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ABSTRACT A stimbiotic is defined as a product that
stimulates a fiber-degrading microbiome to increase fiber
fermentability. The aim of this study was to examine if it
is more advantageous to feed a stimbiotic
(xylanase + xylo-oligosaccharides [STB]) or a combina-
tion of xylanase and beta-glucanase (Xyl + BG) to
broilers fed wheat-barley based diets with differing
AME levels. Cobb 500 broilers (n = 480, 80 birds per
treatment) were fed 6 dietary treatments in a 2 £ 3 fac-
torial arrangement; 2 AME levels, ‘High’ or ‘Low’, which
differed by 100 kcal ME/kg, and 3 additive supplemen-
tations, with no supplemental additives, STB or
Xyl + BG. Diets were fed as 3 phases, starter (d 0−14),
grower (d 14−21) and finisher (d 21−35). On bird age d
14, 21 and 35, total pen body weight and feed intake
were determined, and feed conversion ratio corrected for
mortality (cFCR) was calculated. On d 21 and d 35 ileal
viscosity and beta-glucan content and caecal SCFA
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concentration were determined. Additive suplementa-
tion had no impact on cFCR in birds fed the low AME
diet, but in birds fed the high AME diet the cFCR value
was reduced in the presence of the additives (P = 0.001
and P = 0.015, at d 14−21 and d 21−35, respectively).
At d 21, cecal SCFA concentration was consistently
higher (P = 0.015), and ileal beta-glucan level lower
(P = 0.002), in birds fed the diet supplemented with
STB compared to those without additives. At d 35, ileal
viscosity was lower in birds fed STB compared to those
fed the diet without supplementation of additives, irre-
spective of diet AME level (P = 0.017). These results
suggest that both STB and Xyl + BG ameliorate the
antinutritive effects of the non-starch polysaccharides
(NSP) present in wheat-barley based diets, resulting in
improved bird performance. However, supplementation
with STB induces a comparatively greater positive effect
on NSP hydrolysis and SCFA production.
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INTRODUCTION

It is well established that the presence of non-starch
polysaccharides (NSP), such as arabinoxylans and
beta-glucans, in feed ingredients fed to poultry induce
negative effects on nutrient utilisation and growth per-
formance. Of particular concern is the high molecular
weight, water-soluble NSP fraction, due to its ability to
increase digesta viscosity. This has detrimental effects
on digestion and absorption processes, and causes
increased incidences of sticky droppings and poor litter
quality (Munyaka et al., 2016). As a consequence, feed
supplementation with NSP-degrading enzymes has
become common practice in poultry diets, due to their
ability to improve nutrient utilization (Jozefiak et al.,
2010; Mendes et al., 2013; Kiarie et al., 2014).
Wheat is a dominant grain used worldwide in poultry

diets, and xylanase application is ubiquitous in wheat-
based diets, to overcome the issues associated with its
high arabinoxylan content. However, reduced availabil-
ity and increased cost of wheat put pressure on the poul-
try feed industry to seek alternative, cost-effective
feeding ingredients. One such alternative is barley, but
its use has been limited due to negative effects seen on
bird performance, thought to be a consequence of its
high beta-glucan level (Jacob and Pescatore, 2014).
Consequently, many nutritionists believe it is necessary
to supplement beta-glucanases into poultry diets con-
taining barley.
Arabinoxylans are the predominant NSP in wheat

and barley (Izydorczyk and Dexter, 2008). Xylanases
cleave the internal glycosidic linkages in xylan, produc-
ing short-chain xylo-oligosaccharides (XOS)
(Jommuengbout et al., 2009). These XOS can be utilised
more efficiently by gut microbiota, having a direct

http://orcid.org/0000-0001-8215-4051
https://doi.org/10.1016/j.psj.2021.101383
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nmorga20@une.edu.au


2 MORGAN ET AL.
impact on the overall energy utilisation of cereals. Selec-
tive fermentation of XOS by intestinal bacteria posi-
tively influences the composition and activity of the
gastrointestinal microbiota, improving health and per-
formance in the host, meaning XOS fulfil the definition
of a prebiotic. Fermentation of XOS by these bacteria
results in the production of short chain fatty acids
(SCFA), which act as a source of energy
(De Maesschalck et al., 2015). Accordingly, there is
recent evidence presenting that supplementing broiler
diets with XOS has beneficial effects on bird perfor-
mance and dietary energy utilization (Morgan et al.,
2019; Bautil et al., 2020).

