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ABSTRACT The aim of this study was to examine
non-starch polysaccharide (NSP) degradation in the
gastrointestinal tract of chickens fed a range of commer-
cial-type diets supplemented with a commercial dose of
xylanase, a double dose of xylanase or a cocktail of NSP
− degrading enzymes. Cobb 500 broilers (n = 1,080)
were fed 12 dietary treatments; 4 diets with differing pri-
mary grain sources (barley, corn, sorghum, and wheat)
and three different enzyme treatments (commercial rec-
ommended dose of xylanase (16,000 BXU/kg), a double
dose of xylanase (32,000 BXU/kg) or an NSP-degrading
enzyme cocktail (xylanase, b-glucanase, cellulase, pecti-
nase, mannanase, galactanase, and arabinofuranosidase
at recommended commercial levels). There were 108
pens, approximately 10 birds per pen, 9 replicates per
dietary treatment. The diets were fed as 3 phases, starter
(d 0−12), grower (d 12−23), and finisher (d 23−35). On
bird age d 12, 23, and 35, performance (total pen body
weight, feed intake, and feed conversion ratio corrected
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for mortality [cFCR]), litter and excreta dry matter
content, and ileal and total tract soluble and insoluble
NSP degradability and free oligosaccharide digestibility
was determined. On d 35, the quantity of NSP in the giz-
zard, jejunum, ileum and excreta was determined.
Results from this study showed that the double xylanase
dose and NSP-ase cocktail had positive impacts on
starter phase performance in birds fed the corn- and
wheat-based diets. In the grower phase in birds fed the
barley-based diet, these enzyme treatments improved
cFCR and increased litter dry matter content. The
NSP-ase cocktail had a negative impact on finisher
phase cFCR in birds fed the sorghum-based diet. The
double xylanase dose induced a positive impact on NSP
degradability and free oligosaccharide digestibility. In
conclusion, there appears to be advantages to feeding
broilers a double xylanase dose, but lack of consistency
when using an NSP-ase cocktail containing many
enzymes.
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INTRODUCTION

Genetic selection for high production rates and feed
intake has resulted in modern broiler chickens being fed
very nutrient and energy dense diets. Consequently, for-
mulation of these diets is almost entirely focused on
meeting the bird’s energy and amino acid requirements.
However, broilers are very sensitive to dietary non-
starch polysaccharide (NSP) content and composition,
because NSP directly influences digesta passage rate,
intestinal health and microbiome composition. There-
fore, NSP somewhat dictates nutrient utilization and
productive performance, suggesting it warrants consid-
eration during feed formulation. Modern broiler diets
contain approximately 10 to 12% total NSP
(Bach Knudsen, 2001; Morgan et al., 2021). This NSP is
categorised based on whether it is soluble or insoluble in
water, with both inducing advantageous and detrimen-
tal effects in the bird’s gastrointestinal tract. Soluble
NSP has a high water holding capacity, causing
increased digesta viscosity when in excess. The conse-
quence of this is reduced accessibility of enzymes to sub-
strates and reduced absorption of nutrients through the
gastrointestinal wall, as well as increased water con-
sumption and thus excreta moisture content
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(Choct et al., 2010; Morgan et al., 2018). However, a sig-
nificant proportion of soluble NSP can be fermented by
beneficial microbiota, resulting in production of short
chain fatty acids and improved microbiota composition,
alongside reduced competition between the host and
microbiota for valuable nutrients (Bedford, 2000). Mod-
erate levels of soluble NSP also ensure digesta transit
rate is not too fast, providing opportunity for nutrients
to be absorbed (Mateos et al., 2012). Insoluble NSP act
as a nutrient diluent and physical barrier to digestive
enzymes (Hetland et al., 2004). It can also stimulate giz-
zard and proventriculus function, increasing grinding of
feed and peptic digestion in the gizzard, and maintains
motility and digesta flow in the gastrointestinal tract
through absorbing water and increasing digesta bulk
(Yokhana et al., 2016). This is important for both main-
taining consistency of the digesta and ensuring microbial
fermentation occurs in the ceca and end of gastrointesti-
nal tract, where there is greater abundance of beneficial
microbiota species. This highlights the importance of
considering dietary NSP levels and physiochemical prop-
erties of these NSP in broiler diets and grain sources, and
applying strategies to gain the most benefits from these
NSP. The main NSP present in all poultry diets are ara-
binoxylans (Kim et al., 2021a).

Xylanase application is now ubiquitous in commercial
poultry diets, primarily as a tool to reduce the negative
impacts of dietary xylan on digesta viscosity and litter
quality (Aftab and Bedford, 2018). Xylanases cleave the
internal glycosidic linkages in xylan and arabinoxylan,
resulting in production of short-chain xylo-oligosacchar-
ides (XOS) and arabinose-substituted xylo-oligosac-
charides (AXOS) (Jommuengbout et al., 2009). These
XOS and AXOS are selectively fermented by intestinal
bacteria, resulting in production of short chain fatty
acids (SCFA) which act as a source of energy, and
induce a positive influence on the composition and activ-
ity of gastrointestinal microbiota and bird performance
(De Maesschalck et al., 2015; Bautil et al., 2020). This
suggests that the success of xylanase may be equally
attributable to production of these prebiotic oligosac-
charides, and the impact this has on microbiota compo-
sition, as it is to viscosity-reduction. One hypothesis of
this study was that feeding more xylanase would
increase xylan degradation further, resulting in more
XOS production and consequently increased perfor-
mance. This was based on a number of studies observing
increased performance when feeding higher xylanase
doses. For example, Nusairat and Wang (2021) saw
improved BWG at d 1 to 42 when feeding 15 XU/g com-
pared to 10 XU/g xylanase, Van Hoeck et al. (2021) saw
reduced FCR at d 0 to 35 when feeding 90,000 BXU/kg
compared to 30,000 BXU/kg xylanase, and Liu and
Kim (2017) found body weight increased and FCR
decreased linearly with increasing xylanase level ranging
from 0 to 5,625 XU/kg xylanase at d 1 to 18. However,
there are also conflicting studies presenting no effect or a
poorer performance as a consequence of increasing xyla-
nase dose (Olukosi et al., 2007; Rabello et al., 2021).
This proposes that there is a need to better understand
how dietary composition influences xylanase efficacy.
Response to xylanase and XOS also varies with bird age
and gastrointestinal development (Bautil et al., 2020).
Consequently, one aim of this study was to examine how
well NSP is utilized at different dietary phases as a result
of feeding a higher dose of xylanase.
Recently there has been increased interest in applica-

