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Abstract 
Our understanding of the role of cereal non-starch polysaccharides (NSP) in animal 
nutrition has drastically improved in the past decades. Moreover, the necessary 
shift to more sustainable, antibiotic-free animal production stresses the need for 
harnessing the full potential of NSPs in feed. Hereto, feed supplementation with 
NSP-degrading enzymes has been a successful strategy to offset the anti-nutritive 
effect of NSP, leading to improved broiler performance. Although enzyme 
supplementation has been linked with improved nutrient digestibility and fiber 
fermentability, the underlying mechanisms of action were not clear yet. Therefore, 
this PhD thesis aims at further exploring, at a molecular level, the impact of 
enzyme supplementation on NSP structure and its implications for nutrient 
digestion and hindgut fermentation in broilers. 

In this thesis, it was demonstrated that endo-xylanase and endo-glucanase 
supplementation improved the growth of broilers fed a wheat diet. This coincided 
with improved starch and protein digestibility, and with increased hindgut 
fermentation of arabinoxylan (AX) to short-chain fatty acids. Furthermore, in vivo 
AX degradation to arabinoxylo-oligosaccharides (AXOS) by dietary endo-xylanase 
was first demonstrated by MALDI-TOF-MS, for broilers fed a wheat diet. The 
complex maize AX structure most likely limited the impact of dietary enzymes in 
broilers fed a maize diet. The impact of cereal type and enzyme supplementation 
on NSP fermentation was highlighted by the different bacterial communities (beta 
diversity) residing in the ceca of broilers fed wheat-based and maize-based diets. 
The abundance of beneficial bacteria in wheat diets was partly associated with 
presence of fermentable AX and AXOS. AXOS formed in vivo by endo-xylanase, 
being relevant for hindgut fermentation, were isolated from digesta samples and 
further characterized by a currently developed analytical strategy to identify 
NaBH4-reduced AXOS using hydrophilic-interaction liquid chromatography coupled 
to tandem mass spectrometry (HILIC-MSn). This strategy was set-up with model 
AXOS isomers with a degree of polymerization of 3-7, separated in HILIC, and 
identified based on distinct MS2 and MS3 fragmentation patterns. It was determined 
that AX depolymerization began in the gizzard and that the xylanase-mediated 
release of readily fermentable, lowly-substituted AXOS proceeded in the small 
intestine and increased AX utilization in the hindgut. Lastly, determination of AX-
to-lignin ratios in digesta suggested different transit patterns of insoluble, 
unfermented cereal cell wall fractions along the gastrointestinal tract. In particular, 
the associations between cell wall components appeared unaffected by dietary 
enzymes, suggesting that besides AXOS release, enzyme action might not promote 
nutrient digestion by further loosening the cell wall architecture. The present 
findings demonstrate that dietary enzymes improve NSP fermentation in broilers 
and contribute to the more complete utilization of the diet.          
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1 Relevance of this research 

The increase in meat consumption globally has, alongside the necessary shift to a 
more sustainable, antibiotic-free livestock production, placed the stakeholders 
under unprecedented strain. To address this, the development of new strategies 
enhancing feed utilization and livestock production has been undertaken. For 
instance, feed supplementation with enzymes degrading non-starch 
polysaccharides (NSP) has been introduced with success in poultry and swine 
nutrition. Such enzymes have been found to offset the anti-nutritive effect of NSP, 
leading to improved nutrient digestion in broilers. Additionally, enzymatic 
breakdown of NSP may further promote hindgut fermentation. Ultimately, NSP 
degrading enzymes are envisaged to function as natural growth promotors 
increasing the feeding efficiency of livestock. Although enzyme supplementation is 
common practice in animal nutrition, the underlying mechanisms of action have 
not been fully elucidated. Therefore, this PhD thesis research aimed at further 
exploring, at a molecular level, the impact of enzyme supplementation on NSP 
structure and its implications for nutrient digestion and hindgut fermentation in 
broilers. 

2 Poultry production and nutrition in the 21st century 

Poultry is widely consumed by humans due to its well-regarded nutritional profile 
(1). It is indicative that 92.7 million tons of poultry were produced globally in 2017 
(2), following the upward trend in meat consumption observed in the past thirty 
years (3). The global poultry production is projected to increase to 103 million tons 
by 2021 to keep up with the soaring demand (2). Broilers (Gallus gallus 
domesticus) are the poultry intended for meat production and have been 
specifically bred to serve the consumption demands. With a population estimated 
at 22.7 billion, the broilers are considered a vivid example of human intervention 
in the biosphere (4). It is indicative that currently, broilers are four to five times 
larger than their ancestor, the red junglefowl, and broilers bred in 1957 (Fig. 1) 
(4–6). 

Modern broilers are expected to increase approximately ten times in size until they 
reach their slaughter age, that being between 5 to 8 weeks (6,7). At the same 
time, genetic breeding of broilers has resulted in tremendous reduction in the feed 
conversion ratio in the past fifty years (6,8). This implies that contemporary broiler 
breeds can reach a desired weight, while consuming less feed. Such goal is of 
utmost importance as feed-related costs are the main source of expenses in broiler 
production (8). More importantly than cutting costs, reduction of the ecological and 
physical footprint of livestock production has become necessary, if not imperative, 
to curb its contribution to climate change (9,10). Cereal grains are the major feed 
ingredients, corresponding to 58% of the dry matter consumed by poultry (10). 
Therefore, enhancing broiler performance while reducing the amount of cereal 
consumed is integral for the cost-effective production and sustainability of poultry 
meat (8,10,11). 
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Fig. 1. Body weight (g) of adult Red junglefowl (i.e., ancestor of Ross broilers), and 
56 days-old Ross 308 broilers from 1957 and 2005 (5,6). 

3 Nutritional value of cereal grains for broilers 

Cereal grains provide broilers with starch (Table 1), which accounts for 
approximately half of the metabolizable energy (12). Still, broilers require well-
rounded diets providing the energy and nutrients needed to sustain their rapid 
growth (7). Next to starch, poultry diets typically include protein, fat, fiber, 
vitamins, calcium, phosphorus and other minerals, as well as water (13).     

Wheat and maize are the main cereal grains used for broiler feed (11). Barley, 
oats, rye and sorghum can be used as well, depending on local availability (14,15). 
Apart from starch, cereal grains are also a considerable dietary source of protein 
as well as non-starch polysaccharides (NSP), the latter representing the main 
dietary fiber fraction of cereal.  

Table 1. Digestible energy (MJ/kg dry matter (DM)), starch, protein and non-starch 
polysaccharides (NSP) content (% DM) of whole cereal grains used in poultry nutrition 
(Data from: 13,15–20). 

Grain type 
Digestible 

energy 
(MJ/kg) 

Starch 
(% DM) 

Protein1 
(% DM) 

NSP 
(% DM) 

Wheat 
Triticum aestivum 13.9 65.1 11.4 11.9 

Maize  
Zea mays 16.9 69.0 8.5 9.7 

Barley  
Hordeum vulgare 14.3 58.7 11.5 18.6 

Oat  
Avena sativa 13.6 46.8 11.8 23.2 

Rye  
Secale cereale ND 61.3 12.0 14.7 

Sorghum 
Sorghum bicolor 15.9 60.2 10.92 5.4 

1N conversion factor not specified. 2 % in grain (17) 



Chapter 1 

4 

3.1 Starch 

Starch is the main form of dietary energy that is being used by broilers for muscle 
growth (21). Starch is a plant storage polysaccharide located in the endosperm of 
cereal grains, and comprises ~75% of the endosperm weight (15,22) (Fig. 2). 
Starch is composed of two glucans: amylose and amylopectin. Amylose is a linear 
polysaccharide and consists of α-(14)-linked D-glucosyl residues (23). 
Amylopectin is a branched glucan, with side-chains linked by α-(16) linkages to 
the α-(14) linked glucosyl (Glc) backbone (23). Typically, cereal starches contain 
20-30% amylose and 70-80% amylopectin (24). Amylose and amylopectin are
ordered into a supramolecular, semicrystalline structure within starch granules
(23,24).

Fig. 2. Schematic overview of a wheat kernel, according to Burton & Fincher (2014), 
Tervilä-Wilo et al. (1996) and Belitz, Grosch & Schieberle (2009) (23,30,31). Cells from 
endosperm (1) and aleurone layer (2), and pericarp cell walls (3) are drawn out of 
proportion. 

The specific starch properties, such as amylose versus amylopectin ratio, granule 
morphology and crystallinity differ between cereals and impact starch digestibility 
and physical properties (24,25). For example, isolated wheat starch was digested 
~1.3 and ~2.2 times faster than barley and maize isolated starch, respectively, 
while all starches exhibited digestibility values above 75%, as reported during in 
vitro experiments (25,26). However, starch digestion in vivo is not only governed 
by aforementioned intrinsic starch properties, but by extrinsic factors as well (i.e., 
feed particle size and form, presence of anti-nutritive factors, (12,21)). Generally, 
starch digestibility above 94% is observed for broilers for the majority of cereals 
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fed (12). In spite of these high digestibility values, there is still a starch fraction 
that escapes digestion in the small intestine and is termed resistant starch (RS) 
(27). For instance, starch that is physically entrapped by the cell wall matrix, and 
therefore inaccessible to digestive enzymes, is termed RS type 1 (27). 
Fermentation of RS by gut microbiota in the hindgut can still provide energy to the 
animal, although to a lower degree than digestible starch (11,28). Therefore, 
improvement of starch digestibility (> 94%) through feed interventions is of major 
interest for livestock production (29).     

3.2 Protein 

Next to starch, cereal grains contain around 10% proteins (DM based; Table 1). 
Storage proteins like gliadins and glutelins in wheat and zein in maize are located 
primarily in the endosperm, but proteins may also be found in the aleurone tissues 
(Fig. 2) (32,33). The protein content is higher in endosperm cells closer to the 
aleurone layer than in cells closer to the center of the grain (33). It is accepted 
that inside the cells, storage proteins form a continuous, independent network that 
encloses other constituents, such as the starch granules (33). 

Cereal proteins account for 25-40% of the total protein content in poultry diets 
(32). However, cereal proteins alone cannot provide all essential amino acids 
needed to sustain growth (34). Lysine is the main limiting amino acid across 
cereals, followed by threonine, tryptophan and methionine (32). For that reason, 
feed formulations typically combine cereal grains with legume seeds or their 
byproducts. For example, soybean meal is rich in lysine, and when combined with 
cereal proteins, can add up to a more complete amino acid profile for broilers (32). 

3.3 Lipids, vitamins, minerals and phytochemicals 

Cereal grains contain a low amount of lipids, primarily found in the germ and to a 
lesser degree in the aleurone layer (Fig. 2) (22,30). The lipid content in wheat is 
between 1-3%, while in maize it is higher, between 4-10% (DM basis) (34,35). 
Additionally, cereal grains contain B vitamins and minerals such as potassium, iron 
and zinc (34). More importantly, cereal grains contain calcium and phosphorus, 
with the latter being part of phytic acid. Both minerals are highly important for the 
skeletal and muscular growth of broilers (34,36). However, the amount and 
bioavailability of cereal-derived minerals is not sufficient, and diets are typically 
supplemented with minerals from other sources (36). Finally, cereals contain low 
amounts of bioactive phytochemicals, such as tocopherols and lignans (34).  

4 Cereal cell wall components in broiler diets 

Apart from the nutrients discussed above, cereal grains contain a significant 
amount of undigestible compounds mainly present in the cell walls (Fig. 2). 
Namely, the cereal cell walls are composed of three main macromolecule types: 
non-starch polysaccharides (NSP) lignin and proteins (30). 
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4.1 Non-starch polysaccharides (NSP) in cereal grains 

Arabinoxylan 

Arabinoxylan (AX) is the main NSP present in cereal grains (Table 2: 2% DM) and 
represents 64-70% of the cell wall dry matter (37). AX is a heteroxylan composed 
of a β-(14)-linked D-xylosyl (Xyl) backbone, mainly substituted by L-
arabinofuranosyl (Ara) units at the O-2- and/or O-3-positions of the Xyl units (Fig. 
3). Additional backbone substitution by 4-O-D-methyl-glucuronosyl and acetyl 
moieties may also occur, while Ara units might be further O-5-linked to feruloyl 
units (38,39). Particularly complex AX from maize and sorghum can present 
oligomeric Ara side chains, as well as Xyl and galactosyl residues (Gal) as 
decorations (38–40; Fig. 3). 

The type, number and distribution of substituents over the xylan backbone in AX 
differs per type of cereal grain and type of grain tissues (37,42–44). In this thesis, 
we focus on the structure and properties of wheat and maize AX (Table 2), because 
of the high prevalence of wheat and maize in broiler nutrition. Wheat endosperm 
AX has a low degree of substitution (Fig. 3A), with approximately 66% of all Xyl 
residues being unsubstituted. Monosubstituted Xyl, mainly by O-3-linked Ara, 
account for 21%, while doubly substituted Xyl at both O-2 and O-3 account for 
13% of total backbone Xyl residues. Albeit in low amounts, O-2-linked Ara may 
also be present (37,39,45). AX in the wheat aleurone and pericarp tissues is more 
heavily decorated by Ara (Ara/Xyl = 0.7) compared to endosperm AX (Ara/Xyl = 
0.6), and is further substituted by 4-O-methyl-D-glucuronosyl, acetyl and/or 
feruloyl and coumaroyl units (37,39). Maize grains contain heavily substituted AX 
molecules, whose structural complexity is exemplified in Fig. 3B. In particular, 
maize AX exhibits a much higher Ara/Xyl-ratio than wheat AX (1.1 vs 0.6) in the 
endosperm. Moreover, AX from maize bran comprises a higher number of ferulic 
acid (FA) and glucuronic acid (GlcA) substituents, as judged from the higher FA 
(2% vs 0.6% DM) and GlcA (4% vs 3% DM) contents compared to AX originating 
from wheat bran (Table 2).  

Table 2. Main cell wall components and chemical characteristics of arabinoxylan (AX) 
in endosperm and bran of wheat and maize grains (15,37,46–50). Values are expressed 
on DM basis of the endosperm or bran, unless stated otherwise. 

Cell wall component 
(% DM) 

Wheat Maize 
Endosperm Bran3 Endosperm Bran 

AX 2 23 1 21 
Cellulose 0.3 29 0 23 
Klason lignin N.A.2 7 0.4 3 
Ferulic acid <0.01 0.6 0.4 2 
Glucuronic acid N.A. 34 N.A. 4 

AX-structural features 
Ratio Ara/Xyl1 0.6 0.7 1.1 0.7 

1Ara/ Xyl ratio in mol. 2Data not available. 3Includes aleurone and pericarp. 4Determined as total uronic 
acids (50).  
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 1 
AX structural features, such as the degree of substitution and the distribution of 
Ara branches over the Xyl backbone, greatly determine its physicochemical 
properties (39,51). For instance, soluble AX populations account for 21% of AX in 
wheat endosperm and exhibit an average Mw of 300 kDa and an Ara/Xyl ratio of 
0.5 (37,45). When present in solution, AX generally increases the viscosity (37,39). 
In comparison, water insoluble AX populations from wheat endosperm and bran 
typically exhibit higher Mw and a broader degree of Ara-substitution (Ara/Xyl: 0.5-
0.8) than soluble AX (37,44,50,52). These structural differences, in addition to 
association with other cell wall components all contribute to the insolubility of these 
AX populations (37,51,53). The influence of AX structure and physicochemical 
properties like viscosity and solubility on nutrient digestion, fermentation and 
susceptibility by enzymes will be discussed in the following sections. 

Fig. 3. Typical structural motifs (including glycosidic linkages) (A) of cereal 
heteroxylans. Proposed structural models (B) for water-insoluble wheat endosperm AX 
(44) and maize bran AX (40).

Cellulose 

Cellulose is a β-(14)-linked D-glucan composed of 6000-14000 Glc units, and is 
considered as the most abundant biopolymer on earth (54,55). Nevertheless, 
cellulose is only present at low quantities in cereal endosperm (<0.3% DM) and 
aleurone (3% DM), while it is more abundant in bran cell walls (23-29%; Table 2) 
(15,30,56,57). Cellulose is self-assembled into microfibrils that act as scaffold for 
the organization of other plant cell wall constituents (54,55). 

Other NSP 

Apart from AX and cellulose, other NSP are minorly present in cereal grains. Of 
these, β-glucan (BG) stands out. BG is a β-(13,14)-linked D-glucan that is 
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highly abundant in barley and oat grains (4-10% DM), but is present to a lesser 
extent in wheat and maize grains (0.5-2% DM) (15,56). Glucomannan, xyloglucan 
and pectin are considered minor cereal polysaccharides and account for less than 
7% of total cell wall NSP (15,56). Additionally, β-D-fructans are soluble 
carbohydrates present in cereals in variable amounts (56). For instance, the 
fructan content in wheat and maize grains is approximately 2% and 0.2% DM, 
respectively (16).  

4.2 Lignin and cell wall proteins 

Next to carbohydrates, cereal cell walls are also composed of lignin and proteins. 
Lignin is an alkyl-aromatic polymer composed of aromatic monomers that is 
integral for the function of xylem in plants (58). Lignin is only present in low 
amounts in cereal grains (< 2% DM) (15). It is mainly found in the pericarp, where 
it contributes to the rigidity and strength of the cell wall and accounts for 3-10% 
DM of the bran (15,50,56,58,59). 

In contrast to storage proteins present inside the endosperm and aleurone cells 
(see 3.2), (glyco)proteins can also be present in the cell wall and account for less 
than 10% of its dry matter (54,56). They consist of diverse molecules that have 
signaling function (arabinogalactan proteins) or can form an independent network, 
thus contributing to the cell wall architecture (54,56).     

4.3 The cereal cell wall matrix 

The different cell wall components discussed in 3.1 and 3.2 associate via covalent 
and non-covalent interactions into a three-dimensional matrix, whose main role is 
to provide the plant cells with structural integrity (30,54,60). The four main 
macrostructures involved are presented in Fig. 4 and are: the cellulose microfibril 
scaffold, the protein network, the lignin network (if present) and the hemicellulose 
(i.e., majorly AX) matrix (54). It should be noted that lignin is not found in primary 
cell walls present in the endosperm, but is a structural component of secondary 
cell walls found in the bran (Fig. 4) (61,62).   

AX molecules can associate with each other non-covalently via hydrogen bonds by 
the formation of junction zones (Fig. 4) (54). Moreover, AX can associate by 
hydrogen bonding with cellulose fibrils (54). Covalent cross-links can occur 
between AX polymers, between AX and lignin, between AX and protein as well as 
between lignin and protein (53,54). AX polymers can be covalently linked with each 
other mainly by dehydrodiferulate cross-links (54). Additionally, AX-lignin 
interactions have been suggested to occur via ester-ether ferulate and diferulate 
bridges, as well as direct ester linkages involving uronic acids (53). Therefore, AX 
plays an important role in tethering the cell wall matrix of cereals (54). The cell 
wall shaped by aforementioned interactions encapsulates nutrients needed for 
plant growth (Fig. 2) (63,64). Consequently, the cell wall may pose a barrier for 
nutrient digestion in broilers (11,15,65). In other words, the complex cell wall 



General Introduction 

9 

 1 
architecture might influence digestive enzyme efficiency and can be expected to 
determine NSP recalcitrance to NSP-active enzymes. 

Fig. 4. Schematic representation of covalent and non-covalent interactions between 
plant cell wall components in secondary cell walls of monocots, including grasses, 
according to Iiyama, Lam & Stone (1994) and Harris & Stone (2008) (53,54). 

5 Legumes and legume NSP in feed formulations 

As mentioned in the above text, cereal-based diets require supplementation of an 
additional protein source in order to provide broilers with a well-rounded diet. 
Legume seeds and their by-products are used as main protein sources for poultry. 
Among these, soybean (Glycine max) stands out as the most used protein source 
(32). Usually, defatted soybean meal (SBM) contain 44-48% protein (32). Next to 
protein, SBM contains about 15-21% NSP, predominantly pectin that accounts for 
more than 60% of the total NSP in SBM (15,66). The main chelating agent-
extractable soy pectins are described as rhamnogalacturonan with arabinan and 
arabinogalactan side-chains as well as xylogalacturonan (67). Additionally, SBM 
contains low amounts of xyloglucan (< 2%) and cellulose (< 3 %) (67). It is worth 
mentioning that soybean hull contains acetylated pectin and xylan (15). Finally, 
SBM contains considerable amounts of sucrose (5% DM) and non-digestible 
raffinose-family oligosaccharides (6% DM) (66). Overall, cereal-soybean feed 
formulations contain a complex and diverse carbohydrate profile. NSP influence on 
nutrient digestion by poultry, as well as NSP manipulation by enzyme 
supplementation will be elaborated in the following sections.     
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6 Feed digestion and fermentation in poultry 

6.1 The avian gastrointestinal tract  

Poultry are omnivores and, therefore, have a versatile digestive system able to 
adapt to different diets (Fig. 5) (68). The gastrointestinal tract (GIT) of broilers is 
tasked with handling large quantities of grain-based diets daily, sometimes as high 
as 10% of the bird’s body weight (69).  

Fig. 5. Schematic overview of the avian digestive tract (70) and main characteristics of 
principal digestive organs (69).  

Upon ingestion, feed components enter the crop where they are being moisturized 
before moving along the GIT. Nevertheless, when chicken are fed ad libitum, which 
means that they have free access to feed, the crop is essentially by-passed (69). 
Next, feed passes rapidly through the proventriculus (chemical stomach) where it 
is coated with hydrochloric acid and pepsinogen, ending up in the gizzard 
(mechanical stomach) (71,72). The main function of the gizzard is to reduce feed 
particle size by grinding, and to regulate feed flow (72). In specific, coarse, 
insoluble feed particles are selectively retained in this organ, to be ground down 
to smaller, more easily digestible ones (69,73). 

Following gastric digestion, feed components are being released in the small 
intestine. Although usually a unilateral digesta flow is assumed, gastroduodenal 
reflux can occur at the gizzard-duodenal junction (74). Nutrient digestion (starch, 
protein, lipid) takes place in the proximal part of the small intestine (i.e., 
duodenum, jejunum) accompanied by a rapid elevation of pH value (pH > 6) and 
the secretion of pancreatic enzymes. Nutrient absorption and digestion continues 
until the distal part of the small intestine, the ileum. As an indication, more than 
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93% of starch, 78% of protein and 80% of lipids, accounting for more than 70% 
of energy provided, are being digested in the broiler small intestine (75,76).  

Nutrients escaping digestion and non-digestible feed components (i.e., NSP) reach 
the hindgut (i.e., ceca, colon). To some extent, insoluble material is refluxed in the 
ileum via the ileocecal junction (77). Furthermore, soluble and insoluble 
components reach the cloaca, where they are separated. Soluble molecules and 
fine particles can enter the ceca via antiperistalsis, while the insoluble fraction will 
be excreted (77–79). Components entering the ceca are being fermented by gut 
microbiota to short chain fatty acids (SCFAs) (69,79).     

6.2 The importance of cereal NSP in poultry nutrition 

NSP are intrinsic feed components that are not digestible by poultry due to the lack 
of the necessary enzymes. Although indigestible, NSP are far from inert and play 
important roles during feed digestion by acting as anti-nutritive factors, stimulating 
grinding in the gizzard and acting as substrates for hindgut fermentation.    

NSP as anti-nutritive factors 

NSP are widely regarded as anti-nutritional factors for poultry (65,80). The anti-
nutritive effect of soluble NSP (i.e., AX, β-glucan) has been attributed to their 
ability to increase digesta viscosity, thereby limiting the diffusion of digestive 
enzymes and nutrients (81–84). Additionally, swelling of insoluble cell wall material 
due to water adsorption can also contribute to elevated viscosity (85). As a 
consequence of impaired digestion and longer retention of nutrients, increased 
digesta viscosity has been related to pathogen growth in the small intestine 
(81,86,87). Another anti-nutritive effect of insoluble cell wall components such as 
NSP (i.e. AX, cellulose) and lignin, relates to their ability to encapsulate nutrients, 
rendering these nutrients less accessible to digestive enzymes (65,88). 

Gizzard stimulation by insoluble fiber 

Despite their potential anti-nutritive effects, NSP have also been indicated to play 
a beneficial role in poultry nutrition. Several studies showed that inclusion of whole 
wheat, oat hulls and wood shavings increased feed retention and grinding activity 
in the gizzard, which was associated with improved nutrient digestibility 
(72,89,90). Overall, feeding of coarse fibers > 1 mm and at relatively high inclusion 
levels (above 5%) has been recently reviewed to be advantageous for broiler 
growth (91).   

The role of dietary carbohydrates in hindgut fermentation 

A second beneficial role for NSP relates to their fermentation by potentially health-
promoting gut bacteria. As mentioned in 6.1, mainly soluble feed components and 
a minor fraction of small particles can enter the ceca were they can be fermented 
by bacteria to short chain fatty acids (SCFAs) (77–79,92). Examples of feed-
derived, fermentable carbohydrates are: resistant starch, partially digested 
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maltodextrins, various raffinose-family oligosaccharides from soy, fructans and 
water-soluble NSP (e.g., AX, β-glucan, pectin) (92–94). Additionally, fermentable 
oligosaccharides enzymatically produced from AX, such as arabinoxylo-
oligosaccharides (AXOS), xylo-oligoaccharides (XOS), alongside fructo-, manno- 
and galacto-oligosaccharides (FOS, MOS, GOS) can be supplemented to poultry 
diets (85,92,95).  

The ceca are two blind pouches (Fig. 5) that are colonized predominantly by 
anaerobic bacteria (92). In the ceca, a diversity of microbes have been found (1010

CFU/g), mainly composed by the phyla Firmicutes and Bacteroidetes (96). For 
comparison, the ileum contains a much lower amount of microbes (105 CFU/g) and 
is mainly colonized by Lactobacillus genera (96). Hence, fermentation is expected 
to mainly occur in the ceca. Carbohydrate fermentation in monogastrics (e.g., 
humans, poultry, swine) is typically conducted by members of bacterial families 
such as Lachnospiraceae, Ruminococaceae, Bacteroidaceae, Bifidobacteriaceae 
and Lactobacilaceae (92,96–98). Bacterial metabolism produces SCFAs, 
predominantly acetate, butyrate and propionate, which are very important for the 
health of the host. For instance, SCFAs can provide additional energy and decrease 
pathogen growth by controlling and lowering the cecal pH value (92). Overall, a 
well-balanced microbial ecology has been linked with improved broiler health and 
growth (92,96,99). 

Table 3. Impact of type, degree and distribution of substituents on in vitro fermentation 
of AX and associated oligosaccharides. Abbreviations are shown below. 

Structural feature* Impact on fermentation Ref. 

Degree of 
polymerization (DP) 

Propionate formation and Bacteroides spp. 
growth decreased by increased DP of fermented 
AX 

(100) 
(101) 
(105) 

Ara/Xyl Not correlated with fermentation rate of 
polymeric AX (103) 

Ara substitution 
pattern 

Presence of contiguous Xyl residues increased 
fermentation rate; 
Disubstituted AXOS were less fermented than 
monosubstituted AXOS by Bacteroides 
cellulosilyticus 

(100) 
(101) 

Oligosaccharide 
class* Impact on fermentation 

AXOS Limited Bacteroides spp. growth compared to 
XOS (100) 

AcXOS Lower SCFAs formation compared to AXOS and 
XOS (102) 

GlcAmeXOS Lower SCFAs formation compared to AXOS and 
XOS (102) 

FAXOS Lower butyrate and propionate formation 
compared to AXOS (105) 

*Abbreviations: Ara: arabinosyl substituents, Xyl: xylosyl backbone residues, Ara/Xyl: molar based
arabinose-to-xylose ratio, XOS: linear xylo-oligosaccharides, AXOS: arabinoxylo-oligosaccharides,
AcXOS: acetylated XOS,  GlcAmeXOS: 4-O-methyl-glucuronosylated XOS, FAXOS: feruloylated AXOS.

The extent to which AX and AXOS are fermented in the hindgut has been 
demonstrated to be linked to their chemical structure by several in vitro studies 
(Table 3) (93,100–104). For example, the presence of Ara substituents was found 
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to hinder fermentation of AXOS compared to XOS by Bacteroides spp. Likewise, 
the presence of unsubstituted regions in wheat bran AX contributed to a more rapid 
fermentation compared to more complex maize bran AX (101). Furthermore, AXOS 
as well as acetylated, 4-O-methyl-glucuronosylated and feruloylated (A)XOS 
produced 1.3-10 times lower SCFAs amounts compared to XOS (102,105). In the 
same line, AXs with complex substitution patterns presented 2-6 times slower 
fermentation rates by human fecal inocula compared to ‘simpler’ AXs or FOS (103). 

The impact of AX and AX-derived oligosaccharides on their fermentation in poultry 
is less studied compared to their fermentation in humans. In specific, colonic 
fermentation of AX and (A)XOS in the human gut is performed by a consortium of 
bacterial communities, via a cross-feeding mechanism (93). For instance, 
Roseburia spp. and Bacteroides spp. extracellularly and enzymatically 
depolymerize AX and (A)XOS. The resulting hydrolytic products (e.g. 
monosaccharides, oligosaccharides) are then utilized as substrates by 
Bifidobacterium spp. In turn, the metabolic products of the latter (lactate) can be 
used as a substrate by other bacteria (93).  

For broilers, soluble AX, AXOS and XOS were shown to promote Bifidobacterium 
spp. growth in the ceca, with the impact of oligosaccharides being more 
pronounced than that of the polymer (106). Similarly, AX hydrolysis by endo-
xylanase and debranching enzymes was found to promote SCFAs during in vitro 
fermentation by cecal broiler inoculum (107). Further research is warranted to 
determine the mechanisms of AX and (A)XOS utilization in the poultry GIT.   

7 The application of NSP-active enzymes in poultry 
nutrition 

Cereal NSP play an important role in poultry nutrition with both negative and 
positive implications, as explained in 6.2. Consequently, fiber manipulation in order 
to reduce the negative effect of NSP for nutrient digestion and increase the positive 
effect of NSP on fermentation is of particular interest in order to improve animal 
health and growth, while minimizing costs. The main means of achieving this is the 
dietary supplementation of NSP-active enzymes (NSPases; see section 8 for further 
details on effect of NSPases on broiler performance). The main commercial NSPase 
preparations consist of glycoside hydrolases (GH) of fungal origin, able to 
depolymerize plant polysaccharides. Therefore, in this section we focus on 
introducing only fungal GHs, in the context of NSP degradation.     

7.1 Endo-β-1,4-xylanases (EC 3.2.1.8) 

Endo-xylanases depolymerize (hetero)xylans by hydrolysis of the β-(14) linkages 
between two Xyl residues of the backbone (108,109). Endo-xylanases are produced 
by fungi, yeasts, bacteria and plants, and play an important role in (hetero)xylan 
decomposition and degradation in nature (110,111). Fungal endo-xylanases find 
many applications in food (e.g., bread-making), paper manufacturing, biorefinery 
and animal feed. The most commonly used microorganisms to produce commercial 
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enzyme cocktails are Aspergillus and Trichoderma spp. (110,111). The application 
of endo-xylanases as animal feed supplements is linked to their capability of 
hydrolyzing AX from cereal (Fig. 6A). AX depolymerization by endo-xylanase 
mainly releases substituted AXOS and linear XOS (108,109). Commercially applied 
xylanases are members of the GH families 10 and 11 (CAZy.org (112)). 

Fig. 6. Mode of action of GH11 and GH10 family endo-xylanases on a hypothetical AX 
structure from wheat flour (A). Subsite model (B) of GH11 and GH10 family endo-
xylanases. The active site is located between -1 and +1 subsites. The ability of different 
subsites to accommodate no substitutions, any type or only O-3-linked Ara substitutions 
is specified. Arrows indicate the cleavage sites along the AX backbone. Examples of 
structurally different AXOS (C) released by GH10 and GH11 endo-xylanases 
(108,109,113,118). R = non-reducing end terminus. R’ = reducing end terminus. 

GH11 endo-xylanases present a Mw close to 20 kDa while their pI can vary greatly 
(3.5-10.0) (111,113). GH11 endo-xylanases have been described to hydrolyze the 
linkage between two unsubstituted Xyl (uXyl) residues and typically require the 
presence of at least one additional uXyl next to the cleavage site (-2 position; Fig. 
6B) (109,113,114). Although several GH11 xylanases have been found to 
efficiently degrade insoluble AX (114–116), such property may not be extrapolated 
to all members of the GH11 family. Conversely, GH10 endo-xylanases are larger 
(> 30 kDa), have a more acidic pI and are more tolerant to substitutions than 
GH11 xylanases (108,113,114,116,117). In specific, GH10 endo-xylanases can 
accommodate Xyl residues having single and double Ara substitutions at the +1 
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 1 
position, but only having single O-3-linked Ara at the -2 position (Fig. 6B) 
(109,110,117). GH10 endo-xylanases exhibit a preference for soluble AX over 
insoluble AX compared to GH11 ones (110,114–116). 

Due to their different catalytic sites and consequently different mode of action, 
GH11 endo-xylanases mainly yield larger DP AXOS than GH10 xylanases. In 
addition, GH11 endo-xylanases release (A)XOS having an unsubstituted non-
reducing end (Fig. 6C), while GH10 xylanases can release (A)XOS substituted at 
the non-reducing terminus (108,109,113,118). Although enzymes from both 
families can efficiently degrade soluble AX, GH11 endo-xylanases are more efficient 
than GH10 ones when it comes to insoluble AX (110,114–116) that is associated 
with or embedded in the cell wall matrix (Fig. 4) and represents the major AX 
fraction in cereal grains (Table 2).   

7.2 Accessory enzymes for AX degradation 

The enzymatic arsenal required for the complete hydrolysis of AX to 
monosaccharides is described in the text below and schematically indicated in Fig. 
7. Nevertheless, supplementation with such enzymes is not very common in broiler
studies (107,119,120).

Fig. 7. Accessory xylanolytic enzymes, and corresponding cleavage sites of a 
hypothetical heteroxylan structure (121,122).   

Arabinofuranosidases (EC 3.2.1.55) 

Fungal arabinofuranosidases (Abfs) belong to the GH families 43, 51, 54 and 62 
(CAZy.org (112,123,124)) and hydrolyze the α-(12,3)-linkages between Ara side 
chains and Xyl backbone residues of AX (Fig. 7; 121). Abfs are accessory to endo-
xylanases in deconstructing AX (122,125). Different Abfs can exhibit distinct modes 
of action towards AX, AXOS or both. For instance, certain Abfs, such as GH43 Abf 
from Humicola insolens specifically cleave O-3-linked Ara from doubly substituted 
Xyl (124,126). Conversely, other Abfs such as GH51 Abfs from H. insolens and 
Meripilus giganteus cleave single O-2- and O-3-linked Ara units (126). As a result 
of their debranching action, Abfs have been shown to assist endo-xylanases in 
degrading AX (119,126).    
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Glucuronidases (EC 3.2.1.139) 

Glucuronidases from fungi belong to the GH67 and 115 families (CAZy.org 
(112,123)) and hydrolyze the α-(12)-linkage between Xyl residue and (4-O-
methyl-) glucuronosyl substituents (121,122). These enzymes are required for the 
degradation of glucuronoarabinoxylan (GAX), and have shown synergy with endo-
xylanases, Abfs and β-xylosidases (122,127). 

Esterases 

The cleavage of acetyl, feruloyl and coumaroyl substituents of AX is catalyzed by 
acetyl xylan esterases (EC 3.1.1.72) and ferulic/coumaric acid esterases (EC 
3.1.1.73), respectively (122). Fungal esterase members belong to the 
carbohydrate esterase (CE) family 1 (CAZy.org (112)). The removal of such 
substituents has been shown to improve the activity of other xylanolytic enzymes, 
such as xylanases and glucuronidases (122,128,129). 

β-xylosidases (EC 3.2.1.37) 

The complete saccharification of XOS, released by a combination of xylanolytic 
enzymes, to monomeric Xyl requires the action of β-xylosidases (111,122). Fungal 
xylosidases belong to the GH families 3, 30 and 43 (CAZy.org (112,123)). Although 
such enzymes are of interest for biorefinery applications where monosaccharides 
release is aimed at (111,125,127), this is not the case for animal nutrition due to 
the negative impact of xylose on animal performance (130).  

7.3 Endo-β-1,4-glucanases (EC 3.2.1.4) 

Endo-β-1,4-glucanases hydrolyze the β-(14) linkage between two consecutive 
Glc residues of cellulose and BG. Fungal endo-glucanases belong to the GH families 
5, 7, 12, and 45 (CAZy.org (112,123)). So far, commercial endo-glucanases are 
mainly included in barley-based diets to offset the viscosity increase by polymeric 
β-glucan, and their use as feed supplements historically preceded that of xylanases 
(65,131). Endo-glucanases are part of the catalytic machinery responsible for 
cellulose and β-glucan degradation (132). For complete cellulose conversion to Glc, 
the synergistic action of various enzymes is required. In brief, first endo-
glucanases and oxidative lytic polysaccharide mono-oxygenases (LPMOs) generate 
new glucan chain ends. LPMOs oxidatively cleave crystalline and amorphous 
regions of cellulose (133). Next, cellobiohydrolases (CBHs) act on the resulting 
new chain ends releasing cellobiose, which can be further degraded to Glc by β-
glucosidases (132,134). Other cellulases than endo-glucanases are not further 
discussed here as glucose release from NSP was not aimed at in the current 
research, due to the negative impact of monosaccharide provision to animal health 
and performance (130,135). Finally, to the best of our knowledge, no reports 
regarding the influence of cellobiose for broilers have been published. 

Still, the use of endo-glucanases alone is of interest as they can release of gluco-
oligosaccharides (GlcOS) from single chains of (soluble) β-(13,14)-linked 
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 1 
glucan (136–138). For example, in vitro studies have demonstrated the ability of 
glucanases to solubilize Glc-containing carbohydrates from wheat grains (31,139). 
Moreover, it was observed that a combination of endo-xylanase and endo-
glucanase resulted in higher release of Glc units and protein from wheat grains 
than endo-glucanase alone, suggesting an additive or synergistic effect of both 
enzyme activities regarding cereal cell wall degradation (31,139).     

7.4 Other NSP-active and non NSP-active enzymes 

Endo-xylanases and endo-glucanases are the predominantly used NSPases in 
broiler nutrition to address the anti-nutritive effect of AX and β-glucan from cereal 
(65). Nevertheless, the presence of various NSPs in feed means that 
supplementation of broiler feed with other NSPases might be of interest as well. 
For example, pectinase supplementation in maize-rapeseed meal diet was reported 
to improve arabinan fermentability (140). In another study, supplementation of a 
mixture of xylanase, glucanase, pectinase, mannanase and galactanase was shown 
to improve NSP fermentability in maize-soybean and maize-pea diets (141). 

Apart for NSPases, also other enzymes have been tested as growth promotors in 
broilers. Phytases stand out as they are the most widely used enzymes in poultry 
nutrition (142). Phytases of fungal or bacterial origin (EC 3.1.3.8) are 
supplemented in poultry and swine diets to break down phytate and increase 
phosphorus bioavailability and digestibility (143). Additional improvements in 
calcium, zinc and amino acid bioavailability, as well as in metabolizable energy, 
clearly showcase the significance of phytases for poultry (143).   

Next to NSPases and phytases, the use of exogenous digestive enzymes in poultry 
has also been studied (144). For example, the use of xylanase in combination with 
amylase and protease improved protein digestibility and energy uptake, but not 
starch digestibility (76,145). Such other NSPases, phytases and dietary 
supplemented amylases and proteases, fall outside the scope of this thesis, and, 
hence, are not discussed in further detail.  

8 NSP-active enzymes promote poultry performance   

The use of NSP-active enzymes (NSPases) in poultry nutrition dates back to the 
1950’s (65). Since then, several studies have demonstrated that supplementation 
of NSPases, especially endo-xylanase, led to improved broiler performance (Table 
4).  

In particular, the dietary supplementation of endo-xylanase alone or in 
combination with endo-glucanase and other NSPases has been widely shown to 
lower the feed conversion ratio (FCR) for wheat-fed and maize-fed broilers 
(75,141,146–150). The beneficial impact of endo-xylanase and other NSPases for 
broiler performance has been narrowed down to three distinct mechanisms, as 
previously summarized by Bedford (2018) (65). These three mechanisms are: 1) 
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viscosity reduction, 2) release of prebiotic oligosaccharides and 3) de-
encapsulation of nutrients entrapped by the cell wall matrix. 

Table 4. Overview of the effect of NSP-active enzymes on broiler performance, nutrient 
digestibility, NSP content, SCFAs formation and cecal microbiota reported in 
representative studies spanning between 2004-2018;  indicates significant increase, 
 indicates significant decrease and ‒ indicates no significant change (significance
threshold set at p<0.05) in response to enzyme addition. Empty cells indicate that
corresponding parameters were not measured.
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WG ‒  ‒   ‒   ‒ ‒  
FCR ‒          ‒  ‒  
FI ‒ ‒  ‒ ‒ ‒ ‒ ‒ ‒ ‒  ‒ ‒ 
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Viscosity         ‒ 

D
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2  Sta   ‒ ‒ 
Pro ‒  ‒ ‒   ‒  ‒ ‒ 
DM   ‒ ‒ ‒ 

Ene     ‒ 

SCFAs3    ‒  
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1Animal performance: Body weight (BW), body weight gain (WG), feed conversion ratio (FCR), feed 
intake (FI). 2Ileal nutrient digestibility of starch (Sta), protein or nitrogen (Pro), dry matter (DM) 
and energy (Ene). 3Short chain fatty acids (SCFAs) content in the ceca. 4Soluble NSP content in the 
ileum. 5Insoluble NSP content in the ileum. 6Cecal microbiota composition evaluated by different 
methodologies, further elaborated in 7.2. 7Not specified. 8Glucanase. 9Arabinofuranosidase. 
10Ferulic acid esterase. 11Determined in vitro. 12Mixture of glucanase, pectinase, mannanase and 
galactanase. 13Maize-based diets containing distiller dried grains with solubles from maize (mDDGS) 
were used in (75,119,146). 

8.1 Viscosity reduction 

As mentioned earlier (see 6.2), solubilization of high Mw polysaccharides such as 
AX and β-glucan, during feed digestion results in increased intestinal viscosity. 
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 1 
Several studies documented the decrease of ileal viscosity upon NSPase 
supplementation (75,83,107,146,148,149,151,152), as summarized in Table 4. 
Decreased digesta viscosity coincided with pronounced nutrient digestibility and 
broiler performance (75,107,149,151). In particular, this relationship has been 
documented when endo-xylanase was supplemented in wheat-based diets (Table 
4). Endo-glucanase supplementation in barley-based diet also resulted in viscosity 
decrease and coincided with an increase in nutrient digestibility (131,153). Overall, 
viscosity reduction is considered to be a result of soluble NSP depolymerization by 
enzymes. This is widely accepted as a main mechanism by which endo-xylanases 
and other NSPases promote broiler growth in viscous diets (65). 

However, inhibition of digestion by viscosity increase is not a concern in maize-
based diets due to the low amount of soluble AX (154,155). Consequently, in 
maize-based diets the impact of endo-xylanase in terms of viscosity decrease is 
expected to be limited. Furthermore, it has been shown that higher starch 
digestibility was achieved in maize diets than in wheat diets, even when the 
viscosity of maize diets was increased by guar gum addition at a level comparable 
to that of wheat diets (155). Such observations revealed that in addition to 
viscosity, there are additional factors governing feed assimilation, and therefore, 
impacting the influence of exogenous enzymes in broilers.    

8.2 Prebiotic oligosaccharide release 

Microbial fermentation of non-digestible feed components such as NSP, 
maltodextrins, low Mw carbohydrates and proteins occurs in the broiler ceca 
(78,79). Therefore, the provision of cecal microbial communities with soluble and 
fermentable carbohydrates is of interest (see 6.2).  

Several studies have demonstrated that endo-xylanase supplementation in wheat 
diets coincided with an increase in soluble arabinosyl and xylosyl units measured 
in the water soluble fraction of ileal digesta for broilers and pigs (149,152,156). 
These observations suggested the solubilization of AX structures due to the 
degradation of insoluble AX. Such in vivo reports are consistent with the ability of 
both GH11 and GH10 endo-xylanases to degrade and solubilize AX from wheat 
grains in vitro (109,114,157,158). Furthermore, xylanase supplementation in 
wheat diets has been found to increase SCFAs (i.e., acetate, butyrate, propionate) 
formation in the ceca (75,147,152). At the same time, qPCR analysis of targeted 
bacteria indicated that dietary endo-xylanase improved Bifidobacterium spp. 
growth in broiler ceca (152). However, determination of cecal gut microbiota by 
16S rRNA sequencing did not reveal differences between broilers fed control and 
xylanase/glucanase-supplemented wheat diets (146). In comparison, the provision 
of AXOS and XOS in broilers resulted in similar increase in bifidobacteria counts in 
the ceca for wheat diets (95,106). Xylanase supplementation in maize diets has 
also been found to increase acetate, propionate and butyrate formation in the 
broiler and coincided with increased counts of fiber-fermenting Clostridia in the 
ceca (75,147,154). All the above studies point towards the in vivo release of AXOS 
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in the small intestine by endo-xylanase. However, AXOS detection in animal 
digesta has not yet been achieved and, therefore, direct evidence of their formation 
remains elusive.  

8.3 Nutrient de-encapsulation 

Apart from reducing digesta viscosity and enhancing hindgut fermentation, 
NSPases may promote animal growth by offsetting nutrient encapsulation (see 6.2) 
by the cell wall matrix (65,88). Similar to viscosity reduction, this mechanism 
concerns nutrient digestibility in the small intestine. Similar to the prebiotic 
mechanism, nutrient de-encapsulation is also focused on (insoluble) NSP 
degradation. To date, most scientific evidence regarding this mechanism is derived 
from in vitro studies. In particular, several studies describing in vitro experiments 
documented that NSPase treatment of wheat grains was accompanied by NSP 
solubilization, protein and starch release as well as structural changes in the cell 
walls (31,139,158–160). Nevertheless, in vitro studies typically involve high 
enzyme doses and prolonged incubation times compared to in vivo conditions (65). 
On top of that, such observations have not been validated by in vivo studies yet. 

9 Practices and challenges of evaluating the NSPase 
effect on NSP fate and structure in the animal GIT 

9.1 Digestibility markers 

Currently, having widely demonstrated the impact of NSPases in terms of animal 
performance and nutrient digestibility, research in the field is paying more 
attention to the effect of supplemented enzymes on the fate and structure of NSP 
throughout the GIT. First and foremost, the fate of nutrients and fiber in the small 
intestine and hindgut of animals can be followed by the use of digestibility markers 
(73,161,162). Such markers are considered to be inert, undigestible and non-toxic 
compounds that follow the flow of feed components along the GIT (162). Insoluble 
markers, such as metal oxides (Cr2O3, TiO2) and acid insoluble ash (AIA), are added 
to the feed and are used to evaluate the transit, retention time and digestibility of 
the main feed fraction, assuming a unilateral flow of digesta in the GIT (161,162). 
Nevertheless, research has shown that this assumption is not always valid, 
especially in broilers. For example, insoluble markers have been found to be 
retained less in the gizzard than coarse feed particles (73). Additionally, the reflux 
of insoluble feed components in the ileum from the ileocecal junction may lead to 
overestimation of ileal digestibility (77). Lastly, insoluble markers are not able to 
enter the ceca (77,78). Instead, the use of soluble markers (e.g. Cr-, Co-EDTA) is 
considered more suitable to follow the fermentation of soluble feed components in 
the ceca (162).     

9.2 Carbohydrate analysis in digesta 

Carbohydrate analysis in animal digesta typically begins by determining the neutral 
monosaccharide composition, according to Englyst & Cummings (163). In this 
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 1 
approach, carbohydrates are being subjected to pre-hydrolysis by 72% H2SO4,
followed by acid hydrolysis (1M H2SO4) to their constituent monosaccharides, and 
by their subsequent analysis by gas chromatography (after derivatization to alditol 
acetates) or liquid chromatography. In parallel, uronic acids such as glucuronic and 
galacturonic acid present in pectin or in hemicellulosic material can be identified 
and measured (164,165). Although this methodology can provide an overview of 
carbohydrate content and composition in digesta, it cannot discriminate between 
the various carbohydrate species present. For example, starch, β-glucan and 
cellulose will all contribute to the measured glucose content. Additionally, the 
presence of different carbohydrate sources in the diet (i.e., cereal and soybean) 
means that a broad range of distinct NSP structures will contribute to the measured 
monosaccharide contents. 

A more detailed analysis of individual carbohydrates requires laborious procedures 
such as digestion by specific enzymes and glycosidic linkage analysis (27,140,166). 
Another common procedure of characterization is to fractionate carbohydrates 
present in digesta to water soluble and insoluble ones. This is typically carried out 
by non-standardized procedures that can result in considerable differences in 
composition and yield of extracted NSP between studies 
(119,149,152,156,163,167–169). Following their separation, soluble and insoluble 
carbohydrates are being subjected to sugar composition analysis, as described 
above. Alternatively, the sugar composition of soluble carbohydrates can be 
determined by more rapid hydrolysis procedures suitable to hydrolyze soluble 
carbohydrates, but not insoluble ones. For example, this can be achieved by 
trifluoroacetic acid (TFA) hydrolysis with or without a preceding methanolysis step 
(170,171). Next, the amount of NSP (total, soluble, insoluble) recovered or 
‘digested’ in the ileum or total tract can be estimated by combining the 
carbohydrate contents analyzed and compared to the recovery of the digestibility 
markers (140,141,149,171). Although this approach can provide insights about the 
fate and fermentability of NSP components in a quantitative manner, it is not 
informative about the structure of NSP present in digesta. Therefore, the potential 
NSP degradation by NSPases in vivo remains poorly characterized.     

9.3 Bridging the gap between analysis of (complex) digesta 
matrices and sophisticated analytical tools 

In spite of the plethora of evidence regarding the beneficial effect of endo-xylanase 
for broilers, its ability to release AXOS in vivo has not yet been confirmed, mainly 
due to the lack of proper analytical tools and methodologies. In this view, the 
comprehensive investigation of carbohydrate species in digesta seems to be the 
missing piece potentially linking the enzymological properties of endo-xylanase, as 
observed in vitro, with its in vivo function as a feed additive. 

The enzymatic degradation of plant polysaccharides such as AX is typically followed 
by three main analytical techniques (Table 6): high performance size-exclusion 
chromatography with refractive index detection (HPSEC-RI), high performance 
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anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) 
and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS).  

Table 5. Overview of sophisticated analytical techniques applied to characterize 
enzymatically-derived oligosaccharides across disciplines (172,180–186).  

