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ABSTRACT Diet b-glucanase (BGase) depolymerizes
viscous b-glucan into lower molecular weight carbohy-
drates, which might act as a prebiotic in chickens
exposed to enteric disease. Coccidiosis-challenged broiler
chickens were fed graded levels of hulless barley (HB)
and BGase to determine their effects on growth perfor-
mance. Broilers were fed high b-glucan HB (CDC Fibar;
0, 30, and 60% replacing wheat) and BGase (Econase GT
200P; 0, 0.01, and 0.1%) in a 3 ! 3 factorial arrange-
ment. A total of 5,346 broilers were raised in litter floor
pens and vaccinated for coccidiosis in feed and water on
day 5. Each treatment was assigned to 1 pen (66 birds) in
each of 9 rooms. Statistical significance was set at
P � 0.05. Overall, HB decreased body weight gain
(BWG) and increased feed: gain ratio (F:G) of broilers.
From day 0 to 11, BGase did not affect BWG and F:G, at
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the 0 and 30% HB. However, at 60% HB, the 0.01%
BGase improved them, and the 0.1%BGase had no effect
on BWGand increased F:G. For the day 22 to 32 and 0 to
32 periods, BGase did not affect BWG for 0 and 30% HB
levels, but for the 60% HB, both BGase levels increased
gain. The 0.1% level of BGase resulted in the lowest F:G
for all HB levels, with the degree of response increasing
with HB. No interaction was found for ileal digesta vis-
cosity at day 11; the level of HB did not affect viscosity,
but both levels of BGase decreased viscosity. At day 33,
BGase did not affect viscosity at 0 and 30% HB levels,
but viscosity was lowered for the 0.1% BGase treatment
at the 60% HB level. In conclusion, HB reduced broiler
performance, and BGase alleviated most but not all the
effects. In young birds fed 60% HB, 0.1% BGase did not
impact BWG and increased F:G.
Key words: beta-glucan, prebiotic, non-sta
rch polysaccharide, feed enzyme, viscosity
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INTRODUCTION

The reduction in the use of in-feed antibiotics has made
an investigation of alternatives to antibiotics a major
research priority. Probiotics, prebiotics, essential oils, vol-
atile fatty acids (e.g., butyric acid), and feed enzymes
(e.g., nonstarch polysaccharidases) are some of the alter-
natives to antibiotics that are being used or studied in
poultry production (Ducatelle et al., 2015; Gadde et al.,
2017). For a complete understanding of the efficacy of
alternatives, testing in chickens undergoing a disease
challenge is essential so that their ability to alleviate
adverse infection effects can be more clearly delineated.
The use of exogenous enzymes, especially nonstarch

polysaccharidases, in poultry feed has been suggested
as an alternative to antibiotics because many previous
studies demonstrated beneficial effects of these enzymes
on performance and gut health parameters in chickens
(Bedford, 2019). Xylanase supplementation in poultry
feed has received the most attention because arabinoxy-
lans are commonly found in the cell walls of predominant
cereal grains (wheat and maize) used in the poultry in-
dustry. Xylanase increases the growth performance of
broiler chickens through reducing digesta viscosity
induced by soluble arabinoxylan (Choct et al., 2004),
and by cell wall hydrolysis that reduces nutrient encap-
sulation (Bedford and Autio, 1996; Ravn et al., 2018).
Furthermore, exogenous xylanase increases the concen-
tration of digesta arabinoxylo-oligosaccharides in the
broilers fed wheat-based diets (Morgan et al., 2017).
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The resulting arabinoxylo-oligosaccharides beneficially
modulate digestive tract microbiota and the epithelial
integrity through increasing microbial fermentation of
these low molecular weight (MW) carbohydrates
(De Maesschalck et al., 2015; Lee et al., 2017). The over-
all positive effects of exogenous xylanase on performance
and gut health in chickens have led to the investigation
of other nonstarch polysaccharide degrading enzymes,
including b-glucanase (BGase) in poultry research.
It is a common practice to use exogenous BGase in

barley-based poultry feed to reduce b-glucan induced
digesta viscosity (Salih et al., 1991; Fuente et al., 1995)
and mitigate the negative effects associated with viscos-
ity. It is supported by the positive effect of BGase on
nutrient digestibility (Hesselman and �Aman, 1986;
Edney et al., 1989), apparent metabolizable energy
(Potter et al., 1965; Perttil€a et al., 2001) and bird perfor-
mance (Classen et al., 1988; Campbell et al., 1989). How-
ever, little research investigated the effect of BGase on
growth performance in different age categories of broiler
chickens fed barley-based diets (Salih et al., 1991;
J�ozefiak et al., 2005, 2006). Moreover, most of the studies
on enzyme use in barley diets have used mixed enzyme
sources (at least BGase and xylanase activities), and
there is minimal research using purified feed BGase to
study the performance of broiler chickens (Dos Santos
et al., 2013). The use of a purified BGase in the present
study contributes to understanding the single effect of
b-glucan rather than a combination of nonstarch polysac-
charides on bird performance, probably acting as
fermentable substrates for digestive tract microbiota.
Although the effect of BGase on reducing digesta viscos-
ity is well-established, the evaluation of BGase dose on
broiler performance is essential to determine if increasing
levels of BGase can achieve a higher growth performance,
possibly through increasing microbial fermentation in the
digestive tract of broilers fed barley-based diets.
The objective of the study was to evaluate the effects

of hulless barley (HB) and BGase levels on the growth
performance of broiler chickens under a coccidiosis chal-
lenge at different age groups. It was hypothesized HB
would decrease broiler performance, whereas exogenous
BGase will increase the performance in a dose-
dependent manner in broilers of all age groups fed
HB-based diets.
MATERIALS AND METHODS

The experimental procedure was approved by the An-
imal Research Ethics Board of the University of Sas-
katchewan and adhered to the Canadian Council on
Animal Care guidelines for humane animal use
(Canadian Council on Animal Care, 1993, 2009).

Birds and Housing

A total of 5,346 1-day-old male and female
(Ross ! Ross 308) broiler chickens were obtained from
a commercial hatchery and randomly placed (33 males
and 33 females per pen) in 81 floor pens (2.3 m length
and 2 m width) in 9 environmentally controlled rooms
with an estimated trial and density of 31 kg/m2. There
were 9 floor pens in each room. Each of the 9 dietary
treatments was randomly assigned to 1 pen per room,
providing 9 replications per treatment. An equal amount
of straw was placed in each room with a 7.5 to 10 cm
thickness. Room temperature was 33�C on day 0, and
then gradually decreased until it was 21�C by day 25.
Day length was 23 h at the beginning of the trial,
and it was gradually reduced to 17 h by day 12. Light in-
tensity was 20 lux at the start of the trial and gradually
reduced to 10 lux by day 10. Each pen was equipped with
a tube feeder having a pan diameter of 36 (0–25 d) or
43 cm (.25 d) to provide ad libitum feed. Each pen
was provided with a height-adjustable nipple drinker,
each having 6 Lubing nipples. Supplementary feed and
water were provided to each pen during the first week us-
ing a cardboard egg tray and an ice cube tray (16 cells).
Experimental Diets