tion of NSP-ase cocktails into poultry diets, as a tool to
increase the quantity and variety of prebiotic oligosac-
charides generated, which can provide fuel for a range of
beneficial probiotic bacteria species. However, results
from feeding different NSP-ase combinations are incon-
sistent, for example, Stefanello et al. (2015) and
Cowieson et al. (2010) saw no additive effect on perfor-
mance when feeding amylase or glucanase, respectively,
together with xylanase, whereas Jimoh and Atteh (2018)
and Mathlouthi et al. (2002) observed better perfor-
mance when supplementing b-glucanase with xylanase
and Ko et al. (2021) found feeding a cocktail of manna-
nase, b-glucanase, and xylanase improved feed conver-
sion. This highlights the need to select enzyme
treatments based on the substrates present, and there-
fore necessity to elucidate the NSP levels and composi-
tion in diets. The dose of the enzymes in NSP-ase
cocktails also warrants future consideration, as lack of
response to NSP-ase cocktails may be attributable to
suboptimal dose of one or more of the enzymes, eliminat-
ing the additive effects of these enzymes. A secondary
aim of this study was to examine if an NSP-ase cocktail
containing the most common NSP-ases used in poultry
diets (b-glucanase, cellulase, pectinase, mannanase, gal-
actanase, and arabinofuranosidase) at recommended
doses, in combination with xylanase, could increase NSP
degradation and bird performance in a range of diets.
In this study broilers were fed commercial-type meat

chicken diets with differing primary grain sources,
wheat, barley, corn, and sorghum, to represent diets fed
in different states across Australia, and to provide a
range of NSP concentrations and compositions as sub-
strates. The dietary treatments were formulated to have
similar protein and energy values. The aim of this study
was to compare the effects of supplementing these diets
with a single dose of xylanase, based on commercial rec-
ommendations, to supplementation with a double dose
of xylanase or cocktail of NSP-degrading enzymes on
productive performance, excreta and litter moisture con-
tent and NSP degradation at different dietary phases.
MATERIALS AND METHODS

Birds and Husbandry

Cobb 500 mixed-sex broilers (n = 1,080 + 30 spare
birds) were obtained from a commercial hatchery at day
of hatch. The chicks were randomized by weight and
placed in 0.85 m2

floor pens, 108 pens of approximately
10 birds per pen, 90 birds per treatment, resulting in 9
replicates of the 12 dietary treatments. Birds were bed-
ded on clean wood shavings, and all received vaccination
against Marek’s disease, infectious bronchitis, and
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Newcastle disease at the hatchery under Australian code
of practice for distribution of broiler chickens. Tempera-
ture settings followed Cobb 500 recommendations of 33
to 34°C on arrival, followed by a gradual decrease by
approximately 0.5°C daily until a temperature of 21 to
22°C was reached by d 21. The lighting regimen used
was 24 h light on d 1, with darkness increasing by 1 h a
day until 6 h of darkness was reached, which was main-
tained throughout the remainder of the study. Mortality
was recorded daily, and any birds culled or dead were
weighed. Institutional and national guidelines for the
care and use of animals were followed and all experimen-
tal procedures involving animals were approved by the
Animal Ethics Committee at University of New Eng-
land, New South Wales, Australia (AEC20-035).
Dietary Treatments

The dietary treatments replicated commercial diet
formulations from different states across Australia, and
were barley, corn, sorghum or wheat-based. Within each
of these four treatments, the diets were supplemented
with either a commercial recommended dose of xylanase
(16,000 BXU/kg Econase XT 5P, AB Vista, Marlbor-
ough, UK), a double dose of xylanase (32,000 BXU/kg
Econase XT 5P, AB Vista) or an NSP-ase cocktail (xyla-
nase (16,000 U/kg Econase XT 5P, AB Vista,), b-gluca-
nase (20,000 U/kg Econase GT, AB Vista), cellulase
Table 1. Nutrient composition of dietary treatments.

Barley Corn

Ingredient (g/kg) Starter Grower Finisher Starter Grower

Wheat 386.3 445.9 491.3 304.2 292.2
Barley 149.3 149.2 149.3 0.0 0.0
Canola seed 79.6 47.6 69.7 69.7 19.9
Corn 0.0 0.0 0.0 248.8 298.5
Sorghum 0.0 0.0 0.0 0.0 0.0
Soybean meal 289.7 257.4 202.2 300.4 292.7
Canola meal 29.9 29.8 20.7 29.9 29.8
Canola oil 23.3 28.5 29.9 5.2 23.7
Limestone 13.9 15.0 12.0 13.9 15.5
Monocalcium phosphate 7.8 7.0 5.8 8.0 7.7
Sodium bicarbonate 3.6 3.7 3.8 3.3 4.2
DL-Methionine 2.9 3.0 3.3 2.8 3.1
L-Lysine HCl 2.8 2.6 2.6 2.8 2.2
Salt 1.6 1.7 1.4 1.8 2.1
L-Threonine 1.3 1.3 1.0 1.2 1.1
Copper sulphate 0.4 0.0 0.0 0.4 0.0
Choline chloride 0.0 0.0 0.0 0.2 0.2
Phytase3 0.2 0.2 0.2 0.2 0.2
Vitamin premix2 1.0 0.8 0.8 1.0 0.8
Mineral premix1 1.3 1.0 1.0 1.3 1.0
Titanium Dioxide 5.0 5.0 5.0 5.0 5.0
Salinomycin 0.5 0.5 0.5 0.5 0.5
Probiotic4 0.01 0.01 0.01 0.01 0.01
Analysed composition
Dry matter (g/100g) 90.53 89.30 88.20 88.73 88.07
Protein (g/100g DM) 23.91 23.27 21.36 23.69 22.47
Energy (MJ/kg DM) 17.53 17.10 17.00 16.80 16.48
Soluble NSP (g/kg DM) 19.09 22.67 21.06 19.01 17.91
Insoluble NSP (g/kg DM) 77.67 78.60 65.62 63.26 71.16
Free OS (g/kg DM) 41.72 38.31 40.14 41.58 39.85