Analytical 
technique* Main applications Main drawbacks 

HPSEC-RI Molecular weight distribution of 
poly- oligosaccharides Unspecific 

HPAEC-PAD Profiling, identification and 
quantification of oligosaccharides 

Loss of alkali-labile substituents; 
Identification depends on availability of 
analytical standards; 
Low MS compatibility 

MALDI-TOF-MS Identification, determination of 
DP 

Quantification not always possible; 
Does not separate isomers 

1H NMR, 
13C NMR 

Identification of individual 
oligosaccharides High sample purity and amount required 

UPLC-MSn Identification of individual 
oligosaccharides 

Pre-column derivatization often needed;  
Chromatographic separation and MS-based 
identification need further development 

CE Profiling, identification and 
quantification of oligosaccharides 

Pre-column derivatization often needed; 
Low MS compatibility 

IM-MS Identification of individual 
oligosaccharides Still at an early development stage 

*Abbreviations: HPSEC-RI; high performance size-exclusion chromatography with refractive index
detection, HPAEC-PAD; high performance anion exchange chromatography with pulsed amperometric
detection, MALDI-TOF-MS; matrix-assisted laser desorption/ionization time-of-flight mass spectrometry,
NMR; nuclear resonance spectroscopy, UPLC-MSn; utlra-high performance liquid chromatography coupled 
to tandem mass spectrometry, CE; capillary electrophoresis, IM-MS; ion mobility MS

Such techniques can provide valuable information regarding the size distribution, 
degree of polymerization (DP) range and oligosaccharide profile of enzymatic 
digests (41,172–174). However, they require relatively pure matrices and have 
been mainly used to characterize enzymatic digests prepared in vitro from 
polysaccharides that were either well-defined or previously extracted from plant 
material. Therefore, analysis of more complex samples such as digesta, 
fermentation broths or waste streams requires sample clean-up. This can be 
achieved by techniques such as preparative chromatography or solid-phase 
extraction (SPE), among others (175). For example, reverse phase and graphitized 
carbon SPE have been successful in extracting oligosaccharides from complex 
matrices (175–179).  

Capillary electrophoresis (CE) has been applied in the analysis of mainly acidic 
glycans, although it is used less frequently than the three main analytical 
techniques mentioned above (183,187). Ion mobility-MS (IM-MS) is an emerging 
new technique that shows more promise in separating isomeric glycans than direct 
infusion MS (184). Nevertheless, IM-MS is still not widely used. In contrast, nuclear 
magnetic resonance spectroscopy (1H NMR, 13C NMR) has been widely applied to 
elucidate the fine structure of oligosaccharides, such as AXOS, after extensive 
purification steps (188,189). In spite of its ability to provide precise structural 
information, the high requirements in analyte purity and amount limit its 
applicability in the study of digesta.  
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Ultra-high performance chromatography coupled to tandem MS (UPLC-MSn) has 
been a more robust technique for glycan analysis. In particular, different 
separation modes, such as reverse phase (RP), normal phase (NP), porous 
graphitized carbon (PGC) and hydrophilic interaction (HILIC) chromatography have 
been applied for glycan oligomer separation (180,186,190). Overall, UPLC 
hyphenation to MSn is considered a powerful tool for oligosaccharide analysis, and 
has been applied to study AXOS structures (191–193). To date, such research has 
mainly focused on studying the behavior during MSn of previously purified and well-
defined by 1H-NMR oligosaccharides. More recently, the separation and 
identification of alginate oligosaccharides by HILIC-MS in pig digesta, after SPE, 
showcases the potential of such approaches for oligosaccharide characterization in 
digesta samples (194). Still, further research is warranted to address the 
complexity of digesta matrices, while at the same time being able to elucidate the 
chemical structure of target oligosaccharides.  

10 Aim and outline of the thesis 

This project aims at elucidating the impact of dietary endo-xylanase on NSP fate 
and fermentability in the broiler GIT at a molecular level. Therefore, it is 
hypothesized that endo-xylanase releases AXOS of diverse structure in vivo, 
leading to i) pronounced AX (and AXOS) fermentation to SCFAs, ii) alterations in 
cecal microbial ecology and iii) ultimately to pronounced nutrient digestion and 
animal growth by (partly) offsetting the hypothetical encapsulation of nutrients by 
NSP (‘de-caging’)(Fig. 8).  

In Chapter 1, the background and aim of this project is presented. In particular, 
bibliography dating back to the start of the project (2018) or earlier is taken into 
account, regarding the structure and chemical properties of feed components, the 
broiler GIT, the dietary enzymes and their hypothesized mechanisms of action in 
vivo. 

In Chapter 2, the impact of xylanase and glucanase on broiler growth, nutrient 
digestion and NSP fermentation is described for wheat-based and maize-based 
diets. This chapter further focuses on the release of AXOS in vivo upon enzyme 
supplementation and on AX fermentation to SCFAs.     

In Chapter 3, the impact of enzyme supplementation on gut microbial 
communities in the ileum and ceca of broilers is described further. In this part, 
associations between AX/AXOS fermentation and proliferation of beneficial gut 
microbiota that are known to ferment NSP to SCFAs are evaluated.  

In Chapter 4, the development of a strategy to identify individual AXOS present 
in mixtures is described. In particular, separation and identification of (NaBH4-
reduced) AXOS produced by GH11 and GH10 endo-xylanases is carried out by 
HILIC-MSn.     
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Fig.  8. Overview of the three main mechanisms by which dietary xylanase may promote 
animal growth. The widely demonstrated viscosity reduction mechanism will not be 
elaborated in this thesis. However, the less well-demonstrated potential mechanisms 
(prebiotic, de-caging) shall be further explored. The boxes at the bottom of the scheme 
demonstrate the main parameters that will be investigated experimentally and 
elaborated in this thesis.     

In Chapter 5, AXOS release by endo-xylanase in vivo is delineated. Here, a 
procedure to extract AX/AXOS from complex digesta matrices by SPE is described. 
Next, AX/AXOS extracted from digesta are being analyzed using established 
chromatographic methods as well as the method developed in Chapter 4, in order 
to portray the structural variability and to follow the utilization of AXOS in the 
broiler hindgut.  

In Chapter 6, the investigation of the widely overlooked insoluble NSP fraction of 
broiler digesta is described. Here the transit behavior of cell wall components such 
as insoluble AX and lignin as well as the alkali extractability of AX along the broiler 
GIT are elaborated in order to obtain a better understanding on cell wall NSP 
degradation in vivo by supplemented enzymes.     

In Chapter 7, the relevance of this research on future study and application of 
dietary enzymes in broilers and beyond, is being discussed. The findings of this 
thesis are discussed further with additional (in vitro) experimental data and recent 
literature. 
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Abstract 
This study aimed at determining how the degradation of cereal non-starch 
polysaccharides (NSP) by dietary enzymes during feed digestion can influence 
nutrient digestibility and NSP fermentability in broilers. Ninety-six one-day-old 
male broilers were assigned to 4 different treatments: control and enzyme-
supplemented wheat-based (WC, WE) or maize-based (MC, ME) treatments. 
Enzyme supplementation with endo-xylanase and endo-glucanase occurred from 
day 20 onwards. On day 28, digesta samples were collected. Nutrient digestibility, 
NSP recovery, oligosaccharide profile, and short-chain fatty acids (SCFA) content 
were determined. Enzyme supplementation in WE resulted in a higher starch (3%; 
p = 0.004) and protein (5%; p = 0.002) digestion in the ileum compared to WC. 
Xylanase activity in WE led to in situ formations of arabinoxylan-oligosaccharides 
consisting of 5 to 26 pentose units in the ileum. This coincided with decreased 
arabinose (p = 0.059) and xylose (p = 0.036) amounts in the ceca and higher 
acetate (p = 0.014) and butyrate (p = 0.044) formation in WE compared to WC. 
Conversely, complete total tract recovery of arabinoxylan in MC and ME suggested 
poor maize NSP fermentability. Overall, enzyme action improved nutrient 
digestibility and arabinoxylan fermentability in the wheat-based diet. The lower 
response of the maize-based diet to enzyme treatment may be related to the 
recalcitrance of maize arabinoxylan as well as to the high nutritive value of maize. 
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1 Introduction 
Poultry nutrition is aiming at improving meat production in a cost-effective way 
while adhering to global strategies, such as animal welfare and reduction in feed 
antibiotics (1,2). To that end, the development of appropriate interventions is 
performed in a collaborative way by producers, industry, and academia. Feed 
supplementation with enzymes has attracted attention since enzymes active on 
non-starch polysaccharides (NSP) are claimed to offset the anti-nutritive effect of 
dietary NSP from cereals and legumes (3–5). 

NSP are an indispensable part of poultry diets. Once ingested, NSP can be partially 
soluble or insoluble, depending on their botanical source, chemical structure, chain 
length, and association degree with the other cell wall components (5–7). Although 
not digestible by endogenous enzymes, NSP can influence feed use throughout the 
gastrointestinal tract (GIT) (8,9). The anti-nutritive effect of soluble NSP 
(arabinoxylan: AX, β-glucan) has been attributed to their ability to increase digesta 
viscosity, thereby limiting the diffusion of digestive enzymes and nutrients (10–
12). Furthermore, increased digesta viscosity may promote pathogen growth in the 
GIT (10,13). In addition, insoluble NSP (AX, cellulose) can limit the accessibility of 
the host’s enzymes to nutrients enveloped by the cell wall and hinder digestion. 
NSP can potentially exert prebiotic properties, as they can be fermented by 
microbiota in the ceca into short-chain fatty acids (SCFA). SCFA can promote gut 
health and provide additional energy to the host, among others (14,15). 

Several animal studies have demonstrated that exogenous NSP-degrading 
enzymes (NSPases) improved broiler performance (12,16–21). For instance, 
xylanases (EC 3.2.1.8) are hydrolytic enzymes that split the β-(14) bonds 
between unsubstituted xylosyl residues of the xylan backbone (22). The enzymatic 
conversion of AX to oligosaccharides (AXOS) with prebiotic potential finds various 
applications in the feed and food industry (15,22,23). Xylanases belonging to the 
glycosyl hydrolase (GH) families 10 and 11 are widely used to improve animal 
performance, alongside other NSPases, such as β-glucanases, mannanases, and 
galactosidases (23–25). Beta-glucanases target β-glucans and cellulose present in 
cereal, and their application in animal feed historically preceded that of xylanases 
(4). The enzymatic depolymerization of soluble AX and β-glucan has been linked 
with reduced intestinal viscosity and, consequently, improved animal performance 
(12,26). Nevertheless, viscosity reduction is not the only mechanism involved. 

NSPases have been reported to degrade NSP present within the intact cell wall. 
Such rupture of the cell wall may improve the digestibility of physically entrapped 
nutrients (18,27). Additionally, the solubilization of polymeric AX and the release 
of arabinoxylan-oligosaccharides (AXOS) by NSPases has been linked with 
increased SCFA production in the broiler’s ceca and could contribute to the NSP’s 
prebiotic potential (13,15,28,29). Yet, direct evidence of the in situ formation of 
potentially prebiotic AXOS remains elusive. To date, the potential of xylanase and 
glucanase to release entrapped nutrients and to form prebiotic oligosaccharides is 
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still under investigation (4). Hence, further research is warranted to understand 
how the postulated prebiotic formation and encapsulated nutrients release may 
promote gut health and animal growth. 

Therefore, it was hypothesized that dietary supplementation of broilers with 
carbohydrate-active enzymes would enhance carbohydrate fermentation and 
nutrient digestion. This research aims at determining the potential of dietary 
xylanase to form oligosaccharides in the upper gastrointestinal tract of broilers fed 
wheat- or maize-based finisher diets. We further aim to investigate how the 
enzymatic degradation of NSP may influence carbohydrate fermentation in the 
hindgut and nutrient digestion in the small intestine. 

2 Materials and methods  

2.1 Diets 

All experimental basal diets were manufactured by Research Diet Services B.V. 
(Wijk bij Duurstede, The Netherlands), as summarized in Table 1. Acid-insoluble 
ash (Diamol; Franz Bertram GmbH, Hamburg, Germany) was added as a 
digestibility marker to the finisher diets. 

Table 1. Ingredient composition (w/w % as-fed) of wheat-based and maize-based diets 
for the starter (day 0 to 10), grower (day 10 to 20), and finisher (day 20 to 28) phases. 

Ingredient (%) 
Wheat-Based Maize-Based 

Starter Grower Finisher Starter Grower Finisher 
Wheat 49.4 58.8 65.9 - - - 
Maize 10.0 5.0 - 57.3 59.6 59.1 
Soybean Meal 48CP 1 24.4 19.5 17.0 27.2 24.3 24.3 
Toasted Soybeans 10.0 10.0 8.0 10.0 10.0 8.0 
Soybean Oil 1.4 2.4 4.3 0.6 1.7 3.9 
Monocalcium phosphate 1.4 1.3 1.0 1.5 1.4 1.2 
Limestone 1.4 1.3 1.1 1.4 1.2 1.1 
DL-Methionine 0.4 0.3 0.2 0.4 0.3 0.3 
L-Lysine HCl 0.3 0.3 0.3 0.3 0.3 0.2 
Salt 0.2 0.2 0.3 0.2 0.2 0.3 
Na-Bicarbonate 0.3 0.3 0.2 0.3 0.3 0.2 
L-Threonine 0.2 0.1 0.1 0.2 0.1 0.1 
L-Valine 0.1 0.1 0.1 0.2 0.1 0.0 
Coccidiostat Sacox 2 Sacox - Sacox Sacox - 
Premix Article 3 0.5 0.5 0.5 0.5 0.5 0.5 
Diamol 4 - - 1.0 - - 1.0 
Total 100.0 100.0 100.0 100.0 100.0 100.0 
1CP: Crude protein. 2Provided by Huvepharma NV, Berchem, Belgium. 3Providing per kg of diet: 
vitamin A (retinyl acetate), 10,000 IU; vitamin D3 (cholecalciferol), 2500 IU; vitamin E (dl-α-
tocopherol acetate), 50 mg; vitamin K3 (menadione), 1.5 mg; vitamin B1 (thiamine), 2.0 mg; 
vitamin B2 (riboflavin), 7.5 mg; niacin, 35 mg; D-pantothenic acid, 12 mg; vitamin B6 (pyridoxine-
HCl), 3.5 mg; vitamin B12 (cyanocobalamine), 20 µg; folic acid, 1.0 mg; biotin, 0.2 mg; choline 
chloride, 460 mg; Fe (FeSO4.H2O), 80 mg; Cu (CuSO4.5H2O), 12 mg; Zn (ZnO), 60 mg; Mn (MnO), 
85; I (Ca(IO3)2), 0.8 mg; Co (Co2CO3(OH)2), 0.77 mg; Se (Na2O3Se), 0.15 mg. 4Used as acid-
insoluble ash (AIA) digestibility marker. 

The finisher diets consisted of two different basal diets (wheat or maize) and were provided 
in mash form as such (control treatment) or were supplemented with commercially 
available non-starch polysaccharide-degrading enzymes from Trichoderma spp. 
(Huvepharma NV, Berchem, Belgium) (enzyme treatment). The enzymes present were 
a GH11 endo-1,4-β-xylanase (EC 3.2.1.8), added at 1500 EPU/kg feed (xylanase 
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activity), and an endo-1,4-β-glucananase, added at 100 CU/kg feed (glucanase 
activity). EPU is defined as the amount of enzyme, which releases 0.0083 μmol of 
reducing sugars (xylose equivalent) per minute from oat spelt xylan at pH 4.7 and 
50 °C. CU is defined as the amount of enzyme, which releases 0.128 μmol of 
reducing sugars (glucose equivalents) per minute from barley β-glucan at pH 4.5 
and 30 °C. The above combinations resulted in four dietary treatments (DT); wheat 
control (WC), wheat enzyme (WE), maize control (MC), and maize enzyme (ME). 
The analyzed xylanase and glucanase activities of the enzyme-containing DT 
ranged between 1550 and 1740 EPU/kg feed and 190–240 CU/kg feed, 
respectively. The measured chemical composition of wheat-based and maize-based 
DT is shown in Table 2. All reagents used were of analytical grade. The water used 
throughout laboratory experiments was purified with a Milli-Q Integral 5 (Millipore 
Corp., Billerica, MN, USA) purification system.  

Table 2. Chemical composition (w/w % dry matter basis) and total sugar content of 
wheat-based and maize-based finisher diets. 
Composition (%) Wheat-Based Maize-Based 
Dry matter (% as-is) 90.3 89.5 
Crude protein (N × 6.25) 20.5 20.7 
Ash 5.9 6.5 
Acid-insoluble ash (AIA) 0.96 0.94 
Fat ca 12.31 ca 16.81 

Total carbohydrates 61.3 56.0 
Starch 40.4 37.4 
NSP2 21.0 18.6 
Glc3 51.6 47.3 
Non-glucosyl NSP (NGP)4 9.8 8.7 
Ara 2.1 1.8 
Xyl 2.9 1.6 
Gal 2.2 2.8 
Uronic acid 1.9 1.7 
A/X5 0.7 1.1 
1Not determined, value calculated by difference (fat = dry matter − (crude protein + ash + total 
carbohydrates)). 2Non-starch polysaccharides (NSP): residual amount between total carbohydrates 
and starch. 3Glc: total glucose content. 4Non-glucosyl NSP (NGP): sum of all monosaccharides (incl. 
Man, Rha, Fuc), except Glc. 5A/X: arabinose/xylose molar ratio. 

2.2 Birds management and sample collection   

The study was performed at the facilities of the Laboratory for Animal Nutrition 
and Animal Product Quality (LANUPRO), Department of Animal Sciences and 
Aquatic Ecology, Ghent University (Belgium), and was conducted in accordance 
with the ethical standards and recommendations for accommodation and care of 
laboratory animals covered by the European Directive 2010/63/EU on the 
protection of animals used for scientific purposes and the Belgian royal decree 
KB29.05.13 on the use of animals for experimental studies. 

Birds were housed in one room throughout the study with 23L:1D and 18L:6D (18L 
from 4:00 am to 10:00 pm) light schedule during day 0–7 and beyond, 
respectively. Room temperature was set at 34 °C and linearly decreased to 22 °C 
by day 28. During the first 5 days, additional infra-red lamp heating (one per pen) 
was used. Ninety-six (96) one-day-old male broilers (Ross 308) (Vervaeke-Belavi; 
Tielt, Belgium) were wing-tagged and randomly assigned in two floor pens (48 
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birds/pen): one receiving wheat-based and one receiving maize-based diets, until 
day 20 of the experiment. The broilers were vaccinated on the first day of age 
against Newcastle disease and infectious bronchitis at the hatcheries facilities. At 
18 days of age, the vaccination against Newcastle disease was repeated with 
Nobilis ND Clone 30 by spraying. After arrival, birds were fed the starter diets (day 
0–10) and grower diets (day 10–20) ad libitum (Table 1). On day 20, the birds 
were weighed and allocated according to body weight to pens with a wire floor so 
that the average body weight of birds in each pen was similar. The treatments 
(WC, WE, MC, and ME) were assigned to pens following a randomized block design. 
The blocking factor referred to the spatial organization in the facility. Each 
treatment consisted of 6 replicate pens, with each pen containing 4 birds. During 
the adaptation period (day 20–24), the birds received the finisher diets ad libitum. 
The birds were weighed in the morning of day 24 and then continued to be fed 
finisher diets until day 28. Feed intake was measured per pen and daily (morning 
of day 25, 26, 27, and 28). During this period, excreta were collected twice daily, 
homogenized, and an aliquot of a minimum of 250 g fresh material per pen was 
immediately stored at −20 °C. On day 28, all birds were weighed and euthanized 
by cervical dislocation followed by bleeding. The gizzard, ileum, and ceca contents 
were collected, pooled per pen, and frozen at −20 °C. Thawed aliquots were used 
for the determination of dry matter, ash, and acid-insoluble ash content. Frozen 
digesta were dried by lyophilization and homogenized with a MM 400 Mixer Mill 
(Retsch GmbH, Haan, Germany) prior to other chemical analyses. Feed samples 
were ground to pass a 0.7 mm sieve using a ZM200 mill (Retsch GmbH) prior to 
analysis. 

2.3 Proximate composition analysis  

Dry matter, ash, and acid-insoluble ash content 

Feed samples and thawed aliquots from the gizzard, ileum, and excreta were dried 
in an air oven at 80 °C, overnight. Subsequently, the dry matter content was 
determined by drying at 103 °C, according to the AOAC 935.29 method (30). For 
that purpose, approximately 5 g feed samples and 1–2 g digesta were weighed in 
ceramic crucibles. Next, ash and acid-insoluble ash (AIA) contents were 
determined sequentially, according to the method described by Van Keulen and 
Young (1977) (31) with certain modifications introduced by Montaño-Vargas et al. 
(2002) (32), allowing the reduction in sample size. In brief, dried samples were 
incinerated at 575 °C, and the resulting ash was weighed and boiled with 10 mL 4 
N HCl and filtered through ashless filter paper. The retentate was incinerated again 
at 575 °C, and the remaining AIA was weighed. The organic matter (OM) was 
calculated by subtracting ash from dry matter. 

Cecal dry matter 

Due to sample limitations, the dry matter and ash content of cecal digesta were 
determined gravimetrically using an XP6 Excellence Plus Micro Balance (5 
decimals) Mettler-Toledo International Inc., Columbus, OH, USA). Approximately 
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2 mg of fresh cecal matter was weighed in Eco-Cup LF pyrolysis cups (Frontier 
Laboratories Ltd., Fukushima, Japan) and were incubated at 80 °C, overnight. 
Next, the samples were incubated at 103 °C for 4 h and weighed. The ash content 
was determined by incinerating the dried samples at 575 °C and weighing the 
remaining material. 

Crude protein content  

The nitrogen content of feed samples and digesta was determined according to the 
AOAC 990.03 method (30) using a FlashEA® 1112 NC Analyzer (Thermo Fisher 
Scien-tific Inc., Waltham, MA, USA). The nitrogen conversion factor used to 
estimate the crude protein was 6.25. 

2.4 Carbohydrate analysis  

Sugar composition  

The total sugar composition of feed and digesta samples was determined according 
to Englyst and Cummings (1984) (33). Samples were pre-hydrolyzed in 72% (w/w) 
H2SO4 (30 °C, 1 h) and subsequently hydrolyzed in 1 M H2SO4 (100 °C, 3 h). 
Neutral monosaccharides released were derivatized to alditol acetates and 
analyzed by gas chromatography on a Trace 1300 GC system (Thermo Fisher 
Scientific Inc.) equipped with a DB-225 column (Agilent Technologies Inc., Santa 
Clara, CA, USA) and a flame/ionization detector (FID), using inositol as internal 
standard. Uronic acid content was determined by the colorimetric m-hydroxyphenyl 
assay with an automated analyzer (Skalar Analytical B.V., Breda, The 
Netherlands), according to Blumenkrantz and Asboe-Hansen (1973) and Thibault 
and Robin (1975) (34,35). 

Total starch content  

The total starch content of feed and digesta samples was determined according to 
the AOAC Method 996.11 (KOH format) (36) using the Total Starch Assay Kit 
(Megazyme, Bray, Ireland) as modified by Martens et al. (2018) (37). In brief, 25 
μL supernatant of enzymatically treated samples was transferred in the wells of a 
96 well plate followed by the addition of 225 μL glucose oxidase peroxidase 
(GOPOD) reagent (Megazyme). The reaction was performed in a shaking incubator 
at 50 °C for 20 min, and the absorbance at 520 nm was read against reagent blank 
using a Tecan Infinite® F500 (Tecan Group Ltd., Männedorf, Switzerland) 
spectrophotometer. The glucose (Glc) content was determined using a Glc 
calibration curve (0.1–0.6 mg/mL). 
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Oligosaccharide characterization by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS) 

The structural characterization of oligosaccharides present in the ileum was 
performed according to Broxterman et al. (2017) (38) on an ultrafleXtremeTM 
MALDI-TOF/TOF mass spectrometer (Bruker Daltonics Inc., Billerica, MA, USA). 
The equipment was controlled with FlexControl 3.3 software and operated in 
positive mode. The mass spectrometer was calibrated with maltodextrins (Avebe, 
Veendam, The Netherlands) in a mass range of 500–3000 (m/z). Approximately 
100 mg of dried ileal digesta was suspended in 1 mL water and incubated at 99 °C 
for 30 min. The supernatant was then separated by centrifugation at 20,000 x g 
for 10 min, diluted ten times with water, and desalted with Dowex 50W-X8 resin 
(Sigma-Aldrich, St. Louis, MO, USA). Next, an aliquot (100 μL) was removed, and 
NaCl was added at 1 μM to allow the formation of sodium adducts during ionization. 
Afterward, sample (1 μL) was co-crystallized with matrix solution (1 μL); 25 mg/mL 
dihydroxy-benzoic acid (Sigma-Aldrich) in 50% (v/v) acetonitrile (VWR 
International B.V., Amsterdam, The Netherlands) on a target plate under a stream 
of dry air. 

2.5 Microbial metabolites analysis 

Short chain fatty acids (SCFA) 

The SCFA content of ileal and cecal digesta was determined by gas chromatography 
(GC-FID), as described by Logtenberg et al. (2020) (39). An aqueous solution of 
acetic, butyric, propionic, isobutyric, and isovaleric acids (Sigma-Aldrich) was 
prepared for quantification. The standard solution was diluted to obtain final 
concentrations in the range of 0.01–1.0 mg/mL and was treated similarly to the 
samples. 

Lactic and succinic acid  

The concentrations of lactic and succinic acids in ileal and cecal samples were 
determined by high-performance liquid chromatography (HPLC), according to 
Jonathan et al. (2012) (40). The samples were analyzed with an Ultimate 3000 
HPLC System (Dionex Corp., Sunnyvale, CA, USA) equipped with an Aminex HPX-
87 H column (Bio-Rad, Richmond, VA, USA) and a guard column. The HPLC system 
was coupled to a Shodex RI-101 refractive index detector (Showa Denko KK, 
Kawasaki, Japan). The samples (injection volume 10 μL) were run isocratically 
using 5 mM H2SO4 as eluent at 0.6 mL/min flow rate, with column temperature at 
40 °C. A standard solution containing lactic and succinic acid (Sigma-Aldrich) was 
prepared for quantification and was diluted to obtain final concentrations in the 
range of 0.1–10.0 mg/mL. 
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2.6 Calculations  

The apparent ileal digestibility (AID) and apparent total tract digestibility (ATTD) 
of organic matter, starch, and protein were estimated with Equation (1), using AIA 
as an indigestible marker (20): 
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Where NTd, NTi, NTe is the measured nutrient content (% DM) in the diet, ileum, 
and excreta, respectively, and AIAd, AIAi, AIAe is the measured marker content (% 
DM) in the diet, ileum, and excreta. NTi and AIAi, and NTe and AIAe were used to 
determine AID and ATTD, respectively. 

The recovery of NSP in the ileum and excreta was determined through the 
constituting monosaccharides. For that reason, the recovery of xylose, arabinose, 
galactose, uronic acid, and non-glucosyl NSP (NGP) was estimated using Equation 
(2): 
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Where Md, Mi, Me is the measured monosaccharide content (% DM) in the diet, 
ileum, and excreta, respectively, and AIAd, AIAi, AIAe is the measured marker 
content (% DM) in the diet, ileum, and excreta. Mi and AIAi, and Me and AIAe were 
used to determine recovery in the ileum and excreta, respectively. 

2.7 Statistical analysis  

The obtained data were subjected to analysis of variance (ANOVA) using the R 
statistical software (R Core Team), with the pen being the experimental unit. The 
observations from wheat-based and maize-based DT were modeled separately. The 
effect of enzyme treatment (E; control vs. enzyme) on carbohydrate content and 
microbial metabolites was determined. Nutrient digestibility and NSP recovery were 
modeled using E and Sampling Site (S: ileum for AID and excreta for ATTD) as 
main effects, including their two-way interaction term. The blocking factor was 
considered as the main effect in the model. To test the significance of the 
differences between different treatments, Tukey’s post-hoc test was performed, 
with a significance threshold set at p< 0.05. 

The data obtained for NSP content and recovery along the GIT, SCFA content in 
the ceca, nutrient digestibility, and animal growth were subjected to principal 
component analysis (PCA) using R. Next, the Pearson correlation coefficients of the 
aforementioned variables were calculated, and the corresponding correlation 
matrix was constructed to visualize the relations. Correlations with p< 0.05 were 
considered significant. 
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3 Results  

3.1 Growth parameters  

The growth of broilers was recorded during the finisher period (day 24–28) in order 
to evaluate the possible effect of enzyme addition on the broiler’s nutritional 
responses (Table S1). It should be noted that the first aim of this experiment was 
not to evaluate the effect of the enzyme on animal performance. Therefore, the 
measured growth parameters are approached with caution and only considered in 
the context of this study. The obtained values for body weight (BW), average daily 
gain (ADG), and average daily feed intake (ADFI) were lower, and the feed 
conversion ratio (FCR) was higher than breed performance objectives for 28-day-
old male Ross 308 broilers (41), mainly because broilers were fed mash diets. 
Overall, WE presented increased BW (6% higher; p = 0.021), ADG (14% higher; 
p = 0.059) and ADFI (6% higher; p=0.281) values compared to WC, while FCR 
decreased by 7% (p = 0.018). ME presented numerically positive responses 
compared to MC, but not to the extent observed in the wheat-based DT. For 
example, ME presented increased BW (3% higher; p = 0.136), ADG (6% higher; p 
= 0.320) and ADFI (4% higher; p = 0.285) values compared to MC, while FCR was 
decreased by 2% (p = 0.498). 

3.2 Oligosaccharide profiles in ileal digesta 

The addition of dietary xylanase is hypothesized to degrade polymeric arabinoxylan 
(AX) to oligosaccharides (AXOS) during feed digestion, and these products are 
expected to be released in solution. The ability of dietary xylanase to form 
oligosaccharides was determined by MALDI-TOF-MS analysis of the water-soluble 
fraction of ileal digesta from the four DT (Fig. 1, S1 and S2). 

At first glance, m/z values corresponding to homologous series of hexose oligomers 
were abundantly detected in all samples (sequential increments of m/z 162). The 
hexose oligomers in both wheat-based DT had a polymerization degree (DP) of 3 
to 21 (Fig. 1A,B). Hexose oligomers of DP 3 to 10 were detected in both maize-
based DT (Fig. 1C,D). Another series of three oligomers with two consecutive m/z 
162 increments (m/z 1419, 1581, and 1743) was present in all four DT. Alongside 
these compounds, a homologous series with increments of m/z 132 was detected 
in WE, representing pentose oligomers (Fig. 1B). The pentose oligomers were 
detected in all six replicate pens (Fig. S1) between m/z 701 and m/z 3444 and 
presented DP 5–26. The pentose oligomers were unique for the WE treatment and 
were absent in WC, MC, and ME. 
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Fig. 1. MALDI-TOF-mass spectra of supernatants of ileal digesta from broilers fed wheat 
control (A), wheat enzyme (B), maize control (C), and maize enzyme (E) dietary 
treatments (DT). The number of hexose (Hn) or pentose (Pn) monomers constituting 
each oligomer is presented in the mass spectra. 

3.3 Monosaccharide contents in digesta 

In order to evaluate the effect of enzyme addition on the carbohydrate content 
present in digesta, the monosaccharide content after acid hydrolysis of all 
carbohydrates present in the finisher diets, gizzard, ileum, ceca, and excreta was 
determined (Table 2, 3, S2). Glucose (Glc) was the most abundant monosaccharide 
in all diets, followed by xylose (Xyl), arabinose (Ara), galactose (Gal), and uronic 
acids (UA) (Table 2). Mannose (Man), rhamnose (Rha) and fucose (Fuc) were 
present in the diets at values lower than 0.6%, 0.1% and 0.2% (w/w), respectively 
(data not shown). Man, Rha and Fuc were taken into account when estimating the 
total carbohydrate contents but will not be further discussed due to their low 
amounts. 

Gizzard: Glc was the main carbohydrate present in the gizzard and ranged 
between 33.7% (w/w) and 38.5% (w/w) (Table 3). In wheat-based DT, Xyl was 
the second most abundant carbohydrate (7.8–8.9% (w/w)), followed by Ara, Gal 
and UA. WC presented significantly higher Glc content than WE (p = 0.014). At the 
same time, WC presented lower Ara (p = 0.043), Xyl (p = 0.051), Gal (p = 0.001), 
UA (p = 0.010) and non-glucosyl NSP (NGP) (p = 0.013) contents than WE. No 
differences in total carbohydrates (p = 0.203) and A/X ratio (p = 0.230) were 
observed between WC and WE. MC and ME presented similar monosaccharide 
contents in the gizzard (p > 0.05). 
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Table 3. Effect of the enzyme (E) on the monosaccharide content (% w/w dry matter 
basis) in the gizzard and ceca of broilers fed wheat-based (WC, WE) (n = 6) and maize-
based (MC, ME) (n = 6) DT. 

Gizzard 
% w/w WC WE SEM1 p value2 MC ME SEM p value 
Ara 5.29 5.80 0.16 0.043 2.68 2.70 0.08 0.861 
Xyl 7.80 8.90 0.35 0.051 3.00 2.65 0.13 0.093 
Glc 38.49 34.46 0.96 0.014 33.73 34.95 0.55 0.145 
Gal 3.52 3.84 0.05 0.001 2.67 2.54 0.06 0.174 
UA 2.97 3.28 0.07 0.010 3.48 3.40 0.07 0.417 
Total 59.62 58.05 0.82 0.203 46.68 47.27 0.46 0.393 
NGP 21.13 23.59 0.58 0.013 12.95 12.31 0.33 0.198 
A/X 3 0.68 0.65 0.01 0.230 0.90 1.03 0.04 0.062 

Ceca 
% w/w WC WE SEM p value MC ME SEM p value 
Ara 0.31 0.24 0.02 0.059 0.22 0.19 0.01 0.066 
Xyl 0.58 0.23 0.10 0.036 0.10 0.08 0.01 0.217 
Glc 6.19 7.72 0.98 0.295 6.18 5.54 0.73 0.553 
Gal 1.42 1.44 0.09 0.918 1.12 1.12 0.04 0.997 
UA 1.22 1.26 0.04 0.563 1.00 0.88 0.06 0.217 
Total 11.41 12.50 1.07 0.488 10.31 9.35 0.74 0.382 
NGP 5.22 4.77 0.26 0.248 4.14 3.81 0.10 0.036 
A/X 0.64 1.11 0.09 0.005 2.40 2.51 0.19 0.689 
1Standard error of the mean. 2Estimated by ANOVA with enzyme addition (E) as a factor. 3A/X: 
arabinose/xylose molar ratio. 

Ceca: The Xyl content in the ceca significantly decreased upon enzyme addition (p 
= 0.036), from 0.6% (w/w) in WC to 0.2% (w/w) in WE. The Ara content showed 
a trend to decrease upon enzyme addition (p = 0.059) from 0.3% (w/w) in WC to 
0.2% (w/w) in WE. The decrease in Ara and Xyl contents coincided with a 
significantly higher A/X ratio in WE (1.11) compared to WC (0.64) (p = 0.005). 
The Xyl content in the ceca for the maize-based DT was found to be lower than 
0.1% (w/w), while higher A/X values (MC: 2.41, ME: 2.52) than in the wheat-
based DT were obtained. ME presented significantly lower NGP content than MC (p 
= 0.036). It should be mentioned that the cecal samples contained 1.1–1.3% 
(w/w) rhamnose (data not shown). Since this monosaccharide was only present in 
trace amounts in the diets, it is suspected to originate from the bacterial cell wall. 

Ileum and excreta: Carbohydrates accounted for approximately 44.9–48.8% 
(w/w) of the solids present in the ileum (Table S2). Glc was the most abundant 
carbohydrate, followed by Xyl, Gal, Ara, and UA. The carbohydrate content in the 
excreta was somewhat lower than in the ileum (35.0–37.1% (w/w)) (Table S2). 
Glc was the most abundant carbohydrate, followed by Xyl, Ara, Gal, and UA. To 
further investigate the transit and fermentability of NSP and individual polymers in 
the GIT, the recovery values of individual carbohydrates in the ileum and excreta 
(Equation (2)) were determined and are shown next. 

3.4 Recovery of NSP in the ileum and the total tract 

The transit and fermentability of NSP and individual polymers in the GIT were 
studied by estimating the recovery values of Ara, Xyl, Gal, UA, and NGP in the 
ileum and excreta (total tract) (Table 4). The absence of significant interactions 
between enzyme (E) and sampling site (S: ileum, total tract) suggested that the 
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effect of the enzyme was independent of the sampling site for both wheat-based 
and maize-based DT. 

Table 4. Effect of the enzyme (E) and sampling site (S) on Ara, Xyl, Gal, uronic acid 
(UA), and Non-glucosyl NSP (NGP) recovery (%) in the ileum and total tract of broilers 
fed wheat-based (WC, WE) (n = 5–6) and maize-based (MC, ME) (n = 5–6) DT. 

Dietary 
Treatment 
(DT) 

NSP Recovery % 

Ara Xyl Gal UA NGP 

Ileum Total Ileum Total Ileum Total Ileum Total Ileum Total 

WC 107.97a 83.85b 94.82a 74.74b 104.47a 57.31b 73.55a 59.96b,* 94.81a 68.82b 

WE 101.02a 80.22b 88.50a 70.29b 102.7a,* 58.77b 74.36a 62.49b 90.14a 68.00b 

SEM1 2.12 2.20 1.42 (* 1.57) 1.25 (* 1.39) 1.70 

Model established p values 

E 0.022 0.025 0.996 0.193 0.125 

S <0.001 <0.001 <0.001 <0.001 <0.001 

E x S 0.442 0.675 0.325 0.548 0.274 

MC 99.3 104.13 96.73 102.17 99.04a 67.63b 101.43 96.56 99.02 85.96 

ME 105.85 109.47* 102.16 107.88* 107.54a,* 66.91b,* 96.02 101.66 99.83 92.98 

SEM 3.92 (* 4.34) 3.10 (* 3.42) 2.82 (3.12) 3.43 3.53 

Model established p values 

E 0.214 0.112 0.194 0.965 0.281 

S 0.743 0.111 <0.001 0.912 0.011 

E x S 0.665 0.977 0.143 0.143 0.390 
1Standard error of the mean, for n = 6. *In case of missingness (n = 5), the adjusted SEM value is 
presented between brackets. a,bRecovery values of the same NSP measured in the ileum and excreta 
within cereal type not sharing common notation differ significantly (p < 0.05). 

In the wheat-based DT, the sampling site significantly influenced the recovery 
values of all measured monosaccharides (p < 0.05). Significantly lower values were 
obtained in the total tract compared to the ileum in all cases (p < 0.05). Enzyme 
addition significantly affected the recovery of Ara (p = 0.022) and Xyl (p = 0.025). 
Ara recoveries in the ileum were close to 100% for both WC and WE. Furthermore, 
94.8% and 88.5% of the Xyl present in the diet was recovered in the ileum for WC 
and WE, respectively. The differences observed between WC and WE regarding the 
Ara and Xyl recovery in the ileum were not significant (Ara: p = 0.130, Xyl: p = 
0.214). Nevertheless, the Ara and Xyl values in WE tended to be lower than in WC 
by 6.3% and 6.7%, respectively. Similarly, the total tract recoveries of Ara and 
Xyl obtained in WE tended to be lower than the ones obtained in WC (4.3% and 
5.9% lower, respectively) but not significantly different (p = 0.459 and p = 0.628, 
respectively). 

In maize-based DT, the sampling site significantly influenced the Gal (p < 0.001) 
and NGP (p = 0.011) recovery values, with lower values being obtained in the total 



Chapter 2 

50 

tract compared to the ileum. On the contrary, there was no significant effect of 
sampling site on Ara (p = 0.743), Xyl (p = 0.111) and UA (p = 0.912) recovery. 
The ileal and total tract recoveries of Xyl, Ara, and UA were similar, fluctuating 
around 100% of the constituent monosaccharides present in the diet. No significant 
effect of enzyme addition was observed in all cases (p > 0.05). 

3.5 Lactate, succinate, and short-chain fatty acids (SCFA) 
contents in the ileum and the ceca 

The formation of lactate, succinate, and SCFA in the broiler’s ileum and ceca was 
determined to monitor the effect of enzyme supplementation on the fermentation 
processes along the GIT (Table 5). Lactate was the most abundant metabolite in 
the ileum (129.4–250.2 μmol/g dry matter basis), while acetate and succinate 
contents ranged between 2.5 and 9.9 μmol/g. Acetate (172.7–354.5 μmol/g) and 
butyrate (53.1–78.5 μmol/g) were the two most abundant SCFA in the ceca, 
followed by propionate (11.0–31.4 μmol/g). Isobutyrate and isovalerate were 
detected in the ceca in considerably lower amounts (1.3–4.3 μmol/g) for all DT. 

Table 5. Effect of the enzyme (E) on acetate (Ace), lactate (Lac) and succinate (Suc) 
content in the ileum, and acetate (Ace), butyrate (But), propionate (Pro), isobutyrate 
(Ibu), isovalerate (Iva), and total short-chain fatty acids (SCFA) content (μmol/g dry 
matter basis) in the ceca of broilers fed wheat-based (WC, WE) (n = 6) and maize-
based (MC, ME) (n = 5–6) DT. 
Dietary 
Treatment 
(DT) 

Ileum (μmol/g) Ceca (μmol/g) 

Ace Lac Suc Ace But Pro Ibu Iva Total 
SCFA2 

WC 2.52 129.42 3.30 172.66 53.12 11.02 1.38 1.51 239.69 
WE 9.47 250.20 7.59 250.94 73.08 11.15 1.32 1.54 338.03 
SEM1 1.34 56.74 1.01 18.70 6.13 0.75 0.13 0.14 24.91 

Model established p values 
E 0.004 0.163 0.013 0.014 0.044 0.906 0.728 0.881 0.019 
MC 9.95 239.87 9.47 354.47 78.46 31.43 3.38 4.26 472.42 
ME 7.88 145.51 7.83 287.77 59.29 23.60 2.70 3.85 378.16 
SEM 1.05 30.95 1.39 19.57 4.31 2.32 0.33 0.28 24.34 

Model established p values 
E 0.195 0.057 0.425 0.037 0.010 0.039 0.185 0.333 0.021 
1Standard error of the mean, for n = 6, except for isobutyrate and isovalerate in MC and ME, where 
n = 5. 2Sum of individual SCFA in the ceca. 

In the wheat-based DT, enzyme addition significantly increased acetate (p = 
0.004) and succinate (p = 0.013) contents in the ileum. However, it did not 
significantly affect lactate contents (p = 0.163), even though the value obtained 
in WE was 1.9 times higher than in WC. The reason behind the lack of significance 
could be the high variation in individual values. Furthermore, enzyme addition 
significantly increased the contents of acetate (p = 0.014), butyrate (p = 0.044) 
and total SCFA (p = 0.019) in the ceca. No significant influence of enzyme addition 
was observed in the contents of propionate (p = 0.906), isobutyrate (p = 0.728) 
and isovalerate (p = 0.881). 
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In the maize-based DT, enzyme addition showed a trend to decrease lactate 
formation in the ileum (p = 0.057), but did not impact acetate (p = 0.195) and 
succinate (p = 0.425) contents. In the ceca, enzyme addition was found to 
significantly decrease the contents of acetate (p = 0.037), butyrate (p = 0.010), 
propionate (p = 0.039) and total SCFA (p = 0.021), while it did not impact the 
contents of isobutyrate (p = 0.185) and isovalerate (p = 0.333). 

Overall, enzyme addition was found to impact the bacterial metabolite formation 
differently in wheat-based and maize-based DT, highlighting the importance of the 
cereal type present for hindgut fermentation. 

3.6 Nutrient digestibility 

The impact of enzyme action on nutrient (organic matter: OM, starch, and crude 
protein: CP) digestion in the small intestine and OM and starch fermentation in the 
hindgut is presented in Table 6. The apparent ileal digestibility (AID) values 
obtained were between 72.2 and 75.3% for OM, 94.8–97.5% for starch, and 77.0–
81.2% for CP. The apparent total tract digestibility (ATTD) values obtained ranged 
between 73.3 and 75.4% for OM and 96.0–98.2% for starch. 

Table 6. Effect of the enzyme (E) and sampling site (S) on the apparent ileal 
digestibility (AID%) and apparent total tract digesti-bility (ATTD%) of organic matter, 
starch and crude protein of broilers fed wheat-based (WC, WE) (n = 6) and maize-based 
(MC, ME) (n = 5–6) DT.  

Dietary 
Treatment 
(DT) 

Organic Matter (OM) Starch Crude Protein (CP) 

AID % ATTD % AID % ATTD % AID % ATTD % 

WC 72.17b 74.02a 94.76b 95.99ab 76.99 - 

WE 75.31a 75.44a 97.35a 97.23a 81.17 - 
SEM1 0.38 0.45 0.64 

Model established p values 

E <0.001 <0.001 0.002 
S 0.019 0.232 - 

E x S 0.036 0.152 - 

MC 74.60 73.27 97.11b 98.15a 80.98 - 
ME 74.75 73.48 97.48a,b,* 98.23a 78.21* - 

SEM 0.57 0.23 *(0.26) 0.99 *(1.11) 

Model established p values 

E 0.757 0.384 0.102 
S 0.033 0.001 - 
E x S 0.955 0.603 - 
1Standard error of the mean, for n = 6. * In case of missingness, the adjusted SEM value (n = 5) 
is presented between brackets. a,b Values corresponding to the same measured parameter (OM, 
starch, CP) within cereal type not sharing common notation differ significantly (p < 0.05). 

A significant enzyme (E) and sampling site (S) interaction (p = 0.036) was 
observed only for OM in the wheat-based DT. Firstly, the pair-wise comparison 
between the OM-AID and ATTD values of WC and WE revealed that WC-ATTD was 
significantly higher than WC-AID (p = 0.014). However, similar values between 
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WE-AID and WE-ATTD were obtained (p = 0.995). Secondly, WE-AID was 
significantly higher than WC-AID (p < 0.001). Lastly, WE-ATTD showed a trend to 
be higher than WC-ATTD (p = 0.074). 

Enzyme (E) significantly impacted starch digestibility (p = 0.001). In particular, 
starch WE-AID was significantly higher than WC-AID (p = 0.004). No significant 
differences were found between WE-AID and WE-ATTD (p = 0.998). Similarly, no 
significant differences were found between WC-AID and WC-ATTD (p = 0.255). 
Lastly, WC-ATTD was similar to WE-AID (p = 0.185) and WE-ATTD (p = 0.248) as 
well. The similarity of WE-AID and WE-ATTD with WC-ATTD, but not with WC-AID, 
suggests that the non-significant increase of 1.3% as observed in starch 
digestibility for WC between the ileum and the total tract could have biological 
relevance. Finally, enzyme addition significantly increased CP-AID (p = 0.002). The 
nitrogen content in excreta was not corrected for endogenous secretions, and the 
CP ATTD values were not estimated. 

No significant E x S interactions were observed in the maize-based DT (p > 0.05). 
Moreover, enzyme addition did not affect significantly OM (p = 0.757), starch (p = 
0.384) or CP (p = 0.102) digestibility. Although the sampling site had a significant 
effect on OM (p = 0.033) digestibility, the individual AID and ATTD values of MC 
and ME were similar (p > 0.05). Next, starch digestibility was significantly affected 
by the sampling site (p = 0.001), with higher values being obtained in the total 
tract compared to the ileum. In particular, MC-ATTD was significantly higher than 
MC-AID (p = 0.032). ME-AID was not significantly different from MC-AID (p =
0.766), but at the same time was similar to both MC-ATTD (p = 0.242) and ME-
ATTD (p = 0.148) values. Hence, a subtle improvement in starch AID due to
enzyme addition in maize-based DT could still be of biological importance.

3.7 Interrelationships between nutrient digestibility, NSP 
fermentation in the hindgut and growth parameters 

Principal component analysis was performed to obtain an overview of the response 
of the different dietary treatments to the investigated parameters (Fig. 2).  

The first principal component (PC1) explained 39.65%, and the second principal 
component (PC2) explained 19.7% of the total variance. Overall, PC1 appeared to 
separate the wheat-based from the maize-based DT while WC and WE were further 
separated by PC2. WC presented high Ara and Xyl contents in the cecum (Ara-Cec, 
Xyl-Cec) and high FCR values. WE formed a separate cluster from WC mainly due 
to the higher Xyl-Giz, Ara-Giz, OM-AID, OM-ATTD, and CP-AID loadings. The 
maize-based DT were clustered together and presented differences compared to 
both WC and WE. Both MC and ME were characterized by high Ara, Xyl, and NGP 
recovery in the ileum (Ril) and excreta (Rex). 
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Fig. 2. Principal component analysis (PCA) biplot of wheat control (blue), wheat enzyme 
(purple), maize control (red), and maize enzyme (green) dietary treatments (DT). The 
scores were plotted for PC1 and PC2. The amount of variance explained by each PC is 
shown in parentheses. The variables used were: (i) NSP-related parameters; ileal (Ril) 
and total tract (Rex) recovery of Ara, Xyl and non-glucosyl NSP (NGP), and Ara and Xyl 
contents (% w/w) in the gizzard (Giz) and the ceca (Cec), (ii) acetate (Ace), butyrate 
(But), propionate (Pro) and total short-chain fatty acids (SCFA) contents in the ceca, 
(iii) nutrient digestibility parameters: apparent ileal digestibility (AID) and apparent
total tract digestibility (ATTD) of organic matter (OM) starch (STA), and crude protein
(CP), and (iv) animal growth parameters: body weight (BW), feed conversion ratio
(FCR), average daily feed intake (ADFI), and average daily gain (ADG).

The potential interrelationships between the investigated parameters were then 
examined (Fig. 2 and Fig. S3). Organic matter (OM) AID was negatively correlated 
with Ara-Cec and Xyl-Cec and with Ara-Ril. On the contrary, OM-ATTD presented 
positive correlations with Ara and Xyl contents in the gizzard (Giz) and the ceca, 
while it was negatively correlated with their ileal and total tract recoveries. Starch 
AID and ATTD were negatively correlated with Ara and Xyl contents in the gizzard 
and the ceca and were positively correlated with Ara and Xyl recovery in the 
excreta. The SCFA were negatively correlated with Ara and Xyl contents in the 
gizzard and the ceca but were positively correlated with Ara, Xyl recovery in the 
excreta (Rex), and starch ATTD. While unexpected, the positive correlation 
between Ara and Xyl total tract recovery and SCFA content was due to the maize-
based DT, as those treatments presented high values for both sets of parameters. 
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High SCFA loadings were positively correlated with improved animal growth. 
Improved animal growth was illustrated by high loadings of BW, ADFI, ADG, and 
low FCR loadings. Finally, the Ara and Xyl contents in the ceca were negatively 
correlated with animal growth.  