Treatments were arranged in a 3 ! 3 factorial design
based on diet HB (CDC Fibar; 0, 30, and 60%) and
BGase (Econase GT 200 P from ABVista, Wiltshire,
UK; 0, 0.01, and 0.1%) levels. The BGase activities in di-
ets were calculated to be 0, 20,000, and 200,000 BU/kg
for the 0, 0.01, and 0.1% levels, respectively. Hulless
barley (CDC Fibar; b-glucan content–8.7%) replaced
wheat in each experimental diet; HB and wheat were
assumed to have approximately the same nutrient
composition. Starter diets were fed from day 0 to 11
and grower diets after that. The ingredients and calcu-
lated nutrient levels are presented in Table 1. Diets
were formulated in accordance with Ross 308 broiler
nutrition specifications (Aviagen, 2014). The starter di-
ets were made in crumble form, and the grower diets
were initially given in a crumble form, and then switched
to a pellet form. The pelleting temperature was main-
tained between 70�C and 75�C for all diets to prevent
BGase inactivation. Beta-glucanase (EC 3.2.1.6) and
xylanase activities (EC 3.2.1.8) of the diets were
analyzed in accordance with the AB Vista methods of
ESC Standard Analytical Method SAM042-01 and
SAM038, respectively. Xylanase activity was nondetect-
able in the diets, and BGase activity approximated the
expected enzyme activity values.
Coccidiosis Challenge

All the birds were challenged with Coccivac B-52 live
vaccine (Merck Animal Health, Madison, NJ), which
contains Eimeria acervulina, Eimeria mivati, Eimeria
maxima (2 strains), and Eimeria tenella oocysts. Vacci-
nation (1.3 ! recommended dose) was completed at 5 d
of age to facilitate uniform oocyst intake by spraying
diluted vaccine (1,000 doses in 500 mL distilled water)
onto 1 egg tray containing feed and 1 ice cube tray con-
taining water in each pen. Feeders and drinkers were
raised in each pen (to prevent bird access) before starting
vaccination and kept up until the vaccine containing



Table 1. Ingredients and calculated nutrient levels of starter and grower diets (%, as-is
basis).

Item Starter (Day 0–11) Grower (Day 11–33)

Ingredient
Cereal grain (wheat and hulless barley)1 59.09 64.80
Soybean meal 32.97 26.93
Canola oil 3.29 4.03
Monodicalcium phosphate 1.40 1.20
Limestone 1.64 1.52
Sodium chloride 0.43 0.38
Vitamin-mineral broiler premix2 0.50 0.50
Choline chloride 0.10 0.10
DL-Methionine 0.30 0.27
L-Threonine 0.07 0.05
L-Lysine HCl 0.21 0.22

Nutrient, calculated
AME (kcal/kg) 3,000 3,100
Crude protein 23.46 21.24
Crude fat 4.74 5.57
Calcium 0.96 0.87
Chloride 0.38 0.36
Nonphytate phosphorous 0.48 0.44
Potassium 0.92 0.83
Sodium 0.20 0.18
Digestible arginine 1.50 1.35
Digestible isoleucine 0.90 0.81
Digestible leucine 1.61 1.47
Digestible lysine 1.28 1.15
Digestible methionine 0.60 0.54
Digestible methionine and cysteine 0.95 0.87
Digestible threonine 0.86 0.77
Digestible tryptophan 0.27 0.24
Digestible valine 0.96 0.87

1Wheat: total dietary fiber (TDF), 14.4; insoluble dietary fiber (IDF), 12.4; soluble dietary fiber
(SDF), 2.0; b-glucan, 0.64/hulless barley: TDF, 26.7; IDF, 18.9; SDF, 7.8; b-glucan, 8.70 (% DM
basis).

2Vitamin-mineral premix provided the following per kilogram of complete diet: vitamin A,
11,000 IU; vitamin D, 2,200 IU; vitamin E, 30 IU; menadione, 2 mg; thiamine, 1.5 mg; riboflavin,
6 mg; pyridoxine, 4 mg; vitamin B12, 0.02 mg; niacin, 60 mg; pantothenic acid, 10 mg; folic acid,
0.6 mg; biotin, 0.15 mg; copper, 10 mg; iron, 80 mg; manganese, 80 mg; iodine, 0.8 mg; zinc, 80 mg;
selenium, 0.3 mg; calcium carbonate, 500 mg; ethoxyquin, 0.63 mg; wheat middlings, 3,773 mg.
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supplementary feed and water were consumed. There-
fore, birds only had access to vaccinated feed during
that time. In addition, a Kraft brown paper strip (Model
S-8511S; ULINE Canada, Milton, Ontario, Canada) of
30 cm width was placed under the full length of the
nipple drinker line in each pen before the coccidiosis
challenge to facilitate coprophagy and coccidian oocyst
cycling. Humidity was kept high (60%) in the rooms
via humidifiers and water spray application to litter to
facilitate oocyst cycling.
Performance Data Collection

Performance parameters including feed intake (FI)
and body weight were taken on a pen basis at day 11,
22, and 32. Body weight gain (BWG) and mortality cor-
rected feed: gain ratio (F:G) were calculated. Mortality
was recorded daily, and dead birds were sent to Prairie
Diagnostic Services (University of Saskatchewan) for
necropsy.
Sample Collection

At each collection day (day 11 and 33), 2 birds were
selected from each pen and euthanized by injection of
T-61 containing embutramide, mebezonium iodide,
and tetracaine hydrochloride (Merck Animal Health,
Kirkland, Quebec, Canada) into the brachial vein. Tis-
sues were removed from the bird carcass, separated
into different gastrointestinal tract (GIT) sections
(crop, proventriculus, gizzard, duodenum, jejunum,
ileum, ceca, and colon), and then full and empty weights
and lengths (when appropriate) were recorded. Content
weight was obtained by subtracting empty from the full
weight. The liver, spleen, and pancreas were removed
and weighed. Empty weights, lengths, content, and or-
gan weights were divided by individual body weights
to obtain relative weights of each parameter. The ileal
contents were collected into plastic snap-cap vials and
centrifuged at 17,013 ! g at 40�C for 5 min using a
Beckman microfuge (Model E348720; Beckmann instru-
ments, INC, Palo Alto, CA). A Brookfield cone-plate
viscometer (Model LVDV-III; Brookfield Engineering
Labs, INC, Stoughton, MA) maintained at 40�C
(40 rpm; shear rate 300 s21) was used to measure ileal su-
pernatant viscosity.
Dietary Analysis

Experimental diets and ingredients (wheat and HB)
were ground using a Retsch laboratory mill (Retsch ZM
200; Germany) to 1 mm (for the analysis of insoluble



Table 2. Analyzed chemical composition of the experiment diets (%, DM basis).