1Formulated to supply 23 mg copper, 1.79 mg iodine, 57 mg iron, 171 mg ma
2Formulated to supply 5,040 mg retinol, 17.5 mg cholecalciferol, 105 mg toc

niacin, 18 mg pantothenate, 7 mg pyridoxine, 0.35 mg biotin, 3.0 mg folate, 0.0
3Quantum Blue, AB Vista.
4Alterion, Adisseo.
(2,000 U/kg Sigma-Aldrich Pty. Ltd, Castle Hill, Aus-
tralia), pectinase (1,400 U/kg Deltagen Kilsyth, Aus-
tralia), mannanase (250 U/kg Deltagen Kilsyth),
galactanase (20 U/kg Deltagen Kilsyth), and arabino-
furanosidase (10,000 U/kg Deltagen Kilsyth). This
resulted in a total of 12 dietary treatments. All diets con-
tained 0.5% titanium dioxide (TiO2) as a digestibility
marker, and supplemental phytase at commercial level
(Quantum Blue, AB Vista). Birds had ad libitum access
to water and feed throughout the trial period. The diets
were fed as starter from d 0 to 12, grower from d 12 to 23
and finisher from d 23 to 35. The diets were cold pelleted
and fed as crumble (⌀0.1−0.2 mm) from d 0 to 7 and
then pellet (⌀3 mm pellet) for the remainder of the trial
period. The nutrient composition of the test diets is pre-
sented in Table 1.
Response Variables

Performance and Ileum and Excreta Collection To-
tal pen weight and feed intake (FI) was determined on
arrival and on d 12, 23, and 35 post-hatch and used to
calculate feed conversion ratio corrected for mortality
(cFCR).
Fresh excreta samples (approximately 200 g fresh

sample) were collected per pen on d 12, 23, and 35, by
placing clean metal trays into the bottom of each pen
and then monitoring the birds and immediately
Sorghum Wheat

Finisher Starter Grower Finisher Starter Grower Finisher

326.1 202.6 295.1 328.6 556.9 591.0 646.3
0.0 0.0 0.0 0.0 0.0 0.0 0.0
69.7 64.7 20.5 69.7 69.7 43.1 69.7

298.5 0.0 0.0 0.0 0.0 0.0 0.0
0.0 298.5 298.5 298.5 0.0 0.0 0.0

222.7 282.1 284.2 214.5 290.4 262.9 215.7
29.9 79.6 29.8 29.9 24.9 29.8 5.0
17.2 23.7 28.8 22.7 15.8 29.8 26.3
11.7 17.5 15.3 11.7 13.9 15.2 12.0
5.8 11.1 7.6 5.8 7.8 7.5 5.8
3.2 3.5 4.3 3.3 3.7 4.7 3.7
3.3 2.8 3.1 3.2 2.8 3.1 3.3
2.2 2.9 2.4 2.4 3.1 2.7 2.6
1.9 1.9 2.0 1.7 1.6 1.8 1.5
0.8 1.1 1.1 0.9 1.4 1.3 1.0
0.0 0.4 0.0 0.0 0.4 0.0 0.0
0.0 0.0 0.2 0.0 0.0 0.1 0.0
0.2 0.2 0.2 0.2 0.2 0.2 0.2
0.8 1.0 0.8 0.8 1.0 0.8 0.8
1.0 1.3 1.0 1.0 1.3 1.0 1.0
5.0 5.0 5.0 5.0 5.0 5.0 5.0
0.5 0.5 0.5 0.5 0.5 0.5 0.5
0.01 0.01 0.01 0.01 0.01 0.01 0.01

87.49 90.46 89.50 88.25 89.70 89.02 88.55
21.14 23.92 22.64 21.50 25.24 23.48 22.72
16.59 17.21 16.78 16.85 17.08 16.93 17.00
16.59 19.65 17.51 15.71 21.30 20.73 23.39
66.07 67.93 65.84 60.71 76.38 69.30 70.51
38.41 38.99 36.83 36.05 36.13 41.54 35.32

nganese, 0.43 mg selenium and 143 mg zinc per kg finished feed.
opheryl acetate, 4 mg menadione, 4 mg thiamine, 11 mg riboflavin, 77 mg
2 mg cyanocobalamin per kg of finished feed.
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collecting the sample from the pen floor post-defecation.
Litter samples were collected from 5 different points per
pen and placed in a sealed plastic bag on d 12, 23, and
35.

On d 12 and 23 birds were euthanized (n = 3 per pen
at d 12 and n = 2 per pen at d 23) and ileum digesta
samples were collected, for determination of NSP digest-
ibility at each phase. Bird gender was noted during dis-
section. On d 35, one male and one female per pen were
euthanized and gizzard, jejunum, and ileum digesta
samples were collected and pooled per pen.
Analysis of Excreta and Litter Dry Matter Dry mat-
ter content of the excreta and litter samples was
determined; the entire litter sample or subsample of
excreta sample was weighed into duplicate crucibles
and oven dried at 105°C to a constant weight and
then reweighed, and dry matter (%) was calculated.
The remaining excreta sample was frozen at �20°C,
freeze-dried to constant weight and then ground
through a 0.5 mm screen. Samples of the diets were
also ground through a 0.5 mm screen. Dry matter
was determined in the digesta and diet samples using
the method described above.
Sample Analysis

