only observed for Enzyme B. [In addition, the digestibility of dry matter,
energy and protein was greater (P<0.05) for Enzyme B than Enzyme A. A decrease in digestible
energy content following substitution of soybean meal and corn with canola meal and hulless barley
was also observed in phase 2 of the experiment (P<0.05). Improvement in digestibility of dry matter

by Enzyme B (P<0.05) and energy by both Enzymes A and B (P<0.01) was also noted. There was
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Table 10. Fecal digestibility of dry matter, energy, protein, starch and phytate in early-weaned pigs
(Phase | and |I; Experiment 1)(%).

Phase Component Diet 1 Diet 2 Diet 2 + Diet 2 + Sample
Enzyme A Enzyme B (n)

Dry matter  82.6+24" 798+25  827:21° 856%1.2° 8
Energy 82.7+26% 785+25° 820120° 852117 8

I Protein 795451 755£35° 78.1:34° 83313.0° 8
Starch 98.7+ 23 97.0+25 99.7+1.3 992107 4 (pooled)
Phytate 51.2+109 5312127 552155 61657 4 (pooled)
Dry matter 826+1.4° 817221 821:12® 837207 8
Energy 822+26% 7831:25° 823:22° 849113 8

i Protein 789+3.0 77.3£3.1 77.7%35 80.1+19 8
Starch 98.7+£1.7 99.110.4 99.1+£1.9 996 +1.1 4 (pooled)
Phytate 47.5+8.1 486175 523+104 49.5:7.3 8

'Mean+SD .

2*Means within a row with no common superscripts are significantly different (P<0.05).
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no effect of enzyme addition on starch digestibility which, as determined at the fecal level, was found
to be completely digested irrespective of diet composition or enzyme addition.

Digestibility of dry matter and selected dietary components in different compartments of the
gastrointestinal (GI) tract as determined in Experiment 2 is shown in Table 11. Replacing corn and
soybean meal with barley and canola meal markedly (P<0.05) decreased starch digestibility in the
middle section of the small intestine (from 48 to 27%). A significant improvement in starch
digestibility in the middle (by enzyme A and B) and lower (by enzyme B) segments of the small
intestine was observed. Enzyme addition also tended to increase dry matter digestibility in the lower
segment (P=0.091) and energy digestibility in the middle section of the small intestine (P=0.069).

As documented in Experiment 1, starch was almost completely digested (98 to 100%) when
determined at the fecal level. This results are in agreement with some earlier studies which showed
that even at the ileal level or prior to the end of small intestine, starch digestibility was nearly
complete (Graham et al., 1986; Gdala et al., 1997). In the current study, however, enzyme addition
significantly increased starch digestibility in the middle and lower segment of the small intestine.
According to Jensen et al. (1998), Thacker et al.( 1992) and Graham et al. (1986, 1988a, 1989) a
consistent increase in ileal starch digestibility by 3-glucanase addition was observed. It appears
evident that the increase in ileal starch digestibility with enzyme supplementation may shift the
digestion site from the large intestine to the small intestine. It is a well known fact that the direct
absorption of starch as glucose from the small intestine would be considered more effective from the
energy utilization standpoint than its conversion to volatile fatty acids and their absorption from the
large intestine. In this regard, the efficiency of energy utilization from glucose has been reported to

be significantly higher than that of volatile fatty acids (ie., 75 vs 55%; NRC, 1998). In general, an
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Table 11. Dry matter, energy, protein, starch, non-starch polysaccharides (NSP) and phytate
digestibilities in the middle and lower segments of small intestine and in the total tract of

early-weaned pigs (Experiment 2)(%)

Diet 1 Diet 2 Diet 2 + Diet 2 +
Enzyme A Enzyme B
Dry matter 395472 37.7+4.2 404124 426170
Energy 40.2+6.2 36.9%6.0 37.7:3.2 458+1.4
Middle Protein 436142 41.3%13 445+ 115 46.0 £ 10.1
segment Starch 48.4+£157° 27.1+100° 59.4:229" 659194°
NSP 21.0£10.2 14.4£18.8 20.7 £ 15.1 226+7.2
Phytate 231150 38188 3974 6.014.3
Dry matter 686122 65114 687128 704 £2.7
Energy 68.8%29 65.0£20 686+4.6 704+38
Lower Protein 71124 68.4 £4.0 71.7¢ 2.0 72256
segment Starch 87.9+3.7%® 83.5+59° 90.4 £ 4.4%° 942 +2.1°
NSP 38589 32652 437188 42475
Phytate 19.11£9.3 18.9 £ 10.0 278132 202198
Dry matter 811214 788128 81127 81.8+1.8
Energy 79.5£1.9 771139 794+ 36 809+26
Total tract Protein 79.5:4.4 779132 78.314.4 81.0£3.2
NSP 56.5 #3.9 56.6 £6.6 60.3+3.4 643151
Phytate 62.8 £ 10.2 5521228 52.9+6.6 64.8 £26.3

'Mean £ SD (n= 4).
3Means within a row with no common superscripts are significantly different (P<0.05).
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anterior digestion of nutrients would also decrease proliferation of the microbial population in the
lower gut, therefore decreasing the digestive upsets. This may explain why there is less digestive
disorders observed with enzyme supplementation (Inborr and Ogle, 1988). In addition, Bohme
(1990) suggested that improved starch digestibility in the small intestine by xylanase and B-glucanase
supplementation may be attributed to the release of starch encapsulated by the cell wall structure.
In this context, both aranbinoxylans and P-glucans are the major components of the cell walls of
barley and wheat. They are linked to other cell wall components such as cellulose, lignin, polyphenols
or glycoproteins to form an effective physical barrier which would restrict the access of endogenous
enzyme to nutrients enclosed within the cells (Classen and Bedford, 1991). This, in turn, could
reduce or delay the digestion of nutrients in the small intestine. When comparing seven barley
cultivars (including two hulless types), Perez et al. (1983) determined the digestible energy content
to decrease by 110 kcal kg™ for each 1% increase in crude fibre content. Moreover, in early-weaned
pigs fed different levels of canola meal, the decrease in digestibility of protein and energy was
negatively correlated with the fibre content. Since the canola meal-based diets used in this particular
study contained very low level of glucosinolates (1.1umol g), the major negative effect was thought
to originate from the high fibre content of a diet (Danielsen et al, 1994). It is believed, that
carbohydrase enzymes can disrupt the cell wall integrity through degradation of aranbinoxylans, -
glucans, cellulose and other cell wall components. This, in turn, would allow the host digestive
enzymes to access the cell contents (Hesselman and ;\man, 1985, 1986) and could result in increased
nutrient digestibility.

Since starch is the main energy source in animal diets, more pronounced improvement in

energy digestibility observed in the current study by Enzyme B supplementation would indicate that
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additional starch-hydrolyzing enzymes are necessary to augment the insufficient secretion of
pancreatic amylases in early-weaned pigs. The results of the current study are in agreement with the
reports by Inborr et al. (1991a, 1993) which indicated that the use of single 3-glucanase preparation
did not influence the starch digestibility while a combination of amylase, xylanase and 3-glucanase
increased starch digestibility in the small intestine. The results of the current study confirmed the
hypothesis that a multi-enzyme preparation would be necessary for an effective breakdown of the cell
wall structure and more complete nutrient digestion by young monogastric animals.

Although in the phase I of Experiment 1 the inclusion of Enzyme B increased the total tract
digestibility of protein by 8% (P<0.05), only a tendency and no significant increase in protein
digestibility was observed in two segments of the small intestine in Experiment 2. In general, the
literature data on the effect of enzyme supplementation on protein utilization are contradictory. Some
reports showed an increased protein digestibility with enzyme supplementation (Graham et al., 1988;
Thacker et al., 1988, 1992a; Bedford et al., 1992; Li et al, 1996) while others reported no effect of
either single enzyme source (Jensen et al., 1998; Graham et al., 1988a; Gdala et al., 1997; Thacker
et al., 1992b) or multi-enzyme preparation (Gdala et al., 1997; Inborr et al., 1993). Bedford et al.
(1992) speculated that supplemental enzyme may increase the digestion of soybean meal protein.
Baidoo et al. (1998) reported the increase in protein digestibility in an enzyme supplemented canola
meal-based diet. It is believed that the combination of various enzyme activities may release the
protein from the aleurone layer of barley and wheat or improve protein digestibility in soybean and
canola meal. In addition, protease can strengthen the ability of piglets to digest protein. Increased
protein digestibility in pea-based diet by xylanase/amylase addition (Owusu-Asiedu, 1998) and

soybean meal diet by cellulase/B-glucanase/protease addition (Nasi, 1991) in pigs were observed.
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Protease has also been shown to break down the protease inhibitors, androgenic protein and lectins
of soybean meal (Classen et al., 1993). Decreased endogenous nitrogen losses by enzyme
supplementation may also contribute to the increase in the overall protein utilization (Inborr and
Bedford, 1994; Jensen et al, 1994).