Item

0% hulless barley 30% hulless barley 60% hulless barley

0% BGase 0.01% BGase 0.1% BGase 0% BGase 0.01% BGase 0.1% BGase 0% BGase 0.01% BGase 0.1% BGase

Starter diets
Total starch 38.5 36.3 35.1 35.2 35.2 35.1 34.2 31.9 32.5
Crude protein 25.5 25.5 26.7 26.1 26.4 27.1 26.3 26.9 25.3
Ether extract 3.7 3.4 4.0 3.6 4.1 4.1 4.2 3.8 4.5
Ash 5.6 5.7 6.1 6.2 5.6 6.2 6.1 6.3 6.7
Total dietary fiber 23.4 24.1 24.8 25.5 25.2 27.0 28.2 28.1 27.0
Insoluble dietary fiber 19.3 19.2 19.4 19.8 19.6 20.1 20.3 19.5 17.6
Soluble dietary fiber 4.1 4.9 5.3 5.7 5.7 6.9 7.9 8.6 9.3
Total b-glucan 1.0 0.9 0.8 2.9 2.9 2.5 5.0 4.6 4.9

Grower diets
Total starch 40.1 36.8 38.7 35.9 36.1 36.9 33.9 33.7 33.2
Crude protein 23.1 24.1 22.9 25.2 24.3 24.6 25.8 24.7 25.2
Ether extract 4.9 4.6 4.6 4.7 4.4 5.0 4.5 5.1 5.1
Ash 5.6 5.7 5.6 6.1 5.6 6.1 6.0 6.5 6.0
Total dietary fiber 23.3 25.2 26.8 27.4 25.7 27.1 28.5 30.0 25.5
Insoluble dietary fiber 20.3 21.6 22.4 22.7 20.7 21.9 22.0 23.0 19.4
Soluble dietary fiber 3.0 3.4 4.5 4.8 4.9 5.2 6.5 6.9 6.2
Total b-glucan 0.6 1.0 0.9 2.3 2.5 2.6 4.4 4.4 4.3
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and soluble dietary fiber, N, fat, and ash) and 0.5 mm (for
the analysis of b-glucan and total starch) screen-hole
sizes. Insoluble dietary fiber (IDF) and soluble dietary
fiber (SDF) were analyzed using a Megazyme kit (total
dietary fiber assay procedure, Megazyme International
Ireland Ltd., Bray Business Park, Bray, Co. Wicklow,
Ireland) according to the AOAC method 991.43
(AOAC, 2006) and AACC method 32-07.01 (AACC,
2010). The addition of IDF and SDF obtained total die-
tary fiber (TDF). Beta-glucan was analyzed (AOAC
method 995.16 [AOAC, 2006], AACC method 32-23
[AACC, 2010], and ICC method 168 [ICC, 2011]) using
a Megazyme analysis kit (mixed-linkage beta-glucan
assay procedure/McCleary method, Megazyme Interna-
tional Ireland Ltd., Bray Business Park, Bray, Co.
Wicklow, Ireland). The total starch analysis was
completed based on AOAC method 996.11 (AOAC,
2006) and AACC method 76-13.01 (AACC, 2010) using
a Megazyme kit (total starch assay procedure, amyloglu-
cosidase/a-amylase method, Megazyme International
Ireland Ltd., Bray Business Park, Bray, Co. Wicklow,
Ireland). Nitrogen was analyzed using a Leco protein
analyzer (Model Leco-FP-528L; Leco Corporation, St. Jo-
seph, MA), and 6.25 was used as the N to CP conversion
factor. Fat content was determined by ethyl ether extrac-
tion using Goldfish Extraction Apparatus (Labconco
model 35001; Labconco, Kansas, MO) following the
AOAC method 920.39 (AOAC, 2006). Ash content was
analyzed according to AOAC method (AOAC, 2006)
942.05 using a muffle oven (Model Lindberg/Blue
BF51842C, Asheville, NC). Moisture was analyzed using
the AOAC method 930.15 (AOAC, 2006).
Statistical Analysis

The experiment was a randomized complete block
design with a room used as a block to account for poten-
tial environmental differences between rooms. Data were
analyzed using a 2-way analysis of variance of SAS 9.4
Proc mixed model to determine the main effects of,
and interaction between, HB and BGase (SAS 9.4,
Cary, NC, 2008; SAS Institute, 2008). The significance
level was P � 0.05, and the trends were considered
when 0.10 � P . 0.05. Mean separation was completed
using the Tukey-Kramer test. Data were tested for
normality using the Shapiro-Wilk test and the percent-
age data were log-transformed when they were not nor-
mally distributed.
RESULTS

Ingredient Nutrient Content

The TDF, IDF, and SDF in HB were 26.7, 18.9, and
7.8%, respectively. In wheat, 14.4% TDF, 12.4% IDF,
and 2.0% SDF were determined. Total b-glucan was
analyzed as 8.70 and 0.64% in HB and wheat, respec-
tively. Total starch, CP, fat, and ash were analyzed as
53.7, 16.2, 2.8, and 2.4%, respectively, in HB, whereas
the corresponding values for wheat were 62.8, 14.9, 1.2,
and 1.7%. The nutrient composition of the experimental
diets was included in Table 2.
Performance Parameters

Dietary HB and BGase affected broiler performance in
an age-dependent manner (Table 3). Production data
were influenced by interactions between HB and BGase,
excepting BWG from 11 to 22 d and FI from 22 to
32 d. Overall, BWG, FI, and F:G were poorer as the level
of HB increased in diets. From 0 to 11 d, BWG, FI, and
F:G were not affected by BGase level for the birds fed
0 and 30% HB. For the birds fed diets containing 60%
HB, 0.01% BGase resulted in faster growth than broilers
from either 0 or 0.1% BGase treatments. Similarly, F:G
was lower for birds fed diets containing 0.01% BGase
than the other 2 enzyme levels, but for this parameter,
values for 0.1% BGase were higher (poorer) than the
0% BGase treatment. Feed intake from 0 to 11 d was
higher for 0.01%BGase than for the other 2 enzyme levels



Table 3. Effects of hulless barley and b-glucanase on production performance of broiler chickens.