4 Discussion 

4.1 The effect of NSPase on carbohydrate recovery and 
oligosaccharide profiles in the upper GIT 

NSP content in the gizzard 

The activity of dietary NSPases in the gizzard has been reported to be limited, 
mainly due to the acidic environment (42). Nevertheless, cell wall degradation 
during the early stages of digestion (43) could set the scene for improved feed 
assimilation in the small intestine and the hindgut. Hence, the potential influence 
of dietary NSPases on carbohydrate content in the gizzard was investigated. The 
combination of xylanase and glucanase used in this study (NSPase) increased the 
arabinoxylan (AX) concentration in the gizzard but did not impact the A/X ratio 
(Table 3). This indicates the presence of higher levels of AX with similar structural 
characteristics in WE compared to WC. In addition, Gal and UA-containing NSP 
presented higher contents in the gizzard for WE. At the same time, WE presented 
a lower Glc content in the gizzard than WC. The differences in Glc content between 
WC and WE probably reflect differentiated starch retention in the gizzard, as 
affected by the enzyme, since non-starch Glc, such as cellulose, would be expected 
to behave similarly to other NSP. NSPase has been previously shown to influence 
the gizzard’s contents and empty weight, especially in whole wheat diets 
(17,42,44,45). In addition, NSPase appeared to influence the type and level of feed 
components being retained in the gizzard. For example, the enzymatic degradation 
of the cell wall could have released entrapped nutrients, such as starch, thus 
facilitating their absorption in the small intestine. On the contrary, cell wall 
material has also been shown to accumulate in the gizzard, as previously reported 
(9,46). The above observations were not present in the maize-based DT, as NSPase 
addition in ME did not impact the carbohydrate content. Still, further research is 
warranted to investigate the extent of the potential activity of NSPase in the 
gizzard. 

Xylanase releases soluble oligosaccharides in the small 
intestine 
Xylanase activity in the proximal GIT (gizzard, small intestine) is expected to have 
released arabinoxylan-oligosaccharides (AXOS). Non-digestible oligosaccharides, 
such as AXOS, are expected to accumulate in the ileum. Hence, the presence of 
soluble oligosaccharides in the ileum of the broilers was determined (Fig. 1) to 
provide direct evidence of xylanolytic activity during feed digestion. 
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Hexose oligosaccharides (HexOS) detection in the ileum could be partly attributed 
to incomplete starch hydrolysis. For example, the presence of unabsorbed 
maltodextrins, mainly maltose and maltotriose, has previously been detected in 
the ileum of pigs (47). The HexOS detected in WC, and WE presented longer chain 
lengths than the ones detected in MC and ME. Isolated wheat starch has been 
shown to be more rapidly digestible than maize starch (37). Hence, none or only 
small differences between wheat and maize regarding the maltodextrins present 
at the end of the small intestine were expected. Therefore, maltodextrins alone are 
considered unlikely to account for the observed differences in HexOS profiles. It is 
suspected that HexOS represent (partly) a series of compounds with similar 
masses to maltodextrins. Wheat grains are known to contain fructans and fructo-
oligosaccharides (FOS) (48), whose presence could further explain differences in 
HexOS profile between wheat-based and maize-based DT. Preliminary findings 
(data not shown) demonstrated the disappearance of most HexOS peaks after 
incubation with a combination of amyloglucosidase and endo- and exo-inulinase. 
The potential detection of FOS in the ileum presents great interest because these 
compounds are known for their prebiotic activity and can play an important role 
during hindgut fermentation (48,49). 

Pentose oligosaccharides were detected in WE ileal digesta next to HexOS, and 
their release upon xylanase addition demonstrates the enzymatic degradation of 
(hetero)xylan to (A)XOS. Considering that both xylose and arabinose are pentoses, 
it was not possible to determine their relative ratio in each oligomer. Approximately 
60–65% of the Xyl residues of wheat AX is unsubstituted, and these unsubstituted 
Xyl residues are distributed among Ara-substituted Xyl moieties as clusters of 2 to 
5 consecutive residues (7,23,50,51). Longer, unsubstituted xylan fragments would 
have either been further degraded by the xylanase or would have been adsorbed 
to cellulose and remained insoluble (52). Consequently, the detected 
oligosaccharides consisting of 5 to 26 pentose units will contain both Xyl and Ara 
moieties in their structure, and they correspond to enzymatically released 
arabinoxylan-oligosaccharides (AXOS). Hence, it is demonstrated that dietary 
supplementation of xylanase led to the in situ release of AXOS in the ileum of 
broilers fed wheat-based diet. Pentose oligosaccharides below DP 6, ascribed as 
XOS, were recently detected in the jejunum of broilers fed wheat diets in the 
presence of xylanase as well as in the control treatment (53). The presence of 
small, unsubstituted XOS (DP 2–6) could not be confirmed in the present study. 
AXOS DP > 5 were found to be the dominant oligomeric products of the enzymatic 
depolymerization of AX in the broiler’s small intestine by the supplemented 
xylanase. AXOS direct supplementation in broiler diets is reported to promote the 
growth of bifidobacteria in the ceca (15,29). Hence, the current findings strengthen 
the hypothesis that xylanase action in the upper GIT can generate oligosaccharides 
exhibiting prebiotic properties. 

Enzyme addition in ME did not result in AXOS release. The recalcitrance of maize 
AX to xylanolytic activity can be attributed to its complex structure and low water-
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solubility (5,24,53,54). For instance, substituents such as arabinose and glucuronic 
acid are known to hinder the activity of certain xylanases, especially the ones 
belonging to the GH11 family (55). Indeed, the hindrance of GH11 xylanases 
toward maize AX has been reported in a previous in vitro study (56). The potential 
oligosaccharide release by glucanase could not be confirmed in this study. This 
could be partly attributed to the low amount of β-glucan present in both wheat and 
maize (5). Additionally, the high abundance of maltodextrins and FOS observed in 
the ileum could have potentially masked the presence of cello-oligosaccharides 
with the same mass. Hydrolysis of cell wall NSP, such as AX and cellulose, by 
xylanase and/or glucanase, is believed to have occurred in both wheat and maize 
but not necessarily resulting in oligosaccharide release. Therefore, partial cell wall 
degradation by NSPases may play an important role in reducing nutrient 
encapsulation by insoluble NSP (18,27). 

Implications of oligosaccharide release on NSP ileal recovery 

NSP cannot be digested in the small intestine due to the lack of the necessary 
enzymes. Thus, they are expected to be fully recovered in the ileum. The high Ara, 
Xyl, Gal, and non-glucosyl NSP (NSG) ileal recoveries observed for all DT (Table 4) 
confirmed this assumption. In particular, more than 88% of the Xyl and 
approximately 100% of the Ara present in the diet were recovered in the ileum, 
regardless of DT. Ηigh ΑΧ accumulation in the broiler’s ileum (57,58) and complete 
ΑΧ recovery in the pig’s ileum (59) have been previously reported. However, 
insoluble digestibility markers, such as the one used in this study, may poorly 
estimate the transit of soluble feed components (60). Furthermore, soluble and 
small feed particles exiting the ileum can enter the ceca, while insoluble, 
undigested feed components will be excreted (46,60). Hence, the decreased Ara 
(6.9% lower) and Xyl (6.7% lower) ileal recoveries obtained in WE may imply a 
higher amount of soluble AX entering the ceca compared to WC. AXOS release by 
xylanase documented in WE (Figure 1) may have increased the proportion of 
soluble AX entering the ceca. The use of soluble digestibility marker is further 
needed to investigate this relationship (60). 

Limited NSP fermentation and complete NSP recovery were expected for the small 
intestine due to short retention time, pH conditions, and small populations of 
lactobacilli and Clostridia present (49). Although WE presented higher acetate and 
succinate amounts than WC, the low absolute amounts of these metabolites further 
suggested limited fermentation in the ileum. Lactobacilli prefer the fermentation of 
maltodextrins formed during starch digestion compared to other oligosaccharides 
(61). The marginal effect of NSPase on lactate formation observed in both wheat-
based and maize-based DT may, consequently, not be directly related to NSP 
fermentation in the small intestine. This further strengthens the notion that the 
majority of NSP reaches the end of the small intestine undegraded by the 
microbiota, irrespective of enzyme treatment. It should be mentioned that direct 
AXOS provision to the diet increased lactate formation in the broiler’s ileum to a 
greater extent than xylanase treatment (62). 
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4.2 Enzyme action improves nutrient ileal digestibility and 
alters their use in the hindgut 

The possible impact of AX degradation in the upper GIT by NSPase on the ileal 
(AID) and the total tract digestibility (ATTD) of organic matter, starch, and protein 
was also investigated (Table 6). 

Approximately 72.2% of the dietary organic matter (OM) was digested in the small 
intestine (AID), and an additional 1.8% of OM was fermented in the broiler’s 
hindgut in WC. Enzyme treatment (WE) increased OM-AID. Yet, the OM-ATTD did 
not increase further. This suggested that enzyme supplementation caused feed 
components that would have otherwise been fermented in the hindgut to be 
digested already in the ileum. Such observations were not applicable for the maize-
based DT. 

The bulk of starch (94.8–97.5%) was digested in the small intestine (AID) in all 
DT. Still, an additional 1.2% and 1.0% starch was fermented in the hindgut in WC 
and MC, respectively. It can be argued that part of the starch fraction escaping 
digestion disappeared through microbial fermentation in chicken’s hindgut, as 
previously mentioned for both pigs and poultry (63–65). Resistant starch 
fermentation will occur in the ceca, where only soluble compounds and small 
particles can enter (46,60). Starch fermentation in the hindgut provides less 
energy to the animal than starch digestion in the ileum (66). Enzyme 
supplementation in WE and ME increased starch AID by 2.6% and 0.4% compared 
to WC and MC, respectively, whereas the total tract digestibility did not exceed 
that of the control DT (WC, MC). These observations indicate that NSPase enabled 
an increased starch absorption in the ileum. This might be nutritionally beneficial 
as pronounced ileal starch digestion has been associated with improved broiler 
performance (67,68). 

Crude protein (CP) AID was positively influenced by NSPase in the wheat-based 
but not in the maize-based diet (Table 6). This remark demonstrates the 
importance of NSPase inclusion in wheat-based diets. Conversely, the higher 
protein digestibility of maize-based diets compared to wheat-based diets 
previously reported (16,68) may have limited the impact of enzyme 
supplementation. In addition, the higher soybean meal inclusion in the maize-
based diet compared to the wheat-based diet (Table 1) meant that maize protein 
contributed less than wheat protein to the total protein of the diet and could 
potentially mask any effect of NSPase. 

The difference in starch AID between WC and WE was six-fold higher than the 
difference in starch AID between MC and ME. The marked effect of NSPase on 
starch and protein digestibility highlighted the importance of enzyme inclusion in 
wheat-based diets. NSPase promotes nutrient digestion in wheat-based DT partly 
by reducing the digesta viscosity (12,13,68,69). However, NSPase also subtly 
improved starch AID in maize-based DT, where digesta viscosity is not a limiting 
factor. This indicates that viscosity reduction is not the only mechanism involved 
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(69). Nutrient encapsulation in the cereal cell wall matrix is expected to limit their 
digestion (47,70). The degradation of the cell wall matrix by xylanase and 
glucanase followed by the release of encapsulated nutrients could have further 
improved the nutritional values of both wheat and maize (16,27,59). 

4.3 Carbohydrate fermentation patterns in the hindgut of 
broilers 

In the wheat-based diets, AX hindgut fermentation was attested by the decreased 
Ara and Xyl recoveries for the total tract compared to the ileum (Table 4). Still, 
more than 80% Ara and 70% Xyl were excreted unutilized. NSPase addition in WE 
tended to lower the recovery values for both Ara and Xyl compared to control 
treatment WC and, in addition, decreased Ara and Xyl levels and increased SCFA 
formation in the ceca. In particular, NSPase increased the formation of acetate and 
butyrate in the ceca, in line with previous research (17,20,71). These SCFAs can 
be used by the host as an additional energy source and promote gut health (15). 
From our results, it is demonstrated that the hydrolysis of wheat AX and the 
formation of AXOS by xylanase in the ileum in WE promoted AX fermentability by 
the microbiota in the ceca. Furthermore, the higher A/X ratio in the ceca in WE 
suggests that especially highly substituted AX fragments remain unfermented. 

In contrast to the wheat-based DT, limited Xyl and Ara fermentation was observed 
in both MC and ME (Table 4). The recovery of both monosaccharides in excreta 
was approximately 100%, suggesting that maize AX is excreted virtually 
untouched. The insolubility of maize AX (5) was expected to result in a low 
proportion of AX entering the ceca. This was demonstrated in our study by the 
combination of low Xyl amount (<0.1% w/w) present in the ceca and high Xyl total 
tract recovery in MC and ME (Table 4). Similar to Ara and Xyl, also UA was excreted 
undegraded. This may reflect the structural complexity of maize 
glucuronoarabinoxylan, hindering xylanase activity and resulting in poor 
fermentability (50,54). It should be noted that the higher soybean meal inclusion 
in maize-based DT compared to wheat-based DT could have impacted the 
estimation of mainly Ara and UA, as these monosaccharides are known to be 
abundant in soy NSP (54). 

Gal was fermented to a greater extent (18%) in the wheat-based than in the maize-
based DT. Additionally, UA fermentation was only observed in the wheat-based DT. 
These NSP components can derive from cereals (5), but most of Gal, Man, and UA 
present in the diet are expected to originate from pectins and hemicelluloses from 
soy (54). It is not clear why the fermentability of these NSP sugars was more 
pronounced in the wheat-based DT. Possibly, microbiota stimulation due to AX 
fermentation in the wheat-based DT could have indirectly affected the use of other 
NSP. 

Altogether, AX degradation by NSPase markedly improved AX fermentability and 
increased SCFA formation in WE. In contrast, NSPase treatment coincided with 
reduced SCFA contents in ME compared to MC. The subtle improvement in starch 
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ileal digestibility observed in ME could have resulted in less (resistant) starch being 
available for fermentation. Hence, less available starch alongside poorly 
fermentable AX could explain the decrease in SCFA formation upon NSPase 
inclusion in the maize-based DT. Improved starch AID did not negatively influence 
SCFA formation in WE, probably due to a more pronounced NSP fermentation. 

4.4 Interrelationships between carbohydrate fermentation, 
nutrient digestibility and growth parameters 

Overall, the wheat-based DT was found more responsive to NSPase treatment than 
the maize-based DT regarding nutrient digestibility and NSP fermentability. The 
potential interrelationships between the investigated parameters could reveal how 
NSPases may affect the various biochemical and physiological responses in 
broilers. A schematic summary of how NSPases may have influenced the use of 
wheat-based and maize-based DT was based on PCA analysis (Fig. 2). 

Organic matter (OM) ATTD presented positive correlations with Ara and Xyl 
contents in the gizzard (Giz) and the ceca (Cec) and indicated the important role 
of AX in hindgut fermentation. The importance of AX fermentation in the ceca to 
produce SCFA was further attested by the negative correlations between SCFA and 
Ara and Xyl contents in the gizzard and the ceca. Moreover, total SCFA, acetate, 
butyrate, and propionate correlated positively with BW, ADFI, and ADG and 
negatively with FCR. It seems that the activity of xylanase and the consequent 
AXOS formation in the proximal GIT (Fig. 1) boosted the bacterial metabolism in 
the ceca, which in turn coincided with improved animal growth. This is in 
accordance with studies reporting the improved performance of wheat-fed broilers 
upon NSPase addition (12,16,17,20). 

The above responses were seen for the wheat-based DT but not for the maize-
based DT. The latter exhibited poor AX fermentability and low Ara, Xyl contents in 
the ceca. Despite that, both maize-based DT exhibited high SCFA contents and 
pronounced starch digestibility and growth parameters. Hence, the reverse 
correlations between starch AID and Ara and Xyl contents and the positive 
correlations of starch ATTD with SCFA and Ara and Xyl total tract recoveries could 
be explained. Limited maize AX fermentability meant that NSPase supplementation 
in maize-based diets could not have improved animal growth by a prebiotic 
mechanism. Moreover, the lower contribution of maize AX to digesta viscosity 
compared to wheat AX (5,69) could explain the more subtle impact of the enzymes 
on nutrient digestibility in maize-based DT. Conversely, the NSPase ability to 
depolymerize AX in wheat diets, thus promoting its fermentability while 
simultaneously facilitating nutrient digestion, emphasizes the importance of 
NSPase supplementation in wheat-based diets. 
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5 Conclusions 
This study exhibited the enzymatic activity of dietary NSPase in the broiler’s upper 
gastrointestinal tract by the recognition of arabinoxylan degradation products as 
oligomers (AXOS) present in the ileum. The beneficial effect of dietary NSPase 
addition for broilers was dependent on the cereal type and level in the diet. This 
was affirmed by the more pronounced impact of the NSPase on the wheat-based 
diet and highlighted the different mechanisms at play for wheat and maize. NSPase 
promoted nutrient digestibility, especially that of starch and protein in the small 
intestine, and improved NSP fermentability in the hindgut in the wheat-based diet. 
The pronounced NSP fermentability might partly be attributed to the in situ 
formation of AXOS in the broiler’s upper GIT. The direct detection of 
oligosaccharides with prebiotic potential further established the link between 
dietary xylanase and pronounced microbial fermentation. 
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Supplementary information 
Table S1. Effect of the enzyme (E) on the body weight (BW at day (d) 28), feed 
conversion ratio (FCR), average daily feed intake (ADFI), and average daily gain (ADG) 
of broilers fed wheat-based (WC, WE) (n = 5–6) and maize-based (ME, MC) (n = 6) DT 
during the finisher period (days 24–28). 
Dietary Treatment 
(DT) BW (d28) (g) FCR (g/g) ADFI (g/d) ADG (g/d) 

WC 1290.00* 1.62* 123.31* 76.38* 
WE 1370.00 1.50 130.17 87.10 
SEM1 18.80 *(20.60) 0.03 *(0.03) 4.00 *(4.39) 3.30 *(3.60) 

Model established p values 
E 0.021 0.018 0.281 0.059 
MC 1311.67 1.53 124.55 81.82 
ME 1353.92 1.50 129.45 86.73 
SEM 18.22 0.03 3.04 3.29 

Model established p values 
E 0.136 0.498 0.285 0.320 
1Standard error of the mean, for n = 6. *In case of missingness, the adjusted SEM value (n = 5) is 
presented between brackets. 

Table S2. Effect of the enzyme (E) on the monosaccharide content (% w/w dry matter 
basis) in the ileum and excreta of broilers fed the wheat-based (WC, WE) and maize-
based DT (MC, ME) (n = 6). 

Ileum 
% (w/w) WC WE SEM 1 p value 2 MC ME SEM p-Value
Ara 6.82 7.02 0.10 0.181 6.17 6.18 0.10 0.899 
Xyl 9.24 9.49 0.19 0.367 5.68 5.76 0.08 0.495 
Glc 18.25 15.27 0.66 0.009 14.38 14.49 0.44 0.857 
Gal 7.59 7.91 0.23 0.349 10.12 9.80 0.51 0.660 
UA 4.43 4.98 0.11 0.005 6.22 5.78 0.14 0.047 
Total 48.75 47.21 0.54 0.073 45.51 44.88 0.48 0.383 
NGP 30.50 31.94 0.52 0.080 31.13 30.39 0.61 0.411 
A/X 0.74 0.74 0.01 0.914 1.09 1.07 0.02 0.559 

Excreta 
% (w/w) WC WE SEM p value MC ME SEM p-Value
Ara 5.44 5.42 0.11 0.889 5.56 6.00 0.27 0.265 
Xyl 7.64 7.34 0.27 0.439 5.47 5.73 0.20 0.375 
Glc 13.87 12.62 0.59 0.162 10.35 10.35 0.34 0.991 
Gal 4.36 4.57 0.08 0.090 6.26 6.22 0.20 0.889 
UA 3.83 4.07 0.04 0.002 5.47 5.55 0.12 0.630 
Total 37.12 36.06 0.44 0.122 34.96 35.95 1.03 0.513 
NGP 22.90 23.45 0.33 0.276 24.61 25.60 0.77 0.386 
A/X 0.73 0.74 0.01 0.582 1.02 1.04 0.02 0.286 
1Standard error of the mean. 2Estimated by ANOVA with enzyme addition (E) as a factor. 
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Fig. S1. MALDI-TOF-mass spectra of the individual replicates (1–6) of ileal digesta from 
broilers fed the wheat control (WC) and wheat enzyme (WE) DT. Oligosaccharides 
consisting of hexose (H; m/z 162) or pentose (P; m/z 132) units are shown. 



Chapter 2 

68 

Fig. S2. MALDI-TOF-mass spectra of the individual replicates (1–6) of ileal digesta from 
broilers fed the maize control (MC) and maize enzyme (ME) DT. Oligosaccharides 
consisting of hexose (H; m/z 162) units are shown. 
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Fig. S3. Pearson coefficients between: (i) NSP-related parameters; ileal (Ril) and total 
tract (Rex) recovery of Ara, Xyl, and non-glucosyl NSP (NGP), and Ara and Xyl contents 
(% w/w) in the gizzard (Giz) and the ceca (Cec), (ii) acetate (Ace), butyrate (But), 
propionate (Pro) and total short-chain fatty acids (SCFA) contents in the ceca, (iii) 
nutrient digestibility parameters: apparent ileal digestibility (AID) and apparent total 
tract digestibility (ATTD) of organic matter (OM) starch (STA), and crude protein (CP), 
and (iv) animal growth parameters; body weight (BW), feed conversion ratio (FCR), 
average daily feed intake (ADFI) and average daily gain (ADG). Significance was set at 
p < 0.05. 
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Abstract 
Dietary fiber-degrading enzyme supplementation in broilers aims at off-setting the 
anti-nutritive effect of non-starch polysaccharides and at promoting broiler health. 
Recently, we demonstrated that xylanase/glucanase addition in wheat-based diet 
improved nutrient digestibility, arabinoxylan fermentability and broiler growth. 
Conversely, maize arabinoxylan was found to be recalcitrant to xylanase action. 
These findings suggested that enzyme-mediated improvement of nutrient digestion 
and carbohydrate fermentation depended on the cereal type present in the diet, 
and may have contributed to broiler growth. Hence, we aimed at further 
investigating the link between dietary enzymes and carbohydrate fermentation in 
broilers, by studying the impact of enzyme supplementation in cereal-based diets, 
to the microbial communities in the ileum and ceca of broilers. For that purpose, 
96 one-day-old male broilers were randomly reared in two pens and received either 
wheat-based or maize-based starter and grower diets. At d 20, the broilers were 
randomly assigned to one out of four dietary treatments. The broilers received for 
8 d the wheat-based or maize-based finisher diet as such (Control treatments; WC, 
MC) or supplemented with a xylanase/glucanase combination (Enzyme treatments;
WE, ME). At d 28, samples from the digestive tract were collected, and the ileal
and cecal microbiota composition was determined by 16S ribosomal RNA gene
amplicon sequencing. A similar phylogenetic (alpha) diversity was observed among
the four treatments, both in the ileal and the cecal samples. Furthermore, a similar
microbial composition in the ileum (beta diversity) was observed, with lactobacilli
being the predominant community for all treatments. In contrast, both cereal type
and enzyme supplementation were found to influence cecal communities. The type
of cereal (i.e., wheat or maize) explained 47% of the total variation in microbial
composition in the ceca. Further stratifying the analysis per cereal type revealed
differences in microbiota composition between WC and WE, but not between MC
and ME. Furthermore, the prevalence of beneficial genera, such as
Faecalibacterium and Blautia, in the ceca of broilers fed wheat-based diets
coincided with arabinoxylan accumulation. These findings indicated that
fermentable arabinoxylan and arabinoxylo-oligosaccharides released by dietary
xylanase may play an important role in bacterial metabolism.
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1 Introduction 
The importance of a balanced microbial gut ecology for healthy broilers is widely 
acknowledged (1–3). In addition, the interplay between gut microbiota and non-
digestible feed components has been described to be crucial for poultry health (2). 
Therefore, the controlled steering of gut microbiota through dietary interventions 
may contribute to improved broiler health and growth (4,5). For example, the 
dietary provision of oligosaccharides exhibiting prebiotic and immunomodulatory 
properties has been suggested to beneficially impact nutrient digestibility and 
broiler performance (2,6). In addition, oligosaccharide supplementation was 
accompanied by the proliferation of beneficial microbiota, such as bifidobacteria 
and lactobacilli, the decrease of pathogenic bacteria, and the pronounced short 
chain fatty acids (SCFAs) formation in the hindgut (5,7,8).  

In cereal-based poultry diets, non-starch polysaccharides (NSP) are the major 
carbon source for fermentation. Arabinoxylan (AX) is the main NSP in cereals, such 
as wheat and maize (9). As such, AX is an important substrate for bacterial 
fermentation and SCFAs production in the broiler hindgut. AX fermentability was 
shown to depend on the cereal type, with wheat AX being considered more easily 
fermentable than maize AX (10–12). At the same time, soluble AX can limit nutrient 
digestibility and promote pathogen growth in the broiler small intestine (13,14). 
In addition, insoluble AX may contribute to nutrient encapsulation by the cereal 
cell wall matrix, and consequently, to decreased digestibility (13). Feed 
supplementation with NSP-active enzymes (NSPases), such as xylanase and 
glucanase, has been shown to offset detrimental effects of AX on broiler health 
(3,13). For instance, xylanase supplementation in wheat-based diets decreased 
digesta viscosity, and coincided with increased nutrient digestibility and animal 
performance (10,14,15). Moreover, xylanase improved SCFAs formation similarly 
to the direct arabinoxylo- and xylo-oligosaccharides (AXOS, XOS) supplementation 
(7,16). It has been previously shown that both AXOS and XOS exert prebiotic 
properties in vitro when using human fecal samples as inoculum (12,17–19). 
Recently, we demonstrated that xylanase released AXOS and XOS in vivo, in the 
broiler gut (11). It is, therefore, hypothesized that NSPases can modulate gut 
microbiota by the provision of fermentable oligosaccharides in the ceca.  

Understanding the interaction between dietary components and intestinal 
microbiota is necessary to optimize NSP utilization, in order to promote broiler 
growth. Therefore, we investigated for wheat-based and maize-based diets the 
influence of combined xylanase and glucanase supplementation, on the ileal and 
cecal microbial communities in broilers, by employing 16S rRNA gene amplicon 
sequencing. 
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2 Materials and methods 

2.1 Experimental design and dietary treatments 

The work discussed here is part of a larger study on NSP utilization in broilers 
described in detail elsewhere (11; Chapter 2). The study was conducted at the 
facilities of the Laboratory for Animal Nutrition and Animal Product Quality 
(LANUPRO), Department of Animal Sciences and Aquatic Ecology, Ghent University 
(Belgium), in accordance with the ethical standards and recommendations for 
accommodation and care of laboratory animals covered by the European Directive 
2010/63/EU on the protection of animals used for scientific purposes and the 
Belgian Royal Decree KB29.05.13 on the use of animals for experimental studies. 
In brief, 96 one-day old male broilers (Ross 308) (Vervaeke-Belavi, Tielt, Belgium) 
were randomly assigned to two separate pens and were fed ad libitum either with 
wheat-soy or maize-soy starter feed (d 0-10) and grower feed (d 10-20) diets, 
provided in mash form (Table 1). At d 20 the birds were allocated according to 
body weight to pens with a wire floor. Four dietary treatments; Wheat Control 
(WC), Wheat Enzyme (WE), Maize Control (MC) and Maize Enzyme (ME) were 
assigned to each pen following a randomized block design, with the blocking factor 
referring to the spatial organization in the facility. Each dietary treatment consisted 
of six replicate pens, with four birds per pen. The broilers had ad libitum access to 
the finisher feed diet, being fed as such (Control diets) or supplemented with 
(Enzyme diets) commercial endo-xylanase and endo-glucanase preparation 
(powder form) from Trichoderma spp. (Huvepharma NV, Berchem, Belgium) (Table 
1), as prepared by Research Diet Services B.V. (Wijk bij Duurstede, The 
Netherlands). The birds were weighed after an adaptation period (d 20 - 24), and 
then continued to be fed finisher diets until d 28. Feed intake was measured daily 
per pen (d 25 - 28). During this period, excreta were collected twice daily, 
homogenized, and an aliquot of a minimum of 250 g fresh material per pen was 
immediately stored at –20 °C. At d 28, all birds were weighed, euthanized by 
cervical dislocation, and the ileum and ceca contents were collected, pooled per 
pen, and frozen at –20 °C. 
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Table 1. Diet composition of wheat-based and maize-based diets. The data were 
previously determined and are reported elsewhere (11).   

Ingredient, % Wheat-based Maize-based 
Starter Grower Finisher Starter Grower Finisher 

Wheat 49.4 58.8 65.9 ‒ ‒ ‒ 
Maize 10.0 5.0 ‒ 57.3 59.6 59.1 
Soybean Meal 48CP1 24.4 19.5 17.0 27.2 24.3 24.3 
Toasted Soybeans 10.0 10.0 8.0 10.0 10.0 8.0 
Soybean Oil 1.4 2.4 4.3 0.6 1.7 3.9 
Monocalcium phosphate 1.4 1.3 1.0 1.5 1.4 1.2 
Limestone 1.4 1.3 1.1 1.4 1.2 1.1 
DL-Methionine 0.4 0.3 0.2 0.4 0.3 0.3 
L-Lysine HCl 0.3 0.3 0.3 0.3 0.3 0.2 
Salt 0.2 0.2 0.3 0.2 0.2 0.3 
Na-Bicarbonate 0.3 0.3 0.2 0.3 0.3 0.2 
L-Threonine 0.2 0.1 0.1 0.2 0.1 0.1 
L-Valine 0.1 0.1 0.1 0.2 0.1 0.0 
Coccidiostat Sacox2 Sacox ‒ Sacox Sacox ‒ 
Premix Article3 0.5 0.5 0.5 0.5 0.5 0.5 
Diamol4 ‒ ‒ 1.0 ‒ ‒ 1.0 
Total 100.0 100.0 100.0 100.0 100.0 100.0 
Calculated chemical composition, % as is 
ME5, MJ/kg 11.8 12.1 12.5 12.0 12.4 12.8 
Crude protein 21.8 20.1 18.5 21.2 19.9 19.2 
NDF 10.0 10.1 10.0 9.7 9.7 9.4 
Crude fat 4.9 5.7 7.1 5.1 6.3 8.0 
Arg 1.46 1.31 1.18 1.47 1.37 1.31 
Met + Cys 0.69 0.64 0.60 0.67 0.64 0.62 
Ile 0.92 0.84 0.76 0.92 0.86 0.83 
Leu 1.65 1.49 1.35 1.83 1.74 1.68 
Lys 1.14 1.01 0.90 1.18 1.09 1.05 
Thr 0.79 0.72 0.65 0.82 0.77 0.74 
Val 1.02 0.93 0.85 1.02 0.96 0.92 
Ca 0.87 0.81 0.67 0.88 0.78 0.71 
Cl 0.16 0.16 0.22 0.16 0.16 0.21 
K 0.92 0.83 0.75 0.95 0.90 0.86 
Na 0.17 0.17 0.18 0.16 0.16 0.17 
Total P 0.68 0.65 0.56 0.70 0.66 0.61 
Available P 0.34 0.32 0.27 0.34 0.32 0.29 
Analyzed chemical composition, % dry matter 
Dry matter, % as is ‒ ‒ 90.3 ‒ ‒ 89.5 
Starch ‒ ‒ 40.4 ‒ ‒ 37.4 
Crude protein (N x 6.25) ‒ ‒ 20.5 ‒ ‒ 20.7 
Ash ‒ ‒ 5.9 ‒ ‒ 6.5 
NSP6 ‒ ‒ 21.0 ‒ ‒ 18.6 
NGP7 ‒ ‒ 9.8 ‒ ‒ 8.7 
AX8 ‒ ‒ 5.0 ‒ ‒ 3.4 
Analyzed enzyme activity (of enzyme-supplemented diets) 
Xylanase, EPU9/kg feed ‒ ‒ 1550 ‒ ‒ 1740 
Cellulase, CU10/kg feed ‒ ‒ 240 ‒ ‒ 190 
1CP: Crude protein. 2Provided by Huvepharma NV, Berchem, Belgium. 3Providing per kg of diet: vitamin A (retinyl 
acetate), 10000 IU; vitamin D3 (cholecalciferol), 2500 IU; vitamin E (dl-α-tocopherol acetate), 50 mg; vitamin K3 
(menadione), 1.5 mg; vitamin B1 (thiamine), 2.0 mg; vitamin B2 (riboflavin), 7.5 mg; niacin, 35 mg; D-pantothenic 
acid, 12 mg; vitamin B6 (pyridoxine-HCl), 3.5 mg; vitamin B12 (cyanocobalamine), 20 µg; folic acid, 1.0 mg; biotin, 
0.2 mg; choline chloride, 460 mg; Fe (FeSO4.H2O), 80 mg; Cu (CuSO4.5H2O), 12 mg; Zn (ZnO), 60 mg; Mn 
(MnO), 85; I (Ca(IO3)2), 0.8 mg; Co (Co2CO3(OH)2), 0.77 mg; Se (Na2O3Se), 0.15 mg. 4Used as acid insoluble ash 
(AIA) digestibility marker (Franz Bertram GmbH, Hamburg, Germany). 5Metabolizable energy. 6Non-starch 
polysaccharides; calculated as the difference between total carbohydrates and starch. 7Non-glucosyl NSP; 
calculated as the sum of sum of arabinosyl, xylosyl, galactosyl, uronyl, mannosyl, rhamnosyl and fucosyl units. 
8Arabinoxylan; calculated as the sum of arabinosyl and xylosyl units. 9Amount of enzyme which releases 0.0083 
μmol of reducing sugars (xylose equivalents) per minute from oat spelt xylan at pH 4.7 and 50 °C. 10Amount of 
enzyme which releases 0.128 μmol of reducing sugars (glucose equivalents) per minute from barley β-glucan at 
pH 4.5 and 30 °C. 
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2.2 DNA extraction 

DNA was extracted from 0.25 g pooled ileal or cecal content, using 700 μL Stool 
Transport and Recovery (STAR) buffer (Roche Diagnostics Nederland BV, Almere, 
the Netherlands) and described in detail before (20). DNA concentration was 
measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop® 
Technologies, Wilmington, DE, USA), and DNA was stored at ─20 °C until further 
use. Extracted DNA was diluted to 20 ng/μL in nuclease free H2O. All PCR plastics 
were UV irradiated for 15 min before use. 

2.3 Microbiota analysis 

For 16S rRNA gene amplicon sequencing, barcoded amplicons covering the variable 
regions V4 of the 16S rRNA gene were generated by PCR using the 515F and 806Rd 
primers. The samples were amplified in duplicate using Phusion hot start II high 
fidelity polymerase (Finnzymes, Espoo, Finland) and checked for correct size and 
concentration. The PCR reactions contained 36.5 μL nucleotide free water 
(Promega, Madison, WI, USA), 0.5 μL of 2 U/μL polymerase, 10 μL of 5 × HF buffer, 
1 μL of 10 µmole/L stock solutions of each of the forward and reverse primers, 1 
μL 10 mmole/L dNTPs (Promega) and 1 μL template DNA. Reactions were held at 
98 °C for 30 s and amplification proceeded for 25 cycles at 98 °C for 10 s, 42 °C 
for 10 s, 72 °C for 10 s and a final extension of 7 min at 72 °C. Two out of the 24 
ileal samples contained a low amount of DNA (< 1 ng/μL) and did not pass our 
quality control. Synthetic mock communities of known composition were added as 
positive controls (21), and samples with nuclease free water were added as no-
template negative controls to ensure high quality sequencing data. The samples 
were sent to Eurofins Genomics Germany GmbH (Ebersberg, Germany) for 
sequencing on an Illumina Hiseq2500 instrument. Data was analyzed using NG-
Tax 2.0 (22). De novo amplicon sequence variants (ASVs) were generated, using 
an abundance threshold of 0.1% on a per-sample basis. Taxonomy was assigned 
using SILVA 132 16S rRNA gene reference database (23). The ASVs associated the 
family Mitochondria (n = 2) and the order Chloroplasts (n = 2) were removed from 
the data for all sequenced samples.  

2.4 Chemical analyses 

The experiments described in this section were previously performed, and are 
thoroughly described in our recent publication (11). Therefore, they are only briefly 
mentioned here. The dry matter and crude protein contents of diets, ileal digesta 
and excreta was determined according to the AOAC 935.29 and 990.03 method, 
respectively, while the dry matter content of cecal samples was determined 
separately (11). Ash, and acid insoluble ash (AIA) contents were determined in 
diets, ileal digesta and excreta (11). Starch content of the diets was determined 
according to AOAC Method 996.11. Sugar composition and content of finisher diets 
and digesta was determined by gas chromatography (neutral sugars) and by the 
colorimetric m-hydroxyphenyl assay (uronic acids) with an automated analyzer 
(Skalar Analytical B.V., Breda, The Netherlands) (24–26). SCFAs (acetate, 
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butyrate, propionate, isobutyrate and isovalerate) content in the ceca was 
determined by gas chromatography (27).     

2.5 Calculations 

Non-starch polysaccharides content was calculated as the difference between total 
carbohydrates and starch content. The apparent ileal digestibility (AID) of organic 
matter (OM = DM ‒ Ash), as well as the apparent total tract recovery (Rec) of 
arabinoxylan (AX: sum of arabinosyl and xylosyl constituents) and non-glucosyl 
NSP (NGP: sum of arabinosyl, xylosyl, galactosyl, uronyl, mannosyl, rhamnosyl 
and fucosyl constituents) were determined using acid insoluble ash (AIA) as 
digestibility marker (11). 

2.6 Statistical analysis 

The analysis of the 16S rRNA gene sequence data was carried out using R version 
4.0.2. Alpha diversity was determined using phylogenetic diversity and tested with 
a Kruskal-Wallis test. Pairwise comparisons were tested using a Wilcoxon rank-
sum test. Beta diversity was determined using Jaccard-, Bray-Curtis-, unweighted 
UniFrac (UF)- and weighted UniFrac (WUF)- metrics. Non-parametric permutational 
analysis of variance (PERMANOVA) tests were used to analyze group differences 
within multivariate community data. Multivariate microbiota data were visualized 
using principal coordinates analysis (PCoA). To test for differences in relative 
abundance of individual genera between two groups a Wilcoxon rank-sum test was 
used, and corrected for multiple testing with the Benjamini-Hochberg (BH) 
procedure. Weighted UniFrac distance-based redundancy analysis (WUF-db-RDA), 
a multivariate canonical ordination analysis method that takes the phylogenetic 
makeup of microbial communities into consideration, was performed using ASV 
level data and other measured parameters (28). The parameters included as 
variables were the broiler body weight (BW, d 28), AX total tract recovery 
(AX_Trec), NGP (NGP_Cec) and AX (AX_Cec) content (% w/w, dry matter basis) in 
the ceca, SCFAs (acetate, butyrate and propionate content (μmol/g, dry matter 
basis) in the ceca (Table S1). Values for these parameters have been reported 
earlier (11). 

3 Results and discussion 
In our previous work, we investigated the impact of enzyme supplementation in 
wheat-based and maize-based diets on nutrient digestibility, NSP fermentability 
and broiler growth (11; Chapter 2), and results have been summarized in Table 2. 
Addition of a commercial preparation containing xylanase and glucanase in the 
wheat-based diet (WE) was found to improve the apparent ileal digestibility of 
organic matter compared to the control diet (WC). In addition, dietary xylanase in 
WE was shown to release AXOS in vivo, in the upper gastrointestinal tract (GIT) 
(11). Simultaneously, enzyme action in WE improved AX fermentability to SCFAs 
in the ceca, while it decreased the total tract recovery of AX compared to WC. 
Conversely, no direct effect of glucanase on carbohydrate fermentation in the ceca 
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could be discerned. The observed improvement in nutrient digestibility and NSP 
fermentability by enzyme supplementation coincided with higher body weight 
values in WE compared to WC (Table2). In contrast, enzyme addition in the maize-
based diet (ME) was not found to impact NSP fermentability or nutrient digestibility 
(11). These findings were in line with previous research (10,15), and suggested 
that AX fermentation proceeded differently in the ceca of broilers fed wheat-based 
and maize-based diets. Consequently, the cereal type in the diet was expected to 
affect the impact of xylanase on AX fermentability. Therefore, continuing our 
efforts to further substantiate the link between dietary NSPases and NSP 
fermentation in broilers we now employed next-generation 16S rRNA gene 
amplicon sequencing to examine the potential impact of cereal type and 
xylanase/glucanase supplementation, on the ileal and cecal microbiota composition 
of broilers. 

Table 2. Effect of diet and enzyme supplementation on broiler growth, nutrient 
digestibility and NSP fermentability (11). 

Dietary 
treatment BW1, g FCR2, g/g OM-AID, 

% 
AX Rec, 

% 
NGP Rec, 

% 
SCFAs3, 
μmol/g 

WC 1290.00#b 1.62# 72.17b 84.78b 68.82b 239.69c 
WE 1370.00a 1.50 75.31a 76.96b 68.00b 338.03b 
MC 1311.67ab 1.53 74.60a 129.29a 85.96a 472.42a 
ME 1353.92ab 1.50 74.74a 116.95a 92.98a 378.16ab 

SEM4 18.4 
#20.4 

0.03 
#0.03 0.55 4.25 2.58 24.00 

p values5 0.029 0.053 0.004 <0.001 <0.001 <0.001 
Effect of cereal type (Wheat vs Maize) 

Wheat 1333.64# 1.55# 73.7 80.9 68.4 288.9 

Maize 1332.79 1.51 74.7 123.1 89.5 425.3 

SEM 16.0 #16.7 0.02 #0.02 0.51 3.28 1.91 22.2 

p values 0.990 0.275 0.210 <0.001 <0.001 <0.001 

Effect of enzyme supplementation  (stratified per cereal type) 
Wheat (WC vs WE) 

SEM 18.80 
#20.60 

0.03 
#0.03 0.34 2.58 1.63 1.67 

p values 0.021 0.018 <0.001 0.064 0.731 0.021 
Maize (MC vs ME) 

SEM 18.22 0.03 0.71 5.47 3.23 1.59 
p values 0.136 0.498 0.889 0.149 0.163 0.024 

1Body weight measured at d 28. 2Feed conversion ratio measured during the finisher period (d 24-
28). 3Sum of acetate, butyrate, propionate, isobutyrate and isovalerate in the ceca, expressed on 
dry matter basis. 4Standard error of the mean (n = 6). #In case of missingness, the adjusted SEM 
value (n = 5) is presented. 5Estimated by one-way ANOVA. The significance threshold was P< 0.05. 

3.1 The type of cereal and enzyme supplementation 
influences microbial communities 

First, phylogenetic diversity, representing biodiversity, was compared across diets 
and was found to be similar for all diets either in the ileum or in the ceca (Fig. 1A). 
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Other alpha diversity metrics were in agreement and showed similarities among 
the diets (data not shown). Second, the ileal samples presented similarities in beta 
diversity across all diets (Fig. 1B). Our findings were in agreement with previous 
studies showing no effect of cereal type and enzyme supplementation on total 
anaerobic bacteria and lactobacilli counts (29–31) and on alpha and beta diversity 
indices in the ileum (10). 

Fig. 1. Alpha and beta diversity in the ileum and the ceca across dietary treatments; 
maize control (MC), maize enzyme (ME), wheat control (WC) and wheat enzyme (WE), 
Phylogenetic diversity (ASV level) (A) across dietary treatments. Whiskers show 95% 
interval, box 50% interval. Pairwise Wilcoxon rank sum tests (separately for ileum and 
ceca), corrected for multiple comparisons using the Benjamini-Hochberg procedure 
showed no difference between groups, Principal coordinate plots (PCoA) (B) based on 
weighted UniFrac distances of ileum samples. Principal coordinate plots (PCoA) (C) 
based on weighted UniFrac distances of ceca samples. 

The microbial composition was compared at family level in the ileum and ceca 
across the four diets (Fig. 2). Lactobacillaceae (approximately 90%) and 
Streptococcaceae (< 10%) were predominant in the ileum. No difference in relative 
abundance between the diets was observed either at family or genus level. The 
predominance of Lactobacillaceae in the ileum was in accordance with previous 
studies (1,10,32). The current findings concur with those stating that lactobacilli 
in the ileum were not affected by cereal type and xylanase supplementation, with 
or without addition of glucanase (10,16,31). The ceca are known to harbor a more 



Chapter 3 

80 

diverse microbiota composition than the ileum (32,33). Indeed, various families 
were observed in the cecal samples of the wheat-based diets, with members of the 
family Lachnospiraceae being the main species, followed by members of the 
families Ruminococaceae and Lactobacillaceae (Fig. 2). The high relative 
abundance of these families was in line with previous reports (10,20,32,33). The 
maize-based diets also presented a diverse microbial ecology in the ceca, though 
different in composition from the wheat-based diets. For example, members of the 
families Streptococcaceae, Christensenellaceae, Erysipelotrichaceae and 
Peptostreptococcaceae presented higher relative abundance, and Bacteroidaceae 
presented lower relative abundance in the maize-based diets compared to the 
wheat-based diets (Fig. 2). 

Fig.  2. Cumulative relative abundance (%) of microbial taxa at family level. The 
abundance threshold is 0.01% and each bar represents six samples. 

The observed effect of the diet on beta diversity corroborated its modulatory 
influence on cecal microbiota composition (Table 3). Weighted Unifrac metrics 
demonstrated that dietary treatment explained 51.6% (R2), and cereal type 
explained 47.6% of the observed variation between treatments (Table 3). Other 
beta diversity metrics were in line, but explained a lower proportion of the variation 
(Table 3). Hence, it was demonstrated that cereal type (wheat versus maize) in 
the diet markedly affected the microbial composition in the ceca, regardless of 
enzyme supplementation. The diet, and the type of cereal in particular, have 
previously been proposed to influence the broiler intestinal microbiota (34), but 
experimental evidence is scarce (30,31,35). Nevertheless, a recent study reported 
increased bifidobacteria counts in the ceca of 35-d old broilers fed with a wheat-
based diet compared to a maize-based diet (31). Additionally, cereal NSP like AX, 
are known to be utilized as substrates during microbial fermentation to produce 
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SCFAs (2,36). Differences in NSP physicochemical properties and inclusion level, 
as a consequence of their botanical source, may dictate the extent of NSP 
utilization, and hence, SCFAs formation by microbiota (12,18). For instance, the 
less complex structure and higher water-solubility of wheat AX compared to maize 
AX (9), are believed to be associated with pronounced cecal fermentation in 
broilers (10,11).  

Table 3. Beta diversity analysis with different distance measures determining 
microbiota interindividual diversity in the broiler ceca.  

Bray-Curtis Jaccard Unweighted 
Unifrac 

Weighted 
Unifrac 

n R2 ,1 p2 R2 p R2 p R2 p 

Dietary 
treatment 24 0.348 <0.001 0.281 <0.001 0.413 <0.001 0.516 <0.001 

Wheat vs 
Maize 

Effect of cereal type (Wheat vs Maize) 

24 0.205 <0.001 0.162 <0.001 0.350 <0.001 0.476 <0.001 

Effect of enzyme supplementation 
(Control vs Enzyme; stratified per cereal type) 

Wheat 
(WC vs 
WE) 

12 0.276 0.012 0.204 0.014 0.083 0.585 0.064 0.729 

Maize 
(MC vs ME) 12 0.054 0.765 0.067 0.741 0.115 0.163 0.095 0.351 

1Percentage of the variation between broilers explained. 2p value permutational analysis of variance 
(PERMANOVA). 

It should be noted that enzyme supplementation occurred only during the finisher 
phase lasting eight days. Therefore, the influence of enzyme supplementation on 
beta diversity was determined by stratifying the analysis per cereal type (Table 3). 
No effect of enzyme supplementation during the finisher phase was observed in 
the maize-based treatments. Conversely, enzyme supplementation for the same 
period appeared to influence beta diversity in the wheat-based treatments. In 
particular, the Bray-Curtis and Jaccard distance metrics showed that enzyme 
supplementation explained 27.6% and 20.4% of the total variation between WC 
and WE, respectively. However, the corresponding weighted and unweighted 
UniFrac distance metrics that take phylogenetic relatedness of observed 
microorganisms into account, did not show significant differences between WC and 
WE. This suggested that microorganisms of close phylogenetic proximity were 
predominantly influenced by enzyme supplementation. Overall, NSPase 
supplementation in the finisher phase exerts a modulatory effect on cecal 
microbiota, probably related to improved AX fermentability (10,11,37).  

3.2 Distinct cecal microbial communities coincide with 
arabinoxylan fermentation 

The heatmap in Fig. 3 shows all ASV that significantly differed in relative abundance 
between wheat-based and maize-based treatments. The two hierarchical clusters 
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visualized in Fig. 3 corresponded to either wheat-based or maize-based 
treatments, further emphasizing the impact of cereal on cecal microbial ecology. 

Fig. 3. Heatmap of the genera that were significantly different in relative abundance 
between dietary treatments (Wilcoxon rank-sum test, adjusted P-values are corrected 
for multiple testing using the Benjamini-Hochberg procedure, p < 0.05). Each red, 
white, blue square represents the relative abundance. 

In specific, 31 genera were identified as being significantly different, and appeared 
to distinguish the wheat-based from the maize-based treatments (Fig. 3). Next, 
body weight, AX, non-glucosyl NSP (NGP) and SCFAs contents in the ceca and AX 
total tract recovery were added in the WUR-db-RDA model to further disentangle 
the influence of the diet on cecal microbiota composition (Fig. 4). The top six 
visualized ASVs separating the diets were classified as one member of an 
uncultured genus of the family Lachnospiraceae, two ASVs within the genus 
Faecalibacterium, and single ASVs within the genera Lactobacillus, Blautia and 
Streptococcus.  
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Fig. 4. WUF-db-RDA showing the associations between chemical parameters and 
microbial ASVs. The six best fitting ASV are displayed and samples are colour based on 
the dietary treatment. The dashed arrows depict broiler body weight (BW, d 28), AX 
total tract recovery (AX_Trec), NGP (NGP_Cec) and AX (AX_Cec) content (% w/w, dry 
matter basis) in the ceca and acetate, butyrate and propionate content (μmol/g dry 
matter basis) in the ceca, and the solid arrows depict the abundance of bacterial groups. 

