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ABSTRACT In vitro incubation studies were carried
out to determine if various carbohydrase preparations
contained appropriate activities to target nonstarch poly-
saccharides (NSP) of wheat, soybean meal (SBM), canola
meal, and peas. Triplicate samples (0.1 g) were incubated
with a number of carbohydrase preparations (i.e., cellu-
lase, pectinase, xylanase, glucanase, galactanase, and
mannanase) or their combinations at 45°C and pH 5.2. A
more pronounced degradation of NSP was achieved
when the enzyme preparations were used in concert.
When compared with the control (nonenzyme treatment),
the highest degree of NSP degradation reached was 37%
for wheat, and 36, 26, and 28% for canola meal, SBM,
and peas, respectively. Four enzyme combinations were
studied further in a 2-wk (5 to 18 d of age) growth perfor-
mance and nutrient digestibility trial with broiler chick-
ens. All enzyme combinations were effective in
improving (P < 0.05) weight gain, feed-to-gain ratio,
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INTRODUCTION

Wheat is an important source of energy in poultry diets
and contains from 8.3 to 9.8% of total nonstarch polysaccha-
rides (NSP) (Slominski et al., 2000). Although arabinoxy-
lans are the main polysaccharides of wheat (Henry, 1987),
significant amounts of β-glucan and cellulose are also pres-
ent (Steenfeldt et al., 1995). Nonstarch polysaccharide-de-
grading carbohydrases have been used in wheat-based
diets for young poultry and their benefits have been cred-
ited to the partial breakdown of water-soluble and viscous
arabinoxylans, which inhibit nutrient digestion and absorp-
tion by raising intestinal viscosity (Bedford and Classen,
1992). However, recent evidence suggests that the positive
responses from enzyme supplementation are not always
associated with a decrease in digesta viscosity (Veldman
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AMEn, apparent ileal digestibilities of starch and protein,
and apparent total tract digestibility of NSP in birds fed
a wheat, wheat screening, SBM, canola meal, and peas-
based diet. The most complex enzyme combination was
found to be superior (P < 0.05) to others in improving
ileal protein digestibility and feed-to-gain ratio. The effec-
tiveness of this combination in elimination of the nutrient-
encapsulating effect of cell walls was further evaluated
in a balance study with adult roosters fed a conventionally
ground full-fat canola seed. Enzyme addition increased
(P < 0.05) NSP digestibility from 11.1 to 30.1%, which, in
turn, resulted in a marked increase (P < 0.05) in TMEn

value (4.176 vs 4.744 Mcal/kg) of the seed. It is evident
from the present studies that the addition of an appro-
priate combination of carbohydrase enzymes to target
cell wall polysaccharide structures could further improve
enzyme efficacy in practical wheat, SBM, canola meal,
and peas-based broiler diets.

and Vahl, 1994; Dusel et al., 1998; Slominski et al., 2000;
McCracken and Miller, 2002). The physical entrapment of
wheat starch and protein by cell wall polysaccharides has
been suggested as another important factor by which NSP
exert their antinutritive properties (Theander et al., 1989;
Bedford and Autio, 1996; Wiseman et al., 2000). In this
context, the use of multi-carbohydrase preparations to tar-
get various fractions of wheat NSP may provide a potential
for further improvements in the nutritive value of wheat.

Due to high quality of protein, availability, and favorable
price, canola meal and peas, along with soybean meal
(SBM), are commonly used as sources of vegetable proteins
in poultry diets. However, the optimum utilization of these
products is often influenced by their high content of NSP,
which affects nutrient utilization (Bell and Keith, 1987; Lon-
gstaff and McNab, 1987; Dale, 1996). Total NSP content of
17.9% for canola meal (Slominski and Campell, 1990), 14.5%
for SBM (Huisman et al., 1998), and 14.2% for peas (Igbasan
et al., 1997) have been reported. The major polysaccharides

Abbreviation Key: C = cellulase; G = galactanase; MC = mannanase
plus cellulase; NSP = nonstarch polysaccharides; P = pectinase; SBM =
soybean meal; XG = xylanase plus glucanase.
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found in these feed ingredients are cellulose and pectic
polysaccharides (Bach Knudsen, 1997). Attempts have been
made to improve the utilization of these NSP for poultry
using different carbohydrase supplements. Although sup-
plementation appears to be beneficial in improving NSP
digestibility of canola meal (Slominski and Campbell, 1990;
Simbaya et al., 1996; Kocher et al., 2000) and in enhancing
NSP, protein and energy utilization from corn-SBM diets
(Marsman et al., 1997; Douglas et al., 2000; Kocher et al.,
2002), such effects failed to result in better growth perfor-
mance of poultry. Unlike SBM and canola meal, peas are
richer in starch than protein (Castell et al., 1996). It has
been shown that pea starch and protein are located within
the cell wall matrix and the complex nature of cell wall
structure makes these nutrients less accessible for endoge-
nous enzymes of poultry (Longstaff and McNab, 1987).
However, no conclusive effects of supplemental carbohy-
drase enzymes on growth rate or feed-to-gain ratio in pea-
fed broilers were documented (Brenes et al., 1993; Igbasan
et al., 1997; Daveby et al., 1998).

Full-fat canola seed has become an attractive feed ingre-
dient in Canadian poultry diets because of its higher con-
tent of omega-3 unsaturated fatty acids, which can be
deposited in egg or meat products and have a positive
effect on human health. However, full utilization of oil by
birds is limited because in the conventionally ground ca-
nola seed, a substantial amount of oil is encapsulated by
cell wall polysaccharides. Sosulski and Sosulski (1993)
demonstrated that cell wall hydrolyzing enzymes facili-
tated the extraction of canola oil in the aqueous extraction
process. However, such application of carbohydrase en-
zymes when feeding canola seed to poultry has not yet
been investigated.

It is a common practice in the Canadian feed industry
to partially substitute canola meal and peas for SBM in
wheat-SBM based broiler diets for cost effectiveness. In
such practical diets, which contain a number of plant ingre-
dients and different forms of NSP, it is hypothesized that
further improvements in nutrient utilization could be
achieved using combinations of carbohydrases, each dif-
fering in their substrate preference and mode of action,
to target various structures of cell wall polysaccharides.
However, the information on utilization of such enzyme
combinations in practical broiler diets is limited (Rosen,
2000). Therefore, the objectives of this study were to screen
several carbohydrase preparations for their ability to depo-
lymerize the NSP of wheat, SBM, canola meal, and peas,
and to evaluate the efficacy of enzyme combinations in a
growth performance and nutrient utilization study with
broilers fed a practical diet and in a balance study with
roosters fed full-fat canola seed.

