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Foreword 
As demand within the Australian chicken meat industry for feed ingredients grows and costs continue 
to increase, understanding the composition of feed is becoming increasingly important. This can be 
achieved, in part, by accurately determining the non-starch polysaccharide (NSP) content of feed 
ingredients and diets, and then developing technologies, such as exogenous enzymes, to improve the 
utilisation of their nutrient profiles. The physiological functions of NSP are defined by whether they 
are water soluble or insoluble. Analysis of the soluble NSP (sNSP) and insoluble NSP (iNSP) levels 
in commercial poultry diets revealed that there is substantial variation in the quantity and composition 
of NSP between different diets fed across Australia. It also showed that, based on commercial 
performance data, dietary NSP directly influence feed conversion, particularly the iNSP fraction. 

The presence of sNSP is of particular interest to poultry nutritionists and producers because they 
increase digesta viscosity, reducing nutrient absorption, and cause problems with excreta consistency 
and thus litter quality. However, sNSP also have beneficial effects, acting as an energy source for 
beneficial microorganisms, and ensuring digesta does not pass through the tract too rapidly. A broiler 
trial was run in which birds were fed wheat, corn, sorghum or barley-based diets, formulated to 
contain either a high, medium or low sNSP level. The results showed that it is important to account 
for dietary sNSP during feed formulation, due to their notable impact on bird performance, excreta 
moisture content and nutrient digestibility.  

Addition of phytase and xylanase is almost ubiquitous in poultry diets, and the use of beta-glucanases 
has become more widely accepted, but there is still a wide range of other NSP-ases potentially being 
under-utilised, namely cellulase, galactanase, mannanase and pectinase. An in vitro study was 
conducted in this project to investigate the ability of alternative NSP-ases to increase efficacy of 
xylanase in different feed ingredients. The results showed additional benefits were achieved by 
supplementing a double xylanase dose, particularly in barley, soybean meal and sorghum, and that the 
presence of additional enzymes influences the degree of xylan hydrolysis. 

There has been recent interest in applying NSP-ase cocktails, that is a broader mixture of other NSP, 
to poultry diets, but their implementation has been inhibited by deficiency in research and 
understanding about the mechanisms behind how different enzymes cooperate. Consequently, a 
broiler trial was run in this project comparing the efficacy of single or double the recommended dose 
of xylanase to an NSP-ase cocktail, in broilers fed wheat, corn, sorghum or barley-based diets. The 
results demonstrated there were advantages in feeding broilers a double dose of xylanase or NSP-ase 
cocktail over the current recommended dose of xylanase, with improvements observed for 
performance, litter and excreta dry matter content, caecal microbiota and short chain fatty acid 
composition, and NSP degradability.  

This report for the Chicken Meat Program is an addition to AgriFutures Australia’s diverse range of 
research publications. It forms part of our Growing Profitability Arena, which aims to enhance the 
profitability and sustainability of our levied rural industries. Most of AgriFutures Australia’s 
publications are available for viewing, free download or purchase at www.agrifutures.com.au.  

 

John Smith 
General Manager, Research  
AgriFutures Australia 
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Executive summary 
What the report is about 

Despite vast research into the benefits and anti-nutritional effects of non-starch polysaccharides 
(NSP), and ubiquitous application of feed NSP-ase strategies in commercial diets, the majority of 
commercial nutritionists do not take dietary NSP levels into consideration when formulating poultry 
diets. The first component of this project involved a survey to understand current NSP levels in 
commercial poultry diets, and examining the relationship between these NSP levels and feed 
conversion ratios in commercial birds fed these diets. 

The physiological functions of NSP are defined by whether they are water soluble or insoluble. The 
water soluble fraction is of particular interest in poultry diets, as the presence of soluble NSP (sNSP) 
increases digesta viscosity, which can have a negative impact on nutrient utilisation and excreta 
consistency. Furthermore, sNSP are readily fermentable, providing fuel for beneficial microbiota 
species and resulting in production of short-chain fatty acids (SCFA) that are a source of energy. The 
presence of sNSP also manipulates the gastrointestinal environment, making it unfavourable for 
pathogenic bacteria, enhancing gastrointestinal health and reducing competition between these bacteria 
and the host for expensive nutrients. Consequently, it is important to understand the quantity and 
composition of sNSP in poultry diets. The second component of this project examined the influence of 
the sNSP level in commercial-type wheat, corn, sorghum or barley-based diets on performance, 
apparent metabolisable energy, litter and excreta dry matter content, and total NSP degradability. 

Supplementation of phytase and xylanase is ubiquitous in commercial poultry diets in Australia, and 
the use of beta-glucanases has become more widely accepted, but there are a wide range of other 
NSP-ases potentially being under-utilised. The third component of this project investigated whether 
other NSP-ases can increase the efficacy of xylanase. This was tested by exposing different batches of 
wheat, corn, sorghum, barley, canola meal and soybean meal to a two-step in vitro model that 
mimicked gastric and intestinal phase conditions, in the presence of no enzymes, the commercial 
recommended dose of xylanase, a double dose of xylanase, or xylanase coupled with β-glucanase, 
cellulase, pectinase, mannanase, galactanase or arabinofuranosidase. The quantity and size of xylo-
oligosaccharides (XOS), derived from hydrolysing long-chain xylans into short-chain sugars, was 
determined, as the indicator of xylanase efficacy.  

Recently there has been increased interest in application of NSP-ase cocktails into poultry diets, as a 
tool to combat the anti-nutritional effects of multiple polymers, enhance the efficacy of xylanase, and 
increase the quantity and variety of prebiotic oligosaccharides generated, which can provide fuel for a 
range of beneficial probiotic bacteria species. However, to date, there has been a lack of research into 
the efficacy and mechanisms of NSP-ase cocktails, namely how different NSP-ases cooperate. The 
economic benefits of using an NSP-ase cocktail compared with using xylanase, or potentially an 
increased dose of xylanase, is also poorly understood. Consequently, the fourth component of this 
project compared the efficacy of an NSP-ase cocktail with that of a commercial dose of xylanase and a 
double dose of xylanase, by examining their effect on broiler performance and meat yield, litter, digesta 
and excreta dry matter content, ileal nutrient digestibility and viscosity, caecal SCFA and microbiota 
composition, ileal XOS concentration, and NSP degradability along the gastrointestinal tract. 