Members of bacterial taxa such as Lachnospiraceae, Subdoligranulum, 
Coprococcus, Faecalibacterium and Blautia, all being members of the class 
Clostridia, are reported to possess an enzymatic arsenal to degrade AX and AXOS 
(38). Such genera can be involved in carbohydrate metabolism to produce SCFAs, 
and may contribute to a healthy gut (2,39,40). Therefore, we hypothesized that 
an increase in fermentable AX/AXOS in the ceca as a result of xylanase action, 
present in the NSPase preparation, promoted the proliferation of such microbial 
communities. To this end, we further explored the potential interrelationships 
between cecal microbial communities and carbohydrate fermentation patterns 
using redundancy analysis (Fig. 4). The first dimension (RDA1) explained 47.5% 
of the total variation and separated the wheat-based from the maize-based diets. 
RDA2 explained an additional 6.9% of the total variation. MC and ME presented 
higher total SCFAs (Table 2) and higher individual acetate, butyrate and propionate 
amounts (μmol/g dry matter) compared to WC and WE (Fig. 4., Table S1). This 
observation can partly be explained by different dry matter contents in WC/WE and 
MC/ME (Table S1). However, it would have been expected that wheat-based diets 
would present higher SCFAs values compared to maize-based diets, as a 
consequence of pronounced NSP fermentability and higher AX content (15,31). 
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Both WC and WE presented higher scores for NGP, e.g. AX contents in the ceca 
than MC and ME, as reported in our recent publication (11). Therefore, the higher 
solubility of wheat AX compared to maize AX (9) indicated that more AX entered 
the ceca and was fermented by the gut microbiota, in the wheat-based diets. The 
pronounced AX fermentation in wheat-based diets was further documented by the 
lower AX total tract recovery compared to the maize-based diets (Fig. 4: AX_Trec) 
(11).  

ASVs within Faecalibactirium, Blautia and Lachnospiraceae were positively 
associated with AX content in the ceca (Fig. 4). It, therefore, appeared that the 
proliferation of such genera in the wheat-based treatments coincided with 
pronounced AX fermentation. It has been previously suggested that 
fructooligosaccharides (FOS) and long-chain fructans were present in the soluble 
fraction of ileal digesta of wheat-based diets (11). FOS and inulin supplementation 
has been mentioned to also lead to the proliferation of microbiota such as 
Bifidobacterium, Lactobacillus, Faecalibacterium and Blautia in both animal and 
human studies (5,40,41). Consequently, it is expected that both FOS and AX/AXOS 
present in the wheat-based diets may exhibit bacteria-modulating properties. Still, 
more research is warranted to determine the relative contribution of different 
dietary NSP to a healthy gut. 

The subtle shift in microbiota composition observed in this study in WE compared 
to WC (Table 3), could be related to AXOS formation in the proximal GIT by 
xylanase (11). The prebiotic potential of AXOS and XOS has been mainly 
demonstrated by their ability to selectively promote the growth of Bifidobacterium 
and Lactobacillus species during in vitro incubations with human fecal inocula 
(17,19). Likewise, supplementation of wheat-based diets with AXOS, XOS and 
xylanase has been previously shown to exert bifidogenic effect in broilers (7,42). 
Nevertheless, differences in the microbial composition of the human and avian gut 
(43) may impede the direct extrapolation of AXOS prebiotic potential in poultry.
The present findings indicate that AX/AXOS fermentation could be important for
the proliferation and function of other beneficial microbiota. So far,
Faecalibacterium and Blautia have been reported to exhibit probiotic properties,
while several Clostridiales have been previously associated with improved broiler
performance (44,45). Therefore, their abundant presence may be highly important
for a healthy gut. Although, no direct associations between beneficial microbiota
and body weight could be currently established (Fig. 4), it is considered likely that
their increased presence may benefit the host. Yet, further research is warranted
to unravel potential interactions between dietary enzymes and microbial
communities along the GIT, and their impact on animal growth.
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4 Conclusion 
The present study explores for a wheat-based and a maize-based diet the impact 
of NSPases on the broiler gut microbiota. Findings indicated that the microbial 
composition in the ceca strongly depended on the cereal type present in the diet. 
The proliferation of beneficial microbiota such as Lachnospiraceae, 
Faecalibacterium and Blautia in the wheat-based treatments compared to the 
maize-based treatments may be related to the pronounced fermentability of wheat-
NSP. In particular, positive associations between fermentable AX content in the 
ceca and bacterial genera involved in carbohydrate metabolism to SCFAs were 
observed. These findings further support the importance of AX fermentation for a 
healthy broiler gut. The present outcomes provide further insight on how the 
xylanase-mediated AXOS release in vivo improve cecal fermentation and ecology. 
Notwithstanding, co-fermentation of other dietary NSP next to AX may have 
proceeded differently in wheat-based and maize-based diets. Consequently, AX 
fermentability is not expected to be the sole factor explaining the observed 
differences in microbial composition. The present findings provide important insight 
on the ability of dietary NSPases to modulate microbial ecology and metabolism in 
the broiler ceca.     
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Supplementary information 
Table S1. Dry matter content (% w/w) (standard deviation), total carbohydrate, 
constituent arabinosyl (Ara) xylosyl (Xyl) content (% dry matter basis), and acetate, 
butyrate and propionate content (mg/g dry matter basis) in the ceca of broilers fed the 
various dietary treatments. The data were previously determined and are reported 
elsewhere (1).   
Analyzed 
parameter 
(in ceca) 

Diets 
Wheat Control 

(WC) 
Wheat Enzyme 

(WE) 
Maize Control 

(MC) 
Maize Enzyme 

(ME) 
Dry matter, % w/w 26.57 (1.71) 23.12 (1.24) 18.19 (1.59) 19.02 (0.54) 
Carbohydrate content, % dry matter basis 
NGP1 5.22 3.88 4.14 3.81 
AX2 0.89 0.52 0.32 0.27 
Short chain fatty acid content, μmol/g dry matter basis3 
Acetate 172.66 250.94 354.47 287.77 
Butyrate 53.12 73.08 78.46 59.29 
Propionate 11.02 11.15 31.43 23.60 
1Non-glucosyl NSP; calculated as the sum of sum of arabinosyl, xylosyl, galactosyl, uronyl, mannosyl, 
rhamnosyl and fucosyl units. 2Arabinoxylan; calculated as the sum of arabinosyl and xylosyl units. 
3ANOVA results for 1) WC vs WE: Acetate, P = 0.014, Butyrate, P = 0.044, Propionate, P = 0.906, 2) MC 
vs ME: Acetate, P = 0.037, Butyrate, P = 0.010, Propionate, P = 0.039. Significance was set at p < 0.05. 

Supplementary information references 
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on oligosaccharide formation, carbohydrate fermentation patterns, and nutrient utilization in
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Abstract 
Identification of arabinoxylo-oligosaccharides (AXOS) within complex mixtures is 
an ongoing analytical challenge. Here, we established a strategy based on 
hydrophilic interaction chromatography coupled to collision induced dissociation-
mass spectrometry (HILIC-MSn) to identify a variety of enzyme-derived AXOS 
structures. Oligosaccharide reduction with sodium borohydride remarkably 
improved chromatographic separation of isomers, and improved the recognition of 
oligosaccharide ends in MS-fragmentation patterns. Localization of arabinosyl 
substituents was facilitated by decreased intensity of Z ions relative to 
corresponding Y ions, when fragmentation occurred in the vicinity of substituents. 
Interestingly, the same B fragment ions (MS2) from HILIC-separated AXOS isomers 
showed distinct MS3 spectral fingerprints, being diagnostic for the linkage type of 
arabinosyl substituents. HILIC-MSn identification of AXOS was strengthened by 
using specific and well-characterized arabinofuranosidases. The detailed 
characterization of AXOS isomers currently achieved can be applied for studying 
AXOS functionality in complex (biological) matrices. Overall, the present strategy 
contributes to the comprehensive carbohydrate sequencing.     
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1 Introduction  
Arabinoxylan (AX) is an abundant cereal fiber in both human and animal diets. 
Investigating the prebiotic and immunomodulatory properties of AX and 
(enzymatically) derived arabinoxylo-oligosaccharides (AXOS) is of great 
nutritional, scientific and commercial interest (1,2). Previous studies have shown 
that the prebiotic potential of AXOS depended on degree of polymerization (DP) 
and substitution pattern (2–4). Therefore, detailed characterization of AXOS in 
complex matrices may greatly improve our understanding about their bio-
functionality. 

In general, cereal grain AX (i.e., from wheat, maize, rye, rice) is composed of a 
backbone of β-(14)-linked D-xylosyl (Xyl) residues, substituted mainly by L-
arabinofuranosyl (Ara) units at the O-2- and/or O-3-positions of Xyl units. To a 
lesser extent, 4-O-D-methyl-glucuronoyl and acetyl substituents occur, and a part 
of the Ara units might be further O-5-substituted by feruloyl units (5,6). Cereal 
grains present diverse AX populations, primarily due to variation in the type and 
distribution of Ara substituents over the AX backbone (7–10). Consequently, the 
corresponding (enzyme-derived) AXOS mixtures contain a range of differently 
substituted structures.  

Although oligosaccharide identification has considerably improved in the last 
decades (11–13), detailed identification of AXOS in mixtures remains an ongoing 
analytical challenge due to the aforementioned complexity. High Performance 
Anion Exchange Chromatography (HPAEC) has been shown to provide valuable 
information regarding the oligosaccharide composition of enzymatic (A)XOS 
digests (14–17). However, scarcely available standards and low compatibility with 
mass spectrometric techniques, due to the high salt concentration of eluents, 
hamper the identification of unknown oligosaccharides by HPAEC (13,16). AXOS 
purified from enzymatic digests were subjected to nuclear magnetic resonance (1H 
NMR) spectroscopy to accurately determine the position and linkage type of Ara 
substituents (17–20). Still, 1H NMR analysis requires high purity and amount of 
analytes (21), which complicates the analysis of (minorly present) AXOS from 
complex biological matrices. Next to 1H NMR, direct infusion mass spectrometry 
(MSn), has been widely used for AXOS structural analysis (11,22–24). In specific, 
hyphenation of MSn to normal phase and reverse phase liquid chromatography (LC-
MSn) further progressed AXOS characterization (25,26). Still, chromatographic 
resolution was not sufficient to address AXOS identification in complex biological 
mixtures. Hydrophilic interaction liquid chromatography (HILIC) was recently 
reviewed to exhibit increased selectivity for glycan analysis compared to reverse 
phase chromatography, and higher compatibility with MS compared to normal 
phase chromatography (13). HILIC coupled to MS has been assessed to separate 
and characterize in vitro-generated AXOS, human milk oligosaccharides, as well as 
cello-, galacto-, manno-, arabino- and pectic oligosaccharides mixtures (27–32). 
Furthermore, the characterization of alginate-oligosaccharides in fecal samples by 
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HILIC-MS (33) demonstrated the potential of HILIC-based approaches to separate 
and identify oligosaccharides present in complex biological matrices. Still, further 
research is warranted to improve HILIC separation and MS-based identification of 
AXOS isomers present in mixtures.   

The chromatographic resolution of α- and β-anomers of oligosaccharides in LC,  
including HILIC, has been shown to result in signal loss and peak broadening 
(34,35). The latter can be overcome by reducing oligosaccharides, for example 
with sodium borohydride (NaBH4) (36,37). Such reduction has been shown to result 
in better HILIC separation for cello-oligosaccharide mixtures with increased signal 
intensities, and allows the discrimination in MS of fragment ions originating from 
either the non-reducing or reduced end (27,38,39). So far, to the best of our 
knowledge, chromatographic resolution and MS fragmentation patterns of NaBH4-
reduced (A)XOS subjected to HILIC-MSn have not been studied.     

Hence, the present study aimed at developing a strategy to characterize individual 
(A)XOS present in complex mixtures formed during arabinoxylan depolymerization 
by endo-xylanases. For that, AXOS mixtures were further treated with 
arabinofuranosidases and were reduced by NaBH4, prior to their HILIC-MSn 
analysis. Hereto, it was hypothesized that structurally different NaBH4-reduced 
(A)XOS show chromatographic resolution in HILIC and exhibit distinct MS 
fragmentation patterns. The principles on which this strategy is based are 
considered compatible with analytical needs for the structural elucidation of other 
types of polysaccharides.  

2 Materials and methods  

2.1 Materials  

Wheat flour arabinoxylan (medium viscosity; WAX), linear XOS (DP 2–6; X2-X6), 
branched AXOS standards (XA3XX, XA2XX & XA3XX mixture, A2+3XX), GH10 endo-
1,4-β-xylanase from Thermotoga maritima (Xyn_10), GH43 α-arabinofuranosidase 
from Bifidobacterium adolescentis (Abf_43) and GH51 α-arabinofuranosidase from 
Aspergillus niger (Abf_51) were obtained from Megazyme (Bray, Ireland). A 
commercial enzyme preparation (HX) enriched in GH11 endo-1,4-β-xylanase from 
Trichoderma citrinoviride was provided by Huvepharma NV (Berchem, Belgium). In 
AXOS abbreviations, unsubstituted xylosyl residues are annotated as X, while 
xylosyl residues substituted at O-2,  O-3 or at both O-2 and O-3 positions by 
arabinosyl units are annotated as A2, A3 and A2+3, respectively, according to Fauré 
et al. (2009) (5).  

2.2 In vitro production of arabinoxylo-oligosaccharides 
(AXOS) 

WAX (5.5 mg/mL) was dissolved in 50 mM sodium acetate (NaOAc) buffer (pH 
5.0). Next, 4.55 mL WAX solution was transferred in a 15 mL tube, and 455 μL of 
HX or Xyn_10 solution pre-diluted in the same NaOAc buffer was added to start 
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the incubations. The enzyme doses used were chosen to result in total or ‘end-
point’ degradation of WAX. Incubations were carried out at 40 °C overnight 
followed by enzyme inactivation at 99 °C for 15 min. Supernatants (e.g., AXOS 
mixtures) were analyzed with HPAEC-PAD (10 times diluted), and after reduction 
(see 2.4) with HILIC-ESI-CID-MSn. 

2.3 Enzymatic fingerprinting of arabinosyl substituents in 
AXOS 

Two AXOS mixtures obtained (see 2.2) by using the two distinct endo-xylanases 
were subsequently treated with Abf_43, Abf_51 and a combination thereof 
(Abf_43/Abf_51). GH51 Abfs release single O-2- or O-3-linked arabinosyl 
substitutions (reviewed by Lagaert et al. (2014) (40)), while Abf_43 only releases 
the O-3 arabinosyl from a disubstituted Xyl moiety (41,42). Although the Abf_51 
currently used was previously shown to be also active toward disubstituted AXOS, 
especially A2+3XX (43), in our research, only a very minor amount of A2+3XX was 
degraded after 8 h and current experimental conditions, as shown by HPAEC (see 
Fig. S1). Aliquots (500 μL) of the AXOS mixtures  were transferred in clean reaction 
tubes and were mixed with 480 μL or 460 μL 50 mM sodium acetate buffer (pH 
5.0) for single or combined Abf incubations, respectively. Next, 20 μL of Abf_43 
and/or Abf_51 solution was added to achieve a final dosing of 0.1 U/mL. The 
samples, alongside controls with no Abf added, were incubated at 40 °C for 8 h, 
followed by enzyme inactivation at 99 °C for 15 min. Oligosaccharide and Abf 
digests were analyzed with HPAEC-PAD (10 times diluted), and after reduction with 
HILIC-ESI-CID-MSn.    

2.4 Reduction of oligosaccharides  

Aliquots (200 μL) of DP 2-6 XOS mixture (1 mg/mL each), A2+3XX (1 mg/mL), A2XX 
(1 mg/mL; see supplementary information), XA3XX (1 mg/mL), XA2XX/XA3XX (2 
mg/mL), AXOS mixtures (1 mg/mL; see 2.2) and AXOS mixtures digested with 
Abfs (1 mg/mL; see 2.3) were reduced with 200 μL 0.5 M NaBH4 solution in 1M 
NH4OH at room temperature for 4 h. The reaction was stopped by addition of 50 
μL acetic acid and was followed by sample clean up on Supelclean™ ENVI-Carb™ 
solid phase extraction (SPE) cartridges (250 mg, Sigma Aldrich, St. Louis, MO, 
USA). The cartridges were activated with 80% (v/v) acetonitrile (ACN; Biosolve, 
Valkenswaard, The Netherlands) containing 0.1% (v/v) trifluoroacetic acid (Sigma 
Aldrich) and conditioned with water. Samples were loaded on the cartridges and 
washed with water. Analytes eluting with 40% (v/v) ACN containing 0.1% (v/v) 
TFA were collected and dried by evaporation. The dried analytes were redissolved 
in 400 μL 50% ACN prior to their HILIC-ESI-CID-MSn analysis. 

2.5 Separation and identification of reduced AXOS with 
HILIC-ESI-CID-MSn 

Separation and identification of individual AXOS in mixtures was performed by 
hydrophilic interaction chromatography - electrospray ionization - collision induced 
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dissociation - tandem mass spectrometry (HILIC-ESI-CID-MSn) using a previously 
described method (27), with modifications. The analysis was performed on a 
Vanquish UHPLC system (Thermo Fisher Scientific, Waltham, MA, USA) equipped 
with an Acquity UPLC BEH Amide column (Waters, Millford, MA, USA; 1.7 μm, 2.1 
mm ID × 150 mm) and a VanGuard pre-column (Waters; 1.7 μm, 2.1 mm ID × 
5mm). The column temperature was set at 35 °C and the flow rate was 0.45 
mL/min; injection volume was 1 μL. Water (A) and ACN (B), both containing 0.1 
% (v/v) formic acid (FA) (all solvents were UHPLC-grade; Biosolve), were used as 
mobile phases. The separation was performed by using the following elution 
profile: 0−2 min at 82 % B (isocratic), 2−32 min from 82 % to 71 % B (linear 
gradient), 32–32.5 min from 71 % to 42 % B (linear), 32.5−39 min at 42 % B 
(isocratic), 39−40 min from 42 % to 82 % B (linear) and 40−50 min at 82 % B 
(isocratic). Oligosaccharide mass (m/z) was on-line detected with an LTQ Velos Pro 
mass spectrometer (Thermo Fisher Scientific) operated in a negative ion mode. 
The mass spectrometer was equipped with a heated ESI probe, and was run at 
three modes: Full MS, MS2 on selected MS ions, and MS3 on selected MS2 ions. Ion 
selection was different for DP 3, 4, 5, 6 and 7 oligosaccharides (Table S1), and 
each DP series was analyzed in separate runs. The settings used were: source 
heater temperature 425 °C, capillary temperature 263 °C, sheath gas flow 50 units 
and source voltage 2.5 kV. MS2 scanning was performed at m/z range 150-1200: 
CID with normalized collision energy set at 40%, activation Q of 0.25 and activation 
time of 10 ms. The m/z range of MS3 scan events depended on the m/z value of 
the daughter ion. The CID was set at 35%, while all other parameters were similar 
to MS2 scanning. Mass spectrometric data were processed by using Xcalibur 2.2 
software (Thermo Fisher Scientific). 

3 Results and discussion 

3.1 Separation and identification of reduced, isomeric AXOS 
standards  

The aim of this research was to develop a strategy for AXOS identification in 
complex mixtures, making use of HILIC-MSn. It was hypothesized that reduction 
of the oligosaccharides would not only improve chromatographic resolution, but 
would also aid in their MS-based identification, as has been suggested for other 
types of oligosaccharides (37,38,44). First, the elution and fragmentation patterns 
of reduced, standard (A)XOS all having a DP of 5 (A2+3XX, XA3XX, XA2XX, X5) were 
investigated (Fig. 1; Fig. 2), before delving into complex AXOS mixtures. The 
overall separation and resolution of reduced DP 5 isomers was enormously 
improved (Fig.1A) in comparison to that of underivatized (A)XOS (Fig. S2). The 
reduced (A)XOS isomers eluted in the following order: A2+3XX, XA3XX, XA2XX and 
X5 (Fig. 1A). Interestingly, the observed shorter retention times of reduced AXOS 
compared to the linear (reduced) counterpart (e.g., X5), provides a first indication 
of arabinosyl substitution when specific analytical standards are not available.  
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Fig. 1. HILIC-MS extracted ion chromatograms (A) of four NABH4-reduced DP5 (m/z 
679; [M‒H]‒) isomers: A2+3XX (1), XA3XX(2), XA2XX (3) and X5 (4). Negative ion mode 
CID-MS2 spectra (B) of eluted isomers 1-4; average spectra across the chromatographic 
peaks. The fragments are annotated according to Domon & Costello (1988) and Juvonen 
et al. (2019) (31,39). Blue: glycosidic linkage fragments; Red: cross-ring fragments; /: 
double cleavage; x: α or β antennae. Alternative fragments are presented in brackets.  

Full-scan MS mode (data not shown) indicated that oligosaccharides were present 
in a single-charged, deprotonated state ([M‒H]‒) or as deprotonated formate 
adducts ([M+FA‒H]‒). The [M‒H]‒ products were preferred for further MS analysis, 
because fragmentation of [M+FA‒H]‒ products was either not obtained or resulted 
in complex spectra with various formate-adducted fragments, as was also observed 
by Sun et al. (2020) (27) for cello-oligosaccharides. 

The obtained fragmentation spectra were annotated according to the nomenclature 
proposed by Domon & Costello (1988) (39). MS2 analysis (Fig. 1B) revealed that 
for all separated reduced standard DP 5 AXOS (Fig. 1A), Y (Y4-2: m/z 547, 415, 
283), Z (Z4-2: m/z 529, 397, 265) and B (B4-2: m/z 527, 395, 263) ions were the 
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main fragments, while C ions (C3: m/z 413, C2: m/z 281) were only visible at 
highest zoom levels (not shown). Z ions were predominant for X5, but less 
abundant for Ara-substituted isomers (Fig. 1). In particular, the abundance of Z3 
and Z2 was lower in A2+3XX compared to XA3XX and XA2XX. The lower abundance 
of C ions in negative ion mode MS2 has not been previously observed for 
underivatized oligosaccharides, such as AXOS and cello-oligosaccharides 
(23,27,31). More explicitly, C ions occurring from the reducing end, have been 
previously described as integral diagnostic fragments for such underivatized AXOS 
structures (23,31). Most likely, reduction resulted in less stable C ions compared 
to Y, Z and B ions. This observation is in line with previous studies reporting the 
decrease in C ion abundance after reduction of mucin-derived oligosaccharides, 
cello-oligosaccharides, and galacto-oligosaccharides (27,45,46). Cross-ring 
fragments 0,2An and 2,4An were observed at relatively low abundances (Fig. 1B), 
mainly with further loss of water (e.g., 0,2A4(3)‒H2O: m/z 467, 0,2A3(2)‒H2O: m/z 
335). Nevertheless, these two cross-ring fragment types have been proven to be 
important indicators of the β-(14) linkages between xylosyl backbone residues 
(23). Furthermore, double cleavages involving B and Y or Z glycosidic ions, as well 
as Y3α/Υ3β, Z3α/Z3β, Υ3x/Z3x double cleavages were observed (Fig. 1), in line with 
MS2 fragmentation spectra of underivatized oligosaccharides in previous reports 
(31,39,47). Additional double cleavages involving glycosidic and cross-ring 
fragments (0,2An/Y (0,2An‒H2O/Z)) currently observed have been also reported for 
underivatized AXOS (31). For example, m/z 335 was observed in all four isomers 
(Fig. 1), and represented a cross-ring cleavage (0,2A2(3)‒H2O) in XA3XX and X5. Yet, 
the formation of m/z 335 in XA2XX and A2+3XX could not be explained by 0,2Ax 
cleavage alone, and might have resulted from double cleavage that involved the 
loss of O-2-linked Ara. The formation of such double cleavage fragment ions is not 
uncommon (39,47,48), but impedes conclusive identification of the four isomers 
based on their MS2 spectra.  

Therefore, relevant Y and B fragment ions (MS2) were further investigated by MS3. 
To that end, MS3 analysis of Y3(4) (m/z 547) (Fig. S3), B3(4) (m/z 527) and B2(3)

(m/z 395) (Fig. 2) was carried out. MS3 analysis of m/z 679547 ion across all 
four DP 5 isomers mainly showed B and Y fragments, while the formation of Z3 
(m/z 397) was more restricted in A2+3XX than in XA3XX and XA2XX (Fig. S3). The 
latter confirmed the MS2 analysis of AXOS structures (Fig. 1), pointing out that Z 
ions were less favored in the vicinity of Ara substituents. Conversely, the 
corresponding MS3 spectra of m/z 679547 ions for XA3XX and XA2XX resembled 
that of X5 (Fig. S3). This observation indicated the loss in MS3 of Ara instead of the 
terminal xylosyl moiety from both MS2 ions having the same m/z value.  
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Fig. 2. Negative ion mode CID-MS3 spectra of m/z 679395 [M‒H]‒ (A) and m/z 
679527 [M‒H]‒ (B) corresponding to A2+3XX (1), XA3XX (2), XA2XX (3) and X5 (4) 
(MS2; see Fig. 1). The fragments are annotated according to Domon & Costello (1988) 
and Juvonen et al. (2019) (31,39). Blue: glycosidic fragments; Red: cross-ring 
fragments; /: double cleavage; x: α or β antennae. Alternative fragments are presented 
in brackets. The precise structure of the newly formed end of B fragment ions is 
unknown as it may undergo several rearrangements (dashed ring), hence corresponding 
MS3-ring-fragments have been annotated tentatively.     



Chapter 4 

100 

In MS3,  the spectra of all isomers in the case of m/z 679395 and m/z 679527 
were dominated by B, Y and Z ions, while 1,5A and 2,4A ions were also present (Fig. 
2). In particular, isomers presented distinct MS3 spectra for m/z 679395, mainly 
differing in relative intensities of m/z 377, 359, 365 and 347 ions (Fig. 2A). The 
ions m/z 377 and m/z 359 were most likely formed by the loss of one (B2(3)‒H2O) 
or two (B2(3)‒2H2O) water molecules, respectively, due to the dehydration of the 
MS2 fragment ion. The ions m/z 365 and m/z 347 were assigned to 1,5A cross-ring 
fragments, without or with additional loss of water, respectively. 

Furthermore, the intensity ratio of 1,5A2(3)‒H2O:B2(3)‒H2O (m/z 347:377) was 
approximately 5 for A2+3XX, 0.6 for XA3XX and 0.2 for XA2XX and X5. Additionally 
Z3 presented lower relative intensity for A2+3XX compared to mono-substituted 
isomers. The m/z 305 (0,2X1) ion was mainly observed in XA2XX, while it was not 
very abundant in A2+3XX. Although X-type fragments have been reported to be 
scarce in negative ion mode (39), their formation has been observed in recent 
studies for underivatized oligomers (27,31). Alternatively, the same ion (m/z 305) 
could have resulted from the 2,4A2 or 2,4A3 cleavage in XA3XX and X5 respectively. 
The m/z 679527 ion (B3(4)) corresponding to different isomers was also 
investigated by MS3 (Fig. 2B). The observed spectral fingerprint was comparable 
to that of m/z 679395, with the fragment ions B3(4)‒H2O, B3(4)‒2H2O, 1,5A3(4), 
1,5A3(4)‒H2O and Z3x(4) being differently abundant between isomers. In this case, 
the 1,5A3(4)‒H2O:B3(4)‒H2O ratio (m/z 509:479) was approximately 0.3 for A2+3XX, 
152 for XA3XX, 0.2 for XA2XX and 0.5 for X5. It was observed that while XA2XX and 
X5 presented low values for fragment ion ratios in MS3, for both m/z 679395 and 
m/z 679527, this was not the case in the presence of O-3-linked Ara. In specific, 
A2+3XX and XA3XX demonstrated contrasting MS3 profiles for m/z 679527 and 
m/z 679395. Consequently, it could be concluded that both the linkage type and 
position of Ara substituents influenced the MS3 fragmentation patterns of reduced 
AXOS. Overall, MS3 analysis was instrumental in discriminating between AXOS 
isomers by distinguishing between different linkage types and positions of Ara 
substituents on the xylan backbone.  

3.2 Chromatographic separation and MS-based annotation of 
(reduced) AXOS in mixtures obtained by enzymatic 
hydrolysis of arabinoxylan 

The approach discussed in 3.1 for standard AXOS was further applied to two types 
of AXOS mixtures: wheat arabinoxylan (WAX) digested by a GH11 endo-xylanase 
(HX) or by a GH10 endo-xylanase (Xyn_10). The obtained AXOS mixtures were 
subsequently digested by Abf_51 and/or Abf_43. HPAEC-PAD analysis (Fig. S4) 
confirmed that Abf_51 removed Ara from single substituted Xyl residues, resulting 
a mixture of XOS and AXOS with intact doubly-substituted xylosyl residues. Abf_43 
only cleaved O-3-linked Ara from doubly substituted xylosyl residues (41,42), 
releasing singly substituted AXOS. The combination of both Abfs resulted mainly 
in (unsubstituted) XOS (Fig. S4). 
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The (A)XOS mixtures were further subjected to NaBH4 reduction, followed by 
HILIC-MSn analysis (Fig. 3). Distinct peaks were observed corresponding to 
reduced DP 3-7 pentose oligomers as based on their m/z values, and were coded 
accordingly as explained below (i-vii; Table 1). HX mainly released X2, 4.ii and 5.iii, 
while Xyn_10 mainly released X2, 3.i and 4.ii as end products from WAX. The 
different AXOS profiles obtained by HX and Xyn_10 were linked to the previously 
demonstrated lower tolerance of GH11 endo-xylanases to Ara substituents 
compared to GH10 endo-xylanases (20,49). Apart from the oligosaccharides shown 
in Fig. 3, other minorly present DP 6 and 7 (A)XOS were released as well, and are 
shown at a higher sensitivity in Fig. S5.   

Fig. 3.  HILIC-MS extracted ion chromatograms of NaBH4-reduced AXOS and XOS from 
WAX digested by HX (A.1) and Xyn_10 (B.1). Subsequent digestions with Abf_43 (2), 
Abf_51 (3) or Abf_43/Abf_51 combination (4). see Table 1 for explanation of coded 
peaks. 

First, XOS (DP 2-6) mainly formed by the combination of Abf_43/Abf_51 were 
identified on the basis of elution time and MS2 spectra of corresponding standards. 
As has been observed for the DP 5 standards (section 3.1), AXOS eluted before 
linear XOS with the same DP. Second, 4.iii, 5.ii, 5.iii and 5.iv were annotated as 
A2XX, A2+3XX, XA3XX and XA2XX, respectively, based on retention time and 
(identical) MS2 spectra of available standards (Fig. 2; Fig. S6; Table 1). Next, 
Abf_43 and Abf_51 treatment of HX and Xyn_10 WAX digests further assisted in 
tentatively identifying individual AXOS. For example, the peaks 5.ii, 6.v and 7.vii 
disappeared upon Abf_43 treatment, while the relative abundance of 4.iii and 5.iv 
increased (Fig. 3). At the same time, peak 6.viii was formed (Fig. S5). 
Consequently, it was concluded that 5.ii (A2+3XX), 6.v and 7.vii represented 
disubstituted AXOS, while 4.iii (A2XX), 5.iv (XA2XX) and 6.viii, represented O-2 
monosubstituted AXOS. The peaks (partly) removed by Abf_51 treatment 
represented AXOS with single Ara substitutions (40,41). As a consequence, mainly 
XOS as well as disubstituted 5.ii,  6.v and 7.vii AXOS remained in the Abf_51 
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digests. Peaks like 4.iii and 6.iii were minorly visible in Abf_51 digests (Fig. 3), 
suggesting almost complete Abf_51 action under the current experimental 
conditions.  

3.3 Detailed identification of enzymatically derived 
(reduced) DP 3, 4 and 5 AXOS isomers in mixtures 

In addition to the first annotation described in 3.2, the structure of partially 
annotated AXOS was further investigated by MSn. Apart from 5.ii-iv, an additional 
pentasaccharide (5.i) was released by Xyn_10, but not by HX. Digestion by Abfs 

demonstrated that 5.i was singly-substituted (Fig. 3). Its MS2 and MS3 (m/z 
679547, 527, 395) spectra are shown in Fig. 4. In line with the observations 
made for AXOS standards (section 3.1), the Z4 ion was less abundant compared to 

the Y4 ion in MS2, suggesting that Ara substitution was present at, or next to, the 
non-reducing terminal Xyl residue. 

MS3 analysis of m/z 679547 demonstrated that Z3 formation was suppressed in 
5.i compared to XA3XX, XA2XX and X5 (Fig. 4). This confirmed the presence of an
additional arabinosyl attached to the penultimate xylosyl residue from the non-
reducing end in 5.i. Next, the MS3 spectrum of m/z 679395 fragment ion (B4/Y4)
was comparable to those of A2+3XX and XA3XX standards (Fig. 2), and the 1,5A3-
H2O:B4/Y4‒H2O ratio (m/z 347:377) was estimated to be ~10 (Table 1). The
observation that 5.i presented similar features to both A2+3XX and XA3XX,
demonstrated the presence of O-3-linked arabinosyl substituents, reflecting the
most abundant substitution type in wheat arabinoxylan (18,50). Additionally, the
absence of the corresponding diagnostic ions from the MS3 spectrum of m/z
679527 for 5.i, indicated that fragmentation was more restricted in comparison
to other DP 5 (A)XOS (Fig. 2), and reflected a different substitution pattern. Based
on the above, we propose that 5.i is substituted by two single, consecutive O-3-
linked Ara units (A3A3X; Table 1). It should be noted that the m/z 395 ion in 5.i
was a product of double cleavage (B4/Y4), involving the loss of one of the two Ara
substituents (Fig. 4). The release of A3A3X and A2+3XX from WAX by a GH10 endo-
xylanase exhibiting similar mode of action as Xyn_10, has been previously
demonstrated by 1H NMR (49).
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Fig. 4. Negative ion mode CID-MS2 (1) and CID-MS3 spectra of m/z 679547 [M‒H]‒ 
(2), m/z 679395 [M‒H]‒ (3) and m/z 679527 [M‒H]‒ (4) for 5.i. Average spectra (B) 
of the chromatographic peak present in Xyn_10 treatment (A). The fragments are 
annotated according to Domon & Costello (1988) and Juvonen et al. (2019) (31,39). 
Blue: glycosidic fragments; Red: cross-ring fragments; /: double cleavage; x: α or β 
antennae. Alternative fragments are presented in brackets. Structures a, b correspond 
to 3 due to the loss of either arabinosyl substituent. The precise structure of the newly 
formed end of B fragment ions is unknown as it may undergo several rearrangements 
(dashed ring), hence corresponding MS3-ring-fragments have been annotated 
tentatively.     

Having obtained an overview of the influence of Ara substitution on the 
fragmentation of DP 5 AXOS, we proceeded in identifying DP 3 and 4 isomers in a 
similar manner. Both HX and Xyn_10 treatments resulted in the release of one 
trisaccharide (3.i), eluting before X3 and three DP 4 AXOS (4.i, 4.ii, 4.iii: A2XX) 
(Fig. 3). In specific, 3.i and 4.ii were major products released by Xyn_10, while 4.i 
and 4.ii were main products released by HX. A2XX was minorly present in both 
cases. Abf treatment revealed that all four (reduced) DP 3 and 4 AXOS detected 
were singly substituted (Fig. 3). 
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Fig. 5. Negative ion mode CID-MS2 (B) spectra of 4.i (1), 4.ii (2), 4.iii (3) and X4 (4) 
DP4 AXOS/XOS isomers (m/z 547; [M‒H]‒). Average spectra across the most abundant 
chromatographic peaks between treatments (A). The fragments are annotated 
according to Domon & Costello (1988) and Juvonen et al. (2019) (31,39). Blue: 
glycosidic fragments; Red: cross-ring fragments; /: double cleavage; x: α or β 
antennae.    

 Starting with DP 4 isomers, the suppression of Z3 ion in MS2 (Fig. 5) confirmed 
the substitution site for both 4.i and 4.ii. Next, MS3 analysis of the daughter ion 
(m/z 547395) in 4.i and 4.ii was performed (Fig. 6). In this case, 4.i presented 
similar MS3 spectrum for m/z 547395 as A2+3XX (Fig. 2) and A3A3X (Fig. 4). 
Moreover, 4.i presented 1,5A2-H2O:B3-H2O (m/z 347:377) ratio ~10, which was 
comparable to the value obtained for A3A3X (Table 1). Hence, it is proposed that a 
high 1,5Ax-H2O:Bx-H2O ratio, accompanied by the observed spectral fingerprint 
during fragmentation of MS2 ion m/z 395, was characteristic for O-3-linked 
arabinosyl at the non-reducing terminus, albeit not diagnostic for the entire 
oligomeric structure. The spectral fingerprint and 1,5A2-H2O:B2-H2O ratio (m/z 
347:377 ~0.6) observed for 4.ii during fragmentation of m/z 395 MS2 ion were 
comparable to XA3XX (Fig. 2B.2, Table 1). Hence, it is postulated that such findings 
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were indicative of internal O-3-linked arabinosyl. Consequently, 4.i was annotated 
as A3XX and 4.ii as XA3X. Although this assignment is approached with caution, the 
elution of 4.ii between A3XX and A2XX further supports its validity.     

Fig. 6. Negative ion mode CID-MS3 spectra of the daughter ion m/z 547395 [M‒H]‒  
corresponding to 4.i (1), 4.ii (2), 4.iii (3) and X4 (4) (MS2; see Fig. 5). The fragments 
are annotated according to Domon & Costello (1988) and Juvonen et al. (2019) (31,39). 
Blue: glycosidic fragments. Red: cross-ring fragments; /: double cleavage; x: α or β 
antennae. Alternative fragments are presented in brackets. The precise structure of the 
newly formed end of B fragment ions is unknown as it may undergo several 
rearrangements (dashed ring), hence corresponding MS3-ring-fragments have been 
annotated tentatively.     

MS2 analysis of 3.i and X3 (Fig. 7A) confirmed that arabinosyl substitution 
suppressed the intensity of Z2 ion (m/z 265) in 3.i. MS3 analysis of m/z 415263 
(Fig. 7B) showed that the 1,5A2‒H2O:B2‒H2O (m/z 215 and 245, respectively) ratio 
was approximately 40 for 3.i and 0.4 for X3. Therefore, the presence of a terminal 
O-3-linked arabinosyl was deduced, based on the fragmentation fingerprints of m/z
395 MS2 ions corresponding to DP 4 and 5 AXOS. Hence, 3.i was labelled A3X. This
was substantiated by the presence of 2,4A2 cross-ring cleavage (Fig. 7).
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Fig. 7. Negative ion mode CID-MS2 (B) spectra of 3.i (1) and X3 (2) DP3 AXOS/XOS 
isomers (m/z 415; [M‒H]‒) and CID-MS3 (C) spectra of the daughter ion m/z 415263 
[M‒H]‒. Average spectra across the most abundant chromatographic peaks between 
treatments (A). The fragments are annotated according to Domon & Costello (1988) 
and Juvonen et al. (2019) (31,39). Blue: glycosidic fragments; Red: cross-ring 
fragments; /: double cleavage; x: α or β antennae. Alternative fragments are presented 
in brackets. The precise structure of the newly formed end of B fragment ions is 
unknown as it may undergo several rearrangements (dashed ring), hence corresponding 
MS3-ring-fragments have been annotated tentatively.     

We further aimed at identifying several of the multiple DP 6-7 AXOS released in 
minor quantities during WAX endo-xylanase treatment (Fig. 3 and Fig. S5) on the 
basis of observations made so far for DP 3-5 isomers. To begin with, Abf profiling 
enabled the assignment of 6.v to XA2+3XX (see 3.2, Fig. 3). Based on the 
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observations so far, 6.i-iv and 7.i-vi were substituted at multiple Xyl residues. 
Conversely, 6.vi, 6.vii and 6.viii were classified as singly substituted, and 7.vii as 
doubly substituted AXOS.  

MS2 analysis of singly substituted DP 6 (Fig. S7) isomers demonstrated that 
differences in the Y/Z ratios between branched and linear isomers were less 
pronounced than those observed for pentasaccharides (Fig. 1). Consequently, 
deduction of the branching point in AXOS > DP 5 may not be solely achieved by 
the relative intensity between Y and Z ions in MS2. Subsequent MS3 experiments 
revealed that the m/z 811679 fragment ion corresponding to 6.vi presented 
similar spectral fingerprint to X6 (Fig. S8), indicating arabinosyl attachment to the 
penultimate xylosyl residue for 6.vi. In contrast, the m/z 811679 MS3 spectrum 
for 6.vii demonstrated Ara substitution at the third Xyl residue from the non-
reducing end.   

 MS3 fragmentation of the 6.vi and 6.vii m/z 811527 fragment ion (B3) (Fig. S9) 
resulted in similar spectral fingerprints to O-3-linked AXOS such as XA3XX (Fig. 
2B) and XA3X (Fig. 6). Additionally, the higher 1,5A3‒H2O:B3‒H2O ratios (m/z 
479:509; 6.vi~1.7, 6.vii~7.2) compared to X6 (Table 1) confirmed the presence of 
O-3-linked Ara in both 6.vi and 6.vii, which were then annotated as XA3XXX and
XXA3XX, respectively. Following the same procedure, 6.viii was identified as
XA2XXX. Furthermore, MS2 and MS3 (m/z 811679, m/z 811547) analysis of 6.iii
revealed the presence of a xylotetraose backbone, that was substituted by two
Ara, most likely attached to two contiguous, internal Xyl residues (Fig. S10).
Furthermore, 6.iii presented a similar MS3 spectrum for m/z 811527 (B3/Y3α’’(2β))
compared to XA3XX and A3A3X (Fig. 2B, Fig. 4), revealing the presence of O-3-
linked Ara, likely attached to the penultimate Xyl from the non-reducing end.
Therefore, 6.iii was putatively annotated as XA3A3X, although the linkage type of
the second Ara could not be confirmed. Similarly, 6.i, and 7.v were tentatively
annotated as A2+3X3X and XA3A3XX (Fig. S11, Fig. S12), respectively. Finally, the
conversion of 7.vii to 6.viii (XA2XXX) upon Abf_43 treatment suggested that the
former was XA2+3XXX (see 3.2, Fig. S5).

Overall, our annotation of DP 3-7 AXOS based on MSn spectra and Abf action was 
substantiated by previous studies reporting the release of similar structures from 
wheat AX by GH10 and GH11 endo-xylanases. In those studies, AXOS were firstly 
purified, and then identified by 1H NMR (14,17,18,49).  

3.4 Developing a rationale for identifying AXOS isomers by 
HILIC-MSn

In this study, structurally different NaBH4-reduced (A)XOS were separated and 
identified by HILIC-MS2 and MS3 analysis. It should be emphasized that AXOS 
debranching by Abfs exhibiting distinct mode of action was integral in 
distinguishing between doubly and singly substituted oligomers. An overview of 
the current findings is presented in Table 1.   
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Table 1. Overview of (A)XOS isomers DP 2-7 detected by HILIC-ESI-CID-MSn. The m/z 
[M‒H]‒, number of isomers (n), code, retention time (RT), relative abundance, 
characteristic MS2 and MS3 ions, diagnostic MS3 ion ratio and the resolved structures of 
(A)XOS are included.
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ion ratioe 

283 
(2) 1 X2 3.9 12.0 14.8 ‒ ‒ ‒ ‒ XXg 

415 
(3) 2

3.i 4.3 (2.5) 1.3 24.4 
MS2: 283, 265, 

263, 221 
MS3: 263 (245, 
215, 173, 131, 

113) 

40.9 ‒ ‒ A3X 

X3 6.8 1.2 1.0 0.4 ‒ ‒ XXXg 

547 
(4) 4

4.i 7.3 (3.3) 5.6 1.3 
MS2: 415, 397 

MS3: 395 (377, 
347, 305, 
263,245) 

‒ 9.6 ‒ A3XX 

4.ii 7.8 (2.8) 20.5 31.1 ‒ 0.6 ‒ XA3X 

4.iii 8.4 (2.2) 1.0 1.0 ‒ 0.1 ‒ A2XXg 

X4 10.6 0.4 ‒ ‒ 0.2 ‒ XXXXg 

679 
(5) 5

5.i 8.3 (6.3) ‒ 8.3 MS2: 547, 529 
MS3: 547 
(415,397), 

527 (509,479, 
437, 395, 377) 
395 (same as 

DP 4) 

‒ 9.7 ‒ A3A3Xf 

5.ii 9.3 (5.3) 0.7 6.6 ‒ 4.7 0.3 A2+3XXg 

5.iii 11.5 
(3.1) 37.8 0.6 ‒ 0.6 152 XA3XXg 

5.iv 12.2 
(2.4) ‒ 0.4 ‒ 0.2 0.2 XA2XXg 

X5 14.6 ‒ ‒ ‒ 0.2 0.5 XXXXXg 

811 
(6) 9

6.i 9.8 (8.4) ‒ 0.4 

MS2: 679, 661 
MS3:679 (547, 

529), 547 (415, 
397), 527 (same 

as DP 5) 

‒ ‒ ‒ A2+3A3Xf 

6.ii 12.0 
(6.2) ‒ 0.3 ‒ ‒ 1.2 Mltsinh 

6.iii 12.5 
(5.7) 3.3 3.2 ‒ ‒ 20.8 XA3A3Xf 

6.iv 13.1 
(5.1) 0.5 0.3 ‒ ‒ 2.4 ‒ 

6.v 14.2 
(4.0) 3.8 2.5 ‒ ‒ 1.4 XA2+3XX 

6.vi 15.3 
(2.9) 1.9 ‒ ‒ ‒ 1.7 XA3XXX 

6.vii 15.7 
(2.5) 0.2 0.1 ‒ ‒ 7.2 XXA3XX 

6.viii 16.0 
(2.2) ‒ 0.1 ‒ ‒ 0.7 XA2XXX 

X6 18.2 ‒ ‒ ‒ ‒ 0.6 XXXXXXg 

7.i 12.9 
(8.6) ‒ 0.5 

MS2: 811,793 
MS3: 811 (679, 

661), 679 (same 
as DP 6), 527 
(same as DP 5) 

‒ ‒ ‒ Mltsinh 

7.ii 13.9 
(7.6) ‒ 0.5 ‒ ‒ 2.0 Mltmixh 

943 
(7) 7

7.iii 14.5 
(7.0) ‒ 2.2 ‒ ‒ 0.9 Mltmixh 

7.iv 15.9 
(5.6) 0.8 ‒ ‒ ‒ 2.9 Mltsinh 

7.v 16.1 
(5.4) 4.1 ‒ ‒ ‒ 3.7 XA3A3XXf 

7.vi 16.6 
(4.9) 0.3 0.2 ‒ ‒ ‒ ‒ 

7.vii 17.7 
(3.7) 4.3 0.1 ‒ ‒ 0.9 XA2+3XXX 

X7 21.5 ‒ ‒ ‒ ‒ 0.6 XXXXXXX 
aRelative retention time (ΔRT) of AXOS compared to linear XOS of the same DP. bDetermined by 
integration of (A)XOS peaks in HILIC-MS, with the sum of all peaks present in each digest set at 
100%. cm/z values of MS3 ions are indicated within brackets, next to their parent MS2 ion, in bold. 
dm/z values of MS2 fragment ions (Bx) investigated by MS3 per DP, to generate the diagnostic ion 
ratios 1,5Ax‒H2O:Bx‒H2O (see below). eValues represent ratios between m/z 215:245 (DP 3), m/z 
347:377 (DP 4, 5) and m/z 479:509 (DP 5, 6, 7). fTentative structures. gIdentified based on 
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standards. hStructure was not unambiguously determined by MSn, but substitution pattern was 
confirmed by Abf treatment (Fig. S5); Mltsin: containing multiple (≥ 2) single arabinosyl 
substituents, Mltmix: containing both single and double arabinosyl substituents.  

Reduced (A)XOS elution in HILIC depended on DP, with smaller molecules eluting 
earlier. This elution behavior has previously been described for reduced cello-
oligosaccharides and human milk oligosaccharides (27,29). Similar behavior has 
been observed for underivatized DP 3-7 XOS and AXOS as well (28,31). Moreover, 
the elution of (reduced) isomeric structures of the same DP strongly depended on 
the number, linkage type and position of Ara substituents. In specific, di- and 
multiple-substituted AXOS eluted before monosubstituted ones, while linear 
(reduced) XOS eluted at the end of each DP series. Within disubstituted species, 
AXOS with two single arabinosyl substitutions eluted before doubly substituted 
AXOS. Within monosubstituted species, O-3-linked AXOS eluted earlier than O-2-
linked ones. Finally, (reduced) AXOS substituted at, or closer to, the non-reducing 
terminus, eluted before AXOS with similar number and linkage type of internal 
arabinosyl branches. 

Structural elucidation of HILIC-separated AXOS by MSn typically involved a two-
step approach: localization of the branching unit(s) by MS2 and MS3, followed by 
assigning MS3 spectral fingerprints to specific structures (Scheme 1). The relative 
intensities of Y and Z ions deriving from the first glycosidic linkage from the non-
reducing end in MS2, and by subsequent glycosidic fragments in MS3, were 
revealing of the substitution site(s). In specific, Z ion formation was found to be 
suppressed when glycosidic cleavage occurred in the vicinity of Ara substituents. 
On the contrary, Y and Z ions from the cleavage of the first glycosidic linkage from 
the non-reducing end presented similar intensities when two or more contiguous 
unsubstituted xylosyl residues were present. MS3 analysis of selected MS2 ions 
revealed the formation of rather similar fragments, but at different relative 
intensities for (A)XOS isomers. In particular, MS3 fragmentation of Bx MS2 ions 
generated the 1,5Ax-H2O and Bx-H2O ions, whose relative ratio was indicative of the 
arabinosyl substituent linkage type. Selection of B fragment ions for MS3 analysis 
depended on AXOS DP, with larger B fragment ions being selected for higher DP 
oligosaccharides. It was observed that disubstituted AXOS resulted in higher ratios 
than monosubstituted ones. MS3 analysis of B ions m/z 263 and m/z 395 for DP 3-
5, demonstrated that terminal O-3-linked Ara resulted in higher 1,5Ax-H2O:Bx-H2O 
ion ratios than internal O-3-linked Ara. However, this was not the case for MS3 
fragmentation of B ions m/z 527 for DP 5-7. Still, all AXOS containing O-3-linked 
Ara presented higher 1,5Ax-H2O:Bx-H2O ion ratios than AXOS with internal O-2-
linked Ara and XOS. Thus, distinct spectral fingerprints can now be attributed to 
particular structures, and can be used as discriminants of the branching pattern of 
unknown AXOS.  

In this study, reduced AXOS structures were discerned by combining the 
information obtained for oligomer HILIC (relative) retention time, degradation by 
Abfs and MS2 and MS3 fragmentation patterns and diagnostic ion ratios (Scheme 
1). As an example, XA3XXX, XXA3XX and XA2XXX (Table 1) were identified as singly 
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substituted due to their degradation by Abf_51. Next, the position of the 
substituent along the backbone was determined by MS2 analysis, followed by MS3 
analysis of Y fragment ions. Finally, MS3 analysis of B fragment ions demonstrated 
that both XA3XXX and XXA3XX presented higher values for diagnostic ion ratio B‒
H2O:1,5A‒H2O compared to XA2XXX. This annotation was further supported by the 
earlier elution in HILIC of the peak identified as XA3XXX compared to the peaks 
corresponding to XXA3XX and XA2XXX. Moreover, all three AXOS eluted earlier than 
their linear counterpart (X6), with the latter being identified with the use of an 
analytical standard.  