Gonzalez et al. (2019) recently proposed a new cate-
gory of feed additives, stimbiotics, which are defined as
products that are able to stimulate a fiber-degrading
microbiome to increase fiber fermentability, at doses
which are too low to contribute in a meaningful manner
to increased SCFA content. Stimbiotics are able to
hydrolyze arabinoxylans, while also providing short oli-
gossacharides. They therefore have dual purpose, reduc-
ing the antinutritive effects of NSP, especially AX, while
also priming the microbiota towards the production of
more SCFA. This suggests that stimbiotic supplementa-
tion may improve the fermentability of the NSP present
in a wheat/barley diet, overcoming the need to supply a
beta-glucanase.

The aim of this study was to examine if it is more
advantageous to feed a stimbiotic (combined xylanase
and XOS) (STB) or a combination of xylanase and
beta-glucanase (Xyl + BG) to broilers fed wheat-bar-
ley based diets. The diets were formulated to have either
a high or low AME level, with the intention of assessing
whether reduction in performance induced by reduced
AME can be recovered by supplementation with STB or
Xyl + BG, through increasing energy extraction by
increasing fermentation. The hypothesis of this study
was that both supplements would ameliorate the nega-
tive effects of the NSP in wheat and barley, but supple-
mentation of stimbiotic would be superior at promoting
fiber fermentation in the gastrointestinal tract, through
providing additional substrates for beneficial xylan-
degrading bacteria, and therefore energy extraction
from the feed.
MATERIALS AND METHODS

Animals and Housing

Cobb 500 mixed sex broilers (n = 480) were obtained
from a local commercial hatchery on the day of hatch.
Upon arrival, birds were weighed and randomly distrib-
uted into 48 floor pens (120 cm length £ 77 cm width),
with 10 birds per pen, bedded on clean wood shavings.
The room was thermostatically controlled to produce an
initial temperature of 32°C, gradually reduced to 21°C
by d 21, and maintained until d35. The lighting regimen
used was 23 h of light at approximately 40 lux on d 1,
with darkness increasing 1 h a day until 6 hours of dark-
ness was reached, and then 18 h of light per day at 10
lux was maintained for the remainder of the study. Feed
and water were provided ad libitum throughout the trial
period. The diets were fed as starter from d 0 to 14,
grower from d 14 to 21 and finisher from d 21 to 35. The
diets were cold pelleted and fed as a 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 experimental proce-
dures were approved by the University of New England
Animal Ethics Committee, Australia (Approval num-
ber: AEC20-048).
Experimental Design and Diets

A 2 £ 3 factorial arrangement of treatments was
applied; the factors were AME level, ‘High’ (Starter
3000, Grower 3050 and Finisher 3100 kcal ME/kg) or
‘Low’ (Starter 2900, Grower 2950 and Finisher 3000
kcal ME/kg); and additive supplement, no additive,
stimbiotic (endo-1,4-b-xylanase produced from Tricho-
derma reesei + fermentable XOS) (Signis, AB Vista,
Marlborough, UK) (STB) or endo-1,4-
b-xylanase + endo-1,3(4)-beta-glucanase produced by
Trichoderma reesei (Axtra XB, Danisco Animal Nutri-
tion, Marlborough, UK) (Xyl + BG). The experimental
diets were formulated to meet or exceed the nutritional
requirements for Cobb 500 broilers. The diet formula-
tions are presented in Table 1.
Prior to feed formulation, ingredients were ground