 

Who is the report targeted at? 

The Australian chicken meat industry, including poultry nutritionists, broiler producers and 
researchers, will benefit from the outputs of this project. They provide evidence that NSP level and 
composition should be accounted for in commercial feed formulation, due to their impact on 
productive performance, nutrient utilisation and the shed environment.  
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Where are the relevant industries located in Australia?  

The outputs from this project are relevant to all Australian states. For the analysis of NSP levels in 
commercial diets, and correlation with performance data derived from birds fed these diets, samples 
were deliberately collected from every state across Australia. For the in vitro analysis of NSP-ase 
efficacy, feed ingredient samples were collected from across Australia, and the samples used were 
selected based on the NSP level. For the bird trials, the diets were formulated by a commercial poultry 
nutritionist to represent common diets used in different states across Australia, in that they were either 
wheat, corn, barley or sorghum-based. 

 

Background 

Reduced availability, coupled with increasing demand, has resulted in increased prices for feed 
ingredients used in poultry diets. Thus, the need to improve utilisation of the nutrients in poultry diets, 
and reduce wastage of expensive nutrients, has become progressively more important. To achieve 
this, it is imperative to accurately measure the nutritional profile of feed ingredients and diets, so that 
effective strategies can be applied. Cereal grains fed to poultry contain between 10–30% non-starch 
polysaccharides, primarily in the form of xylans, β-glucans and cellulose. Extensive evidence 
demonstrates the influence of NSP on regulating nutrient and energy digestibility, gastrointestinal 
health and integrity, and water reabsorption in the gut, which has direct impacts on digesta viscosity, 
nutrient utilisation and litter quality. Despite vast outputs presenting the benefits and anti-nutritional 
effects of NSP and application of feed enzyme strategies, most commercial nutritionists do not 
formulate to NSP levels. Consequently, an aim of this project was to investigate how important it is to 
consider dietary NSP in commercial poultry diets, with a particular focus on the soluble fraction. 

Additionally, xylanase supplementation is widely used in poultry diets, but there is evidence to 
suggest using a combination of different NSP-ases targeted to the specific polymers in the feed may 
deliver further benefits, partially by producing a range of different prebiotic oligosaccharides. This 
approach has not been adopted by the industry due to a lack of understanding about polymers and 
production of oligosaccharides from different feed ingredients, and a current gap in research proving 
the economic merits and demerits of enzyme cocktails. Thus, a secondary aim of this project was to 
explore to what extent other NSP-ases can enhance xylanase efficacy, and compare the effectiveness 
of NSP-ase cocktails with xylanase in broiler chicken diets. 

 

Aims/objectives 

1. Survey the current NSP levels in commercial poultry feed and identify the relationship 
between these NSP levels and industry performance. 

2. Examine the extent to which dietary soluble NSP level and source in commercial-type broiler 
diets influences bird performance, nutrient digestibility and excreta moisture content. 

3. Use in vitro analysis of feed ingredients to provide insight into the ability of beta-glucanase, 
cellulase, galactanase, mannanase, arabinofuranosidase and pectinase to increase xylanase 
efficacy, based on xylo-oligosaccharide production. 

4. Examine the advantages and disadvantages of supplementing commercial-type broiler diets 
with an NSP-ase cocktail compared with a commercial dose of xylanase or a double dose of 
xylanase, based on productive performance, nutrient utilisation, excreta moisture content and 
the gastrointestinal environment, at different bird ages. 
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Methods used  

Firstly, 150 commercial diets were collected, 30 each for starter, grower, finisher, withdrawal and 
breeder diets, with at least five diets obtained from each Australian state (although no breeder diets 
from Tasmania were able to be obtained). Soluble and insoluble NSP composition of the diet samples 
was determined. The relationship between the dietary NSP level and corrected feed conversion ratio 
(cFCR) was analysed using Ingham’s commercial data from broiler chickens fed the diets that had 
been analysed. 

The extent to which sNSP level and source influences bird performance, total tract nutrient 
digestibility and excreta moisture content in broilers fed commercial-type diets was investigated. 
Cobb 500 broilers (n = 1080) were fed 12 dietary treatments; four commercial-type diets with 
differing primary grain sources (barley, corn, sorghum and wheat) and three different sNSP levels 
(low, medium and high). Diets were formulated to have similar protein and energy levels but differing 
sNSP levels, induced by manipulating the quantity of the ingredients in the diet. The diets were fed as 
starter from d 0–12, grower from d 12–23, finisher from d 23–31 and withdrawal from d 31–42. At 
the end of each phase, total pen body weight and feed intake were determined, and fresh excreta and 
litter samples were collected per pen for determination of dry matter (DM) content. Dietary sNSP 
level had an effect on performance and excreta and litter DM in the grower and finisher phase only. 
Consequently, total tract DM digestibility, apparent metabolisable energy corrected to nitrogen 
(AMEn), and soluble and insoluble NSP and free oligosaccharide degradability were evaluated in the 
grower and finisher phase. 

A two-step in vitro assay that mimicked gastric and intestinal conditions was used to analyse xylo-
oligosaccharide (XOS) generation from five different batches each of wheat, barley, corn, sorghum, 
canola meal and soybean meal, in the presence of no enzymes, xylanase, double xylanase dose, or 
xylanase plus beta-glucanase, cellulase, pectinase, mannanase, galactanase or arabinofuranosidase. 
XOS was measured by LCMS. The aim was to observe if the alternative NSP-ases influence xylanase 
efficacy. 