Scheme 1. AXOS identification workflow by the currently developed HILIC-MSn 
strategy. 

Currently, AXOS reduction resulted in differentiated fragmentation patterns 
compared to those of underivatized AXOS (23,31), confirming previous MSn studies 
of  reduced oligosaccharides (27,46). More importantly, AXOS reduction allowed a 
clear distinction between Y/Z and B/C fragmentation pathways. Hence, reduced 
AXOS were identified by comparing well-defined ions, and not by the presence or 
absence of double cleavage fragment ions, as in previous research for 
underivatized AXOS (23,31). Our approach was established for DP 5 AXOS 
standards and validated for unknown DP 3-7 AXOS. Finally, the present findings 
suggest that despite being tedious, pre-column derivatization might still be 
necessary to fairly elucidate oligosaccharide structure by ESI-CID-MSn. As a note 
of critical reflection, the proposed strategy for (A)XOS identification can be 
complemented with optimization of the chromatographic separation for higher DPs 
as well as expansion of the spectral library, by purifying and analyzing additional 
AXOS standards. Moreover, reduction has been previously shown to enable the 
chromatographic separation and MS-based annotation of fucoidan, human milk and 
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galacto-oligosaccharides (29,45,51). Similar to our current observations, DP 3 
galacto-oligosaccharides isomers also presented different relative intensities for Y 
and Z fragment ions in MS2 (45). Therefore, apart from AXOS, the strategy 
currently developed is expected to be relevant for other (hetero)xylan-derived 
oligosaccharides as well as other oligosaccharide species, and can thus contribute 
to the more comprehensive characterization of carbohydrates.     

4 Conclusion 
We currently present a strategy for the identification of AXOS isomers in enzyme 
digests, assisted by NaBH4 reduction of the oligomer followed by HILIC-MSn. Z ion 
formation was suppressed in the vicinity of Ara substituents. Therefore, the relative 
intensity between corresponding Y and Z ions revealed the position of arabinosyl 
substituents. Further structural elucidation was achieved by assigning diagnostic 
spectral fingerprints to structural motifs containing O-3-, O-2-, and O-2,3-linked 
arabinosyl substituents. Moreover, arabinosyl-debranching enzymes were crucial 
tools for revealing oligosaccharide structures, establishing MS fragmentation rules 
and setting up an oligosaccharide library. The identification strategy currently 
described will be highly relevant for studying the functionality of individual AXOS 
structures in complex matrices such as digesta and waste streams. Moreover, it is 
expected to further contribute to the characterization of novel xylanolytic enzymes. 
Finally, a similar approach may be relevant for identification of other 
oligosaccharide species as well as polysaccharide sequencing.    
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Supplementary information 

Supplementary materials and methods 

Enzymatic fingerprinting of arabinosyl substituents in standard 
AXOS 

The standard A2+3XX (1.25 mg/mL) was incubated with Abf_43 (0.1 AU/mL) at 40 
°C and pH 5.0 for 8 h to produce the oligosaccharide A2XX. The reaction was 
stopped by heating at 99 °C for 15 min. A2XX was used as an analytical standard 
for HPAEC-PAD and after NaBH4 reduction, for HILIC-ESI-CID-MSn. 

The standards XA2XX/XA3XX and A2+3XX (0.25 mg/mL) were incubated with Abf_51 
(0.1 AU/mL) at 40 °C and pH 5.0 for 8 h and 16 h. The reactions were stopped by 
heating at 99 °C for 15 min. The samples were diluted 10 times and analyzed by 
HPAEC-PAD. 

Profiling of oligosaccharides with HPAEC-PAD 

The elution pattern of underivatized AXOS mixtures, as is (see 2.2) and as Abf 
digests (see 2.3) was analyzed by High Performance Anion Exchange 
Chromatography with Pulsed Amperometric Detection (HPAEC-PAD). Hereto, an 
ICS5000 HPLC system (Dionex, Sunnyvale, CA, USA) was used, equipped with a 
CarboPac PA-1 column (2mm ID x 250 mm; Dionex) in combination with a 
CarboPac PA guard column (2 mm ID×50 mm; Dionex), and coupled to pulsed 
amperometric detection (Dionex). The column temperature was set at 20 °C, the 
flow rate was 0.3 mL/min, and the injection volume was 10 μL. The mobile phase 
was comprised of 0.1 M sodium hydroxide (NaOH) (A) and 1 M sodium acetate in 
0.1 M NaOH (B). The separation was performed using the following elution profile: 
0−32 min from 0% to 38% B (linear gradient), 32-37 min from 32 % to 100% B 
(linear), 37-42 min at 100% B (isocratic), and 42-55 min 100% A (isocratic). 

Supplementary data 

Table S1. List of MS and MS2 ions selected for MS2 and MS3 analysis, respectively, for 
each (A)XOS series of different Degree of Polymerization (DP). 

DP MS ion selected for MS2 
(m/z [M‒H]‒) 

MS2 ions selected for MS3

 (m/z [M‒H]‒) 
3 415 263 
4 547 395 
5 679 395, 527, 547 
6 811 527, 547, 679 
7 943 527, 679, 811 
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Fig. S1. HPAEC-PAD chromatograms of XA2XX/XA3XX and A2+3XX standards (0.25 
mg/mL) before and after treatment with Abf_51 (0.1 AU/mL) for 8 h and 16 h, at 40 ºC 
and pH 5.0. Samples were diluted 20 times prior to analysis.  

Fig. S2. HILIC-MS ion extracted chromatograms of four underivatized DP 5 AXOS 
isomers (m/z 677; [M‒H]‒): XA3XX (1), XA2XX/XA3XX (2), A2+3XX (3) and X5 (4). 
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Fig. S3. Negative ion mode CID-MS3 spectra of m/z 679547 [M‒H]‒ corresponding to 
A2+3XX (1), XA3XX (2), XA2XX (3) and X5 (4) (see Fig. 1). The fragments are annotated 
according to Domon & Costello (1988) and Juvonen et al. (2019) (1,2). Blue: glycosidic 
fragments; Red: cross-ring fragments; /: double cleavage; x: α or β antennae. 
Alternative fragments are presented in brackets. Structures a, b correspond to A2+3XX 
due to the loss of either arabinosyl substituent, and structure c corresponds to XA3XX, 
XA2XX and X5.     
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Fig. S4. HPAEC-PAD chromatograms of AXOS and XOS from WAX digested by HX (A.1) 
and Xyn_10 (B.1). Subsequent digestions with Abf_43 (2), Abf_51 (3) or 
Abf_43/Abf_51 combination (4). Monosaccharides (Ara: arabinose, Xyl: xylose) and 
linear XOS (DP 2-6) were identified based on comparison of elution of standards (not 
shown); AXOS (Mono-sub = monosubstituted, Di-sub = disubstituted, Multi-sub = 
multiple-substituted) were according to van Gool et al. (2013) (3). 
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Fig. S5. HILIC-MS ion-extracted chromatograms of NABH4-reduced DP 6 (m/z 811; [M‒
H]‒) (A, C) and DP7 (m/z 943; [M‒H]‒) (B, D) (A)XOS from WAX digested by HX (A.1) 
and Xyn_10 (B.1). Subsequent digestions with Abf_43 (2), Abf_51 (3) or 
Abf_43/Abf_51 combination (4). see Table 1 for explanation of coded peaks. Zoomed-
in chromatograms for better resolution of minor DP 6,7 AXOS shown in Fig. 3.   

Fig. S6. HILIC-MS ion extracted chromatograms of A2+3XX (m/z 679 [M‒H]‒, retention 
time (RT) 9.3 min) (1) and A2+3XX treated with Abf_43 (m/z 547 [M‒H]‒, RT 8.4 min) 
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(2). HPAEC-PAD chromatograms of A2+3XX (1) and A2+3XX treated with Abf_43 (2) 
(insert). 

Fig. S7. Negative ion mode CID-MS2 spectra of DP 6 (A)XOS isomers (m/z 811 [M‒H]‒

) 6.vi (1), 6.vii (2), 6.viii (3) and X6 (4); average spectra across the most abundant 
chromatographic peaks between treatments (Fig. S5). The fragments are annotated 
according to Domon & Costello (1988) and Juvonen et al. (2019) (1,2). Blue: glycosidic 
fragments; Red: cross-ring fragments; /: double cleavage; x: α or β antennae. 
Alternative fragments are presented in brackets. 



Chapter 4 

122 

Fig. S8. Negative ion mode CID-MS3 spectra of m/z 811679 [M‒H]‒ (A) and m/z 
811547 [M‒H]‒ (B) corresponding to (A)XOS 6.vi (1), 6.vii (2), 6.viii (3) and X6 (4). 
(MS2; see Fig. S7). The fragments are annotated according to Domon & Costello (1988) 
and Juvonen et al. (2019) (1,2). Blue: glycosidic fragments; Red: cross-ring fragments; 
/: double cleavage; x: α or β antennae, P: pentose unit (m/z 132). Structure a 
corresponds to 6.vi and 6.viii, b to 6.vii, c to X6, d to 6.vi-viii and e to X6. 



AXOS identification by HILIC-MSn 

123 

4 

Fig. S9. Negative ion mode CID-MS3 spectra of m/z 811527 [M‒H]‒ corresponding to 
(A)XOS 6.vi (1), 6.vii (2), 6.viii (3) and X6 (4). (MS2; see Fig. S8). The fragments are
annotated according to Domon & Costello (1988) and Juvonen et al. (2019) (1,2). Blue:
glycosidic fragments; Red: cross-ring fragments; /: double cleavage; x: α or β
antennae, P: pentose unit (m/z 132). The precise structure of the newly formed end of
B fragment ions is unknown as it may undergo several rearrangements (dashed ring),
hence corresponding MS3-ring-fragments have been annotated tentatively.
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Fig. S10. Negative ion mode CID-MS2 (1) and CID-MS3 spectra of m/z 811679 [M‒
H]‒ (2), m/z 811547 [M‒H]‒ (3) and m/z 811527 [M‒H]‒ (4) corresponding to 6.iii. 
Average spectra across the most abundant chromatographic peaks between treatments 
(Fig. S5). The fragments are annotated according to Domon & Costello (1988) and 
Juvonen et al. (2019) (1,2). Blue: glycosidic fragments; Red: cross-ring fragments; /: 
double cleavage; x: α or β antennae; Alternative fragments are presented in brackets. 
Structure a, b correspond to m/z 811679 (2), c corresponds to m/z 811547 [M‒H]‒ 
(3) and d, e correspond to m/z 811527 [M‒H]‒ due to the loss of either (a, b, d, e)
or both (c) arabinosyl substituents. The precise structure of the newly formed end of B
fragment ions is unknown as it may undergo several rearrangements (dashed ring),
hence corresponding MS3-ring-fragments have been annotated tentatively.
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Fig. S11. Negative ion mode CID-MS2 (1) and CID-MS3 spectra of m/z 811679 [M‒
H]‒ (2), m/z 811547 [M‒H]‒ (3) and m/z 811527 [M‒H]‒ (4) corresponding to 6.i. 
Average spectra across the most abundant chromatographic peaks between treatments 
(Fig. S5). The fragments are annotated according to Domon & Costello (1988) and 
Juvonen et al. (2019) (1,2). Blue: glycosidic fragments; Red: cross-ring fragments; /: 
double cleavage; Alternative fragments are presented in brackets. Structures a, b, c 
correspond to m/z 811679 [M‒H]‒ (2), d, e, f correspond to m/z 811547 [M‒H]‒ (3) 
and g, h, i correspond to m/z 811527 [M‒H]‒ due to the loss of one (a-c, g-i) or two 
(d-f) arabinosyl substituents. The precise structure of the newly formed end of B 
fragment ions is unknown as it may undergo several rearrangements (dashed ring), 
hence corresponding MS3-ring-fragments have been annotated tentatively.     
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Fig. S12. Negative ion mode CID-MS2 (1) and CID-MS3 spectra of m/z 943811 [M‒
H]‒ (2), m/z 943679 [M‒H]‒ (3) and m/z 943527 [M‒H]‒ (4) corresponding to 7.v. 
The fragments are annotated according to Domon & Costello (1988) and Juvonen et al. 
(2019) (1,2). Blue: glycosidic fragments; Red: cross-ring fragments; /: double 
cleavage. Alternative fragments are presented in brackets. Structure a, b correspond 
to m/z 943811 [M‒H]‒ (2), c corresponds to m/z 943679 [M‒H]‒ (3) and d, e 
correspond to m/z 943527 [M‒H]‒ due to the loss of either (a, b, d, e) or both (c) 
arabinosyl substituents. The precise structure of the newly formed end of B fragment 
ions is unknown as it may undergo several rearrangements (dashed ring), hence 
corresponding MS3-ring-fragments have been annotated tentatively.     
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Abstract 
Previously, arabinoxylan (AX) depolymerization by dietary endo-xylanase was 
observed in the broiler ileum, but released arabinoxylo-oligosaccharides (AXOS) 
were not characterized in detail. This study aimed at extracting and identifying 
AXOS released in vivo in broilers, in order to delineate the influence of endo-
xylanase on AX utilization. Hereto, digesta from the gizzard, ileum, ceca and 
excreta of broilers fed a wheat-soybean diet without (Con) or with endo-xylanase 
supplementation (Enz) were assessed. Soluble AX content in the ileum was higher 
for Enz diet (26.9%) than for Con diet (18.8%), indicating a different type and 
amount of AX entering the ceca. Removal of maltodextrins and fructans enabled 
monitoring of AX depolymerization to AXOS (Enz diet) using HPSEC-RI and HPAEC-
PAD. A recently developed HILIC-MSn methodology allowed AXOS (DP 4-10) 
identification in ileal digesta and excreta. Xylanase-induced AXOS formation 
coincided with decreased total tract AX recovery, which indicated improved AX 
hindgut utilization. 
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1 Introduction 
Wheat grains are a major starch source in poultry nutrition. Next to starch, wheat 
grains contain about 9% non-starch polysaccharides (NSP) present in the cell walls 
(1,2). Arabinoxylan (AX) is the most abundant NSP, accounting for 5-7% of the 
grain dry matter (3). AX is a well characterized polymer composed of a β-(14) 
linked D-xylosyl (Xyl) backbone, mainly substituted with L-arabinosyl (Ara) units. 
For endosperm AX, approximately 66% of all Xyl residues are unsubstituted, 21% 
are monosubstituted mainly by O-3-linked Ara, while doubly substituted Xyl by Ara 
at both O-2 and O-3 account for 13% of backbone Xyl residues. O-2-linked Ara 
may also be present in minor amounts (3–5). AX from wheat aleurone and pericarp 
tissues may present different Ara-substitution pattern compared to endosperm AX, 
and can be further substituted with 4-O-methyl-D-glucuronyl, acetyl and/or 
feruloyl moieties (3,4).  

Polymeric AX is reported to increase intestinal viscosity and hinder nutrient 
digestibility, thus negatively influencing broiler growth (6,7). Nonetheless, certain 
soluble AX fractions can be readily fermented to short chain fatty acids (SCFAs) by 
gut microbiota in the ceca, thus benefiting the host (8–10). Endo-xylanase 
supplementation has been a successful strategy to offset the aforementioned anti-
nutritive effects of AX, predominantly in wheat-based diets. Xylanase-mediated 
improvements in nutrient digestibility and broiler performance have been 
associated with reduced digesta viscosity, decreased nutrient encapsulation by the 
cereal cell wall matrix and increased AX fermentation to SCFAs (6,11,12). 

Endo-xylanases hydrolyze the β-(14) linkage between two Xyl residues of the AX 
backbone, depolymerizing AX and releasing (arabino)xylo-oligosaccharides 
((A)XOS) (13,14). The (A)XOS formed are known for their prebiotic properties for 
humans (15). In particular, it has been demonstrated that the beneficial impact of 
(A)XOS on hindgut fermentation depends on their chemical structure (i.e. degree
of polymerization (DP), degree/type of substitution) (15,16). Similar to human
studies, (A)XOS supplementation resulted in bifidobacterial growth as well as
pronounced SCFAs formation in the broiler ceca (17,18). Likewise, endo-xylanase
supplementation has been shown to influence microbiota ecology and to promote
cecal SCFAs formation (12,18,19). Such observations outline that improvement of
hindgut fermentation can be expected as a result of the xylanase-driven
degradation of AX to (A)XOS in vivo. Indeed, several studies have reported AX
solubilization and size reduction upon endo-xylanase supplementation in broilers
(20–22). However, a detailed characterization of in vivo released AXOS has yet to
be performed, mainly due to the challenge of analyzing such structures in complex
digesta matrices.

Recently, we demonstrated that endo-xylanase supplementation in a wheat-based 
diet led to in vivo formation of pentose oligomers with degree of polymerization 
(DP) of 5-26 in the proximal GIT of broilers (23). The current research aims at 
defining the detailed structure of AXOS released by dietary endo-xylanase in the 
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broiler GIT. It is hypothesized that the detailed characterization of AXOS formed 
in vivo by dietary endo-xylanase will improve our understanding on how such 
dietary enzymes may promote AX fermentation in broilers. This work is considered 
to contribute to the more comprehensive study of carbohydrate fermentation in 
animals, and is of interest for academia, policy makers and the industry.     

2 Materials and methods 
Wheat flour arabinoxylan (medium viscosity) (WAX), linear XOS standards (DP 2–
6; X2-X6), amyloglucosidase from Aspergillus niger (AMG) and fructanase 
preparation (FRM) were obtained from Megazyme (Bray, Ireland). Hostazym X (HX) 
containing a GH11 endo-1,4-β-xylanase (EC 3.2.1.8) from Trichoderma sp. was 
from Huvepharma NV (Berchem, Belgium). All reagents used were of analytical 
grade and were obtained by either Sigma Aldrich (St. Louis, MO, USA) or Merck 
(Darmstadt, Germany), unless stated otherwise. The water used throughout 
laboratory experiments was purified with a Milli-Q Integral 5 (Millipore Corp., 
Billerica, MN, USA) purification system.    

2.1 Samples from broiler GIT 

Broiler digesta and excreta samples were obtained from our recent work (23). The 
animal study was conducted at the facilities of the Laboratory for Animal Nutrition 
and Animal Product Quality (LANUPRO), Department of Animal Sciences and 
Aquatic Ecology, Ghent University (Belgium), in accordance with the ethical 
standards and recommendations for accommodation and care of laboratory animals 
covered by the European Directive 2010/63/EU on the protection of animals used 
for scientific purposes and the Belgian royal decree KB29.05.13 on the use of 
animals for experimental studies. In brief, 48 one-day old male broilers were 
reared in a floor pen and were fed wheat-soybean starter (day 0-10) and grower 
(day 10-20) diets. On day 20, the birds were allocated to pens and were assigned 
to control (Con) or enzyme (Enz) diets following a randomized block design. Each 
diet consisted of 6 replicate pens, with 4 birds per pen. The wheat-soybean finisher 
diet (Table S1) was provided as such (Con) or supplemented with a commercially 
available enzyme preparation (Enz) of GH11 endo-1,4-β-xylanase (EC 3.2.1.8) and 
endo-1,4-β-glucanase (EC 3.2.1.4) from Trichoderma spp. (Huvepharma NV, 
Berchem, Belgium) (Table S2). The excreta were collected per pen, daily (twice) 
between day 24 and 28 and immediately stored at -20°C. On day 28, birds were 
euthanized, and the gizzard, ileum and ceca contents were collected, pooled per 
pen, and frozen at -20°C. Frozen material was dried by lyophilization and 
homogenized with a MM 400 Mixer Mill (Retsch GmbH, Haan, Germany) prior to 
analysis. Three out of six replicate pens were randomly selected, and digesta 
samples originating from these three pens were used for the current study.     

2.2 Aqueous extraction of broiler digesta 

Approximately 1,000 mg digesta was mixed with 35 mL water heated at 99 °C and 
was incubated at 99 °C for 20 min, with continuous mixing. Next, the mixture was 
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centrifuged at 30,000 x g, 20 min and the supernatant was filtered over 595 
Whatman® filter paper. The residue was added to 30 mL water, mixed thoroughly 
and centrifuged at 30,000 x g, 20 min. The washing step was repeated once and 
the resulting supernatants were combined with the filtrate. The extracts and 
residue were freeze-dried, and the weight of the water extractable solids (WES) 
and water unextractable solids (WUS) was recorded. All fractions were 
homogenized with a MM 400 Mixer Mill.    

2.3 Amyloglucosidase and fructanase treatment of WES from 
digesta 

A combination of AMG/FRM was applied to remove maltodextrins and inulin from 
WES from all digesta samples (i.e. gizzard, ileum, ceca and excreta). The individual 
activity of AMG and FRM was predetermined on WES from the ileum (see 
supplement; p. 150). Potential side-activity of AMG and FRM on raffinose series 
oligosaccharides from soybean was also evaluated (see supplement; p. 150). 
Hereto, WES was dissolved in MilliQ water (10 mg/mL), helped by heating at 80 °C 
for 30 min. The resulting solutions were cooled at ambient temperature, 
centrifuged at 20,000 x g for 10 min, and 0.25 mL supernatant was diluted with 
4.5 mL 50 mM NaOAc buffer solution (pH 5.0). Subsequently, pre-diluted AMG and 
FRM solutions were added (0.125 mL each). AMG and FRM were added in excess 
to ensure total or ‘end-point’ degradation. The mixture was incubated at 50 °C, 
overnight under continuous mixing. In parallel, 0.05 mL WES-in-buffer-solution 
was mixed with 0.95 mL NaOAc and incubated under otherwise similar conditions, 
but without AMG/FRM addition. The enzymatic reactions were stopped by heating 
at 99 °C for 15 min, and the samples were cooled at ambient temperature. The 
resulting solutions were then subjected to solid phase extraction (SPE).  

2.4 Reversed-phase (C18) SPE of AMG/FRM-treated WES 

SPE with C18 stationary phase was used to remove enzymatically released hexoses 
(see 2.3) from AMG/FRM-treated WES from the gizzard (GWES), ileum (IWES), ceca 
(CWES) and excreta (EWES), while retaining oligomers and polymers, and was 
performed as described elsewhere (24). Sep-Pak® C18 cartridges (6 cc, 1g, Waters 
Corp., Milford, MA, USA) were activated with 80% (v/v) methanol (MeOH) and 
subsequently washed with water (5 mL; 3 times, respectively). The samples were 
quantitatively loaded onto the cartridges and washed with water (5 mL; 3 times). 
The effluents during the loading and washing steps were pooled. Next, C18-bound 
analytes were eluted with 30% (v/v) MeOH (5 mL; 2 times). Per sample combined 
water fractions (coded: GWES-W, IWES-W, CWES-W and EWES-W) were freeze dried. 
Per sample combined 30% MeOH fractions (coded: GWES-M, IWES-M, CWES-M and 
EWES-M) were dried under a constant air stream with a sample concentrator. The 
dried W and M fractions were dissolved in 1 mL water, centrifuged at 20,000 x g 
for 10 min, and were analyzed for molecular weight distribution by HPSEC (as is), 
for their oligosaccharide profile by HPAEC (5 times dilution) and for sugar 
composition after methanolysis by HPAEC (see 2.6).     
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2.5 Preparative C18-SPE of AMG/FRM-treated pooled ileum 
and excreta WES 

In a separate experiment, 150 mg ileum or excreta WES from the three biological 
replicates were pooled together (coded: IPWES, EPWES, respectively) and dissolved 
in 450 mL 50 mM NaOAc (pH 5.0) by heating at 80 °C for 30 min. Upon cooling at 
ambient temperature, AMG and FRM were added in excess and the solution was 
incubated overnight at 50 °C. The enzymatic reactions were stopped by heating at 
99 °C for 15 min, and the samples were cooled at ambient temperature. Next, the 
samples were subjected to SPE, as follows; The Sep-Pak® C18 cartridges (35 cc, 
10g, Waters Corp.) were activated with 100 mL 80% (v/v) MeOH and subsequently 
washed with 100 mL water. The samples were quantitatively loaded onto the 
cartridges and washed with 100 mL water. The effluents during the loading and 
washing steps were pooled. Next, C18-bound analytes were eluted with 30% (v/v) 
MeOH (35 mL; 2 times). Eluates were dried under a constant air stream overnight 
followed by lyophilization, and the obtained solids were labelled as IPWES-M and 
EPWES-M. IPWES-M and EPWES-M were dissolved in water at 10 mg/mL, and the 
derived solutions were subjected to sodium borohydride (NaBH4) reduction (see 
2.10), followed by HILIC-MSn analysis.  

2.6 Neutral carbohydrate content and composition analysis 

The neutral sugar composition of whole digesta and WUS fractions thereof, was 
determined after pre-hydrolysis with 72% (w/w) H2SO4 (1 h, 30 ºC) and hydrolysis 
with 1 M H2SO4 (3 h, 100 ºC), followed by derivatization of the released sugars to 
alditol acetates and subsequent analysis by gas-chromatography (25,26).  

The neutral sugar composition of WES, and the SPE fractions thereof, was 
determined by methanolysis followed by TFA hydrolysis (25). Due to fructose (Fru) 
instability during methanolysis and TFA hydrolysis, the Fru content in WES was 
determined enzymatically according to Stöber, Bénet, & Hischenhuber (2004) (27), 
with certain modifications. 100 μL aliquots of 10 mg/mL WES solutions were mixed 
with 892 μL of 55 mM NaOAc buffer (pH 4.5), followed by the addition of 8 μL FRM. 
The mixtures were incubated at 60 °C for 1h, and the reaction was stopped by 
heating at 99 °C for 15 min. The free monosaccharide content of untreated 
samples, and the monosaccharide composition of methanolized and FRM-treated 
WES, as well as that of methanolized SPE fractions was determined by HPAEC-PAD. 
Samples were dissolved/diluted in water prior to injection to achieve individual 
monosaccharide concentrations of 1-50 μg/mL. For quantification, a standard 
solution containing arabinose, xylose, glucose, fructose, galactose, mannose, 
fucose and rhamnose was prepared, treated similarly to unknown samples and 
diluted in the range of 1-50 μg/mL.     
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2.7 Monosaccharide analysis and oligosaccharide profiling by 
HPAEC-PAD 

Monosaccharide composition and oligosaccharide profiles were determined by 
High-Performance Anion Exchange Chromatography with Pulsed Amperometric 
Detection (HPAEC-PAD) using a ICS7000 HPLC system (Dionex, Sunnyvale, CA) 
with and ICS7000 ED PAD detector (Dionex), and equipped with a CarboPac™ PA1 
IC column (250 mm x 2 mm i.d.) and a CarboPac™ PA guard column (50 mm x 2 
mm i.d.). The column temperature was set at 20 °C and the injection volume was 
10 μL.  

For monosaccharide analysis, three mobile phases were used: A) 0.1 M NaOH, B) 
1 M  NaOAc in 0.1 M NaOH and C) Water. Neutral monosaccharides were eluted at 
0.4 mL/min with 100% C (isocratic) for 0–35 min, with post column addition of 0.5 
M NaOH (0.1 mL/min) to enable PAD detection. The subsequent elution profile was: 
35.1-50 min linear gradient 0-40% B (100-60% A); 50.1-55 min isocratic 100% 
B, 55.1-63 min isocratic 100% A; 63.1-78 min isocratic 100% C with post column 
addition.  

For oligosaccharide characterization, 0.1 M sodium hydroxide (NaOH) (A) and 1 M 
sodium acetate in 0.1 M NaOH (B) were used as mobile phases. The flow rate was 
0.3 mL/min. The separation was performed by using the following elution profile: 
0−32 min from 0 % to 38 % B (linear gradient), 32-37 min from 32 % to 100 % 
B, 37-42 min at 100 % B (isocratic), 42-42.1 min to 100 % A (linear gradient) and 
42.1-55 min 100 % A (isocratic). Linear XOS were identified based on elution of 
analytical standards (Megazyme).   

2.8 Molecular weight distribution analysis by HPSEC-RI 

The molecular weight distribution was determined by high performance size-
exclusion chromatography with refractive index detection (HPSEC-RI) as described 
elsewhere (28), with an Ultimate 3000 HPLC System (Dionex Corp., Sunnyvale, 
CA, USA) equipped with a set of three TSK-Gel Super columns 4000AW, 3000AW, 
and 2500AW (6 mm ID ×150 mm per column, 6 μm), and a TSK Super AW-L guard 
column (4.6 mm ID ×35 mm, 7 μm) (Tosoh Bioscience Tokyo, Japan). The HPLC 
system was coupled to a Shodex RI-101 refractive index detector (Showa Denko 
KK, Kawasaki, Japan). The system was calibrated using a pullulan series of known 
Mw.    

2.9 Oligosaccharide profiling by MALDI-TOF-MS 

Oligomeric characterization by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) was carried out as described elsewhere 
(23), with an ultrafleXtremeTM MALDI-TOF/TOF mass spectrometer (Bruker 
Daltonics Inc., Billerica, MA, USA) operated at mass range m/z 900-2700. Mass 
calibration was performed with maltodextrins (Avebe B.V., the Netherlands).  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mobile-phase-composition
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2.10 Identification of (reduced) (A)XOS by HILIC-ESI-CID-MSn 

Structural analysis of AXOS and XOS isomers present in IPWES-M and EPWES-M 
solutions (10 mg/mL) (section 2.5) was conducted by hydrophilic interaction 
chromatography - electrospray ionization - collision induced dissociation - tandem 
mass spectrometry (HILIC-ESI-CID-MSn), according to Kouzounis et al. (2022) 
(29). In brief, oligosaccharide reduction was performed by mixing 500 μL aliquots 
with 500 μL 0.5 M NaBH4  in 1 M NH4OH (4 h, ambient temperature), and was 
followed by acidification and sample clean-up (Supelclean™ ENVI-Carb™ SPE). 
Recovered analytes were dissolved in 100 μL 50% ACN and reduced 
oligosaccharides were analyzed with a Vanquish UHPLC system (Thermo Scientific, 
Waltham, MA, USA), equipped with an Acquity UPLC BEH Amide column (Waters, 
Millford, MA, USA; 1.7 μm, 2.1 mm ID × 150 mm) and a VanGuard pre-column 
(Waters; 1.7 μm, 2.1 mm ID × 50 mm), coupled with an LTQ Velos Pro mass 
spectrometer (Thermo Scientific). The mass spectrometer was equipped with a 
heated ESI probe, was operated in negative ion mode, and was run at three modes: 
Full MS (m/z 150-2000), MS2 on selected MS ions, and MS3 on selected MS2 ions 
(29). Mass spectrometric data were processed by using Xcalibur 2.2 software 
(Thermo Scientific).   

2.11 AX distribution in WES and WUS and marker-based AX 
recovery 

The proportion of AX (sum of Ara and Xyl) in whole digesta from the gizzard, ileum, 
ceca and excreta that was recovered in WES (WEAX) was determined according 
to Eq. (1):  

𝑊𝑊𝑊𝑊˗𝐴𝐴𝐴𝐴 (%) =  
𝐴𝐴𝐴𝐴𝑊𝑊𝑊𝑊 ∗  𝑊𝑊𝑊𝑊𝑊𝑊 %

(𝐴𝐴𝐴𝐴𝑊𝑊𝑊𝑊  ∗  𝑊𝑊𝑊𝑊𝑊𝑊 %)  + 𝐴𝐴𝐴𝐴𝑊𝑊𝑊𝑊 ∗ 𝑊𝑊𝑊𝑊𝑊𝑊 %) ∗ 100 (1) 

Where AXWE,WU is the measured AX content (% dry matter) in WES or WUS of 
digesta from the gizzard, ileum, ceca and excreta. WES %  and  WUS % represent 
the fraction of WES and WUS, out of whole digesta (% dry matter). AX recovery in 
WUS (WUAX) was determined in a similar manner.    

The proportion of AX (sum of Ara and Xyl) ingested by broilers, that was recovered 
in WES (WEAX) in the ileum and excreta, was determined, according to Eq. (2): 

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑊𝑊𝑊𝑊˗𝐴𝐴𝐴𝐴 (%) = 𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅 ∗  
𝑊𝑊𝑊𝑊˗𝐴𝐴𝐴𝐴

100
 (2) 

Where AXRec (%) is the recovery of total AX in the ileum or excreta previously 
determined using acid insoluble ash (AIA) as a digestibility marker, as described 
in our recent publication (23). Mean values of  AXRec for Con and Enz are given in 
Table S3. WEAX (%) was determined by Eq. (1). Marker-based AX recovery in 
WUS (WUAX) was determined in a similar manner.   
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2.12 Statistical analysis 

The obtained data was subjected to analysis of variance (ANOVA) using R version 
4.0.2 (R Core Team), with pen being the experimental unit. Statistical analysis was 
carried out for each sampling site (gizzard, ileum, ceca, excreta) separately. 
Arabinoxylan solubilization and arabinose-to-xylose (Ara/Xyl) ratio were modelled 
using diet (D; Con or Enz) and fraction (Faq; WES, WUS) as main effects including 
their two-way interaction term. Monosaccharide recovery during SPE of WES 
samples was modelled using D and SPE fraction (FSPE; water (W), 30% (v/v) 
methanol (M)) as main effects including their two-way interaction term. Normality 
of data residuals and homogeneity of variance were additionally checked. The 
significance of differences between treatments was determined by Fisher’s least 
significant difference procedure, with a significance threshold set at p < 0.05. 

3 Results and discussion 

3.1 Soluble carbohydrate level and composition varied along 
the GIT 

The first step to characterize AX and xylanase-released AXOS was to subject 
digesta samples from the gizzard, ileum, ceca and excreta from broilers fed with 
Con and Enz diets, to aqueous extraction and subsequent analysis (Table S4). 
Water-extractable solids (WES) represented 32.3-39.0% of total solids in gizzard, 
ileum or excreta, while more than 59% of total solids was recovered in the 
corresponding water-unextractable solids (WUS) for both diets. In contrast, in the 
ceca, the WES and WUS presented similar yields, approximately 50% of the total 
dry matter. Next, the constituent monosaccharide composition and total 
carbohydrate content of WES was determined (Table 1). The monosaccharide 
composition of the corresponding WUS is provided in Table S5, in order to facilitate 
an overview of NSP distribution between WES and WUS.

WES fractions of the gizzard, ileum, ceca and excreta from both diets were 
composed of ~53%, ~44%, ~11% and ~17% carbohydrates (% w/w), respectively 
(Table 1). Soluble carbohydrates originated predominantly from wheat whole 
grains and soybean meal, that composed 66% and 17% of the diets (% as fed), 
respectively (Table S1). Glc, mainly representing starch, was the main water-
extractable carbohydrate in the gizzard (79-81 mol % of neutral sugars), while 
non-starch carbohydrates Gal, Xyl, Ara and Fru were considerably less abundant 
(4.0-5.4 mol %). Starch digestion in the small intestine decreased the relative 
amount of Glc and revealed the building blocks of soluble NSP more clearly. Part 
of the Glc (17-18 mol %) was present in the ileum as unabsorbed monomer, while 
the majority of Glc was still present as building block of undigested carbohydrates. 
Soybean-derived NSP accounted for the high Gal presence in the ileum (~19 mol 
%) and may have had a limited contribution to Ara content as well (30). Next, Ara 
and Xyl mainly represented arabinoxylan (AX), which is the most abundant NSP in 
wheat (3), and together accounted for ~20% and ~30% (mol %) of the water-
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extractable carbohydrates present in the ileum in Con and Enz. This observation 
was already suggestive of the influence of enzyme addition on AX solubilization. 
Ceca WES presented high free monosaccharide content, while Rha abundance 
might be attributed to bacterial polysaccharides (31). Finally, soluble NSP escaping 
fermentation were still present in the excreta, and were mainly composed of Glc 
(~37 mol %), Ara+Xyl (~32 mol %) and Gal (~14 mol %).     

Table 1. Constituent neutral monosaccharide composition and total carbohydrate 
content (% w/w) of water-extractable solids (WES) in the gizzard, ileum, ceca and 
excreta, after acid or enzymatic (FRM) hydrolysis. Standard deviations (n = 3) are 
shown in Table S6. The values in parentheses represent the proportion (%) of each 
constituent monosaccharide present as free sugar.  

Constituent neutral monosaccharide composition (mol%) Carb. 
content 
(% w/w) Ara Xyl Glc Fru Gal Man Fuc Rha 

Gizzard 

Con1 4.0 4.5 81.1 4.4 5.0 1.0 0.1 0.0 52.9 (6%) n.d.2 (1%) (23%) (2%) n.d. n.d. n.d.

Enz1 5.4 6.0 78.7 3.6 5.2 0.9 0.1 0.0 52.5 (3%) n.d. (1%) (21%) (3%) n.d. n.d. n.d.
Ileum 

Con 9.3 10.5 41.9 16.2 18.7 2.5 0.9 0.0 43.7 (1%) n.d. (17%) (10%) (14%) n.d. n.d. n.d.

Enz 12.9 16.4 27.7 19.6 19.6 2.7 1.1 0.0 44.2 (1%) n.d. (18%) (18%) (23%) n.d. n.d. n.d.
Ceca 

Con 2.8 6.7 60.9 8.8 9.9 3.5 1.7 5.6 10.1 (95%) (13%) (48%) (116%) (14%) (112%) (1%) n.d.

Enz 2.7 5.5 64.7 8.3 8.4 4.4 1.3 4.7 13.0 (95%) (13%) (48%) (116%) (14%) (112%) (1%) n.d.
Excreta 

Con 14.0 17.8 37.5 10.2 14.1 4.5 2.0 0.0 17.4 (7%) n.d. (5%) (28%) (11%) n.d. n.d. n.d.

Enz 
13.9 18.2 37.4 9.3 14.3 4.7 2.2 0.0 

17.1 (7%) n.d. (9%) (51%) (16%) n.d. n.d. n.d.
1Con: control diet; Enz: xylanase supplemented diet. 2Not detected.  

3.2 Xylanase-driven solubilization of AX species along the 
GIT 

Next, we studied the impact of dietary endo-xylanase on the marker-based 
recovery of AX (Eq. (2)) in WES (WEAX) and WUS (WUAX) for ileum and excreta 
(Fig. 1). Insoluble digestibility markers are differently retained in the gizzard than 
soluble feed components, and cannot follow soluble feed components in the ceca 
(32,33). Consequently, the relative WEAX and WUAX proportion in the gizzard, 
ceca and finisher diets was determined instead (Eq. (1), Table 2, Table S7). HPSEC-
RI and MALDI-TOF-MS analysis of WES from both Con and Enz finisher diets only 
showed the presence polymeric material, while AX-deriving oligomers were not 
detected (data not shown). The Ara/Xyl ratio at the different GIT locations was 
determined as well (Table 3).  
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Fig. 1. Marker-based recovery of water-extractable (WEAX) and water-unextractable 
(WUAX) arabinoxylan in the ileum and excreta, expressed as percentage (%) of the 
total AX present in the control diet (Con) and endo-xylanase supplemented diet (Enz). 
Bars corresponding to ileum or excreta not sharing common notation differ significantly 
(p < 0.05). The error bars indicate standard deviation (n = 3); ANOVA results are 
presented in the table inserted. 

WE-AX in the ileum represented 18.9% and 26.8% of AX consumed by broilers in 
Con and Enz, respectively (Fig. 1). The observed increase of soluble AX by endo-
xylanase in the ileum (p < 0.05) was accompanied by a concomitant decrease in 
WU-AX from 82.3% to 73.2% (p < 0.05). The Ara/Xyl values above 0.8 obtained 
for WES (Table 3) were higher than the ones reported for soluble wheat AX (Ara/Xyl 
0.5-0.7), suggesting co-extraction of Ara-containing soybean polysaccharides 
(1,30). Still, comparing the Ara/Xyl values between Con and Enz may reveal 
structural aspects of enzymatically-released AX species. For example, WE-AX in 
the ileum was found to be less substituted for Enz than for Con (Ara/Xyl: 0.78 vs 
0.88; p < 0.05). Our findings are in agreement with previous studies reporting the 
increased AX solubilization in the ileum of broilers and pigs upon GH11 endo-
xylanase supplementation (21,22,34). In addition, endo-xylanase action resulted 
in significantly lower WU-AX recovery in excreta, compared to Con (Fig. 1; 65.8% 
vs 74.9%; p < 0.05). At the same time, Enz and Con presented similar WE-AX 
recovery in excreta, with similar Ara/Xyl ratio (p > 0.05). Overall, the decreased 
AX recovery from ileum to excreta (Fig. 1) indicated that xylanase-mediated WU-
AX solubilization coincided with increased WE-AX fermentation. The later has been 
confirmed by a more pronounced acetate and butyrate formation for Enz compared 
to Con, as was previously found for the same ceca samples (23). 
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Table 2. Total arabinoxylan (AX: sum of Ara and Xyl) recovery during aqueous 
extraction (% AX in digesta), and WEAX and WUAX recovery, expressed as percentage 
(%) of AX present in the gizzard and ceca. Values within GIT location not sharing 
common notation differ significantly (p < 0.05). The ANOVA results (n = 3) are 
presented in Table S8. 

Arabinoxylan (AX) recovery (% AX in GIT location) 

Total WE-AX WU-AX 

Gizzard 

Con 91.1 11.7
b

88.3
a

Enz 88.2 13.2
b

86.8
a

Ceca 

Con 86.6 38.0
b

62.0
a

Enz 117.1 70.2
a

29.8
b

Finally, a similar WE-AX recovery in Con and Enz in the gizzard (p > 0.05) 
suggested limited enzymatic activity under gastric conditions (35). Overall, the 
present findings indicated that endo-xylanase increased the proportion of AX 
becoming available for fermentation in the ceca (Fig. 1, Table 2), which could be 
beneficial for SCFAs formation, and ultimately, for broiler health (15,17). 

Table 3. Arabinosyl to xylosyl ratio (Ara/Xyl) at the different GIT locations (gizzard, 
ileum, ceca, excreta). The ratio is corrected for free Ara and Xyl present. Values within 
GIT location not sharing common notation differ significantly (p < 0.05). The ANOVA 
results (n = 2-3) are presented in Table S9. 

Ara/Xyl ratio 

Gizzard Ileum Ceca Excreta 

Con Enz Con Enz Con Enz Con Enz 

WE-AX 0.85a 0.88a 0.88
a
 0.78

bc 0.13c 0.29bc 0.73
b

0.72
b

WU-AX 0.65b 0.57b 0.72
c
 0.81

ab 0.35b 0.87a 0.76
ab

0.81
a

3.3 Maltodextrins and fructans were dominant 
oligosaccharide species in the ileum 

To further delineate the influence of endo-xylanase on AX fermentability, we 
investigated by MALDI-TOF-MS the types of oligosaccharides released in the ileum, 
and recovered in WES. Representative mass spectra of m/z 900-2700 are shown 
in Fig. 2. AX hydrolysis by endo-xylanase was substantiated in Enz by the detection 
of soluble pentose oligosaccharides of DP 7-20 (Fig. 2; m/z series with 132 Da 
difference), as previously published (23). In addition, hexose oligosaccharides 
(HexOS) of DP 6-15 were dominant in ileal WES for both Con and Enz (Fig. 2; m/z 
series with 162 Da difference). MS analysis at m/z 500-900 showed smaller 
pentose oligosaccharides (DP 4-6) and HexOS (DP 3-5) as well, but the resulting 
spectra were rather noisy (data not shown). HexOS enzymatic fingerprinting and 
removal was conducted to resolve AXOS, and was achieved by treatment with 
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amyloglucosidase (AMG), fructanase (FRM), and their combination (AMG/FRM) 
(Fig. 2; Fig. S1). AMG/FRM combination resulted in complete Fru release, followed 
by the release of 65.5-67.5% of Glc and 26.8-28.5% of Gal present in ileal WES, 
regardless of diet. At the same time, HexOS disappeared, while (A)XOS present 
only in Enz gained in relevance. Consequently, the abundance of Glc and Fru in 
ileal WES (Table 1) was now explained as being part of HexOS maltodextrins and 
fructan oligosaccharides. In addition, Gal and part of Glc and Fru formed by 
AMG/FRM could be attributed to a series of raffinose oligosaccharides (Fig. S2), 
whose degradation may account for the apparent release of more than 100% Fru 
(Fig. 2). The present findings are in agreement with the detection of maltodextrins 
in the small intestine of pigs, as well as with the occurrence of fructans in wheat 
grains at approximately 1.5% of the dry matter (36–38). Overall, the enzymatic 
degradation of HexOS mixtures present in digesta now enables the further 
characterization of enzymatically released (A)XOS.

Fig. 2. MALDI-TOF-mass spectra (m/z 900-2700) (A) of ileal WES, from Con and Enz 
diets before (top two spectra) and after (bottom two spectra) incubation with AMG/FRM; 
Glc, Gal and Fru released by AMG/FRM (B), expressed as proportion of the 
corresponding total constituent monosaccharides present in WES from ileal digesta. The 
number of hexose (Hn) or pentose (Pn) residues per oligomer is indicated. 

3.4 AX/AXOS-enriched fractions were obtained from digesta 
by solid phase extraction 

AMG/FRM-treated GWES, IWES, CWES and EWES were subjected to reversed phase (C18) 
SPE, in order to separate monosaccharides (hexoses) from AX/AXOS (Fig. 3 and 
Fig. S4). The SPE procedure was evaluated beforehand for reference polymeric 
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WAX and WAX digested with GH11 endo-xylanase (HX). It was found that WAX 
could only be partially recovered during SPE as polymer (~52%; Fig. S3), while it 
was fully recovered after endo-xylanase treatment. In particular, xylose and DP 2-
4 linear XOS were eluted with water, while retained AXOS were eluted with MeOH 
up to 30% (v/v). Previously published C18-SPE behavior of soluble carbohydrates 
from corn stover demonstrated that Xyl-rich DP 3-4 pentose oligomers eluted with 
water and Ara-substituted DP 4-7 pentose oligomers eluted with 30% MeOH (24). 

Fig. 3. Constituent arabinosyl (Ara: ) and xylosyl (Xyl: ) recovery (%) in the water 
(W) and 30% (v/v) MeOH (M) fractions, after SPE of AMG/FRM-treated WES from the
gizzard (A: GWES), ileum (B: IWES), ceca (C: CWES) and excreta (D: EWES); Pie charts
(inserts) show the carbohydrate composition (mol %) of Ara, Xyl and other
carbohydrates (Other Carb.: ). Bars representing either Ara or Xyl not sharing common
notation differ significantly (p < 0.05). The error bars indicate standard deviation (n =
3). The ANOVA results are given in Table S10.

Approximately 47.5-64.5% of total Ara and 49.2-71.0% of total Xyl was recovered 
in GWES-M, IWES-M and EWES-M fractions, while less than 12.8% of total Ara and 
12.1% of total Xyl was recovered in the corresponding GWES-W, IWES-W and EWES-
W fractions. Most of the Fru, Glc and Gal was recovered in the W fractions, 
according to expectations (Fig. S4). Consequently, the resulting M fractions were 
enriched in AX/AXOS, as indicated by their carbohydrate composition (Fig. 3; 
inserts). Interestingly, significantly higher Ara and Xyl recovery in both GWES-M and 
IWES-M was observed for Enz compared to Con (p < 0.05) (Fig. 3). Apparently, in 
vivo depolymerization of both WEAX and WUAX to AXOS resulted in higher AX 
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recovery after SPE for Enz compared to Con, as already described in Fig. S3. 
Therefore, a correspondingly higher amount of polymeric AX is expected to be 
retained on the SPE column for Con than for Enz. The higher Xyl recovery observed 
in IWES-W for Enz compared to Con (p < 0.05) was more likely due to low DP XOS 
removal by water. The ceca presented a distinct case, as low Ara and Xyl recovery 
and amounts were recorded in CWES-M. Instead, CWES-W presented elevated Ara 
and Xyl recovery compared to other GIT locations for both Con and Enz. CWES-M 
also exhibited elevated Gal recovery compared to other GIT locations for both Con 
and Enz (Fig. S4). These observations highlight a rather complete utilization of 
(A)XOS entering the ceca. No differences in Ara and Xyl recovery in EWES-M between
Con and Enz were observed (p > 0.05). On the contrary, Enz presented significantly
higher Xyl recovery in EWES-W compared to Con (p < 0.05).

3.5 Characterization of AX and AXOS in SPE digesta fractions 

Xylanase-mediated AX degradation began in the gizzard  

To further detail the isolated (A)XOS structures in the M fractions (see 3.4), these 
M fractions were subjected to molecular weight distribution analysis by HPSEC-RI 
and the oligomers present were profiled by HPAEC-PAD (Fig. 4). GWES-M presented 
different HPSEC profile for Enz compared to Con (Fig. 4A). Additionally, compounds 
eluting at similar retention times as AXOS were detected by HPAEC in GWES-M for 
Enz only, although the signal was rather low (Fig. 4B). Still, only a marginal 
increase in WE-AX was observed in the gizzard for Enz compared to Con (Table 2). 
It can, therefore, be concluded that endo-xylanase mainly degraded soluble, 
polymeric AX in the gizzard to smaller fragments (Mw between 10-100 kDa). 
Soluble, polymeric WE-AX for wheat can exhibit molecular weight (Mw) up to 300 
kDa, although showing broad polydispersity (70-655 kDa; (3)). Currently, high Mw 
AX populations (i.e., > 100 kDa) potentially present in digesta, appeared to be 
retained on the C18-SPE column (Fig. S3). Therefore, such polymers may be 
underrepresented in the HPSEC profiles of M fractions, especially for Con (Fig. 4A). 
Furthermore, AX depolymerization by endo-xylanase may further explain the 
increased Ara and Xyl recoveries observed in GWES-M for Enz, compared to Con 
(Fig. 3A). These findings demonstrate that AX hydrolysis by endo-xylanase began 
in the gizzard, in line with recent reports of AX degradation in the crop and gizzard 
(39,40). Nevertheless, the acidic pH (1.0-4.5) and short feed retention time (30-
60 min) in the gizzard were expected to result in limited activity of supplemented 
fungal xylanases (35,41,42).  

Enzymatic fingerprint and chemical structure of in vivo formed 
AXOS 

IWES-M for Con mainly presented Mw populations between 10-100 kDa, while 10-1 
kDa material was more abundant for Enz (Fig. 4A). This shift in size distribution 
was accompanied by AXOS presence in IWES-M for Enz, as clearly demonstrated by 
HPAEC (Fig. 4B). In particular, the in vivo AXOS profile matched the one obtained 
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during in vitro hydrolysis (see supplement; p. 150) of soluble WAX by the same 
enzyme preparation (Fig 4B; WAX-HX), and by a different GH11 endo-xylanase 
(not shown;(43)).  

Fig. 4. HPSEC-RI (A) and HPAEC-PAD (B) elution patterns of SPE-M fractions of the 
WES  from the gizzard, ileum, ceca and excreta of broilers fed with control and enzyme 
diets. Pullulans were used as calibrants for HPSEC. X: xylose, X2: xylobiose, X3: 
xylotriose were labelled according to analytical standards; AXOS were eluted in groups 
of monosubstituted, disubstituted and multiple-substituted oligosaccharides (43). 