through a 0.5-mm screen and the nutrient concentration
analyzed by near-infrared spectroscopy to predict proxi-
mates, dAA concentrations and AME using AMINO-
NIRPROX, AMINONIRNIR, and AMINONIRNRG
(Evonik Nutrition & Care, Hanua, DE). The soluble and
insoluble NSP and free oligosaccharide concentration
were determined in both the feed ingredients prior to for-
mulation and in the final diets, by measuring the constit-
uent sugar components as alditol acetates by gas-liquid
chromatography (Model CP3800, Varian Inc., Palo
Alto, CA). This followed the procedure of
Englyst et al. (1994), with some modifications as
described by Theander et al. (1995) and
Morgan et al. (2018). Briefly, the sample was fat
extracted using hexane and then free oligosaccharides
were extracted by heating the sample at 80°C with 80%
ethanol. The starch in the resulting residue was gelati-
nised using acetate buffer (pH 5) and a-amylase and
amyloglucosidase was added, at 95°C and 55°C, respec-
tively, to remove the starch. The prepared sample was
then incubated and centrifuged at 2,000 £ g for 10 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 using ethanol at 4°C, the residue
was dried and then 2M trifluoroacetic acid added and
heated at 125°C. For the insoluble NSP analysis, the glu-
cose released from starch digestion was removed with
water and acetone, and the resulting supernatant was
removed and the residue was dried. Following this, 12M
H2SO4 was added and the sample was heated to 35°C,



Table 1. Ingredient composition of experimental diets (g/100g, as fed basis).

High AME Low AME

Ingredient Starter Grower Finisher Starter Grower Finisher

Wheat 11.5% 28.36 33.43 36.53 31.33 35.53 38.54
Barley 30.00 30.00 30.00 30.00 30.00 30.00
SBM 32.40 27.70 24.60 31.20 27.40 24.30
Canola oil 3.80 3.90 4.20 2.00 2.10 2.50
Limestone 0.50 0.30 0.10 0.50 0.30 0.10
MBM 3.00 3.00 3.00 3.00 3.00 3.00
L-Lysine HCl 0.25 0.26 0.25 0.28 0.26 0.25
DL methionine 0.26 0.25 0.26 0.26 0.25 0.26
L-threonine 0.16 0.15 0.13 0.17 0.15 0.13
L-valine 0.00 0.00 0.00 0.00 0.00 0.00
Salt 0.36 0.20 0.15 0.35 0.20 0.14
Sodium bicarbonate 0.10 0.10 0.10 0.10 0.10 0.10
Choline chloride 0.08 0.03 0.00 0.08 0.03 0.00
Quantum blue 5G 0.01 0.01 0.01 0.01 0.01 0.01
Vitamin premix1 0.5 kg/MT 0.07 0.05 0.05 0.07 0.05 0.05
Mineral premix2 0.75 KG/MT 0.10 0.07 0.07 0.10 0.07 0.07
Titanium dioxide 0.50 0.50 0.50 0.50 0.50 0.50
Salinomycin 0.05 0.05 0.05 0.05 0.05 0.05

1Vitamin premix per kg diet: vitamin A, 12 MIU; vitamin D, 5 MIU; vitamin E, 75 mg; vitamin K, 3 mg; nicotinic acid, 55 mg; pantothenic acid, 13 mg;
folic acid, 2mg; riboflavin, 8 mg; cyanocobalamin, 0.016 mg; biotin, 0.25 mg; pyridoxine, 5mg; thiamine, 3mg; antioxidant, 50 mg.

2Trace mineral concentrate supplied per kg diet: Cu (sulfate), 16 mg; Fe (sulfate), 40 mg; I (iodide), 1.25 mg; Se (selenate), 0.3 mg; Mn (sulfate and
oxide), 120 mg; Zn (sulfate and oxide), 100 mg; cereal-based carrier, 128 mg; mineral oil, 3.75 mg.
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and then water was added and the sample was heated to
100°C, cooled and then centrifuged at 3,000 £ g for
15 min to sediment the insoluble materials. For the free
sugar analysis, the extracted sample was dried, hydro-
lysed with 1M H2SO4 at 100°C and centrifuged to sedi-
ment the insoluble material. Ammonium (28%) was
added to an aliquot of the resulting supernatant from
the insoluble NSP and free oligosaccharide samples. For
all the resulting samples, an internal standard was added
(allose, 4 mg/mL) and the sample was evaporated to
dryness, and then redissolved in water with slight alka-
linity. Freshly prepared NaBH4 was then added, the
sample was incubated, and any excess NaBH4 was
decomposed with glacial acetic acid. 1-methylimidazole
and 5 mL of C4H6O3 were added followed by water, and
then dichloromethane was added, the sample was centri-
fuged, and the bottom layer collected and dried. Finally,
ethyl acetate and water were added, the sample was cen-
trifuged, and the supernatant was analyzed by gas chro-
matography (Model CP3800, Varian Inc., Palo Alto,
CA).
Table 2. Nutrient composition of experimental diets (as fed basis).

