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Objective: The current study aimed to investigate the effect of dietary supplementation of
xylanase alone or combination of xylanase and -glucanase in high non-starch polysaccharides
(NSP) diets with low energy on growth performance, meat quality, intestinal measurements,
stress responses, and energy and nutrient utilization in broiler chickens.

Methods: A total of four hundred 8-d-old Ross 308 broiler chickens were randomly allotted
to 1 of 4 treatment groups with 10 replicates. A positive control (PC) diet was formulated
with adequate energy and nutrients, whereas a negative control (NC) diet had 100 kcal/kg
less nitrogen-corrected apparent metabolizable energy than the PC diet with increasing
inclusion of high NSP ingredients. Two additional diets were produced by supplementing
0.1% xylanase alone or 0.1% xylanase and p-glucanase mixture in the NC diet. Experiments
lasted for 27 d.

Results: Birds fed PC diets had less (p<0.05) feed conversion ratio (FCR) than those fed
NC diets. Birds fed NC diets supplemented with xylanase alone or combination of xylanase
and B-glucanase had less (p<0.05) FCR than those fed NC diets. Dietary supplementation
of xylanase alone in NC diets exhibited the highest (p<0.05) breast meat pH among dietary
treatments. Birds fed PC diets or NC diets supplemented with xylanase and p-glucanase
combination exhibited greater (p<0.05) villus height:crypt depth ratio than those fed
NC diets. Dietary supplementation of xylanase alone and combination of xylanase and
B-glucanase in NC diets decreased (p<0.05) ileal digesta viscosity and increased (p<0.05)
xylo-oligosaccharide concentrations in the gastrointestinal tract (GIT) compared with
NC diets without affecting energy and nutrient utilization in NC diets.

Conclusion: Dietary supplementation of xylanase in high NSP diets with low energy con-
centrations improves growth performance by decreasing digesta viscosity and increasing
concentrations of xylo-oligosaccharides in the GIT of broiler chickens. However, little
additional benefits of B-glucanase supplementation in combination with xylanase are
identified for broiler chickens.

Keywords: -Glucanase; Broiler Chicken; Digesta Viscosity; Growth Performance;
Non-starch Polysaccharide; Xylanase

INTRODUCTION

Poultry feeds are primarily composed of plant ingredients rich in non-starch polysaccharides
(NSP) that cannot be efficiently utilized by poultry [1]. Among various types of NSP,
soluble NSP such as arabinoxylan and B-glucan is well-known to increase digesta viscosity
in the gastrointestinal tract (GIT) of poultry, leading to an impairment in intestinal health
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and function [2,3]. These antinutritional effects of soluble
NSP frequently contribute to the reduction in dietary energy
and nutrient utilization, thereby decreasing productive per-
formance in poultry [2-4]. In the recent year, increasing feed
costs facilitate the use of alternative ingredients such as grain
by-products including distillers dried grains with solubles,
wheat bran, and rice bran in poultry feeds; however, most
of alternative ingredients contain high amounts of soluble
NSP, which limits their utilization in poultry feeds [1,2]. As
a potential solution, dietary supplementation of NSP-degrad-
ing enzymes (NSPase) including xylanase, p-glucanase, and
B-mannanase is widely practiced in poultry feeds contain-
ing high amounts of soluble NSP because of their ability to
mitigate the antinutritional effect of soluble NSP [3-5].

Dietary xylanase is the most common NSPase used in
poultry feeds because very high amounts of arabinoxylan as
a target soluble NSP of xylanase are present in most feed in-
gredients [5-7]. There have been mounting evidences that
dietary supplementation of xylanase improves productive
performance, intestinal health, and energy and nutrient utili-
zation in poultry [4,5,8]. Moreover, previous studies have
reported that improved energy and nutrient utilization by
dietary xylanase with a combination of other NSPase may
save energy and nutrients in diets containing low energy and
nutrient concentrations for broiler chickens [9,10].

Considering the nature of high variations in types and
amounts of soluble NSP in numerous feed ingredients, the
application of the mixture of several NSPases is recently in-
creased in poultry feeds. The reason for this practice is mainly
due to the anticipation that the concurrent degradation of
various types of soluble NSP would be more effective in mit-
igating their antinutritional effects than the degradation of
single target NSP [9,11,12]. B-Glucanase, which can break
down viscous B-glucan in the GIT of poultry [3], is frequently
considered the potential choice of NSPase as the combined
supplementation of xylanase in poultry feeds [3,11]. Dietary
supplementation of xylanase and -glucanase combination
have been reported to improve growth performance and nu-
trient utilization in broiler chickens [12-14]. However, few
studies comparing the effects of dietary supplementation of
xylanase alone with those of xylanase and p-glucanase com-
bination in high NSP diets with low energy concentrations
have been conducted in broiler chickens.

Therefore, the objective of the current study was to inves-
tigate the effect of dietary supplementation of xylanase alone
or combination of xylanase and -glucanase in high NSP di-
ets with low energy concentrations on growth performance,
meat quality, intestinal measurements, stress responses, and
energy and nutrient utilization in broiler chickens.