This corroborated that AXOS detected in IWES-M for Enz were formed by the 
supplemented GH11 endo-xylanase. AXOS were also detected in excreta (EWES-M) 
for Enz, which presented similar profiles as the ileum (Fig. 4). AXOS in vivo 
formation currently coincided with WE-AX depolymerization as well as AX 
solubilization from the water-unextractable cell wall matrix (Fig. 1, Fig. 4). These 
findings confirm previous studies reporting the ability of GH11 endo-xylanases to 
hydrolyze both soluble and insoluble AX in vitro, under optimal conditions (44–46). 
So far, our findings demonstrate that dietary GH11 endo-xylanase depolymerized 
both soluble and insoluble AX from wheat grains, and released AXOS in vivo. 
Depolymerization of WE-AX is consistent with the previously reported xylanase-
mediated decrease in digesta viscosity (7,11,40). Besides, the enzymatic WU-AX 
degradation in vivo is postulated to offset nutrient encapsulation by the cell wall 
matrix, thus promoting nutrient digestion (6,40). 

The chemical structure of in vivo formed AXOS was further investigated for pooled 
ileal (IPWES) and excreta (IPWES) samples from Enz diet after SPE (section 2.5). 
Specifically, the obtained M fractions (IPWES-M, EPWES-M) were analyzed by HILIC-
MSn (Fig. 5), and the individual AXOS present were identified based on a database 
built up with retention times and MS2 and MS3 mass spectra of known (A)XOS, as 
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described by Kouzouis et al. (2022) (29). Ileum and excreta samples presented 
similar HILIC-MS profiles, with various DP 4-10 (A)XOS isomers being resolved 
(Fig. 5; Figs. S5-7). Based on the present identification by HILIC-MSn, the main 
identified AXOS contained no more than two Ara substituents, mainly present as 
single O-3-linked and double O-2,3-linked Ara, and were further composed of two 
or more contiguous unsubstituted xylosyl residues at the reducing end. The 
presence of at least one unsubstituted xylosyl adjacent to the cleavage site was in 
accordance with the mode of action of GH11 endo-xylanases targeting low-
substituted AX populations (13,14,47). GH11 endo-xylanases were previously 
found to release low-substituted DP 5-7 AXOS from wheat bran and wheat flour 
WUS (45,48,49). The low substitution degree of AXOS currently observed is in 
agreement with the lower Ara/Xyl ratio observed in ileal digesta for WE-AX for Enz 
diet compared to Con diet (Table 3). Moreover, the DP 8-10 AXOS currently 
detected were expected to be more complex, possibly containing multiple single 
and/or double Ara substitutions. 

Fig. 5. HILIC-MS ion-extracted base peak chromatograms of NaBH4-reduced DP 4-10 
(A)XOS present in M fractions obtained by SPE of pooled ileum (IPWES-M) and excreta
(EPWES-M) samples for Enz diet. Peak annotation was performed according to (29).
*putative structure; #identification by MSn is presented in Figs. S5-7; Unidentified DP
8-10 (A)XOS are labelled (i-v) according to their elution order; Arabinosyl (Ara: ),
xylosyl (Xyl: , xylitol: ).

The fate of in vivo formed AXOS in the broiler hindgut 

AXOS formation by dietary GH11 endo-xylanase in the upper GIT currently 
coincided with pronounced hindgut fermentation of AX for Enz compared to Con 
(Fig. 1, Table 2). Studies on AX and (A)XOS fermentation demonstrated that low 
Mw XOS and low-substituted AXOS are preferentially fermented by Bifidobacterium 
and Bacteroides spp. in human fecal inocula compared to more complex AX oligo- 
and polymers (15,16,50). On this basis, the release of relatively simple (A)XOS 
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structures may further explain the pronounced cecal fermentation previously 
documented upon endo-xylanase supplementation (12,18,19,23). Soluble 
compounds with Mw < 10 kDa were present in the ceca (CWES-M), for both Con and 
Enz (Fig. 4A). However, AXOS were not detected by HPAEC (Fig. 4B), confirming 
the low Ara, Xyl recoveries in CWES-M (Fig. 3C) for both Con and Enz. In this view, 
it is demonstrated that extensive fermentation of both polymeric and oligomeric 
AX species had occurred in the ceca. Still, low Mw AX species (< DP 5) may still be 
present in the broiler ceca, as recently reported (21). Finally, soluble unfermented 
structures mainly between 1-10 kDa were observed in excreta (Fig. 4A), partly 
corresponding to a similar WE-AX recovery for both Con and Enz (Fig. 1). Soluble 
feed components may first reach the cloaca and then enter the ceca via 
antiperistalsis, while insoluble and indigestible feed fractions will be excreted 
directly (9,51). It, therefore, appeared that a WE-AX fraction, including AXOS, 
passed from the ileum to the hindgut and was excreted unutilized, alongside WU-
AX, instead of entering the ceca. This observation became more evident by the 
similar HILIC profile of (A)XOS in excreta and ileum (Fig. 5). 

4 Conclusions 
In this study, endo-xylanase supplementation in broilers resulted in AXOS 
formation in vivo. The detection and characterization of released oligosaccharides 
further delineated the xylanase-mediated improvement of AX fermentation in the 
broiler ceca. In particular, it is proposed that low-substituted AXOS and XOS, 
released in vivo by the dietary GH11 endo-xylanase, were more extensively 
fermented than polymeric AX by cecal microbiota. Still, further research in terms 
of AXOS quantification is warranted to better understand and optimize AX 
fermentation in livestock. Our work highlights the contribution of dietary endo-
xylanase to broiler health and provides valuable insight on the utilization of AX and 
AXOS along the GIT. Overall, the detailed oligosaccharide analysis in complex 
digesta currently performed is expected to further progress the study of 
carbohydrate fermentation in vivo, in the GIT of animals. Such approach is of 
interest for academia, policy makers and the industry regarding the efficacy of feed 
additives.  
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Supplementary information 

Supplementary materials and methods 

Amyloglucosidase and fructanase treatment of WES from ileal 
digesta 

Soluble maltodextrins and inulin were degraded by incubating ileal WES with AMG, 
FRM and a combination of both (AMG/FRM). Hereto, WES from ileal digesta (5 
mg/mL water) was diluted to 0.5 mg/mL in 50 mM sodium acetate (NaOAc) buffer 
(pH 5.0), and subsequently incubated at 50 °C for 16 h with AMG and FRM 
separately and in combination. AMG and FRM were added in excess to ensure ‘end-
point’ degradation. In parallel, 0.05 mL WES solution was mixed with 0.95 mL 
NaOAc and incubated under otherwise similar conditions. The enzymatic reactions 
were stopped by heating at 99 °C for 15 min. Samples were centrifuged at 20,000 
x g for 10 min, diluted 20 times, and the corresponding release of monomers (Glc, 
Fru) was monitored by HPAEC-PAD. Oligosaccharide profiles of (incubated) WES 
was also monitored by MALDI-TOF-MS after diluting the samples 10 times.  

Amyloglucosidase and fructanase activity towards raffinose and 
stachyose  

Potential activity of amyloglucosidase (AMG) and fructanase (FRM) preparations on 
raffinose series oligosaccharides was assessed using raffinose (Raff) and stachyose 
(Stach) (Merck Life Science B.V., the Netherlands) as substrates. Raff and Stach 
solutions (0.5 mg/mL) were prepared in 50 mM NaOAc (pH 5.0) and subsequently 
incubated at 50 °C for 16 h with AMG and FRM, separately and in combination 
(AMG/FRM). AMG and FRM were added in excess to ensure total or ‘end-point’ 
degradation. In parallel, Raff and Stach solutions (0.5 mg/mL) were incubated 
without enzyme addition, under otherwise similar conditions. The enzymatic 
reactions were stopped by heating at 99 °C for 15 min. Samples were centrifuged 
at 20,000 x g for 10 min, diluted 20 times, and the corresponding release of mono- 
and di-saccharides was monitored by HPAEC-PAD. For Raff and Stach analysis, 0.1 
M sodium hydroxide (NaOH) (A), 1 M sodium acetate in 0.1 M NaOH (B) and water 
(C) were used as mobile phases. The flow rate was 0.3 mL/min. The separation
was performed using the following elution profile: 0−33 min from 16% (84% C) to
100% A (linear gradient), 33.1−45 min from 0% (100% A) to 4% B (96% A),
45.1−50 min at 100 % B (isocratic), 50.1−55 min to 100 % A (isocratic) and 55.1-
65 min at 16% A and 84% C (isocratic).

In vitro production of arabinoxylan oligosaccharides (AXOS) 

WAX in 50 mM sodium acetate (NaOAc) buffer pH 5.5 (5.0 mg/mL) was incubated 
overnight with HX (WAX-HX) resulting in total or ‘end-point’ degradation of WAX. 
The enzyme was inactivated by heating at 99 °C for 15 min and samples were 

subsequently stored at –20 °C. 
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Reversed-phase (C18) SPE of polymeric and xylanase-treated 
arabinoxylan 

Untreated WAX (WAX-C) and enzymatically produced AXOS (WAX-X) were 
subjected to solid-phase extraction (SPE) with C18 stationary phase. Sep-Pak® 
C18 cartridges (6 cc, 1g, Waters Corp., Milford, MA, USA) were activated with 80% 
(v/v) Methanol (MeOH) solution and subsequently washed with water (5 mL; 3 
times, respectively). Next, 1 mL of 5 mg/mL WAX-C and WAX-X solution was loaded 
onto the cartridges and washed with water (5 mL; 3 times). The effluents during 
the loading and washing steps were pooled. Next, C18-bound analytes were eluted 
sequentially with 2.5%, 20%, 30% and 80% (v/v) MeOH (5 mL; 1 time). The water 
fractions were freeze dried while the MeOH eluates (Me) were dried under a 
constant air stream.     

Supplementary data 

Table S1. Base diets (% as fed) manufactured by Research Diet Services B.V. (Wijk bij 
Duurstede, the Netherlands). The data were previously reported elsewhere (1). 

Ingredient (%) 
Diet 

Starter Grower Finisher 

Wheat 49.4 58.8 65.9 
Soybean Meal 48CP1 24.4 19.5 17.0 
Toasted Soybeans 10.0 10.0 8.0 
Soybean Oil 1.4 2.4 4.3 
Monocalcium phosphate 1.4 1.3 1.0 
Limestone 1.4 1.3 1.1 
DL-Methionine 0.4 0.3 0.2 
L-Lysine HCl 0.3 0.3 0.3 
Salt 0.2 0.2 0.3 
Na-Bicarbonate 0.3 0.3 0.2 
L-Threonine 0.2 0.1 0.1 
L-Valine 0.1 0.1 0.1 
Coccidiostat Sacox2 Sacox - 
Premix Article3 0.5 0.5 0.5 
Diamol4 - - 1.0 
Total 100.0 100.0 100.0 

1CP: Crude protein. 2Provided by Huvepharma NV, Berchem, Belgium. 3Providing per kg of diet: 
vitamin A (retinyl acetate), 10000 IU; vitamin D3 (cholecalciferol), 2500 IU; vitamin E (dl-α-
tocopherol acetate), 50 mg; vitamin K3 (menadione), 1.5 mg; vitamin B1 (thiamine), 2.0 mg; 
vitamin B2 (riboflavin), 7.5 mg; niacin, 35 mg; D-pantothenic acid, 12 mg; vitamin B6 (pyridoxine-
HCl), 3.5 mg; vitamin B12 (cyanocobalamine), 20 µg; folic acid, 1.0 mg; biotin, 0.2 mg; choline 
chloride, 460 mg; Fe (FeSO4.H2O), 80 mg; Cu (CuSO4.5H2O), 12 mg; Zn (ZnO), 60 mg; Mn (MnO), 
85; I (Ca(IO3)2), 0.8 mg; Co (Co2CO3(OH)2), 0.77 mg; Se (Na2O3Se), 0.15 mg. 4Used as acid 
insoluble ash (AIA) digestibility marker (Franz Bertram GmbH, Hamburg, Germany). 



Chapter 5 

152 

Table S2. Chemical composition (w/w % dry matter basis) of diets. The data were 
previously determined and are reported elsewhere (1). Values are mean values of 
Control and Enzyme diets.    

Chemical composition (%) Finisher diet 

Crude protein (N x 6.25) 20.5 

Total carbohydrates1 61.3 

Starch2 40.4 

NSP3 21.0 

Glc 51.6 

Ara 2.1 

Xyl 2.9 

Gal 2.2 

Man 0.6 

UA 1.9 

Fru ND4 

Fuc 0.1 

Man <0.1 

Enzymatic activities (Enzyme diet) 

Xylanase (EPU5/kg feed) 1550 

Cellulase (CU6/kg feed) 240 
1Determined according to Englyst and Cummings (1984) (2). 2Determined according to AOAC 
Method 996.11 (KOH format). 3NSP: non-starch polysaccharides; calculated as the difference 
between Total Carbohydrates and Starch. 4Not determined. 5Amount of enzyme which releases 
0.0083 μmol of reducing sugars (xylose equivalent) per minute from oat spelt xylan at pH 4.7 and 
50 °C. 6Amount of enzyme which releases 0.128 μmol of reducing sugars (glucose equivalents) per 
minute from barley β-glucan at pH 4.5 and 30 °C. 

Table S3. Arabinoxylan (AX) recovery, expressed as percentage (%) of total ingested 
AX, estimated with acid insoluble ash as digestibility marker. The values have been 
reported previously (1) and are now recalculated for n = 3.   

AX recovery (% ingested AX) 

Ileum Excreta 

Con 106.1 84.3 

Enz 100.9 75.4 

SEM1 2.2 5.4 

p value 0.056 0.178 
1Standard error of the mean for n = 3. 
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Table S4. Dry matter yield (% w/w) of total, water-extractable (WES) and water-
unextractable solids (WUS) during aqueous extraction of samples from the broiler 
gizzard, ileum, ceca and excreta (± SD, n = 3). Aqueous extraction of finisher diets was 
performed as described in 2.2. 

Dry matter yield (%) 

Total solids WES WUS 

Diet 
Con 90.3 17.5 72.8 

(0.4) (0.8) (1.0) 
Enz 88.7 17.4 71.2 

(0.6) (0.6) (0.9) 
Gizzard 
Con 96.9 36.4 60.5 

(3.8) (4.6) (2.2) 
Enz 97.1 34.9 62.2 

(0.5) (0.3) (0.8) 
Ileum 
Con 96.6 37.6 59.0 

(0.8) (3.1) (2.4) 
Enz 97.9 39.0 58.9 

(0.9) (1.6) (1.1) 
Ceca 
Con 100.8 48.5 52.3 

(4.5) (5.6) (6.0) 
Enz 95.2 46.2 49.0 

(0.7) (6.2) (6.0) 
Excreta 
Con 94.1 33.5 61.8 

(0.8) (2.1) (1.4) 
Enz 95.9 32.3 62.4 

(1.2) (1.7) (0.4) 
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Table S5. Constituent neutral monosaccharide composition and total carbohydrate 
content (% w/w) of water-unextractable solids (WUS) in the gizzard, ileum, ceca and 
excreta, after acid hydrolysis. Standard deviations (n = 3) are shown in parentheses.  

Constituent monosaccharide composition (mol%) Carb. 
content 
(% w/w) Ara Xyl Glc Gal Man Fuc Rha UA 

Gizzard 

Con 13.8 22.0 48.8 6.0 2.6 0.5 0.8 5.5 55.3 
(2.2) (6.7) (10.3) (0.2) (0.9) (0.0) (0.1) (0.5) (3.2) 

Enz 15.6 27.4 39.1 6.8 3.0 0.6 0.9 6.6 48.7 
(1.0) (2.5) (3.6) (0.8) (0.4) (0.1) (0.1) (0.5) (1.9) 

Ileum 

Con 20.4 28.3 28.1 10.7 2.3 1.1 1.1 8.1 50.4 
(0.8) (0.6) (2.6) (1.1) (0.2) (0.1) (0.1) (0.8) (1.6) 

Enz 21.3 26.4 24.5 12.9 2.7 1.3 1.1 9.8 48.0 
(0.3) (1.7) (0.5) (0.9) (0.0) (0.1) (0.0) (0.4) (1.0) 

Ceca 

Con 2.9 9.1 47.2 14.6 1.8 1.2 15.6 7.6 12.3 
(0.4) (3.5) (6.2) (1.3) (0.4) (0.2) (0.8) (0.1) (0.9) 

Enz 1.7 1.8 53.4 15.6 1.9 1.4 17.5 6.7 12.3 
(0.5) (0.8) (6.4) (2.5) (0.7) (0.1) (1.0) (1.6) (2.9) 

Excreta 

Con 19.0 24.8 32.8 11.1 2.1 1.2 1.2 7.8 51.8 
(0.8) (0.7) (3.2) (1.1) (0.2) (0.1) (0.1) (1.0) (3.9) 

Enz 19.6 24.5 29.0 12.7 2.4 1.4 1.3 9.2 44.5 
(1.3) (1.0) (4.1) (1.2) (0.1) (0.1) (0.1) (0.5) (1.9) 

Table S6. Standard deviations (n = 3) for Table 1: Constituent neutral monosaccharide 
composition and total carbohydrate content (% w/w) of water-extractable solids (WES) 
in the gizzard, ileum, ceca and excreta, after acid or enzymatic (FRM) hydrolysis. 

Standard deviations (Table 1) 

Ara Xyl Glc Fru Gal Man Fuc Rha Total 

Gizzard 

Con 0.8 0.8 1.3 0.9 0.1 0.2 0.0 0.0 5.8 

Enz 0.4 0.4 0.3 0.2 0.6 0.1 0.1 0.0 2.8 

Ileum 

Con 0.9 0.9 6.8 3.6 2.1 0.4 0.0 0.0 3.5 

Enz 1.1 1.7 3.1 1.3 1.5 0.1 0.2 0.0 3.2 

Ceca 

Con 0.8 3.7 9.8 1.7 2.7 0.8 0.5 2.1 2.6 

Enz 0.9 2.7 7.5 0.4 2.5 1.2 0.2 1.1 2.2 

Excreta 

Con 1.5 1.1 8.7 3.0 2.4 0.6 0.3 0.0 1.5 

Enz 1.5 0.7 7.2 2.5 2.2 0.2 0.2 0.0 1.8 
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Table S7. Total arabinoxylan (AX: sum of Ara and Xyl) and water-extractable (WEAX) 
and water-unextractable (WUAX) recovery during aqueous extraction recovery, 
expressed as percentage (%) of AX present in the finisher diet. Aqueous extraction was 
performed as described in 2.2. 

Arabinoxylan (AX) recovery (% AX in Diet) 

Total WE-AX3 WU-AX3 

Con 90.5 14.0 86.0 

Enz 92.8 15.1 84.9 

SEM1 - 0.7 0.7 

p value2 - 0.335 0.335 
1Standard error of the mean for n = 3. 2Estimated by One-way ANOVA.3Estimated using Eq. 1. (see 
2.11) 

Table S8. Model-adjusted p-values, representing the effect of Diet (D; Con, Enz), 
Fraction (Faq; WES, WUS) and their interaction term (D x Faq) on AX recovery (Table 2), 
obtained by two-way analysis of variance. The significance threshold was set at p < 
0.05. 

SEM1 
Model-adjusted p-values (Table 2) 

Diet Fraction D x Faq 

Gizzard 0.73 1.0 <0.001 0.08 

Ceca 4.47 1.0 0.106 <0.001 

1Standard error of the mean for n = 3. 

Table S9. Model-adjusted p values, representing the effect of Diet (D; Con, Enz), 
Fraction (Faq; WES, WUS) and their interaction term (D x Faq) on Ara/Xyl ratio (Table 
3), obtained by two-way analysis of variance. The significance threshold was set at p < 
0.05. 

SEM1 
Model-adjusted p-values (Table 3) 

Diet Fraction D x Faq 

Gizzard 0.05 0.649 0.001 0.295 

Ileum 0.02 0.898 0.027 0.004 

Ceca* 0.04 (0.05) 0.001 0.000 0.010 

Excreta 0.02 0.521 0.021 0.180 

1Standard error of the mean for n = 3. *Adjusted SEM value for n = 2 (WE-AX; Con, WU-AX; Enz) 
is shown between brackets. 
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Fig. S1. Glc ( ), Gal( ) and Fru ( ) released by AMG and FRM individually, expressed 
as proportion of the corresponding total constituent monosaccharides present in WES 
from ileal digesta.  

Fig. S2. HPAEC-PAD chromatograms of raffinose (Raff) and stachyose (Stach) without 
or with treatment by amyloglucosidase (AMG), fructanase (FRU) and AMG/FRU 
combination (see supplement; p. 150); peak labelling was according to analytical 
standards: Galactose (Gal; a), glucose (Glc; b), fructose (Fru; c), melibiose (Mel; d) 
and sucrose (Suc; e). The peak eluting before 5 min corresponds to salts from the 
enzyme preparations.    
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Table S10. Model-adjusted p values, representing the effect of Diet (D; Con, Enz), SPE 
fraction (FSPE; W, M) and their interaction term (D x FSPE) on NSP constituent (Ara, Xyl, 
Glc, Gal) recovery during SPE (Fig. 3; S4), obtained by two-way analysis of variance. 
Observations for gizzard, ileum, ceca and excreta were modelled separately. The 
significance threshold was set at p < 0.05.  

Diet (D) FSPE D x FSPE 

Gizzard 

Ara 0.062 <0.001 0.090 

Xyl <0.001 <0.001 <0.001 

Glc 0.233 <0.001 0.593 

Gal 0.688 0.039 0.336 

Ileum 

Ara 0.001 <0.001 0.003 

Xyl <0.001 <0.001 <0.001 

Glc 0.867 <0.001 0.243 

Gal 0.559 <0.001 0.974 

Ceca 

Ara 0.061 0.192 0.141 

Xyl 0.190 0.007 0.319 

Glc 0.621 <0.001 0.142 

Gal 0.239 <0.001 0.016 

Excreta 

Ara 0.068 <0.001 0.351 

Xyl 0.018 <0.001 0.149 

Glc 0.005 <0.001 0.649 
Gal 0.421 0.978 0.152 
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Fig. S3. HPSEC-RI chromatograms (A) of reference WAX polymer and xylanase-treated 
WAX (WAX‒HX) (see supplement; p. 150) and the SPE fractions thereof obtained by 
elution with water, 2.5% MeOH, 20% MeOH, 30% MeOH and 80% MeOH; Pullulans were 
used as calibrants; Arabinose (Ara) and xylose (Xyl) recovery (% total) during SPE (B); 
HPAEC-PAD chromatograms (C) of WAX+HX and SPE fractions thereof eluting with 
water, 2.5% MeOH, 20% MeOH, 30% MeOH and 80% MeOH; X: xylose, X2: xylobiose, 
X3: xylotriose were identified based on analytical standards. SPE was performed as 
described in supplement p. 151.   

Fig. S4. Constituent glucosyl (Glc: ), galactosyl (Gal: ) and fructosyl (Fru: ) 
recovery (%) in the water (W) and 30% (v/v) MeOH (M) fractions, after SPE of 
AMG/FRM-treated WES from the gizzard (A: GWES), ileum (B: IWES), ceca (C: CWES) and 
excreta (D: EWES);  Bars representing either Glc or Gal not sharing common notation 
differ significantly (p < 0.05). The error bars indicate standard deviation. The ANOVA 
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results are given in Table S10. Fru recovery was determined only in W and not in M 
fractions, and therefore excluded from statistical analysis.  

Fig. S5. Negative ion mode CID-MS2 spectra of m/z 943 XA3XXXX (1), XA2XXXX (2) 
and xyloheptaose (X7) (3); average spectra across the most abundant chromatographic 
peaks (Fig. 5); The fragments are annotated according to Domon & Costello (1988)  and 
Kouzounis et al. (2022) (3-4); Blue: glycosidic fragments; Red: cross-ring fragments; 
/: double cleavage; x: α or β antennae. The lower intensity of Z5x relatively to Y5x for 1 
and 2, in comparison to X7, suggested the presence of Ara in the vicinity of the non-
reducing end for the former structures. Determination of the Ara substituent location 
and linkage type required subsequent MS3 experiments of Y5x and Y4 (Fig. S6) and B3 
(Fig. S7) fragment ions. The MS3 spectra of Y6, Y5 and B4 fragment ions for X7 are shown 
for comparison.     
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Fig. S6. Negative ion mode CID-MS3 spectra of m/z 943811 (A), m/z 943679 (B) 
corresponding to XA3XXXX (1), XA2XXXX (2) and X7 (3) (MS2; see Fig. S5); The 
fragments are annotated according to Domon & Costello (1988) and Kouzounis et al. 
(2022) (3-4); Blue: glycosidic fragments; Red: cross-ring fragments; /: double 
cleavage; x: α or β antennae; Structure a corresponds to XA3XXXX and XA2XXXX, and 
b to X7. The overall similar spectra for AXOS and X7 were due to the loss of Ara during 
MS3, indicating that it was attached to the penultimate Xyl residue from the non-
reducing end.    
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Fig. S7. Negative ion mode CID-MS3 spectra of m/z 943527 corresponding to XA3XXXX 
(1), XA2XXXX (2) and X7 (3) (MS2; see Fig. S5); The fragments are annotated according 
to Domon & Costello (1988) and Kouzounis et al. (2022) (3-4); Blue: glycosidic 
fragments; Red: cross-ring fragments; /: double cleavage; x: α or β antennae, P: 
pentose unit (m/z 132); Alternative fragmentation pathways are presented in brackets. 
The higher 1,5Ax‒H2O : Bx‒H2O ion ratio (m/z 479:509) observed for 1, compared to X7, 
was characteristic for O-3-linked Ara, while the similar ion ratio to X7 observed for 2, 
was characteristic for O-2-linked Ara (4). Hence, 1 was identified as XA3XXXX and 2 as 
XA2XXXX. The precise structure of the newly formed end of B fragment ions is unknown 
as it may undergo several rearrangements (dashed ring), hence corresponding MS3-
ring-fragments have been annotated tentatively.  
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Abstract 
Insoluble fiber degradation by supplemented enzymes was previously shown to 
improve fermentation in broilers. The aim of this study was to further characterize 
feed fiber components and insoluble polysaccharide structures in broiler digesta 
from the gizzard, ileum, ceca and excreta of broilers fed wheat-soybean and maize-
soybean diets without or with xylanase/glucanase supplementation. Enzyme 
supplementation in wheat-soybean diet increased the yield of water extractable 
arabinoxylan (AX) in the ileum. Still, most AX (> 73%) remained insoluble across 
wheat-soybean and maize-soybean diets. Next, analysis of so far largely ignored 
lignin demonstrated that a lignin-rich fiber fraction accumulated in the gizzard, 
while both insoluble AX and lignin reaching the ileum appeared to be excreted 
unfermented. More than 20% of water insoluble AX was extracted by 1 M NaOH 
and 11-20% was sequentially extracted by 4 M NaOH, alongside other 
hemicelluloses, across all diets. The hypothesis that enzyme-mediated release of 
water soluble AX-oligosaccharides (AXOS) further influenced the interaction of 
insoluble cell wall polymers was not accompanied by improvements in AX 
extractability by alkali. Additional research on the interactions between insoluble 
cell wall components is warranted to further increase NSP degradation by dietary 
enzymes in vivo.     
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1 Introduction 
Cereal grains are integral feedstocks for poultry, as they provide birds with energy 
in the form of starch (1). Additionally, wheat and maize grains contain 13 and 10% 
(w/w) fiber, respectively (1). Fiber is a broad term that collectively describes feed-
derived, indigestible and chemically distinct biomolecules, such as carbohydrates 
(polysaccharides and oligo-saccharides) and the alkyl-aromatic polymer lignin, 
whose influence in livestock health and growth is still under investigation (1,2). 
Arabinoxylan (AX) is the major non-starch polysaccharide (NSP) in wheat and 
maize grains (5-7% w/w DM), followed by β-glucan (0.1-1.0% w/w DM) and 
cellulose (2% w/w DM) (1,3). AX is composed of a β-(14)-linked D-xylosyl (Xyl) 
backbone, mainly substituted by L-arabinofuranosyl (Ara) units at the O-2- and/or 
O-3-positions of the Xyl units. 4-O-D-methyl-glucuronoyl and acetyl moieties
comprise additional substituents, while Ara units might be further O-5-substituted
with feruloyl units (4,5). Maize AX is more heavily substituted than wheat AX (1,6–
8). AX is the main component of endosperm and aleurone cell walls (CW) in wheat.
In contrast, the more rigid pericarp cell walls mainly consist of AX, cellulose, lignin
and to a lesser extent protein (9). For example, lignin present in bran from wheat
and maize is mainly composed of syringyl (S) and guaiacyl (G) units, and Klason
lignin contents, amount to 5-7% and 1-3% (w/w) of bran DM respectively
(1,6,10,11).

Based on their chemical and macromolecular structure, AX molecules may 
associate with each other and with other cell wall polymers. For example, AX can 
associate by hydrogen bonding with cellulose fibrils, while it can form covalent 
cross-links with other AX and lignin molecules via ferulate and dehydrodiferulate 
cross-links (12). Therefore, AX plays an important role in tethering the cell wall 
matrix, providing the cells with structural integrity (9,12,13). Characterization of 
water-insoluble polysaccharides typically requires their extraction from the CW 
matrix. In particular, alkali solutions (e.g., 0.5-6 M NaOH) have been widely 
applied to extract pectin, heteroxylans and xyloglucan from plant material, while 
cellulose remains insoluble (5,8,14–19). In the presence of alkali, the hydrogen 
bonds between hemicellulose and cellulose are known to be disrupted. Additionally, 
if present, alkali-labile ester cross-links between cell wall polymers are cleaved, 
thus solubilizing water-unextractable AX (8,20,21). 

Both soluble and insoluble NSP can increase digesta viscosity and compromise 
nutrient digestion in the small intestine (22,23). Soluble polysaccharides can 
contribute to broiler health by stimulating short chain fatty acids formation and 
beneficial microbiota growth in the ceca (24,25). On the contrary, insoluble CW 
structures have been postulated to form a physical barrier, encapsulating nutrients 
(e.g., starch and proteins) and consequently limiting their digestion (26,27). 
Moreover, the dominant (insoluble) NSP fraction (>70% w/w) remains associated 
within the CW and is largely excreted by broilers unutilized (28–30). Dietary 
inclusion of NSP-degrading enzymes, predominantly xylanases, is widely 
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performed to improve broiler performance (30–33). Dietary xylanases have been 
found to degrade both soluble and insoluble AX in the GIT of broilers and pigs 
(34,35), and to release arabinoxylan oligosaccharides (AXOS) in vivo (30,36). AX 
depolymerization has been associated with decreased intestinal viscosity, 
improved nutrient digestion and NSP fermentation in the ceca (30,35–38). In 
addition, xylanase and β-glucanase have been associated with rupturing of the cell 
wall and nutrient release from cereal in vitro (39–41). From this perspective, CW 
degradation by enzymes has been hypothesized to alleviate the encapsulating 
effect of insoluble NSP, and to positively contribute to nutrient digestion (27,42). 
Nevertheless, limited studies have focused on CW degradation in vivo by different 
dietary enzymes, as well as on the fate of insoluble CW components during feed 
digestion (28,43). 

Although alkaline extraction has been widely used to extract polysaccharides from 
plant material, it has rarely been applied to characterize the fate of insoluble NSP 
throughout the broiler gastro-intestinal tract (GIT). One exception is the study of 
Pustjens and coworkers (28), who extracted broiler excreta with 6 M NaOH solution 
in order to characterize unfermented NSP. That study primarily focused on 
characterizing pectin from rapeseed meal, and not cereal AX. Therefore, the fate 
and structure of insoluble cereal cell wall components present in the broiler GIT 
still remains poorly understood.  

The present study aimed to investigate the amount and composition of insoluble 
cell wall components along the broiler GIT. Furthermore, insoluble NSP structure 
from wheat-based or maize-based diets, as well as the potential impact of enzyme 
supplementation on NSP structure and extractability was investigated in detail. We 
hypothesized that the ratio between arabinoxylan and lignin content would provide 
further insight on the composition of insoluble fiber through the broiler gut. It was 
also investigated whether enzyme supplementation could change the interaction of 
insoluble CW polymers, and consequently alter AX extractability by alkali compared 
to the control treatment.     

2 Materials and methods 
All reagents used were of analytical grade and supplied by Sigma Aldrich (St. Louis, 
MO, USA), Merck KGaA (Darmstadt, Germany) or VWR International B.V. 
(Amsterdam, The Netherlands), unless stated otherwise. The water used 
throughout laboratory experiments was purified with a Milli-Q Integral 5 (Millipore 
Corp., Billerica, MN, USA) purification system.     

2.1 Samples from broiler GIT 

Broiler digesta were obtained from our recent study, described in Chapter 2 (30). 
The animal study was conducted in accordance with the ethical standards and 
recommendations for accommodation and care of laboratory animals covered by 
the European Directive 2010/63/EU on the protection of animals used for scientific 
purposes and the Belgian royal decree KB29.05.13 on the use of animals for 
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experimental studies. In brief, 96 one-day old male broilers were fed either wheat-
soybean (W) or maize-soybean (M) starter and grower diets (Table S1). On d 20, 
the birds were allocated to pens and were assigned to control or enzyme 
treatments following a randomized block design. Each dietary treatment consisted 
of 6 replicate pens, with 4 birds per pen. The finisher diets were provided as such 
(control: WC, MC) or supplemented with a commercially available enzyme 
preparation (enzyme: WE, ME) of GH11 endo-1,4-β-xylanase (EC 3.2.1.8) and 
endo-1,4-β-glucanase (EC 3.2.1.4) from Trichoderma spp. (Huvepharma NV, 
Berchem, Belgium) (Table S1). The excreta were collected per pen, daily (twice) 
between d 24 and 28 and immediately stored at -20°C. On d 28, birds were 
euthanized, and the gizzard, ileum and ceca contents were collected, pooled per 
pen, and frozen at -20°C. Frozen material was dried by lyophilization and 
homogenized with a MM 400 Mixer Mill (Retsch GmbH, Haan, Germany) prior to 
analysis. Three out of six replicate pens were randomly selected, and digesta 
samples originating from these three pens were used for the current study, as 
previously described (Chapter 5 (36)).     

2.2 Aqueous extraction of digesta 

Aqueous extraction of digesta was performed as described in Chapter 5 (36). In 
brief 1 g digesta and finisher feed was dispersed in 35 mL water heated at 99 °C 
and was incubated at 99 °C for 20 min under head-over-tail rotation. Next, the 
supernatant was separated by centrifugation (30,000 x g, 20 min, 20 oC), followed 
by filtration over 595 Whatman® filter paper. The residue was further washed with 
30 mL water and the obtained supernatant was separated as described above. The 
washing step was repeated once and all resulting supernatants were combined. 
Supernatants (water-extractable solids; WES) and residues (water-unextractable 
solids; WUS) from the feed (Feed), gizzard (Giz), ileum (Ile), ceca (Cec) and 
excreta (Exc) were freeze-dried, and their dry weight was recorded.    

2.3 Sequential alkali extraction of digesta water-
unextractable solids 

WUS from ileal digesta (WUSIle) and from excreta (WUSExc) were sequentially 
extracted with alkali solution (1 M NaOH and 4 M NaOH), as described by Murciano-
Martínez and coworkers (2016) (18), with several modifications. A schematic 
overview of the extraction is presented in Fig. 1, including all fractions obtained. 
Approximately 100 mg WUS was extracted with 12 mL 1 M NaOH solution 
containing 260 mM NaBH4 at ambient temperature for 2 h. The supernatant was 
separated by centrifugation (4,000 x g, 15 min, 20 °C). The procedure was 
repeated once. Corresponding extracts were combined, placed in an ice bath and 
their pH value was adjusted pH 5.0 by the addition of glacial acetic acid. The 
acidified pooled extract (1 M alkali soluble solids; 1M-ASS) was stored at 4 °C. The 
remaining residue was further extracted with 12 mL 4 M NaOH solution (+260 mM 
NaBH4) at room temperature for 16 h. The 4 M NaOH extract was collected after 
centrifugation (4,000 x g, 15 min, 20 °C). Next, 12 mL water was added to the 
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residue, the mixture was thoroughly vortexed and the supernatant (water wash) 
was separated from the residue by centrifugation (4,000 x g, 15 min, 20 °C). The 
4 M NaOH and water wash fractions were combined (4 M alkali soluble solids; 4M-
ASS), acidified at pH 5.0 and stored at 4 °C. The final residue (RES) was suspended 
in water, acidified to pH 5.0, washed twice with 10 mL water, stored at -20 °C, and 
freeze-dried. 

Fig. 1. Schematic overview of sequential alkali extraction of water-unextractable solids 
from the ileum (WUSIle) and excreta (WUSExc). The retentate (> 3.5 kDa) from 
ultrafiltration of the 1 M NaOH extract was labelled 1M-ASSR and the filtrate after further 
desalting by SPE was labelled 1M-ASSF. The retentate obtained from dialysis of the 4 M 
NaOH extract was labelled 4M-ASS. The alkali-unextractable residue was labelled RES.  

The 1M-ASS fractions were extensively desalted with regenerated cellulose 
centrifugal filter units (molecular weight cut-off (MWCO): 3.5kDa) (Amicon® Ultra-
15: MilliporeSigma, Burlington, MA, USA), until the conductivity value of the 
retentate was at least tenfold lower than that of 50 mM sodium acetate (NaOAc) 
buffer solution (pH 5.0). The retentates (labelled: 1M-ASSR) were collected in pre-
weighed containers and freeze-dried. The filtrates were further subjected to solid-
phase extraction (SPE) to separate oligosaccharides below 3.5 kDa from salts. To 
achieve that, the filtrates were quantitatively loaded on 500 mg Supelclean™ ENVI-
Carb™ solid-phase extraction (SPE) cartridges (Supelco Inc., Bellefonte, PA, USA), 
pre-conditioned with 10 mL 80% (v/v) acetonitrile (ACN) containing 0.1% (v/v) 
trifluoroacetic acid (TFA) and washed with 10 mL water. Next, the retained analytes 
were eluted twice with 5 mL 40% (v/v) ACN solution containing 0.1% (v/v) TFA. 
Analytes eluting with 40% (v/v) ACN (+0.1% (v/v) TFA) solution (labelled: 1M-
ASSF) were collected in pre-weighed glass tubes, and were dried with a sample 
concentrator. The 4M-ASS fractions were desalted by dialysis against distilled 
water, using Visking dialysis membranes (12 kDa MWCO for proteins; Medicell 
Membranes Ltd., London, UK). The dialyzed material was transferred in pre-
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weighed containers, and was freeze-dried (labelled: 4M-ASS). Freeze dried 
materials were used for subsequent analyses. 

2.4 Dry and organic matter yield determination during 
sequential alkali extraction 

The total solids obtained in 1M-ASSR, 1M-ASSF, 4M-ASS and RES during alkali 
extraction were determined gravimetrically, after drying. Next, the organic matter 
(OM) was determined to account for residual salts present. Approximately 1-2 mg 
sample was weighed using an XP6 Excellence Plus Micro Balance (5 decimals) 
(Mettler-Toledo International Inc., Columbus, OH, USA) in Eco-Cup LF pyrolysis 
cups (Frontier Laboratories Ltd., Fukushima, Japan), followed by incineration at 
550 ⁰C, overnight. The ash content was determined gravimetrically, and the 
organic matter (OM) content was estimated as the difference between total solids 
and ash content. OM determination was not feasible for 1M-ASSF due to the low 
sample amounts recovered. In this case, the dry matter content of 1M-ASSF was 
assumed to equal OM content, given the complete salt removal by SPE.    

2.5 Lignin content analysis 

The lignin content and structural composition in WUS was determined by 
quantitative pyrolysis-GC-MS according to van Erven et al. (2019) (44). 13C-
labelled lignin isolated from uniformly 13C-labelled wheat straw (97.7%, IsoLife, 
Wageningen, the Netherlands) was used as internal standard (13C-IS) (45). In 
brief, 100-200 μg sample was weighed in Eco-Cup LF pyrolysis cups with an XP6 
Excellence Plus Micro Balance in duplicate, followed by the addition of 10 μL 1 
μg/μL 13C-IS  solution (50/50% v/v chloroform/ethanol). Pyrolysis, GC and MS 
settings were identical as previously described (44). Processing excluded low-
abundance lignin-derived pyrolysis products and p-hydroxyphenyl products from 
the samples (12C only, Table S2), the latter also substantially derived from aromatic 
amino acids as deduced from the semi-quantification of the protein marker indole. 
Lignin content calculations also excluded the pyrolysis product 4-vinylguaicol, 
largely derived from ferulic acid and not necessarily incorporated into the lignin 
macromolecule (44). 

2.6 Monosaccharide composition and content analysis 

For WUS and RES samples (Fig. 1), neutral constituent monosaccharide analysis 
was performed according to Englyst and Cummings (46). Samples were pre-
hydrolyzed in 72% (w/w) H2SO4 (30 ⁰C, 1 h) and subsequently hydrolyzed in 1 M 
H2SO4 (100 ⁰C, 3 h). The neutral monosaccharides released were derivatized to 
alditol acetates and analyzed by gas chromatography on a Trace 1300 GC system 
(Thermo Fisher Scientific Inc.) equipped with a DB-225 column (Agilent 
Technologies Inc., Santa Clara, CA, USA) and a flame/ionization detector (FID), 
using inositol as internal standard. Uronic acid content was determined by the 
colorimetric m-hydroxyphenyl assay with an automated analyzer (Skalar Analytical 
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B.V., Breda, The Netherlands), according to Blumenkrantz and Asboe-Hansen
(1973) and Thibault and Robin (1975) (47,48).

For 1M-ASSR and 4M-ASS samples (Fig. 1), neutral constituent monosaccharide 
analysis was performed according to Broxterman & Schols (2018) (15). Following 
similar hydrolysis conditions as described above, samples were diluted 50 times 
and the neutral monosaccharides were determined by high performance anion 
exchange chromatography with pulsed amperometric detection (HPAEC-PAD). The 
analysis was performed using an ICS5000 ED ion chromatography system (Dionex 
Corp., Sunnyvale, CA, USA), equipped with a CarboPacTM PA1 IC column (250 mm 
x 2 mm i.d.) and a CarboPacTM PA guard column (50 mm x 2 mm i.d.). Three mobile 
phases were used: A) 0.1 M NaOH, B) 1 M NaOAc in 0.1 M NaOH and C) Water. The 
injection volume was 10 μL, and neutral monosaccharides were eluted at 0.4 
mL/min with 100% C (isocratic) for 0–27 min, with post column addition of 0.5 M 
NaOH (0.1 mL/min) to enable PAD detection. The subsequent elution profile (v/v) 
was: 27.1-38 min linear gradient 10-17.3% B (90-82.7% A); 38.1-43 min isocratic 
100% B, 43.1-51 min isocratic 100% A; 51.1-66 min isocratic 100% C with post 
column addition.     

For 1M-ASSF samples (Fig. 1), the material obtained after SPE was dissolved in 
water at 5 mg/mL. Aliquots (50 μL) were transferred in glass tubes, and dried with 
a sample concentrator. Neutral constituent monosaccharide analysis was 
determined by TFA hydrolysis, according to de Ruiter et al. (1992) (49). In brief, 
1 mL 2 M TFA solution was added, and the samples were hydrolyzed at 121 ⁰C for 
1 h. Next, TFA was removed by evaporation. The hydrolyzed samples were 
dissolved in 500 μL water and the neutral monosaccharides were determined by 
HPAEC-PAD as described above.   

2.7 Molecular weight distribution analysis by HPSEC-RI 

The molecular weight distribution of 1M-ASSF, 1M-ASSR and 4M-ASS (see Fig. 1) 
was determined by high performance Size-Exclusion Chromatography using an 
Ultimate 3000 system (Dionex, Sunnyvale, CA, USA) coupled to an ERC 
Refractomax 520 detector (Biotech AB, Onsala, Sweden). A set of TSK-Gel super 
AW columns 4000, 3000, 2000 (6 mm × 150 mm) equipped with a TSK-Gel super 
AW guard column (6 mm ID × 40 mm) (Tosoh Bioscience, Tokyo, Japan) was used 
in series. The column temperature was set to 55 °C. Samples were injected (10 μl) 
and eluted with 0.2 M NaNO3 at a flow rate of 0.6 mL/min. Prior to analysis, aliquots 
1M-ASSR and 4M-ASS were dispersed at 5 mg/mL in 50 mM NaOAc (pH 5.0), heated 
at 80 °C for 30 min and centrifuged (15,000 x g, 10 min, 20 oC). The obtained 
supernatants were analyzed by HPSEC (injection volume 10 μL). For analysis of 
1M-ASSF samples, aliquots of solutions (5 mg/mL) used for sugar composition 
analysis (see 2.6) were used.  
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2.8 Oligosaccharide profiling by MALDI-TOF-MS 

The presence of oligosaccharides released by alkali was determined in 1M-ASSF by 
Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 
using an ultrafleXtremeTM MALDI-TOF/TOF mass spectrometer (Bruker Daltonics 
Inc., Billerica, MA, USA). The equipment was controlled with FlexControl 3.3 
software and operated in positive mode. The mass spectrometer was calibrated 
with maltodextrins (Avebe, Veendam, The Netherlands) in a mass range of 700–
2500 (m/z). 1M-ASSF solutions (5 mg/mL; see 2.6) were diluted ten times with 
water. WUS samples were also examined to account for the presence of residual 
water-soluble oligosaccharides. For that, 5 mg WUS was suspended in 1 mL water 
for 20 min, and the supernatant was separated by centrifugation (20,000 x g, 10 
min, 20 oC). Aliquots (100 μL) were desalted with Dowex 50W-X8 resin (Sigma-
Aldrich, St. Louis, MO, USA). After desalting, 10 μL was removed, followed by the 
addition of 1 μM NaCl to direct the formation of sodium adducts during ionization. 
Afterwards, 1 μL sample was co-crystallized with 1 μL matrix solution (25 mg/mL 
dihydroxy-benzoic acid in 50% (v/v) acetonitrile) on a target plate under a stream 
of dry air. 

2.9 Calculations 

The proportion of AX (sum of Ara and Xyl) in whole digesta from the gizzard, ileum, 
ceca and excreta that was recovered in WUS and WES was determined according 
to Eq. (1):  

𝐴𝐴𝐴𝐴 𝑖𝑖𝑖𝑖 𝑊𝑊𝑊𝑊𝑊𝑊 (% 𝑤𝑤/𝑤𝑤) =  
𝐴𝐴𝐴𝐴𝑊𝑊𝑊𝑊 ∗  𝑊𝑊𝑊𝑊𝑊𝑊 %

(𝐴𝐴𝐴𝐴𝑊𝑊𝑊𝑊  ∗  𝑊𝑊𝑊𝑊𝑊𝑊 %)  + 𝐴𝐴𝐴𝐴𝑊𝑊𝑊𝑊 ∗ 𝑊𝑊𝑊𝑊𝑊𝑊 %) ∗ 100 (1) 

Where AXWE,WU is the measured AX content (% w/w dry matter) in WES or WUS of 
digesta from the gizzard, ileum, ceca and excreta. WES% and WUS% are the 
amount (% w/w dry matter) of WES and WUS out of total digesta. AX recovery in 
WES and glucan (Glc units) recovery in WUS and WES were determined in a similar 
manner.    

2.10 Statistical analysis 

The obtained data was subjected to analysis of variance (ANOVA) using R version 
4.1.0, with pen being the experimental unit. The observations for WC, WE, MC and 
ME were used to model the effect of diet on arabinoxylan (AX) and glucan recovery 
and  lignin content is WUS. The effect of diet (D) and GIT location (G: gizzard, 
ileum, ceca, excreta) as well as their two-way interaction on AX to Lignin weight 
ratio (AX/L) was also modelled. Finally, AX recovery during alkali extraction was 
modelled using diet as the sole factor. To test the significance of the differences 
between treatments, Tukey’s post-hoc test was performed, with a significance 
threshold set at p < 0.05. 
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3 Results and discussion 

3.1 Yield, content and composition of water-unextractable 
cell wall material 

Insoluble carbohydrate content and recovery along the GIT 

To understand the fate of insoluble fibers throughout the GIT of broilers, digesta 
from the gizzard, ileum, ceca and excreta were subjected to aqueous extraction 
(Fig. S1). More than 60% (w/w) of the total solids remained unextractable (WUS), 
while WES represented approximately 35-39% (w/w) of the total solids in the 
gizzard, ileum and excreta, demonstrating > 90% dry matter recovery, for both 
wheat and maize diets. On the contrary, WES and WUS demonstrated a comparable 
yield in the ceca (~50% w/w of total dry matter), indicating the presence of equal 
amounts of soluble and insoluble components.  

The monosaccharide composition and content in WUS was determined to further 
distinct the types of insoluble NSP present (Table S3). Glc was the main 
carbohydrate constituent in WUS from the gizzard (WUSGiz: 39-57 mol %) and the 
ceca (WUSCec: 54-47 mol %) for all four diets. Insoluble Glc may be of diverse 
origin, representing undigested starch, particularly in the gizzard, as well as 
cellulose and β-glucan (1,17). Next to Glc, Ara (19-22 mol %) and Xyl (20-28 mol 
%) were highly abundant in WUSIle and WUSExc, highlighting that AX was a major 
constituent of unfermented insoluble carbohydrates, for both wheat and maize 
diets. Although AX is the main NSP in both wheat and maize grains (1,3), a 
proportion of the Ara, Gal and UA analyzed in the WUS might still have derived 
from soybean meal in the diet (50). Finally, Man (< 3 mol %) and Fuc (traces; 
data not shown) were present at relatively low levels in all cases. Rha was present 
at ~1 mol % in WUSGiz, WUSIle and WUSExc but was more abundant in WUSCec (16-
19 mol %), across all diets, probably due to the presence of bacterial glycans (51). 

The recovery of AX and glucans in WUS during aqueous extraction was determined 
according to Eq (1), as they were the main NSP present in all WUS fractions (Table 
S3). Water-unextractable AX recovered in WUS accounted for 90%, 82%, 44% and 
90% (w/w) on average of total AX for the gizzard, ileum, ceca and excreta, 
respectively (Fig. 2). Water-unextractable glucans represented 53%, 60%, 41% 
and 82% (w/w) on average of total Glc units for the gizzard, ileum, ceca and 
excreta, respectively. It was observed that enzyme supplementation did not impact 
AX solubilization in ME and glucan solubilization in both WE and ME. The lower AX 
recovery in the WUS for WE compared to WC, mainly indicated in WUSIle, was 
attributed to AXOS release by xylanase, as covered in Chapter 5 (36). In contrast, 
similar recovery of Glc units in WUSIle for WC and WE implied that glucanase did 
not release oligomers from insoluble glucans. The maize diets presented 
significantly higher AX recovery in WUSGiz, WUSIle and WUSExc than the wheat diets 
(p < 0.05).  
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Fig. 2. Recovery of arabinoxylan (AX) (A) and Glc units (B) in WUS obtained from the 
gizzard (WUSGiz), ileum (WUSIle), ceca (WUSCec) and excreta (WUSExc) corresponding to 
wheat control (WC), wheat enzyme (WE), maize control (MC) and maize enzyme (ME) 
diets, expressed as percentage of the total AX and Glc in whole digesta, respectively. 
Bars within GIT location not sharing common notation differ significantly (p < 0.05). 
The error bars indicate standard deviation (n = 3). 