MATERIALS AND METHODS

In Vitro Enzyme Evaluation

An in vitro incubation study was carried out to deter-
mine if various carbohydrase preparations contained ap-
propriate activities to target NSP of wheat, canola meal,

SBM, and peas. Enzyme preparations C (cellulase, 340 U/
g), X (xylanase, 19,000 U/g), XG (xylanase, 63,600 U/g;
glucanase, 48,300 U/g), and XG1 (xylanase, 47,500 U/g;
glucanase, 50,350 U/g) were evaluated individually and
in combination (C+X, C+XG, and C+XG1) using wheat as
a substrate. Enzyme preparations C, XG, P (pectinase,
10,000 U/g), G (galactanase, 1,000 U/g), and MC (man-
nanase, 10,900 U/g; cellulase 600 U/g) were evaluated
alone and in combination (C+P, C+XG, P+XG, C+P+XG,
C+P+MC, C+P+XG+G, and C+P+XG+MC) using canola
meal, SBM, and peas as substrates. Enzyme combinations
were selected based on preliminary tests in which the de-
gree of NSP degradation was determined. The enzyme
activities reported above represent the main activities and
do not reflect the side activities, which may have contrib-
uted to the degree of NSP depolymerization. The enzyme
preparations were provided, along with the enzyme assay
procedures, by Canadian Bio-System Inc., Calgary, Al-
berta, Canada.

The in vitro incubation method applied in this study
was the NSP analysis procedure described by Englyst and
Cummings (1984, 1988). Triplicate samples (0.1 g) of wheat,
canola meal, SBM, and peas were boiled at 100°C for 5
min with 6 mL of 0.1 M sodium acetate buffer (pH 5.2) to
gelatinize starch. Upon cooling, 1 mL of the buffer (control
treatment) or 1 mL of enzyme solution was added followed
by 1 mL of a solution of the starch-degrading enzymes (to
remove starch). The amount of each enzyme preparation
added was 0.01 g/g of substrate. The mixtures were then
incubated at 45°C for 16 h. Ethanol was added (to a final
concentration of 80%) and the contents were mixed and
allowed to stand for 1 h at room temperature. Following
centrifugation at 3,000 rpm for 10 min, the supernatant
containing ethanol-soluble enzyme hydrolysis products
was discarded and the residue was subjected to NSP analy-
sis as described under Chemical Analysis. The degree of
cell wall polysaccharide degradation was indicated by a
reduced recovery of total NSP and their constituent sugars
compared with the control treatments. Effective enzyme
combinations were selected for further evaluation in vivo.

Performance and Nutrient Utilization
Study with Broilers

The efficacy of 4 enzyme combinations, C+P, C+XG,
C+P+XG, and C+P+XG+MC, was evaluated in a growth
performance and nutrient utilization experiment with
broiler chickens. A wheat, wheat screenings, SBM, canola
meal, and peas-based diet (Table 1) was formulated to meet
95% of NRC requirement (1994) for AME, and 92% for CP,
calcium, available phosphorus, methionine, and methio-
nine + cysteine. Other nutrients met or exceeded NRC
specifications. The diet was fed without enzyme supple-
mentation (control) or supplemented with each of the 4
combinations, giving 5 dietary treatments. Each enzyme
preparation was added at a rate of 0.1 g/kg of diet. Chromic
oxide (3.0 g/kg) was mixed with the diets and used to
calculate the nutrient digestibilities and AMEn content.
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TABLE 1. Composition and calculated analysis of basal diet

Ingredient g/kg

Wheat (13.5% CP) 512.5
Soybean meal (46.5% CP) 185.0
Canola meal (36.0% CP) 70.0
Peas (22.0% CP) 50.0
Wheat screenings (15.0% CP) 100.0
Beef tallow 20.0
Crude canola oil 18.0
Limestone1 15.0
Dicalcium phosphate2 10.0
DL-Methionine 0.9
L-Lysine-HCl 0.6
Mineral premix3 5.0
Vitamin premix4 10.0
Chromic oxide 3.0
Total 1,000.0
Calculated analysis

Crude protein (%)5 21.0
AME (kcal/kg) 3,040.0
Lysine (%) 1.12
Methionine (%) 0.47
Methionine + cysteine (%) 0.86
Calcium (%) 0.92
Available Phosphorus (%) 0.42

1Contained 38% calcium.
2Contained 21% calcium and 18% phosphorous.
3Mineral premix provided per kilogram of diet: manganese, 55 mg;

zinc, 50 mg; iron, 80 mg; copper, 5 mg; selenium, 0.1 mg; iodine, 0.36
mg; sodium, 1.6 g.

4Vitamin premix provided per kilogram of diet: vitamin A, 8,250 IU;
vitamin D3 1,000 IU; vitamin E, 11 IU; vitamin B12, 0.012 mg; vitamin
K, 1.1 mg; niacin, 53 mg; choline, 1,020 mg; folic acid, 0.75 mg; biotin,
0.25 mg; riboflavin, 5.5 mg.

5Calculated based on analyzed feed composition data.

One-day-old male Arbor Acres broiler chicks were ob-
tained from a local commercial hatchery. The birds were
held in electrically heated Jamesway battery brooders2 for
a 4-d pre-experimental period and fed commercial chick
starter crumbles (21% CP). On d 5, birds were fasted for
4 h, individually weighed, and randomly distributed
among the 5 treatments, using 5 birds per pen and 9 repli-
cate pens per treatment. All diets were fed in a mash form
for the 2-wk experimental period (5 to 18 d of age). The
birds had free access to water and feed, and were provided
with continuous light. Body weight and feed intake were
monitored weekly with pen as the experimental unit. Mean
weight gain, feed intake, and feed-to-gain ratio were used
to determine the growth performance.