There was no significant difference in phytate digestibility between Diet 1 and Diet 2 in both
experiments and no significant improvement in phytate digestibility was observed for enzyme
supplemented diets (Tables 10 and 11). However, some tendency towards increased phytate
digestibility with enzyme supplementation could be attributed to the trace amounts of phytase activity
present in the Enzyme B. Under normal dietary condition, phytate phosphorus is poorly utilized by
the monogastric animals as they lack a significant amount of endogenous phytase. In the current
study, the digestibility of phytate for Diet 1 and 2 averaged 2.3 and 3.8% for the middle segment and
18.9 and 19.1% for the lower segment of the small intestine, respectively.

In general, phytate can chelate certain minerals (ie., Ca, Co, Cu, Fe, Zn) and causes mineral
deficiency in animals (Harland and Oberleas, 1996). Phytate can also form complexes with protein,
free amino acids and starch therefore decreasing their availability (Kies et al., 1997). It has been
documented that exogenous phytase addition to poultry and pig diets can significantly improve
phytate phosphorus availability and decrease phosphorus excretion (Sebastian et al, 1998).

There was no treatment effect on total NSP digestibility although there was a trend (P>0.051)
towards their improved utilization with Enzyme B supplementation in phase I of Experiment 1. With
regard to the NSP component sugars, the digestibility of mannose and galactose significantly
decreased in phase | of Experiment 1 when corn and soybean meal were substituted with barley and

canola meal. This may be attributed to the higher [3-glucan content in Diet 2 as it contained a type
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of hulless barley (var. CDC Buck) known for its high 3-glucan content, which may has negative effect
on NSP component sugar digestibility. However, as compared to the negative control (Diet 2), the
digestibility of xylose, mannose and galactose increased significantly (P<0.05) with Enzyme A and
B supplementation and was equal to (mannose, galactose) or greater (xylose) than that of positive
control (Diet 1)(Table 12). Total NSP digestibility determined in the current study (30-40% in the
small intestine and 60-70% in feces) was higher than that reported earlier for barley-based diets
(Jensen, et al., 1998; Baidoo et al; 1998; Gdala, et al., 1997) but in agreement with the results on
wheat-based diet fed to pigs (Baidoo et al., 1998). Lack of significant increase in the total NSP
digestibility observed in the current study is in agreement with the results by Graham et al. (1986,
1988a) and Gdala et al. (1997). However, both enzyme supplements A and B significantly increased
the digestibility of mannose (by 4.5 and 5.8%), galactose (by 5.0 and 6.8%), xylose (by 11 and 15%)
and arabinose (by 9 and 11%), respectively in phase L.

In general, the degradation of NSP depends upon their source, structure and type of enzymes
used. Inborr et al. (1993) suggested that fibre-degrading enzymes would be more effective on water-
soluble rather than water-insoluble substrates. In the current study, however, the diets contained a
substantial amounts of wheat, soybean meal and canola meal, all known to contain a relatively high
proportion of water-insoluble NSP. This may partially explain why the effect of enzyme
supplementation on total NSPs digestibility was not significant.

In contrast to the total NSP, a more pronounced effect of enzyme addition on B-glucans
digestion was observed (Inborr et al., 1993; Jensen et al., 1998). Numerous studies have shown that
the inclusion of B-glucanase improved the digestibility of 3-glucans in barley-based diet and resulted

in improved performance and nutrient digestibility in pigs (Graham et al.,1988; Inborr et al., 1993)



Table 12. Fecal digestibility of non-starch polysaccharides (NSP) in earfy-weaned pigs (Phase | and Il;
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Experiment 1)

Phase Component Diet 1 Diet 2 Diet 2 + Diet 2 +
sugar Enzyme A Enzyme B
Rhamnose 54.9 £ 16.6' $1.2 £20.1 39.7+7.9 443172
Arabinose 53.4 £2.5% 48.3+£85° §7.1£4.7% 59.5 14.5°

! Xylose 50.8 £2 9° 50.7£9.5° 61.8+4.4° 654129
Mannose 88.9+ 16" 82.5+3.5° 87.0+1.7° 88.3 £1.9°
Galactose 81.3t0.8° 754 £4.0° 80.5 +2.1° 82.1 2 4°
Glucose 54.5 £18.6 §2.0 $+16.2 66.1£6.9 70.3£90
Uronic acids 640%£59 584193 606 5.7 676 +£6.2
Total NSP 649140 64.1%5.0 68.4 3.8 71.5+4.2
Rhamnose 4311130 416+£26.9 40.4 £ 15.0 50.9 +17.6
Arabinose 51323 50.9£6.5 523%1.7 554124

I Xylose 54.2£2.7° 576+56° 61.2+1.4% 62.9132°
Mannose 843120 846120 87.8 +2.6 86.810.9
Galactose 778 £ 1.6 75.7+£13 7779021 787+ 1.1
Glucose 59.2+8.0 64.1+6.4 69.0 £+ 8.9 67.8+7.2
Uronic acids 64.2+7.0 §2.545.0 57.7 4.7 59.7 £9.6
Total NSP 592138 60.7 £ 4.6 643123 65.2+4.6

"Mean £ SD (n = 5 in phase | and n = 6 in phase Il).
*Means within a row with no common superscripts are significantly different (P<0.05).
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Several studies indicated that pigs can degrade considerable amounts of 3-glucan and arabinoxylan
(Thacker and Bass, 1996; Graham et al., 1988). Growing pigs (30 to S0kg) have 10°g™ lactobacilli
in the duodenal and ileal digesta with [-glucan degrading ability. In some cases, no or little B-
glucans were detected in the feces (Graham et al.,, 1986, 1989; Li et al., 1994, 1996). This may
explain why enzyme supplements are often less effective in pigs than in the chickens. In addition, it
has been indicated that endogenous enzymes present in barley or wheat may also play a significant
role in degradation of B-glucan in the small intestine of the pig (Bach Knudsen et al., 1993).

In the current study, no significant effect of diet or enzyme addition on digesta viscosity was
observed (Table 13). This is in agreement with the results by Inborr et al. (1991a) and Bedford et
al. (1992) but in contrast to the study by Jensen et al. (1998) who found a decrease in intestinal
viscosity of piglets fed a B-glucanase supplemented diet.

It is believed that in poultry and more specifically in young chicks the decreased viscosity
following enzyme addition is responsible for the improvement in performance and nutrient
digestibility. The viscosity and gelling properties of NSP tend to hinder intestinal motility, therefore
decreasing the mixing of digesta, digestive enzymes and other components required for digestion and
absorption (Fengler and Marquardt, 1988). Carbohydrase enzymes can break down the soluble NSPs
therefore reducing or eliminating the viscosity effect. In the pig, however, the small intestine digesta
contain less dry matter (10%) than in chicks (20%)(Classen and Bedford, 1991). Therefore, the
average digesta viscosity in pigs is 100 fold lower than that determined in the chicken. In some cases,
enzyme supplementation of the pig diets even increased the intestinal viscosity (Bedford et al., 1992,
Graham et al., 1988). Therefore, it would appear that any improvement in pig performance and

nutrient digestibility with carbohydrase supplementation may be attributed to the release of nutrients



Table 13. Effect of enzyme supplementation on digesta viscosity (cPs) and pH of different compartments

of the gastrointestinal tract of early-weaned pigs (Experiment 2)'

Diet 1 Diet 2 Diet 2 + Diet 2 +
Enzyme A Enzyme B
Stomach Viscosity 1.69 £ 0.25° 1.8210.17 1.77+£0.20 1.801+0.16
pH 3.52+0.44 3.98+0.69 4.1410.30 4.01+0.58
Small intestine
Upper segment  Viscosity 1.54 £ 0.22 1.70£0.14 1.74 £ 0.16 1.80+0.22
pH 555+0.19 555+0.19 549+£0.16 555 +0.21
Middle segment Viscosity 2.13+£0.59 2.32 +£+0.39 205+0.14 2.31+£0.23
pH 6.25+0.18 6.12£0.39 6.26 £ 0.36 6.21 £0.80
Lower segment Viscosity 3.36 £0.95 385+1.0 293x0.72 35215
pH 6.76 £ 0.25 6.82+0.14 6.41 £0.33 640+ 0.7
Cecum pH 6.00 £ 0.41 559 +£0.36 5.68 £ 0.21 572+ 0.17
Colon pH 6.00 £ 0.45 5.69 £ 0.37 6.17 £ 0.49 590+0.18

'No significant treatment effects were observed (p>0.05).

2 Meanz SD (n= 6).
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encapsulated by the cell wall structure, decrease of endogenous losses (nitrogen and electrolytes) or
changes in gut microflora rather than viscosity reduction.

In the current study, greater digestibility of dry matter, energy and protein was observed for
the Enzyme B supplemented diet than that of Enzyme A. The difference between Enzyme A and B
was such that the latter contained the amylase, protease, carbohydrase and other enzyme activities
(Table 7) in addition to the conventional xylanase and [3-glucanase present in the Enzyme A (Table
7). This would indicate that a multi-enzyme preparation may be necessary for the young pigs as they
may be deficient in certain digestive enzymes. Owusu-Asiedu (1998) also found that a combination
of xylanase and amylase was more effective in increasing feed conversion ratio in young pigs (4 to
10 kg) than in older pigs (10 to 20 kg).