MATERIALS AND METHODS
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Animal ethics statement

All experimental procedures were reviewed and approved
by the Institutional Animal Care and the Use Committee at
Chung-Ang University (approval No. 202301020009).

Experiment 1: Growth trial

Animals, experimental design, and diets: A total of four hun-
dred 8-d-old Ross 308 broiler chicks (initial body weight
[BW]+standard deviation = 191+5.3 g) were allotted to 1 of
4 dietary treatments with 10 replicates in a completely ran-
domized design. Each replicate had 5 male and 5 female
birds. All birds were raised in battery cages (76.0x78.0x45.0
cm, widthxlengthxheight). A two-phase feeding program
was implemented with a grower diet from 8 to 21 d and a
finisher diet from 22 to 35 d. Within each phase, a positive
control (PC) diet was formulated to meet or exceed the nu-
trient and energy concentrations recommended in the Ross
308 broiler guideline [15], whereas a negative control (NC)
diet was prepared to contain less nitrogen-corrected appar-
ent metabolizable energy (AME,) by 100 kcal/kg than the
PC diet with increasing inclusion of high NSP ingredients
such as wheat, whole rice bran, and defatted rice bran (Table
1). However, the calculated concentrations of crude protein,
digestible essential amino acids, total Ca, and available P
were equalized between PC and NC diets for both growing
and finishing period. Two additional diets were prepared
by supplementing 0.1% xylanase (4,000,000 U/kg) or 0.1%
xylanase and -glucanase mixture (4,000,000 U/kg xylanase
and 2,000,000 U/kg B-glucanase) to the NC diet in replace
of celite. Both enzymes were provided by CJ Bio (Seoul,
Korea). All diets were prepared in a mash form.

The experimental diets and water were provided on an ad
libitum basis for 27 d of feeding trials from 8 to 35 d of age.
The room temperature was maintained at 30°C during the
first week and then gradually decreased to 20°C at the con-
clusion of the experiment, following the recommendation
outlined in the Ross 308 broiler guideline [15]. The average
relative humidity was 49%+13.5% during the experiment.
The experiment was conducted under a 23-h lighting scheme.
The BW gain (BWG) and feed intake (FI) were recorded at
the conclusion of the experiment. Mortality was documented
daily. Feed conversion ratio (FCR) was calculated by dividing
FI by BWG after adjusting for mortality [16].

Sample collection and analysis: At the end of the experiment,
1 male broiler chicken with a BW closest to the average BW
per replicate was euthanized using CO, asphyxiation. This
bird was used for the analysis of meat quality, jejunal mor-
phology, digesta viscosity, intestinal concentrations of xylo-
oligosaccharides (XOS), and blood heterophil to lymphocyte
ratio (H:L ratio). The blood sample was immediately collect-
ed from each bird via a heat puncture into a 10-mL EDTA
tube (Becton and Dickinson company, Diagnostics, Woking-
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Table 1. Composition and nutrient concentrations of the experimental diets
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Grower phase (8 to 21 d) Finisher phase (22 to 35 d)
frems pC’ NC" pPC” NC"
Ingredients (%)

Corn grains 45151 29.930 49.812 29.544
Soybean meal, 45% CP 25.650 24.220 14.860 20.610
Corn gluten meal 5.880 5.100 9.610 4730
Wheat 10.000 25.000 10.000 25.000
Whole rice bran 1.500 3.500 2.500 5.000
Defatted rice bran 1.500 3.500 2.500 5.000
Soybean ol 4.630 3.120 4.900 4.760
MDCP 1.556 1.360 1.434 1.203
Limestone 1.427 1.503 1.392 1.431
L-Lysine HCI (78.5%) 0.369 0.385 0.509 0.387
DL-Methionine (98%) 0.653 0.661 0.600 0.635
L-Threonine (99%) 0.185 0.200 0.191 0.185
L-Tryptophan (98%) 0.017 0.009 0.042 0.012
L-Valine (98.5%) 0.063 0.075 0.076 0.073
L-Isoleucine (99%) 0.054 0.066 0.088 0.073
L-Arginine (99%) 0.165 0.171 0.286 0.157
Celite 0.200 0.200 0.200 0.200
NaCl 0.200 0.200 0.200 0.200
Choline (50%) 0.100 0.100 0.100 0.100
NaHCO, 0.200 0.200 0.200 0.200
Coccidiostats 0.700 0.700 0.100 0.700
Antioxidant 0.700 0.700 0.100 0.700
Vitamin premix? 0.150 0.150 0.150 0.150
Mineral premix” 0.150 0.150 0.150 0.150
Total 100.000 100.000 100.000 100.000
Calculated energy and nutrient content”
AME, (kcal/kg) 3,100 3,000 3,200 3,100
Crude protein (%) 21.50 21.50 20.00 20.00
Crude fat (%) 7.12 5.69 7.71 7.60
Crude fiber (%) 2.61 2.90 2.45 2.98
Digestible Lys (%) 115 115 1.08 1.08
Digestible Met (%) 0.95 0.95 0.90 0.90
Digestible Thr (%) 0.77 0.77 0.71 0.71
Digestible Trp (%) 0.18 0.18 0.17 0.17
Digestible lle (%) 0.78 0.78 0.73 0.73
Digestible Arg (%) 1.23 1.23 113 1.13
Digestible Val (%) 0.87 0.87 0.81 0.81
Digestible Gly+Ser (%) 1.48 1.47 1.31 1.36
Total calcium (%) 0.87 0.87 0.81 0.81
Available phosphorus (%) 0.44 0.44 0.41 0.41
Nonstarch polysaccharides (NSP)”