Finally, a broiler study was conducted to compare the viability of an NSP-ase cocktail to a single or 
double dose of xylanase in broilers fed commercial-type diets. Cobb 500 mixed-sex broilers (n = 1080 
plus 30 spare birds) were fed 12 dietary treatments; four commercial-type diets with differing primary 
grain sources (barley, corn, sorghum and wheat) and three different enzyme treatments (commercial 
recommended dose of xylanase (16,000 BXU/kg), a double dose of xylanase (32,000 BXU/kg), or an 
NSP-ase cocktail of the same enzymes and doses as used in the in vitro study (xylanase, β-glucanase, 
cellulase, pectinase, mannanase, galactanase and arabinofuranosidase)). The diets were fed as starter 
from d 0–12, grower from d 12–23 and finisher from d 23–35. At d 12, 23 and 35, bird performance 
(body weight, feed intake and cFCR), litter and excreta dry matter, soluble and insoluble NSP 
degradability, and free oligosaccharide digestibility in the ileum were determined. At d 35, meat 
weight (breast, thigh and drumstick), dry matter content in the gizzard, jejunum and ileum, ileal 
digestibility of protein, starch, energy and dry matter, ileum viscosity, caecal SCFA and microbiota 
composition, and disappearance of soluble and insoluble NSP and free oligosaccharides along the 
gastrointestinal tract (gizzard, jejunum, ileum and excreta) were determined.  

 

Results/key findings 

There is substantial variation in the quantity of NSP between different diets fed across Australia, and 
even within diets from the same state. The greater the insoluble NSP level in the diet, the worse feed 
conversion was at every dietary phase in the commercial birds, and in the finisher phase a higher 
soluble NSP level resulted in poorer performance. This highlights the importance of considering the 
NSP level when formulating poultry diets.  
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Dietary soluble NSP level has a direct impact on bird performance, excreta moisture content and 
nutrient digestibility. This was especially the case in NSP-poor diets, such as sorghum- and corn-
based diets, highlighting that a lack of dietary sNSP can have detrimental effects on bird performance 
and gastrointestinal health. Furthermore, barley could potentially be utilised more frequently in broiler 
chicken diets, provided the sNSP concentration in these diets is kept to a low level. This reiterates the 
benefits of accounting for soluble NSP during feed formulation, and ensuring sufficient, but not 
excessive, quantities of soluble NSP are present in a diet. 

Some benefits were observed when feeding the double dose of xylanase compared with the 
commercial recommended dose in terms of NSP degradation, starter phase bird performance and 
excreta moisture. There was a lack of consistency when applying the NSP-ase cocktail, with some 
positive effects observed, but also some negative effects, particularly when applied to sorghum-based 
diets. Generally, it appears that the current xylanase dose is adequate at combatting the anti-nutritional 
effects of dietary NSP on broiler performance and gastrointestinal health.  

 

Implications for relevant stakeholders 

This project proved the importance of considering the NSP content of feed ingredients, particularly 
the water soluble fraction, when formulating broiler diets. It also proved that additional benefits can 
be gained from applying higher xylanase levels or NSP-ase cocktails to diets. The economic 
implications of this are improved nutrient digestibility and utilisation, by eliminating the anti-
nutritional effects of NSP on nutrient access and digesta viscosity, as well as prebiotic benefits from 
oligosaccharide manufacture. Additional benefits on bird management are also predicted, namely 
improved litter quality and reduced ammonia emissions. There will also potentially be heightened use 
of cheaper, unconventional feed ingredients, such as grain by-products, which are currently not fed 
due to their high NSP content, but potentially could be with more tailored enzyme application, which 
has both economic and environmental implications. Also, prebiotic oligosaccharides have potential to 
be used as a tool to reduce the negative effects of subclinical necrotic enteritis, lessening the severe 
economic consequences of the disease. The key implication of this project will be improved 
gastrointestinal health and resulting enhanced feed efficiency, meaning less waste from broiler 
production and improved litter quality, thus reducing the carbon footprint caused by the poultry 
industry. These positive effects on poultry production will also result in food cost savings and 
improved environmental outcomes. It is also expected that there may be enhanced food security in 
Australia, and potentially jobs in production of alternative ingredients and enzyme development. 

 

Recommendations 

The recommendation from this project is that commercial poultry nutritionists account for the NSP 
level, particularly the soluble fraction, during feed formulation, due to its notable impact on nutrient 
digestibility, excreta moisture content and gastrointestinal health. The differing requirements for NSP 
based on dietary phase should be accounted for, particularly ensuring there is sufficient soluble NSP 
in starter and grower phase diets. Barley can be used more in broiler diets, provided the NSP content 
is not too high or a tailored enzyme strategy is applied. There are advantages to feeding a dose of 
xylanase that is higher than the current recommendations, particularly to broilers fed wheat-based 
diets, but generally the commercial recommended dose is sufficient for commercial-type broiler diets. 



 

1 

Introduction 
The cost of feed ingredients for poultry diets continues to grow, as demand increases but availability 
decreases, largely due to issues associated with the recent drought and importation. As a result, it has 
become increasingly important to understand the composition of these ingredients, to improve the 
utilisation of their nutrient profiles. This can be achieved in part by developing technologies that 
accurately determine and improve the nutritional value of the fibre in grains, and utilisation of high-
fibre co-products. Fibre is a highly variable and complex component of plant-based feed ingredients 
and is perhaps the most poorly understood constituent of monogastric diets. Measurements of crude 
fibre are currently used in the poultry industry as an indicator of the fibre content of the diet and to 
develop feed formulations, and this has been the case since 1984, despite extensive developments in 
this field (Choct, 2015). However, the analytical methods used to characterise fibre are unable to 
adequately relate to fibre utilisation in the animal, because they cannot characterise, both chemically 
and physically, all the carbohydrate fractions in a feedstuff. It is imperative for future efficiency gain, 
and hence viability of productive farms, that a more accurate system of estimating true fibre levels is 
used. This is possible by measuring the soluble and insoluble NSP content of feeds, as measurements 
of NSP represent the total dietary fibre fraction of feedstuffs (excluding lignin) (Bach Knudsen, 
2001). This information needs to be disseminated to the industry, and there needs to be actual data 
available to aid the transition from crude fibre to NSP, which is currently lacking. 