The digestive capability of the GI tract would appear to play a major role in the performance
of young pigs since the weaning may depress the secretion of digestive enzymes (Efrid et al., 1982;
Lindemman et al., 1986; Markkink et al., 1994). Although the level of pancreatic enzymes, including
lipase, amylase, chymotrypsin and trypsin increases with age, weaning at four weeks of age decreased
the levels of these enzymes dramatically (Lindemman et al., 1986; Chesson, 1990). The reduction
in enzyme activity may cause impaired nutrient utilization, growth depression (known as post-
weaning lag; Okai, 1976) and digestive disorder due to malabsorption (Hampson and Kidder, 1986).
[t is also believed that the depression in piglet growth at weaning has a deleterious effect on their
lifetime performance (Whitemore, 1985). Incomplete digestion of nutrients in the small intestine may
lead to their enhanced fermentation by the hint gut microflora and consequently may cause excessive
proliferation of microbes. Addition of enzymes to augment the animal’s own digestive capacity may

prevent such negative effects. Since the development of microbial population increases with age, it
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is reasonable to assume that the enzyme supplements containing a broad spectrum of enzyme
activities including amylase, protease and lipase activities would be more beneficial for younger (5
to 10 kg) than older pigs (10 to 20 kg).

In general, replacing corn (100%) and soybean meal (25%) with barley and canola meal
decreased nutrient digestibility in early-weaned pigs, but this situation was alleviated by enzyme
supplementation. With enzyme supplementation, the digestibility of diet containing barley and canola

meal was equal to or greater than that observed for the corn and soybean meal diet.

Plasma Urea Nitrogen

As shown in Table 14, plasma urea nitrogen level was not influenced by enzyme
supplementation in Experiment 1, regardless of the significant increase in protein digestibility and
a tendency towards increased ADG and FCR. This is in contrast to research by Coma et al. (1995),
who demonstrated that a reduction in plasma urea nitrogen level is an indication of more efficient
utilization of amino acids. Owusu-Asiedu (1998) also found a reduced plasma urea nitrogen level
in piglets fed enzyme supplemented pea-based diet. However Richert et al. (1994) found that early-
weaned pigs fed a high quality diet supporting the greatest performance (ADG, FCR) and digestibility
of nutrients (DM, nitrogen) had the highest plasma urea nitrogen level. Therefore, it has been
suggested that plasma urea nitrogen is not a good indicator of the nutritional value of the feed. It
is speculated from the current research that the relationship between nitrogen utilization and plasma

urea nitrogen level may by related to the composition of a diet.
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Table 14. Effect of enzyme supplementation on plasma urea nitrogen level of early-weaned

pigs (Phase | and II; Experiment1) (mg/dp’

Diet 1 Diet 2 Diet 2 + Diet 2 +

Enzyme A Enzyme B

Initial level 5.09 £ 1.96° 4254103 477£1.74 5172 2.1
End of phase | 8.40 £ 2.20 7681£223 8.45 £ 2.56 8.11 £ 2.08
End of phase [I  10.26 & 2.81 9.36 £ 2.21 10.17 £ 3.09 9.80 £ 2.64

'No significant treatment effects were observed (p>0.05).
?Mean + SD (n = 6).
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Digesta pH

The pH value determined in current research is in line with results reported by other
researchers (Thacker and Bass, 1996; Bedford et al., 1992). Neither diet nor enzyme supplementation
affected the pH in the stomach, small intestine and large intestine (Table 13). This is in agreement
with research by Bedford et al (1992 ) who indicated that supplemental -glucanase in barley-based
diet had no effect on digesta pH in the small intestine. It is believed that a low pH in the GI tract is
necessary to activate pepsinogens and to prevent movement of a viable bacteria into the upper small
intestine. Early-weaning may reduce the capacity of piglets to produce gastric acid and may have a

negative effect on digestion (Easter, 1988).

Organ Size Evaluation

The weight of pancreas, liver, spleen, kidney, stomach, small intestine, cecum, colon and
the length of the small intestine were not affected (P>0.05) by diet or enzyme supplementation
(Tables 15 and 16). Jensen et al. (1998) found that glucanase supplementation did not affect the
weight of pancreas but increased the amount of protein per gram of tissue. Boychuk (1997) found
no significant increase in stomach weight of finisher pigs fed a diet in which corn was substituted
with micronized barley. It is assumed that the high level of dietary fibre in diet may enhance the size
of organs. Kuan et al. (1983) found the length and weight of various sections of the gut to increase
as the level of lucerne leaf meal increased. The concentration of NSP and other fiber components in

the diets used in the current experiments was probably not high enough to affect the organ size.
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Tabie 15. Effect of enzyme supplementation on the weight of pancreas, liver, spleen and
kidney of early-weaned pigs (Experiment 2)(g/kg body weight)’

Diet 1 Diet 2 Diet 2 + Diet 2 +
Enzyme A Enzyme B
Pancreas 3.1202° 34206 31+06 34206
Liver 365+22 37.1:5.8 382:38 403+ 71
Spieen 27+03 3305 2907 30+07
Kidney 7.390.7 66+0.4 73£10 72215

*No significant treatment effects were observed (p>0.05).

2Mean £ SD (n = 6).



Table 16. Effect of enzyme supplementation on the size of the gastrointestinal tract of early-weaned pigs

(Experiment 2)'
Diet 1 Diet 2 Diet 2 + Diet2 +
Enzyme A Enzyme B
Stomach (g/kg body weight) 12.721.9° 11.941.5 12.821.5 13.5¢2.1
Small intestine (g/kg body weight) 53.01£3.3 53.616.1 60.146.0 58.2¢9.0
(cm/kg body weight) 113.1£24.3 109.8£27.7 105.7+10.9 112.1£16.7

Cecum (g/kg body weight) 3.240.3 3.7¢0.8 3.2+0.4 3.540.9
Colon (g/kg body weight) 22.7£1.3 22.813.6 23.3+4.7 22.218.4

'No significant treatment effects were observed (p>0.05).
*Mean % SD (n = 6).
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Cost Benefit of Enzyme Supplementation

The price of diets and the cost per kg of body weight gain is shown in Tables 17,18 and 19.
As compared to the positive control, in phase I the cost per kg of body gain was lower by $0.019
and $ 0.031 in pigs fed diets supplemented with Enzyme A and B, respectively; and in phase II is
$0.006 lower by enzyme B Supplementation. The results of the current study demonstrate the
economic advantage to the hog producers from using an enzyme supplemented diet and indicate a
higher benefit from the use of a more diversified enzyme preparation (ie., Enzyme B).

The choice of grain is related to the geographical location of feed ingredient production. In
situations when the price of corn and soybean increases, barley and canola meal could be valuabie
alternatives for more flexible ration formulation.

Increased nutrient digestibility with enzyme supplementation would also result in less nutrients
being excreted into environment which is extremely important from the environmental pollution

standpoint and the economics of animal production.



Table 17. Price of diets used in phase | of the pig experiment 1and 2
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Ingredient Diet (kg) Price (§)

Diet 1 Diet 2 Diet2+ Diet2+ Ingredient  Diet 1 Diet 2 Diet 2+ Diet 2 +

Enzyme A Enzyme B (Price/tonne) Enzyme A Enzyme B

Wheat 46.0 46.0 46.0 46.0 121 5.57 5.57 5.57 5.57
Com 230 0 0 0 112 2.58 0 0 0
Hulless barley 0.0 23.0 23.0 230 108 0 2.48 248 248
Soybean meal 12,5 9.25 9.25 9.25 237 295 2.19 219 219
Canola meal 0.0 3.0 3.0 3.0 143 0 0.43 0.43 0.43
Fish meal 40 40 40 40 985 3.94 3.94 3.94 3.94
Spried dried plasma 3.0 3.0 3.0 30 4900 14.7 14.7 14.7 14.7
Whey 4.0 40 40 40 914 3.66 3.66 3.68 3.66
Vitamin-mineral premix 5.0 5.0 5.0 50 854 4.27 4.27 4.27 427
Canola oil 20 20 20 20 690 1.38 1.38 1.38 1.38
Lysine-HCI 04 0.5 0.5 0.5 2850 1.14 143 1.43 1.43
Threonine 0.14 0.25 0.25 0.25 5000 0.7 1.25 1.25 1.25
Enzyme 0.0 0.0 Trace Trace ... 0 0 0.03 0.05
Total 100.0 100.0 100.0 000 ... 40.881 41292 41322 41.342
Price $/kg) ... 0.4088 04129 0.4132 0.4134
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Table 18. Price of basal diets used in phase !l of the pig experiment 1

Diet (kg) Price (§)

ingredient Diet 1 Diet 2 Diet 2+ Diet 2 + IngredieM  Diet 1 Diet 2 Diet 2+ Diet 2 +
Enzyme A Enzyme B (Priceftonne) Enzyme A Enzyme B