Lignin content in WUS along the GIT 

Having established the prevalence of insoluble AX throughout the GIT, we further 
aimed at investigating the occurrence of lignin that is known to associate with AX 
(52). Therefore, lignin was selectively quantified by using a recently developed 
pyrolysis-GC-MS technique relying on the use of uniformly 13C labelled lignin as 
internal standard (45). Pyrolysis products deriving from both lignin and aromatic 
amino acids or both lignin and ferulic acid were excluded (Table S2) (44). Although 
this method has been shown to very accurately quantify lignin in other lignified 
grass tissues, the method should still be further validated for cereal grains and 
WUS from digesta samples before absolute lignin contents can be considered fully 
reliable (44). Yet, the method can certainly be used to accurately and specifically 
compare lignin presence throughout the GIT in the relative sense. The lignin 
contents for WUSFeed, WUSGiz, WUSIle, WUSCec and WUSExc are presented in Table 1. 
The values obtained for WUSFeed after exclusion of the aforementioned pyrolysis 
products ranged between 0.08-0.12% (w/w). For comparison, the values obtained 
without excluding 4-vinylguaiacol were approximately two to nine times higher 
across WUS samples (Table S4). Interestingly, the values reported in Table 1 for 
WUSFeed were tenfold lower than the Klason lignin values reported in broiler diets 
of similar composition (43), as well as those reported for wheat and maize whole 
grains and soybean meal (1). Though clearly lower, the values currently obtained 
should be considered as certainly representative of the lignin content, measured 
directly, and not by a non-specific, gravimetric procedure.  
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Table 1. Lignin content (% w/w) in WUS obtained from the diet (WUSFeed), gizzard 
(WUSGiz), ileum (WUSIle), ceca (WUSCec) and excreta (WUSExc) (n = 3) corresponding to 
wheat control (WC), wheat enzyme (WE), maize control (MC) and maize enzyme (ME) 
diets, and determined based on lignin-specific pyrolysis products (Table S2) by 13C-IS 
pyrolysis-GC-MS and excluding H-units and 4-vinylguaiacol.   

Lignin content (% w/w) 

Diet WUSFeed1 WUSGiz WUSIle WUSCec WUSExc 

WC 0.12 1.87 0.71a 0.11a 0.62a 

WE 0.17 1.66 0.71a 0.11a 0.60a 

MC 0.09 1.65 0.43b 0.06b 0.45ab 

ME 0.08 2.10 0.37b 0.06b 0.28b 

SEM2 0.03 0.42 0.06 0.01 0.08 

p value 0.063 0.683 <0.001 <0.001 0.008 
1Mean values of analytical triplicates. 2Standard error of the mean. Values within GIT location not 
sharing common notation differ significantly (p < 0.05). 

Comparison between diets demonstrated that the lignin content in WUSFeed tended 
to be higher for WC and WE, compared to MC and ME (p < 0.1) (Table 1). Next, 
the highest lignin content was found in WUSGiz, ranging between 1.65% and 2.10% 
(w/w) (Table 1). The higher lignin content of WUSGiz compared to WUSFeed 
demonstrated that insoluble, coarse feed particles that are known to accumulate 
in the gizzard (53), conceivably contained relatively high lignin contents. Next, the 
lignin contents in WUSIle were two to six times lower than in WUSGiz. In particular, 
WC and WE presented significantly higher lignin content than both MC and ME in 
WUSIle and ME in WUSExc (p < 0.05). These differences were attributed to the higher 
lignin content recorded for the wheat diets. WUSceca presented relatively low lignin 
content compared to WUS from other GIT locations, specifically indicating the 
presence of insoluble feed-derived fiber in the ceca, that may have entered 
alongside soluble feed components (24,53,54).  

3.2 Insoluble AX and lignin contents along the GIT revealed 
fiber transit patterns 

To the best of our knowledge, this is the first study selectively determining lignin 
contents of broiler digesta. The 13C-IS pyrolysis-GC-MS analysis permitted us to 
use lignin as an indicator of the presence of insoluble cell wall material along the 
broiler GIT. For that, the weight ratio of AX and lignin (AX/L) in WUS was 
determined to obtain more insight on the chemical composition of insoluble cell 
wall components along the GIT (Fig. 3A). In addition, the ratio between syringyl 
(S) to guaiacyl (G) units (S/G), comprising the main monolignols of grain lignin
(55), was evaluated at different GIT locations to investigate the structure of lignin
present at various GIT locations (Fig. 3B).
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Fig. 3. Arabinoxylan (AX) to lignin (L) weight ratio (AX/L) (A) in WUS at different GIT 
locations. Bars corresponding to wheat control (WC), wheat enzyme (WE), maize control 
(MC) and maize enzyme (ME) diets across GIT locations (interaction effect Diet x GIT
location, p < 0.001) not sharing common notation differ significantly (p < 0.05).
Syringyl to guaiacyl units molar ratio (S/G) (B) in WUS obtained from the gizzard
(WUSGiz), ileum (WUSIle), ceca (WUSCec) and excreta (WUSExc). Error bars indicate
standard deviations (n = 3). AX/L values in WUSFeed (WC: 44.5 ± 8.1, WE: 44.1 ± 16.1,
MC: 55.2 ± 5.7, ME: 63.2 ± 2.9) are shown as dashed lines (A), for comparison.

Our analyses showed that AX/L values significantly depended on both diet and GIT 
location (p < 0.001). The low AX/L values obtained for WUSGiz indicated that 
relatively more lignin than insoluble AX was present in the gizzard compared to 
WUSFeed. WUSGiz also presented lower S/G ratios (0.4-0.6) than WUSFeed (0.6-1.1), 
pointing at the accumulation of a specific lignin fraction in this GIT segment. 
Interestingly, both content-wise and structure-wise, lignin in WUSGiz is expected to 
increase fiber recalcitrance, as high S/G ratios have been associated with higher 
enzymatic lignocellulose degradation (11,56). Both AX/L and S/G values increased 
in WUSIle compared to WUSGiz. Still, wheat diets presented lower AX/L values in 
WUSIle than in WUSFeed, while both maize diets presented similar AX/L values 
between WUSIle and WUSFeed. This difference between diets was most likely due to 
the higher proportion of insoluble AX and lower lignin content determined for MC 
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and ME compared to WC and WE (Table 3, Fig. 2). Overall, WUSIle appeared to 
contain the main insoluble AX and lignin fractions present in the diet, while WUSGiz

seemed to mainly represent a specific fiber fraction originating from the diet. 
WUSExc presented similar AX/L and S/G values compared to WUSIle (Fig. 3), 
indicating that insoluble fiber complexes reaching the ileum were excreted 
unfermented. This was in line with previous research reporting more than 98% 
recovery of dietary lignin in broiler and ostrich excreta, as determined by non-
specific gravimetric methods (57,58). Although a lignin fraction presenting high 
S/G values was present in the ceca, our observations for WUSIle and WUSExc further 
confirmed the low fermentability of insoluble NSP in the broiler hindgut (24,28,53). 
Finally, AX/L values were not found to be influenced by enzyme supplementation. 
Overall, analysis of both NSP and lignin provided a more complete overview of fiber 
transit and fermentation in broilers, and highlighted how the chemical composition 
of cell wall components may influence their behavior along the GIT. 

3.3 Alkali extractability of AX from WUS was influenced by 
enzyme supplementation 

Having established that WUSIle and WUSExc were representative for insoluble fiber 
present in the feed, these two WUS fractions were subjected to alkali extraction to 
further investigate the impact of enzyme supplementation on insoluble NSP 
structure. In a previous study, alkali extraction (6 M NaOH) of broiler excreta, 
followed by dialysis with 14 kDa membranes, resulted in significant loss of alkali-
extractable oligosaccharides and polysaccharides (28). To prevent such losses in 
our study, the 1 M NaOH extract was not subjected to dialysis, but instead was 
desalted with 3.5 kDa ultrafiltration tubes, resulting in a salt-free retentate (1M-
ASSR) and a salt-rich filtrate. The salt from the filtrate was removed via SPE to 
yield the salt-free fraction 1M-ASSF, potentially containing ‘alkali-extractable’ 
oligomers. Overall, 70-78% (w/w) of OM in WUS was recovered during alkali 
extraction, regardless of diet (Fig. S2). The considerable losses of OM (25-30% 
w/w) observed were partly attributed to the low amounts of starting material 
influencing handling accuracy. Most of alkali-extractable OM was extracted with 1 
M NaOH, with 17-24% (w/w) of WUS OM being recovered in 1M-ASSR, and 4-7% 
(w/w) of WUS OM being recovered in 1M-ASSF. Subsequent extraction of WUS with 
4 M NaOH further solubilized 12-17% (w/w) of OM. The alkali-unextractable 
residue (RES) accounted for 29-37% (w/w) of OM.  

Continuing our efforts to disentangle the fate of insoluble AX in broilers, we focused 
on the impact of enzyme addition on AX extractability by alkali (Table 2). The 
majority of AX in WUSIle and WUSExc was extractable by 1 M NaOH and recovered 
in 1M-ASSR (19.1-27.9% w/w), while AX below 3.5 kDa in 1M-ASSF accounted for 
less than 0.4% (w/w) of AX in WUS, irrespective of diet. Sequential extraction with 
4 M NaOH solubilized additionally 17.5%-19.9% and 11.0%-12.3% (w/w) AX from 
WUSIle and WUSExc, respectively, while unextractable AX recovered in RES 
accounted for 30.5-40.8% (w/w) of total AX. Previous research has shown that 
90% (w/w) wheat endosperm AX and 40-60% (w/w) wheat bran and maize grain 
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glucuronoarabinoxylan was alkali-extractable (7,8,17,19,59). Currently, the alkali 
treatment of digesta containing various cereal fractions was expected to have 
solubilized structurally different AX populations (5,60). 

Table 2. Arabinoxylan (AX) recovery in alkali extracts (1M-ASSF, 1M-ASSR, 4M-ASS) 
and residue (RES) expressed as percentage (%) of AX in WUSIle and WUSExc 
corresponding to wheat control (WC), wheat enzyme (WE), maize control (MC) and 
maize enzyme (ME) diets. 

Diet Arabinoxylan (AX) recovery (% AX in WUS) 

WUSIle  1M-ASSF_Ile 1M-ASSR_Ile 4M-ASSIle RESIle Losses1 

WC 0.3 24.7 17.6 31.8 25.7 
WE 0.4 26.0 18.6 38.3 16.7 
MC 0.3 25.4 20.0 32.6 21.7 
ME 0.3 20.5 19.2 34.0 26.0 

SEM2 0.0 2.4 0.7 1.5 3.2 
p-value 0.325 0.403 0.186 0.059 0.225 

WUSExc  1M-ASSF_Exc 1M-ASSR_Exc 4M-ASSExc RESExc Losses1 

WC 0.3ab 24.4 11.0 30.8b 33.4 
WE 0.4a 27.9 12.3 40.5a 18.8 
MC 0.1c 19.1 11.2 34.5ab 35.0 
ME 0.2bc 21.1 11.1 31.3b 36.3 

SEM 0.0 2.5 1.5 1.5 3.9 
p-value 0.001 0.154 0.154 0.008 0.044 

1Estimated by the difference between total AX in WUS and the sum of AX recovered in the different 
fractions. 2Standard error of the mean, n = 3.   

Overall, WC exhibited lower AX recovery in RES compared to WE for both WUSIle 

(RESIle, p < 0.1) and WUSExc (RESExc, p < 0.05). Although a relatively larger AX 
proportion was shown to be extracted for WC, this was not accompanied by 
significantly different AX recoveries in 1M-ASSF, 1M-ASSR and 4M-ASS between WC 
and WE (p > 0.05). On the contrary, WE presented elevated values for both 1M-
ASSF_Ile and 1M-ASSR_Ile compared to WC, as well as for 1M-ASSF_Exc and 1M-
ASSR_Exc. It should be noted that a considerable AX proportion (16.7-36.3 % w/w) 
was not recovered during extraction (Table 2; Losses), in line with the observed 
losses in OM (Fig. S2). WE presented a numerically lower proportion of unrecovered 
AX compared to WC for both WUSIle and WUSExc, but these differences did not reach 
statistical significance. Maize diets presented comparable AX recovery values to 
the wheat diets, while no differences were observed between MC and ME (p > 
0.05). Still, lower AX recovery was obtained in 1M-ASSR_Exc and RESExc for MC and 
ME compared to WC and WE.  

The previously documented AXOS release upon enzyme addition in WE (Chapter 
5), was currently found to also decrease the relative amount of alkali extractable 
AX in WUS, as indicated by higher AX recovery in RES for WE compared to WC 
(RESIle; 38% vs 32%, RESExc; 40% vs 31%) (Table 2). These findings were in 
agreement with previous work reporting that xylanase and cellulase pre-treatment 
of hardwood pulp decreased the relative amount of alkali extractable xylan (61). 
Similar to our observations, the decrease in the relative amount of alkali-
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extractable NSP from broiler excreta was previously observed when pectolytic 
enzymes were included in maize-rapeseed meal diet (28). Yet, the absence of 
significant differences across alkali extracts indicated that, overall, enzyme 
supplementation did not affect the structure of AX populations recovered. However, 
there seemed to be an influence of enzyme addition on the estimated proportion 
of unrecovered AX. To explain that, we hypothesized that part of the unrecovered 
AX could have been adsorbed on to the cellulose filter during ultrafiltration of the 
1 M NaOH extract (see 2.3), and that this process would be dependent on AX 
molecular weight (Mw), degree of substitution and distribution of Ara-substituents 
(62–64). It is, therefore, conceivable that enzymatic cell wall degradation resulted 
in the yield of alkali-extractable AX having subtle differences in the Mw and 
structure after all. However, the incomplete AX recovery did not permit further 
investigation of those differences at this stage.     

Fig. 4. HPSEC-RI chromatograms of alkali extracts obtained from WUSIle (A: wheat 
control (WC), wheat enzyme (WE) diets, B: maize control (MC), maize enzyme (ME) 
diets) and WUSExc (C: WC, WE, D: MC, ME). 1M-ASSF were dissolved in water at 5 mg/mL 
whereas 1M-ASSR and 4M-ASS were dissolved in 50 mM NaOAc (pH 5.0) at 5 mg/mL. 
Pullulan standards were used as calibrants.     



Fate of insoluble fiber in broilers 

179 

6 

3.4 Characterization of alkali-extractable NSP 

Mw distribution in alkali extracts  

The impact of enzyme addition on the structural characteristics of insoluble NSP 
recovered during alkali extraction was further investigated by determining the Mw 
distribution of alkali extractable solids by HPSEC (Fig. 4). According to 
expectations, only compounds below 3.5 kDa were present in all 1M-ASSF fractions. 
In contrast, HPSEC of 1M-ASSR presented a broad molecular weight distribution 
with Mw between 10 and 500 kDa. The signal observed between 12 and 3.5 kDa 
was attributed to borate salts. Overall, both WC and WE presented broad Mw 
distribution between 100-500 kDa in 1M-ASSR_Ile and 1M-ASSR_Exc. Finally, 
polymers with Mw > 500 kDa were abundant in 4M-ASS fractions. MC and ME 
presented similar chromatograms for all WUSIle and WUSExc fractions, while a more 
intense signal of Mw > 100 kDa compounds was noted for 1M-ASSR and 4M-ASS 
compared to WC and WE. In conclusion, no effect of enzyme treatment on the Mw 
distribution of alkali extractable solids was observed, presumably reflecting the 
similar AX recovery values obtained in the respective fractions (Table 2). 

Oligosaccharide profiles in 1M-ASSF_Ile 

The 1M-ASSF_Ile fractions obtained by SPE were further analyzed for oligosaccharide 
profiles by MALDI-TOF-MS (Fig. 5). This analysis was performed to assess the 
presence of enzymatically-formed oligosaccharides that remained embedded or 
associated in the cell wall matrix and were released from WUS by alkali extraction, 
as previously suggested (28). 1M-ASSF_Ile fraction across all diets presented a 
homologous series of hexose oligosaccharides (HexOS) with degree of 
polymerization (DP) 5-12. 1M-ASSF_Ile for WE also contained a series of pentose 
oligosaccharides (DP 6-14), representing AXOS (30). Pentose oligomers were not 
detected in MC and ME 1M-ASSF_Ile fractions, as already indicated in our previous 
work (Chapters 2,5) (30,36), and presented only weak signal in WC. It therefore 
appeared that oligomeric AXOS accounted for part of the low Mw AX (< 3.5 kDa) 
recovered in 1M-ASSF_Ile, which accounted for less than 0.4% of AX in WUSIle (Table 
2). Subsequent comparison of MALDI-TOF mass spectra between 1M-ASSF_Ile and 
WUSIle for WE (Fig. 5B) suggested that the detected oligosaccharides were present 
only in minor levels in WUS. However, it remained unclear whether these AXOS 
were embedded in the cell wall matrix and were released by alkali or that their 
signal became more intense after extraction and purification by SPE. 
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Fig. 5. MALDI-TOF mass spectra of 1M-ASSF_Ile solutions (A) corresponding to wheat 
control (WC: 1), wheat enzyme (WE: 2), maize control (MC: 3) and maize enzyme (ME: 
4) diets. MALDI-TOF mass spectra (B) of WUSIle dispersion (1) and 1M-ASSF_Ile extract
(2) belonging to WE diet. The number of pentose (Pn) or hexose (Hn) units comprising
the detected oligosaccharides are shown next to the m/z values; *m/z values of reduced
oligosaccharides formed due to the presence of NaBH4 in the extractant present +2
mass increment compared to their neutral counterparts.

Diverse insoluble NSP populations were present in digesta WUS 

Next to AX, we reported the recovery of Glc units during alkali extraction, given 
the high Glc abundance in WUS (Table S3). As mentioned earlier, Glc in WUS 
represents a diverse population of glucans, such as insoluble starch, β-glucan and 
cellulose. Consequently, differences in Glc recovery were most likely indicative for 
differences in the relative amounts of the aforementioned glucans in WUS (Table 
S5). For example, the recovery above 90% observed in RESIle and RESExc for MC 
and ME was indicative of cellulose abundance in WUS for maize diets. In contrast, 
WC and WE presented lower Glc recovery values in RESIle (WC: 68.2%, WE: 87.8%, 
p > 0.05) and RESExc  (WC: 55.2%, WE: 72.6%, p < 0.05) highlighting the more 
abundant presence of glucans other than cellulose. The higher RES values obtained 
for WE compared to WC suggested that lower amount of glucans remained insoluble 
upon enzyme addition in WE. This could be mainly explained by the higher starch 
digestibility observed for WE (30), as glucanase action did not seem to impact non-
starch Glc solubility (Fig. 3). Swelling of RES by alkali could have caused more 
complete cellulose hydrolysis during sugar composition analysis compared to WUS, 
thus resulting in more than 100% glucan recovery (65). Further research is 
warranted to determine the impact of enzyme supplementation on the 
extractability of specific glucans.    
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Except for AX and glucan, other carbohydrates were extracted as well (Table S6, 
S7). Overall, 1M-ASSF extracts from WUSIle and WUSExc presented low total 
carbohydrate contents (7.7-11.6% w/w), and were composed of Glc (26-41 mol 
%), Gal (21-28 mol %), Man (18-26 mol %) and to a lower extent of Ara (7-13 
mol %) and Xyl (2-10 mol %). Co-extraction of soybean NSP is expected to have 
confounded the final AX values, as evidenced by the unrealistically high Ara/Xyl 
values in the 1M-ASSF fractions (Ara/Xyl = 1.3-4.1), especially for the maize diets. 
In contrast, higher carbohydrate contents were obtained in 1M-ASSR corresponding 
to WUSIle (63.5-71.3% w/w OM) and WUSExc (39.3-61.4% w/w OM) across all diets 
and GIT locations. For both WUSIle and WUSExc, Ara and Xyl represented 20-28 mol 
% and 29-41 mol % of extracted carbohydrates, respectively. This indicated the 
prevalence in 1M-ASSR of AX with Ara/Xyl value of 0.6 and 0.9 for the wheat and 
maize diets, respectively. No additional differences in monosaccharide composition 
were observed between WC and WE and MC and ME. Finally, co-extraction of other 
NSP such as soybean arabinogalactans and β-glucan from wheat (16,17) from both 
WUSIle and WUSExc was evidenced by the abundant presence of Gal (12-22 mol %) 
and Glc (17-30 mol %).     

The carbohydrates extracted in 4M-ASS from both WUSIle and WUSExc presented 
different amounts for wheat (41.8-54.8% w/w) and for maize (78.3-88.5% w/w) 
diets, but similar carbohydrate composition. The main constituent 
monosaccharides were Ara (31-33 mol %), Xyl (27-30 mol %) and Gal (18-24 mol 
%), while Glc was less abundant (11-16 mol%) and Man and Rha were minorly 
present (< 4 mol %). Previously, the use of 4 M NaOH as final extractant in 
sequential extraction procedures solubilized a minor AX fraction (< 10%) from 
wheat flour, while it resulted in a hemicellulose-rich extract from soybean (16,17). 
Overall, the similarities between 4M-ASS fractions from wheat and maize diets in 
terms of monosaccharide composition and Ara/Xyl ratio (1.1-1.2) suggested the 
low prevalence of AX in this fraction. Finally, Glc prevalence in RES (49-55 mol %) 
was indicative of cellulose, while Ara (13-19 mol %) and Xyl (15-18 mol %) 
indicated the presence of unextractable AX (8,16,17).     

3.5 Implications of enzyme supplementation for insoluble 
cell wall polysaccharides in broiler digesta 

Associations between cell wall matrix components, such as AX, lignin, cellulose, 
has been postulated to encapsulate nutrients and hinder their digestion. Moreover, 
most AX is tethered in this insoluble structure cannot be fermented in the broiler 
hindgut, as shown by the high AX recovery in WUS, especially for maize diets (Fig. 
2,3). AX release by alkali indicated that associations between cell wall components 
were mainly ester-mediated by ferulate and di-ferulate intramolecular AX and 
intermolecular AX-lignin cross-links, alongside non-covalent interactions between 
AX and cellulose. Moreover, the different AX/L and S/G ratios observed along the 
GIT (Fig. 3) suggested that a relatively recalcitrant fiber subfraction accumulated 
in the gizzard. Cell wall degradation by xylanase in vivo was mainly reflected by 
AXOS release resulting in pronounced cecal fermentation, as covered in our recent 
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work (Chapters 2,5) (30,36). However, AX depolymerization did not further impact 
insoluble AX extractability by alkali (Table 2). It is, therefore, suggested that only 
limited loosening of cell wall-associated AX occurred upon enzyme supplementation 
in wheat and maize diets. Still, optimization of NSP extraction is necessary to 
further study the impact of dietary enzymes on cell wall structure.  

4 Conclusions 
This study provided novel insights into insoluble arabinoxylan and lignin content 
and structure along the GIT of broilers fed wheat and maize diets. Investigating 
the chemical composition of cell wall material present in digesta demonstrated that 
lignin-rich fibers accumulated in the gizzard and that insoluble fibers reaching the 
ileum were not fermented in the broiler hindgut. Enzyme supplementation in the 
wheat diet released AXOS, thus altering the content and composition of insoluble 
AX. Still, enzyme action in the GIT did not improve NSP extraction by alkali. 
Consequently, associations between cell wall components that render the majority 
of AX insoluble, and therefore, unavailable for cecal fermentation, appeared 
unaffected by enzyme supplementation. Our work highlights that despite 
improvements in AX fermentation by dietary xylanase, further research is needed 
toward optimization of insoluble NSP degradation by dietary enzymes in broilers. 
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Supplementary information 
Table S1. Diet composition of wheat-based and maize-based dietary treatments. The 
data were previously determined and are reported elsewhere (1).  

Ingredient (%) 
Wheat-based Maize-based 

Starter Grower Finisher Starter Grower Finisher 

Wheat 49.4 58.8 65.9 - - - 

Maize 10.0 5.0 - 57.3 59.6 59.1 

Soybean Meal 48CP1 24.4 19.5 17.0 27.2 24.3 24.3 

Toasted Soybeans 10.0 10.0 8.0 10.0 10.0 8.0 

Soybean Oil 1.4 2.4 4.3 0.6 1.7 3.9 

Monocalcium phosphate 1.4 1.3 1.0 1.5 1.4 1.2 

Limestone 1.4 1.3 1.1 1.4 1.2 1.1 

DL-Methionine 0.4 0.3 0.2 0.4 0.3 0.3 

L-Lysine HCl 0.3 0.3 0.3 0.3 0.3 0.2 

Salt 0.2 0.2 0.3 0.2 0.2 0.3 

Na-Bicarbonate 0.3 0.3 0.2 0.3 0.3 0.2 

L-Threonine 0.2 0.1 0.1 0.2 0.1 0.1 

L-Valine 0.1 0.1 0.1 0.2 0.1 0.0 

Coccidiostat Sacox2 Sacox - Sacox Sacox - 

Premix Article3 0.5 0.5 0.5 0.5 0.5 0.5 

Diamol4 - - 1.0 - - 1.0 

Total 100.0 100.0 100.0 100.0 100.0 100.0 

Analyzed chemical composition (% dry matter) 

Starch5 - - 40.4 - - 37.4 

Crude protein (N x 6.25) - - 20.5 - - 20.7 

NSP6 - - 21.0 - - 18.6 

AX7 - - 5.0 - - 3.4 

Analyzed enzyme activity (of enzyme-supplemented diets) 

Xylanase (EPU8/kg feed) - - 1550 - - 1740 

Cellulase (CU9/kg feed) - - 240 - - 190 
1CP: Crude protein. 2Provided by Huvepharma NV, Berchem, Belgium. 3 Providing per kg of diet: vitamin 
A (retinyl acetate), 10000 IU; vitamin D3 (cholecalciferol), 2500 IU; vitamin E (dl-α-tocopherol acetate), 
50 mg; vitamin K3 (menadione), 1.5 mg; vitamin B1 (thiamine), 2.0 mg; vitamin B2 (riboflavin), 7.5 
mg; niacin, 35 mg; D-pantothenic acid, 12 mg; vitamin B6 (pyridoxine-HCl), 3.5 mg; vitamin B12 
(cyanocobalamine), 20 µg; folic acid, 1.0 mg; biotin, 0.2 mg; choline chloride, 460 mg; Fe (FeSO4.H2O), 
80 mg; Cu (CuSO4.5H2O), 12 mg; Zn (ZnO), 60 mg; Mn (MnO), 85; I (Ca(IO3)2), 0.8 mg; Co 
(Co2CO3(OH)2), 0.77 mg; Se (Na2O3Se), 0.15 mg. 4Used as acid insoluble ash (AIA) digestibility marker 
(Franz Bertram GmbH, Hamburg, Germany). 5Determined according to AOAC Method 996.11 (KOH 
format). 6NSP: non-starch polysaccharides; calculated as the difference between Total Carbohydrates 
(determined according to Englyst and Cummings (1984) and Starch. 7Calculated as the sum of arabinosyl 
(Ara) and xylosyl (Xyl) units. 8Amount of enzyme which releases 0.0083 μmol of reducing sugars (xylose 
equivalent) per minute from oat spelt xylan at pH 4.7 and 50 °C. 9Amount of enzyme which releases 
0.128 μmol of reducing sugars (glucose equivalents) per minute from barley β-glucan at pH 4.5 and 30 
°C. 
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Table S2. Identity and structural classification of lignin-derived pyrolysis products 
included in the 13C-IS py-GC-HR-MS analysis of WUS samples. 

Compound CAS Retention 
time (min) 

Structural 
feature 

Sidechain 
length 

Mw 12C 

(g∙mol-1) 
Quan ion 

12C  [M-e] 

guaiacol 90051 10.03 G, unsub. 0 124 124.05188 

4-methylguaiacol 93516 12.71 G, methyl Cα 138 138.06753 

4-ethylguaiacol 2785899 14.83 G, misc. Cβ 152 137.05971 

4-vinylguaiacol 7786610 16.29 G, vinyl Cβ 150 150.06753 

syringol 91101 17.64 S, unsub. 0 154 154.06245 

trans-isoeugenol 97541 19.50 G, misc. Cγ 164 164.08318 

4-methylsyringol 6638057 19.86 S, methyl Cα 168 168.07810 

vanillin 121335 19.99 G, Cα-O Cα 152 151.03897 

4-ethylsyringol 14059928 21.58 S, misc. Cβ 182 167.07022 

acetovanillone 498022 21.89 G, Cα-O Cβ 166 151.03897 

4-vinylsyringol 28343228 22.90 S, vinyl Cβ 180 180.07810 

guaiacylacetone 2503460 23.10 G, Cβ-O Cγ 180 137.05971 

4-allylsyringol 6627889 23.31 S, misc. Cγ 194 194.09373 

trans-4-propenylsyringol 26624135 25.72 S, misc. Cγ 194 194.09373 

syringaldehyde 134963 26.34 S, Cα-O Cα 182 182.05736 

cis-coniferyl-alcohol 458355 26.42 G, Cγ-O Cγ 180 137.05971 

acetosyringone 2478388 27.76 S, Cα-O Cβ 196 181.04954 

trans-coniferyl alcohol 458355 28.11 G, Cγ-O Cγ 180 137.05971 

syringylacetone 19037582 28.68 S, Cβ-O Cγ 210 167.07027 

trans-sinapyl alcohol 537337 33.31 S, Cγ-O Cγ 210 167.07027 
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Fig. S1. Dry matter yield (%) after aqueous extraction of digesta from the gizzard, 
ileum, ceca and excreta corresponding to wheat control (WC), wheat enzyme (WE), 
maize control (MC) and maize enzyme (ME) diets; WUS: water unextractable solids; 
WES: water extractable solids. Error bars indicate standard deviation of biological 
triplicates (n = 3). 
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Table S3. Constituent monosaccharide composition (mol %), Ara/Xyl ratio and total 
carbohydrate (Tot), arabinoxylan (AX: Ara + Xyl) and glucan (Glc) content (% w/w) of 
WUS obtained from the diet (WUSFeed), gizzard (WUSGiz), ileum (WUSIle), ceca (WUSCec) 
and excreta (WUSExc) (n = 3) corresponding to wheat control (WC), wheat enzyme (WE), 
maize control (MC) and maize enzyme (ME) diets. Standard deviation (n = 3) is given 
within brackets. 

Diet 

Constituent monosaccharide composition 
(mol %) 

Carbohydrate 
content 

(% w/w) 

Ara Xyl Glc Gal Man Rha UA Ara/
Xyl Tot AX Glc 

WUSGiz 

WC 14 22 49 6 3 1 6 0.6 55.3 17.0 29.2 
(2) (7) (10) (<1) (1) (<1) (<1) (0.1) (3.2) (3.6) (7.3) 

WE 16 27 39 7 3 1 7 0.6 48.7 18.4 20.6 
(1) (2) (4) (1) (<1) (<1) (1) (0.1) (1.9) (1.0) (2.6)

MC 11 15 57 6 2 1 7 0.7 61.9 13.4 37.3 
(2) (3) (9) (2) (1) (<1) (1) (0.1) (3.8) (2.5) (8.0)

ME 11 16 56 6 2 1 7 0.7 62.7 14.4 36.9 
(2) (4) (9) (1) (1) (<1) (2) (0.1) (6.2) (1.8) (8.9)

WUSIle 

WC 20 28 28 11 2 1 8 0.7 50.4 21.7 15.3 
(1) (1) (3) (1) (<1) (<1) (1) (0.0) (1.6) (0.9) (1.7)

WE 21 26 24 13 3 1 10 0.8 48.0 20.3 12.8 
(<1) (2) (<1) (1) (<1) (<1) (<1) (0.1) (1.0) (0.3) (0.4) 

MC 22 20 23 18 2 1 14 1.1 52.3 18.9 12.9 
(<1) (1) (1) (1) (<1) (1) (<1) (0.1) (1.2) (0.1) (0.8)

ME 21 21 22 17 2 1 14 1.0 52.9 19.5 12.8 
(1) (2) (3) (<1) (<1) (<1) (<1) (0.1) (1.8) (0.1) (2.1) 

WUSCec 

WC 3 9 47 15 2 16 8 0.4 12.3 1.2 6.0 
(<1) (4) (6) (1) (<1) (1) (<1) (0.1) (0.9) (0.4) (0.6)

WE 2 2 53 16 2 18 7 0.9 12.3 0.4 6.8 
(<1) (1) (6) (3) (1) (1) (2) (0.2) (2.9) (0.1) (2.3) 

MC 1 2 54 14 2 18 8 0.7 9.4 0.3 5.2 
(1) (1) (3) (1) (<1) (2) (1) (0.2) (1.2) (0.2) (0.7) 

ME 1 2 51 16 2 19 9 0.8 9.1 0.2 4.7 
(<1) (<1) (7) (3) (<1) (3) (2) (0.1) (1.4) (0.1) (1.2) 

WUSExc 

WC 19 25 33 11 2 1 8 0.8 51.8 20.0 18.5 
(1) (1) (3) (1) (<1) (<1) (1) (0.0) (3.9) (1.3) (3.2)

WE 20 24 29 13 2 1 9 0.8 44.5 17.3 14.4 
(1) (1) (4) (1) (<1) (<1) (<1) (0.0) (1.9) (0.3) (2.0) 

MC 21 22 23 16 2 1 13 0.9 49.9 17.0 13.0 
(<1) (2) (2) (<1) (<1) (<1) (1) (0.1) (1.0) (3.6) (1.4)

ME 21 23 23 15 2 1 14 0.9 49.4 18.4 13.2 
(<1) (1) (<1) (1) (<1) (<1) (1) (0.0) (0.8) (1.0) (0.9)
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Table S4. Lignin content (% w/w) in WUS obtained from the diet (WUSFeed), gizzard 
(WUSGiz), ileum (WUSIle), ceca (WUSCec) and excreta (WUSExc) (n = 3) corresponding to 
wheat control (WC), wheat enzyme (WE), maize control (MC) and maize enzyme (ME) 
diets, and determined based on lignin-specific pyrolysis products (Table S1) by 13C-IS 
pyrolysis-GC-MS and excluding H-units.  

Lignin content (% w/w), excluding H-units 

Diet WUSFeed1 WUSGiz WUSIle WUSCec WUSExc 

WC 0.4 5.2 2.8 0.2 1.9 

WE 0.5 5.6 3.0 0.2 1.8 

MC 0.7 6.4 3.5 0.2 3.1 

ME 0.4 7.5 2.7 0.2 2.4 

SEM2 0.1 0.9 0.4 <0.1 0.3 

p value 0.205 0.417 0.577 0.513 0.050 
1Mean values of analytical triplicates. 2Standard error of the mean 

Fig. S2. Organic matter (OM) yield expressed as percentage (%) of OM in WUS 
recovered in 1M-ASSF, 1M-ASSR, 4M-ASS and RES during sequential alkali extraction of 
WUSIle (A) and WUSExc (B) corresponding to wheat control (WC), wheat enzyme (WE), 
maize control (MC) and maize enzyme (ME) diets.    
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Table S5. Glucan recovery in alkali extracts (1M-ASSF, 1M-ASSR, 4M-ASS) and residue 
(RES) expressed as percentage (%) of Glc units in WUSIle and WUSExc corresponding to 
wheat control (WC), wheat enzyme (WE), maize control (MC) and maize enzyme (ME) 
diets. 

Diet Glucan recovery (% Glc in WUS) 

WUSIle 1M-ASSF_Ile 1M-ASSR_Ile 4M-ASSIle RESIle Losses1 

WC 0.7b 12.2 7.0 68.2 11.9 

WE 0.8b 16.2 8.2 87.8 -13.0

MC 1.3a 13.5 8.2 94.6 -17.7

ME 1.0ab 10.8 7.5 90.7 -10.0

SEM2 0.1 2.1 0.4 7.2 7.8 

p value 0.017 0.394 0.169 0.118 0.107 

WUSExc 1M-ASSF_Exc 1M-ASSR_Exc 4M-ASSExc RESExc Losses1 

WC 1.0 18.3 3.5 55.2c 21.9a 

WE 1.2 20.2 4.3 72.6b 1.7b 

MC 1.0 10.5 4.7 98.6a -14.9bc

ME 1.4 14.0 4.8 95.9a -16.1c

SEM 0.2 3.0 0.4 3.8 3.9 

p value 0.285 0.185 0.156 <0.001 <0.001 
1Estimated by the difference between total AX in WUS and the sum of AX recovered in the different 
fractions. 2Standard error of the mean, n = 3.   
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Table S6. Constituent monosaccharide composition (mol %) and total carbohydrate 
content (% w/w, OM basis) of alkali extracts (1M-ASSF, 1M-ASSR, 4M-ASS) and alkali 
unextractable residue (RES) obtained from WUSIle corresponding to wheat control (WC), 
wheat enzyme (WE), maize control (MC) and maize enzyme (ME) diets. Standard 
deviation (n = 3) is given within brackets. 

WUSIle  Diet Ara Xyl Glc Gal Man Rha UA Ara/Xyl 
Total 

sugars 
% OM 

1M-ASSF 

WC 
12 8 31 27 21 1 ND 1.4 8.6 

(1) (1) (6) (2) (3) (0) ‒ (0.1) (3.6) 

WE 
13 10 26 25 24 1 ND 1.3 9.0 

(0) (1) (3) (1) (2) (0 ‒ (0.1 (3.0) 

MC 
7 2 41 28 21 1 ND 3.6 8.3 

(1) (1) (0) (5) (3) (0) ‒ (0.5) (1.8) 

ME 
8 2 40 24 24 1 ND 3.8 11.6 

(1) (0) (0) (2) (1) (<1) ‒ (0.3) (5.0) 

1M-ASSR 

WC 
23 41 18 14 3 1 ND 0.6 65.2 

(3) (6) (4) (2) (<1) (1) ‒ (0.1) (14.3) 

WE 
23 39 18 16 3 1 ND 0.6 63.5 

(4) (6) (4) (5) (1) (1) ‒ (0.2) (14.4) 

MC 
27 31 17 20 3 2 ND 0.9 71.3 

(1) (2) (2) (<1) (<1) (<1) ‒ (<0.1) (17.5) 

ME 
27 29 17 22 4 2 ND 0.9 67.8 

(1) (<1) (2) (1) (<1) (<1) ‒ (<0.1) (16.4) 

4M-ASS 

WC 
32 28 13 21 4 2 ND 1.1 69.4 

(<1) (<1) (<1) (1) (<1) (<1) ‒ (<0.1) (11.7) 

WE 
32 27 13 22 4 3 ND 1.2 74.1 

(<1) (1) (1) (1) (<1) (<1) ‒ (<0.1) (12.2) 

MC 
32 28 11 24 3 3 ND 1.2 78.5 

(1) (1) (1) (1) (<1) (<1) ‒ (0.1) (11.3) 

ME 
33 28 11 24 3 3 ND 1.2 78.3 

(<1) (<1) (<1) (<1) (<1) (<1) ‒ (<0.1) (11.3) 

RES 

WC 19 18 50 3 1 <1 9 1.0 59.4 

(1) (1) (<1) (<1) (<1) (<1) 0 (0.1) (2.2) 

WE 19 18 49 4 <1 <1 10 1.1 58.9 

(1) (2) (<1) (1) (<1) (<1) 0 (0.1) (1.5) 

MC 
14 15 52 6 0 1 11 1.0 62.7 

(<1) (2) (2) (<1) (<1) (<1) 0 (0.2) (5.6) 

ME 
14 16 51 6 1 1 11 0.9 63.5 

(<1) (<1) (1) (1) (<1) (<1) 0 (<0.1) (4.1) 
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Table S7. Constituent monosaccharide composition (mol %) and total carbohydrate 
content (% w/w, OM basis) of alkali extracts (1M-ASSF, 1M-ASSR, 4M-ASS) and alkali 
unextractable residue (RES) obtained from WUSExc corresponding to wheat control (WC), 
wheat enzyme (WE), maize control (MC) and maize enzyme (ME) diets. Standard 
deviation (n = 3) is given within brackets. 

WUSExc  Diet Ara Xyl Glc Gal Man Rha UA Ara/Xyl 
Total 

sugars 
% OM 

1M-ASSF 

WC 
11 7 42 21 18 1 ND 1.4 7.7 

(1) (1) (6) (2) (2) (<1) ‒ (<0.1) (2.6) 

WE 
11 8 37 21 21 1 ND 1.3 11.4 

(1) (<1) (4) (3) (1) (<1) ‒ (0.1) (3.8) 

MC 
8 2 41 22 26 1 ND 4.1 11.1 

(<1) (<1) (2) (1) (1) (<1) ‒ (0.8) (2.6) 

ME 
9 2 41 21 25 1 ND 3.7 8.9 

(<1) (<1) (3) (2) (2) (<1) ‒ (0.4) (4.0) 

1M-ASSR 

WC 
20 35 30 13 2 1 ND 0.6 53.8 

(2) (9) (4) (3) (<1) (<1) ‒ (0.2) (17.0) 

WE 
23 31 26 17 3 1 ND 0.8 61.4 

(4) (5) (5) (4) (1) (<1) ‒ (0.2) (16.1) 

MC 
28 30 18 20 3 2 ND 0.9 55.7 

(1) (1) (2) (1) (<1) (<1) ‒ (<0.1) (16.6) 

ME 
27 30 19 19 3 1 ND 0.9 39.9 

(1) (30 (5) (1) (<1) (<1) ‒ (0.1) (12.0) 

4M-ASS 

WC 
32 28 14 18 3 3 ND 1.1 41.8 

(<1) (1) (<1) (1) (<1) (1) ‒ (<0.1) (8.9) 

WE 
31 27 16 19 4 3 ND 1.2 67.6 

(1) (1) (1) (1) (<1) (<1) ‒ (0.1) (3.0) 

MC 
33 28 11 22 3 3 ND 1.2 85.6 

(<1) (2) (<1) (1) (<1) (1) ‒ (0.1) (0.8) 

ME 
33 30 11 21 2 3 ND 1.1 88.5 

(1) (2) (<1) (1) (<1) (<1) ‒ (0.1) (6.2) 

RES 

WC 18 18 52 3 <1 <1 9 1.0 61.0 

(1) (1) (<1) (<1) (<1) (<1) (<1) (<0.1) (2.1) 

WE 19 18 51 3 <1 <1 9 1.0 60.2 

(<1) (1) (<1) (<1) (<1) (<1) (<1) (<0.1) (4.9 

MC 
13 17 54 5 <1 1 11 0.8 64.7) 

(<1) (1) (1) (10 (<1) (<1) (1) (<0.1) (2.7) 

ME 
13 17 55 4 1 1 11 0.8 66.0 

(<1) (<1) (1) (<1) (<1) (<1) (<1) (<0.1) (6.6) 

Supplementary information references 
1. Kouzounis D, Hageman JA, Soares N, Michiels J, Schols HA. Impact of xylanase and glucanase 

on oligosaccharide formation, carbohydrate fermentation patterns, and nutrient utilization in
the gastrointestinal tract of broilers. Animals. 2021;11(5):1285. 
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1 General discussion outline 
In this chapter, the outcomes of the experimental work presented in Chapters 2-
6 are discussed in context of recent literature findings and literature presented in 
Chapter 1. The aim of this thesis research was to elucidate, at a molecular level, 
the impact of dietary non starch polysaccharide (NSP)-active enzymes on the fate 
and fermentability of NSP in the broiler gastrointestinal tract (GIT). The main 
findings of the research are discussed in four subsections: (i) Application of 
advanced analytical techniques to characterize in vivo generated arabinoxylo-
oligosaccharides (AXOS), (ii) The significance of AXOS release by endo-xylanase 
in vivo, (iii) Looking beyond the prebiotic effect: nutrient de-encapsulation by 
NSPases, (iv) The future role of NSP and NSPases in animal nutrition.    

2 Application of advanced analytical techniques to 
characterize in vivo generated AXOS 

2.1 Oligosaccharide screening by MALDI-TOF-MS 

As outlined in Chapter 1, until the start of this thesis research, direct evidence of 
AX degradation by dietary xylanase taking place during feed digestion was lacking. 
In this research (Chapter 2), arabinoxylan (AX) degradation by dietary endo-
xylanase taking place in the upper GIT was substantiated for the first time, by the 
recognition of AX-derived oligosaccharides having a DP of 5-26 by MALDI-TOF-MS. 
At the time of submission of our findings for publication, Lin & Olukosi (2021) 
reported the presence of DP 3-6 xylo-oligosaccharides (XOS) by MALDI-TOF-MS, 
in the broiler jejunum (1). In their study, sample clean up followed by 
permethylation was used to improve the signal of oligosaccharides. In comparison, 
we demonstrate that minimum sample preparation and short analysis time make 
MALDI-TOF-MS a powerful tool for oligosaccharide screening in animal digesta. 
Therefore, MALDI-TOF-MS can be used to strengthen NSP characterization in 
digesta samples next to sugar composition analysis. The present findings add to 
the already wide range of MALDI-TOF-MS applications regarding the analysis of 
oligosaccharides in complex matrices without the need of elaborate sample pre-
treatment. Such complex matrices include beer, industrial fermentation slurry, lab 
scale fermentation broth and xylan digests by termite hindgut homogenate (2–5). 
In spite of being a powerful screening method, MALDI-TOF-MS cannot provide in-
depth structural analysis of isomeric oligosaccharides. In addition, quantification 
by MALDI-TOF-MS is riddled with serious limitations especially when analytes are 
present in complex samples (6–10), such as animal digesta. Consequently, novel 
sample clean-up and LC-MS approaches for the comprehensive oligosaccharide 
analysis in complex digesta matrices were cautiously developed and elaborated in 
Chapter 4, 5. 
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2.2 Unambiguous AXOS characterization in digesta 

In Chapter 4, we introduced a strategy to identify individual AXOS in enzymatic 
digests of arabinoxylan (AX) by HILIC-MSn analysis, preceded by oligosaccharide 
reduction. The utter aim was to implement this technique for the identification and 
structural characterization of AXOS formed in vivo (Chapter 5), as exemplified in 
Fig 1. AXOS could be clearly detected in digesta by MALDI-TOF-MS (Fig. 1A; 
Chapter 2), but their precise structure could not be further investigated. The same 
AXOS were amply resolved and characterized by HILIC-MSn (Fig. 1B; Chapter 5). 
Moreover, by using the newly developed strategy, unknown (A)XOS were identified 
despite the absence of standards (Chapter 4). Overall, the detailed AXOS 
characterization obtained by HILIC-MSn showcased the importance of 
implementing a robust and sophisticated technique for digesta analysis.    

Fig. 1. Part of a MALDI-TOF mass spectrum (A) of digesta from the broiler ileum 
showing DP 7 ([M + Na]+) pentose oligosaccharide(s) as one peak (Chapter 2). HILIC-
MS ion extracted chromatogram (B) of the same sample after SPE (Chapter 5), 
resolving the presence of five isomeric (NaBH4-reduced) DP 7 (A)XOS ([M ‒ H]‒). 

The applicability of the current HILIC-MSn strategy for the analysis of a wide range 
of AXOS isomers was established by the clear relationship between oligosaccharide 
structure and elution time in HILIC (Fig. 2). Groups of (A)XOS sharing structural 
features (number, position, linkage type of Ara substituents) presented linear 
relationships between DP and retention time (RT). This relationship can now be 
further used for the identification of (unknown) (A)XOS present in mixtures. It 
should further be noted that NaBH4 reduction was crucial for (A)XOS identification 
by the new HILIC-MSn strategy (Chapter 4). In particular, reduction helped 
distinguishing fragments from the reducing (Y/Z fragment ions) or non-reducing 
ends (B/C fragment ions) (11). Interestingly, reduced AXOS presented different 
MS2 spectra than underivatized ones, mainly documented by the low intensity of C 
ions. The same behavior has been previously observed for cello-oligosaccharides, 
galacto-oligosaccharides and O‒linked mucin oligosaccharides (12–15).  
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Fig. 2. Overview of the elution pattern of NaBH4-reduced AXOS isomers (DP 2-7) 
identified in Chapter 4. Identified AXOS were grouped according to the presence 
of: multiple single substitutions ( ), single O-3-linked Ara at the non-reducing 
terminal Xyl ( ), double O-2,3-linked Ara ( ), single O-3-linked Ara at an internal 
Xyl residue ( ), single O-2-linked Ara at an internal Xyl residue ( ). Linear XOS 
( ) and unidentified AXOS ( ) are also displayed. Unidentified DP 6,7 AXOS were 
labelled according to their elution order (i-vi). RT (min) is the HILIC-MSn retention 
time in minutes. 

To put our developed strategy for NaBH4-reduced (A)XOS analysis into a broader 
context, it was compared with other LC-MS-based approaches used in the analysis 
of AXOS (Table 1) and other glycans (10,11,15–20). It can be seen that early LC-
MS studies used reverse phase (RP) and normal phase (NP) chromatography for 
AXOS separation, followed by positive ion mode (PI) MS analysis. However, HILIC 
and porous-graphitized carbon chromatography (PGC) are the preferred separation 
modes for glycan analysis in recent studies (10,12,14,19–21). In particular, HILIC 
offers better separation and MS compatibility for glycan analysis compared to RP 
(C18) and other NP modes (16,22). Furthermore, oligosaccharide MS analysis in 
negative ion mode (NI) appears more commonly in the recent literature, due its 
ability to provide more structural information compared to PI (16,22,23). 
Utilization of MS2 and MS3 dimensions are crucial for the detailed AXOS 
characterization (15,19), as confirmed in the present study (Chapter 4).  

The distinct MS fragmentation patterns of reduced oligosaccharides distinguished 
the MS-based identification developed in this thesis (Chapter 4) from previously 
published methods for AXOS analysis (15,19,20,24). Previous studies based the 
identification of underivatized AXOS in NI on the presence or absence of unique 
ions resulting from double cleavages (15,23,24). However, reduced AXOS 
generated diagnostic fragment ions whose relative abundance ratios in both MS2 
and MS3 were indicative of oligosaccharide structure. 
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Table 1. Comparison of the different LC-MS methods reported in literature for AXOS 
identification. Literature references indicated between brackets. 