At the termination of the experiment (on d 18), excreta
samples from each pen were collected over a 3-h period
and immediately frozen at −20°C. The samples were then
freeze-dried and finely ground for the analysis of gross
energy, nitrogen, NSP, and chromic oxide contents. Nitro-
gen-corrected apparent metabolizable energy contents and
total tract digestibility of NSP were calculated. On d 19,

2James Mfg. Co., Mount Joy, PA.
3Model DV−II+LV, Brookfield Engineering Laboratories, Stough-

ton, MA.
4LECO Corp., St. Joseph, MI.
5Parr Instrument Co., Moline, IL.
6Sigma Chemical Co., St. Louis, MO.

24 birds were randomly selected from each treatment
group and killed by cervical dislocation. The contents of
the jejunum (from the end of the duodenum to Meckel’s
diverticulum) and ileum (from Meckel’s diverticulum to 1
cm above the ileo-cecal junction) were collected. Digesta
samples from 4 birds within a treatment were pooled to
yield 6 replicates per treatment. The ileal digesta samples
were frozen, freeze-dried, ground, and analyzed for nitro-
gen, starch, and chromic oxide to determine protein and
starch digestibilities. Fresh digesta (1.5 g) from the jejunum
were centrifuged at 9,000 rpm for 10 min and viscosity of
the supernatant was determined at 40°C using the Brook-
field digital viscometer.3

Balance Study with Adult Roosters

The enzyme combination C+P+XG+MC was evaluated
in a balance experiment with adult roosters fed full-fat
canola seed. The sample of canola seed used in the study
was obtained from a local egg producer in Manitoba, Can-
ada. As a coarse grind of the seed was evident (particle size
≤2.0 mm), 3 samples of this material were used, including a
subsample ground to pass through a 1-mm sieve and 2
subsamples of the original coarse material without and
with added enzyme (fine, coarse, and coarse + enzyme, re-
spectively).

Nonstarch polysaccharide digestibility and TMEn were
determined on the 3 samples using the assay described by
Sibbald (1986) with some modifications (Zhang et al., 1994).
Briefly, each sample was precision-fed (25 g per bird) to 3
groups of 10 individually caged, mature Single Comb
White Leghorn cockerels following a 28-h fast. During the
next 48 h, the excreta from each bird were collected. The
excreta samples were frozen, freeze-dried, weighed to de-
termine total output, ground to pass through a 1-mm sieve,
and pooled for each group for analysis of gross energy,
nitrogen, and NSP contents. Pooled excreta from 30 birds
fed 50 mL of a 50% glucose solution (25 g of dry glucose)
were used to determine the endogenous excretion of en-
ergy and nitrogen.

All animal procedures were conducted according to the
guidelines of the Canadian Council on Animal Care and
the protocol for this study was approved by the animal
care committee of the University of Manitoba.

Chemical Analysis

Feed, digesta, and excreta samples were analyzed for
chromic oxide using the procedure described by Williams
et al. (1962). Nitrogen was determined by the combustion
method using the LECO Model FP 2000 combustion ana-
lyzer4 and the protein contents were calculated using the
multiplication factor of 6.25. Gross energy was determined
by bomb calorimetry using a Parr 1261 adiabatic calorime-
ter.5 Starch was analyzed colorimetrically using Sigma Glu-
cose (HK) 20 kit6 and the procedure described by Aman
and Hasselman (1984).

Nonstarch polysaccharide levels were determined by
gas-liquid chromatography (component neutral sugars)
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and by colorimetry (uronic acids). The procedure for neu-
tral sugars was performed as described by Englyst and
Cummings (1984, 1988) with modifications (Slominski and
Campbell, 1990). Briefly, 100 mg of feed or 50 mg of digesta
or excreta sample was boiled with 2 mL of dimethylsulfox-
ide for 1 h and incubated at 45°C overnight with a sodium
acetate buffer solution (pH 5.2) containing the starch-de-
grading enzymes amylase, pullulanase, and amyloglucosi-
dase.6 Ethanol was then added and the mixture was left
for 1 h at room temperature before being centrifuged. The
supernatant was discarded and the dried residue was dis-
solved in 1 mL of 12 M sulfuric acid and incubated for 1
h at 35°C. Six milliliters of water and 5 mL of myoinositol
(internal standard) solution were added and the mixture
was boiled for 2 h. One milliliter of the hydrolysate was
taken and neutralized with 12 M 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 CP 3380 gas chromatograph.7 Uronic acids were
determined using the procedure described by Scott (1979).

Calculations and Statistical Analysis

In the performance and nutrient utilization study, the
following equations were used for calculation of apparent
total tract digestibility of NSP, ileal digestibility of starch
and nitrogen (using starch digestibility calculation as an
example), and AMEn content of experimental diets (Hill et
al., 1960):

Total tract NSP digestibility (%) =
{1 − [(Cr2O3 % diet/Cr2O3 % excreta)

× (NSP% excreta/NSP% diet)]} × 100,

Ileal starch digestibility (%) =
{1 − [(Cr2O3 % diet/Cr2O3 % digesta)

× (starch% digesta/starch% diet)]} × 100,

AMEn (kcal/kg of diet) =
GEkcal/kg diet − [GEkcal/kg excreta

× (Cr2O3 % diet/Cr2O3 % excreta)]
− 8.22 × {N% diet − [N% excreta

× (Cr2O3 % diet/Cr2O3 % excreta)]},

where GE is gross energy, N is nitrogen, Cr2O3 is chromic
oxide, and 8.22 is the energy equivalent of uric acid nitro-
gen, that is, 8.22 kcal/kg of uric acid nitrogen.

Both in vitro and in vivo studies were set up as com-
pletely randomized designs and data were subjected to
ANOVA using the GLM procedure of SAS (SAS Institute,
1986) program. Means were separated by using Duncan’s
multiple range tests (Snedecor and Cochran, 1980). All
statements of significance are based on a probability of less
than 0.05.

7Varian Canada Inc., Mississauga, Ontario, Canada.