Wheat 46.0 46.0 46.0 46.0 121 5.57 5.57 5.57 5.57
Com 26.0 0 0 0 112 29 0 0 0
Hulless barley 0.0 26.0 26.0 26.0 108 0 281 2.81 281
Soybean meal 14.46 9.25 9.25 9.25 237 343 219 219 219
Canola meal 0.0 3.0 3.0 .30 143 0.00 0.43 0.43 0.43
Fish meal 4.0 40 40 4.0 985 3.94 3.94 3.94 3.94
Whey 4.0 4.0 4.0 4.0 914 3.66 3.66 3.66 3.66
Vitamin-mineral premix 5.0 5.0 5.0 50 854 427 4.27 4.27 427
Canola oil 20 20 20 20 690 1.38 1.38 1.38 1.38
Lysine-HC! 0.4 0.5 0.5 0.5 2850 1.14 143 1.43 143
Threonine 0.14 0.25 0.25 0.25 5000 0.70 1.25 1.25 1.25
Enzyme 0 0 Trace Trace 0 0 0.03 0.05
Total 102.0 100.0 100.0 1000 ... 26.991 26.916 26.946 26.966

Price ($/kg) v e e e 0.2646 0.2692 0.2695  0.2697




Table 19. Cost per kg of gain for early-weaned pigs (Phase | and li; Experiment 1)
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Diet 1 Diet 2 Diet 2+ Diet 2+
Enzyme A Enzyme B

Feed/Gain 1.27 1.21 1.21 1.18
Price of feed ($/kg) Phase | 0.4088 0.4129 0.4169 0.4169
Cost/gain ($/kg) 0.519 0.500 0.504 0.492
Feed/Gain 1.45 1.44 1.46 1.40
Price of feed ($/kg) Phase il 0.2646 0.2692 0.2732 0.2732
Cast/gain ($/kg) 0.384 0.388 0.399 0.382
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Summary and Conclusions

A performance/digestibility trial and a slaughter trial were conducted to determine the effect
of dietary substitution of corn and soybean meal with hulless barley and canola meal on the
performance and nutrient digestibility of early-weaned pigs. Supplementation of the early-weaned
pig diet with a new enzyme preparation containing xylanase, (3-glucanase, amylase, protease and a
broad spectrum of other enzyme activities was also investigated.

Replacing corn (100%) and soybean meal (25%) with barley and canola meal decreased
digestibility of some nutrients but this situation was alleviated by enzyme supplementation.
Significantly increased nutrient digestibility with enzyme supplementation did not transiate to the
statistically significant improvement in pig performance probably due to too few pigs inthe trial. The
results suggest that with enzyme supplementation, barley and canola meal could be included in the
early-weaned piglet’s diet without comprising performance.

With enzyme supplementation, a shift in nutrient digestion site from the large intestine to the
small intestine was noted and was considered beneficial from the efficacy of nutrient utilization
standpoint. Viscosity was not influenced by either enzyme inclusion suggesting, as opposed to
chickens, its minor relevance to the utilization of nutrients by pigs. More pronounced increase in
digestibility of nutrients with Enzyme B supplementation suggests that a multi-enzyme preparation
is needed to overcome the problems associated with early weaning.

The results of the current study clearly demonstrate that the research directed towards
improvements of the conventional xylanase and [3-glucanase preparation has a great likehood of

success and should result in further improvement in early-weaned pig performance.



71

References

Annison, G. 1991. Relationship between the levels of soluble non-starch polysaccharide and the
apparent metabolizable energy of wheats assayed in broiler chickens. J. Agric. Food
Chem. 39: 1254-1256.

Annison, G. and Choct, M. 1991. Anti-nutritive activities of cereal non-starch polysaccharides in
broiler diets and strategies minimizing their effects. World’s Poult. Sci. J. 47:232-242.

Annison, G. and Choct, M. 1993. Enzymes in poultry diets. In: Wenk, C. and Boessinger, M. E_,
eds. Enzymes In Animal Nutrition. Kartause, Ittingen, Switzerland. 61-68.

Antoniou, T. C. and Marquardt, R. R. 1982. The utilization of rye by growing chicks as influenced
by autoclave, treatment, water extraction and water soaking. Poult. Sci. 61: 91-102.

AOAC. 1990. Official Methods of Analysis. 15" edn. Association of Official Analytical Chemists.
Washington DC.

Bach Knudsen, K. E. 1997. Carbohydrate and lignin content of plant materials used in animal
feeds. Anim. Feed Sci. Technol. 67: 319-338.

Bacic, A. and Stone, B. A. 1981. Chemistry and composition of aleurone cell wall components
from wheat andbarley. Aust. J. Plant Physiol. 8:475-495.

Baidoo, S. K. and Aherne, F. X. 1985. Canola meal for livestock and poultry. Agric. Forest. Bul.
8:21-26.

Baidoo, S. K., and Liu, Y. G. 1998. Hull-less barley for swine: ileal and fecal digestibility of

proximate nutrients, amino acids and non-starch polysaccharides. J. Sci. Food Agric. 76:



72
397-403.

Baidoo, S. K., Mitaru, B. N, Aherne, F. X. and Blair, R. 1987. The nutritive value of canola meal
for early-weaned pigs. Anim. Feed Sci. Technol. 18: 45-53.

Baidoo, S. K, Liu, Y. G., and Yungblut, D. 1998. Effect of microbial enzyme supplementation
on energy, amino acid digestibility and performance of pigs fed hulless barley based diets.
Can. J. Anim. Sci. 78: 625-631.

Bass, T. C. 1994. Impact of gastric pH on enzyme activity and survivability in swine fed enzyme
supplemented diets. M.Sc.Thesis, University of Saskatchewan, Saskatchoon.

Bedford, M. R. 1993. Mode of action of feed enzymes. J. Appl. Poult. Nutr. 2: 85-92.

Bedford, M. R., Patience, J. F., Classen, H. L. and Inborr, J. 1992. The effect of dietary enzyme
supplementation of rye- and barley-based diets on digestion and subsequent performance
in weanling pigs. Can. J. Anim. Sci. 72: 97-1085.

Bedford, M. 1997. Feed ingredient variability. Poult. Int. 37:56-59.

Bell, J. M. And Keith, M. O. 1989. Factors affecting the digestibility by pigs of energy and protein
in wheat, barley and sorghum diets supplemented with canola meal. Anim. Feed Sci.
Technol. 24: 253-265.

Bell, J. M. and Keith, M. O. 1993. Effects of combinations of wheat, corn or hulless barley with
hulled barley supplemented with soybean meal or canola meal on growth rate , efficiency
of feed utilaization and carcass quality of market pigs. Anim. Feed Sci. Technol. 44:129-
150.

Bell, J. M. and Ahern, F. X. 1981. Canola meal for pigs. In: D. R. Clandinin. Ed. Canola Meal for

Livestock and Poultry. Canola Council of Canada. Pub. 59. P. 18-21.



73

Bell, J. M. and Shires, A. 1982. Composition and digestibility by pigs of hull fractions from
rapeseed cultivars with yellow or brown seed coats. Can. J. Anim. Sci. 71: 557-565.

Bell, J. M., Shires, A. and Keith, M. O. 1983. Effect of hull and protein contents of barley on
protein and energy digestibility and feeding value for pigs. Can. J. Anim. Sci.63:201-211.

Bhatty, R. S., Christion, G. I. And Rossnagel, B. G. 1979. Energy and protein digestibilities of
hulled and hulless barley determined by swine feeding. Can. J. Anim. Sci. 59: 585-588.

Bhatty, R. S. and Rossnagel, B. G. 1979. Nutritional requirement in feed barley. In: Proc. 4® Int.
Barley Genetics Symp. Edinburgh. UK. Pp 341.

Bhatty, R.S. 1986. The potential of Huless-barley- a review. Cereal Chem. 63: 97-103.

Bhatty, R.S., Berdahl, J.D.and Christison, G. I. 1975. Chemical composition and digestible energy
of barley. Can. J. Anim. Sci. 55:759.

Bjergegaard, C., Egguml, B, O., Jensen, S. K. and Sorenden, H., 1991. Dietary fibres in oilseed
rape: physiological and antinutritional effects in rats of isolated IDF and SDF added to a
standard diet. J. Anim. Physiol. Anim. Nutr. 66: 69-79.

Bohme, H. 1990. Experiments on the effect of enzyme supplementation as a growth promotor for
piglets. Landbauforsch, Voelkenrode. 40: 213-217.

Boychuck, J. L. L. 1997. Evaluation of micronized dehulled barley for pigs and broiler chickens.
M. Sc. Thesis. University of Manitoba.

Caine, W. 1997. lleal recovery of endogenous amino acids in pigs. PhD. Thesis, University of
Wagenningen. P. 18-33.

Calvent, R., Schneeman, B. O., Satchithanandam, S., Cassidy, M. M. and Vahouny, G. V. 1985.

Dietary fibre and intestinal adaption: effects on intestinal and pancreatic digestive enzyme



74
activities. Am. J. Clin. Nutr. 41: 1249-1256.

Campbell, G. L. and Bedford, M. R. 1992. Enzyme applications for monogastric feeds: A review.
Can. J. Anim. Sci. 72: 449-466.

Campbell, G. L., Classen, H. L. and Goldsmith, K. A. 1983. Effect of fat retention on the
rachitogentic effect of rye fed to broiler chickens. Poult. Sci. 62: 2218-2223.