Soluble NSP (g/kg) 11.6 14.1 85 12.8
Insoluble NSP (g/kg) 69.2 72.2 66.5 70.2
Total NSP (g/kg) 80.8 86.3 74.9 83.0

CP, crude protein; MDCP, mono-dicalcium phosphate; AME,, nitrogen-corrected apparent metabolizable energy; NSP, non-starch polysaccharides

PG, positive control (basal diets with adequate energy and nutrients); NC, negative control (high-NSP diets and 100 kcal/kg AME, less than PC diet).
% Provided per kg of the complete diet: vitamin A, 12,000 IU (retinyl acetate); vitamin Ds, 4,000 IU; vitamin E, 80.0 mg; vitamin K, 4.0 mg (menadione di-

methylpyrimidinol); vitamin B,, 4.0 mg; vitamin B,, 10.0 mg; vitamin B, 6.0 mg; vitamin B, 20.0 ug; folic acid, 2.0 mg; biotin, 200 ug; niacin, 60 mg.

% Provided per kg of the complete diet: iron, 60 mg (FeSO,); zinc, 100 mg (ZnSO,); manganese, 120 mg (Mn0); copper, 16 mg (CuS0,); cobalt, 1,000 pg
(CoS0,); selenium, 300 ug (Na,Se0,); iodine, 1.25 mg (Ca[l0s],).

* Calculated values from CVB [36].
® Analyzed values [37].
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ham, UK). Blood H:L ratio was analyzed by the method of
Lentfer et al [17] with a minor modification. The detailed
procedure was reported in our previous experiment [18].
The breast meat was collected for the analysis of pH, meat
colors, and water holding capacity (WHC), which were ana-
lyzed by the previous methods [16].

Jejunal fragments were collected to analyze the jejunal
morphology. Approximately 1 cm section of the jejunum
was flushed and fixed with 10% buffered formalin. Fixed
samples were embedded, sectioned, and stained with hema-
toxylin and eosin stain. The villus height (VH), crypt depth
(CD), villus width (VW), and VH:CD ratio were measured
following the method of Wiersema et al [19] with a minor
modification. Twenty measurements were taken per jejunal
sample, the average value from these measurements was cal-
culated to represent each measurement. This analysis was
performed at the BT research facility center, Chung-Ang
University.

Digesta samples were collected from both the jejunum and
ileum for the analysis of digesta viscosity. The digesta samples
were centrifuged at 2,800xg (5810R; Eppendorf, Hamburg,
Germany) at 20°C for 15 min. Supernatants were then trans-
ferred to 15 mL conical tubes. The viscosity measurement
was conducted with 500 uL of supernatant using a viscometer
(DV2T; AMETEK, Brookfield, MA, USA) set at 20 and 50
rpm under 39°C for 20 s [7]. In addition, total XOS concen-
trations in the jejunal and ileal digesta were also determined.
Briefly, 1 mL of 5 times diluted digesta was mixed with 1.33
mL methanol and 2.66 mL chloroform. The supernatant ob-
tained after centrifugation at 1,580xg and 20°C for 3 min
was evaporated using a centrifugal vacuum concentrator
(HyperVac-Lite; Hanil Scientific Inc., Gimpo, Korea). The
dried pellet was resuspended in 0.5 mL of 50% methanol
and filtered with a C8 cartridge (Sep-Pak C8 Vac RC; Waters,
Milford, MA, USA) followed by a 0.22 um syringe filter.
Approximately 2 pL of filtered samples were used to separate
and quantify each XOS concentration using a liquid chro-
matography-mass specterometry. Total XOS concentrations
were then calculated by summing individual XOS from xylo-
biose to xylohexaose. The detailed procedure for the anlaysis
of digesta viscosity and total XOS concentrations was reported
previously [7].

Experiment 2: In vitro digestion study to predict
enzyme efficacy

The artificial GIT system specifically designed for broiler
chickens in the CJ BIO Animal Nutrition and Health (ANH)
Application Platform [7] was employed to assess the efficacy
of dietary supplementation of xylanase alone or combination
of xylanase and B-glucanase in in vitro digestion trial. Briefly,
2 treatment diets (i.e., PC and NC diets) used in the growing
period were ground to a fine particle (i.e., less than 1 mm)
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and 27 g of each diet were resuspended in 500 mL of phos-
phate buffer at pH 5.0. Afterwards, either xylanase alone or
combination of xylanase and B-glucanase was supplemented
to NC diets at the same activity levels as those used in the
growth trial, whereas calcium carbonate was supplemented
to both PC and NC diets at the equivalent amount of sup-
plemental enzymes. The digestion process was conducted
in triplicate using in vitro digestion model at 700 rpm under
40°C. In vitro digesta samples were collected from each diges-
tion jar after 270 min of digestion. Total XOS concentrations
in in vitro digesta were measured and calculated as deter-
mined in the jejunal and ileal digesta from the growth trial.
The detailed procedure was described in the previous study

[7].