Grains from monocotyledonous plants, including cereals, contain mainly arabinoxylan, β-glucan and 
cellulose, whereas grains from dicotyledonous plants, such as legumes and oil seeds, contain mainly 
pectin, cellulose and xyloglucan. The physiological functions of NSP are defined by whether they are 
water soluble or insoluble. The amount of soluble and insoluble NSP varies greatly between different 
ingredients; for example, corn and sorghum contain very low levels of soluble NSP, but wheat, rye 
and triticale contain high amounts of both soluble and insoluble NSP (Bach Knudsen, 2014). It is 
important to consider both soluble and insoluble NSP, as their impact on digestion differs 
substantially.  

Insoluble NSP act as nutrient diluents and a physical barrier to enzymes, such as amylase and 
protease, thereby reducing efficient digestion of nutrients within the cell wall matrix of grains. 
However, the structural components of insoluble NSP have also been shown to physically stimulate 
gizzard development, improving digestibility through heightened retention and increased exposure to 
hydrochloric acid (HCl). Their presence in the diet also increases transit rate, and thus reduces the 
amount of time available for pathogenic bacterial fermentation of undigested nutrients, potentially 
resulting in a higher proportion of beneficial microorganisms (Hetland et al., 2004; Yokhana et al., 
2016).  

Soluble NSP increase digesta viscosity, thereby impeding nutrient digestion and absorption, by 
reducing physical contact of digestive enzymes with substrates. The water-holding capacity of soluble 
NSP also causes problems with excreta consistency, such as sticky droppings. However, soluble NSP 
have been shown to have beneficial effects, in that they act as an energy source and are readily 
fermentable, stimulating beneficial microorganisms and manipulating gastrointestinal conditions, 
namely pH, to manufacture undesirable conditions for pathogenic bacteria. The reduced passage rate 
as a result of soluble NSP also ensures digesta does not pass through the tract too rapidly, enabling 
optimum nutrient absorption to occur. These effects depend on the solubility, molecular weights, and 
configurations of the polymers in the solution (Craig et al., 2020; Choct et al. 2010). It is therefore 
well-established that the physical presence of NSP in the gastrointestinal tract has a considerable 
impact on digestibility in broilers, dictating nutrient availability and energy utilisation. There is, 
however, a lack of fundamental understanding about NSP utilisation in poultry, and a great deal more 
research is warranted so the industry can get the most out the ingredients being fed. 

Feedback from commercial poultry nutritionists suggested there is a lack of understanding about what 
NSP values represent, and ultimately what the optimum level of soluble and insoluble NSP is in a diet 
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to achieve peak bird health and performance. The aim of this project therefore was to evaluate the 
contribution of dietary NSP to broiler health and performance, meat output and litter quality. This 
evaluation was conducted at different growth phases (starter, grower, finisher and withdrawal), with 
the intention being to provide insight into the impact of changes to the ingredient levels currently 
implemented as the bird ages on NSP level and utilisation. The hypothesis of this project was that the 
NSP composition of the diet should be tailored to each phase to meet the specific needs of the birds, 
as we do with all other nutrients.  

To overcome the anti-nutritional effects of NSP, NSP-degrading enzymes (NSP-ases) are readily 
supplemented into broiler diets. Despite this being common practice, there is scarcity in understanding 
about the manner in which these enzymes work in the presence of different ingredients and 
combinations, containing differing forms and types of polysaccharides. Addition of phytase and 
xylanase is ubiquitous in commercial poultry diets, and the use of beta-glucanases has become more 
widely accepted, but there is still a wide range of other NSP-ases that may be being under-utilised, 
namely cellulase, galactanase, mannanase and pectinase. Furthermore, there has recently been 
increased commercial interest in NSP-ase ‘cocktails’, but there is a deficit of research in this area, 
particularly about the mechanisms of these enzymes and how different enzymes cooperate. 
Furthermore, there is also currently heightened awareness of the prebiotic effects of oligosaccharides, 
both synthetically made and produced in situ as a consequence of NSP-ase application. Of particular 
interest are xylo-oligosaccharides, derived from hydrolysis of xylan in the presence of xylanase 
(Morgan et al., 2020; Ribeiro et al., 2018; Bautil et al., 2019). Further research is warranted in this 
field, specifically focused on how they can be exploited to increase production of beneficial bacteria, 
leading to establishment of a healthy intestinal environment and microbiome, enhancing absorption of 
nutrients and improving performance. It has been proposed that the prebiotic oligosaccharides that 
result from the presence of NSP-ases may be responsible for growth-promoting effects seen with 
enzyme supplementation in low-viscosity diets. This suggests that the future focus of NSP-ase 
supplementation should likely be to achieve specific oligosaccharide production, as opposed to just 
NSP hydrolysis. This again also highlights the potential benefits of using alternative ingredients in 
feed, as these will produce different oligosaccharides and thus a variety of prebiotic effects.  
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Objectives 
1. Survey the current NSP levels in commercial poultry feed and identify the relationship 

between these NSP levels and industry performance. 

2. Examine the extent to which dietary soluble NSP level and source in commercial-type broiler 
diets influences bird performance, nutrient digestibility and excreta moisture content. 

3. Use in vitro analysis of feed ingredients to provide insight into the ability of beta-glucanase, 
cellulase, galactanase, mannanase, arabinofuranosidase and pectinase to increase xylanase 
efficacy, based on xylo-oligosaccharide production. 