Item

Body weight gain (kg) Feed intake (kg) Feed to gain ratio

Day 0–11 Day 11–22 Day 22–32 Day 0–32 Day 0–11 Day 11–22 Day 22–32 Day 0–32 Day 0–11 Day 11–22 Day 22–32 Day 0–32

HB (%) ! BGase (%)
0 ! 0 0.278a,b 0.641 0.960a,b 1.879a,b,c 0.338a,b 1.035a 1.626 3.00a 1.20e,f 1.49b,c 1.66c,d 1.53c,d,e

0 ! 0.01 0.275a,b,c 0.672 0.952a,b 1.899a,b 0.337a,b 1.037a 1.633 3.006a 1.20e,f 1.42c 1.69c 1.52d,e,f

0 ! 0.1 0.286a 0.668 0.977a 1.931a 0.343a 1.037a 1.581 2.962a,b 1.18f 1.43c 1.61d 1.48f

30 ! 0 0.266b,c 0.641 0.919b,c 1.826c 0.336a,b 1.038a 1.591 2.965a,b 1.25c,d 1.50b,c 1.71c 1.57c

30 ! 0.01 0.275a,b,c 0.646 0.924b,c 1.846b,c 0.346a 1.029a 1.576 2.950a,b 1.22c,d,e 1.48c 1.67c,d 1.53c,d,e

30 ! 0.1 0.277a,b 0.649 0.939a,b 1.865b,c 0.344a 1.034a 1.525 2.903b,c 1.21d,e,f 1.48c 1.60d 1.49e,f

60 ! 0 0.243d 0.562 0.788e 1.594e 0.328b 0.979b 1.540 2.846c,d 1.32b 1.62a 1.94a 1.72a

60 ! 0.01 0.264c 0.603 0.859d 1.726d 0.339a,b 1.033a 1.569 2.941a,b 1.26c 1.58a,b 1.80b 1.63b

60 ! 0.1 0.237d 0.622 0.881c,d 1.740d 0.331b 0.982b 1.499 2.813d 1.37a 1.47c 1.69c 1.56c,d

SEM1 0.0020 0.0047 0.0073 0.0122 0.0011 0.0039 0.0069 0.0100 0.0073 0.0095 0.0124 0.009

HB (%)
0 0.279 0.660a 0.963 1.903 0.339 1.037 1.613a 2.989 1.19 1.45 1.65 1.51
30 0.273 0.645a 0.927 1.846 0.342 1.034 1.564b 2.939 1.22 1.48 1.66 1.53
60 0.248 0.596b 0.843 1.686 0.333 0.998 1.536b 2.867 1.31 1.55 1.80 1.64

BGase (%)
0 0.262 0.615b 0.889 1.766 0.334 1.017 1.586a 2.937 1.25 1.53 1.77 1.61
0.01 0.271 0.640a 0.912 1.823 0.341 1.033 1.592a 2.966 1.23 1.49 1.72 1.56
0.1 0.267 0.646a 0.932 1.845 0.339 1.018 1.535b 2.893 1.25 1.46 1.63 1.51

ANOVA P-value
HB ,0.001 ,0.001 ,0.001 ,0.001 0.002 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001
BGase 0.004 0.003 ,0.001 ,0.001 0.005 0.028 ,0.001 ,0.001 0.004 0.003 ,0.001 ,0.001
HB ! BGase ,0.001 0.094 0.002 0.002 0.042 0.004 0.676 0.030 ,0.001 0.015 ,0.001 ,0.001

a-fMeans within a main effect or interaction not sharing a common superscript are significantly different (P � 0.05).
Abbreviations: BGase, b-glucanase; HB, hulless barley.
1SEM 5 pooled standard error of mean (means of 9 replications).
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Table 4. Effects of hulless barley and b-glucanase on mortality of
broiler chickens from 0 to 32 d.

Item Mortality (%)

Hulless barley (%) ! b-glucanase (%)
0 ! 0 4.3
0 ! 0.01 3.5
0 ! 0.1 4.0
30 ! 0 3.5
30 ! 0.01 4.6
30 ! 0.1 4.5
60 ! 0 3.5
60 ! 0.01 4.5
60 ! 0.1 3.1

SEM1 0.304
Hulless barley (%)

0 3.9
30 4.2
60 3.7

b-glucanase (%)
0 3.7
0.01 4.2
0.1 3.9

ANOVA P-value
Hulless barley 0.813
b-glucanase 0.823
Hulless barley ! b-glucanase 0.724

1SEM 5 pooled standard error of mean (means of 9 replications).
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for the birds fed 60% HB. From 11 to 22 d, BWG was
lower for the 60% HB birds in comparison with those
from the 0 and 30% HB treatments: both levels of BGase
addition increased BWG for this period. Feed intake from
11 to 22 d was not affected by enzyme addition for the
birds fed 0 and 30% HB levels, but 0.01% BGase resulted
Table 5. Effects of hulless barley and b-glucanase on ileal digesta
viscosity of broiler chickens.

Item

Viscosity (cP)

Day 11 Day 33

Hulless barley (%) ! b-glucanase (%)
0 ! 0 7.84 2.37b

0 ! 0.01 3.48 2.36b

0 ! 0.1 3.37 2.83a,b

30 ! 0 7.11 3.67a,b

30 ! 0.01 6.93 3.38a,b

30 ! 0.1 3.66 3.13a,b

60 ! 0 9.73 3.98a

60 ! 0.01 5.31 3.46a,b

60 ! 0.1 3.53 2.30b

SEM1 0.431 0.120

Main effects

Hulless barley (%)
0 4.90 2.52
30 5.90 3.39
60 6.19 3.25

b-glucanase (%)
0 8.23a 3.34
0.01 5.24b 3.07
0.1 3.52b 2.76

ANOVA P-value
Hulless barley 0.261 0.002
b-glucanase ,0.001 0.086
Hulless barley ! b-glucanase 0.160 0.021

a, bMeans within a main effect or interaction not sharing a common
superscript are significantly different (P � 0.05).

1SEM 5 pooled standard error of mean (Day 11: means of 6 replica-
tions/Day 33: means of 9 replications; pooled ileal samples from 2 birds per
replicate in each day).
in higher FI than for the other 2 enzyme levels for the 60%
HB diet. Feed to gain ratio was also not affected by
enzyme level for the 2 lower HB levels, but the 0.1%
BGase level resulted in a lower value than 0 or 0.01%
BGase treatments at 60% HB diet inclusion. Enzyme
addition again did not affect BWG from 22 to 32 d,
when included in the diets containing 0 and 30% HB.
However, broilers fed the 60% HB diets grew faster with
enzyme supplementation. With the same period, FI was
lower in the diets containing 30 and 60% HB than the
wheat diet, and lower for the 0.1% BGase treatment
than for the birds fed diets with 0 or 0.01% BGase supple-
mentation. Optimum FCR during the 22–32 d period was
achieved with 0.1% enzyme inclusion in the 0 and 30%
HB diets. For the birds on the 30% HB diets, the 0.1%
BGase treatment was superior to the unsupplemented
diet. Finally, for 60% HB treatments, F:G improved as
the level of BGase increased. Overall (0–32 d), enzyme
did not affect BWG for 0 and 30% HB diets, but both
enzyme levels resulted in more gain when the diets
contain 60% HB. Feed intake increased with the 0.01%
BGase in comparison with 0 and 0.01% BGase when
the birds were fed 60% HB diets. However, there was no
BGase effect on FI at 0 and 30% HB treatments. Feed-
to-gain ratio was lower with 0.1% BGase than with 0%
BGase at both 0 and 30% HB diets, but F:G decreased
with increasing BGase level in the birds fed 60%HB diets.