Experiment 3: Metabolism trial
Experimental design, sample collection, and analysis: A total
of forty 40-d-old male chickens were selected at the end of
the growth trial and assigned to 1 of 4 dietary treatments
with 10 replicates. Each replicate had 1 male bird. All birds
had similar BW at the start of the metabolism trial and were
continuously fed the same treatment diets used in finishing
period of the growth trial. The detailed procedure in the me-
tabolism trial was outlined in our previous study [20].

Excreta were collected daily and immediately stored at
-20°C. The excreta samples were dried in a forced-air drying
oven at 60°C for 48 h and finely ground for further analyses.
Both diets and excreta samples were analyzed for dry matter
(method 934.01;), nitrogen (N; method 990.03) according to
the methods described in AOAC [21], and for gross energy
(GE) using bomb calorimetry (Model 6400; Parr Instruments
Co., Moline, IL, USA). The concentrations of total Ca and P
in both diets and excreta were analyzed using an inductively
coupled plasma spectrometer (Optima 5300 DV; Perkin Elmer
Inc., Shelton, CT, USA), following the method outlined by
AOAC (Method 935.13; [21]) with a minor modification
[22].

Apparent total tract retention (ATTR) of GE, N, Ca, and
P in treatment diets were calculated based on the previous
method [23]. The values for apparent metabolizable energy
(AME) and AME, were also calculated with determined val-
ues for the ATTR of GE and N [20,24].

Statistical analysis

All data were analyzed in a completely randomized design
using PROC MIXED procedure of SAS (SAS Institute., Cary,
NC, USA). Each replicate was considered an experimental
unit for all analyses. All data were checked to find the pres-
ence of outlier data using the UNIVARIATE procedure of
SAS. The LSMEANS procedure was used to calculate treat-
ment means and the PDIFF option of SAS was used to separate
the means if the difference was significant. Significance level
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for statistical tests was set at p<0.05.

RESULTS

Growth performance and breast meat quality

Birds fed PC diets had less (p<0.05) FCR than those fed NC
diets (Table 2). Birds fed NC diets supplemented with xyla-
nase alone or combination of xylanase and p-glucanase had
also less (p<0.05) FCR than those fed NC diets. No differ-
ences in FCR were observed between birds fed PC diets and
those fed NC diets supplemented with xylanase alone or
combination of xylanase and B-glucanase. However, dietary
treatments had no effects on BW, BWG, and FI in broiler
chickens.

No differences in all breast meat qualities were observed
between birds fed PC diets and those fed NC diets, except b*
values being less (p<0.05) in NC treatment than in PC treat-
ment (Table 3). Dietary supplementation of xylanase alone
or combination of xylanase and B-glucanase in NC diets did

/1137

not affect pH and WHC in the breast meat as compared to
NC diets. However, birds fed NC diets supplemented with
xylanase alone exhibited the highest (p<0.05) pH at 24-h
postmortem among dietary treatments. Interestingly, dietary
supplementation of xylanase alone and combination of xyla-
nase and B-glucanase in NC diets decreased (p<0.05) a* values
in the breast meat as compared to NC diets with no impact
on L* and b* values.

Jejunal morphology

No differences in VH and VW were observed among dietary
treatments (Table 4). However, birds fed PC diets had the
least (p<0.05) CD, whereas those fed NC diets had the great-
est (p<0.05) CD among dietary treatments. Likewise, birds
fed PC diets or NC diets supplemented with xylanase and
B-glucanase combination had greater (p<0.05) VH:CD ratio
than those fed NC diets or NC diets supplemented with
xylanase alone.

Table 2. Effect of dietary supplementation of xylanase alone or combination of xylanase and B-glucanase on growth performance in broiler chick-

ens (8to 35d)
T " Growth performance
reatments
BW (9) BWG (9) Fi (9) FCR (g/9)

PC 2,085 1,894 2,900 1.53°
NC 2,008 1,818 2,876 1.59°
Xylanase 2,030 1,840 2,807 1.53°
Xylanase+B-glucanase 2,067 1,877 2,871 1.53"
SEM 230.7 235.2 335.7 0.021
p-value 0.303 0.297 0.303 0.032

Data are least squares means of 10 observations per treatment.

BW, body weight; BWG, body weight gain; Fl, feed intake; FCR, feed conversion ratio; SEM, standard error of means; AME,, nitrogen-corrected apparent
metabolizable energy.

