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Despite the general use of endoxylanases in poultry feed to improve broiler performance, the abundance
of different endoxylanase products and the variable response to their application in the field prevent a
clear understanding of endoxylanase functionality in vivo. To gain insight into this functionality, we
investigated the impact of endoxylanase type (Belfeed from Bacillus subtilis versus Econase XT from
Nonomuraea flexuosa) and dose (10, 100, 1,000 mg/kg) in combination with broiler age on arabinoxylan
(AX) hydrolysis and fermentation in broilers (Ross 308) fed a wheat-soy based diet. In a digestibility trial
and a performance trial, a total of 1,057 one-day-old chicks received the control diet or 1 of the 6
endoxylanase supplemented wheat-soy based diets with, respectively, 5 replicate cages and 8 replicate
pens per dietary treatment per trial. The AX content and structure, the AX digestibility values and the
short-chain fatty acids produced were analysed at the level of the ileum, caeca and excreta at d 11 and 36.
Endoxylanase supplementation resulted in a more extensive solubilisation of wheat AX and a reduction
in the intestinal viscosity compared to the control (P < 0.05). A high endoxylanase dose was, however,
required to obtain increased hydrolysis of the dietary AX along the gastrointestinal tract against the
control (P < 0.001). Depending on the type of endoxylanase, a pool of AX with distinct physicochemical
properties was created. The B. subtilis endoxylanase created a large pool of soluble AX in the ileum,
thereby increasing ileal viscosity compared to broilers fed an endoxylanase from N. flexuosa (P < 0.001).
The N. flexuosa endoxylanase mainly triggered caecal AX fermentation in young broilers, by delivering
easily fermentable AX substrates with a low degree of polymerisation (P ¼ 0.03). The effects were
particularly present in young broilers (d 11). From this study, it is clear that the type and dose of
endoxylanase added to wheat-soy based diets determine the nature of AX substrates formed. These, in
turn, affect the intestinal viscosity and the interplay between the dietary AX compounds and microbiota,
hence dictating AX digestion at young broiler ages and performance outcomes towards slaughter age.
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1. Introduction

In many European countries, wheat (Triticum aestivum L.) is by
far the most important energy source in poultry diets (Austin et al.,
1999). However, the nutritive value of wheat highly depends on the
amount and nature of the non-starch carbohydrates (NSC) present
in wheat cell walls (Amerah, 2015; Choct, 1997). These wheat cell
walls contain large amounts of arabinoxylans (AX) and are known
to evoke antinutritional effects in the gastrointestinal tract (GIT) of
poultry (Annison and Choct, 1991; Bach Knudsen, 2014). The major
part of AX in wheat cell walls is water-unextractable arabinoxylan
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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Table 1
Basal diet composition of the wheat-soy based starter, grower and finisher diets.

Item Starter Grower Finisher

Ingredients, g/kg
Wheat 602 618 651
Soybean meal (48.5% CP) 280 265 235
Potato protein 20.0 10.0 0.00
Soybean oil 43.5 56.0 67.0
Premix1 5.00 5.00 5.0
Lime fine 15.8 14.2 12.8
Monocalciumphosphate 15.6 14.0 12.5
Salt 1.80 1.80 1.90
Sodium carbonate 3.90 3.90 3.40
L-lysine HCl 2.35 2.20 2.15
DL-Methionine 2.80 2.65 2.25
L-Threonine 1.20 1.05 1.00
L-arginine 0.30 0.05 0.00
Magnesiumoxide 1.20 1.30 1.40

Calculated nutrient content
Metabolisable energy, kcal/kg 2,924 2,999 3,075
Dry matter, g/kg 882 883 884
Crude protein, g/kg 224 210 191
Crude fat, g/kg 55.8 68.0 78.6
Crude fibre, g/kg 24.5 24.3 23.9
Carbohydrates, g/kg 507 514 528
Calcium, g/kg 9.60 8.70 7.90
Total phosphorus, g/kg 7.20 6.70 6.30
Available phosphorus, g/kg 4.80 4.40 4.00
Digestible lysine, % 1.19 1.09 0.96
Digestible leucine, % 1.44 1.33 1.18
Digestible methionine þ cysteine, % 0.88 0.83 0.74
Digestible arginine, % 1.27 1.17 1.04
Digestible threonine, % 0.80 0.73 0.64
Digestible tryptophan, % 0.24 0.23 0.20

Incorporation level of enzyme preparation, mg/kg
Control diet (CTRL) 0 0 0
Belfeed 1100 MP (Bel10) 10 10 10
Belfeed 1100 MP (Bel100) 100 100 100
Belfeed 1100 MP (Bel1000) 1,000 1,000 1,000
Econase XT 25P (Eco10) 10 10 10
Econase XT 25P (Eco100) 100 100 100
Econase XT 25P (Eco1000) 1,000 1,000 1,000

CP ¼ crude protein.
1 Mineral-vitamin premix provided per kg diet: vitamin A 10,000 IU; vitamin D3

2,500 IU; vitamin E 50 mg; vitamin K3 1.5 mg; vitamin B1 2.0 mg; vitamin B2 7.5 mg;
vitamin B6 3.5 mg; vitamin B12 20 mg; niacinamide 35 mg; D-pantothenic acid
12 mg; choline chloride 460 mg; folic acid 1.0 mg; biotin 0.2 mg; iron 80mg; copper
12 mg; manganese 85 mg; zinc 60 mg; iodine 0.8 mg; selenium 0.15 mg.
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(WU-AX), but only a small part of the AX is water-extractable
arabinoxylan (WE-AX) (Maes and Delcour, 2002; Saulnier et al.,
2007). Due to their multiple cross-links with other AX or cell wall
components (Izydorczyk et al., 1998), the WU-AX forms a physical
barrier to the endogenous digestive enzymes, and makes the
enclosed nutrients unavailable for digestion (Bedford, 2002; Carr�e,
2004; Courtin and Delcour, 2002; Mares and Stone, 1973). On the
other hand, the viscous nature of the high molecular weight (MW)
WE-AX (Izydorczyk and Biliaderis, 1995) can induce a high intes-
tinal viscosity in the bird, which further impairs nutrient digestion
(Choct and Annison, 1990, 1992). To overcome these antinutritional
effects, NSC-hydrolysing enzymes, particularly endo-b-1,4-
xylanases (EC 3.2.1.8, endoxylanases), are commonly added to
poultry feeds (Collins et al., 2005; Cowieson et al., 2006). These
endoxylanases are the main depolymerising enzymes, randomly
hydrolysing the internal b-1,4-linkages of wheat AX polymers
(Collins et al., 2005). This solubilisation through hydrolysis of the
wheat WU-AX polymers and the concomitant reduction of the MW
of the solubilised AX by endoxylanases (Grootaert et al., 2007), can
release AX-derived oligosaccharides, i.e. arabinoxylan-
oligosaccharides (AXOS) and render them more susceptible to
fermentation by the caecal microbiota (Courtin et al., 2008a; Lee
et al., 2017). The resultant increase in short-chain fatty acids
(SCFA) production upon endoxylanase addition can eventually lead
to major improvements in the broiler's gastrointestinal health and
digestive parameters (Choct et al., 1999; Kiarie et al., 2013, 2014;
Lee et al., 2017).

Multiple commercial enzyme products containing endoxylanase
activity are approved by the European Commission to be used as
feed additives in poultry feed (European Commision, 2009). These
preparations originate from different microorganisms and are
characterised by different structural and biochemical properties,
such as pH and temperature optima and substrate specificities (Beg
et al., 2001; Polizeli et al., 2005; Sunna and Antranikian, 1997;
Vandeplas et al., 2010). It can be assumed that these various
endoxylanases hydrolyse the wheat AX polymers differently in the
GIT. As a result, a heterogeneous pool of AX hydrolysis products
could be formed, which could stimulate the digestive and
fermentation processes differently. This has, however, not been
experimentally demonstrated in vivo yet.

The large variability in enzyme-related factors in combination
with the wide variety in broiler-specific and diet-related factors on
broiler farms (Ravindran, 2013), makes it difficult to understand the
full complexity and the mechanisms of action of these enzymes in
broilers in vivo. This might partly explain the large inconsistencies
in beneficial responses that result from endoxylanase addition that
have been observed in the field and are difficult to explain (Aftab
and Bedford, 2018). It is therefore of interest to analyse the
changes in the AX population along the broiler's GIT induced by
different types and doses of endoxylanases, commonly used in
European broiler feeds. By analysing the difference in the extent of
hydrolysis by various doses and types of endoxylanases in vivo,
more insight can be gained in how the nature of AX substrates
created upon enzyme addition can affect gastrointestinal physi-
ology and broiler performance outcomes differently. For example,
on the one hand, overdosing of endoxylanases could result in too
extensive hydrolysis of AX polymers, causing the production of
arabinose and xylose, which are known for their detrimental effect
in the GIT when present in large amounts (Schutte, 1990). On the
other hand, underdosing can slow down the MW reduction of the
viscous AX polymers, resulting in an inadequate reduction of the
intestinal viscosity and formation of AXOS.