AME level Dry matter (g/100g) Protein (g/100g) Energy (M

Starter
High 88.84 24.52 17.24
Low 89.50 25.39 16.93

Grower
High 88.60 22.90 16.94
Low 88.25 22.27 16.64

Finisher
High 88.03 21.47 17.02
Low 88.16 21.61 16.68

Dietary ingredient
Wheat 90.07 11.53 16.82
Barley 89.68 12.07 16.43
SBM 89.14 47.53 17.37
Dry matter content of the diets was determined by
weighing the fresh sample, oven drying at 105°C until
constant weight and then reweighing the sample and cal-
culating % dry matter content. Crude protein was deter-
mined in the diets as nitrogen (N) using the combustion
method (LECO Corp. FP-2000N analyser, St. Joeseph,
MI), and multiplying this value by a factor of 6.25. Diet
gross energy contents were measured using an isoperi-
bolic bomb calorimeter (Model 6400, Parr Instruments,
Moline, IL), standardized with benzoic acid. The ana-
lyzed nutrient composition of the test diets is presented
in Table 2, and analyzed constituent soluble and insolu-
ble sugar composition is shown in Table 3.
Response Variables

Bird mortality and weight of dead birds was recorded
throughout the trial period. Total pen weight and feed
intake (FI) were determined on d 14, 21, and 35 post-
hatch, and, used to calculate feed conversion ratio
J/kg) Soluble NSP (g/kg) Insoluble NSP (g/kg) Free OS (g/kg)

19.88 56.47 45.56
21.37 67.67 46.87

20.87 68.20 39.04
25.47 68.24 44.05

26.16 69.96 39.56
27.63 71.89 42.25

25.61 65.96 20.68
31.78 75.73 21.55
7.30 89.46 90.31



Table 3. Soluble and insoluble monomer composition of dietary treatments (g/kg).

Rhamnose Fucose Ribose Arabinose Xylose Mannose Galactose Glucose

AME Level sNSP iNSP sNSP iNSP sNSP iNSP sNSP iNSP sNSP iNSP sNSP iNSP sNSP iNSP sNSP iNSP

Starter
High 0.04 0.28 0.04 0.59 0.46 0.28 2.82 14.69 3.65 17.81 1.10 1.80 2.00 9.29 12.13 18.75
Low 0.04 0.34 0.05 0.75 0.47 0.30 3.84 17.20 4.47 21.13 1.03 1.94 1.83 10.72 12.21 23.67

Grower
High 0.04 0.34 0.04 0.69 0.45 0.30 3.26 17.91 3.70 21.73 1.20 2.15 2.09 10.61 12.57 22.93
Low 0.04 0.35 0.05 0.71 0.46 0.31 4.15 17.76 5.19 21.56 1.28 1.96 2.26 11.17 15.07 22.89

Finisher
High 0.05 0.37 0.04 0.77 0.44 0.33 2.96 18.84 3.62 22.69 1.80 2.08 2.14 11.29 18.18 22.32
Low 0.05 0.37 0.04 0.75 0.43 0.33 3.15 18.88 4.45 23.35 1.75 2.16 2.18 11.78 18.84 23.21
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corrected for mortality (cFCR), accounting for weight
of dead birds. On d 35, litter samples were collected
from 5 different points per pen and placed in a sealed
plastic bag. Dry matter content was determined in the
entire litter sample, using the method described above.