Y'PC, positive control (basal diets with adequate energy and nutrients); NC, negative control (high-NSP diets and 100 kcal/kg AME, less than PC diet); Xyla-
nase, NC+0.1% xylanase (4,000,000 units/kg); Xylanase+B-Glucanase, NC+0.1% xylanase-glucanase complex (4,000,000 units/kg xylanase and 2,000,000
units/kg B-glucanase).

2> Means within a variable with no common superscript differ significantly (p<0.05).

Table 3. Effect of dietary supplementation of xylanase alone or combination of xylanase and B-glucanase on breast meat quality in broiler chickens

Breast meat quality

Treatments” . Meat color
pH(1h) pH (24 h) WHC (%) P = -

PC 5.91 5.65 69.53 48.1 4.4% 17.0°
NC 6.00 5.60% 71.43 483 5.3° 15.2°
Xylanase 5.96 5.75° 70.29 47.7 32° 14.0°
Xylanase+B-glucanase 6.00 5.65" 68.14 48.4 3.4 14.5°
SEM 0.138 0.133 3.764 2.09 0.56 1.50
p-value 0.539 0.039 0.452 0.963 0.040 0.007

Data are least squares means of 10 observations per treatment.

WHC, water holding capacity; L*, lightness; a*, redness; b*, yellowness; SEM, standard error of means; AME,, nitrogen-corrected apparent metabolizable
energy.

PG, positive control (basal diets with adequate energy and nutrients); NC, negative control (high-NSP diets and 100 kcal/kg AME, less than PC diet); Xyla-
nase, NC+0.1% xylanase (4,000,000 units/kg); Xylanase+B-Glucanase, NC+0.1% xylanase-glucanase complex (4,000,000 units/kg xylanase and 2,000,000
units/kg B-glucanase).

°» Means within a variable with no common superscript differ significantly (p<0.05).
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Table 4. Effect of dietary supplementation of xylanase alone or combination of xylanase and -glucanase on the jejunal morphology in broiler

chickens
1 Jejunal morphology
Treatments
VH (pm) CD (pm) VW (um) VH:CD ratio

PC 1,292 145° 147 9.54°
NC 1,343 184° 159 7.91°
Xylanase 1,314 168% 160 8.19°
Xylanase+B-glucanase 1,419 157" 161 9.45°
SEM 210.6 6.9 12.2 1.552
p-value 0.159 <0.001 0.475 <0.001

Data are least squares means of 10 observations per treatment.

VH, villus height; CD, crypt depth; VW, villus width; VH:CD ratio, villus height to crypt depth ratio; SEM, standard error of means; AME,, nitrogen-corrected

apparent metabolizable energy.

PG, positive control (basal diets with adequate energy and nutrients); NC, negative control (high-NSP diets and 100 kcal/kg AME, less than PC diet); Xyla-
nase, NC+0.1% xylanase (4,000,000 units/kg); Xylanase+p-glucanase, NC+0.1% xylanase-glucanase complex (4,000,000 units/kg xylanase and 2,000,000

units/kg B-glucanase).

““ Means within a variable with no common superscript differ significantly (p<0.05).

Digesta viscosity

Dietary treatments did not influence jejunal digesta viscosity
(Figure 1). No differences in ileal digesta viscosity were ob-
served between birds fed PC diets and those fed NC diets.
However, dietary supplementation of xylanase alone and
combination of xylanase and B-glucanase in NC diets de-
creased (p<0.05) ileal digesta viscosity as compared to NC
diets. No differences in ileal digesta viscosity were found
between dietary supplementation of xylanase alone and
combination of xylanase and p-glucanase in NC diets

In vitro and in vivo analysis of xylo-oligosaccharides
In in vitro digestion trial, total XOS concentrations in digesta
did not differ between PC and NC treatments (Table 5). Sup-
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Figure 1. Effect of dietary supplementation of xylanase alone or combination of xylanase and B-glucanase on digesta viscosity in the jejunum and
ileum of broiler chickens. Data are presented with least squares means and standard error of the means (10 observations per treatment). PC,
positive control (basal diets with adequate energy and nutrients); NC, negative control (high-NSP diets and 100 kcal/kg AME, less than PC diet);
Xylanase, NC+0.1% xylanase (4,000,000 units/kg); Xylanase+B-Glucanase, NC+0.1% xylanase-glucanase complex (4,000,000 units/kg xylanase
and 2,000,000 units/kg B-glucanase). AME,, nitrogen-corrected apparent metabolizable energy. > Means within a variable with no common su-

perscript differ significantly (p<0.05).
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Table 5. Effect of dietary supplementation of xylanase alone or com-
bination of xylanase and B-glucanase on total concentrations of xy-
lo-oligosaccharides in in vitro digestion and in vivo growth trial”

Total concentrations of xylo-
oligosaccharides (ppm)

Treatments?

In vitro In vivo growth trial
digestion  Jjejunum lleum
PC 6.1° 17.0° 19.9°
NC 6.2° 13.7° 7.9°
Xylanase 16.7° 50.2° 81.5°
Xylanase+B-glucanase 18.3° 104.0° 252.4°
SEM 1.06 10.83 21.82
p-value <0.001 <0.001 <0.001

Data are least squares means of 3 and 7 observations per treatment for
in vitro digestion and in vivo growth trial, respectively.