LC RP1 (C18) NP2 HILIC HILIC HILIC 
Ion Mode Positive Positive Negative Negative Negative 
Ionization ESI MALDI3 ESI ESI ESI 
MSn 
dimension(s) 2-4 2 2 2-3 2-3

Derivatization Per-
methylation 

Reductive 
amination 

TEMPO, 
Fenton 

oxidation 
None NaBH4-

reduction 

Substrate 
Xylanase 

digest from 
switchgrass 

Xylanase 
digest from 
wheat AX 

(A)XOS
standards & 

xylanase 
digest from 
wheat AX 

(A)XOS
standards

(A)XOS
standards & 

xylanase 
digest from 
wheat AX 

Outcome 

Separation 
and 

identification 
of DP 3-9 

AXOS 

Separation 
and 

identification 
of DP 4-8 

AXOS 

Characteriza
tion of 

oxidized 
(A)XOS

MS-based 
identification 
between DP 
3-6 isomers

Separation 
and 

identification 
of DP 3-7 

AXOS 

Main limitations 

Not optimal 
LC and MS 
conditions 
for glycan 
analysis 

Identification 
based on 
unique 

fragments 

Poor LC 
resolution, 
limited DP 

identification 

Identification 
based on 

unique ions 
& previous 

studies 

More 
standards 

required for 
identification 
of complex 

AXOS 

(19) (10) (20) (15) This thesis 
(Chapter 4) 

1Reverse phase. 2Normal phase. 3Offline coupling 

Overall, the present study contributes to an increasing volume of research focusing 
on oligosaccharide analysis by HILIC-MSn (12,15,20,21,25,26) and solidifies this 
technique for AXOS analysis. Finally, the strategy presented in Chapter 4 can be 
further developed in future research. For instance, the current spectral library 
(Chapter 4) can be expanded by AXOS originating from AXs with different Ara-
substitution patterns than wheat AX (e.g., maize, rice, sorghum) (27–32). Next to 
AXOS, the present HILIC-MSn approach can be applied to identify heteroxylo-
oligosaccharides substituted by more complex side chains (e.g., xylosyl units and 
oligomeric arabinosyl side chains) or by acetyl, O-methyl-glucuronosyl, feruloyl 
and galactosyl substituents (27,30–33). The present work provides experimental 
evidence regarding the influence of reduction on oligosaccharide MS fragmentation 
patterns, in line with previous research (12,13), but cannot explain this behavior. 
Therefore, more fundamental research should be carried out to elucidate the 
underlying mechanism. This way, the fragmentation of reduced oligosaccharides 
could be predicted and theoretical differences between isomers could be modelled, 
resulting in more systematic structural characterization. All the above will 
contribute to the robustness of this method, making it applicable for the structural 
characterization and sequencing of various polysaccharides as well as for studying 
the mode of action of several carbohydrate-active enzymes. As a critical reflection, 
it should be noted that, although semi-quantification of reduced AXOS is facilitated 
by baseline HILIC separation (Chapter 4), absolute quantification of glycans still 
depends on the use of standards and fluorescent labels (16,34–36). 
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2.3 AXOS extraction from digesta 

Analysis of in vivo formed AXOS could not be directly performed by our newly 
developed HILIC-MSn method due to the complexity of the digesta matrix. To 
address this issue, we successfully isolated AX and AXOS species from broiler 
digesta using RP C18 solid phase extraction (SPE). At the same time, 
maltodextrins, fructans and raffinose oligosaccharides were removed by SPE, after 
their enzymatic degradation to monosaccharides (Chapter 5). Overall, AXOS 
isolation by SPE enabled their unambiguous monitoring by HPSEC-RI, HPAEC-PAD 
and eventually, their identification by HILIC-MSn. 

Oligosaccharide purification by SPE is mainly performed with two types of 
chromatography packings: the aforementioned RP C18 and non-porous graphitized 
carbon (nPGC) (37). In our research, both nPGC and RP C18 were tested to 
separate monosaccharides (i.e., glucose) from (A)XOS and AX. Both packings were 
successful in removing Glc with water and completely recovering AXOS by elution 
with increasing solvent strength (C18: 30% methanol, nPGC: 40% acetonitrile). 
Similar observations were described by Jonathan et al. (2017) regarding the 
separation of neutral AXOS with RP C18-SPE from fermented corn stover, and by 
Redmond and Packer (1999) for the Glc removal with water and elution with water-
ACN solution of oligosaccharides by nPGC (3,38). An advantage of nPGC over RP 
C18 was the elution of DP 2-4 XOS together with AXOS. In contrast, small XOS 
were removed together with glucose in the water elution step from the C18-SPE. 
Still, C18-SPE was able to recover ~50% of polymeric AX loaded in the column and 
to completely recover AXOS (Chapter 5). On the contrary, polymeric AX could not 
be eluted from the nPGC packing and was insoluble in 40% ACN. Consequently, RP 
C18 was selected for SPE, as presented in Chapter 5.  

Replacing RP C18 cartridges with nPGC ones could be viewed as an alternative 
approach to the one described in Chapter 5 in order to isolate both AXOS and XOS 
from animal digesta. In such case, soluble polymers could be precipitated in 70-
80% ethanol, while the oligosaccharides (~ DP <12) that remain in solution 
(3,27,39,40), could be further isolated from salts and monosaccharides by nPGC-
SPE. Graded ethanol precipitation was previously used by Lærke et al. (2015) to 
indirectly estimate oligosaccharide release by dietary endo-xylanase in the ileum 
of pigs (41). However, addition of an extra fractionation step can result in an 
unfeasible, tedious procedure and in considerable sample loss. Therefore, isolation 
protocols as the one in Chapter 5 that enable the comparison between treatments 
(e.g. control vs. enzyme-supplemented diet) should ultimately be preferred.    

2.4 Toward AXOS quantification in vivo 

In addition to (A)XOS detailed identification, monitoring (A)XOS fate throughout 
the GIT in a quantitative manner by using digestibility markers is also highly 
important to investigate (A)XOS biofunctionality. Acid insoluble ash (AIA) is a 
commonly used marker, that was currently added to the diet to monitor the 
digestibility and hindgut recovery of the main feed fraction (Chapter 2), and was 
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used to estimate the recovery of water-extractable and water-unextractable AX 
populations in the ileum and excreta (Chapter 5). Nevertheless, a limitation of 
this approach was that AX recovery could only be based on its structural units (i.e., 
arabinosyl and xylosyl) after acid hydrolysis, as commonly performed, which 
means that most structural information is lost. Therefore, (individual) AXOS 
content and recovery could not yet be defined.  

The use of markers is intricate due to digesta heterogeneity, different transit of 
soluble and insoluble feed fractions and occurrence of reflux throughout the GIT 
(42–44). In particular, soluble compounds can demonstrate different transit in the 
GIT than insoluble ones. Consequently, the use of a soluble marker could improve 
monitoring of the transit of in vivo released AXOS (42). Even more so, using soluble 
markers that can be quantitatively recovered from SPE phases used for 
oligosaccharide isolation, such as polyethylene glycol (45), can be foreseen 
advantageous to fully integrate advanced analysis of both qualitative and 
quantitative determination of carbohydrates in animal digesta.     

3 The significance of AXOS release by endo-
xylanase in vivo 

3.1 AXOS formation in the upper GIT 

In this thesis, we unambiguously demonstrated the ability of a dietary GH11 endo-
xylanase to form AXOS of varying structure throughout the upper GIT of broilers 
(Chapter 2,5). Moreover, we provided solid evidence regarding the beneficial 
impact of enzyme supplementation for animal growth, nutrient digestion and 
hindgut fermentation (Chapter 2,3). Based on our findings, we argue that the 
magnitude of AXOS release by endo-xylanase during feed digestion is significant, 
and can positively impact broiler health. This conclusion was based on the 
structural determination of (A)XOS achieved by various analytical techniques 
(MALDI-TOF-MS, HPSEC, HPAEC, HILIC-MSn) and was combined with the 
quantitative, marker-based determination of the extent of AX/AXOS utilization in 
the GIT (Chapter 2,5). 

To further investigate the magnitude of AXOS release by dietary endo-xylanase, 
additional in vitro experiments were carried out (Box 1) using the same enzymes 
as used in vivo. Hereto, endo-xylanase preparation also containing endo-glucanase 
side-activity (HX) was added to isolated cell wall material from wheat (Fig. 3, 6) 
and maize (Fig. 7). AX/AXOS released (solubilized) under conditions mimicking 
digestion in the upper GIT of poultry were identified and quantified. The data 
obtained for wheat (Fig. 3, 6) was compared with the observations made in vivo 
for the gizzard and ileum (Chapter 5). 
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Under the present experimental in vitro conditions, GH11 endo-xylanase (HX) 
released ~16% AX/AXOS during the gastric phase (ST: 60 min) from wheat AIS. 
Almost the same amount of AX was solubilized in Untr, when no enzyme was added 
(~14%; Fig. 3A). The low pH during gastric phase (pH is 3.2) decreased endo-
xylanase activity (Fig. 3B). This was expected as fungal GH11 endo-xylanases 
typically present pH optima around pH 5.0, while their activity is considerably 
reduced at lower pH values (46). This marginal AX solubilization observed in vitro 
under gastric conditions was in agreement with soluble AX depolymerization and 
marginal insoluble AX release observed in vivo in the gizzard (avian stomach) 
(Chapter 5). Hence, both approaches advocate that endo-xylanase mainly 
depolymerized soluble AX in the gizzard, while exhibited limited action towards 
insoluble, cell-wall associated AX. The present findings are in agreement with 
recent studies reporting that wheat cell wall degradation by endo-xylanase in vivo, 
as visualized by auto-fluorescence microscopy, occurred in the broiler crop and 
gizzard (47,48). All the above-mentioned findings concur that AX degradation by 
endo-xylanase, albeit limited, begins in the early stages of feed digestion.  

HX activity toward AX profoundly increased under conditions mimicking the small 
intestine (SI) (Fig. 3A). Approximately ~25% and ~30% total AX was solubilized 
in the first 30 min (90 min total) and at the end of in vitro digestion (480 min 
total), respectively, in the presence of HX. In contrast, Untr sample presented 14-
15% soluble AX in SI, similar to ST. In particular, HX released AXOS and DP 2 and 
DP 3 XOS (Fig. 3C), while the addition of endo-glucanase (Cel7) did not induce 
further AX solubilization. The action and possible implications of endo-glucanase 
for broilers shall be elaborated further in the discussion (see 4.1). Overall, this in 
vitro study confirmed the ability of the GH11 endo-xylanase (HX) used in the 
current animal study (Chapter 2, 3, 5) to release AXOS under conditions 
simulating the upper GIT. More importantly, the same endo-xylanase presented 
comparable extent of AX release in vivo (Chapter 5) and in vitro (Fig. 3D), which 
represented ~25% of the initial AX in both cases. 

Box 1: In vitro digestion study of alcohol insoluble solids (AIS) from wheat and maize 

Materials 
Alcohol insoluble solids (AIS) were prepared by incubating whole wheat and maize grains with 
starch- and protein-degrading enzymes, followed by NSP precipitation in 70% ethanol. The 
enzymes used were a commercially available GH11 endo-xylanase (HX) and a pure GH7 endo-
glucanase (Cel7). 

In vitro digestion protocol 
AIS (100 mg) was incubated without (Unt) or with the addition of HX, Cel7 and their combination 
under conditions mimicking the broiler digestive tract. Each enzyme was added at 0.125 
μgprotein/mL, and the final volume was 10 mL. In brief, samples were incubated for the first 60 
min under gastric conditions (stomach - ST: pH 3.2, 40 ºC), followed by small intestine 
conditions (SI: pH 6.5, 40 ºC) for a total digestion time of 480 min. Digestive enzymes were 
omitted as they did not impact xylanase activity (Fig. 3B). Aliquots of soluble material were 
removed at 30, 60 90, 120, 240 and 480 min and were analyzed for sugar composition (TFA 
hydrolsysis followed by HPAEC analysis), and oligosaccharides (HPAEC and MALDI-TOF-MS). 
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 7 Fig.  3. AX solubilization (A) from wheat AIS during in vitro digestion without (Untr: ) 
or with the addition of endo-xylanase HX ( ), endo-glucanase Cel7 ( ) and HX & Cel7 
( ). Wheat arabinoxylan (WAX) hydrolysis by HX (B): reducing sugars release under 
stomach (ST) and small intestine (SI) conditions without or with addition of pepsin (ST) 
or pancreatin (PA), expressed as percentage (%) of the amount of reducing sugars 
released during WAX hydrolysis at pH 5.5, 40 ºC for 1 and 4 h. HPAEC-PAD elution 
patterns (C) of oligosaccharides released at the end of in vitro AIS digestion (8 h). 
Soluble AX (D) expressed as i) in vivo: marker-based AX (Ara + Xyl, % total AX 
consumed) recovery in the broiler ileum for control diet (Con) and endo-xylanase & 
endo-glucanase supplemented diet (Enz) reported in Chapter 5. ii) in vitro: AX % of 
total AX in AIS that was released at the end of in vitro digestion (8 h) without (Untr) 
and with endo-xylanase addition (HX).  

Nevertheless, comparison of in vivo and in vitro studies does not always result in 
similar observations (Table 2). Recent in vivo broiler studies demonstrated that 
GH11 endo-xylanase supplementation in wheat diets increased soluble AX in the 
ileum by up to 30% compared to the corresponding control diets (49,50). In 
contrast, far more extensive degradation of wheat whole grains (WG) by xylanases 
has been reported in vitro, under conditions mimicking digestion (51–55). For 
instance, enzyme action in vitro increased AX solubilization by 19-250% compared 
to corresponding control treatments (Table 2). The high hydrolysis degree 
observed in vitro can be mainly attributed to the use of closer to optimum 
conditions (pH, T) for fungal endo-xylanases, prolonged incubation (2-16 h) and 
higher enzyme dosing compared to in vivo studies (56). Still, there are also 
examples of in vitro studies where the differences in released AX between 
untreated and xylanase-treated wheat are closer to in vivo observations (Table 2). 
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This appeared to be the case when dosing and hydrolysis times were more 
representative of the in vivo conditions. 

Table 2. Relative arabinoxylan (AX) solubilization upon xylanase treatment documented 
in broilers (in vivo) or under in vitro digestive conditions. The effect of the enzyme is 
expressed as the relative change in values for soluble AX compared to the 
corresponding control treatments (no enzyme added).     

Substrate 
(wheat) Xylanase 

Dosage Rel. 
change 

(%) 
Ref 

Xyn1 Gluc2 Units 

In vivo studies: soluble AX in ileum (marker basis) 

Diet GH11 100 
(0.3)9 

100 
(0.5)9 mgprep/kg6 43 This 

thesis 

Diet GH11 10-
1000 - mgprep/kg 13-30 (49) 

Diet GH11 200 - mgprep/kg 28 (50) 

Conditions Time 
(h) In vitro studies: soluble AX 

Digestive3 0-8 AIS GH11 12.510 12.510 mgprot/kg7 6-96 This 
thesis 

40 ºC 4 WG4 GH11 1 - mgprot/kg 92 (51) 

Digestive 2 WG N.S.5 1.2-12 15-150 mgprot/kg 67-250 (53) 

45 ºC, 
pH 5.2 16 WG N.S. 10 10 mgprep/kg 36-43 (54) 

Digestive 
(TIM1) 6 WG GH11 

GH10 0.13 - μL/kg8 40 (52) 

Digestive 5 WG N.S. 2 2 mL/kg8 19 (57) 
1Endo-xylanase dosage. 2Endo-glucanase dosage. 3Protocols involving a gastric and small intestinal 
phase. 4Milled whole grains. 5Not specified. 6mg preparation per kg substrate, when protein content 
not provided. 7mg protein per kg substrate. 8Protein content or activity units not provided. 
9corresponding mgprot/kg. 10dosage was estimated to be 4-10 times higher than the one used during 
the in vivo study (Chapter 2).  

Optimization of in vitro procedures will offer scientists a reliable platform to 
perform experiments with different combinations of NSP-active enzymes, and can 
thus help minimizing the number of animals being sacrificed for scientific purposes. 
In addition, in vitro digestion models like the one used in this study can contribute 
to the design of novel feed enzymes. Finally, the present work provides clear 
answers on the so far reported lack of evidence regarding AXOS formation in vivo 
(56,58). The unambiguous elucidation of the ability of dietary endo-xylanase to 
form AXOS in vivo sheds new light on the potential prebiotic effect of NSPases. 

3.2 Influence of AXOS formation on hindgut fermentation 

AX fermentation in broilers is governed by cereal type  

The findings of Chapter 2 and 3 clearly demonstrated that cereal type is a crucial 
factor determining the baseline AX fermentability in the broiler hindgut. For 
instance, the apparent lack of AX fermentation observed for maize diets (Chapter 
2) was attributed to the more complex structure and lower solubility of maize AX
compared to wheat AX (29,30,59–65). Therefore, AX degradability, as determined
by its botanical origin, will greatly impact its role during feed digestion as well as



General Discussion 

205 

 7 

the ability of supplemented enzymes to work. This relationship became more 
evident in Chapter 3, by the comparison of microbiota composition in the ceca of 
wheat-fed and maize-fed broilers. The abundance of NSP- and AX-fermenting 
bacteria of the Clostridia class was higher in the wheat diets, than in the maize 
diets, under the current experimental conditions. An overview of the main findings 
described in Chapters 2, 3, 5 and 6 is presented in Fig. 4, to better illustrate the 
influence of cereal on AX fermentation. 

Fig. 4. Principal component analysis (PCA) biplot of wheat control (blue), wheat enzyme 
(purple), maize control (red), and maize enzyme (green) dietary treatments. The scores 
were plotted for PC1 and PC2. The amount of variance explained by each PC is shown 
in parentheses. The data set used was obtained from: Chapter 2: body weight (BW), 
feed conversion ratio (FCR), apparent ileal digestibility (AID) and apparent total tract 
digestibility (ATTD) of organic matter (OM) and starch (STA), apparent ileal (Ril) and 
apparent total tract (Rex) recovery of total AX, galactosyl (Gal) and mannosyl (Man) 
units, total AX content (% w/w) in the ceca, acetate, butyrate, propionate and total 
short-chain fatty acids (SCFAs) contents (% w/w) in the ceca (66), Chapter 3: relative 
abundance (%) of representative bacteria genera present in the ceca: Lactobacillus, 
Blautia, Subdoligranulum, Bacteroides, two Faecalibacterium and two uncultured 
Lachnospiraceae genera), Chapter 5, 6: water extractable AX (WE-AX) Ril and Rex and 
Ara/Xyl ratio of WE-AX. 

Wheat and maize diets were clearly separated in the biplot (Fig. 4), demonstrating 
the higher content of water-extractable AX (WE-AX) in the ileum (WE-AX_Ril) and 
excreta (WE-AX_Rex) for wheat diets coincided with higher abundance of Blautia, 
Bacteroides, Faecalibacterium, Subdoligranulum and an uncultured 
Lachnospiraceae genera. Consequently, the higher provision of fermentable AX in 
wheat diets is considered important for enhanced hindgut fermentation in broilers, 
as demonstrated by the lower AX total tract recovery (Tot-AX_Rex) of these diets. 
Additionally, differences in short chain fatty acids (SCFAs) contents and 
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composition demonstrate that a differentiated fermentation occurs in the ceca of 
broilers fed wheat and maize diets (Chapter 2). Interestingly, despite lower AX 
fermentation occurring in the ceca, the maize diets presented higher SCFAs 
contents than wheat diets (Chapter 2). Variation of SCFAs contents between 
wheat and maize diets has been previously documented in literature, suggesting 
that AX alone cannot account for the entirety of cecal fermentation (67–70). Co-
fermentation of Man and Gal-containing NSP appeared to proceed differently for 
wheat and maize diets (Chapter 2, Fig. 4), while the high fructan content in wheat 
was expected to have contributed to a different microbial ecology and fermentation 
(Chapter 2, 3, 5). Moreover, fermentation of undigested nutrients (e.g., protein) 
may also have contributed to SCFAs formation (71). In spite of these differences, 
our study and several other recent studies, do demonstrate the prevalence of AX 
for hindgut fermentation in broilers fed cereal-based diets (68,72,73). A systematic 
evaluation and side-by-side comparison of carbohydrate fermentation in broilers 
fed different cereals (e.g., wheat, maize, barley, oats, sorghum) during their full 
growth period is necessary to put the contribution of AX and other NSP into 
perspective.     

Relevance of AXOS chemical structure for in vivo fermentation 

Improved AX fermentation upon AXOS release by endo-xylanase supplementation 
in the wheat diet (Chapter 2) further impacted the cecal microbiota composition 
(Chapter 3). Our findings (i.e., Wheat Enzyme diet (Fig. 4)) pointed that dietary 
endo-xylanase stimulated the growth of important players involved in AX, AXOS 
and XOS fermentation (72–81). Such benefited microbiota were currently found to 
be members of Blautia, Bacteroides and uncultured Lachnospiraceae genera. This 
was well in line with previous studies reporting that endo-xylanase stimulated the 
growth of Clostridia such as Ruminonocaceae and Lachnospiraceae, next to 
Bacteroidetes, Lactobacillus and Bifidobacterium (72,73,75). The positive impact 
of AXOS and XOS provision for cecal ecology is further explained by the higher 
abundance in the broiler ceca of genes encoding exo-acting and debranching 
enzymes (β-xylosidases, arabinofuranosidases) compared to endo-xylanases (80). 

Interestingly, structurally different AXOS and XOS have been shown to be 
fermented differently by gut microbiota, resulting in different SCFAs profiles 
(2,77). AXOS, feruloylated AXOS and acetylated, O-methyl-glucuronylated, and 
linear XOS were differently fermented by individual bacteria as well as bacterial 
consortia from human feces (2,77,79,82,83). In specific, Bifidobacterium and 
Bacteroides spp. have been shown to prefer DP 2-4 XOS over AXOS (60,79). The 
preference of bifidobacteria for small XOS over AXOS and polymeric AX could partly 
explain the lack of bifidobacteria detection in the present study (Chapter 3). Endo-
xylanase was currently only supplemented in the finisher period and the in vivo 
AXOS formation seemed to mainly stimulate already developed AX/AXOS-
fermenting communities (Fig. 4). The importance of such communities for SCFAs 
formation and optimal gut function in ageing broilers might have been overlooked 
in favor of more well characterized beneficial bacteria.  
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In this view, the observation that endo-xylanase released in vivo AXOS with 
relatively low substitution degree (Chapter 5) helped us to better understand the 
xylanase-mediated improvements regarding cecal fermentation. For example, 
identified DP 5-7 AXOS were substituted by one or two arabinosyl units. Hence, 
taking into consideration the pronounced fermentability of simple (A)XOS as 
demonstrated in vitro (2,59,82), we expect that these relatively simple AXOS did 
stimulate cecal fermentation. Moreover, as lower recovery (based on AX structural 
units; see 2.4) of the same structures of AXOS was found in excreta compared to 
the ileum (Chapter 5), most likely, no preferential utilization of specific structures 
occurred, in line with the low degree of AXOS substitution. Still, it is quite plausible 
that AXOS present in excreta cannot be considered as proxy for unfermentable 
structures, due to digesta reflux (42,84).  

3.3 Role of AXOS in promoting animal growth 

The beneficial impact of enzyme supplementation in wheat diet was highlighted by 
the increase in broiler weight and decrease in feed conversion ratio (Fig. 4) 
(Chapter 2). This impact of enzyme supplementation most likely resulted from 
two metabolic processes: improved nutrient digestion in the small intestine and 
stimulation of beneficial bacteria by pronounced cecal AX fermentation. 

The improvement in nutrient digestion has been widely attributed to the ability of 
endo-xylanase to reduce digesta viscosity (56,85,86). Depolymerization of soluble 
AX to AXOS began in the gizzard (Chapter 5), thus preceding nutrient digestion 
in the small intestine (Chapter 5). Therefore, it was anticipated that the increased 
starch and protein digestibility currently observed (Chapter 2), was at least partly 
due to digesta viscosity reduction by endo-xylanase. In addition, the degradation 
of insoluble AX, as determined by the increased recovery of water-extractable AX 
in the ileum (WE-AX-Ril) (Chapter 5, Fig. 4), and its implications in nutrient de-
encapsulation shall be further elaborated in Section 4.  

Next to promoting nutrient digestion, the current research showed that improved 
animal growth upon enzyme supplementation also coincided with pronounced AX 
fermentation for the enzyme-supplemented wheat diet. NSP metabolism in the 
hindgut has been reported to provide ~3.5% of the required energy in broilers, 
while it can contribute up to 11-30% in pigs (87,88). Therefore, a potentially higher 
energy provision in the form of SCFAs due to endo-xylanase supplementation 
cannot fully explain the improved broiler performance currently observed (Box 2) 
(Chapter 2). Torok and co-workers (2011) identified that members of the phyla 
Firmicutes and Bacteroidetes were associated with improved broiler performance 
(89). Furthermore, there is an increasing volume of studies reporting that the 
increase in SCFAs content upon supplementation of AXOS, XOS and xylanase 
coincided with improved animal performance (50,67,72,74,75,90).  
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Overall, xylanase-mediated improvements in nutrient digestion, as documented in 
Chapter 2, suggest that in vivo AX degradation to AXOS by endo-xylanase can 
instigate a response far greater than the output of SCFAs in terms of energy. 
Additionally, improved animal performance due to dietary interventions could be a 
result of a holistic amelioration of microbial ecology and intestinal physiology 
rather than a strict increase in energy output (Box 2). For instance, the measurable 
increase in SCFAs formation (Box 2) currently observed, may be linked with 
improved enterocyte growth, improved mineral absorption and better control of 
the pH that has been previously proposed to reduce growth of pathogenic bacteria 
(78,92,93). Finally, it is highlighted that the structural analysis of released AXOS 
currently achieved, greatly improves our understanding of the ability of endo-
xylanase to promote animal growth via a prebiotic mechanism. 

4 Looking beyond the prebiotic effect: nutrient de-
encapsulation by NSPases 

As introduced in 3.3, NSPase-mediated improvements in nutrient digestion 
primarily observed for wheat diets, coincided with improved animal growth 
(Chapter 2). Improved nutrient digestion has been attributed to reduction in 
digesta viscosity as well as to nutrient de-encapsulation due to enzyme-mediated 
hydrolysis of insoluble cereal cell walls (56). It was, therefore, hypothesized that 
cell wall matrix degradation by NSPases in vivo would not only release NSP in 
aqueous medium, but it will additionally loosen the cell wall architecture, resulting 
in improved NSP extractability by alkali. This hypothesis was investigated in 
Chapter 6. Moreover, enzyme-mediated nutrient de-encapsulation was 
hypothesized to increase digestion rate of starch in vitro. 

Box 2: Theoretical calculation of the amount of energy provision by fermentable AX in 
the ceca 

1. Assumption: The total amount of DM present in the broiler ileum is ~ 10 g (91)

2. AX content in the ileum is 16.5% w/w  1.6 g. Of that, 19% is soluble for Wheat Control
(Con) and 27% for Wheat Enzyme (Enz)  0.3 g and 0.4 g respectively (Chapter 5)

3. This translates to 2300–2600 μmoles soluble AX (measured as pentosyl units (Mw = 132
g/mol)) entering the ceca. The total amount of DM present in the ceca is ~1.6 g (91).

Therefore 1400-1600 μmoles/g AX are fermented in the ceca. The total SCFA content in the ceca 
was found to be 240-340 μmoles/g (Chapter 2). This means that the SCFA amount measured 
in the ceca accounts for 17-30% of the theoretical maximum AX amount entering the ceca. 

4. The daily feed intake is 126 g (Chapter 2) and the metabolizable energy is 12.5 MJ/kg
(Chapter 3)  1.6 MJ energy is consumed daily.

5. NSP provide 2.8 MJ/kg ingested (87) and the AX and NSP content in diet is 5% and 21%,
respectively (Chapter 2).

Based on these calculations, AX fermentation accounted for 1% of the metabolizable energy, 
and accounted for ~25% of the energy provided in the form of SCFAs by NSP fermentation. 
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4.1 Impact of NSPases on the cell wall matrix 

In contrast to our hypothesis, enzyme supplementation did not improve the alkali 
extractability of AX and other NSP from digesta (Chapter 6). This demonstrated 
that the impact of NSPase supplementation on the structure of insoluble cell walls 
is principally explained in vivo by the xylanase-driven release of AXOS (Chapter 
5). The overall impact of enzyme on the distribution of all AX species present in 
the ileum and excreta into water-extractable, alkali-extractable and alkali-
unextractable populations was determined by combining the observations made in 
Chapter 5 and 6 (Fig. 5). 

Fig. 5. Marker-based recovery of 
water-extractable AX (WEAX, ) and 
water-unextractable AX (WU-AX) in 
the ileum and excreta, expressed as 
percentage (%) of the total AX 
present in the control diets (Con) and 
enzyme-supplemented diets (Enz). 
WU-AX was sequentially extracted 
with 1 M NaOH (extract was further 
fractionated to populations below 3.5 
kDa (1M-ASSF, ) or above 3.5 kDa 
(1M-ASSR, )) and 4 M NaOH (4M-
ASS, ). Unextractable AX was 
determined in RES, . Losses ( ) 
during alkali extraction are presented 
as well. 

The main difference in AX extractability between wheat control diet (Con) and 
wheat diet supplemented with enzymes (Enz) was already noticeable from the 
higher proportion of water-extractable AX (WE-AX) in the ileum for wheat Enz 
compared to wheat Con (Fig. 5). However, enzyme supplementation did not further 
increase alkali extractability of AX, as indicated by the similar proportions of 
insoluble, alkali extractable AX being recovered for both wheat Con and Enz diets 
under the current experimental conditions (Chapter 6). The lack of improvement 
in alkali extractability suggested that alkali-labile associations between AX 
molecules and between AX and lignin (ferulate, diferulate cross-links) or AX and 
cellulose (hydrogen bonds) were not affected by enzymatic cell wall degradation 
(94,95). Similar to our study, no impact on alkali extractability of NSP was 
previously observed upon xylanase treatment of hardwood pulp (96). Another in 
vivo study also reported that pectinase supplementation in maize-rapeseed meal 
diet did not impact NSP extractability by alkali in broilers (97). The overall absence 
of differences in AX extractability from digesta for maize Con and maize Enz (Fig. 
5) further corroborated that low AX solubility was responsible for the low
fermentability observed in Chapter 2 and previous studies (67,98). Finally, no
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effect of enzymes was observed regarding the alkali extractability of maize AX (Fig. 
5).  

Fig. 6. Glucan (Glc 
equivalents) solubilization 
from wheat AIS during in vitro 
digestion without (Untr: ) or 
with the addition of HX ( ), 
Cel7 ( ) and HX & Cel7 ( ).  

The potential impact of endo-xylanase and endo-glucanase on cell wall degradation 
beyond AXOS release was further studied in vitro (Box 1 Fig. 3,6). Despite its 
known side-activity towards xylan (99), Cel7 did not result in more AX being 
released when used together with HX (Fig. 3). This further indicates that AX 
solubilization from wheat is driven by endo-xylanase. Still, Cel7 was able to release 
Glc units from insoluble cell walls that coincided with oligosaccharide release (Fig. 
3; GlcOS), especially when combined with HX and after prolonged incubation (> 4 
h). The low contribution of glucanase in the degradation of wheat grains in vivo 
(Chapter 2, 6) seems to be linked to the slow action of Cel7 observed in vitro. 
Limited endo-glucanase action was partly explained by the low β-glucan and 
cellulose contents of wheat (100) and may further explain the low impact of 
enzyme supplementation in NSP extractability by alkali from wheat diets (Chapter 
6).  

4.2 Maize cell wall degradation by endo-xylanase and endo-
glucanase 

Although endo-xylanase supplementation benefited broilers fed the wheat diet via 
a prebiotic mechanism, this was not apparent for broilers fed the maize diet 
(Chapter 2, 3, 6). The main reasons indicated for this difference are maize AX 
recalcitrance to GH11 endo-xylanase and low maize AX fermentability in broilers 
(Chapter 2). Still, numerical improvements in broiler performance and starch 
digestibility upon enzyme addition observed in Chapter 2 could result from a 
positive, albeit subtle effect of NSPase inclusion in the maize diet. Enzyme 
supplementation was not expected to influence animal performance through 
viscosity reduction (Chapter 1) for maize diets, as endo-xylanase was previously 
found not to reduce the already low digesta viscosity observed  (101,102). In light 
of the low impact of enzyme supplementation on maize NSP degradation observed 
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in vivo (Chapter 2,6), further evidence of endo-xylanase and endo-glucanase 
action on maize cell wall was sought in vitro (Fig. 7). 

Fig. 7. AX (A) and glucan (Glc equivalents) (B) solubilization from maize AIS during in 
vitro digestion without (Untr: ) or with the addition of HX ( ), Cel7 ( ) and HX & Cel7 
( ). HPAEC-PAD chromatograms (C) of oligosaccharides released at the end of in vitro 
AIS digestion (8 h), C2:cellobiose. 

As expected from the in vivo results (Fig. 5), AX solubility was particularly low for 
maize AIS, (~1.5%). Still, slight AX release was observed upon enzyme addition. 
Clearly, HX impact on AX hydrolysis and AXOS release was far less pronounced for 
maize compared to wheat AIS (Fig. 3). Interestingly, for maize AIS, Cel7 appeared 
to be driving AX solubilization, even when used in combination with HX. For 
instance, ~2% AX was released by Cel7 and HX & Cel7, whereas 1.6% AX was 
released by HX alone. Next to AX, Cel7 released Glc (Fig. 7B), Man and Gal residues 
(data not shown) from maize AIS, which coincided with release of cellobiose and 
larger oligosaccharides (Fig. 7 C). The present findings suggest that the added 
glucanase might have a larger role in maize cell wall degradation than so far 
anticipated. A possible explanation could be that endo-glucanase increases the 
xylan accessibility for the endo-xylanases, which has also been suggested for 
lignocellulose degradation in general (103,104). 

Interestingly, the recalcitrance of maize AX towards xylanases is further displayed 
by inconsistent findings in animal studies. For example, xylanase and glucanase 
addition was found to improve nutrient digestibility or animal performance when 
broilers were fed with energy-deficient maize diets, while no difference was found 
when fed with maize diets of adequate energy content (105–107). In addition, no 



Chapter 7 

212 

effect of enzyme supplementation in animal performance and NSP utilization was 
observed for maize-fed pigs (108).  

However, several studies reported that the addition of maize distiller’s dried grains 
with solubles (mDDGS) in maize diets coincided with improved broiler performance 
by dietary xylanase (with or without glucanase) (69,70,98,102,105,109–112). It 
should be noted that mDDGS is a byproduct generated after fermentation of maize 
for bioethanol production (65,113,114). As a consequence of (bio)processing, the 
AX populations present in mDDGS are more soluble and less-substituted compared 
to native maize AX (65,113). The more soluble and low substituted AX in mDDGS 
was shown to be degradable by endo-xylanase alone, whereas the hydrolysis of 
complex AX from maize kernel required the action of debranching enzymes (e.g., 
arabinofuranosidase, glucuronidase) as well (29,65).  

In several other studies, xylanase was supplemented in maize diets together with 
amylase or proteases, but all appropriate control treatments were not reported 
(112,115–117). Consequently, improvements in starch digestibility and animal 
performance could not be solely attributed to endo-xylanase action. Such approach 
further confounds specific conclusions on xylanase efficacy in maize diets. 

Overall, the effect of xylanase supplementation in maize diets for increased animal 
performance is not always easy to conclude on. Indeed, only three studies report 
that xylanase supplementation to (native) maize diets led to significant 
improvements in animal performance (67,73,118). Remarkably, these three 
studies all report improvements in SCFAs formation and beneficial microbiota 
growth. Two of those studies used a commercial preparation from Trichoderma 
reesei containing mainly, but not exclusively, endo-xylanase, whereas the third 
study used a genetically modified, acid-tolerant GH10 endo-xylanase 
(67,73,118,119). Based on these findings, it is tempting to speculate that other 
types of endo-xylanases than the GH11 used in our research, in collaboration with 
accessory xylan degrading enzymes and/or cellulases (29,104,120), might open 
up the way for maize AX degradation in broilers and consequently improve animal 
performance. It is, therefore, essential to study in detail the biochemical 
parameters of dietary endo-xylanases in order to elucidate their mode of action 
required to improve maize NSP degradation during feed digestion.  

4.3 Implications of nutrient de-encapsulation for animal 
growth 

In our efforts to determine the potential de-encapsulating effect of dietary 
enzymes, it was hypothesized that NSPase action will increase starch digestion rate 
in vitro (Box 3, Fig. 8). Overall, wheat starch was digested faster and to a more 
complete extent compared to maize starch, in accordance to previous in vitro 
studies (121,122). In relation with the hypothesis mentioned, HX and Cel7 addition 
did not clearly alter the digestion rate either in wheat or in maize. It could be 
argued, however, that a slight improvement for starch digestion was achieved for 
maize upon NSPase addition (Fig. 8). These results show that the link between cell 
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wall degradation by dietary enzymes and starch digestion is rather weak, if 
present.  

Our findings are in contrast to previous studies demonstrating that xylanase and 
glucanase addition released protein and starch from wheat grains in vitro (53,123). 
Others have recently questioned the validity of the cell wall de-caging effect of 
NSPases as well, in recent papers (56,102). In particular, the lack of proper 
experimental design as well as the difficulty to separate the effect of nutrient 
encapsulation from that of viscosity during feed digestion makes it difficult to draw 
meaningful conclusions (124,125). On the contrary, there are both in vitro and in 
vivo studies arguing that intact cell walls do limit nutrient digestion in cereal diets 
(126,127). As such, endo-xylanase was previously shown to improve Glc release 
in vitro from wheat grains with relatively large particle size (~1 mm) (52). 
However, feed particles entering the small intestine of broilers are much smaller 
(< 0.5 mm) due to extensive grinding in the gizzard (128,129). Therefore, the 
similar in vitro starch digestion presently observed for finely ground grains (0.5 
mm) with or without NSPases suggested that dietary enzymes may only exert
limited impact on nutrient de-encapsulation in broilers.

Box 3: In vitro starch digestion for wheat and maize whole grains 

Materials See Box 1. 

Methods 

Approximately 1000 mg milled (0.5 mm) whole grains was incubated with or without HX and 
Cel7 combination (each enzyme was added at 0.125 μgprotein/mL, and the final volume was 30 
mL), under in vitro digestive conditions. Gastric digestion was carried out by the addition of 
pepsin at pH 3.2 40 °C for 60 min. Next, the pH value of the mixture was increased at pH 6.5 
and pancreatin was added to simulate the small intestine conditions, and the incubation 
proceeded for 480 min in total. Aliquots were removed at 15, 30, 45, 60, 90, 120, 240 and 420 
min (time in small intestine). Supernatant solution was separated by centrifugation, heated at 
99 °C for 15 min, and upon cooling incubated with amyloglucosidase to convert soluble starch 
degradation products to glucose (Glc). Glc release from starch was quantified by HPAEC-PAD. 

Starch hydrolysis was determined using the Chapman-Richards model, as modified by van 
Kempen et al. (2007) (122): 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 % = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × (1 − 𝑒𝑒
−𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∗𝑡𝑡)

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +1

Where: 

Starch hydrolysis (%): hydrolyzed starch (Glc) expressed as percentage (%) of total starch, 
Plateau: Maximum amount of starch released (% of total starch), Kplateau: Starch hydrolysis 
rate (%/min), corrected for plateau effects, Cplateau: Shape parameter of in vitro digestion, 
corrected for plateau effects, t: digestion time (min) 
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Fig. 8. Starch hydrolysis (% 
of total starch) during in vitro 
digestion under small 
intestine conditions of wheat 
whole grain without (Wheat-
Untr: ) or with HX and Cel7 
addition (Wheat-HX+Cel7: 

), and maize whole grain 
without (Maize-Unt: ) or 
with HX and Cel7 addition 
(Maize-HX+Cel7: ). 
Theoretical models (dotted 
lines) were fitted to the data. 
Error bars indicate standard 
deviation (n = 3).  

In this research, it was hypothesized that enzyme supplementation in cereal diets 
would improve animal performance through several mechanisms. Our findings 
strongly demonstrate the ability of endo-xylanase supplementation in wheat diet 
to release AXOS in vivo (Chapter 2, 5), thus instigating a prebiotic response 
(Chapter 2, 3, 5). Improved hindgut fermentation is demonstrated to have greatly 
contributed to gut health and animal performance alongside increased nutrient 
digestion (Chapter 2) via an expected decrease in digesta viscosity. The 
hypothesis that endo-xylanase and endo-glucanase to promote digestion by 
nutrient de-encapsulation was not validated (Chapter 6, Fig. 5, 6 and 8). However, 
the ability of dietary enzymes to degrade cell wall NSP was demonstrated for both 
wheat and maize diets (Fig. 6,7) and is expected to be highly relevant considering 
the trend in animal nutrition to shift to more high-fiber diets, as will be discussed 
next.     

5 The future role of NSP and NSPases in animal 
nutrition 

5.1 Improving NSP utilization across the board 

In response to the continuous confrontation with the impact of climate change in 
our daily lives, stakeholders are tasked with mitigating the environmental impact 
of food production whilst keeping the impact on business activity and consumer 
demands to a minimum. In that context, replacement of meat-derived protein with 
more sustainable plant-based foods has been in the spotlight of food innovation in 
the past decade. However, cereal grains and vegetables still play a major role in 
human and animal nutrition. For example, the demand of wheat is projected to 
exceed global production in 2021-2022 (130). Therefore, knowledge and research 
on how to improve nutrient and fiber utilization from staple plant products is still 
of great consideration, especially during a period of rising energy cost and 
geopolitical instability. 
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Overall, the limited grain supply and the direct competition with their use as food 
by an increasing human population means that animal nutrition has to rely more 
and more on fiber-rich side-streams (131–133). Upcycling of such byproducts 
presents the potential to lower the production costs and the environmental impact 
of animal farming (134,135). This trend looks quite promising for pigs as 
fermentation of more than 70% of dietary NSP can contribute to 11-30% their 
energy requirements (88,108).The lower energy contribution of NSP in broilers 
suggests that greater improvements in fiber fermentation are required in this field 
(87,133,135). In addition to using alternative ingredients, eradication of antibiotics 
and promotion of intestinal health of livestock is crucial, in line with the One Health 
concept (133,136). In that context, the ability of specific and tailored NSPase 
preparations to improve NSP fermentation and promote gut health via a prebiotic 
mechanism whilst mitigating the anti-nutritive influence of NSP in the small 
intestine is expected to increase their importance as feed ingredients.    

5.2 Hoatzin: tropical weirdo or digestive trailblazer? 

Although fiber fermentation is limited in broilers, this is not the case for all birds 
(137). For example, ostriches obtain up to 76% of their energy through fiber 
fermentation, compared to ~3.5% measured in broilers (87,138). However, there 
is an even more intriguing adaptation of the avian GIT to utilize fibers as main 
nutrients, namely the GIT of the hoatzin (137). The hoatzin is a folivore native to 
the Orinoco basin and the Amazon rainforest, that presents a uniquely large crop 
populated by the phyla Firmicutes and Bacteroidetes, which are known to contain 
members able to ferment hemicellulose (139,140). Consequently, the main part of 
microbial fermentation of fiber mainly occurs in the upper GIT, as observed in 
ruminants (140). This unique GIT physiology is an interesting specimen that can 
provide further insight on fiber utilization by birds. For example, studying in detail 
the microbiota composition colonizing the hoatzin GIT can increase our 
understanding about the interactions between diet and microbiota able to improve 
fiber fermentation in poultry.  

5.3 Improving cell wall degradation by NSPases: more 
enzymes needed? 

The increasing interest in the inclusion of high-fiber agricultural byproducts in 
animal diets suggests that the role of NSPases will become even more important 
in the future. Therefore, the combination of pre-treatments and NSPase 
formulations aiming at improving NSP degradability in vivo has been a topic of 
scientific research and debate (54,56,97,141,142). 

For instance, application of pectolytic enzymes can improve the fermentability of 
pectin-rich feedstock (54,97). Systematic in vitro and in vivo studies are required 
to establish the significance of such additional activities for livestock (124,142). 
Still, AX prevalence in high-fiber cereal byproducts means that xylanases shall 
maintain their leading role. Nevertheless, in vivo xylanase efficacy under digestive 
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conditions could be further explored, aiming at maximizing the beneficial effect of 
xylanases on animal growth. For that, investigation of acid-tolerant enzymes able 
to further degrade insoluble AX is of great interest (143). Furthermore, xylanases 
with carbohydrate binding domains that facilitate the attachment to insoluble 
substrates could be highly relevant for improving AXOS release in vivo (144,145). 
Moreover, research of novel endo-xylanase members within GH10 and GH11 
families and beyond, that can exhibit higher tolerance toward heteroxylan 
substitutions is ongoing by our group in collaboration with Westerdijk Fungal 
Biodiversity Institute, Utrecht. 

Additionally, the added value of AX debranching enzymes (Chapter 1) has not 
been clearly demonstrated in animal studies yet. For instance, AX debranching by 
arabinofuranosidases may enhance endo-xylanase action, but the release of less 
diverse oligosaccharides may disturb the balance between beneficial microbiota 
(59,77,142). Still, the targeted removal of acetyl, 4-O-methyl-glucuronoyl and 
feruloyl decorations can unlock the utilization of complex structures, especially in 
maize. Overall, the comprehensive investigation of carbohydrate structures, and 
their role in vivo, is necessary in order to harness the full potential of dietary 
NSPases. The high-end analytical techniques as well as the isolation and in vitro 
digestion procedures currently developed can greatly contribute to such research. 
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The aim of this thesis was to elucidate the impact of dietary non-starch 
polysaccharide (NSP)-active enzymes on NSP fate and fermentability in the broiler 
gastrointestinal tract (GIT) at a molecular level.   

In Chapter 1, a bibliographic overview of main cereal grain components and their 
implications for digestion and hindgut fermentation in broilers is introduced. In 
particular, cereal grain NSP such as arabinoxylan (AX) can increase viscosity, 
thereby hindering nutrient digestion in the small intestine. In spite of their negative 
influence in the small intestine, NSP can promote the growth and metabolism of 
beneficial microbiota in the hindgut. NSP-active enzymes are supplemented to the 
feed in order to offset the negative impact of NSP and to promote NSP utilization 
in the hindgut, with the utter aim of their supplementation to improve animal 
performance. Still, the action of NSP-active enzymes (e.g., xylanase, glucanase) 
in the gastrointestinal tract and their ability to form oligosaccharides with prebiotic 
potential has not been fully understood. 

In Chapter 2, the impact of the combined xylanase and glucanase supplementation 
in wheat and maize diets on NSP fermentation, nutrient digestion and broiler 
growth is described. It is shown that for wheat diets, enzyme action improved 
starch and protein digestibility. More importantly, formation of arabinoxylo-
oligosaccharides (AXOS) by dietary xylanase was observed in the ileum. This 
coincided with improved AX utilization and pronounced short chain fatty acids 
(SCFAs) formation in the hindgut. Ultimately, the enzyme-mediated improvements 
in nutrient digestion and AX fermentation for wheat diets, coincided with improved 
animal growth. The more complex NSP structure and high nutrient digestibility 
observed for maize diets compared to the wheat diets, possibly, resulted in less 
pronounced effect of enzyme addition in the maize diet. 

In Chapter 3, the impact of cereal type and enzyme supplementation on bacterial 
ecology and fermentation is discussed. The comparison of microbiota composition 
in the ceca of broilers fed wheat or maize diets (with and without 
xylanase/glucanase supplementation) demonstrated that cereal type had a 
tremendous influence on cecal microflora. In this respect, the higher AX 
fermentability found for the wheat diets coincided with the proliferation of NSP-
fermenting bacteria, mainly belonging to Blautia, Faecalibacterium, 
Subdoligranulum and uncultured Lachnospiraceae genera. Enzyme 
supplementation in the wheat diet was shown to modulate bacterial communities 
of close phylogenetic proximity, and was most likely attributed to pronounced 
fermentation upon AXOS release, as documented in Chapter 2. 

In Chapter 4, a novel analytical strategy to characterize AXOS is described. Here, 
AX was digested by endo-xylanases, and the resulting AXOS mixtures were 
subjected to reduction by NaBH4, and then analyzed by HILIC-MSn. AXOS 
debranching by well characterized arabinofuranosidases was applied to assist the 
elucidation of oligosaccharide substitution patterns. Overall, (reduced) structural 
isomers having the same degree of polymerization (DP) were successfully 
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separated by HILIC and presented distinct MS2 and MS3 fragmentation patterns. 
Consequently, individual AXOS could be discerned based on both their elution and 
fragmentation behavior. This approach paved the way for the straightforward 
characterization of AXOS in complex (digesta) matrices, as described in Chapter 5. 

In Chapter 5, the formation of AXOS by endo-xylanase in vivo along the 
gastrointestinal tract is followed in detail, for broilers fed wheat diet (i.e., from 
Chapter 2). Here, soluble AX and AXOS fractions were extracted from digesta by 
aqueous extraction, and subsequently isolated from other soluble carbohydrates 
by solid phase extraction (SPE). It was shown that AX degradation to AXOS began 
in the gizzard and proceeded in the small intestine, where endo-xylanase degraded 
both soluble and insoluble AX. Analysis of ileal digesta and excreta by using the 
strategy developed in Chapter 4 revealed that AXOS formed in vivo by endo-
xylanase presented a low degree of branching. Consequently, it was concluded that 
higher amounts of more easily fermentable substrates (XOS/AXOS) were present 
and utilized in the hindgut upon xylanase supplementation, further confirming the 
beneficial impact of enzyme supplementation for microbial fermentation and animal 
growth (Chapter 2, 3).     

In Chapter 6, the fate of insoluble fibers (NSP & lignin) that are the main fiber 
fraction in feed along the broiler GIT is described in more detail. In particular, it 
was observed that a lignin-rich fiber fraction accumulated in the gizzard, while the 
main (insoluble) AX-rich fraction transited to the ileum. NSP extraction by alkali 
released approximately 30-40% of total insoluble AX. Xylanase/glucanase 
supplementation did not improve AX extractability by alkali, suggesting that apart 
from releasing AXOS (Chapter 5), enzyme action had limited additional effect on 
the structure of insoluble NSP. 

In Chapter 7, the main findings of this thesis are being discussed. Firstly, the 
progress in oligosaccharide analysis in digesta currently achieved throughout 
Chapters 2, 4, 5, and its relevance for future research, is highlighted. Next, the 
observations from Chapters 2, 3, 5, combined with additional data from in vitro 
experiments, unambiguously demonstrated the significance of AXOS in vivo 
formation by endo-xylanase for hindgut fermentation and animal growth. Lastly, 
the observations from Chapter 2, 5, 6 and those from in vitro experiments (i.e., 
additional data) were combined to address the recalcitrance of maize NSP observed 
in vivo. Finally, the relevance of nutrient de-encapsulation by dietary enzymes for 
improved digestion in the small intestine is being discussed as well as future 
implications of dietary enzyme supplementation. 
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