On d 21 and 35, two birds per pen were euthanized.
The ileal and cecal digesta samples were collected,
pooled per pen and homogenised. For the ileum, fresh
subsamples were collected for analysis of viscosity, and
the remainder was frozen at �20°C, freeze-dried to con-
stant weight and ground through a 0.5 mm screen. For
viscosity analysis, the ileal digesta samples were col-
lected into 2 mL Eppendorf tubes, which were then cen-
trifuged at 10,000 £ g for 10 min at room temperature.
Viscosity was then measured in 0.5 mL of the resulting
supernatant, using a Brookfield DV3T Rheometer
(Brookfield Ametek, Instrumentation & Specialty Con-
trols Division, Middleboro, MA), with CPA-40Z Spin-
dle, at 35°C. Viscosity measurements were expressed in
centipoise (cPs) unit (1 cPs = 1/100 dyne sec/cm2 = 1
mPa.s) prior to statistical analysis. Measurements were
collected at 0.5, 1, 5, and 10 revolutions per minute.
Beta-glucan concentration was measured in the dried
ileum samples using the Megazyme Mixed-Linkage
Beta-Glucan assay kit (K-BGLU; Megazyme,
Wicklow, Ireland, UK), analyzed on a UV-spectroscopy
at 510 nm (Cary 50 Bio UV-Visible spectrophotometer
equipped with a Cary 50 MPR microplate reader, Var-
ian Inc., Palo Alto, CA).

SCFA concentrations were measured in the cecal
digesta using the method described by
Jensen et al. (1995), with some modifications. Briefly,
approximately 2 g of fresh homogenized cecal digesta sam-
ple, maintained at approximately 5°C, was homogenised
with 1 mL of internal standard (0.01 mol/L ethylbutyric
acid). The samples were then centrifuged at 3,900 £ g for
20 min at 5°C, and 1 mL of resulting supernatant was
mixed with 0.5 mL concentrated HCl (36%) and 2.5 mL of
ether. The sample was then centrifuged at 2,000£ g for 15
min at 5°C, and 400 mL of the resulting supernatant was
transferred into a GC vial. Following this, 40 mL of N-
tert-butyldimethlsilyl-N-methyltrifuoroacetamide
(MTBSTFA) was added to the vial and the sample was
heated at 80°C for 20 min, and then maintained at room
temperature for 48 h, prior to analysis on a Varian
CP3400 CX gas chromatograph (Varian Analytical
Instruments, Palo Alto, CA). The total SCFA
concentration was derived from the sum of all the individ-
ual SCFAs in the sample, expressed asmmol/g digesta.
Statistical Analysis

All data were analyzed using JMP Pro version 15.2.
Pen represented the replicate unit for statistical analy-
sis. After Shapiro-Wilk testing to confirm normality,
Standard Least Square Means Platform was used to
evaluate the impact of dietary AME level and additive
supplementation on the measured parameters, with pen
start weight as a co-variate and block effect as a ran-
dom variable. The model accounted for main effects
and its interactions (AME, Additive, and AME £
Additive). Means were separated using ttest at an
alpha level of 0.05. Outliers were excluded based on stu-
dentised residuals (>3 residuals or <-3 residuals); there
was one outlier. Livability was analyzed using Chi-
Square test. Correlations between the measured param-
eters were investigated using Pearson product-moment
correlation coefficient. Statistical significance was
declared at P < 0.05.
RESULTS

Performance and Litter DM

The impact of the dietary treatments on bird perfor-
mance at each dietary phase (d 0−14, d 13−21, and d 21
−35), as well as litter DM content at d 35, is presented
in Table 4. There was 7.2% mortality across the entire
study period. At d 0 to 14, birds fed the high AME diet
presented higher BWG compared to those fed the low
AME diet (P < 0.001). At d 14 to 21, birds fed the high
AME diet supplemented with Xyl + BG had greater
BWG compared to those fed the low AME diet with
Xyl + BG, or high AME diet without additives
(P = 0.003). At this age, birds fed the high AME diet
without additives presented a higher cFCR value com-
pared to those fed any other treatment, and the cFCR
value was higher in birds fed the high AME diet supple-
mented with STB compared to those fed the high AME
diet with Xyl + BG or low AME diet without additives
(P = 0.001). At d 21 to 35, cFCR value was higher in
birds fed the high AME diet without additives compared
to those fed the high AME diet supplemented with
either STB or Xyl + BG, or the low AME diet



Table 4. Effect of dietary AME level and additive supplementation (stimbiotic [STB] or xylanase + beta-glucanase [Xyl + BG]) on indi-
vidual feed intake (FI), body weight gain (BWG) and feed conversion ratio corrected for mortality (cFCR) at each dietary phase and lit-
ter dry matter content (%) at d35.

d 0−14 d 14−21 d 21−35 d 35

AME Additive FI (g) BWG (g) cFCR FI (g) BWG (g) cFCR FI (g) BWG (g) cFCR Litter DM (%)