RESULTS

In Vitro Enzyme Evaluation

The effects of single and combined carbohydrases on
degradation of the cell wall polysaccharides of wheat, ca-
nola meal, SBM, and peas are presented in Tables 2, 3, 4,
and 5, respectively. The total NSP content of wheat aver-
aged 87.8 g/kg with arabinose (23%), xylose (28%), and
glucose (41%) accounting for the major constituent sugars.
Mannose and galactose were also present, but in small
quantities. Much higher amounts of total NSP were found
in canola meal (171 g/kg), SBM (148 g/kg), and peas (127
g/kg) compared with wheat. Glucose, uronic acids, galac-
tose, arabinose, and xylose were the predominant constit-
uent sugars in these feedstuffs, although the proportion
of these sugars differed among the 3 feedstuffs. Glucose
accounted for 31% of the total NSP content and was the
major constituent sugar in canola meal, followed by uronic
acids, arabinose, xylose, and galactose. In contrast to canola
meal, 30% of SBM NSP was galactose with glucose, uronic
acids, arabinose, and xylose detected at appreciable
amounts. When compared with SBM and canola meal, pea
NSP contained a much higher amount of glucose (57%),
and relatively lower amounts of uronic acids, arabinose,
xylose, and galactose. Small amounts of mannose were
noted in all 3 feedstuffs.

Incubation of wheat with enzyme preparations C, X, XG,
and XG1 resulted in a significant (P < 0.05) degree of NSP
degradation (Table 2) that ranged from 22 to 28%. Similar
breakdown patterns of NSP were observed for each of the
enzyme preparations, because the reduced recoveries of
total NSP resulted from the removal (P < 0.05) of xylose,
arabinose, and to a lesser extent, glucose. Combining the
enzyme preparation C (cellulase) with X (xylanase), XG
(xylanase/glucanase), or XG1 (xylanase/glucanase) led to
a more pronounced degradation of wheat NSP (P < 0.05),
with the combination C+XG contributing to the highest (P
< 0.05) NSP degradation (37%).

When compared with a control treatment, incubation
with enzyme preparation C reduced (P < 0.05) the recovery
of glucose, arabinose, and xylose in canola meal and SBM,
and of glucose and arabinose in peas. However, total NSP
degradation was significant (P < 0.05) only for canola meal
(10.5%) and peas (9.4%) (Tables 3, 4, and 5). Enzyme P
(pectinase) brought about an NSP degradation (P < 0.05)
ranging from 8.8 to 10.2% for the 3 substrates and the
degradation originated mainly from the reduced recoveries
(P < 0.05) of uronic acids, arabinose, and galactose. Incuba-
tion with enzyme XG reduced (P < 0.05) the recoveries of
arabinose, xylose, and galactose for each feedstuff, leading
to NSP degradation (P < 0.05) in canola meal (7.0%) and
SBM (8.1%), but not in peas. The recoveries of arabinose
and glucose decreased (P < 0.05) with enzyme preparation
MC (mannanase/cellulase) for each substrate, although the
total NSP degradation was only significant (P < 0.05) for
canola meal (9.9%) and peas (11.0%). In contrast, enzyme
G (galactanase) did not affect (P < 0.05) the recoveries of
NSP from any of the targeted substrates.
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TABLE 2. Degradation of nonstarch polysaccharides (NSP) following incubation of wheat
with different carbohydrase preparations (g/kg)1

Component sugar
Total

Enzyme Arabinose Xylose Mannose Galactose Glucose NSP

None (control) 19.9a 24.7a 3.6 3.4 36.2a 87.8a

Cellulase (C) 12.2cd 15.9b 2.8 3.2 31.1bc 65.2cd

Xylanase (X) 14.7b 14.7c 2.9 3.7 32.8b 68.7b

Xylanase/glucanase (XG) 12.3cd 13.1cd 3.3 3.1 31.3bc 63.2d

Xylanase/glucanase1 (XG1) 14.8b 15.8b 2.8 3.2 31.3bc 67.9bc

C + X 13.1bc 12.3cd 3.3 3.8 29.4cd 62.0d

C + XG 10.6d 11.0d 2.8 2.9 27.8d 55.0f

C + XG1 10.9d 11.3d 2.9 3.4 29.8cd 58.3e

SEM 0.67 0.78 0.33 0.39 0.81 1.17

a–fMeans within a column with no common superscripts differ significantly (P < 0.05).
1Means of triplicate determination.

TABLE 3. Degradation of nonstarch polysaccharides (NSP) following incubation of canola meal
with different carbohydrase preparations (g/kg)1

Component sugar

Uronic Total
Enzyme Arabinose Xylose Mannose Galactose Glucose acids NSP2

None (control) 31.5a 15.4a 4.2 14.2a 53.5a 47.0a 171a

Cellulase (C) 27.8b 13.8bc 3.8 14.1a 41.4d 46.9a 153cd

Pectinase (P) 24.3cd 15.2ab 4.0 11.8c 53.4a 41.0de 155cd

Galactanase (G) 31.5a 14.7abc 4.0 13.3ab 53.5a 45.0abc 167ab

Xylanase/glucanase (XG) 25.2bc 13.3cd 4.2 12.3bc 52.6ab 46.3ab 159bc

Mannanase/cellulase (MC) 18.7ef 15.3ab 4.2 14.1a 49.0bc 46.9a 154cd

C+P 21.3de 11.2ef 3.6 11.0cd 37.1e 40.7de 130fg

C+XG 21.6de 11.3ef 4.1 11.7c 33.7ef 46.4ab 134ef

XG+P 20.1e 12.2de 4.1 11.1cd 48.7c 43.2bcd 144de

C+P+XG 17.2f 9.9fg 3.9 10.0de 34.4ef 42.1cde 122g

C+P+MC 17.9ef 9.4g 3.9 9.6e 35.8e 41.0de 121g

C+P+XG+G 18.7ef 10.6fg 4.1 11.1cd 34.0ef 42.7cd 126fg

C+P+XG+MC 12.6g 9.1g 4.0 8.9e 31.1f 38.7e 109h

SEM 1.14 0.53 0.22 0.50 1.27 1.20 4.0

a–hMeans within a column with no common superscripts differ significantly (P < 0.05).
1Means of triplicate determination.
2Includes rhamnose and fucose in addition to arabinose, xylose, mannose, galactose, glucose, and uronic

acids.