Campbell, G. L., Clasen, H. L., Reichert, R. D. and Campbell, L. D. 1983. Improvement of
nutritive value of rye for broiler chickens by gamma irradiation-induced viscosity
reduction. Br. Poult. Sci. 24: 205.

Campbell, L. D. 1997. Available amino acids in hulless barley for poultry and swine. In:
Proceedings of 8" Western Nutrition Conference. P. 109-114.

Castell. A. G. and Bowren, K. E. 1980. Composition of barley cultivars in diets for finishing pigs.
Can. J. Anim. Sci. 60: 159-167.

Castonon, J. I. R. and Marquardt, R. R. 1989. Effect of enzyme addition, autoclave treatment and
fermenting on the nutritive value of field beans (vicia fabal.). Anim. Feed. Sci. Technol.
26: 71-79.

CCAC. 1980. Guide to the Care and use of Experimental Animal (vol 1). Canadian Council of
Animal Care. Ottawa, ON, Canada.

Cera, K. R, Mahan, D. C. and Reinhart, G. A. 1988. Weekly digestibilities of diets supplemented
with corn oil, lard or tallow by weanling swine. J. Anim. Sci. 66: 1430-1437.

Charlton, P. 1996. Expanding enzyme application: Higher amino acid and energy values for
vegetable proteins. In: T. P. Lyons and K. A. Jacques, eds. Biotechnology in the Feed

Industry. Proceedings of Alltech’s 12® Annual Symp. Nottingham University Press,



75
Loughborough, Leics. UK. P. 317-326.

Chesson A. 1990. Effects of supplementary enzymes in barley diets. Palau de congressos de la fira
de Barcelona (Barcelona). 1-18.

Chesson, A. 1993. Feed enzymes. Anim. Feed Sci. Technol. 45: 65-79.

Chesson, A. 1987. Supplementary enzymes to improve the utilization of pig and poultry diets. In:
W. Haresign and D. J. A. Cole, Eds. Recent Advances in Animal Nutrition. Butterworths,
Oxford. P. 71-91.

Choct, M. and Annison, G. 1992. The inhibition of digestion by wheat pentosans. Bri. J. Nutr. 67:
123-132.

Choct, M. And Annison, G. 1990. Anti-nutritive activity of wheat pentosans in broiler diets. Bri.
Poult. Sci. 30: 811-821.

Classen, H. L., Campbell, G. L., Rossnagel, B. G., Bhatty, R. S. and Reichert, R. D. 1985. Studies
on the use of hulless barley in chick diets : Deleterious and methods of alleviation. Can. J.
Anim. Sci. 65: 725.

Classen, H. L., Balnave D. and Bedford, M. R. 1993. In: A. F. B. van der Poel, J. Huisman and
H. S. Saini, eds. Recent Advances of Research in Antinutritional Factors in Legume
Seeds. Wageningen pers, The Netherlands. P. 501-516.

Classen, H. L. and Bedford, M. R. 1991. The use of enzymes to improve the nutritive value of
poultry feeds. In: W. Haresign and D. J. A. Cole, Eds. Recent Advances in Animal
Nutrition. Butterworths, Oxford. P. 95-116.

Classen, H, L., Campbell, G. L. and Grootwassink, J. W. D. 1988. Improved feeding value of

Saskatchewan-grown barley for broiler chickens with dietary enzyme supplementation.



76
Can. J. Anim. Sci. 68:1253-1259.

Classen, H. L., Scott, T. A., Irish, G. G, Hucl, P. Swift, M. and Bedford, M. R. 1995.
Proceedings of the WPSA 10" European Symposium on Poultry Nutrition, Antalya-
Turkey, 169-175.

Classen, H. L. 1996. Cereal grain starch and exogenous enzymes in poultry diets. Anim. Feed Sci.
Technol. 62: 21-27.

Collier, B. and Hardy, B. 1986. The use of enzymes in pig and poultry feeds. Part 2. Results of
animal trials. Feed Compounder. 6: 28-30.

Coma, J., Carrion, D. and Zimmerman, D. R. 1995. Use of plasma urea nitrogen as a rapid

response criterion to determine the lysine requirement of pigs. J. Anim. Sci. 73: 472-481.

Combs G. E., Conness, R. G, Berry, T. H., Wallace H. D. 1967. Effect of raw and heated
soybeans on gain, nutrient digestibility, plasma amino acids and other blood constituents
of growing swine. J. Anim. Sci. 26:1067-1071.

Cook, D. A, Jensen, A. H., Fraley, J. R, Hymowitz, T. 1988. Utilization by growing and finishing
pigs of raw soybeans of low Kunitz trypsin inhibitor content. J. Anim. Sci. 66:1686-1691.

Corring, T., Aumaitre, A. and Durand, G. 1978. Development of digestive enzymes in piglet from
birth to 8 weeks. 1. Pancreas and pancreatic enzymes Nutr. Metab. 22:231-243.

Cos, R., Esteve-garcia, E. and Brufau, J. 1993. Effect of B-glucanase in barley based diets and
xylanase in wheat based diets for weaning piglets. In: Wenk, C. and Boessinger, M. E.,
eds. Enzymes In Animal Nutrition. Kartause, Ittingen, Switzerland. 129-132.

Cowan, W. D. 1997. Feed enzymes, mode of action, stability and application systems for wheat



77

based diets. Proceedings of the 8* Western Nutrition Conference. 15-22.

Cromwell, G. L., Cantor, A. H., Stahly, T. S. and Randolph, J. H. 1988. Efficiency of B-glucanase
addition to barley-based diets on performance of weanling and growing-finishing pigs and
broiler chicks. J. Anim. Sci. 66 (suppl. 1): 461 (abstr.).

Danicke, S., Dusel, H,, Jeroch, G. and Kluge, H. 1998. Efficiency of NSP-degrading enzymes in
rations for pigs and poultry. 49* Annual meeting of the EAAP Commission on Animal
Nutrition. Warsaw, Poland. P. 1-15.

Danielsen, V., Eggum, B. O., Jensen, S. K. and Scrensen, H. 1994. Dehulled protein-rich
rapeseed meal as a protein source for early weaned piglets. Anim. Feed Sci. Technol. 46:
239-250.

de Lange, C. F. M., Sauer, W. C ,, Mosenthin, R. and Souffrant, W. B. 1989. The effect of
feeding different protein-free diets on the recovery and amino acid composition of
endogenous protein collected from the distal ileum and feces in pigs. J. Anim. Sci. 67: 746-
754.

Dierick, N. A. and Decuypere, J. A. 1994. Supplementary enzymes to improve utilization of pig
diets. Proceedings 45™ Annual Meeting of EAAP , Edinburgh.

Disterhoft , E. -M., Verbruggen, M. A., Gruppen, H., Kormelink, F. J. M. and Voragen, A. G.
J. 1993. Coorperative and synergistic action of specific enzymes enhances the degradation
of non-starch polysaccharides in animal feed. In: Wenk, C. and Boessinger, M. E | eds.,
Enzymes In Animal Nutrition. Kartause, Ittingen, Switzerland. P. 29-32.

Easter, R. A. 1988. Acidification of diets for pigs. In: W. Haresign and D. J. A. Cole, Eds. Recent

Advances in Animal Nutrition. Butterworths, Oxford. P. 61-70.



78

Efird, C., Armstrong, W. D. and Herman, D. L. 1982. The development of digestive capacity in
young pigs: effects of weaning regimen and dietary treatment. J. Anim. Sci. 55: 1370-
1379.

Elwinger, K. and Tégléf, B. 1991. Performance of brolier chickens as influenced by a dietary
enzyme complex with and without antibiotics supplementation. Arch. Gefligelk. 55: 69-
73.

Englyst, H. N. and Cummings, J. H. 1984. Simplified method for the measurement of total non-
starch polysaccharides by gas-Liquid Chromatography of constituent sugars as alditol
acetates. Analyst. 109: 937-942.

Fadel, J., Newman, R.K., Newman, C. W. and Barnes, A. E. 1987. Hypocholestrolemic effects
of B-glucans in different barley diets fed to broiler chicks. Nutr. Rep. Int. 57-257.

Feighner, S. D. and Dashkevicz, M. P. 1988. Effect of dietary carbohydrates on bacterial
cholytaurine hydrolase in poultry intestinal homogenates. Appl. Environ. Microbiol., 54:
337-342.

Fengler, A. I. and Marquardt, R.R. 1988. Water-soluble pentosans from rye: II. Effects on rate
of dialysis and on the retention of nutrients by the chicks. Cereal Chem. 65: 298-302.

Fincher, G. B. and Stone, B. A. 1986. Cell wall and their components in cereal grain technology.
In: Pomeranz. Y, eds. Advances in Cereal Science and Technology. American Association
of Cereal Chemists. St. Paul. P. 207-295.

Forman, L. P. and Schneeman, B. O. 1980. Effects of dietary pectin and fat on the small intestinal
contents and exocrine pancreas of rats. J. Nutr. 110: 1992-1999.

Gdala, J., Johansen, H. N., Knudsen, K. E. B, Knap, I. H., Wagner, P. and Jensen, O. B. 1997.