The objective of this study was, hence, to investigate the
contribution of the nature and the dose of 2 endoxylanase prepa-
rations in combination with broiler age, i.e. young versus older
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broilers, on AX hydrolysis and fermentation characteristics in the
distal part of the broiler's digestive tract. By analysing the pattern
and extent of hydrolysis, a better understanding of the underlying
mechanisms of action of these enzymes including the reduction of
the intestinal viscosity, the solubilisation of wheat cell walls and
the provision of prebiotic oligosaccharides to the microbiota, was
achieved.

2. Materials and methods

This broiler trial was approved by the Ethical Committee for the
experimental use of animals of the KU Leuven under accession
number P213/2015. The animal experiment was conducted
following the appropriate EU guidelines for animal experiments
(Directive 2010/63/EU, 2010).

2.1. Experimental diets

The 7 experimental diets of this broiler trial were wheat-soy
based and formulated to meet Ross 308 broiler nutrient re-
quirements based on the nutrition guidelines of Aviagen (2014a).
The nutrient specifications of the wheat-soy based diets are
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documented in Table 1. Basal diets were supplemented with an
enzyme preparations (Belfeed B1100 MP [Beldem, Andenne,
Belgium] or Econase XT 25P [AB Vista, Marlborough, UK]
endoxylanase preparation at a dosage rate of 10 mg/kg of com-
plete feed or 100 mg/kg of complete feed (recommended dose by
the feed manufacturer) or 1,000 mg/kg of complete feed,
resulting in 6 experimental diets: Bel10, Bel100, Bel1000, Eco10,
Eco100 and Eco1000. Belfeed B1100 MP contains a glycohy-
drolase (GH) family 11 endoxylanase from Bacillus subtilis, and
Econase XT 25P contains a GH family 11 endoxylanase from
Nonomuraea flexuosa. The basal diet without the addition of an
endoxylanase preparation was used as the control diet (CTRL). An
indigestible marker, titanium dioxide (TiO2) (5.0 g/kg) and a
coccidiostat (Sacox, Huvepharma, Antwerp, Belgium) were added
to all experimental diets. To more accurately assess the dose-
effect of both endoxylanase preparations on gastrointestinal pa-
rameters, the formulated energy value of the basal diet was
100 kcal/kg lower than that recommended in the nutrition
specifications of Aviagen (2014a), and no phytase was added to
the experimental diets. Diets were formulated at Research Diet
Services (Wijk bij Duurstede, The Netherlands). The wheat was
milled to pass through a 3-mm screen in a hammer mill and
afterwards mixed with other dietary ingredients to form pellets.
Broilers were subjected to 3 feeding phases: a starter (d 1 e 11,
pellets crushed into a crumble), a grower (d 11 e 25, pellets) and
a finisher diet (d 25 e 36, pellets).
2.2. Broiler housing and experimental design

A total of 1,057 one-day-old male broilers (Ross 308) were
purchased from a commercial hatchery (Belgabroed NV, Merksplas,
Belgium) and upon arrival evenly and randomly assigned to 63 floor
pens covered with wood shavings litter. Each dietary treatment
group had 8 replicate pens with 12 broilers per pen to estimate
broiler performance parameters. In addition, 55 broilers per dietary
treatment were held in 7 sampling pens, which were specifically
used for digestibility measurements.

Circa 7 d before sampling, broilers were randomly picked from
the sampling pens and placed in digestibility cages to accurately
collect their excreta during the period in which the broilers
resided in the digestibility cages. The cages (39 cm � 52 cm) had a
wire floor, a feed trough at the front, a drinking cup at the back-
side and a plastic tray underneath the cage. This tray was placed
under the cage for proper excreta collection. Because the amount
of digesta in young broilers, especially in the caeca, is often
limited, and to have sufficient digesta samples for chemical mea-
surements, the number of chicks residing in one cage and
sampled, was varied with age. More specifically, 3, 2 and 2 chicks
were placed in one digestibility cage at d 4, 15 and 28, respectively.
Each dietary treatment group had five replicate digestibility cages.
Samplings were scheduled when broilers were 11, 22 and 36 d of
age and digesta of chicks were pooled cage-wise during these
sampling days.

All broilers received water and feed ad libitum. The broilers
were kept under conventional conditions for lighting, heating and
ventilation (Aviagen, 2014b). The light schedule consisted of 23 h of
light and 1 h of darkness during the first week of age and was
changed to 18 h of light and 6 h of darkness after they were 7 d of
age. Housing temperature was initially set at 34 �C and gradually
decreased to 20 �C over the growing period and was kept at 20 �C
until slaughter age (36 d). There was a daily inspection of housing
conditions, water and feed supply as well as the health status of the
broilers and chick mortality. Chicks with compromised health were
excluded from the experiment.
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2.3. Performance parameters

Body weights (BW) were measured individually on d 1, 11, 22,
and 36. During the periods of d 1 e 11, d 1 e 22 and d 1 e 36, feed
intake was recorded per pen, and the feed conversion ratio (FCR)
calculated. The FCR was corrected for chick mortality.

2.4. Collection of digesta samples and weights

At 3 different ages, i.e. d 11, 22 and 36, all chicks in the di-
gestibility cages were weighed and euthanised by electronarcosis
followed by decapitation. Intestinal contents from the ileum and
caeca were collected by gently finger stripping these GIT segments
and subsequently pooled per cage in 1 tube, resulting in 5 replicate
pools. Excreta samples were collected from the plastic tray under-
neath each digestibility cage. After weighing and dividing these
digesta and excreta samples over different tubes, they were stored
at �20 �C until further analysis of the AX and TiO2 content. Digesta
samples for SCFA analysis were stored at�80 �C. The weights of the
full caeca, empty gizzard and small intestine (jejunumþ ileum), the
pancreas, the circumference of the caecal opening and the pH of the
gizzard content were measured as well.

2.5. Moisture content

Moisture contents of feed and digesta samples were analysed to
calculate the dry matter (DM) content for these samples. The feed
moisture content was assessed by drying the feed samples at 130 �C
for 15 h in a hot air oven, whereas the moisture content of digesta
samples was assessed according to a specific temperature scheme
described by Bautil et al. (2019).

2.6. Analysis of arabinoxylan content and average degree of
polymerisation

Total arabinoxylan (TOT-AX) and WE-AX contents (g/kg DM)
were determined on feed, and freeze-dried and homogenised ileal,
caecal and excreta samples using an adapted Englyst method
(Englyst and Cummings, 1984; Gebruers et al., 2009). Quantifica-
tion of arabinose and xylose content in aqueous extracts (con-
tainingWE-AX) and in the freeze-dried digesta and feed samples as
such (containing TOT-AX) was done by gas chromatography (GC)
after their hydrolysis to monosaccharides, subsequent reduction
with sodium borohydride and derivatisation to alditol acetates, as
previously described by Bautil et al. (2019). The extraction pro-
cedure to yield aqueous extracts containing WE-AX was performed
according to the procedure described by Bautil et al. (2019). In
short, 2 inactivation steps were included in the extraction pro-
cedure to prevent modification of the AX population by added or
microbial-derived endoxylanases in digesta and feed samples
during extraction. These inactivation steps consisted of firstly
heating the samples in ethanol/water solution (800 mL/L) at 95 �C,
and secondly using 10 mL of a potassium chloride/hydrogen chlo-
ride (KCleHCl) buffer (20 mmol/L, pH 3.0) instead of distilled water
during the extraction (30 min, 7 �C). After GC analysis, TOT-AX and
WE-AX contents in both the feed and digesta samples themselves
and their aqueous extracts were calculated by summing up 0.88
times the arabinose and xylose content. AX content is expressed on
DM base (g/kg DM sample).

To determine the average degree of polymerisation (avDP) of the
WE-AX, reducing end xylose contents in the aqueous extracts
(2.5 mL) of ileal and caecal samples were analysed similarly to the
procedure described above for the determination of WE-AX con-
tent. Prior to hydrolysis, aqueous extracts of the digesta samples
were reduced, followed by acetylation of the resulting
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monosaccharides into alditol acetates which were separated using
GC (Courtin et al., 2000). The avDP of WE-AX was calculated as the
sum of the arabinose and xylose contents divided by the amount of
reducing end xylose present in the aqueous extracts.

2.7. Quantification of TiO2

The indigestible marker TiO2 was measured in feed and digesta
samples according to a downscaled method of Short et al. (1996)
with modifications proposed by Myers et al. (2004) as previously
described by Bautil et al. (2019). In short, dried digesta or feed
samples (0.1 g) underwent acidic digestion using 12 mL of
concentrated (18.4mol/L) sulfuric acid and 3.5 g of a copper catalyst
in macro-Kjeldahl tubes at 420 �C for 60 min. After a cooling step of
30 min, the TiO2 was precipitated by adding 10 mL of hydrogen
peroxide solution (300 g/L), and subsequently, precipitates were
removed by filtration. The extinction values were measured at
410 nm against a control consisting of deionised water.