4. Examine the advantages and disadvantages of supplementing commercial-type broiler diets 
with an NSP-ase cocktail compared with a commercial dose of xylanase or a double dose of 
xylanase, based on productive performance, nutrient utilisation, excreta moisture content and 
the gastrointestinal environment, at different bird ages. 
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Methodology 
Survey of current NSP levels in commercial poultry feed  
A total of 150 commercial diets were collected, 30 each for starter, grower, finisher, withdrawal and 
breeder diets, with at least five diets obtained from each state in Australia (although no breeder diets 
from Tasmania were able to be obtained). Soluble and insoluble NSP composition of the samples was 
determined following the procedure of Englyst et al. (1994) with some modifications as described by 
Theander et al. (1995) and Morgan et al. (2018). Briefly, the sample was fat extracted using hexane 
and then free oligosaccharides were extracted by heating the sample at 80 °C with 80% ethanol. The 
starch in the resulting residue was gelatinised using acetate buffer (pH 5), and α-amylase and 
amyloglucosidase were added at 95 °C and 55 °C, respectively, to remove the starch. The prepared 
sample was then incubated and centrifuged at 2,000 × g for 10 minutes, and the resulting supernatant 
and residue were used for the analysis of soluble and insoluble NSP, respectively.  

For the soluble NSP analysis, the sugars released by the enzymes were removed using ethanol at 4 °C. 
The residue was dried, and then 2M trifluoroacetic acid was added and heated at 125 °C. For the 
insoluble NSP analysis, the glucose released from starch digestion was removed with water and 
acetone, and the resulting supernatant was removed and the residue was dried. Following this, 12M 
sulfuric acid (H2SO4) was added and the sample was heated to 35 °C. Water was added and the 
sample was then heated to 100 °C, cooled and centrifuged at 3,000 × g for 15 minutes to sediment the 
insoluble materials. Ammonium (28%) was added to an aliquot of the resulting supernatant from the 
insoluble NSP samples. For all the resulting samples, an internal standard was added (allose, 4 
mg/mL) and the sample was evaporated to dryness, and then re-dissolved in water with slight 
alkalinity. Freshly prepared sodium borohydride (NaBH4) was then added, the sample was incubated, 
and any excess NaBH4 was decomposed with glacial acetic acid. 1-methylimidazole and 5 mL of 
propylene carbonate (C4H6O3) were added followed by water, and then dichloromethane was added, 
the sample was centrifuged, and the bottom layer was collected and dried. Finally, ethyl acetate and 
water were added, the sample was centrifuged, and the supernatant was analysed by gas 
chromatography (Model CP3800, Varian Inc., Palo Alto, CA, USA).   

The relationship between the dietary NSP level and corrected feed conversion ratio (cFCR) was 
analysed using Ingham’s commercial data from broiler chickens fed the diets that had been analysed 
at UNE. Pearson product-moment correlation coefficients were used. Interpretations of the strength of 
the relationship between performance and diet NSP content was based on guidelines by Cohen 
(1988); weak relationship r = 0.10 to 0.29, medium relationship r = 0.30 to 0.49, and strong 
relationship r = 0.50 to 1.0, with significance accepted at P < 0.05. 

 

Influence of soluble NSP level and composition on performance, 
excreta moisture content and nutrient digestibility 
Cobb 500 mixed-sex broilers (n = 1080 plus 30 spare birds) were obtained from a commercial 
hatchery at day of hatch. The chicks were randomised by weight and placed in 0.85m2 floor pens, 108 
pens of approximately 10 birds per pen, 90 birds per treatment, bedded on clean wood shavings. All 
birds received vaccination against Marek’s disease, infectious bronchitis and Newcastle disease at the 
hatchery under the Australian code of practice for distribution of broiler chickens. Temperature 
settings followed Cobb 500 recommendations of 33–34 °C on arrival, followed by a gradual decrease 
by approximately 0.5 °C daily until a temperature of 21–22 °C was reached by d 21. The lighting 
regimen used was 24 hours light on d 1, with darkness increasing by one hour a day until six hours of 
darkness was reached, which was maintained throughout the remainder of the study. Mortality was 
recorded daily, and any birds culled or dead were weighed. Institutional and national guidelines for 
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the care and use of animals were followed, and all experimental procedures involving animals were 
approved by the Animal Ethics Committee at the University of New England, New South Wales, 
Australia. 

Dietary treatments 

The dietary treatments replicated commercial diet formulations from different states across Australia, 
and were either barley, corn, sorghum or wheat-based. Within each of these four treatments, the diets 
were formulated to contain either a low, medium or high sNSP level, induced by manipulating the 
quantity of each ingredient in the formulation. This resulted in a total of 12 dietary treatments. Protein 
level and energy level were formulated to be the same across all dietary treatments. All diets 
contained 0.5% titanium dioxide (TiO2) as a digestibility marker, and supplemental phytase and 
xylanase at commercial levels (Quantum Blue and Econase XT 5P, AB Vista, Marlborough, UK).  
Birds had ad libitum access to water and feed throughout the trial period. The diets were fed as starter 
from d 0–12, grower from d 12–23, finisher from d 23–31 and withdrawal from d 31–42. The diets 
were cold pelleted and fed as crumble (⌀0.1–0.2 mm) from d 0–7 and then pellet (⌀3 mm pellet) for 
the remainder of the trial period. The nutrient composition of the test diets is presented in Tables 1–4.  