79
The digestibility of carbohydrates, protein and fat in the small and large intestine of piglets
fed non-supplemented and enzyme supplemented diets. Anim. Feed Sci. Technol. 1997.
65: 15-33.

Graham, H., Léwgren, W., Pettersson, D. and Aman, P. 1988a. Effect of enzyme
supplementation on digestion of a barley/pollard-based pig diet. Nutr. Rep. Int. 38: 1073-
1079.

Graham, H., Fadel, J. G., Newman, C. W. and Newman, R. K. 1989. Effect of pelleting and 3-
glucanase supplementation on the ileal and whole-tract digestibility of a barley-based diet
in the pig. J. Anim. Sci. 67; 1293-1298.

Graham, H., Hesselman, K., Jonsson, E. and Aman, P. 1986. Influences of [-glucanase
supplementation of a barley-based diet in the pig gastrointestinal tract. Nutr. Rep. Int. 34:
1089-1096.

Graham, H., Aman, P. and Lowgren, W. 1988b. Enzyme supplementation of pig feeds. In:
Digestive physiology in pigs. Proceedings of the 4* International Seminar, Polish
Academy of Sciences, Poland, 1988. P. 371-376.

Green, G. M. and Lyman, R. L. 1972. Feedback regulation of a pancreatic enzyme secretion as
a mechanism for trypsin inhibitor-induced hypersecretion in rats. Proc. Soc. Exp. Biol.
Med. 140:6-12.

Guenter, W. 1996. Practical experience with the use of enzymes. In: Marquardt, R. R. and Han,
Z H., eds. Enzyme in Poultry and Swine Nutrition . Proceedings of the 1* Chinese
Symposium of Feed Enzymes. Nanjin, China. P. 53-62.

Hampson, D. J. and Kidder, D. E. 1986. Influence of creep feeding and weaning on brush border



80
enzyme activities in the piglet small intestine. Res. Vet. Sci. 40: 24-31.

Harland, B. F. and Oberleas, D. 1996. Phytic acid complex in feed ingredients. In: M. B. Coelho
& E. T. Kornegay, eds. Phytase in Animal Nutrition and Waste Management, a BASF
reference manual. P.70-76.

Haug W. and H-J Lantzsch. 1983. Sensitive method for the rapid determination of phytate in
cereal and cereal products. J. Sci. Food Agric. 34: 1423-1426.

Herry, R. J. 1986. Genetic and environmental variation in pentosan and [3-glucan contents of
barley and their relationship to malting quality. J. Cereal Sci. 4:269-277.

Hesselman, K., Elwinger, K., Nilsson, M. and Thomke, S. 1981. The effect of B-glucanase
supplementation, stage of ripeness and storage treatment of barley in diets fed to broiler
chicks. Poult. Sci. 60: 2664.

Hesslman, K. 1983. Effect of 3-glucanase supplementation to barley-based diets for broiler chicks.
PHD Thesis, Swedish University of Agricultural Research.

Hesslman, K. And /o\man, P. 1986. The effect of ﬂ-glucanase on the utilization of starch and
nitrogen by broiler chicks fed on barley of low- or high-viscosity. Anim. Feed Sci. Technol.
14: 83-93.

Hogberg, H., Shurson, G., Horrocks, S. and Haines, W. 1983. Starter studies-Effect of adding fat
and supplemental digestive enzymes to the diet and weaning management on pig
performance. Michigan State University Agricultural Experiment Station Research Report.
P.31-34.

Hollis, G. R. and Palmer, A. Z. 1971. Wheat and barley vs corn for growing-finishing pigs. J.

Anim. Sci. 32; 381.



81

Huisman, J. and Tolman, G. H. 1992. Antinutritional factors in the plant proteins of diets for non-
ruminants. In: P. C. Gamsworthy, W. Haresign and D. J. A. Cole, Eds. Recent Advances
in Animal Nutrition. Butterworths, Oxford. P. 3-31.

Ikeda, K. and Kusano, K. 1983. In vitro inhibition of digestive enzymes by indigestible
polysaccharides. Cereal chem. 60:260-263.

Ikegemi, S., Tsuchihashi, F., Harada, H., Tsuchihashi, N., Nishide, E. and Innami, S. 1990. Effect
of viscous indigestible polysaccharides on pancreatic-bilary secretion and digestive organs
in rats. J. Nutr. 120; 353-360.

Inborr, J and Bedford, M. R. 1994. Stability of feed enzymes to steam pelleting during feed
processing. Anim. Feed Sci. Technol. 46: 179-196.

Inborr, J and Graham, H. 1991a. The effect of enzyme supplementation of a whear/barley-based
diet on nutrient faecal digestibility in early weaned pigs. Anim. Prod. 52:565 (Abs).

Inborr, J and Graham, H. 1991b. Effect of enzyme supplementation of whear-based diets on the
performance of broiler chickens. Proc. Australian poultry Science Symp., The WPSA
(Austnilian Branch), University of Sydney, Sydney. Pp50-55.

Inborr, J,, Nasi, I and Soumi, K. 1988. The effect of enzyme treatment of cooked barley and
supplementation of piglet diets on the digestibility of barley and piglet performance. J.
Agric. Sci. Finland. 60: 685-699.

Inborr, J. and Ogle, R. B. 1988. Effect of enzyme treatment of piglet feeds on performance and
post-weaning diarrhoea. Swed. J. Agric. Res. 18: 129-133.

Inborr, J., Schmitz, M., Ahrens, F. 1993. Effect of adding fibre and starch degrading enzymes to

barley/wheat based diet on performance and nutrient digestibility in different segments of



82
the small intestine of early weaned pigs. Anim. Feed Sci. Technol. 44:113-127.

Inborr, J. and van der Meulen, J. 1993. Residual activity of added enzymes in relation to fibre
digestibility in the terminal ileum of growing pigs. In: Wenk, C., and Boessinger, M E.,
eds. Enzymes In Animal Nutrition. Kartause Ittingen, Switzerland. 34-37.

Jensen, M. S., Bach Knudsen, K. E., Inborr, J., Jakobsen, K. 1998. Effect of -glucanase
supplementation on pancreatic enzyme activity and nutrient digestibility in piglets fed with
diets based on hulled and hulless barley varieties. Anim. Feed Sci. Technol. 72: 329-345.

Johnson, R., Williams, P. and Campbell, R. 1993. Use of enzymes in pig production. In: Wenk,
C. and Boessinger, M E., eds. Enzymes In Animal Nutrition. Kartause Ittingen,
Switzerland. P. 49-60.

Jongbloed, A. W. and Kemme, P. A. 1990. Effect of pelleting mixed feeds on phytase activity and
the apparent absorpability of phosphorus and calcium in pigs. Anim. Feed Sci. Technol.
28:233-242.

Kies, A., van Hemert, K., Selle, P. and Kemme, P. 1997. The protein effect of phytase. Feed
Compouder. Dec. 1997.

Kitchen, D. I. 1997. Enzyme applications in corn/soy diets fed pigs. In: T. P. Lyons and K. A.
Jacques, eds. Biotechnology in the Feed Industry. Proceedings of Alitech’s 13" Annual
Symp. 101-114.

Kuan, K. K., Stanogias, G. and Dunkin, A. C. 1983. Anim. Prod. 36:201-209.

Larsen, F. M. Moughan, P. J. and Wilson, M. 1993. Dietary fibre viscosity and endogenous
protein excretion at the terminal ileum of growing rats. J. Nutr. 123: 1898-1904.

Larson, L. M., and Oldfield, J. E., 1961. Improvement of barley rations for swine. III. Effect of



83

fibre from barley hulls and purified cellulose in barley and corn rations. J. Anim. Sci. 20:
440-444.

Lei, X. G, Ku, P. K, Miller, E. R,, Yokoyama, M. T. and Ulirey, D. E. 1993. Supplementing
corn-soybean meal diets with microbial phytase maximizes phytate phosphorus utilization
by weanling pigs. J. Anim. Sci. 71:3368.

Li, S., Sauer, W. C, Huang, S. X. and Hardin, R. T. 1997. Response of pancreatic secretions to
feeding diets with low and high level of soybean trypsin inhibitors in growing pigs. J. Sci.
Food Agric. 76: 347-356.

Li, S., Huang, S. X. and Mosenthin, R. 1994. Effect of cellulase supplementation to barley-based
diet on the digestibilities of energy, [3-glucans, crude protein and amino acids in early-
weaned pigs. In: Wolfgang-Bernhard Souffrant & Hans Hagemeister, eds. VIth
International Symposium on Digestive Physiology in Pigs. Bad Doberan, Germany. 357-
359.

Li, S., Sauer, C., Huang, S. X., and Gabert, V. M. 1996. Effect of 3-glucanase to hulless barley-
or wheat-soybean meal diets on the digestibilities of energy, protein, [3-glucans, and amino
acids in young pigs. J. Anim. Sci. 74: 1649-1656.

Li, S., Sauer, W. and Caine, W. R. 1998. Response of nutrient digestibilities to feeding diets with
low and high levels of soybean trypsin inhibitors in growing pigs. J. Sci. Food Agric. 76:
357-363.