TABLE 4. Degradation of nonstarch polysaccharides (NSP) following incubation of soybean meal
with different carbohydrase preparations (g/kg)1

Component sugars

Uronic Total
Enzyme Arabinose Xylose Mannose Galactose Glucose acids NSP2

None (control) 20.2a 12.0a 5.6 44.0a 34.9a 27.9a 148a

Cellulase (C) 17.3bc 10.5b 5.2 44.1a 31.5b 27.4ab 139ab

Pectinase (P) 16.9bc 11.1ab 5.1 38.8b 34.9a 24.5cde 135bc

Galactanase (G) 20.0a 10.8a 5.1 42.8a 34.8a 25.7abc 144ab

Xylanase/glucanase (XG) 17.2b 10.4b 5.0 37.2bc 34.9a 27.4ab 136bc

Mannanase/cellulase (MC) 15.6bcd 11.6a 5.6 43.9a 31.2b 27.5ab 139ab

C+P 15.6bcd 10.2bc 5.2 37.8b 30.2b 24.8bcd 127cd

C+XG 15.5bcd 10.4b 5.5 36.5bc 29.4b 27.2abc 128cd

XG+P 16.4bc 9.2d 5.5 36.5bc 32.4ab 24.8bcd 128cd

C+P+XG 14.5cde 9.2d 5.3 36.3bc 30.9b 22.6de 122d

C+P+MC 13.9cde 9.0d 5.5 35.4bc 30.4b 23.7cde 120d

C+P+XG+G 14.6cde 9.0d 5.4 35.1bc 30.2b 25.0bcd 123d

C+P+XG+MC 12.1e 8.9d 5.3 32.7c 26.1c 22.0e 110e

SEM 0.86 0.36 0.26 1.34 1.10 0.93 3.3

a–eMeans within a column with no common superscripts differ significantly (P < 0.05).
1Means of triplicate determination.
2Includes rhamnose and fucose in addition to arabinose, xylose, mannose, galactose, glucose, and uronic

acids.
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TABLE 5. Degradation of nonstarch polysaccharides (NSP) following incubation of peas
with different carbohydrase preparations (g/kg)1

Component sugars

Uronic Total
Enzyme Arabinose Xylose Mannose Galactose Glucose acids NSP2

None (control) 16.8a 8.6a 2.5 5.0a 70.3a 20.5a 127a

Cellulase (C) 13.5b 7.8ab 2.4 5.0a 63.1cde 20.0ab 115bc

Pectinase (P) 10.3c 8.5a 2.4 3.1de 68.9ab 17.6cd 114bcd

Galactanase (G) 16.6a 8.5a 2.5 4.8ab 69.4ab 19.8ab 125a

Xylanase/glucanase (XG) 13.4b 7.6b 2.5 4.3bc 68.7ab 19.8ab 119ab

Mannanase/cellulase (MC) 8.7de 8.3ab 2.3 5.0a 65.5bcd 20.3ab 113bcd

C+P 9.8cd 7.5b 2.5 3.2d 61.3def 18.4bc 106def

C+XG 9.0cde 6.0c 2.5 4.2c 59.4ef 20.3ab 104efg

XG+P 8.2ef 6.0c 2.4 3.2d 66.4bc 17.5cd 107cde

C+P+XG 7.7ef 5.4c 2.3 2.6ef 57.8f 16.9d 96gh

C+P+MC 7.7ef 5.9c 2.4 2.6ef 57.5f 16.7d 93h

C+P+XG+G 7.2fg 5.3c 2.2 2.5f 60.0ef 17.7cd 98fgh

C+P+XG+MC 6.0g 4.0d 2.1 2.3f 57.0f 17.0cd 91h

SEM 0.49 0.30 0.15 0.18 1.49 0.70 3.0

a–hMeans within a column with no common superscripts differ significantly (P < 0.05).
1Means of triplicate determination.
2Includes rhamnose and fucose in addition to arabinose, xylose, mannose, galactose, glucose, and uronic

acids.

Unlike the effect of enzymes applied singly, incubation of
canola meal, SBM, and peas with the enzyme combinations
generally decreased (P < 0.05) the recoveries of all the
constituent sugars, except mannose. As was the case for
wheat, the reduced recoveries of total NSP were more
pronounced when the enzyme preparations were used in
concert. The lowest NSP recoveries were observed for the
combination C+P+XG+MC, with the degree of NSP degra-
dation averaging 36, 26, and 28% for canola meal, SBM,
and peas, respectively. The efficacy of combination
C+P+XG+MC was the highest (P < 0.05) among the combi-
nations evaluated using canola meal and SBM, but was
similar to the combinations C+P+XG and C+P+XG+G
when the substrate was peas.

Broiler Performance
and Nutrient Utilization Study

The growth performance of broilers during the 2-wk
experiment and AMEn contents of experimental diets are
shown in Table 6. Feed consumption was not affected (P

TABLE 6. Growth performance of broiler chickens (5 to 18 d) and AMEn content of diets
supplemented with different combinations of carbohydrase preparations

Feed intake2 BW gain2 Feed-to-gain AMEn
3

Enzyme1 (g/bird) (g/bird) ratio2 (kcal/kg)

None (control) 668 436b 1.53a 2,902b

C+P 687 459a 1.50b 2,997a

C+XG 695 470a 1.48b 3,004a

C+P+XG 678 456a 1.49b 3,001a

C+P+XG+MC 676 466a 1.45c 3,046a

SEM 9.5 6.5 0.009 21.0

a–cMeans within a column with no common superscripts differ significantly (P < 0.05).
1Main enzyme activities in enzymes: C = cellulase; P = pectinase; XG = xylanase and glucanase; MC =

mannanase and cellulase. All enzymes were added at 0.1 g/kg of respective diet.
2Means of 9 replicate pens of 5 birds each.
3Means of 6 pooled excreta samples of 5 birds each.

> 0.05) by dietary enzyme supplementation. However, BW
gain of broilers fed diets containing different combinations
of carbohydrases was greater (P < 0.05) than that of birds
fed the control diet. However, no differences (P > 0.05)
in BW gain were observed among enzyme-supplemented
diets. Feed-to-gain ratio was markedly improved (P < 0.05)
by enzyme addition. Among the enzymes evaluated, sup-
plementation with enzyme C+P+XG+MC produced the
highest improvement (P < 0.05) in feed-to-gain ratio. Nitro-
gen-corrected apparent metabolizable energy contents of
enzyme-supplemented diets were higher (P < 0.05) com-
pared with the control diet and no difference (P > 0.05)
among enzyme combinations was noted.