TiO2 marker was quantified in the digesta, excreta
and diet samples by UV-spectroscopy at 410 nm (Cary
50 Bio UV-Visible spectrophotometer equipped with a
Cary 50 MPR microplate reader, Varian Inc., Palo Alto,
CA), using the method described by Short et al. (1996).
The majority of the enzyme activities in the dietary
treatments were measured using Megazyme assay kits
(Megazyme International Ireland Ltd, Wicklow, Ire-
land); the kit codes were K-XylX6-2V for xylanase activ-
ity, K-CellG5-2V for cellulase activity, E-EXBGOS for
beta-glucanase activity, T-MNZ for mannanase activity
and S-AGALP for galactanase activity. Pectinase activ-
ity was measured using the Sigma Aldrich recommended
method for P4716. Arabinofuranosidase activity was
measured using the method described by Patel
et al. (2015) with minor modifications. The xylanase
activity ranged from 15,800 to 16,200 in diets supple-
mented with the single dose, and from 30,900 to
33,200 BXU/kg in diets supplemented with the double
dose. All measured enzyme activities were within 6% of
the predicted enzyme activity for all other supplemental
enzymes. All enzymes were measured in all diets, with
those not supplemented being undetectable by the
assay.

Soluble and insoluble NSP and free oligosaccharide
composition of the ingredients, diets, ileum digesta, and
excreta samples at d 12, 23, and 35, and gizzard and jeju-
num digesta samples at d 35 was determined following
the procedure of Englyst et al. (1994) with some modifi-
cations as described by Theander et al. (1995) and
Morgan et al. (2018). Approximately 190 to 200 mg of
samples was weighed accurately, and then fat extracted
with 10 mL hexane; the sample was sonicated and cen-
trifuged and the supernatant discarded. Free
oligosaccharides were extracted from the resulting sam-
ple by heating the sample at 80°C with 5 mL of 80% eth-
anol. The starch in the residue was gelatinized by
boiling the sample with 10 mL acetate buffer (pH 5).
After 30 min, 50 mL of a-amylase was added and the
samples were maintained at 95°C for 30 min, followed by
50 mL amyloglucosidase for 30 min at 55°C. The samples
were then maintained at 55°C for 16 h. The prepared
samples was then centrifuged at 2,000 £ g for 30 min,
and the resulting supernatant and residue used for the
analysis of soluble and insoluble NSP, respectively. For
the soluble NSP analysis, the sugars released by the
enzymes were removed by addition of 16 mL 80% etha-
nol to 4 mL sample, centrifuging and discarding the
supernatant, then repeating this process with 10 mL of
80% ethanol and then 10 mL of absolute ethanol; sam-
ples were maintained at 4°C during this entire process.
The resulting residue was dried and then 1 mL of 2 M
trifluoroacetic acid added and heated at 125°C for
60 min. For the insoluble NSP analysis, the glucose
released from starch digestion was removed with 10 mL
H2O, and then 2 mL acetone, centrifuging and removing
the supernatant each time. The resulting supernatant
was removed and the residue was dried. Following this,
1 mL of 12 M H2SO4 was added and the sample was
heated to 35°C for 2 h, and then 11 mL H2O was added
and the sample was heated to 100°C, cooled and then
centrifuged at 3,000£ g for 15 min to sediment the insol-
uble materials. An aliquot of 0.8 mL of sample was com-
bined with 0.2 mL 28% ammonium. For the free sugar
analysis, the extracted sample was dried, hydrolysed
with 3 ml 1M H2SO4 at 100°C for 2 h and centrifuged to
sediment the insoluble material. An aliquot of 0.4 ml of
sample was combined with 0.1 mL 28% ammonium. For
all the resulting samples, 50 mL of internal standard was
added (allose, 4 mg/mL) and the sample was evaporated
to dryness. The dried samples were then re-dissolved in
0.2 mL H2O with slight alkalinity. Freshly prepared
NaBH4 was then added (0.3 mL), the sample was incu-
bated at 40°C for 60 min, and any excess NaBH4 was
decomposed with 250 mL glacial acetic acid. 1-methyli-
midazole (0.5 mL) and C4H6O3 (5 mL) were added fol-
lowed by 8 mL H2O. Three mL dichloromethane was
then added, and the sample was centrifuged, and the
bottom layer collected and dried. Finally, 1.3 mL ethyl
acetate and 1.3 ml H2O were added, the sample was cen-
trifuged, and the supernatant was analyzed by gas chro-
matography (Model CP3800, Varian Inc.). Rhamnose,
fucose, ribose, arabinose, xylose, mannose, galactose,
and glucose were measured, and added together to calcu-
late the total NSP, accounting for the polymerization
factor.
Degradability of soluble and insoluble NSP and

free oligosaccharides in the ileum and excreta at d
12, 23, and 35 was determined using the following
equation:

Degradability %ð Þ ¼
1 � Nutrientexcreta=digesta � TiO2 diet

� �
= TiO2 excreta=digesta � Nutrientdiet
� �� �

� 100



Table 2. Effect of grain type and xylanase level (16,000 BXU/kg [Single] or 32,000 BXU/kg [Double]) or NSP-ase cocktail (Cocktail) on
individual feed intake (FI), body weight gain (BWG), and feed conversion ratio corrected for mortality (cFCR) in broilers at d 0−12, d
12−23 and d 23−35.