The total mortality of the flock was 4.1% and not
affected by HB or BGase (Table 4). Only 3.8% of the to-
tal mortality was confirmed as coccidiosis by necropsy.
However, 43.3% of the total mortality was diagnosed
as either necrotic enteritis or systemic infection, with
the latter possibly due to the destruction of the intestinal
epithelial membrane and bacterial translocation because
of subclinical coccidiosis. These data support the conclu-
sion that vaccination with Coccivac-B52 induced a dis-
ease challenge in experimental birds.
Viscosity

The ileal digesta viscosity was only affected by BGase
at 11 d with both 0.01 and 0.1% BGase, similarly,
reducing viscosity (Table 5). The interaction between
the main effects was significant for viscosity at day 33.
In birds fed 0 and 30% HB, BGase did not affect viscos-
ity, whereas in the 60% HB diets, the highest level of
BGase decreased the viscosity compared with the 0%
BGase inclusion level.
Gastrointestinal Tract Morphology

At day 11, relative GIT segment empty weights,
lengths, organ weights, and content weights were affected
by HB and BGase. Empty weights of the proventriculus,
gizzard, jejunum, small intestine, and colon, and the
lengths of the jejunum, small intestine, and colon
increased with increasing levels of HB (Table 6). In all
cases, 0 and 60% HB values were different, and values
for 30% HB were either statistically intermediate or like
either of the extremes. The 0% BGase level resulted in



Table 6. Effects of hulless barley and b-glucanase on gastrointestinal tissue weights and lengths (proportional to body weight) of broiler
chickens aged 11 d.

Item

Empty weight (%) Length (cm/100 g)

Crop Proven Gizz Duo Jej Ileum SI Ceca Colon Duo Jej Ileum SI Ceca Colon

HB (%) ! BGase (%)
0 ! 0 0.44 0.73 2.37 1.56 2.56 1.83 5.97 0.56 0.22 6.35 15.09 14.09 35.30 5.06 1.31
0 ! 0.01 0.52 0.77 2.27 1.66 2.54 1.84 6.03 0.57 0.21 6.27 14.84 14.14 35.24 4.95 1.14
0 ! 0.1 0.43 0.70 2.24 1.69 2.45 1.71 5.85 0.50 0.18 6.15 13.83 13.25 33.22 4.54 1.15
30 ! 0 0.49 0.87 2.40 1.73 2.59 1.88 6.19 0.54 0.22 6.20 14.88 13.74 34.81 4.73 1.21
30 ! 0.01 0.47 0.81 2.44 1.63 2.55 1.77 5.95 0.54 0.22 6.37 14.87 14.08 35.32 4.66 1.21
30 ! 0.1 0.44 0.73 2.31 1.69 2.61 1.89 6.17 0.58 0.21 6.33 14.92 14.32 35.57 4.83 1.27
60 ! 0 0.49 0.85 2.66 1.72 2.69 1.93 7.00 0.58 0.25 7.17 16.43 14.61 40.29 5.01 1.39
60 ! 0.01 0.49 0.77 2.43 1.68 2.81 1.90 6.38 0.58 0.24 6.40 15.76 14.55 36.70 5.07 1.23
60 ! 0.1 0.48 0.78 2.58 1.73 2.65 1.83 6.27 0.61 0.24 6.50 14.90 14.36 37.02 5.12 1.35

SEM1 0.010 0.011 0.027 0.019 0.028 0.023 0.190 0.010 0.004 0.092 0.168 0.173 0.430 0.066 0.020

Main effects

HB (%)
0 0.46 0.73b 2.29b 1.64 2.52b 1.79 5.95b 0.55 0.20b 6.26 14.59b 13.82 34.58b 4.85 1.20b

30 0.47 0.80a 2.38b 1.68 2.58a,b 1.85 6.10b 0.55 0.22b 6.30 14.89a,b 14.04 35.23b 4.74 1.23a,b

60 0.49 0.80a 2.56a 1.71 2.71a 1.89 6.55a 0.59 0.24a 6.69 15.70a 14.50 38.00a 5.07 1.32a

BGase (%)
0 0.47 0.81a 2.48 1.67 2.61 1.88 6.39 0.56 0.23a 6.57 15.47 14.15 36.80 4.93 1.30a

0.01 0.49 0.78a,b 2.38 1.66 2.63 1.83 6.12 0.57 0.22a,b 6.35 15.16 14.25 35.75 4.90 1.19b

0.1 0.45 0.74b 2.38 1.70 2.57 1.81 6.10 0.56 0.21b 6.33 14.55 13.98 35.27 4.83 1.25a,b

ANOVA P-value
HB 0.421 0.014 ,0.001 0.286 0.006 0.234 ,0.001 0.097 ,0.001 0.078 0.012 0.252 0.001 0.112 0.007
BGase 0.135 0.009 0.156 0.673 0.637 0.467 0.055 0.987 0.012 0.429 0.059 0.829 0.269 0.781 0.050
HB ! BGase 0.235 0.214 0.362 0.438 0.679 0.585 0.103 0.276 0.656 0.389 0.554 0.774 0.267 0.380 0.278

a-bMeans within a main effect or interaction not sharing a common superscript are significantly different (P � 0.05).
Abbreviations: BGase, b-glucanase; Duo, duodenum; Gizz, gizzard; HB, hulless barley; Jej, jejunum; Proven, proventriculus; SI, small intestine.
1SEM 5 pooled standard error of mean (n 5 12 birds per treatment).
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heavier proventriculus and colon weights, and colon
length in comparison with either or both 0.01 and 0.1%
enzyme levels.

The 60% HB treatments resulted in more digesta con-
tent in the crop, gizzard, jejunum, and colon than the 0%
HB treatment; digesta content for the birds from the
30% HB diets were either intermediate or statistically
equal to 0 or 60% values. Interactions between HB and
BGase treatments were found for the digesta content
of the crop, duodenum, ileum, and ceca. The crop, duo-
denum, and cecal interactions did not follow apparent
trends (Table 7). The interaction for the ileum and small
intestine revealed some differences in the pattern of
response to treatments, but the main effects predomi-
nated with more digesta content for 60% than 30 and
0% HB treatments, and more digesta content for the
0% than the 0.01 and 0.1% BGase treatments. An inter-
action was also found for liver weight with the enzyme
not affecting 0 and 30% HB treatments, but the 0.1%
BGase treatment resulting in heavier weights than 0%
BGase for 60% HB diets; the 0.01% BGase treatment
was intermediate and not statistically different than
the other enzyme treatments. The spleen weights were
proportionally heavier for 0 and 0.01% BGase than the
0.1% BGase treatment. The pancreas weight increased
with increasing levels of HB, and the weight for the
0.1% enzyme addition was lower than for the 0.01%
BGase treatment with the 0% BGase treatment being
intermediate.