2.8. Arabinoxylan digestibilities

Coefficients of TOT-AX and WE-AX digestibility at the level of
the ileum, caeca and excreta (i.e. total tract digestibility coefficient)
were calculated according to the following formula (Bautil et al.,
2019):

AX digestibility¼
"
1�

�
½TiO2�feed � ½AX�digesta

�
�
½TiO2�digesta � ½AX�feed

�
#

with [TiO2]feed and [TiO2]digesta the measured TiO2 contents (g/kg
DM) in the feed and digesta, respectively, and with [AX]feed and
[AX]digesta the AX content (g/kg DM) (TOT-AX content for TOT-AX
digestibility calculation and WE-AX content for WE-AX di-
gestibility calculation) in the feed and digesta, respectively.

The meaning of the calculated AX digestibility coefficients is
described in detail by Bautil et al. (2019). In short, the ingested
dietary TOT-AX, consisting of WU-AX and WE-AX, would be
hydrolysed into different AX substrates by endoxylanases that were
added to the diet or that were produced by microorganisms in the
GIT. Hydrolytic solubilisation of the WU-AX would result in the
creation of enzyme-solubilised WE-AX. Hence, a relatively higher
amount of WE-AX would be present in the GIT compared to the
amount of native dietary WE-AX that was initially ingested by the
broiler. This solubilisation process will be noticeable by the occur-
rence of negative WE-AX digestibility coefficients in our data.
Further hydrolysis and MW reduction of this pool of WE-AX sub-
strates result in the formation of AX oligomers, which can be fer-
mented by the intestinal microbiota. This fermentation process will
lead to an increase in the WE-AX digestibility coefficients and will
finally result in positive TOT-AX digestibility coefficients in our
data. AX fermentation here refers to the utilisation of AX oligo- and
monosaccharides as nutrients by the resident microbiota in the GIT,
which in general results in the production of different microbial
metabolites such as SCFA. Hence in this article, the term AX
digestion/digestibility is used in the broad sense, i.e. as a collective
term to describe the combination of AX hydrolysis and fermenta-
tion processes resulting in the disappearance of AX in the broiler's
GIT.

2.9. Extract and digesta viscosity

The extract viscosity of the experimental diets was determined
by analysing 500 mL of the supernatant of aqueous extracts using a
Brookfield DV-IIþ viscometer (Brookfield Engineering Laboratories
790
Inc., Stoughton, MA, USA) with a CP40 cone and a constant shear
rate of 750 s�1 at 37 �C. Feed aqueous extracts were made by sus-
pending 1.0 g of feed in 4.0 mL KCleHCl buffer (20 mmol/L, pH 3.0).
The supernatants of these extracts were recovered after 2 centri-
fugation steps (2,800 � g for 10 min and 21,000 � g for 2 min at
7 �C; Himac CT15RE centrifuge, Hitachi, Japan).

Digesta viscosity was assessed immediately after sampling of
the broilers according to the procedure described by Bautil et al.
(2019). A total of 2.0 g of ileal content was introduced in a tube
and centrifuged at 21,000 � g for 15 min at 7 �C (Himac CT15RE
centrifuge, Hitachi, Japan). The resulting supernatant was kept on
ice and its viscosity value immediately measured by using a
Brookfield DV-IIþ viscometer (Brookfield Engineering Laboratories
Inc.) with a CP40 cone and a constant shear rate of 90 s�1 at 37 �C.

2.10. In-feed endoxylanase activity

The endoxylanase activity (toward WU-AX) present in the feed
after pelleting was determined for the 7 experimental diets using a
similar procedure as the Xylazyme AX method (Megazyme, Bray,
Ireland) previously described by Bautil et al. (2019). Enzymes pre-
sent in feed samples were extracted by suspending 1.0 g of feed in
10 mL of a sodium acetate buffer (25 mmol/L, pH 5.0). Following
shaking (30 min, 7 �C), feed suspensions were centrifuged (10 min,
4,000 � g, 7 �C) and filtered (MN 65 filter, Macherey-N€agel, Düren,
Germany) to yield the aqueous feed extracts containing the en-
zymes. Prior to endoxylanase activity measurement, the aqueous
feed extracts were diluted to an appropriate concentration for
further use in the activity assay. For this assay, 1.0 mL of (diluted)
aqueous feed extract was incubated with one azurine cross-linked
AX tablet at 40 �C. After 60 min of incubation, the reaction was
stopped by adding 10 mL of tris(hydroxymethyl)aminomethane
aqueous solution (10.0 g/L), followed by filtration of the suspension.
Extinction values of the blue-coloured extracts were measured at
590 nm (Ultraspec II UV/vis spectrophotometer) against a control,
prepared by incubating the aqueous feed extract without an AX
tablet. In-feed endoxylanase activities are expressed as endox-
ylanase activity units (EU) per gram DM of complete feed. One unit
is defined as the amount of endoxylanase activity needed to yield a
corrected extinction value of 1.0 per hour of incubation under the
conditions of the assay.

2.11. SCFA analysis

Analysis of the non-branched SCFA acetic, propionic, butyric and
valeric acid and branched short-chain fatty acids (BCFA) isobutyric
and isovaleric acid present in fresh samples and originating from
the ileum and caeca of broilers at slaughter age (d 36) was done
according to the method described by Van Craeyveld et al. (2008)
with slight adaptations. Before extraction, 0.1 mL of 2-ethyl
butyric acid (internal standard) and 0.4 mL of NaCl solution
(250 g/L) were added to test tubes containing individual ileal or
caecal samples (0.5 g fresh weight). By adding 0.2 mL of 9.2 mol/L
sulfuric acid, anions or salts of the SCFA were neutralised. SCFA
were extractedwith diethyl ether (0.8mL) by shaking the test tubes
for 2 min (60 r/min, 7 �C). After centrifugation (5 min, 1,000 � g,
7 �C; Sigma 6-16K centrifuge, Newton, UK), the ether phase con-
taining the extracted SCFA and BCFA was recovered. Aliquots
(2.0 mL) of these organic acids were injected in an Agilent 6890
Series gas chromatograph (Wilmington, DE, USA) equipped with a
capillary FFA packed column [J&WDB-FFAP GC column (Bellefonte,
PA, USA), 30 m � 0.53 mm, film thickness 1.0 mm], and with helium
as the carrier gas. The column temperature gradually increased
from 100 to 235 �C, and the injector and the flame ionisation de-
tector temperatures were 200 and 245 �C, respectively. The
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concentration of SCFA was calculated using the internal standard
and a calibration standard solution, i.e. a commercially available
volatile free acid mix (#46975-U, SigmaeAldrich, Bornem,
Belgium) containing 9.8 mmol/L, acetic acid, 9.9 mmol/L of formic,
propionic, isobutyric, butyric, isovaleric, valeric, isocaproic and
hexanoic acid, and 10.0 mmol/L n-heptane acid. The concentration
of each SCFA was expressed as micromoles per gram DM of digesta
sample.

2.12. Statistical analysis

Data were analysed statistically by ANOVA using the JMP Pro
14.0.0 software (SAS Institute Inc., Cary, NC, USA). Performance data
were presented as means (n ¼ 8) with one pen per dietary treat-
ment being the experimental unit. Data from the chemical analyses
were pooled in a cage-wise fashion and presented asmeans (n¼ 5).
Cages with either 3, 2, 2 broilers at d 11, 22, and 36, respectively,
formed the experimental unit. Performance data were analysed in
the periods from d 1 to 11, 1 to 22 and 1 to 36, and data of the GIT
weights (log-transformed) and ileal viscosity were analysed at 3
different broiler ages (d 11, 22 and 36). Data of the other chemical
analyses were only analysed at 11 and 36 d of age. Due to the
limited material at young ages, production of SCFA in digesta
samples was only analysed at d 36.

All chemical data were tested using two-way ANOVA with di-
etary treatment, age and their interaction age � dietary treatment
as model effects. In addition to the global F-test, to detect signifi-
cantly different means from the control group, dietary treatment
means were further identified by the posthoc Dunnett's test. An
additional three-way ANOVA from which the data of the control
group were excluded, was conducted to detect significant differ-
ences between the dose and type of endoxylanase preparations
applied. In this analysis, the type of enzyme, dose, age and their
second-order interactions were used as model effects. In the three-
way ANOVA, significantly different means were identified by the
posthoc Tukey's HSD test. Due to the fact that SCFA were measured
only at d 36, and therefore no age effect can be quantified, data from
the SCFA analysis as well as performance data were analysed using
one-way ANOVA with treatment and a two-way ANOVA (control
group excluded) with dose, enzyme and the interaction
dose� enzyme as model effects. In the one-way ANOVA, significant
differences with the control group were evaluated, and the differ-
ences in-between the dose and type of preparation added were
tested using the two-way ANOVA. Significantly different means
were further identified by performing the posthoc Tukey's HSD test
in the ANOVAs described above. Statistical significance was defined
at P < 0.05, and a tendency was declared in the event
0.05 � P � 0.10.