SEM, standard error of means; AME,, nitrogen-corrected apparent me-
tabolizable energy.

" Total concentrations of xylo-oligosaccharides were calculated by sum-
ming individual xylo-oligosaccharides from xylobiose (X2) to xylohexaose
(X6).

2 PC, positive control (basal diets with adequate energy and nutrients);
NC, negative control (high-NSP diets and 100 kcal/kg AME, less than PC
diet); Xylanase, NC+0.1% xylanase (4,000,000 units/kg); Xylanase+B-Glu-
canase, NC+0.1% xylanase-glucanase complex (4,000,000 units/kg
xylanase and 2,000,000 units/kg B-glucanase).

“¢ Means within a variable with no common superscript differ significant-
ly (p<0.05).

broiler chickens.

Blood heterophil to lymphocyte ratio

Blood H:L ratio did not differ between birds fed PC diets
and those fed NC diets (Figure 2). However, dietary supple-
mentation of xylanase alone in NC diets decreased (p<0.05)

0.60

0.45°

Blood H:L ratio
e
-
=3

S
9
S

0.00

/1137

blood H:L ratio compared with NC diets. Birds fed PC diets
or NC diets supplemented with xylanase and {-glucanase
combination had no different blood H:L ratio compared with
those fed NC diets supplemented with xylanase alone.

Energy and nutrient utilization in treatment diets

The NC diets exhibited less (p<0.05) ATTR of GE, AME,
and AME, than PC diets (Table 6). However, dietary supple-
mentation of xylanase alone and combination of xylanase
and B-glucanase in NC diets had no impact on the ATTR of
GE, AME, and AME, in NC diets. Similarly, no differences
in the ATTR of N, Ca, and P were observed among treat-
ment diets.

DISCUSSION

High concentrations of NSP, in particular for soluble NSP
such as arabinoxylan, B-glucan, and B-mannan in diets are
documented to depress productive performance in broiler
chickens. This result is primarily associated with increasing
digesta viscosity, which can exert adverse effects on intestinal
development, microbial population, and nutrient utilization
[1-3]. Consistent with the findings of previous studies, the
current study also revealed that NC diets with increasing in-
clusion of high NSP ingredients such as wheat and rice bran
resulted in decreased broiler performance with impaired in-
testinal morphology and nutrient utilization, despite little
impacts on digesta viscosity measured in the jejunum and
ileum. However, it is important to note that NC diets used in
this study were specifically designed to contain less amount
of AME, by 100 kcal/kg than PC diets. Therefore, the reduc-

0.372b
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Figure 2. Effect of dietary supplementation of xylanase alone or combination of xylanase and -glucanase on blood heterophil to lymphocyte ra-
tio (H:L ratio) in broiler chickens. Data are presented with least squares means and standard error of the means (10 observations per treatment).
PC, positive control (basal diets with adequate energy and nutrients); NC, negative control (high-NSP diets and 100 kcal/kg AME, less than PC
diet); Xylanase, NC+0.1% xylanase (4,000,000 units/kg); Xylanase+B-Glucanase, NC+0.1% xylanase-glucanase complex (4,000,000 units/kg xyla-
nase and 2,000,000 units/kg B-glucanase). AME,, nitrogen-corrected apparent metabolizable energy. *° Means within a variable with no common

superscript differ significantly (p<0.05).
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Table 6. Effect of dietary supplementation of xylanase alone or combination of xylanase and B-glucanase on apparent total tract retention (ATTR)

of nutrients and metabolizable energy (ME) in broiler diets

Kim et al (2025) Anim Biosci 38:325-335

N ME value (kcal/kg)
Treatments

GE N Ca P AME AME"
PC 81.97° 61.17 47.54 47.32 3,378° 3217°
NC 78.62" 62.57 51.96 44.87 3,199" 3,034
Xylanase 79.50" 62.04 48.03 42.58 3,235" 3,072
Xylanase+B-glucanase 79.50° 62.98 52.27 4521 3,235 3,069
SEM 0.604 1.038 2.933 2.690 247 23.5
p-value <0.001 0.634 0.128 0.247 <0.001 <0.001

Data are least squares means of 10 observations per treatment.

GE, gross energy; N, nitrogen; Ca, calcium; P, phosphorus; AME, apparent metabolizable energy; AME,, nitrogen-corrected apparent metabolizable energy;

SEM, standard error of means.

PG, positive control (basal diets with adequate energy and nutrients); NC, negative control (high-NSP diets and 100 kcal/kg AME, less than PC diet); Xyla-
nase, NC+0.1% xylanase (4,000,000 units/kg); Xylanase+B-Glucanase, NC+0.1% xylanase-glucanase complex (4,000,000 units/kg xylanase and 2,000,000

units/kg B-glucanase).