The utilization of NSP, starch, and protein, and intestinal
digesta viscosity are summarized in Table 7. The apparent
total tract digestibility of NSP was similar (P > 0.05) among
the enzyme-supplemented diets (12.8 to 14.9%) and was
higher (P < 0.05) than that of the control diet (6.3%). Like-
wise, jejunal digesta viscosity of the chicks was reduced
(P < 0.05) from 3.3 (control) to 2.2 or 2.3 mPa�s by inclusion
of different combinations of carbohydrase enzymes. When
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TABLE 7. Apparent total tract digestibility of nonstarch polysaccharides (NSP), jejunal digesta viscosity,
and apparent ileal digestibility of starch and protein of broiler chickens fed diets supplemented

with different combinations of carbohydrase preparations

NSP2 Viscosity3 Starch3 Protein3

Enzyme1 (%) (mPa�s) (%) (%)

None (control) 6.3b 3.3a 92.6c 73.2c

C+P 14.0a 2.3b 94.7b 76.3b

C+XG 14.0a 2.2b 95.7ab 77.5b

C+P+XG 12.8a 2.3b 95.6ab 77.2b

C+P+XG+MC 14.9a 2.2b 96.7a 79.8a

SEM 1.37 0.12 0.49 0.72

a–cMeans within a column with no common superscripts differ significantly (P < 0.05).
1Main enzyme activities in enzymes: C = cellulase; P = pectinase; XG = xylanase and glucanase; MC =

mannanase and cellulase. All enzymes were added at 0.1 g/kg of respective diet.
2Means of 6 pooled excreta samples of 5 birds each.
3Means of 6 pooled ileal digesta samples of 4 birds each.

compared with the control diet, ileal digestibilities of starch
and protein in birds fed enzyme-supplemented diets were
improved significantly (P < 0.05). Among the enzyme treat-
ments, supplementation with the enzyme combination
C+P+XG+MC further improved (P < 0.05) starch digestibil-
ity from that of enzyme C+P and protein digestibility (P
< 0.05) from those of other enzyme combinations.

Adult Rooster Balance Study

The results of the effect of particle size and enzyme
supplementation on TMEn and NSP digestibility in adult
roosters fed full-fat canola seed are depicted in Figures 1
and 2. The TMEn of the conventionally ground (coarse)
canola seed was markedly improved (P < 0.05) by reducing
the particle size (to fine) or by supplementing with the
carbohydrase combination C+P+XG+MC. Although the
birds given the finely ground canola seed had a similar
NSP digestibility (P > 0.05) to those fed the original coarsely
ground seed (11.1 vs. 9.9%), supplementation with the car-
bohydrase combination increased (P < 0.05) the NSP digest-
ibility (from 11.1 to 30.1%) in coarsely ground canola seed.

DISCUSSION

The amount of total NSP in the wheat used in the present
study was in the range (8.3 to 9.8%) reported previously
for Canadian wheat by Slominski et al. (2000) and was
similar to that found in wheat from other countries (Austin
et al., 1999; Steenfeldt, 2001; Pirgozliev et al., 2003). The
constituent sugar profile confirmed that arabinoxylans (es-
timated from the sum of arabinose and xylose) account for
approximately 50% of the total NSP content of wheat and
are the major polysaccharides of the wheat endosperm cell
walls (Henry, 1987). Aman (1988) suggested that wheat
arabinoxylan consists of a xylose backbone substituted with
1 or 2 terminal arabinose residues. The amount of glucose
was also high, indicating the presence of β-glucan and
cellulose (Henry, 1987), primarily in the aleurone layers
and pericarp or testa of the grain (Steenfeldt et al., 1995).

The amounts of total NSP reported for canola meal, SBM,
and peas in the literature varies markedly, presumably due

to differences in analytical techniques, growing conditions,
variety or, as may be the case for soybean, the degree
of hull removed. However, the component sugar profiles
observed in the current study agree with those reported
earlier (Slominski and Campbell, 1990; Daveby and Aman,
1993; Huisman et al., 1998). The sugar profiles confirmed
that the main polysaccharides of canola meal, SBM, and
peas are pectic polysaccharides (Bach Knudsen, 1997) with
uronic acids, arabinose, and galactose residues predomi-
nating. The characteristic structure of pectic polysaccha-
rides comprises a main chain of rhamnogalacturonan
consisting of galacturonic acid and rhamnose residues, side
chains containing arabinose, galactose, and xylose residues,
as well as highly branched arabinans, galactans, and arabi-
nogalactans present as side chains or free neutral polysac-
charides (Aspinall and Cottrell, 1971; Siddiqui and Wood,
1972; Daveby and Aman, 1993). Other major polysaccha-
rides consisting of glucose, xylose, and arabinose residues
could include cellulose, glucoxylans, and glucoarabinoxy-
lans. β-Mannans appeared to be the minor components as
indicated by the low mannose content.

It has been suggested that the action of carbohydrase
enzymes is mediated by degrading high molecular weight
polysaccharides to simple sugars, oligosaccharides, and
low molecular weight polysaccharides (Slominski et al.,
1993; Castanon et al., 1997), which contributed to the re-
duced recovery of NSP when the feedstuff samples were
incubated with enzymes in the current in vitro study. Using
wheat as the substrate, the reduced recoveries of arabinose,
xylose, and glucose following incubation with the individ-
ual enzymes indicate that each of the enzyme preparations
contained the arabinoxylan-, β-glucan-, and cellulose-de-
grading activities, despite their main claimed activities.
This is not surprising given that most enzyme sources used
in animal feeds are crude products (Bedford and Classen,
1993) and most microorganisms used for enzyme produc-
tion are capable of producing multiple activities (Bhat and
Hazlewood, 2001). This highlights the advantage of using
feed ingredients as substrates to assess the effectiveness of
enzyme preparations over the conventional methods in
which purified substrates from different sources are used.
The latter scenario could lead to erroneous conclusions
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FIGURE 1. Effect of particle size and enzyme supplementation on
TMEn content (Mcal/kg of dry matter) of full-fat canola seed fed to
adult roosters. Coarse = coarsely ground canola seed (particle size ≤2.0
mm) obtained from a local egg producer; Fine = coarse canola seed
ground to pass through a 1-mm sieve; Coarse + enzyme = coarse canola
seed supplemented with 4 carbohydrase preparations containing cellu-
lase, pectinase, xylanase, glucanase, and mannase as main activities.
a,bMeans with no common superscripts differ (P < 0.05), and each mean
was from 3 pooled samples of 10 birds each. The pooled SEM was 0.105.

regarding the expected effectiveness of the enzyme prepa-
ration.