3. Results

3.1. Diets, broiler performance and gastrointestinal weights

The analysed contents of TOT-AX, WE-AX, and TiO2 in the
experimental diets were not expected to differ notably among each
feeding phase (Table 2). However, TOT-AX and TiO2 content were
slightly different in the grower and starter diets, respectively. The
WE-AX content was higher in diets supplemented with a high dose
of the endoxylanase preparations, and their extract viscosity was
lower (Table 2).

Remarkably, recovered endoxylanase activities in the Bel10 and
Bel100 diets were similar to that in the control diet. Higher
endoxylanase activities were found in diets supplemented with
Econase compared to the ones supplemented with Belfeed
(Table 2).
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Broiler performance in response to Econase and Belfeed addi-
tion at different doses is shown in Table 3. Body-weight gains were
improved with Belfeed compared to Econase addition from 3 wk of
age (P ¼ 0.005; Table 3). On the other hand, during the starter
period, feed intake was reduced for broilers receiving the Econase
preparation compared to broilers receiving the Belfeed or no
endoxylanase preparation (CTRL) (P ¼ 0.016). Addition of an
endoxylanase over the entire 36 d period resulted in a remarkably
lower FCR compared to the control, especially for the Bel1000
treatment (P ¼ 0.08). In addition, including 1,000 mg/kg of either
endoxylanase preparation in the broiler's feed tended to positively
affect the FCR over this entire period (P ¼ 0.09; Table 3).

The caecal weight was differently affected upon addition of a
different type of endoxylanase. Higher relative weights of the caeca
tended to be present for broilers receiving Econase than for broilers
receiving Belfeed (P¼ 0.07; Table 4). This difference in caecalweight
between Econase (0.72 ± 0.05 g/100 g BW) and Belfeed receiving
broilers (0.57 ± 0.02 g/100 g BW) was, however, only detected at
slaughter age (d 36), as no difference was observed at d 11 and 22
(0.96 ± 0.04 g/100 g BW and 1.00 ± 0.04 g/100 g BW, and
0.74 ± 0.05 g/100 g BWand 0.71 ± 0.06 g/100 g BW, respectively for
Econase and Belfeed receiving broilers at d 11 and 22) (P ¼ 0.04,
interaction age � enzyme). In addition to their weights, the
circumference of the caecal opening was also affected by dietary
treatment: intermediate and high doses of endoxylanases tended to
dilate the caecal entry compared to the low doses (P ¼ 0.08). The
caecal opening also increased with broiler age (P < 0.001; Table 4).
No remarkable changes in the relativeweights of the empty gizzard,
small intestine and pancreas were observed. The pH of the gizzard
was not affected by the addition of endoxylanases in the feed.

3.2. Ileal viscosity

Addition of an endoxylanase preparation in the broiler's diet
reduced the ileal viscosity compared to the control, especially when
broilers were 22 d of age (P < 0.05; Table 5). However, endoxylanase
supplementation in doses ten times lower than the commercially
relevant ones (100mg/kg) resulted in viscosity values that were not
significantly different from those for broilers fed the control diet,
especially for the Bel10 diet (P ¼ 0.99). Comparing the types of
endoxylanase added, Belfeed induced higher ileal viscosity values
compared to supplementation of Econase at all broiler ages
(P < 0.001; Table 5). However, this difference in ileal viscosity be-
tween Belfeed and Econase tended to be mainly present when
doses of 10 mg/kg were included in the feed (P ¼ 0.06). The higher
the dose added, the greater was the reduction in ileal viscosity
(P < 0.001; Table 5).

3.3. Arabinoxylan hydrolysis and fermentation at the level of the
ileum

TOT-AX and WE-AX content, and digestibility coefficients found
in the ileum of broilers at d 11 and 36 are shown in Table 6, and
Figs. 1 and 2, respectively. Endoxylanase addition led to higher di-
etary AX solubilisation compared to the control at the level of the
ileum, which was observed by an increase in the WE-AX content,
especially for broilers receiving diets Bel100, Bel1000 and Eco1000
(Table 6). TOT-AX content was not affected by endoxylanase
addition.

By comparing the hydrolysis pattern and digestibility co-
efficients for the types of endoxylanase incorporated into the feed,
it was observed that the addition of Belfeed increased the ileal
digestion of the dietary AX compared to the addition of Econase
(P ¼ 0.04, Fig. 1). Incorporating high doses of endoxylanases
increased ileal TOT-AX digestion at all broiler ages (P ¼ 0.005) and



Table 2
Analysed contents of total arabinoxylan (TOT-AX), water-extractable arabinoxylan (WE-AX) and titanium dioxide (TiO2), and measured extract viscosity and endoxylanase
activity (act.) on water-unextractable arabinoxylan (WU-AX) of the 7 experimental diets used in this broiler trial.1

Variables TOT-AX, g/kg DM WE-AX, g/kg DM TiO2, g/kg DM Extract viscosity, cP Endoxylanase act. (WU-AX), EU/g

Starter
CTRL 53.93 3.95 6.37 1.11 0.52
Bel10 51.05 4.20 5.71 1.20 0.63
Bel100 58.33 4.24 5.67 1.27 1.05
Bel1000 58.22 4.44 6.13 1.11 5.33
Eco10 50.88 3.96 6.92 1.25 3.01
Eco100 56.71 4.01 5.86 1.07 11.66
Eco1000 54.75 4.59 5.91 0.97 91.49

Grower
CTRL 50.98 3.23 6.75 1.01 0.66
Bel10 51.68 3.57 6.93 1.13 0.69
Bel100 51.65 3.54 6.22 1.29 1.12
Bel1000 49.79 3.37 6.50 1.12 5.18
Eco10 54.41 3.40 6.32 1.11 1.50
Eco100 46.07 3.50 6.32 1.07 12.12
Eco1000 55.75 4.38 6.01 0.93 96.87

Finisher
CTRL 56.53 3.11 6.14 0.99 0.76
Bel10 54.64 2.94 6.09 1.20 0.77
Bel100 56.68 3.05 5.97 1.33 1.18
Bel1000 57.48 3.46 5.68 1.11 5.54
Eco10 50.63 3.14 6.03 1.09 2.18
Eco100 50.18 3.52 5.57 1.06 12.11
Eco1000 55.27 4.81 6.27 0.93 97.35

Pooled SEM 0.61 0.09 0.06 0.02 2.82

EU ¼ endoxylanase activity units; SEM ¼ standard error of the mean; DM ¼ dry matter.
1 CTRL, control diet; Bel, Belfeed supplemented diet; Eco, Econase supplemented diet. Given parameters were at least analysed in triplicate (n ¼ 3).

Table 3
Body-weight gain (BWG), feed intake (FI), and feed conversion ratio (FCR) of broilers fed the 7 experimental diets.

Performance parameters1 BWG, g/broiler FI, g/broiler FCR, g/g

1 e 11 d 1 e 22 d 1 e 36 d 1 e 11 d 1e 22 d 1 e 36 d 1 e 11 d 1 e 22 d 1 e 36 d

CTRL 252 945 2,321 308 1,348a 3,542 1.22 1.43 1.53
Bel10 256 942 2,317 305 1,244 ab 3,506 1.19 1.32 1.51
Bel100 258 976 2,358 304 1,281 ab 3,545 1.19 1.31 1.50
Bel1000 255 950 2,379 307 1,259 ab 3,445 1.21 1.32 1.45
Eco10 249 933 2,358 303 1,268 ab 3,530 1.22 1.36 1.51
Eco100 247 902 2,278 289 1,201b 3,390 1.17 1.33 1.49
Eco1000 249 914 2,287 289 1,243b 3,429 1.16 1.35 1.50

Pooled SEM 17 45 89 16 76 128 0.06 0.10 0.05
P ANOVA (diet) 0.86 0.08 0.34 0.10 0.03 0.15 0.34 0.29 0.08
Main effects
Enzyme
Belfeed 256 956y 2,352 305y 1,261 3,499 1.20 1.32 1.49
Econase 248 916z 2,300 294z 1,234 3,450 1.18 1.35 1.50

Pooled SEM 5 15 29 5 28 41 0.02 0.04 0.01
Dose, mg/kg
10 253 937 2,327 304 1,256 3,518 1.21 1.34 1.52
100 252 939 2,318 296 1,241 3,467 1.18 1.32 1.50
1,000 252 932 2,333 298 1,246 3,437 1.19 1.34 1.47

Pooled SEM 8 22 45 8 35 62 0.02 0.04 0.02
P ANOVA
Enzyme 0.12 0.005 0.08 0.016 0.24 0.23 0.50 0.28 0.41
Dose 1.00 0.92 0.91 0.42 0.87 0.26 0.39 0.81 0.09
Enzyme � Dose 0.93 0.15 0.24 0.30 0.18 0.17 0.25 0.95 0.14

SEM ¼ standard error of the mean.
a,b Means within one column having different superscripts are significantly different for the effect of dietary treatment (one-way ANOVA) (P � 0.05).
y,z Means within one column having different superscripts indicate the presence of a significant difference for the main effect of type of enzyme (two-way ANOVA, control
excluded from the data matrix) (P � 0.05).