*» Means within a variable with no common superscript differ significantly (p<0.05).

tion in broiler performance by feeding NC diets as observed
in the current study was likely caused by both high NSP and
low energy concentrations in diets.

Dietary xylanase is the most commonly used in poultry
diets because the arabinoxylan as a target NSP of xylanase is
present at high amounts in corn and wheat that are conven-
tional energy ingredients in poultry diets [4,6-8]. Previous
studies have reported that dietary supplementation of xyla-
nase improved productive performance in broiler chickens
[4,6,8]. This beneficial effect of dietary xylanase has been
primarily attributed to its ability to decrease digesta viscosity
by breaking down viscous arabinoxylan in the GIT of broiler
chickens [4,6,8]. Furthermore, decreased digesta viscosity in
the GIT of broiler chickens is reported to enhance intestinal
functions and prevent undesirable microbial fermentation,
thereby contributing to the improvement in intestinal mor-
phological structure and utilization of energy and nutrients
in diets [5,6]. Moreover, it has also been demonstrated that
improved intestinal health by dietary supplementation of
xylanase is linked to potential prebiotic effects of xylanase
because dietary xylanase can enhance prebiotic XOS con-
centrations in the GIT of broiler chickens [4-6]. Therefore,
we hypothesized that dietary supplementation of xylanase in
high NSP diets with low energy concentrations may both
compensate for reduced energy concentrations in diets and
mitigate adverse effects of soluble NSP by enhancing intesti-
nal health and function with improving energy and nutrient
utilization in broiler chickens.

In the present study, comparable productive performance
was observed in broiler chickens fed NC diets supplemented
with xylanase alone to those fed PC diets. This finding suggests
that dietary supplementation of 0.1% xylanase (equivalent
to 4,000 U/kg in diets) used in this study may save approxi-
mately 100 kcal’kg AME, in high NSP diets for broiler
chickens. This positive effect was likely associated with our
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observations of decreased digesta viscosity, increased con-
centrations of prebiotic XOS in the jejunal and ileal digesta,
and increased VH:CD ratio, although significance for VH:CD
ratio was not detected. Interestingly, the relatively small
and non-significant increase was observed in measured
AME, values by dietary supplementation of xylanase in
NC diets (3,072 vs 3,034 kcal/kg). Therefore, it can be in-
ferred that improved productive performance in broiler
chickens by dietary supplementation of xylanase in high
NSP diets with low energy concentrations may not be sole-
ly attributed to improved energy and nutrient utilization.
Instead, it may also be related to other physiological benefits,
including an improvement in intestinal health and func-
tion, possibly by increasing prebiotic XOS contents in the
GIT [4-6], as well as a decrease in stress responses (i.e.,
blood H:L ratio) as observed in the current study.

Given the considerable variability in types and amounts
of soluble NSP among diverse feed ingredients, the use of
NSPase mixtures is increasingly applied in the poultry in-
dustry. This approach is based on the expectation of possible
cooperative actions among individual NSPases in the mix-
tures to simultaneously degrade various types of soluble
NSP. One potential NSPase suitable for the combined sup-
plementation with xylanase in poultry diets is f-glucanase.
This NSPase can specifically target and degrade viscous
B-glucan in the GIT of poultry, thereby mitigating its an-
tinutritional effects on productive performance and health
in poultry [3,11]. Previous studies have reported that dietary
supplementation of xylanase and p-glucanase combination
improved growth performance and nutrient utilization in
broiler chickens possibly by decreasing digesta viscosity and
favoring microbial populations [12-14]. Moreover, these
studies have revealed that the positive effects were more
pronounced in wheat-based diets compared with corn-based
diets [12-14]. However, there remains a lack of experiments
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comparing the effect of dietary supplementation of xylanase
alone with those of xylanase and p-glucanase combination
in broiler chickens. One previous study reported that com-
bined use of xylanase and p-glucanase in corn and soybean
meal-based diets exerted no fully additive effects on broiler
performance as compared to the effect of individual use of
xylanase and B-glucanase although some additivities for
improvements in amino acid and energy utilization were
identified [25]. Similarly, we also found no significant dif-
ferences in growth performance, digesta viscosity, blood
H:L ratio, and utilization of energy and nutrients between
dietary supplementation of xylanase alone and the combi-
nation of xylanase and B-glucanase, despite the inclusion
of increasing amounts of high NSP ingredients such as
wheat and rice bran in treatment diets. The lack of addi-
tional benefits of f-glucanase in combination of xylanase
in broiler diets may be associated with the relatively low
concentrations of B-glucan in wheat and rice bran used in
the experimental diets [1,26]. Moreover, it has been postu-
lated that individual NSPase in the mixture of NSPases may
have a limitation to exert their maximal impacts, possibly
due to competition for similar types of NSP substrates and
overlap in nutritional benefits of individual NSPases [25].
In the current study, however, dietary supplementation of
both xylanase and B-glucanase resulted in increased total
XOS concentrations in the GIT of broiler chickens to a greater
extent than dietary supplementation of xylanase alone, indi-
cating that dietary B-glucanase may enhance XOS profiles
in the GIT of broiler chickens with a possible synergistic
action of dietary xylanase. Thus, it is likley that combined
use of xylanase and B-glucanase in diets may boost the pre-
biotic effect of xylanase alone in broiler chickens and this
benefit may expand if broiler diets are formulated with in-
creasing inclusion levels of high NSP ingredients such as
wheat bran, rice bran, copra meal, and palm kernel meal,
which are largely used in many Asian countries. Neverthless,
the reason for the lack of additional benefits from combined
use of B-glucanase with xylanase in broiler diets as observed
in this study is not clearly known. Further research regarding
the comparative effect of dietary xylanase and -glucanase
combination with individual xylanase and p-glucanase on
productive performance and intestinal health in poultry is
required.