When using canola meal, SBM, and peas as substrates,
a similar constituent sugar recovery pattern arose from
each of the carbohydrase preparations evaluated, which
may be explained by some similarity in the form and struc-
ture of the polysaccharides present in these feedstuffs (Bach
Knudsen, 1997). In addition, the relatively lower degree of
NSP degradation (∼10%) following incubation of canola
meal, SBM, and peas with single enzymes reflects the struc-
tural complexity of the NSP fraction being less degradable
than that of wheat (22 to 28%). Because of the heteroge-
neous nature of the NSP fraction, it is difficult to determine
the specific mode of action of each enzyme from the recov-
ered component sugar profiles only. However, it appears
that enzyme preparations C (cellulase) and MC (man-
nanase and cellulase) acted on insoluble cellulose, glucoxy-

FIGURE 2. Effect of particle size and enzyme supplementation on
nonstarch polysaccharides (NSP) digestibility (%) in adult roosters fed
full-fat canola seed. Coarse = coarsely ground canola seed (particle size
≤2.0 mm) obtained from a local egg producer; Fine = coarse canola seed
ground to pass through a 1-mm sieve; Coarse + enzyme = coarse canola
seed supplemented with 4 carbohydrase preparations containing cellu-
lase, pectinase, xylanase, glucanase, and mannase as main activities.
a,bMeans with no common superscripts differ (P < 0.05), and each mean
was from 3 pooled sample of 10 birds each. The pooled SEM was 2.56.

lans, and glucoarabinoxylans, as shown by the reduced
recoveries of glucose, arabinose, and xylose. Contrary to
its action on wheat NSP, preparation XG (xylanase and
glucanase) may have depolymerized free arabinogalactan
(arabinose and galactose) or rhamnogalacturonan side
chains (arabinose, galactose, and xylose) rather than the
backbone, as illustrated by the unaltered recoveries of uro-
nic acids. From the reduced recoveries of uronic acids,
arabinose, and galactose following incubation with enzyme
P (pectinase), it can be speculated that this enzyme con-
tained multiple activities towards pectic polysaccharides,
acting not only on the backbone but also on the side chains
and the free neutral polymers. Enzyme G (galactanase)
was not effective in degrading the NSP of any substrates
used and enzyme MC did not depolymerize β-mannans
(the recovery of mannose from each feedstuff was unaf-
fected). These results further document that the use of pure
and specific substrates in enzyme evaluation may lead to
false conclusions.

The results of the in vitro study using 4 feedstuffs com-
monly used in Canadian broiler diets demonstrated that
various carbohydrase preparations were generally more
effective in the degradation of cell wall polysaccharides
when used in combination, and that the extent of NSP
degradation depended on the combinations used. As dis-
cussed above, each individual enzyme evaluated for wheat
revealed a full spectrum of xylanase, β-glucanase, and cel-
lulase activities. However, the improved effectiveness of
enzyme combinations could not be attributed to the in-
creases in enzyme activities because high dosages (1%) of
enzymes were used and increases in enzyme activity level
produced no further NSP degradation in the preliminary
assay (data not shown). Rather, each individual prepara-
tion produced by different microorganisms may have had
different substrate preference and mode of action and could
have acted in concert thereby enhancing the effectiveness
of NSP degradation. In this regard, it is known that endoxy-
lanases cleave the xylose backbone of arabinoxylan. It has
been reported that some bacteria produce endoxylanases
that are specific for unsubstituted xylosidic linkages,
whereas others produce endoxylanases that are specific for
xylosidic linkages adjacent to substituted arabinose in the
chain xylan (Coughlan et al., 1993). In addition, NSP degra-
dation was demonstrated to be more effective when 2 fun-
gal cellulases were used in combination (Wood et al., 1994).
The results from using canola meal, SBM, and peas as
substrates lend further support for the above supposition.
Only cellulose and xylan fractions or pectic polysaccharides
were depolymerized when enzymes were used individu-
ally, whereas both types of polysaccharides were hy-
drolyzed when using enzyme combinations. The greatest
effect observed with enzyme combinations C+P+XG+MC
for canola meal, SBM, and peas, and C+XG for wheat,
may be indicative of the variety of carbohydrase activities
present, which complemented one another in cleaving vari-
ous linkages in the complex polysaccharide structures.

The broiler study demonstrated that the 4 enzyme com-
binations were effective in improving nutrient utilization,
AMEn content, and growth performance of birds fed a
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wheat-SBM based diet that also contained significant
amounts of canola meal and peas. Because the basal diet
also included 10% wheat screenings, which generally con-
tain 67 to 84% of crushed and small kernel wheat (Stapleton
et al., 1980), the total wheat content of the diets was close
to 60% as is the case for any practical Canadian broiler
diets. To our knowledge, no comparable published data
on the influence of carbohydrase enzymes on such complex
practical diets is available. The results of the current study
further support earlier reports that the addition of xylanase,
β-glucanase, and cellulase preparations to wheat-based
diets significantly improves nutrient utilization and growth
performance of broilers, whereas xylanase alone may not
be as effective (Chesson, 1993; Zhou, 2000). Therefore, the
results of the current study support the need for the use
of multiple carbohydrase preparations to target various
structures of wheat NSP for optimal nutrient utilization by
broiler chickens. In addition, this study demonstrated that
the most effective enzyme combination in vitro (i.e.,
C+P+XG+MC) was superior to the other enzyme combina-
tions only in improving protein digestibility and feed-to-
gain ratio. How these additional improvements were
achieved cannot be interpreted from the NSP digestibility
data, which was similar to that of other enzyme combina-
tions. This is contrary to the results of the in vitro study
in which the enzyme combination C+P+XG+MC showed
the highest degree of NSP degradation for canola meal,
SBM, and peas.