1 CTRL, control diet; Bel, Belfeed supplemented diet; Eco, Econase supplemented diet. Means were obtained from 8 replicate pens per treatment of 12 broilers per replicate
pen.
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tended to increase WE-AX digestibility coefficients at slaughter age
(P ¼ 0.06) (Fig. 2).

Besides improving the solubilisation of the dietary AX, the
average chain length of the solubilised fragments was remarkably
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reduced due to endoxylanase addition (Fig. 3). Adding Econase to
the feed resulted in a more significant reduction of the avDP of the
ileal WE-AX than the addition of Belfeed at all broiler ages
(P < 0.001, Fig. 3). However, this difference in avDP reduction only



Table 4
Relative caecal weight and circumference of the caecal opening for broilers in di-
gestibility cages at d 11, 22 and 36 fed the 7 experimental diets.

Variables Caecal weight, g/100g BW Caecal opening, mm

d 11 d 22 d 36 d 11 d 22 d 36

Treatment groups1

CTRL 0.92 0.71 0.55 0.72 1.17 1.59
Bel10 1.17* 0.62 0.62 0.73 1.08 1.51
Bel100 0.93 0.70 0.55 0.77 1.18 1.52
Bel1000 0.90 0.80 0.54 0.77 1.13 1.49
Eco10 0.90 0.61 0.64 0.75 1.11 1.48
Eco100 0.92 0.75 0.77* 0.78 1.15 1.57
Eco1000 1.05 0.86 0.75* 0.76 1.20 1.58

Pooled SEM 0.18 0.25 0.16 0.08 0.12 0.17
Main effects
Age
d 11 0.97 ± 0.18a 0.76 ± 0.08c

d 22 0.72 ± 0.25b 1.15 ± 0.12b

d 36 0.63 ± 0.16c 1.53 ± 0.17a

Enzyme
Bel 0.80 ± 0.08 1.07 ± 0.05
Eco 0.83 ± 0.08 1.08 ± 0.05

Dose, mg/kg
10 0.80 ± 0.08 1.04 ± 0.07
100 0.80 ± 0.08 1.11 ± 0.05
1,000 0.84 ± 0.11 1.09 ± 0.05

P ANOVA
Age <0.001 <0.001
Enzyme 0.07 0.34
Dose 0.59 0.08
Age � Enzyme 0.04 0.94
Age � Dose 0.07 0.98
Dose � Enzyme 0.014 0.83

BW ¼ body-weight; SEM ¼ standard error of the mean.
*Indicate treatment means which differ significantly from the control mean
(P < 0.10); analysed according to the posthoc Dunnett's test.
a,b,c Means having different superscripts in a particular column for the main effect
are significantly different; analysed according to the posthoc Tukey's HSD test
(P < 0.05). Means are represented as means ± SEM.

1 CTRL, control diet; Bel, Belfeed supplemented diet; Eco, Econase supplemented
diet. Reported values are means from 15, 10 and 10 individual birds for each dietary
treatment group at d 11, 22 and 36, respectively.

Table 5
Ileal viscosity for the cage-wise pooled ileal digesta samples of broilers in di-
gestibility cages at d 11, 22 and 36 fed the 7 experimental diets.

Variable Ileal viscosity, cP

d 11 d 22 d 36

Treatment groups1

CTRL 3.68 3.99 2.88
Bel10 3.94 3.78 3.16
Bel100 2.48* 2.44** 2.79
Bel1000 2.55 2.33** 1.95**

Eco10 2.60 2.78** 2.81
Eco100 2.43 2.29** 2.00*

Eco1000 2.19** 2.25** 1.80**

Pooled SEM 0.96 0.74 0.62
Main effects
Age
d 11 2.72 ± 0.96
d 22 2.64 ± 0.74
d 36 2.39 ± 0.62

Enzyme
Bel 2.82 ± 0.39a

Eco 2.33 ± 0.0.26b

Dose, mg/kg
10 3.21 ± 0.0.46a

100 2.39 ± 0.28b

1,000 2.18 ± 0.29b

P ANOVA
Age 0.15
Enzyme <0.001
Dose <0.001
Age � Enzyme 0.78
Age � Dose 0.75
Dose � Enzyme 0.06

SEM ¼ standard error of the mean.
*, ** indicate treatment means which differ significantly at P � 0.10 and P < 0.05,
respectively from the control mean; analysed according to the posthoc Dunnett's
test.
a,b Means having different superscripts in a particular column for the main effect are
significantly different; analysed according to the posthoc Tukey's HSD test
(P < 0.05). Means are represented as means ± SEM.

1 CTRL, control diet; Bel, Belfeed supplemented diet; Eco, Econase supplemented
diet. Reported values are means from 5 replicates from each dietary treatment
group (n ¼ 5).
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occurred when 10 or 100 mg/kg was added to the diet. Incorpo-
rating ten times the commercially relevant dose resulted in a
decrease of the avDP of WE-AX in broilers of all ages, independent
of the type of endoxylanase employed (P < 0.001, Fig. 3).

3.4. Arabinoxylan hydrolysis and fermentation at the level of the
caeca

Both TOT-AX and WE-AX content significantly decreased as the
broiler aged (P < 0.001, Fig. 4). As a result, the corresponding AX
digestibility coefficients increased significantly toward slaughter
age (P < 0.001, Fig. 4). Compared to the control, supplementing
endoxylanases at 1,000 mg/kg in wheat-soy based broiler feeds
lowered the amount of TOT-AX residues in the caeca at 11 but not at
36 d of age (Fig. 4; P¼ 0.03 and P¼ 0.003 for Bel1000 and Eco1000,
respectively). The reduced amount of AX residues found in the
caeca of young broilers receiving high dosages of endoxylanase
were probably achieved by increased microbial fermentation, as
suggested by the numerically higher AX digestibility coefficients at
d 11 compared to the control. The structural properties of AX res-
idues found at d 36 were similar for all dietary treatments (Fig. 3).
At the same time, TOT-AX digestibility coefficients were still higher
for Bel100 and Bel1000 than for the control (Fig. 4).

When comparing the impact of the addition of Econase and
Belfeed on the amount of AX found in the caeca, it was observed
that Econase lowered both TOT-AX (P < 0.001) and WE-AX content
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(P ¼ 0.011) to a greater extent than Belfeed (Fig. 4). However, this
difference in AX content by type of endoxylanase was only signif-
icant at 11 d of age (P < 0.001 and P ¼ 0.001, interaction
age � enzyme for TOT-AX and WE-AX respectively), and when the
preparations were added at 100 mg/kg (commercial dose)
(P¼ 0.001, interaction age� enzyme for TOT-AX). As a result of this
marked difference, higher TOT-AX digestibilities were observed at
young ages for broilers receiving Econase instead of Belfeed
(P ¼ 0.04, Fig. 4), especially when the enzymes were added at the
commercial dose of 100mg/kg (P¼ 0.003). Not only did the amount
of AX entering the caeca differ between the type of endoxylanase
preparation added to the diet, but also the structural characteristics
of the solubilised AX were markedly different. Econase was able to
reduce the avDP of WE-AX to a greater extent in the caeca of young
broilers than Belfeed (P ¼ 0.03, Fig. 3). Although WE-AX di-
gestibilities did not differ between the 2 types of endoxylanase
preparation, the dose seemed to play an important role in the
young broiler. Providing more easily fermentable substrates with a
low avDP (Fig. 3) resulted in a higher WE-AX digestibility coeffi-
cient for broilers receiving the high dose supplementation at young
ages (P ¼ 0.04, Fig. 4).

3.5. Total tract arabinoxylan hydrolysis and fermentation

A decrease in the WE-AX content (P < 0.001, Table 6) and a
corresponding increase in total tract WE-AX and TOT-AX



Table 6
Analysed contents of total arabinoxylan (TOT-AX) and water-extractable arabinoxylan (WE-AX) at the level of the ileum and excreta of broilers in digestibility cages at d 11 and
36 fed the 7 experimental diets.