D 0−12 D 12−23 D 23−35

Grain Enzyme FI (g) BWG (g) cFCR FI (g) BWG (g) cFCR FI BWG (g) cFCR

Barley Single 328 296 1.11 1396a 1,019 1.37a 1940 1244 1.56
Double 319 292 1.09 1352ab 1,019 1.33b 1949 1221 1.60
Cocktail 318 296 1.08 1321b 994 1.33b 1800 1116 1.63

SEM 3.27 2.93 0.01 12.68 9.43 0.01 43.67 33.19 0.02
P-value 0.416 0.814 0.175 0.045 0.497 0.042 0.324 0.265 0.401
Corn Single 325 280b 1.16a 1,422 1,042 1.37 1,994 1251 1.60

Double 333 298a 1.12b 1,394 1,041 1.34 1,916 1184 1.63
Cocktail 344 299a 1.14ab 1,391 1027 1.36 1,980 1225 1.62

SEM 3.33 3.12 0.01 15.02 11.44 0.01 45.39 32.75 0.02
P-value 0.216 0.011 0.004 0.677 0.845 0.171 0.775 0.725 0.758
Sorghum Single 311 287 1.08 1,359 1,000 1.36 1,915 1266a 1.52b

Double 320 293 1.09 1,357 1,012 1.34 2,000 1252ab 1.60ab

Cocktail 315 289 1.09 1354 1,006 1.35 1,859 1101b 1.70a

SEM 2.36 2.53 0.01 13.45 11.38 0.01 40.36 28.42 0.02
P-value 0.278 0.637 0.672 0.989 0.915 0.370 0.385 0.030 0.009
Wheat Single 315 291b 1.09 1,390 1027 1.35 1,899 1197 1.60

Double 321 299ab 1.07 1,308 980 1.34 1,825 1148 1.59
Cocktail 332 313a 1.06 1,311 987 1.33 1,802 1151 1.57

SEM 3.58 3.45 0.01 15.91 11.34 0.01 35.44 25.74 0.02
P-value 0.127 0.030 0.476 0.058 0.201 0.146 0.537 0.709 0.831

a,bMeans within the same column, within the same parameter, with no common subscript, differ significantly.
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Disappearance of NSP along the gastrointestinal
tract, in the gizzard, jejunum, ileum, and excreta,
was calculated by the undigested dry matter (100
minus the dry matter digestibility) multiplied by the
quantity of NSP, for the gizzard, jejunum, ileum, and
excreta at d 35.
Table 3. Effect of grain type and xylanase level (16,000 BXU/kg
[Single] or 32,000 BXU/kg [Double]) or NSP-ase cocktail (Cock-
tail) on excreta and litter dry matter (DM).

Litter DM (%) Excreta DM (%)

Grain Enzyme D 12 D 23 D 35 D 12 D 23 D 35

Barley Single 74.57 51.91b 67.35 16.63 19.55 20.18
Double 75.89 60.31a 70.69 16.41 18.34 22.70
Cocktail 75.44 60.76a 72.59 16.77 19.13 22.06
Data Analysis

All data was analyzed using IBM SPSS statistics ver-
sion 25. Pen represented the replicate unit for statistical
analysis. After Kolmogorov-Smirnov testing to confirm
normality, ANOVA analysis was used to evaluate the
impact of enzyme treatment within each of the four die-
tary treatments with differing primary grain sources.
The percentage of male birds per pen was applied as a
co-variate. Treatment means were separated using
Tukey post-hoc test where appropriate. Correlations
between dietary sNSP level and the measured parame-
ters were investigated using Pearson product-moment
correlation coefficient. Statistical significance was
declared at P < 0.05.
SEM 1.43 1.43 1.26 0.29 0.19 0.39
P-value 0.937 0.014 0.246 0.928 0.096 0.866
Corn Single 74.99 57.26 68.66 14.86 18.39 20.56

Double 77.15 54.80 71.08 17.61 17.71 21.77
Cocktail 76.42 52.64 69.33 17.73 18.43 21.28

SEM 1.60 1.58 1.85 0.46 0.16 0.47
P-value 0.870 0.523 0.873 0.065 0.263 0.963
Sorghum Single 75.04 55.74 69.28 16.53 18.54 21.21

Double 77.25 56.01 70.98 18.25 18.17 22.13
Cocktail 77.97 56.49 72.87 17.59 18.81 22.11

SEM 1.08 1.36 1.13 0.30 0.28 0.24
P-value 0.543 0.978 0.458 0.170 0.777 0.376
Wheat Single 75.03 53.00 68.63 18.30 18.90 20.02b

Double 71.04 52.64 72.57 17.65 18.77 22.72a

Cocktail 75.29 51.51 63.36 16.80 18.66 21.23ab

SEM 1.14 1.63 1.65 0.39 0.25 0.33
P-value 0.255 0.934 0.075 0.479 0.961 0.019

a,bMeans within the same column, within the same parameter, with no
common subscript, differ significantly.
RESULTS

Performance

Table 2 presents that in birds fed the barley-based
diet at d 12 to 23, feed intake was greater in birds fed
the single dose of xylanase compared to the NSP-ase
cocktail (P = 0.045), and cFCR value was lower in birds
fed the double dose of xylanase or NSP-ase cocktail com-
pared to those fed the single dose of xylanase
(P = 0.042). In birds fed the corn-based diet at d 0 to 12,
BWG was higher in birds fed the double xylanase dose
or NSP-ase cocktail compared to those fed the single
xylanase dose (P = 0.011), and the cFCR value was
lower in bird fed the double compared to single dose of
xylanase (P = 0.004). In birds fed the sorghum-based
diet at d 23 to 35, BWG was higher and cFCR value was
lower in birds fed the single dose of xylanase compared
to the NSP-ase cocktail (P = 0.030 and P = 0.009,
respectively). In birds fed the wheat based diet at d 0 to
12, BWG was higher in birds fed the NSP-ase cocktail
compared to the single dose of xylanase (P = 0.030).
Excreta and Litter Dry Matter

Table 3 shows that in birds fed the barley-based diet
at d 23, litter dry matter content was greater when
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supplementing diets with the double xylanase dose or
NSP-ase cocktail compared to the single xylanase dose
(P = 0.014). At d 35, in birds fed the wheat-based diet
excreta dry matter was greater in birds fed the double
dose of xylanase compared to the single dose of xylanase
(P = 0.019).
Non-starch Polysaccharide Degradability
and Free Oligosaccharide Digestibility