Gastrointestinal tract size and content weights were
affected by HB and BGase at day 33. As seen at 11 d,
the digestive tract empty weights (gizzard, duodenum,
jejunum, small intestine, ceca, and colon) and lengths
(duodenum, small intestine, ceca, and colon) increased
with the addition of HB (Table 8). The 0 and 60% HB
treatments were consistently different, and the 30%
HB values were either intermediate or more closely
aligned with either the 0 or 60% HB inclusion levels. In-
teractions between the main effects were seen for the
jejunum and ileum lengths. In both cases, the BGase
level did not affect the lengths for the birds consuming
0 and 30% HB, but enzyme addition (0.01 and 0.1%)
reduced the lengths when 60% HB was fed.
The digesta content weights of the crop, gizzard,

ileum, ceca, and colon were highest for the 60%HB diets,
and except for the crop, lowest for the 0% HB diets
(Table 9). The addition of 0.1% BGase reduced the con-
tent weight in the jejunum, ileum, and colon compared
with not adding an enzyme to the diet. An interaction
was found for the content weight of the small intestine,
which was lower with 0.1% than with 0% BGase for
the birds fed 60% HB, but the differences between these
2 diets did not approach significance for the 30 or 0% HB
diets. The liver and pancreas weights increased with the
level of diet HB, whereas the liver weights were lower
when BGase was included in the diet.
DISCUSSION

Performance variables of broiler chickens in this study
were within a normal range in accordance with Ross 308
Broiler Performance Objectives (Aviagen, 2014), and
were affected by treatment in an age-dependent manner.
Overall, performance variables decreased with the



Table 7. Effects of hulless barley and b-glucanase on gastrointestinal content and organ weights as a percentage of body weight of
broiler chickens aged 11 d.

Item

Content (%) Weight (%)

Crop Proven Gizz Duo Jej Ileum SI Ceca Colon Liver Spleen Pancreas

HB (%) ! BGase (%)
0 ! 0 0.23c 0.06 0.57 0.05a,b 0.44 0.36b,c 0.84b,c 0.11a,b 0.03 4.67a 0.13 0.44
0 ! 0.01 0.44a,b,c 0.08 0.67 0.04b 0.44 0.40b,c 0.87b,c 0.14a 0.03 4.47a,b 0.12 0.47
0 ! 0.1 0.43a,b,c 0.05 0.59 0.04b 0.40 0.28c 0.71c 0.06b 0.02 4.46a,b 0.11 0.40
30 ! 0 0.43a,b,c 0.17 0.80 0.04b 0.46 0.38b,c 0.88b,c 0.09a,b 0.04 4.29a,b 0.12 0.45
30 ! 0.01 0.29a,b,c 0.11 0.80 0.04b 0.39 0.32b,c 0.74b,c 0.06b 0.04 4.41a,b 0.13 0.50
30 ! 0.1 0.28b,c 0.06 0.72 0.05a,b 0.41 0.36b,c 0.80b,c 0.09a,b 0.04 4.43a,b 0.10 0.46
60 ! 0 0.48a,b,c 0.06 0.89 0.08a 0.59 0.60a 1.26a 0.08a,b 0.06 4.12b 0.13 0.54
60 ! 0.01 0.50a,b 0.05 0.75 0.03b 0.49 0.43b 0.95b 0.06b 0.06 4.49a,b 0.13 0.50
60 ! 0.1 0.54a 0.05 0.81 0.05a,b 0.45 0.41b,c 0.89b,c 0.12a,b 0.04 4.61a 0.11 0.50

SEM1 0.023 0.010 0.022 0.003 0.012 0.013 0.022 0.006 0.002 0.039 0.002 0.006

Main effects

HB (%)
0 0.37 0.06a,b 0.61b 0.04 0.43b 0.34 0.81 0.10 0.03b 4.53 0.12 0.44c

30 0.33 0.11a 0.77a 0.04 0.42b 0.35 0.81 0.08 0.04b 4.38 0.12 0.47b

60 0.51 0.05b 0.82a 0.05 0.51a 0.48 1.03 0.08 0.05a 4.41 0.13 0.51a

BGase (%)
0 0.38 0.09 0.75 0.05 0.50a 0.45 0.99 0.09 0.04a 4.36 0.12a 0.48a,b

0.01 0.41 0.08 0.74 0.03 0.44a,b 0.38 0.86 0.08 0.04a 4.45 0.13a 0.49a

0.1 0.42 0.05 0.71 0.04 0.42b 0.35 0.80 0.09 0.03b 4.50 0.11b 0.45b

ANOVA P-value
HB 0.001 0.029 0.002 0.090 0.002 ,0.001 ,0.001 0.178 0.001 0.184 0.204 ,0.001
BGase 0.727 0.225 0.641 0.033 0.013 0.004 ,0.001 0.758 0.022 0.232 0.002 0.017
HB ! BGase 0.016 0.323 0.359 0.035 0.400 0.003 0.006 0.001 0.436 0.003 0.776 0.116

a-cMeans within a main effect or interaction not sharing a common superscript are significantly different (P � 0.05).
Abbreviations: BGase, b-glucanase; Duo, duodenum; Gizz, gizzard; HB, hulless barley; Jej, jejunum; Proven, proventriculus; SI, small intestine.
1SEM 5 pooled standard error of mean (n 5 12 birds per treatment).
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substitution of wheat with HB in the broiler diets, which
is at least partially associated with the high level of fiber
and reduced energy and starch content in HB compared
with wheat (Coates et al., 1977; Bach Knudsen, 1997).
Table 8. Effects of hulless barley and b-glucanase on gastrointestinal t
chickens aged 33 d.

Item

Empty weight (%)

Crop Proven Gizz Duo Jej Ileum SI

HB (%) ! BGase (%)
0 ! 0 0.28 0.37 0.97 0.78 1.48 0.96 3.21
0 ! 0.01 0.28 0.35 1.01 0.82 1.49 1.00 3.30
0 ! 0.1 0.29 0.36 1.03 0.80 1.44 1.05 3.28
30 ! 0 0.28 0.40 1.04 0.84 1.48 1.05 3.37
30 ! 0.01 0.27 0.42 1.11 0.85 1.48 1.03 3.36
30 ! 0.1 0.29 0.37 1.10 0.82 1.46 0.99 3.27
60 ! 0 0.30 0.38 1.12 0.87 1.64 1.13 3.64
60 ! 0.01 0.29 0.39 1.18 0.85 1.59 1.09 3.52
60 ! 0.1 0.29 0.39 1.23 0.86 1.53 1.00 3.38

SEM1 0.004 0.008 0.017 0.010 0.016 0.015 0.03

Main effects

HB (%)
0 0.28 0.36 1.00b 0.80b 1.47b 1.00 3.26
30 0.28 0.39 1.08b 0.84a,b 1.47b 1.02 3.33
60 0.29 0.39 1.18a 0.86a 1.59a 1.07 3.51

BGase (%)
0 0.29 0.38 1.04 0.83 1.53 1.05 3.41
0.01 0.28 0.38 1.10 0.84 1.52 1.04 3.39
0.1 0.29 0.37 1.12 0.83 1.48 1.01 3.31