Variables TOT-AX, g/kg DM WE-AX, g/kg DM

Ileum Excreta Ileum Excreta

d 11 d 36 d 11 d 36 d 11 d 36 d 11 d 36

Treatment groups1

CTRL 142.8 145.3 138.1 142.8 26.4 29.3 17.7 13.1
Bel10 149.3 161.9 138.1 144.2 29.8 32.9 18 13.7
Bel100 151.8 161.2 139.0 143.8 36.2** 41.8** 24.1 15.8
Bel1000 147.9 138.4 132.1 123.9 34.7* 32.1 29.6** 9.9
Eco10 154.9 153.2 138.5 145.8 31.9 35.0 25 15.1
Eco100 148 142.2 139.5 150.0 33.4 37.3 31.2** 18.2
Eco1000 160.7* 144.7 141.8 117.9 41.9** 35.3 34.8** 20
Pooled SEM 13.3 27.8 17.9 21.2 6.2 9.6 8.2 9.8

Main effects
Age
d 11 152.1 ± 13.3 138.1 ± 17.9 34.7 ± 6.2 27.0 ± 8.2a

d 36 149.8 ± 27.8 137.6 ± 21.2 35.6 ± 9.6 15.5 ± 9.8b

Enzyme
Bel 151.4 ± 7.8 136.8 ± 6.3 34.3 ± 2.8 18.5 ± 2.8b

Eco 150.5 ± 5.6 138.9 ± 7.2 35.5 ± 2.3 23.8 ± 3.2a

Dose, mg/kg
10 154.9 ± 6.1 141.7 ± 6.3ab 32.3 ± 2.0 18.0 ± 2.9
100 150.3 ± 7.4 143.2 ± 8.3a 36.9 ± 2.9 21.9 ± 3.7
1,000 147.9 ± 10.1 128.9 ± 7.9b 36.0 ± 3.6 23.6 ± 4.2

P ANOVA
Age 0.70 0.88 0.52 <0.001
Enzyme 0.82 0.64 0.47 0.01
Dose 0.47 0.02 0.06 0.07
Age � Enzyme 0.21 0.73 0.57 0.67
Age � Dose 0.24 0.06 0.06 0.13
Dose � Enzyme 0.19 0.97 0.10 0.76

DM ¼ dry matter; SEM ¼ standard error of the mean.
*, ** indicate treatment means which differ significantly P < 0.10 and P < 0.05, respectively from the control mean; analysed according to the posthoc Dunnett's test.
a,b Means having different superscripts in a particular column for the main effect are significantly different; analysed according to the posthoc Tukey's HSD test (P < 0.05).
Means are represented as means ± SEM.

1 CTRL, control diet; Bel, Belfeed supplemented diet; Eco, Econase supplemented diet. Reported values are means from 5 replicates from each dietary treatment group
(n ¼ 5).
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digestibilities were observed as the broilers aged (P < 0.001, Fig. 1).
Endoxylanase doses of 1,000 mg/kg resulted in a significantly
higher total tract TOT-AX digestibility coefficient compared to the
control when broilers were 11 d of age (P < 0.001 and P ¼ 0.03 for
the dietary treatments Bel1000 and Eco1000, respectively) (Fig. 2).

Although no difference in WE-AX digestion was observed upon
endoxylanase addition compared to the control, lower WE-AX
contents (Table 6, P ¼ 0.01) were found for broilers receiving Bel-
feed instead of Econase. A difference in WE-AX digestibility co-
efficients depending on the type of endoxylanase, tended to be
present only in young broilers (P ¼ 0.07, Fig. 1). Similar to the total
tract WE-AX digestibility, TOT-AX digestion was considerably
higher for young broilers (11 d) receiving Belfeed than for those
receiving Econase (P ¼ 0.04, Fig. 1). In addition to the type of
endoxylanase, the dose incorporated in the diet also affected the
extent of AX hydrolysis and subsequent digestion of AX substrates.
Adding a tenth of the commercially relevant dose produced the
lowest total tract AX digestibility coefficients, which were compa-
rable to the AX digestibility values for broilers of the control group
(P < 0.001, Fig. 2).
3.6. SCFA production upon AX fermentation at the level of the ileum
and caeca

Total SCFA content (quantified as the sum of the acetic, pro-
pionic, butyric and valeric acid contents) and the diversity of SCFA
produced at slaughter age (d 36) was considerably higher at the
level of the caeca than at the level of the ileum (Fig. 5, Appendix
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Tables 1 and 2). Acetic acid dominated the total SCFA in both the
ileum (98.1%) and caecum (73.9%). Very small proportions of
propionic (1.0%), butyric (0.4%) and valeric acid (0.02%) were found
here (Fig. 5 and Appendix Table 1). In the caeca, however, high
contributions of butyric and propionic acid to total SCFA were
observed, respectively, 13.4% and 11.5%. Negligible amounts of
BCFA, i.e. isobutyric and isovaleric acid, were found in both the
ileum and caeca and did not change upon endoxylanase addition
(P ¼ 0.62 and P ¼ 0.12 for the ileum and caeca respectively,
Appendix Tables 1 and 2). Endoxylanase supplementation
increased the diversity of the SCFA produced along the ileum
compared to broilers receiving no endoxylanase (Fig. 5). Against
expectations, at the level of the caeca, a higher total SCFA content
was observed for broilers receiving the control diet than for
broilers receiving endoxylanase supplementation. The proportion
of butyric acid increased numerically when endoxylanases were
mixed into the diet (13.8% versus 10.7% of total SCFA produced for
endoxylanase and control fed broilers, respectively) (Appendix
Table 2).
4. Discussion

In this study, we set out to examine the effect of type and dose of
commercially available endoxylanase preparations on broiler per-
formance, and AX hydrolysis and fermentation in the distal part of
the ageing broiler's digestive tract. We analysed the structural
properties and content of AX, the AX digestion profile and the SCFA
produced as a function of broiler age to gain more insight into the



Fig. 1. Total arabinoxylan (TOT-AX) and water-extractable arabinoxylan (WE-AX) di-
gestibility at the level of the ileum and excreta for broilers fed the control, Belfeed or
Econase supplemented diet at 11 and 36 d of age. Small letters a,b and asterisk (*)
indicate a significant difference between the type of endoxylanase used at a particular
broiler age (interaction effect enzyme � age) at P < 0.05 and P < 0.10, respectively. If
present, the main effect of age is also indicated with an arrow. Error bars denote the
standard error of the mean (SEM).

Fig. 2. Total arabinoxylan (TOT-AX) and water-extractable arabinoxylan (WE-AX) di-
gestibility at the level of the ileum and excreta for broilers fed the control, 10, 100 or
1,000 mg/kg of an endoxylanase preparation supplemented diet at 11 and 36 d of age.
Small letters a,b and asterisk (*) indicate a significant difference between the different
doses used at a particular broiler age (interaction effect dose � age) at P < 0.05 and
P < 0.10, respectively. If present, the main effect of age is also indicated with an arrow
on this figure. Error bars denote the standard error of the mean (SEM).
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underlying mechanisms of action of these enzymes. In this section,
we will discuss and integrate the results we obtained.

4.1. Hydrolysis and fermentation of dietary AX in the distal part of
the GIT of broilers

4.1.1. The ileum
The presence of added endoxylanases in the hindgut resulted in

an enlargement of the pool of soluble arabinoxylan-oligomers and
-polymers, as noted by the increase in the WE-AX content with a
reduced MW for endoxylanase receiving broilers. The more sig-
nificant reduction in avDP of WE-AX upon endoxylanase addition
resulted in a decreased ileal viscosity compared to the control, as
previously observed by a study of Lee et al. (2017) and Liu and Kim
(2017). By reducing the MW and viscosity of the WE-AX, the
detrimental effects on the digestion of nutrients and, hence, broiler
performance were reduced (Choct and Annison, 1992).

Broilers receiving Belfeed showed substantial solubilisation of
dietary WU-AX into high MW WE-AX with a corresponding in-
crease of the ileal viscosity values. The strong preference of
B. subtilis endoxylanase (Belfeed) to bind WU-AX over WE-AX
might explain the observed high ileal viscosity profile for Belfeed
receiving broilers (Agrimex, 2019; Courtin and Delcour, 2001).
Unlike the B. subtilis endoxylanase, the endoxylanase of Non-
omuraea flexuosa (Econase) both solubilises the dietaryWU-AX and
reduces the MW of the dietary and solubilised WE-AX to form ol-
igosaccharides in the hindgut (AB Vista, 2019; Courtin and Delcour,
2001; Zhang et al., 2011). Indeed, Econase reduced the MW of the
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WE-AX to a larger extent, which suggests that Econase addition
resulted in a better modification of WE-AX substrates for microbial
fermentation in the ileum. Besides this difference in substrate
selectivity, the site and extent of hydrolysis might also have been
different between both endoxylanase preparations. Compared to
Belfeed, the higher endoxylanase activity of Econase in the diet did
not result in increased intestinal viscosity and WE-AX content.
Therefore, it could be that the endoxylanase originating from
B. subtilis was activated earlier by the small intestinal conditions
(pH 6 to 6.5, 40 �C) (J�ozefiak et al., 2007; Mabelebele et al., 2014),
thereby solubilising the dietary AX already to a larger extent
compared to the endoxylanase originating from N. flexuosa
(Leskinen et al., 2005). Considering these items, the type rather
than the intrinsic activity of the endoxylanase present in the
commercial preparations will explain the majority of differences in
amount and type of AX hydrolysis products formed along the distal
part of the GIT upon endoxylanase addition. Indeed, research of
Pollet et al. (2010) showed that endoxylanases belonging to the
same GH family can have subtle differences in their molecular ar-
chitecture, which can highly affect the substrate preferences and
hydrolysis products formed. To note, however, is that the incor-
porated doses of endoxylanase preparations in the feed do matter,
as doses incorporated at levels 10 times smaller than the
commercially relevant ones did not reduce the MW of WE-AX to a
large extent, as witnessed by the similar ileal AX digestibility pro-
files and ileal viscosity values compared to the control group.