 

https://en.wikipedia.org/wiki/Diameter#Diameter_symbol
https://en.wikipedia.org/wiki/Diameter#Diameter_symbol
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Table 1 Nutrient composition of starter diets, fed d 0–12 

Ingredient (g/kg) Barley Corn Sorghum Wheat 
 Low Medium High Low Medium High Low Medium High Low Medium High 
Wheat 367.0 388.4 399.6 251.0 305.9 285.6 203.7 245.0 208.8 526.9 560.0 554.3 
Barley 150.1 150.1 152.7 0.0 0.00 0.00 0.0 0.0 0.0 0.0 0.0 0.0 
Corn 0.0 0.0 0.0 250.1 250.1 236.6 0.0 0.0 0.0 0.0 0.0 0.0 
Sorghum 0.0 0.0 0.0 0.0 0.0 0.0 300.1 300.2 300.1 0.0 0.0 0.0 
Soybean meal 283.5 291.4 300.2 279.7 302.0 360.1 283.6 297.7 344.0 283.1 292.0 320.9 
Canola meal 50.0 30.0 10.0 90.0 30.0 7.0 80.0 40.0 30.0 50.0 25.0 10.0 
Canola seed 80.0 80.1 80.0 60.0 70.0 70.0 65.0 70.0 70.0 70.0 70.0 60.0 
Canola oil 29.4 23.4 20.1 24.0 5.2 6.8 23.8 10.7 13.3 25.0 15.9 18.2 
Limestone 15.7 14.0 14.4 18.4 13.9 14.1 17.6 13.6 13.7 18.4 13.9 14.3 
Monocalcium phosphate 8.5 7.8 7.8 11.9 8.0 7.7 11.1 8.0 7.8 11.1 7.8 7.8 
Salt 1.6 1.6 1.5 1.9 1.8 2.3 1.9 1.8 2.3 1.7 1.6 1.8 
Sodium bicarbonate 3.9 3.6 3.7 3.6 3.3 2.6 3.5 3.3 2.6 4.0 3.7 3.4 
L-lysine HCl 2.8 2.8 2.8 2.8 2.8 1.3 2.9 2.9 1.6 3.0 3.1 2.5 
DL-methionine 3.5 2.9 3.0 2.8 2.9 2.5 2.9 2.9 2.6 2.8 2.8 2.7 
L-threonine 1.3 1.3 1.4 1.1 1.2 0.6 1.1 1.1 0.6 1.3 1.4 1.2 
Choline chloride 0.0 0.0 0.1 0.0 0.2 0.1 0.0 0.1 0.0 0.0 0.1 0.2 
Vitamin premix2 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 
Mineral premix1 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 
Phytase3 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
Xylanase4 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
             
Analysed composition             
Dry matter (g/100g) 88.41 91.74 91.18 91.76 88.40 91.18 91.89 91.57 91.63 91.72 91.20 91.96 
Protein (g/100g DM) 23.75 23.54 24.38 23.96 22.97 23.09 24.54 23.41 23.68 24.23 22.69 22.62 
Energy (MJ/kg DM) 19.59 19.46 18.48 18.73 19.25 18.80 19.28 19.13 19.08 19.03 18.29 19.03 
Soluble NSP (g/kg DM) 14.12 15.17 15.57 9.27 10.81 11.80 10.75 13.30 21.36 12.70 13.28 13.59 
Insoluble NSP (g/kg DM) 99.33 92.52 88.12 82.93 83.55 80.60 84.96 84.43 77.08 85.95 77.84 75.60 
Free OS (g/kg DM) 55.32 55.86 58.40 54.21 57.13 58.86 54.42 55.33 56.88 56.74 60.13 60.03 

1 Formulated to supply 23 mg copper, 1.79 mg iodine, 57 mg iron, 171 mg manganese, 0.43 mg selenium and 143 mg zinc per kg finished feed. 2 Formulated to supply 5040 mg retinol, 17.5 mg cholecalciferol, 105 
mg tocopheryl acetate, 4 mg menadione, 4 mg thiamine, 11 mg riboflavin, 77 mg niacin, 18 mg pantothenate, 7 mg pyridoxine, 0.35 mg biotin, 3.0 mg folate, 0.02 mg cyanocobalamin per kg of finished feed.3 
Quantum Blue, AB Vista; 4 Econase XT 5P, AB Vista
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Table 2 Nutrient composition of grower diets, fed d 12–23 

1 Formulated to supply 23 mg copper, 1.79 mg iodine, 57 mg iron, 171 mg manganese, 0.43 mg selenium and 143 mg zinc per kg finished feed.2 Formulated to supply 5040 mg retinol, 17.5 mg cholecalciferol, 105 
mg tocopheryl acetate, 4 mg menadione, 4 mg thiamine, 11 mg riboflavin, 77 mg niacin, 18 mg pantothenate, 7 mg pyridoxine, 0.35 mg biotin, 3.0 mg folate, 0.02 mg cyanocobalamin per kg of finished feed. 
3 Quantum Blue, AB Vista; 4 Econase XT 5P, AB Vista; 5 Alterion, Adisseo

Ingredient (g/kg) Barley Corn Sorghum Wheat 
 Low Medium High Low Medium High Low Medium High Low Medium High 
Wheat 453.4 448.1 441.2 254.5 293.7 278.3 282.4 296.5 280.8 581.8 593.7 588.5 
Barley 150.0 150.0 150.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Corn 0.0 0.0 0.0 299.9 300.0 299.9 0.0 0.0 0.0 0.0 0.0 0.0 
Sorghum 0.0 0.0 0.0 0.0 0.0 0.0 299.8 299.9 299.9 0.0 0.0 0.0 
Soybean meal 279.4 258.6 250.8 328.3 294.2 276.3 309.2 285.5 268.1 295.6 264.1 256.0 
Canola meal 10.0 30.0 30.0 30.0 30.0 30.0 19.6 30.0 30.0 10.0 30.0 26.8 
Canola seed 38.2 47.9 70.0 20.0 20.0 70.0 20.0 20.6 70.0 40.0 43.3 70.0 
Canola oil 30.0 28.7 21.9 29.0 23.8 8.6 30.0 29.0 14.1 30.0 30.0 21.1 
Limestone 16.1 15.1 14.5 15.8 15.5 14.5 16.0 15.3 14.4 15.9 15.3 14.5 
Monocalcium phosphate 7.5 7.1 7.0 7.9 7.7 7.4 8.0 7.6 7.5 7.7 7.5 7.2 
Salt 1.8 1.7 1.7 0.0 2.1 2.2 1.4 2.0 2.1 0.0 1.9 1.9 
Sodium bicarbonate 4.7 3.7 3.7 7.4 4.2 4.2 5.3 4.3 4.3 7.4 4.7 4.7 
L-lysine HCl 2.3 2.6 2.6 1.2 2.2 2.3 1.9 2.4 2.5 5.1 2.7 2.7 
Choline chloride 3.1 3.0 3.0 2.9 3.1 3.0 3.0 3.1 3.0 3.0 3.1 3.1 
DL-methionine 1.2 1.3 1.3 0.6 1.1 1.0 0.9 1.2 1.1 1.1 1.3 1.3 
L-threonine 0.1 0.0 0.0 0.1 0.2 0.0 0.2 0.2 0.0 0.1 0.1 0.0 
Vitamin premix2 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
Mineral premix1 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
Salinomycin 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Probiotic5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Phytase3 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
Xylanase4 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
             