ANOVA P-value
HB 0.498 0.136 0.001 0.028 0.002 0.139 0.00
BGase 0.477 0.670 0.130 0.880 0.272 0.589 0.39
HB ! BGase 0.757 0.619 0.967 0.835 0.849 0.196 0.48

a-cMeans within a main effect or interaction not sharing a common superscr
Abbreviations: BGase, b-glucanase; Duo, duodenum; Gizz, gizzard; HB, hu
1SEM 5 pooled standard error of mean (n 5 18 birds per treatment).
The analyzed TDF was 26.7 and 14.4%, whereas total
starch content was 53.7 and 62.8% in HB and wheat,
respectively, in the present study, which supports this
rationale. Therefore, the assumption which was made
issue weights and lengths (proportional to body weight) of broiler

Length (cm/100 g)

Ceca Colon Duo Jej Ileum SI Ceca Colon

0.31 0.12 1.44 3.53b,c 3.46b 8.42 1.35 0.31
0.33 0.13 1.52 3.71b,c 3.49b 8.71 1.34 0.34
0.34 0.12 1.48 3.28c 3.38b 8.14 1.40 0.32
0.36 0.15 1.63 3.83b,c 3.86b 9.31 1.60 0.35
0.35 0.14 1.54 3.55b,c 3.42b 8.50 1.43 0.34
0.37 0.13 1.55 3.70b,c 3.76b 9.00 1.43 0.35
0.37 0.17 1.80 4.49a 4.42a 10.70 1.69 0.41
0.37 0.17 1.64 3.89b 3.87b 9.39 1.53 0.40
0.38 0.15 1.63 3.88b 3.86b 9.37 1.53 0.38

1 0.005 0.003 0.022 0.047 0.048 0.101 0.030 0.006

b 0.33b 0.12c 1.48b 3.51 3.44 8.42c 1.37b 0.32b
b 0.36a 0.14b 1.57a,b 3.69 3.68 8.94b 1.49a,b 0.35b
a 0.37a 0.17a 1.69a 4.09 4.05 9.82a 1.58a 0.40a

0.35 0.15a 1.62 3.95 3.91 9.48a 1.55 0.36
0.35 0.14a,b 1.56 3.72 3.59 8.87b 1.44 0.36
0.37 0.13b 1.55 3.62 3.67 8.83b 1.55 0.35

2 0.001 0.001 0.003 0.001 0.001 ,0.001 0.007 0.001
0 0.168 0.017 0.333 0.004 0.004 0.002 0.206 0.870
8 0.972 0.122 0.338 0.012 0.047 0.010 0.658 0.383

ipt are significantly different (P � 0.05).
lless barley; Jej, jejunum; Proven, proventriculus; SI, small intestine.



Table 9. Effects of hulless barley and b-glucanase on gastrointestinal content and organ weights as a percentage of body weight of
broiler chickens aged 33 d.

Item

Content (%) Weight (%)

Crop Proven Gizz Duo Jej Ileum SI Ceca Colon Liver Spleen Pancreas

HB (%) ! BGase (%)
0 ! 0 1.15 0.18 0.75 0.13 1.04 0.93 2.09b,c 0.22 0.12 2.83 0.11 0.23
0 ! 0.01 1.36 0.08 0.82 0.12 1.04 0.89 2.05b,c 0.21 0.15 2.88 0.12 0.25
0 ! 0.1 1.19 0.10 0.85 0.13 0.92 0.69 1.73c 0.20 0.09 2.80 0.12 0.23
30 ! 0 1.10 0.19 0.97 0.12 1.12 1.12 2.36a,b,c 0.26 0.17 3.15 0.14 0.26
30 ! 0.01 0.85 0.22 1.05 0.11 1.02 0.96 2.08b,c 0.22 0.14 2.89 0.12 0.25
30 ! 0.1 1.08 0.06 1.05 0.14 1.01 1.04 2.19b,c 0.23 0.14 2.87 0.12 0.27
60 ! 0 1.54 0.11 1.18 0.12 1.31 1.49 2.91a 0.27 0.23 3.16 0.12 0.27
60 ! 0.01 1.29 0.07 1.35 0.09 1.19 1.28 2.55a,b 0.22 0.18 2.90 0.13 0.28
60 ! 0.1 1.44 0.06 1.33 0.09 0.86 0.97 1.91b,c 0.32 0.14 2.88 0.12 0.27

SEM1 0.064 0.018 0.036 0.005 0.027 0.034 0.056 0.010 0.007 0.026 0.003 0.004

Main effects

HB (%)
0 1.23a,b 0.12 0.81c 0.13 1.00 0.84c 1.96 0.21b 0.12b 2.83b 0.12 0.24b

30 1.01b 0.15 1.03b 0.12 1.05 1.04b 2.21 0.24a,b 0.15a,b 2.97a,b 0.12 0.26a,b

60 1.42a 0.08 1.29a 0.10 1.12 1.24a 2.46 0.27a 0.18a 2.98a 0.13 0.27a

BGase (%)
0 1.26 0.16 0.97 0.12 1.16a 1.18a 2.45 0.25 0.17a 3.04a 0.12 0.25
0.01 1.17 0.12 1.07 0.11 1.08a 1.04a,b 2.22 0.22 0.16a,b 2.89b 0.12 0.26
0.1 1.23 0.07 1.08 0.12 0.93b 0.90b 1.94 0.25 0.13b 2.85b 0.12 0.26

ANOVA P-value
HB 0.035 0.261 ,0.001 0.075 0.176 ,0.001 0.001 0.039 0.001 0.031 0.599 0.002
BGase 0.826 0.156 0.306 0.364 0.002 0.001 0.004 0.275 0.015 0.004 0.956 0.448
HB ! BGase 0.697 0.518 0.987 0.455 0.116 0.090 0.041 0.284 0.141 0.152 0.274 0.431

a-cMeans within a main effect or interaction not sharing a common superscript are significantly different (P � 0.05).
Abbreviations: BGase, b-glucanase; Duo, duodenum; Gizz, gizzard; HB, hulless barley; Jej, jejunum; Proven, proventriculus; SI, small intestine.
1SEM 5 pooled standard error of mean (n 5 18 birds per treatment).
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during the diet formulation regarding the approximately
similar nutrient content of HB and wheat was not accu-
rate. Consequently, the broiler performance was reduced
with the addition of HB to the wheat-based diets. In
addition, comparatively lower nutrient digestibility
might also be related to the poor performance in the
broilers fed HB-based diets in comparison with wheat.
The ileal viscosity was higher with the 60 than 0% HB
in broilers given the diets with 0% BGase at day 11
and to a lesser extent day 33. Therefore, the increased
ileal digesta viscosity might affect the digestibility of nu-
trients, including fat, starch, and protein (Edney et al.,
1989; Rodríguez et al., 2012), and in turn affect broiler
performance (Jacob and Pescatore, 2014). Furthermore,
high fiber levels in the HB cell wall might encapsulate
nutrients, including starch and protein, and thereby
reduce access to digestive enzymes and affect nutrient di-
gestibility in chickens (Hesselman and�Aman, 1986). The
lower digestibility of HB than that of wheat-based diets
was also supported by the higher digestive tract tissue
weights (including pancreas weight) and lengths, and
digesta content reported in the current research because
the GIT attempts to compensate for the nutrient diges-
tion process by increasing GIT size and feed retention
time (Salih et al., 1991; Brenes et al., 1993; Jørgensen
et al., 1996).