The enzyme treatments had no impact on ileal soluble
NSP degradability at d 12 or d 23, insoluble NSP
degradability at d 12 or d 35, or free oligosaccharide
digestibility at d 23 or d 35 (P > 0.05). The enzyme
treatments also had no effect on total tract soluble or
insoluble NSP degradability at d 35, or free oligosaccha-
ride digestibility at d 12 and d 23 (P > 0.05). Therefore,
figures for these parameters are not presented.
Figure 1. Effect of grain type and xylanase level (16,000 BXU/kg [Sing
tract degradability of soluble and insoluble non-starch polysaccharides at d 1
Figure 1 presents total tract degradability of soluble
and insoluble NSP at d 12. In birds fed the barley-based
diet total tract degradability of soluble NSP was greater
when feeding the double compared to single dose of xyla-
nase (P = 0.021). In birds fed the wheat-based diet total
tract degradability of soluble NSP was greater when
feeding the double dose of xylanase or NSP-ase cocktail
compared to the single xylanase dose (P = 0.022). In
birds fed the sorghum-based diet, total tract digestibility
of insoluble NSP was higher in birds fed the double dose
of xylanase compared to those fed the single xylanase
dose or NSP-ase cocktail (P = 0.002). This was also true
for free oligosaccharide digestibility at d 12, as seen in
Figure 2 (P < 0.001).
Figure 3 shows that in birds fed the wheat-based diet,

total tract degradability of soluble NSP was greater in
birds fed the double xylanase dose compared to the sin-
gle xylanase dose or NSP-ase cocktail (P = 0.004).
le) or 32,000 BXU/kg [Double]) or NSP-ase cocktail (Cocktail) on total
2 (% DM).



Figure 2. Effect of grain type and xylanase level (16,000 BXU/kg [Single] or 32,000 BXU/kg [Double]) or NSP-ase cocktail (Cocktail) on ileal
digestibility of free oligosaccharides at d 12 (% DM).
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Furthermore, Figure 4 presents that in birds fed the
wheat-based diet, ileal degradability of insoluble NSP
was greater in birds fed the double compare to single
dose of xylanase (P = 0.013), and total tract degradabil-
ity of insoluble NSP was lower in birds fed the single
dose of xylanase compared to the double xylanase dose
or NSP-ase cocktail (P = 0.003).

Figure 5 presents that in birds fed the sorghum-based
diet, ileal degradability of soluble NSP was greater in
birds fed the double xylanase dose compared to the sin-
gle xylanase dose or NSP-ase cocktail (P = 0.001). In
birds fed the barley-based diet, total tract free oligosac-
charide digestibility was greater in birds fed the NSP-
ase cocktail compared to the single or double dose of
xylanase (P = 0.001).
Figure 3. Effect of grain type and xylanase level (16,000 BXU/kg [Sing
tract degradability of soluble non-starch polysaccharides at d23 (% DM).
Tables 4 and 5 presents the quantity of soluble and
insoluble NSP and free oligosaccharides present in
the gizzard, jejunum, ileum, and excreta at d 35, as
an indicator of NSP disappearance along the gastro-
intestinal tract. The higher values in the gizzard com-
pared to the diet present accumulation of NSP in the
gizzard. As shown in Table 4, in birds fed the barley-
based diet there was more insoluble NSP present in
the gizzard in birds fed the single dose of xylanase
compared to the double dose or NSP-ase cocktail
(P = 0.010). Table 5 shows that in birds fed the sor-
ghum-based diet, there was more soluble NSP present
in the gizzard of bird fed the single dose of xylanase
compared to the NSP-ase cocktail (P = 0.012), and
less free oligosaccharides present in the jejunum of
le] or 32,000 BXU/kg [Double]) or NSP-ase cocktail (Cocktail) on total



Figure 4. Effect of grain type and xylanase level (16,000 BXU/kg [Single] or 32,000 BXU/kg [Double]) or NSP-ase cocktail (Cocktail) on ileal
and total tract degradability of insoluble non-starch polysaccharides at d23 (% DM).
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birds fed the NSP-ase cocktail compared to the single
or double dose of xylanase (P = 0.001).
DISCUSSION

This study examined if NSP hydrolysis in the gastro-
intestinal tract, and the advantages that come with
NSP-degradation on bird performance and excreta mois-
ture content, is enhanced by the presence of a double
dose of xylanase or an NSP-ase cocktail, compared to
feeding the current commercial recommended dose of
xylanase.
Effect of Xylanase Dose and NSP-ase
Cocktail in Barley-Based Diets

The double xylanase dose and NSP-ase cocktail
improved feed conversion in birds fed the barley-based
diet in the grower phase (d 12−23). This is in agreement
with Hashemi et al. (2017) who found that supplement-
ing an NSP-ase cocktail containing ß-glucanase, cellu-
lase, a-amylase, xylanase, and protease, or just
combined xylanase and ß-glucanase, to a barley-based
diet resulted in reduced FCR in the grower period (d 15
−28). Similarly Moftakharzadeh et al. (2017) and
Shirzadi and Moravej (2009) found FCR values at d 11
to 28 and d 11 to 30, respectively, were consistently
lower when supplementing an NSP-ase cocktail contain-
ing ß-glucanases, cellulase, and xylanase to barley-based
diets Shirzadi and Moravej (2009). also observed
increased litter dry matter content as a consequence of
the NSP-ase cocktail supplementation, which is agree-
ment with this study, as determined at bird age d 23.
The barley used in this study contained 9.6% insoluble
NSP, two thirds of which was arabinoxylan (AX). Anal-
ysis of AX degradability revealed that the NSP-ase cock-
tail and double xylanase were more successful at
hydrolysing the AX in the barley compared to the single
xylanase dose, likely resulting in reduced water holding