High 0 461 421 1.10 746 500c 1.46a 2290 1370 1.67a 76.64
STB 463 428 1.08 742 527abc 1.41b 2297 1441 1.55bc 76.06
Xyl + BG 446 420 1.08 757 556a 1.36c 2249 1456 1.54c 74.81

Low 0 427 382 1.12 739 545ab 1.36c 2450 1519 1.61ab 72.46
STB 436 399 1.09 750 537ab 1.40bc 2279 1432 1.60bc 71.24
Xyl + BG 449 411 1.09 754 525bc 1.40bc 2331 1463 1.61ab 73.26

SEM 8.88 7.26 0.01 12.55 11.38 0.01 46.50 40.28 0.03 2.73
AME

High 457 423a 1.09 749 527 1.41 2279 1422 1.59 75.84
Low 437 397b 1.10 748 536 1.39 2353 1471 1.61 72.32

SEM 5.40 4.42 0.00 8.40 7.80 0.01 25.98 23.60 0.02 1.72
Additive

0 444 401 1.11 742 522 1.41 2370 1444 1.64 74.55
STB 450 414 1.09 746 532 1.40 2288 1437 1.57 73.65
Xyl + BG 447 415 1.09 756 540 1.38 2290 1460 1.58 74.04

SEM 6.44 5.26 0.01 9.59 8.82 0.01 32.26 28.65 0.02 2.02
P-values

AME 0.010 <0.001 0.083 0.929 0.345 0.054 0.064 0.146 0.248 0.114
Additive 0.816 0.107 0.051 0.509 0.231 0.179 0.157 0.846 0.009 0.939
AME £ Additive 0.091 0.125 0.657 0.799 0.003 0.001 0.187 0.108 0.015 0.805
a-bMean values within a main effect not sharing a common letter are different (P ≤ 0.05).
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supplemented with STB (P = 0.015). The dietary treat-
ments had no impact on litter quality at d 35.
Ileal Digesta Viscosity and Beta-Glucan
Concentration

Table 5 presents the impact of the dietary treatments
on ileal digesta viscosity and beta-glucan concentration.
At d 21, ileal viscosity was higher in birds fed the high
AME diet compared to the low AME diet (P < 0.001),
Table 5. Effect of dietary AME level and additive suplementa-
tion (stimbiotic [STB] or xylanase + beta-glucanase [Xyl + BG])
on ileal digesta viscosity (cP) and beta-glucan concentration (%
DM) at d 21 and d35.

Viscosity (cP) Beta-Glucan (% DM)

AME Additive d 21 d 35 d 21 d 35

High 0 4.50 4.21a 24.95a 21.84
STB 2.77 2.63c 18.79bc 18.97
Xyl + BG 2.91 2.80c 17.90bc 21.08

Low 0 3.42 3.68ab 19.62b 21.77
STB 2.52 2.82c 17.17c 17.04
Xyl + BG 2.60 3.36b 18.98bc 17.84

SEM 0.19 0.18 0.85 0.88
AME

High 3.39a 3.22 20.55 20.63a

Low 2.85b 3.29 18.59 18.88b

SEM 0.11 0.10 0.54 0.43
Additive

0 3.96a 3.95 22.29 21.81a

STB 2.64b 2.73 17.98 18.00b

Xyl + BG 2.75b 3.08 18.44 19.46b

SEM 0.13 0.12 0.63 0.58
P-values

AME <0.001 <0.001 <0.001 0.015
Additive 0.001 0.633 0.006 0.029
AME £ Additive 0.060 0.017 0.002 0.236
a-bMean values within a main effect not sharing a common letter are

different (P ≤ 0.05).
and was lower in birds fed the diets supplemented with
any of the additives tested compared to those without
them (P = 0.001). At d 35, birds fed the diets supple-
mented with STB, or the high AME diet supplemented
with Xyl + BG, presented lower ileal viscosity compared
to those fed any other treatment. Also, birds fed the low
AME diet with Xyl + BG presented lower ileal viscosity
compared to those fed the high AME diet without addi-
tives (P = 0.017).
At d 21, an interaction between AME level and addi-

tive supplementation revealed that birds fed the high
AME diet without additives presented a higher ileal
beta-glucan level compared to those fed any other treat-
ment. Additionally at this age, in birds fed the low AME
diet, beta-glucan concentration was lower when feeding
STB compared to when feeding the diet without supple-
mental enzymes (P = 0.002). At d 35, ileal beta-glucan
concentration was higher when feeding the high AME
diet compared to the low AME diet (P = 0.015), and
was lower when feeding the diets supplemented with
either additive treatment compared to the diets without
additive supplementation (P = 0.029).
Cecal SCFA Concentration