Body weight gain and F:G improved with the 0.01%
level of BGase, whereas there was a reduction or no
improvement with the 0.1% level of the enzyme when
broilers were fed 60% HB from day 0 to 11. By contrast,
production performance increased with both 0.01 and
0.1% dosages of BGase, and the 0.1% BGase resulted
in better performance than 0.01% BGase in broilers after
day 11. The differences in BGase dose effects on perfor-
mance do not appear to relate to digesta viscosity
because, at both ages, viscosity was numerically lower
for the 0.1% than for the 0.01% BGase level. Further-
more, the only significant effect of BGase on viscosity
was observed for the 60% HB diet at day 33, yet im-
provements in F:G were found for all levels of HB. There-
fore, digesta viscosity cannot be identified as the primary
mechanism of action that affects broiler performance.
This conclusion is further supported by the absence of
HB effect on viscosity at day 11.
The variation of BGase level effects on the broiler per-

formance at different ages may indicate that young and
older broilers vary in their ability to effectively utilize
lower MW, fermentable carbohydrates. The levels of
SCFA in the ceca increased with 0.1% compared with
0.01% BGase level, while reducing cecal pH (with
increasing BGase levels) in these young broilers fed
60% HB diets (N. D. Karunaratne, unpublished data),
suggesting fermentation is possible; however, SCFA
levels might not be adequate to considerably increase
the bird performance (Ribeiro et al., 2018). Further-
more, the observed increase in low MW, indigestible b-
glucan load with the highest BGase treatment
(Karunaratne and Classen, 2019) might cause an unde-
sirable effect on the gut microbiota in the broilers,
particularly in the diseased state induced by coccidiosis
challenge at 5 d of age. Furthermore, microbial popula-
tion changes associated with an increased indigestible
carbohydrate load in young broiler chickens with a less
mature digestive tract and a less diversified microbial
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population (Lu et al., 2003; Awad et al., 2016; Ocejo
et al., 2019) may have negatively affected performance.
Therefore, it might further reduce the performance,
although the particular bacteria involved in this gut mi-
crobial shift is unknown in the present study. By
contrast, maturation of the digestive tract with age
(Dibner et al., 1996; Iji et al., 2001) and establishment
of a beneficial and diverse gastrointestinal microbiota
capable of effectively utilizing the lower MW carbohy-
drates from depolymerization of high MW glucan
(Knarreborg et al., 2002; van der Wielen et al., 2002;
Lu et al., 2003) may be responsible for the production
improvement in older birds. It has recently been demon-
strated that the ability of the cecal microbiome to digest
soluble xylan increases with age and can be accelerated
by the use of xylanase (Bautil et al., 2019). We suggest
that a similar adaptation and BGase stimulation of
digestive tract microbiota to digest b-glucan with age
is also likely the case, and excessive stimulation early
in the bird’s life may be detrimental in terms of
performance.
The age effect on viscosity is substantial in the present

study, although the statistical separation of means is not
possible. The ileal viscosity was lower at an older age,
which agrees with previous research (Salih et al., 1991;
Petersen et al., 1999; Lee et al., 2017). The age-related
digesta viscosity reduction can also be explained by the
increased ability of gut microbiota to secrete BGase.
This, in turn, may result in a further adaptation of gut
microbiota to utilize soluble b-glucan, which is in agree-
ment with the effect of exogenous BGase on reducing the
ileal digesta soluble b-glucan MW with the increasing
age of broiler chickens given HB-based diets
(Karunaratne and Classen, 2019). Furthermore, the
increased utilization of soluble b-glucan with age is in
accordance with the age-related adaptation of broiler
gut microbiota for the water-extractable wheat arabinox-
ylan, which is indicated in Bautil et al. (2019). Hulless
barley resulted in a higher viscosity comparedwithwheat,
which is not unexpected because HB contains a compara-
tively higher quantity of high MW b-glucan (Biliaderis
and Izydorczyk, 2007), and BGase reduced the viscosity
because of the depolymerization of high MW b-glucan at
day 33. By contrast, HB did not affect the ileal viscosity
values at day 11, although BGase reduced the viscosity
in these young birds. The disease status might affect the
digesta viscosity because the birds were challenged for
coccidiosis at day 5, and Eimeria may cause osmotic and
absorptive changes in the host GIT, that reduce digesta
viscosity (Crompton et al., 1976; Waldenstedt et al.,
2000). Therefore, the effect of BGase might be subdued
more at day 11 than at day 33 when the birds were
assumed to be recovered. However, BGase might play a
role in mitigating this disease condition by further
reducing ileal viscosity and enabling more efficient diges-
tion because the enzyme effect is significant on the viscos-
ity, although it was lowered due to coccidiosis.
The improved broiler performance with increasing

BGase levels might be associated with increased
digestibility of nutrients. The relative empty weights
and lengths of some digestive tract tissues decreased
with BGase at day 11 and 33, and this might be associ-
ated with increased nutrient digestibility that leads to
less requirement for a more extensive digestive tract.
Beta-glucanase improves enzymatic efficiency of
nutrient digestion, hence fewer enzymes are needed;
consequently the pancreas is smaller. The higher digest-
ibility might be related to the reduction of digesta viscos-
ity or nutrient encapsulation by the endosperm cell wall
(Hesselman and �Aman, 1986; Masey-O’Neill et al.,
2014). In addition, the decreased relative content
weights of the GIT with increasing BGase level might
be due to BGase-mediated lower feed retention time,
which is associated with the reduction of digesta viscos-
ity (Salih et al., 1991; Almirall and Esteve-Garcia, 1994).

Cereal b-glucan might contribute to increase broiler
performance by modulating the immune system because
oat b-glucan has been shown to positively affect immune
function and digestive tract health in mice (Estrada
et al., 1997; Yun et al., 1997, 2003). Furthermore, oat
b-glucan increased the activation of dectin-1 receptors
of human dendritic cells, and immune capacity when
the b-glucan was pretreated with endoglucanase
(Sahasrabudhe et al., 2016). It is suggested that endoglu-
canase treatment reduced b-glucan particle size and
increased the surface area for specific enzyme-binding
sites, which emphasizes microbial enzyme-mediated
b-glucan depolymerization in the digestive tract. Howev-
er, research has not been conducted regarding the effect
of cereal b-glucan on immune function in chickens.

It is concluded that HB reduced the growth perfor-
mance, whereas exogenous BGase increased the perfor-
mance in a dose-dependent manner in broiler chickens.
However, the highest level of exogenous BGase did not
affect or, in the case of feed to gain ratio, reduced the per-
formance of 0–11 d old broilers fed 60% HB-based diets
suggesting a period of time early on in the broilers life
where excess BGase can be detrimental. Overall, HB
increased the digestive tract tissue weights and lengths,
and digesta content, whereas exogenous BGase
decreased the same parameters.
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