Li, D. F., Nellson, J. L., Reddy, P. J., Blecha, F. Hubcock, J. D. 1990. Transient hypersensitivity
to soybean meal in the early-weaned pigs. J. Anim. Sci. 68: 1790-1799.

Lindemann, M., D., Cornelius, S.M. and Kandelgy, El. 1986. Effect of age, weaning and diet on



84
digestive enzyme levels in the piglet. J. Anim. Sci. 62: 1298-1307.

Liu, Y. G. and Baidoo, S. K. 1996. Exogenous enzymes for pig diets : an review. In: Marquardt,
R. R. and Han, Z H,, eds. Enzyme in Poultry and Swine Nutrition . Proceedings of the 1*
Chinese Symposium of Feed Enzymes. Nanjin, China. P. 115-128.

Low, A. G. 1989. Secretory response of the pig gut to non-starch polysaccharides. Anim. Feed
Sci. Technol. 23: 55-66.

Low, A.G. 1987. Role of Dietary fibre in pig diets. In: W. Haresign and D. J. A. Cole, Eds. Recent
Advances in Animal Nutrition. Butterworths, Oxford. Pp 87-111.

Low, A. G. 1985. The role of dietary fibre in digestion, absorption and metabolism. In: Proc. 3"
International Seminar on Digestive Physiology in the Pig. National Institute of Animal
Science, Copenhagen, Denmark. Landhusholdningsselskabets Forlag, Copenhagen,
Beretning Fra Statens Husdyrbrugsforsog, No. 580: 157-179.

Mares D. J. and Stone B. A. 1973. Studies on wheat endosperm I. Chemical composition and
ultrastructure of the cell walls. Aust. J. Bio. Sci. 26:793-812.

Marquardt, R. R. 1996. Enzyme enhancement of the nutritional value of cereals: role of viscous,
water-soluble, nonstarch polysaccharides in chick performance. In: Marquardt, R. R. and
Han, Z H., eds. Enzyme in Poultry and Swine Nutrition . Proceedings of the 1* Chinese
Symposium of Feed Enzymes. Nanjin, China. P. 5-17.

Markkink, M., Berntsen, J. M., op den Kamp, B. M. L, Kemp, B. and Verstegen, M. W. 1994,
Gastric protein breakdown and pancreatic enzyme activities in response to two different
dietary protein sources in newly weaned pigs. J. Anim. Sci. 72: 2843-2850.

McCarthy, J. F, Aherne, F. X. and Okai, D, B. 1974. Use of HCl insoluble ash as an index material



85

for determinating apparent digestibility with pigs. Can. J. Anim. Sci. 54: 107-109.

McClean, D., McCracken, K. J. 1992. Effects of enzyme suppiementation on the digestibility of
wheat feed by weaned pigs. Proc. Nutr. Soc. 56: 3A (abstr).

McClean, D., McEnvoy, J. and McCracken, K. J. 1993. Effects of processing and feed enzymes
on nutrient digestibility in diets for weaned pigs. Proc. Nutr. Soc. 52: 211A (abstr).

McKinnon, Pk. J. and Bowland, J. P. 1977. Comparison of low glucosinolate-low erucic acid
rapeseed meal (CV. Tower), commercial rapeseed meal and soybean meal as source of
protein for starting, growing and finishing pigs and young rats. Can. J. Anim. Sci. 57: 663-
678.

McNab, J. M. 1993. Optimal use of enzymes for special ingredients. In:. Wenk, C. and
Boessinger, M. E., eds. Enzymes In Animal Nutrition. Kartause, Ittingen, Switzerland
P.97-124.

Mellange, J_, Inborr, J. and Gill, B. P. 1992. Enzyme supplementation of wheat, barley or sugar
beet pulp based diets for early weaned piglets: effect on performance and fecal nutrient
digestibility. Bri. Soc. Anim. Prod. Winter meeting. 1991. Paper 135.

Misir, R. and Marquardt, R. R. 1978. Factors affecting rye (secale cereale L.) utilization in
growing chicks. I. The influence of rye level, ergot and penicillin supplementation. Can.
J. Anim. Sci. 58: 691-701.

Mitchall, K.G., Bell, J. M. and Sosulski, F. W. 1976. Digestibility and feeding value of hulless
barley for pigs. Can. J. Anim. Sci. 56: 505-511.

Meller, A. P. E. H. 1998. Application of improved soy protein products in animal nutrition.

Proceedings of the VIII World Conference on Animal Production. Seoul, Korea. P. 45-59.



86

Moore, A. M. and Hoseney, R. C. 1990. Factors affecting the viscosity of flour-water extracts.
Cereal Chem. 67: 78-80.

Mosenthin, R., Sauer, W. C. and Ahrens, F. X. 1994. Dietary pectin’s effect on ileal and fecal
amino acid digestibility and exocrine pancreatic secretions in growing pigs. J. Nutr. 124:

1222-1229.

Mulder, M. M., Lomax, J. A., Hotten, P. M., Cowie, E. and Chesson, A. 1991. Digestion of
wheat aleurone by commercial polysaccharidases. Anim. Feed Sci. Technol. 32:185-192.

Murison, S. D., Mulder, M. M., Hotten, P. M. 1989. Enzymatic Solubilisation of aleurone cell
walls and release of protein. In: Fry, S. C., Brett, C. T. and Reid, J. S. G. eds. Proc. 5"
Cell Wall Meeting, Edinburgh. P. 197.

Nasi, M. 1991. Digestibility and protein utilization responses of soybean and rape seed meal to
physical and enzymatic treatments in diets for growing pigs. J. Agric. Sci. Finland. 63: 465-
474.

Newman, C. W., Eslick, R. F, Peppar, J. W. and El-negoumy, A. M. 1980. Performance of pigs
fed hulless and covered barleys supplemented with or without a bacterial diastase. Nutr.
Rep. Int. 22: 833.

Newman, C. W, Eslick, R. F. and El-negoumy, A. M. 1983. Bacterial diastase effect on the feed
value of two hulless barleys for pigs. Nutr. Rep. Int. 28; 139.

NRC. 1998. National Research Council. Nutrient Requirements of Domestic Animals. Nutrient
Requirement of Swine. 10" Ver. Ed. Natl. Acad. Press, Washington, DC.

Nyachoti, C. M., de Lange, C. F. M., McBride, B. W. and Schulze, H. 1997. Significance of



87
endogenous gut nitrogen losses in the nutrition of growing pigs: a review. Can. J. Anim.
Sci. 77: 149-163.

Ochetim, S., Bell, J. M,, Dioge, C. E. and Young, C., G. 1980. The feeding value of tower
rapeseed for early weaned pigs. I. Effect of methods of processing and of dietary levels.
Can. J. Anim. Sci. 60: 407-421.

Officer, D. 1, Batterham, E.S. and Farrell, D. J. 1993. Wheat starch reduces piglet 5-20 kg
performance. In: E. S. Batterham ed. Manipulating pig production IV. Austrilian Pig
Science Association (Abs). P. 232

Officer, D. L. 1995. Effect of multi-enzyme supplements on the growth performance of piglets
during the pre- and post-weaning periods. Anim. Feed Sci. Technol. 56: 55-65.

Okai, D. B., Aherne, F. X. and Hardin, R. T. 1976. Effect of creep and starter composition on
feed intake and performance of young pigs. Can. J. Anim. Sci. 56: 573-586.

Owusu-Asiedu, A. 1998. Utilization of peas by early-weaned pigs. M. Sc. Thesis. University of
Manitoba.

Pallauf, J. and Rimbach, G. 1996. Effect of supplemental phytase on mineral and trace element
bioavailability and heavy metal accumulation in pigs with different type of diets. In: M. B.
Coelho & E. T. Kornegay, eds. Phytase in Animal Nutrition and Waste Management: a
BASF reference manual. P.70-76.

Partridge, I. G., Low, A. G. and Sambrook, I. E. 1982. The influence of diet on exocrine
pancreatic secretions of growing pigs. Br. J. Nutr. 48: 137-145.

Patel, M. B., Jami, M. S. and McGinnis, J. 1980. Effect of gamma irradiation, penicillin, and/or

pective enzyme on chick growth depression and fecal stick caused by rye, citrus pectin and



83
guar gum. Poult. Sci. 59: 2105.

Perez, J. M., Ramoelintsalama, B. and Bourdon, D.1980. Energy evaluation of barley for pigs.
Prediction from analyses of fibre content. J. Rech. Porcine France. Pp 237-284.

Pettersson, D. and Aman, P. 1989. Enzyme supplementation of a poultry diet containing rye and
wheat. Bri. J. Nutr. 62: 139-149.

Pickford, J. R. 1992. Effect of processing on the stability of heat labile nutrients in animal feeds.
In: P. C. Garnaworthy, W. Haresign and D. J. A. Cole, eds. Recent Advances in Animal
Nutrition. Butterworth-Heinemann, Oxford. P. 177-192.

Portman, O.W_, Mann, G. V. and Wysocki, A. P. 1985. Bile acid excretion by the rat: nutritional
effects. Biophysics. 58: 224-232.