As illustrated in Table 6, at d 21 total SCFA concen-
tration in the ceca was higher in birds fed the diets sup-
plemented with STB compared to those fed the diets
without supplemental additives (P= 0.015), but the die-
tary treatments had no impact on total SCFA concen-
tration at d 35. Additionally, acetic, propionic, and
valeric acid concentration in the ceca at d 21 was greater
in birds fed the diet with STB compared to those fed
either the diet without additives or with Xyl + BG
(P = 0.007, P = 0.007 and P = 0.012, respectively). At d



Table 6. Effect of dietary AME level and additive supplementation (stimbiotic [STB] or xylanase + beta-glucanase [Xyl + BG]) on cecal
short chain fatty acid (SCFA) concentration at d 21 and d35 (mmol/g fresh sample).

Total SCFA d21
d35

AME Additive d 21 d 35 Acetic acid Propionic acid Valeric acid Succinic acid

High 0 62.68 72.37 35.07 2.85 0.49 5.91
STB 82.26 95.24 46.84 3.92 0.67 13.99
Xyl + BG 68.20 86.96 34.73 2.52 0.37 10.72

Low 0 43.84 71.04 27.29 2.43 0.40 7.58
STB 82.44 87.53 51.58 4.06 0.58 12.61
Xyl + BG 68.81 77.82 37.88 2.20 0.22 9.93

SEM1 10.25 10.85 6.42 0.54 0.12 2.48
AME

High 71.05 84.86 38.88 3.10 0.51 10.21
Low 65.03 78.80 38.92 2.90 0.40 10.04
SEM1 7.09 5.98 4.73 0.36 0.09 1.84

Additive
0 53.26b 71.71 31.18b 2.64b 0.45ab 6.75b

STB 82.35a 91.39 49.21a 3.99a 0.62a 13.30a

Xyl + BG 68.50ab 82.39 36.31b 2.36b 0.29b 10.32ab

SEM1 8.01 7.25 5.21 0.42 0.10 2.02
P-values

AME 0.424 0.509 0.993 0.621 0.183 0.923
Additive 0.015 0.235 0.007 0.007 0.012 0.013
AME £ Additive 0.475 0.929 0.450 0.828 0.929 0.733
a-bMeans within a main effect or interaction not sharing a common letter are different (P ≤ 0.05).
1Pooled standard error of mean.
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35, succinic acid concentration was greater in birds fed
STB compared to those fed the diets without enzyme
supplementation (P = 0.013).
DISCUSSION

The current lack of consideration of the NSP content
and composition in feed ingredients during the formula-
tion of diets for poultry is of concern, given vast evidence
presenting its direct influence on bird performance, litter
quality, and gut health (Morgan et al., 2021). This is
reiterated by the ubiquitous application of xylanase in
commercial poultry diets, and beta-glucanase in barley-
based diets, despite inconsistencies in response to these
enzymes, coupled with a lack of knowledge about the
level and accessibility of target arabinoxylans and beta-
glucans in complete poultry diets. This suggests that a
deeper understanding of the efficacy and mechanisms of
these enzymes is required to ensure their application is
economically and environmentally beneficial to the poul-
try industry. Furthermore, it has recently been estab-
lished that the positive effects observed as a
consequence of xylanase application are not only attrib-
utable to its ability to reduce digesta viscosity and
release entrapped nutrients, but also a consequence of
the generation of prebiotic XOS (Ribeiro et al., 2018;
Bautil et al., 2020). Subsequently, there has been recent
interest in directly feeding XOS, as opposed to relying
on the bird to produce them in situ. Using XOS as com-
plementary supplement with xylanase has also shown
promise; presence of additional XOS increases the
amount of fuel available for beneficial microbiota,
heigntening ability to ferment dietary fiber (stimbiotic
effect) (Morgan et al., 2019; Craig et al., 2020). Thus,
the aim of this study was to examine if it was more
efficacious to feed stimbiotic or a combination of xyla-
nase and beta-glucanase in wheat and barley-based
diets. The ability of these supplements to enhance
energy utilization, through increased fiber fermentation,
and how this translates into effects on performance and
the gastrointestinal environment was also assessed,
through feeding diets with differing AME levels.
Barley use in poultry diets remains low, primarily due