Figure 5. Effect of grain type and xylanase level (16,000 BXU/kg [Single] or 32,000 BXU/kg [Double]) or NSP-ase cocktail (Cocktail) on ileal
degradability of soluble non-starch polysaccharides and total tract digestibility of free oligosaccharides at d 35 (% DM).
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capacity, increased accessibility to nutrients and height-
ened production of prebiotic XOS. It is also possible that
these enzyme treatments partially solubilized the insolu-
ble AX, and that the resulting soluble AX could be read-
ily fermented by beneficial microbiota species
(Svihus et al., 2013). This is illustrated by a numerical
decrease in excreta sNSP concentration in birds fed the
diets with double xylanase dose and NSP-ase cocktail
compared to the single dose of xylanase; the lack of sig-
nificance could be attributable to variability between
samples, due to complexity of the polymers and thus
challenges during sample preparation and analysis, and
variation between birds and sample collection time. The
observed reduced insoluble NSP present in the gizzard
of the barley-fed birds fed the NSP-ase cocktail and dou-
ble xylanase presents increased solubilization of NSP
early in the tract, which may have influenced digesta
passage rate (Sacranie et al., 2012). Additionally, it is
predicted, based on the work of Bautil et al. (2019), that
more xylan-degrading bacteria were established in the
microbiota of young birds fed these dietary treatments,
which enabled these birds to utilize the dietary xylan
better when they reached the grower phase. This is justi-
fied by the heightened soluble NSP degradability at d 12
seen in the presence of double xylanase in birds fed the
barley-based diets. The lack of effect of the enzyme
treatments on finisher phase performance potentially
suggests that the xylan-degrading microbiota was fully
established by this point, so the enzymes could provide
little additional impact on xylan utilization. The
increased free oligosaccharide digestibility observed
when the barley-based diet was supplemented with the
NSP-ase cocktail illustrates the increased abundance
and quantity of oligosaccharides produced as a conse-
quence of providing a variety of enzymes to a diet con-
taining a range of different polymers.



Table 4. Effect of grain type and xylanase level (16,000 BXU/kg [Single] or 32,000 BXU/kg [Double]) or NSP-ase cocktail (Cocktail) on
quantity of soluble non-starch polysaccharides (sNSP), insoluble non-starch polysaccharides (iNSP), and free oligosaccharides (FS) pres-
ent along the gastrointestinal tract in broilers fed barley- and wheat-based diets at d35 (g/kg DM digesta).

Barley Wheat

Single Double Cocktail P-value Single Double Cocktail P-value

sNSP
Diet 21.47 21.28 20.44 23.10 23.83 23.25
Gizzard 32.78 30.50 28.20 0.434 23.17 23.04 22.68 0.993
Jejunum 21.10 18.10 17.40 0.143 19.48 20.85 18.89 0.299
Ileum 15.67 15.44 14.99 0.962 16.68 17.67 16.12 0.806
Excreta 12.14 10.99 10.60 0.393 8.83 10.36 9.16 0.431

iNSP
Diet 66.04 65.31 65.50 70.84 69.15 71.53
Gizzard 272.67a 221.55b 211.38b 0.010 222.24 200.33 213.97 0.697
Jejunum 57.12 57.51 55.29 0.859 54.07 50.84 54.15 0.776
Ileum 54.29 55.22 52.26 0.768 46.03 46.04 47.32 0.933
Excreta 41.67 42.43 41.22 0.652 41.49 40.84 42.61 0.799

FS
Diet 41.14 39.21 40.07 35.03 35.44 35.50
Gizzard 33.06 31.18 28.77 0.491 31.75 31.46 26.41 0.257
Jejunum 35.29 33.48 28.19 0.162 36.93 32.67 30.85 0.490
Ileum 26.34 27.65 24.59 0.829 27.51 26.27 25.22 0.915
Excreta 16.59 20.22 14.03 0.210 20.32 17.93 15.99 0.533
a,bMeans within the same row, within the same parameter, with no common subscript, differ significantly.
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Effect of Xylanase Dose and NSP-ase
Cocktail in Corn-Based Diets

The increased body weight gain and reduced FCR
value seen in the starter phase of birds fed the corn-
based diets as a result of applying the higher xylanase
dose is in agreement with Nusairat and Wang (2021),
who saw linear improvements in both parameters in the
starter phase with increasing xylanase concentration in
birds fed corn-based diets Van Hoeck et al. (2021).
observed the same at age d 0 to 35. The NSP-ase cocktail
also increased starter phase body weight gain in birds
fed the corn-based diet, which is in agreement with
Tang et al. (2014) who found that feeding an enzyme
cocktail containing amylase, xylanase, glucanase, cellu-
lase, mannanase, and pectinase improved body weight
Table 5. Effect of grain type and xylanase level (16,000 BXU/kg or 3
polysaccharides (sNSP), insoluble non-starch polysaccharides (iNSP)
tract in broilers fed corn- and sorghum-based diets at d35 (g/kg DM di

Corn

Single Double Cocktail P-val

sNSP
Diet 16.35 16.70 16.73
Gizzard 19.29 17.66 17.40 0.82
Jejunum 13.35 13.29 12.59 0.85
Ileum 12.77 11.13 10.43 0.17
Excreta 7.09 7.11 6.48 0.63

iNSP
Diet 66.00 66.64 65.58
Gizzard 217.95 205.57 199.30 0.62
Jejunum 59.69 57.71 54.68 0.56
Ileum 52.84 51.78 50.99 0.79
Excreta 41.73 40.64 39.54 0.80

FS
Diet 38.43 39.08 37.71
Gizzard 27.32 27.07 25.24 0.84
Jejunum 33.69 34.42 35.13 0.95
Ileum 30.19 23.39 30.33 0.30
Excreta 15.38 12.78 15.71 0.59
a,bMeans within the same row, within the same parameter, with no common
gain at d 1 to 21. Also, De Keyser et al. (2016) found
feeding xylanase in combination with glucanase and pec-
tinase enhanced body weight gain at d 0 to 14. This out-
come is also in partial agreement with Ko et al. (2021),
who observed that supplementing a corn-based diet
with an NSP-ase cocktail containing mannanase, b-glu-
canase, and xylanase significantly improved feed conver-
sion at d 0 to 35, but not specifically in the starter
phase. This would suggest that the NSP-ase cocktail
was successful at breaking down the cell wall matrix,
particularly the insoluble components, which facilitated
release of encapsulated nutrients and enhanced accessi-
bility of digestive enzymes. However, this was not
reflected by the analysis of NSP degradation in this
study, which showed no effects of the enzyme treatments
on NSP utilization in birds fed the corn-based diet. This
2,000 BXU/kg) or NSP-cocktail on quantity of soluble non-starch
, and free oligosaccharides (FS) present along the gastrointestinal
gesta).