Richert, B. T. Hancock, J. D. and Morrill, J. L. 1994. Effects of replacing milk and soybean
products with wheat glutens on digestibility of nutrients and growth performance in
nursery pigs. J. Anim. Sci. 72: 151-159.

Saastamoinen, M., Plaami, S., Kumpulainen, J. 1989. Pentosan and f3-glucan and finishing winter
rye varieties as compared with rye of six other countries. J. Anim. Sci. 10: 199-207.

SAS Statistical Analysis System, 1988. SAS Institute Inc. Cary NC. USA.

Sambrook, I. E. Rainbird, A. L. and Low, A. G. 1982. In: Fibre in Human and Animal
Nutrition(abs). Royal Society of New Zealand. Wellington.

Satchithanandam, S., Vargofcak-Apker, M., Calvert, R. J., Leeds, A. R. and Cassidy, M. M. 1990.
Alteration of gastrointestinal mucin by fibre in rats. J. Nutr. 120: 1179-1184.

Sauer, W. C,, Stothers, S. C. and Parker, R. J. 1977. Apparent and true availabilities of amino

acids in wheat and milling by-products for growing pigs. Can. J. Anim. Sci. 57: 775-785.



89

Schneeman, B. 1978. Effect of plant fibre on lipase, trypsin and chymotrypsin activity. J. Food Sci.
43: 634-635.

Sebastian, S., Touchburm, S. P., and Chavez, E. R. 1998. Implications of phytic acid and
supplemental microbial phytase in poultry nutrition: a review. World’s Poult. Sci. J. 54:
27-47.

Selvendran R. R., Stevens, B. J.H. and Du Pont, M. S. 1987. Dietary fibre: chemistry, analyses
and properties. Advances in Food Research. 31: 117-209.

Shah, N. Atallah, M. T., Mahoney, A. R. and Pellett, P. L. 1982. Effect of dietary fibre
components on fecal nitrogen excretion and protein utilization in growing rats. J. Nutr.
112: 658-666.

Shaw, J., Baidoo, S. K. and Aherne, F. X. 1990. Nutritive value of Canola seed for young pigs.
Anim. Feed Sci. Technol. 28: 325-330.

Slominski, B. A. 1997. Developments in the breeding of low fibre rapeseed/canola. J. Anim. Feed
Sci. 6:301-317.

Slominski, B. A. And Campbell, L. D. 1990. Non-starch Polysacchanides of Canola meal:
Quantification, Digestibility in poultry and potential benefit of dietary enzyme
supplementation. J. Sci. Food Agric. 53: 175-184.

Smits, C. H. M. and Annison, G. 1996. Non-starch plant polysaccharides in broiler nutrition-
towards a physiologically valid approach to their determination. World’s Poult. Sci. J. 52:
203-221.

Statistics Canada, (Field Crop Reporting series). 1998. Http://Canola-

councial.org/stats/acreageproductionandyield.htm. 1/18/00.



90

Steel, H. and Torrie, J. D.1980. Principles and procedures of Statistics. McGraw-Hill Book Co.
Inc. New York, NY.

Sudendey, C. and Kamphues, J. 1995. Effekte einer enzymzulage (alpha-amylase, xylanase, [3-
glucanase) auf verdauungsvorgange im magen-darmtrakt von absetzferkeln unter den
bedinggungen einer forcierten futteraufnahme. Proc. Soc. Nutr. Physiol. 4:108.

Sugar, Y., Kawai, M., Noguchi, S., Shimura, G. and Samejima, H. 1978. Application of cellulytic
and plant tissue macerating enzyme of /rpex lacteus Fr. As feed additive enzyme. Agric.
Biol. Chem. 42: 347-350.

Tangendijaja, B., Johnson, Z. B., and Noland, P. R. 1988. Effect of cooking and addition of
enzymes on feeding value of rice bran for swine. Nutr. Rep. Int. 37: 449-458.

Taverner, M. R. and Campbell, R. G. 1988. The effects of protected dietary enzymes on nuteient
absorption in pigs. In: Proceedings of the 4™ International Seminar on Digestive
Physiology in Pig. Pp377.

Thacker, P. A. and Aherne, F. X. 1984. Canola meal and soybean meal as protein source for hogs.
Feedstruffs. 25:33-34.

Thacker, P. A. and Baas, T. 1996. Use of enzyme in swine rations: a promise unfulfilled?
Proceedings of the 16" Western Nutrition Conference. Alberta, Canada. P.177-195.

Thacker, P. A., Campbell, G. L. and GrootWassink, J. W. D. 1992. The effect of Slinomycin and
enzyme supplementation on the performance of pigs fed barley or rye-based diets. Can. J.
Anim. Sci. 72:117-125.

Thacker, P. A., Campbell, G. L. and GrootWassink, J. W. D. 1988. The effect of [3-glucanase

supplementation on the performance of pigs fed hulless barley. Nutr. Pep. Int. 38: 91-99.



91

Thacker, P. A., Campbell, G. L. and GrootWassink, J. W. D. 1989. The effect of sodium bentonite
on the performance of pigs fed hulless barley-based diets supplemented with 3-glucanase.
Nutr. Rep. Int. 40: 613-620.

Thacker, P. A, Bell, J . M., Classen, H. L., Campbell, G. L. And Rossnagel, B. G. 1988a. The
Nutritive value of hulless barley for swine. Anim. Feed Sci. Technol. 19: 191-197.

Thacker, P. A., Campbell, G. L. and GrootWassink, J. W. D. 1992b. The effect of organic acids
and enzyme supplementation on the performance of pigs fed barley-based diets. Can. J.
Anim. Sci. 72: 395-402.

Thacker, P. A. 1998. Nutritional requirements of early weaned pigs: a review. Pig News and
Information. 20:13N-24N.

Thomke, S., Rundgren, M. and Hesselman, K. 1980. The effect of feeding high viscosity barley
to pigs. Euro. Assoc. Anim. Prod. 31: 1-5.

Trowell, H., Southgate, D. A. T., Wolever, T. M. S, Leeds, A. R_, Gussel, M. A. and Jenkins, D.
J. A. 1976. Dietary Fibre redefined. Lancet. 1:967.

Vahouny, G. V. and Cassidy, M.M. 1985. Dietary fibre and absorption of nutrients. Proc. Soc.
Exp. Biol. Med. 180: 432.

Wang, L., Newman, R. K. and Hofer, P. J. 1992. Barley 3-Glucans alter intestinal viscosity and
reduce plasma cholesterol concentration in chicks. J. Nutr. 122: 2292.

Weitzien, E. M. and Aherne, F. X. 1986. The effect of Anaerobic storage and processing of high
moisture barley on its amino acid and B-glucan digestibility by growing swine. Can. J.
Anim. Sci. 66: 1186-1187.

Wenk, C., Kolliker, R., Messekommer, R. 1993. Whole maize plants in diets for growing pigs:



92

effect of three different enzymes on the feed utilization. In: Wenk, C. and Boessinger, M
E., eds. Enzymes In Animal Nutntion. Kartause, Ittingen, Switzerland. 165-159.

Wenk, C., Ester Weiss, Bee, G. and Ruth Messikommer. 1993. Interactions between a phytase
and a carbohydrase in a pig diet. In. Wenk, C. and Boessinger, M E., eds. Enzymes In
Animal Nutrition. Kartause Ittingen, Switzerland. 160-164.

White, W. B., Bird, H. R., Sunde, H. L. and Marlett, J. A. 1982. Viscosity of B-D- glucan as a
factor in the enzymatic improvement of barley for chicks. Poult. Sci. 62: 853-862.

Whitemore, C. T. 1985. Nutrition of sow and weaner. The Feed Compouder. January, 1985. P.
42-49.

Williams, C. H., David, D. J. and Lismoa, O. 1962. The determination of Chromic Oxide in
samples by Atomic Absorption Spectrophometry. J. Agric. Sci. 59: 381.

Wiseman, J. and Inborr, J. 1990. The nutritive value of wheat and its effect on broiler
performance. In: Haresign, W. & Cole, D. J., Eds. A. Recent Advances in Animal
Nutrition. Pp 79-102.

Wyatt, C. 1995. Synergistic effects of enzymes in hulless barley rations. In: Proceedings of the
Hulless Barely Utilization Seminars. Lethbridge, Red Deer, Westlock, Grande Prairie. P.
69-79.

Yen, J. T., Hymowitz T. and Jensen, A. H. 1974. Effects of soybeans of different trypsin inhibitor
activities on performance os swine. J. Anim. Sci. 38:304-309.

Yen,J. T., Jensen, A. H., Simon, J. 1977. Effect of dietary raw soybean trypsin inhibitor on trypsin
and chymotrypsin activities in the pancreas and in the small intestinal juice for growing

swine. J. Nutr. 107; 156-165.



93

Zebrewska, T. and Low, G. 1987. The influence of diets based on whole wheat, wheat flour and
wheat bran on exocrine pancreatic secretion in pigs. J. Nutr. 117: 1212-1216.
Aman, P. and Graham, H. 1987. Mixed-linked 3-(1->3), (1->4)-D-Glucans in the cell walls of

barley and oats-chemistry and nutrition. Scand. J. Gastroenterol. 22 (suppl.129): 42.