Fig. 3. The average degree of polymerisation (avDP) of water-extractable arabinoxylan
(WE-AX) at the level of the ileum (A) and caeca (B) for broilers fed the control diet or
endoxylanase supplemented diets Bel10, Bel100, Bel1000, Eco10, Eco100 and Eco1000
at 11 and 36 d of age. *, ** indicate treatment means which differ significantly at
P � 0.10 and P < 0.05, respectively from the control mean; analysed according to the
posthoc Dunnett's test (n ¼ 5). Capital letters A, B indicate a significant difference for
the effect of endoxylanase preparation at a particular broiler age (Bel vs. Eco) (P < 0.05,
interaction age � enzyme). Small letters a, b, c in white circles denote a significant
difference for dose (10 vs. 100 vs. 1,000 mg/kg) at a particular age and endoxylanase
preparation (P < 0.05, interaction age � dose and enzyme � dose). The arrows denote a
significant overall age difference (P < 0.05). Error bars denote the standard error of the
represented means (SEM).
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Although Econase seemed to hydrolyse the dietary AX into
substrates which seem to be more easily fermentable by the ileal
microbiome, no improved TOT-AX digestibility coefficients and
increased production of SCFA were observed. On the contrary,
Belfeed seems to contribute positively to fermentation of AX as
noted by the higher ileal TOT-AX digestibility values at all broiler
ages. In spite of the higher intestinal viscosity and avDP of WE-AX
measured, it seems that action of Belfeed allows the dietary AX to
be better fermented by the ileal microbiome, which might have
resulted in increased body weight gain at later ages. This was,
however, not confirmed by an augmented SCFA production at the
level of the ileum in broilers at slaughter age.

The low viscosity of the wheat-soy based diets in the current
study and the concomitant low ileal viscosity values (2 e 3 cP) do
not seem to pose a considerable gastrointestinal and microbial
challenge anymore, as previously suggested by Aftab and Bedford
(2018). This hypothesis is underpinned in the current study by
the improved ileal TOT-AX digestibilities for Belfeed, in spite of its
higher induced ileal viscosity compared to Econase. This observa-
tion, however, needs some further investigation.
4.1.2. The caeca
In the caeca, Econase created a higher amount of oligomers

compared to Belfeed, as evidenced by the greater reduction in avDP
of WE-AX for Econase receiving broilers. This increased potential of
an endoxylanase originating from N. flexuosa to produce (A)XOS
was also previously noted by Zhang et al. (2011) and Zhang et al.
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(2013). Besides this difference in AX structure, the amount of AX
found in the caeca was also affected differently, depending on the
type of endoxylanase added, especially at 11 d of age. Due to the
considerable solubilisation activity of both endoxylanases, a high
amount of soluble AX created at the level of the ileum was able to
enter the caeca of young broilers (d 11). Indeed, the low viscosity
values did not prevent digesta from entering the caecal pouches
(Choct et al., 1999; Svihus et al., 2013). In spite of the increased
supply of bothWE-AX andWU-AX in the caeca of Belfeed receiving
broilers compared to the control and Econase receiving broilers,
this increased supply failed to increase AX fermentation by the
young caecal microbiome. On the contrary, higher TOT-AX di-
gestibilities were observed for Econase receiving broilers. Probably,
the ability of the immature caecal microbiota to ferment the dietary
AX was improved by an increased supply of arabinoxylan-
oligomers in the broilers receiving Econase (Bautil et al., 2020).
Therefore, it can be assumed that the kind of AX substrates, in
terms of AX structure, rather than the amount provided to the
developing caecal microbiota will markedly affect their fermenta-
tion kinetics (de Vries et al., 2016). This phenomenon was previ-
ously reported in a study of Bautil et al. (2020) in which the net
addition of 5.0 g/kg AXOS in the diet improved the fermentation
ability of the young caecal microbiome towards the AX fraction of
the feed. In addition, a study of Bedford and Apajalahti (2018) also
suggested that endoxylanase from N. flexuosa can upregulate the
fermentation pathways for xylose/XOS/AXOS. Consequently, an
adaptive change in the microbiome might be induced, which result
in a more effective fermentation of the dietary AX. This was prob-
ably the case for Econase, but not for the Belfeed fed young broilers.
The provision of more easily fermentable substrates in the caeca
could also have stimulated the occurrence and diversity of bacterial
spp. producing butyrate (Courtin et al., 2008b; Kiarie et al., 2013;
Lee et al., 2017; Ribeiro et al., 2018). A numerical increase in
butyrate production at slaughter age was indeed observed for
endoxylanase supplementation in general in this study, but not
specifically for Econase receiving broilers. Although no elevated
concentration of butyrate was observed, the larger caeca at 36 d for
Econase receiving broilers indicate the higher capacity for butyrate
production than for Belfeed receiving broilers (Campbell et al.,
1997). Of note, the lack in SCFA response in this study was also
previously encountered in other studies (Boets et al., 2015;
Gonzalez-Ortiz et al., 2019) as the amounts of SCFAmeasured result
from the balance between SCFA production and utilisation by the
microbiota or the broiler itself and the dynamics in digesta flow,
especially the irregular frequency of ileal and caecal digesta evac-
uation. Towards slaughter age, however, Belfeed receiving broilers
did catch up in their caecal AX digestibility capacity and were
similar to Econase receiving broilers. The marked increase in the
adaptation of the maturing caecal microbiome towards the AX
substrates entering the caeca at slaughter age (d 36) as recently
observed by Bautil et al. (2019), probably contributed to this
improved AX digestion with age for Belfeed and control diet
receiving broilers.

Irrespective of the type of endoxylanase added, a minimum of
in-feed endoxylanase activity was needed to generate significant
hydrolysis of the AX chain. As such, the dose incorporated in the
diet needs to be significant in order to exceed the solubilisation
capacity of the endogenous small intestinal microbiome. Over-
dosing endoxylanases (1,000 mg/kg) resulted in excessive solubi-
lisation of the dietary AX and hydrolysis of AX polymers into
oligomers, which led to very high TOT-AX digestibility values over
time. Probably, the increased caecal opening with age and this high
dose supplementation also contributed to the significantly
improved AX digestion at the level of the caeca. The low levels of
ancillary enzymes present in the background of commercial



Fig. 4. The total arabinoxylan (TOT-AX) content (g/kg DM) and digestibility (I) and the water-extractable arabinoxylan (WE-AX) content (g/kg DM) and digestibility (II) at the level of
the caeca for broilers fed the control diet, and the diets supplemented with Bel10, Bel100, Bel1000, Eco10, Eco100 and Eco1000 at 11 and 36 d old. Capital letters A, B indicate a
significant difference for the effect of endoxylanase preparation at a particular broiler age (Bel vs. Eco) (P < 0.05, interaction age � enzyme). Small letters a, b, c in white circles
denote a significant difference for dose (10 vs. 100 vs. 1,000 mg/kg) at a particular age and endoxylanase preparation (P < 0.05, interaction age � dose and enzyme � dose). Error
bars denote the standard error of the represented means (SEM). The arrows denote a significant overall age difference (P < 0.05). *, ** indicate treatment means which differ
significantly at P � 0.10 and P < 0.05, respectively from the control mean; analysed according to the posthoc Dunnett's test (n ¼ 5). Error bars denote the standard error of the
represented mean (SEM).
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preparations might have contributed to these high AX digestibility
values as well (Adeola and Cowieson, 2011; Bedford, 2018).