It has been shown that wheat soluble NSP increase intes-
tinal viscosity, which slows the diffusion rate of substrates,
digestive enzymes, and digestion end products and conse-
quently affects nutrient digestion and utilization (Petterson
and Aman, 1989). Carbohydrase enzymes are capable of
partially degrading soluble NSP into smaller molecular
weight polymers and thus decreasing digesta viscosity.
This, in turn, improves nutrient utilization and animal per-
formance (Simon, 1998). Hence, the reduction in viscosity
has been suggested in many studies as the main reason
for improved growth performance and nutrient utilization
in the enzyme-supplemented wheat-based diets (Bedford
and Classen, 1992; Marquardt et al., 1994). The intestinal
viscosity observed in the current study derived primarily
from the water-soluble wheat arabinoxylans and β-glucans
because the polysaccharides of canola meal, SBM, and peas
are minor contributors to digesta viscosity (Bach Knudsen,
1997). It has to be emphasized, however, that in the current
experiment a relatively low digesta viscosity value was
found for the control birds (3.3 mPa�s). Low viscosity val-
ues were reported by other authors in studies utilizing
wheat-based diets containing 60% or more of Canadian
wheat (Leeson et al., 2000; Slominski et al., 2000; McCracken
and Miller, 2002). Therefore, the extent to which a further
reduction in digesta viscosity contributed to the responses
from dietary carbohydrase addition cannot be determined
from the current study. It seems rather unlikely that the
intestinal viscosity alone was responsible for the observed
differences in growth performance. This is particularly true
for treatment with the enzyme combination C+P+XG+MC,
which was superior to the other enzyme treatments al-

though no change in jejunal viscosity was observed. Similar
findings, in which the responses from enzyme supplemen-
tation were not associated with digesta viscosity, have been
reported (Veldman and Vahl, 1994; Dusel et al., 1998;
McCracken and Miller, 2002). It is noteworthy that such
responses from enzyme supplementation generally oc-
curred for wheat of relatively low viscosity, suggesting that
other factors may be of importance in situations when
digesta viscosity is low.

The disruption of cell wall integrity and release of encap-
sulated nutrients most likely contributed to the overall
improvements with carbohydrase enzyme supplementa-
tion observed in the current broiler study. In this regard,
Classen (1996) suggested that wheat NSP might act as a
physical barrier preventing or slowing access of endoge-
nous enzymes to starch granules. The microscopy study
by Bedford and Autio (1996) demonstrated that there was
indeed a considerable amount of starch surrounded by
intact cell walls in the intestinal digesta of broilers fed
wheat-based diets, which was largely removed on addition
of an NSP-degrading carbohydrase. The starch and protein
in peas are encapsulated by the cell wall polysaccharides
and thus less available for digestion (Wursch et al., 1986;
Longstaff and McNab, 1987; Daveby et al., 1998). Supple-
mental carbohydrases may partially depolymerize the NSP
of SBM (Marsman et al., 1997; Kocher et al., 2002) or canola
meal (Kocher et al., 2000), thereby improving protein di-
gestibility (Marsman et al., 1997; Kocher et al., 2002). An-
other potential mode of action of carbohydrase enzymes
could be the hydrolysis of certain types of carbohydrate
protein complexes (i.e., glycoproteins, proteoglycans) in
which the protein component is resistant to proteolysis
because of its substitution with bulky carbohydrate groups.
This could have contributed to some improvements in pro-
tein digestibility observed in the current study when the
most potent carbohydrase combination C+P+XG+MC was
used. Such an effect could be valid for canola and soybean,
which undergo a significant seed disruption during the
prepress solvent extraction process with the resulting meal
lacking most of the original cell integrity. Thus, it is less
likely that canola meal and SBM would contain any signifi-
cant amount of nutrients not available for digestion due
to encapsulating effect of the cell walls.

The net improvements produced by the most effective
enzyme combination (C+P+XG+MC) were 4%, 9%, 144
kcal/kg, 8%, and 8 units, respectively, for starch digestibil-
ity, protein digestibility, AMEn content, weight gain, and
feed-to-gain ratio. However, it is not clear which feed ingre-
dient contributed to such improvements and to what ex-
tent. Further research is needed to investigate the effect of
enzyme C+P+XG+MC on each individual ingredient using
purified diets containing wheat, SBM, canola meal, or peas.

Overall, the elimination of the encapsulating effect and,
to some extent, the reduction of digesta viscosity contrib-
uted to the beneficial effects of carbohydrase supplementa-
tion observed in the current broiler study. Regardless of
the mechanism involved, the net benefit of carbohydrase
application would be an improved rate of nutrient diges-
tion and utilization in the upper gut of birds, leaving less
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substrate available for microbial fermentation in the lower
gut (Choct et al., 1996). This means not only more efficient
nutrient utilization by the animal (Uni et al., 1999) but also
healthier birds, because the microbial challenge for the
animal would be reduced due to limited substrate availabil-
ity (Bedford, 2000).

It is known that the oil in canola seed is located within
numerous cells of the cotyledons, which are surrounded
by a thick wall of polysaccharides (Sosulski and Sosulski,
1993). However, due to the small size, grinding may not
effectively disrupt the polysaccharide cell wall of canola
seed. This is supported by the considerable increase in
TMEn content observed in the balance study for both the
finely ground seed and the enzyme-supplemented coarsely
ground seed. This indicates that the combination of 4 carbo-
hydrase enzymes (C+P+XG+MC) was as effective as physi-
cal grinding in the disruption of the cell wall structure,
leading to the release of oil, the major contributor to the
TMEn value. The disruption of the cell wall structure was
further substantiated by the markedly increased NSP di-
gestibility by the roosters upon the addition of the carbohy-
drase combination. Hence, such a combination of
carbohydrase preparations may serve as a means to further
improve energy utilization from full-fat canola seed when
fed to poultry. Further research is needed to validate its
effectiveness in complete poultry diets.

In conclusion, the present studies indicate that the se-
lected carbohydrase preparations in combination were ef-
fective in degrading cell wall polysaccharides in vitro and
in improving growth performance and nutrient utilization
in vivo. The beneficial effects of such combinations ob-
served in the broiler study may have resulted from elimina-
tion of the nutrient encapsulating effect of the cell wall
polysaccharides and, to some extent, from the reduction
of intestinal viscosity. This suggests that application of
an appropriate combination of carbohydrase enzymes to
target various structures of cell wall polysaccharides could
further improve the efficacy of the existing enzyme prod-
ucts in practical wheat, SBM, canola meal, and peas-based
broiler diets.
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