Sorghum

ue Single Double Cocktail P-value

15.55 15.88 15.71
1 23.57 21.40 20.90 0.775
2 13.69a 12.61ab 11.21b 0.012
2 9.39 9.41 8.82 0.792
4 6.67 6.40 6.01 0.609

60.60 61.79 59.73
2 202.53 194.29 166.76 0.125
0 51.60 52.27 46.88 0.138
5 41.80 41.60 40.83 0.946
1 38.03 38.59 36.15 0.350

36.08 35.65 36.41
7 28.82 25.30 22.01 0.540
2 31.80a 33.56a 18.85b 0.001
7 29.33 26.48 16.40 0.110
4 16.22 15.61 14.40 0.765

subscript, differ significantly.
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may be a consequence of the method used to determine
NSP degradability, which relied on using a titanium
dioxide marker; there are concerns around if this tech-
nique can truly reflect passage rate of both the solid and
liquid components of digesta (Morgan et al., 2014;
Kolakshyapati et al., 2019), potentially questioning the
accuracy of determination of flow of the insoluble NSP
fractions. The lack of effect of the double xylanase dose
or NSP-ase cocktail in the grower and finisher phase sug-
gests that providing a high quantity and range of oligo-
saccharides is advantageous at stimulating and
establishing AX fermentation capacity in birds fed AX-
poor diets, but once this is founded the single dose is suf-
ficient at maintaining AX degradation.
Effect of Xylanase Dose and NSP-ase
Cocktail in Sorghum-Based Diets

Performance at d 23 to 35 was worse in birds fed the
sorghum-based diet when the NSP-ase cocktail was sup-
plemented, compared to the single xylanase dose. This
may be because the lack of fermentable fibre in these
diets reduced the fermentation capacity of the micro-
biota (Ribeiro et al., 2018). It may be that the single
xylanase dose induced production of sufficient soluble
xylan for these bacteria, but the NSP-ase cocktail pro-
duced too much, which had a detrimental impact on
microbiota balance. The additional oligosaccharides pro-
duced by application of the NSP-ase cocktail may have
had detrimental effects, possibly because the probiotic
bacteria that could utilize them were not present, so
they were instead used as fuel by pathogenic bacteria
species. This then may have resulted in competition
between the host and bacteria for nutrients such as
amino acids, thus, causing reduced performance. Also,
the oligosaccharides produced may have stimulated the
NSP-degrading bacteria, but the lack of substrate avail-
able in the low-NSP diets meant there was insufficient
fuel for them. Another explanation may be that the
excess oligosaccharides increased osmotic stress along
the gastrointestinal tract, although this was not
reflected in the excreta or litter dry matter values in this
study. The greater total tract soluble NSP degradability
seen at d 35 in birds fed the double xylanase compared
to the NSP-ase cocktail reinforces this idea, by suggest-
ing that hydrolysis of additional polymers was not
advantageous at enhancing xylan utilization. This sug-
gests that in older birds the small amounts of xylan
available for fermentation are fully degraded or
absorbed by the ileum, so it is unlikely that they will
make it to the ceca to be used by the beneficial micro-
biota (Gonz�alez-Ortiz et al., 2020).
Effect of Xylanase Dose and NSP-ase
Cocktail in Wheat-Based Diets

In birds fed the wheat-based diet, starter phase body
weight gain and total tract soluble NSP degradability
was greater with application of the NSP-ase cocktail
compared to the single xylanase. This is in agreement
with Smeets et al. (2018) who found that supplementing
a wheat-based diet with NSP-ase cocktail containing
ß-glucanase, cellulase, a-amylase, xylanase increased
body weight at d 12. However, in contrast,
Smeets et al. (2018) did not see any improvements in
water-extractable NSP digestibility with this enzyme
treatment. The outputs from this study suggest that the
NSP-ase cocktail increased accessibility to soluble NSP,
which was then readily utilised by beneficial microbiota,
inducing positive effects on nutrient utilization and
establishing a microbiome that was effective at exploit-
ing dietary xylan. It appears that once this microbiome
was established no additional benefits could be gained
from supplying the NSP-ase cocktail in the grower and
finisher phase, as shown by lack of performance
response; the free oligosaccharides present in the diet
and those generated from single xylanase likely provided
sufficient fuel for the maintaining the microbiota. Sup-
plementing the double xylanase dose into the wheat-
based diet increased total tract degradability of soluble
NSP at d 12 and d 23, which appears to have contrib-
uted toward reduced excreta dry matter content at d 35.
Again, it may be that these birds developed a micro-
biome that was better adapted to utilizing soluble xylan
(Bautil et al., 2019), so when the bird was older there
were reduced issues associated with soluble NSP on
digesta viscosity, and thus water consumption and
retention, meaning less water was excreted. Insoluble
NSP degradation was also increased with the double
xylanase and NSP-ase cocktail; insoluble NSP can also
absorb water and increase digesta bulk and thus influen-
ces excreta consistency. Moreover, hydrolysis of these
NSP results in increased nutrient absorption, meaning
there are less nutrients, particularly unabsorbed sugars,
present in the gastrointestinal tract to cause osmosis of
water into the gut lumen (Kim et al., 2021b).
CONCLUSIONS

In conclusion, the outputs from this study demon-
strate that supplementing a double xylanase dose was
generally advantageous over a single xylanase dose or
NSP-ase cocktail, in terms of NSP degradation, bird per-
formance in the starter phase and excreta moisture con-
tent. In this study the NSP-ase cocktail induced
differing effects depending on the NSP composition of
the diets, such as negative effects on performance when
applied to the sorghum-based diet, but positive effects
on some parameters in birds fed the wheat- and barley-
based diets. This highlights the need to use a tailored
approach when using enzyme cocktails, targeting the
specific polymers in the diet.
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