Analysed composition             
Dry matter (g/100g) 89.29 88.58 89.35 89.33 88.25 88.95 89.15 90.27 89.22 89.04 88.34 88.69 
Protein (g/100g DM) 22.02 21.95 21.81 22.06 22.45 22.04 22.52 22.66 21.84 21.26 22.52 22.41 
Energy (MJ/kg DM) 18.71 18.98 19.04 18.64 18.50 18.74 18.88 18.67 18.94 18.81 18.86 18.87 
Soluble NSP (g/kg DM) 19.85 22.95 28.24 20.09 22.02 25.41 20.03 21.92 25.39 24.08 27.86 32.11 
Insoluble NSP (g/kg DM) 87.43 84.32 83.16 75.01 74.55 73.33 82.55 79.04 73.26 82.84 75.88 74.08 
Free OS (g/kg DM) 53.53 54.22 57.03 51.29 53.58 54.84 53.33 53.21 54.81 47.30 56.03 55.99 
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Table 3 Nutrient composition of finisher diets, fed d 23–31 

Ingredient (g/kg) Barley Corn Sorghum Wheat 
 Low Medium High Low Medium High Low Medium High Low Medium High 
Wheat 477.6 493.7 499.7 333.5 327.6 342.1 477.6 330.1 344.6 639.4 649.4 647.3 
Barley 150.0 150.0 150.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Corn 0.0 0.0 0.0 299.9 299.9 299.9 0.0 0.0 0.0 0.0 0.0 0.0 
Sorghum 0.0 0.0 0.0 0.0 0.0 0.0 299.9 299.9 299.9 0.0 0.0 0.0 
Soybean meal 195.4 203.2 206.6 231.4 223.8 233.5 222.5 215.6 225.3 212.5 216.7 214.6 
Canola meal 40.0 20.8 6.6 30.0 30.0 4.9 30.0 30.0 4.9 26.4 5.0 2.0 
Canola seed 70.0 70.0 80.0 49.0 70.0 77.0 50.7 70.0 77.0 55.0 70.0 81.0 
Canola oil 34.0 30.0 24.6 23.8 17.3 10.9 28.8 22.9 16.4 34.6 26.4 22.7 
Limestone 12.8 12.0 12.2 12.7 11.7 12.1 12.5 11.7 12.1 11.8 12.1 12.0 
Monocalcium phosphate 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.8 
Salt 1.4 1.4 1.4 1.9 1.9 1.9 1.7 1.7 1.7 1.6 1.6 1.6 
Sodium bicarbonate 3.8 3.8 3.8 3.2 3.2 3.3 3.3 3.3 3.3 3.7 3.7 3.7 
L-lysine HCl 2.6 2.6 2.6 2.2 2.3 2.2 2.4 2.4 2.4 2.6 2.6 2.6 
DL-methionine 3.2 3.3 3.3 3.3 3.3 3.3 3.3 3.2 3.2 3.3 3.3 3.3 
L-threonine 1.0 1.0 1.0 0.8 0.8 0.8 0.9 0.9 0.9 1.0 1.0 1.0 
Vitamin premix2 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
Mineral premix1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Salinomycin 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Probiotic5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Phytase3 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
Xylanase4 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
             
Analysed composition             
Dry matter (g/100g) 90.38 89.47 89.15 88.90 88.93 89.08 89.72 89.21 88.23 88.62 88.49 88.81 
Protein (g/100g DM) 20.72 21.36 21.09 20.88 21.19 20.54 20.97 20.63 21.09 20.74 20.87 20.82 
Energy (MJ/kg DM) 19.34 19.21 19.30 18.86 19.16 18.99 19.18 19.21 19.23 19.21 19.37 19.18 
Soluble NSP (g/kg DM) 24.57 26.20 28.31 23.45 25.66 27.94 20.01 21.06 22.79 20.94 22.15 23.33 
Insoluble NSP (g/kg DM) 77.87 74.30 70.79 70.64 69.18 66.28 74.99 69.51 68.37 81.97 81.14 77.25 
Free OS (g/kg DM) 41.57 42.30 43.04 40.53 42.08 42.04 31.53 41.16 43.98 47.10 47.54 48.26 

1 Formulated to supply 23 mg copper, 1.79 mg iodine, 57 mg iron, 171 mg manganese, 0.43 mg selenium and 143 mg zinc per kg finished feed.2 Formulated to supply 5040 mg retinol, 17.5 mg cholecalciferol, 105 
mg tocopheryl acetate, 4 mg menadione, 4 mg thiamine, 11 mg riboflavin, 77 mg niacin, 18 mg pantothenate, 7 mg pyridoxine, 0.35 mg biotin, 3.0 mg folate, 0.02 mg cyanocobalamin per kg of finished feed.3 
Quantum Blue, AB Vista; 4 Econase XT 5P, AB Vista; 5 Alterion, Adisseo 
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Table 4 Nutrient composition of withdrawal diets, fed d 31–42 