to concerns about its high NSP content, particularly
beta-glucans (Jacob and Pescatore, 2014). However,
these diets contained 30% barley and performance val-
ues were not dissimilar to those seen on commercial
farms, particularly in birds fed the enzyme supplements.
It is arabinoxylans (AX), as opposed to beta-glucans,
that are generally the predominant NSP in barley; for
example, the barley used in this study had an analyzed
total AX content of 5.9%, compared with 2.7% analyzed
beta-glucan content. The low AME diets in this study
contained a notably higher soluble NSP concentration
compared to the high AME diets, but ileal viscosity at d
21 was statistically higher in birds fed the high AME
diet. This may be due to the comparatively higher AX
level in the low AME diets, which meant birds fed these
diets possessed a microbiota that was somewhat more
adept at utilising soluble NSP, as highlighted by
Bautil et al. (2019). The consequence of this heightened
ileal viscosity was reduced BWG and poorer FCR at d
21 in the absence of additives. Another possible explana-
tion is that the higher fat content in the high AME diet
may have had a negative impact on viscosity and micro-
biota composition; soluble NSP reduces fat digestibility,
especially in young birds with immature microbiota
(Danicke et al., 1999; Jim�enez-Moreno et al., 2009).
However, this effect disappeared at d 35, as the differ-
ence in soluble NSP between the 2 diets was lessened in
the finisher feeds, and the microbiota in older birds was
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better adapted to utilizing dietary NSP. A number of
factors could have contributed towards the lack of signif-
icant impact of the dietary treatments on litter quality
and high variability in litter moisture between individ-
ual pens in this study, including pen placement within
the room and number of birds per pen (due to the pres-
ence of spare birds or mortalities).

Of interest is the ability of XOS to stimulate xylan
digestion and heighten development of a fiber-ferment-
ing microbiome further, particularly in younger birds,
thus enhancing the ability of adult birds to effectively
utilize dietary fiber (Bautil et al., 2020). This was illus-
trated in this study by the lowest ileal beta-glucan con-
centration and viscosity at d 35 observed in birds fed the
diets supplemented with STB, numerically lower than
observed in those fed xylanase and beta-glucanase. The
lack of significant difference in SCFA concentration
between birds fed the diet without additives and the
diet with Xyl + BG highlights that the oligosaccharides
generated were not at sufficient levels or in the correct
form to stimulate or fuel probiotic bacteria. However,
the significant increase in total SCFA, acetic, propionic
and valeric acid at d 21, and succinic acid at d 35, as a
consequence of feeding STB compared to no additives
highlights that STB supplementation was effectively
and selectively boosting fermentation by beneficial
microorganisms. This is in agreement with the work of
Morgan et al. (2019) and Craig et al. (2020). The benefi-
cial technological features of XOS include stability at
acidic pH, heat resistance, ability to achieve significant
biological effects at low daily doses, low calorie content,
and no toxicity (Carvalho et al., 2013). However, the
disparities in SCFA production between birds fed the 2
different supplements did not translate into differences
in performance, suggesting the concentrations of SCFA
were not sufficient to provide a notable source of energy.

In conclusion, this study confirms that feeding stimbi-
otic or a combination of xylanase and beta-glucanase is
able to ameliorate the negative effects of the NSP in
wheat and barley in the broiler gastrointestinal tract.
However, it appears that STB may be superior to the
enzyme combination, in that it resulted in compara-
tively greater SCFA production and beta-glucan hydro-
lysis, even without the inclusion of a beta-glucanase in
the diet, and reduced digesta viscosity, through its abil-
ity to generate a fiber-fermenting microbiome. Further
research is warranted into how to achieve the greatest
economic and environmental benefits from STB applica-
tion in meat chicken diets.
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