In both in vitro digestion and growth trials, appreciable
amounts of XOS were detected in the digesta from PC and
NC treatments despite no supplementation of enzymes in
PC and NC diets. This observation is consistent with the
previous study reporting that endogenous xylanase present
in wheat sources as well as in the GIT of broiler chickens
could partially hydrolyze dietary arabinoxylan complex [27].
The supplementation of xylanase alone increased total XOS
concentrations in in vitro digesta, confirming our results for
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increasing total XOS concentrations measured directly in
both jejunal and ileal digesta of broiler chickens. This result
suggested that the artificial GIT system used in in vitro di-
gestion study [7] may serve as a useful tool to predict the
efficacy of exogenous digestive enzymes in broiler chickens.
However, dietary supplementation of xylanase and -glucanase
combination in NC diets increased total XOS concentrations
in both jejunal and ileal digesta of broiler chickens to a greater
extent than that of xylanase alone, whereas this difference
was not fully identified in in vitro digestion system. The reason
for this variation may be related to the relatively low ability
of in vitro digestion systems to completely realize the diges-
tive physiology in poultry [28,29]. Despite these limitations,
the use of in vitro digestive system may still be valuable for
conducting preliminary assessments of dietary treatments in
animal nutrition studies.

Changes in nutrient availability and utilization may influ-
ence biochemical process in the muscle tissue, potentially
altering the meat quality of broiler chickens [30]. In the current
study, significant changes in breast meat pH were observed
at 24-h postmortem with dietary supplementation of xyla-
nase alone, leading to the greatest pH at 24-h postmortem
among dietary treatments. In addition, a* values in meat color
were decreased by dietary supplementation of xylanase alone
or combination of xylanase and B-glucanase in NC diets
without affecting L* and b* values. The reason for these ob-
servations is unclear because the data pertaining to the effect
of alterations in specific nutrients and their utilization by di-
etary enzyme supplementation on meat pH and color in
broiler chickens are lacking. However, reduction in b* values
by feeding NC diets or NC diets supplemented with enzymes
may be linked to decreased inclusion levels of corn and corn
gluten meal, which contain high amounts of yellow-colored
xanthophyll, in those treatment diets because b* (yellowness)
values in poultry meat are highly dependent on the amount
of dietary xanthophyll intake [31]. However, it appears that
all values for meat quality measured in this study fell within
representative ranges determined in the conventional broiler
breast meat.

Blood H:L ratio is widely recognized as a stress biomarker
in poultry with its elevated levels indicating increased stress
responses due to various environmental and physiological
stressors [32]. Nutritional deficiency is also considered a
critical stressor in animals. Previous studies have demon-
strated that decreasing energy or nutrient concentrations in
diets as compared to their required levels may increase stress
responses in broiler chickens [33-35]. This finding was fur-
ther confirmed by our observation that broiler chickens fed
NC diets had increased blood H:L ratio than those fed PC
diets, albeit not reaching a statistical significance. Moreover,
birds fed diets supplemented with xylanase alone or combi-
nation of xylanase and -glucanase exhibited decreased blood
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H:L ratio, which was similar to those fed PC diets, providing
an indirect evidence of improved energy and nutrient utili-
zation by supplementing these enzymes in high NSP diets
with low energy concentrations. In the metabolism trial,
however, dietary supplementation of xylanase alone or com-
bination of xylanase and B-glucanase in NC diets did not
affect energy and nutrient utilization in NC diets, despite
slight improvements in AME and AME, values being ob-
served. Therefore, it is speculated that increasing prebiotic
XOS concentrations in the GIT of broiler chickens by dietary
supplementation of xylanase alone or combination of xyla-
nase and B-glucanase may contribute to decreased stress
responses. It has been reported that dietary supplementation
of prebiotic oligosaccharides can decrease stress responses
by promoting microbial ecosystems and enhancing immune
systems in the GIT of broiler chickens [4-6].

CONCLUSION

Dietary supplementation of xylanase alone in high NSP diets
with low energy concentrations improved growth performance
in broiler chickens. This improvement was likely achieved by
decreasing digesta viscosity, increasing concentrations of total
XOS in the GIT, and decreasing stress responses. However,
the combined supplementation of p-glucanase with xylanase
in high NSP diets with low energy concentrations had little
additional benefits for broiler chickens.
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