4.2. Total tract AX digestion

Negative total tract WE-AX digestibility coefficients indicate an
excess of AX solubilisation induced by exogenously added or
endogenous microbial-derived endoxylanases (i.e. for broilers
receiving the control) that goes beyond the fermentative capacity of
themicrobiota residing in the distal part of the broiler's GIT. Despite
these negative values for WE-AX, the addition of endoxylanases in
the broiler's feed in the current study resulted in an on average 15%
increase in total tract TOT-AX digestibility, which is in agreement
with observations of Zhang et al. (2014). This improved TOT-AX
digestion, compared to the control, was predominantly present at
young broiler ages, and when doses were ten times higher than
commercially relevant. These findings hence support the hypoth-
esis of a large involvement of the age-related microbial develop-
ment in the functionality of endoxylanases in low viscosity diets
nowadays (Bautil et al., 2019; Bedford, 2018). Providing ferment-
able substrates with a low structural complexity to the young
microbiome will be of importance to further enhance the nutritive
value of the dietary fibre fraction of the feed. The kick-starter effect
of AXOS on the intestinal microbiome proposed by Bautil et al.
(2020) can hence also be induced by supplementation of the cor-
rect dose and type of endoxylanase.

Despite the more favourable hydrolysis products formed upon
Econase addition, Belfeed supplementation resulted in a higher
total tract TOT-AX digestion in the young broiler compared to
Econase. This suggests that not only might the improvement in the
provision of fermentable substrates to the caecal microbiota be of
797
importance, but that precaecal digestion of the dietary AX may also
have a large contribution in endoxylanase functionality and AX
digestion along the GIT. Furthermore, these results emphasise the
high impact of substrate specificity of the type of endoxylanases on
AX hydrolysis and fermentation processes in the distal part of the
young broiler's digestive tract.

4.3. Lack of improvement of broiler performance at young ages in
spite of large impact on AX population with feed endoxylanase type

Despite the difference in AX digestion and the initial differing
endoxylanase activities in the feed, only minor differences in enzy-
matic efficiency related to broiler performance were noted for the
type of endoxylanase added, which is in agreement with work of
Vandeplas et al. (2010). In addition, themarkedly improved total tract
AX digestibility values obtained with higher incorporation levels of
endoxylanases in the feed did not markedly affect growth perfor-
mance responses, as previously reported by Olukosi et al. (2007) and
Pourreza et al. (2007). The changeswe observed in the AXpopulation
upon endoxylanase supplementation were mainly present at young
broiler ages. We hence would expect to observe large differences in
performance between the control and the endoxylanase receiving
broilers over the first 11 d, as previously observed by Lee et al. (2017)
and Gonzalez-Ortiz et al. (2017). In addition, due to an incomplete
functioningof theGIT (NoyandSklan,1995) and the immaturityof the
intestinal microbiome (Lu et al., 2003; Pan and Yu, 2014), young
broilers are considered to be more susceptible to antinutritional fac-
tors such asAX (MaseyO'Neill et al., 2012). Thiswas, however, not the
case in the current study. From our observations, it can be speculated
that the changes in AX population through endoxylanase hydrolysis
will not immediately evoke a differential performance response, as



Fig. 5. The proportion of short-chain fatty acids (SCFA) (mmol/g DM of digesta) pro-
duced in vivo at the level of the ileum (A) and caeca (B) at slaughter age (d 36) for
broilers fed the control diet or diets supplemented with Bel10, Bel100, Bel1000, Eco10,
Eco100 and Eco1000 (n ¼ 5). The total amount of branched short-chain fatty acids
(BCFA) was calculated as the sum of the amounts of isobutyric and isovaleric acid.
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these responsesmight need some time to develop. Indeed, providing
endoxylanases throughout the broiler's entire life led to a continued
enhanced degradation of antinutritional AX and a high supply of
soluble low MW AX oligomers to the developing microbiome, and
hence, a sustained improvement in broiler performance. As such, FCR
was numerically improved from 22 d onwards when endoxylanases
were added to the diet. To note, however, this improved FCR was
particularly present when a high dose of Belfeed was incorporated
into the feedandhencewasnot significantlypresent for a commercial
relevant dose of both types of endoxylanase or the endoxylanase
preparation having the highest initial feed enzyme activity. Given
these results, we can state that broiler performancewas onlyminorly
affected with endoxylanase supplementation over the entire 36 d
period in this study, despite lowering the nutritional quality of the
feed. The latter was achieved by phytase removal from the diet and
the reduction of the dietary energy value by 100 kcal/kg compared
with requirements in each feeding phase. Most probably, the minor
challenges posed to the birds due to the very controlled rearing
conditions in our study contributed largely to overall good perfor-
mance results for birds fed the control diet, thus limiting the scope for
further improvements onenzymeaddition (Aftab andBedford, 2018).
Indeed, all birds, even the control birds, performedverywell, aheadof
breeding standards (Aviagen, 2014c).
4.4. Insights in the mechanisms of action of endoxylanases in vivo

Nowadays, the positive effect of endoxylanase on broiler per-
formance is attributed to 3 mechanisms of action: wheat cell wall
degradation, intestinal viscosity reduction and the microbial
feeding - prebiotic mechanism (Bedford and Cowieson, 2012;
Choct, 1997; Masey O'Neill et al., 2014; Morgan et al., 2019). The
data of the current study provided better insight into the relative
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importance of each of these mechanisms in broilers fed low vis-
cosity wheat-soy based diets.

The highWE-AX contents and very negativeWE-AX digestibility
values observed with endoxylanase supplementation compared to
the control indicate that significant solubilisation of wheat cell
walls, probably mostly those in the endosperm (Glitsø et al., 1999),
takes place. This increased solubilisation eventually led to an in-
crease of approximately 15% in TOT-AX digestibility. An increase in
the hydrolysis of the AX of wheat cell walls in vivo can be obtained
with endoxylanase addition, thereby increasing the digestibility
value of the dietary fibre fraction (de Vries et al., 2012). However,
this improved AX digestion did not lead to superior performance
compared to the control. Therefore, the importance of the cell wall
degradation mechanism in the overall functionality of endox-
ylanase still needs further investigation.

In accordance with previous studies of Lee et al. (2017) and Liu
and Kim (2017), supplementation of endoxylanases consistently
reduced the intestinal viscosity at all broiler ages. However, in low
viscosity diets, this reduction in intestinal viscosity might play a
minor role as the creation of a pool of solubles having a relatively
high avDP of WE-AX (Belfeed) did not detrimentally impact the FCR
and AX digestibility values in this trial. Hence, performance out-
comes will not entirely depend on a diet-related viscosity reduction.

We observed that lowMWAX hydrolysis products formed upon
endoxylanase addition stimulated fermentation of indigestible
carbohydrates by the immature microbiota in the young broiler, an
event that might be of interest in improving FCR during the
growing stage. Indeed, in our study, the ileal and caecal microbiota
were clearly triggered in their ability to ferment the AX substrates
formed upon Belfeed and Econase addition, especially at young
ages. Our data hence suggest that the age-related microbial
contribution to AX digestion is of significant importance for
endoxylanase functionality (Bautil et al., 2019; Bedford, 2018). By
delivering the correct AX substrates to the youngmicrobiome, early
AX digestion can be boosted, which might lead to improved broiler
health and performance over time. Indeed, as illustrated in our
study, the beneficial AX responses initiated in the young chick can
give rise to an improved broiler performance at later ages. The
improved solubilisation and MW reduction of AX present in wheat
cell walls and the corresponding decrease in intestinal viscosity in
response to endoxylanase addition are important factors contrib-
uting to this positive interplay between the AX compounds and the
young intestinal microbiome.

5. Conclusions

In conclusion,more extensive AXsolubilisationwasobtainedwith
endoxylanase addition. In-feed endoxylanase activities should,
however, be of significant value to realise this improved hydrolysis of
thedietaryAXagainst thecontrol. Thedifferent typesofendoxylanase
present in the Belfeed and Econase preparation resulted in the for-
mation of a heterogeneous pool of AX substrates with distinct struc-
tural properties. Addition of high doses of an endoxylanase or any
dose of Econase resulted in the creation ofWE-AXhaving a lowavDP,
whereasBelfeedcreatedviscousWE-AXhavinga relativelyhighavDP.
As a result, Econase profoundly improved AX fermentation in the
caeca of young broilers, whereas Belfeed led to improved AX wheat
cell wall digestion in the small intestine, despite its higher induced
intestinal viscosity. This trial hence proved that dose and type of
endoxylanase preparation can have very marked effects on the
quantity and structure of WE-AX delivery in the ileum and caeca.
Despite these remarkable differences in the AX population at young
ages, broiler performancewasmainly affected during the grower and
finisher phase in this study. Because of the outstanding performance
results for all diets, including the control diet, this trial could not
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provide evidence for the hypothesis that variation in dose and type of
endoxylanase preparation can partly explain the large inconsistency
in endoxylanase responses observed in the field. However, broilers
receiving low viscosity diets still benefit from endoxylanase addition,
as the provision of soluble andmore easily fermentableAX substrates
to themicrobiotawas considerably improved, particularly inyounger
broilers, which hence resulted in a sustained improvement in broiler
performance. So, this study enables us to increase further our
knowledge of the functionality of endoxylanases in low viscosity
diets.
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