Ingredient (g/kg) Barley Corn Sorghum Wheat 
 Low Medium High Low Medium High Low Medium High Low Medium High 
Wheat 496.8 482.9 496.2 382.1 368.6 383.8 358.7 371.2 386 694.9 692 689.6 
Barley 200 200 200 0 0 0 0 0 0 0 0 0 
Corn 0 0 0 300 300 300 0 0 0 0 0 0 
Sorghum 0 0 0 0 0 0 300 300 300 0 0 0 
Soybean meal 193 176.7 186.5 214.6 199.4 210.4 238.8 191.2 201.3 199.2 190.7 188.4 
Canola meal 30 30 10 30 30 6.5 30 30 4 30 5 2.5 
Canola seed 4.3 50 50 17.1 60 61 5 60 67 0.1 60 71 
Canola oil 44.1 30.1 26.7 25.6 12.6 8.3 37.8 18.1 11.7 43.9 21.6 18 
Limestone 12.7 11.4 11.8 12.1 11.1 11.5 12.1 11.1 11.5 12.4 11.4 11.4 
Monocalcium phosphate 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 
Salt 1.3 1.3 1.3 1.8 1.8 1.8 1.9 1.7 1.6 1.4 1.5 1.5 
Sodium bicarbonate 3.9 3.9 3.9 3.3 3.3 3.3 3.3 3.4 3.4 3.9 3.8 3.8 
L-lysine HCl 2.5 2.5 2.5 2.2 2.2 2.2 1.5 2.4 2.4 2.6 2.6 2.6 
DL-methionine 2.5 2.4 2.4 2.5 2.4 2.4 2.3 2.4 2.4 2.6 2.5 2.4 
L-threonine 1 1 1 0.8 0.7 0.7 0.5 0.8 0.8 1.1 1 1 
Vitamin premix2 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
Mineral premix1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Salinomycin 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Probiotic5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Phytase3 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
Xylanase4 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
             
Analysed composition             
Dry matter (g/100g) 89.42 89.48 88.26 88.05 88.43 88.10 88.69 88.52 88.28 89.14 88.62 88.33 
Protein (g/100g DM) 19.28 19.81 19.74 19.83 20.14 20.50 21.17 20.90 20.99 19.72 19.89 19.95 
Energy (MJ/kg DM) 18.82 19.08 19.10 18.69 18.79 18.72 18.81 18.98 18.93 18.81 18.88 18.96 
Soluble NSP (g/kg DM) 21.13 24.11 28.97 17.71 18.31 19.69 17.43 19.15 20.08 20.74 21.78 25.17 
Insoluble NSP (g/kg DM) 87.21 83.37 78.68 82.94 75.02 70.92 89.00 80.74 79.38 81.11 79.56 78.30 
Free OS (g/kg DM) 38.26 40.06 41.68 39.51 40.53 41.28 41.85 42.36 43.72 43.52 44.19 45.32 

1 Formulated to supply 23 mg copper, 1.79 mg iodine, 57 mg iron, 171 mg manganese, 0.43 mg selenium and 143 mg zinc per kg finished feed.2 Formulated to supply 5040 mg retinol, 17.5 mg cholecalciferol, 105 
mg tocopheryl acetate, 4 mg menadione, 4 mg thiamine, 11 mg riboflavin, 77 mg niacin, 18 mg pantothenate, 7 mg pyridoxine, 0.35 mg biotin, 3.0 mg folate, 0.02 mg cyanocobalamin per kg of finished feed.3 
Quantum Blue, AB Vista; 4 Econase XT 5P, AB Vista; 5 Alterion, Adisseo 
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Response variables 

Total pen weight and feed intake (FI) was determined on d 12, 23, 31 and 42 post-hatch, and used to 
calculate feed conversion ratio corrected for mortality (cFCR). Fresh excreta samples (approximately 
200 g fresh sample) were collected per pen on d 23, 31 and 42 by monitoring the birds and 
immediately collecting the sample from the pen floor post-defecation. Litter samples were collected 
from five different points per pen and placed in a sealed plastic bag on d 12, 23, 31 and 42 post-hatch. 
Dry matter content of the excreta and litter samples was determined; the entire litter sample or sub-
sample of excreta was weighed into duplicate crucibles and oven dried at 105 °C to a constant weight, 
and then re-weighed, and dry matter (%) was then calculated. The remaining excreta sample was 
frozen at –20 °C, freeze-dried to constant weight, and then ground through a 0.5 mm screen. Samples 
of the diets were also ground through a 0.5 mm screen.  

A TiO2 marker was quantified in the excreta and feed by UV spectroscopy at 410 nm (Cary 50 Bio 
UV-Visible spectrophotometer equipped with a Cary 50 MPR microplate reader, Varian Inc., Palo 
Alto, CA, USA), using the method described by Short et al. (1996). The nitrogen content of the diets 
and excreta samples was determined using the combustion method (LECO Corp., St. Joseph, MI, 
USA). Gross energy was determined in the feed and excreta samples using an adiabatic bomb 
calorimeter (Model 6400, Parr Instruments, Moline, IL, USA), standardised with benzoic acid. 
Apparent metaboliseable energy corrected to nitrogen was calculated using the following equation: 

AME = GE diet – [GE excreta x (Marker diet / Marker excreta)] 

AMEn = AME − (8.22 × Nitrogen retention) 

Soluble and insoluble NSP and free oligosaccharide composition of the ingredients, diets and excreta 
samples was determined following the procedure of Englyst et al. (1994) with some modifications as 
described by Theander et al. (1995) and Morgan et al. (2018). Briefly, the sample was fat extracted 
using hexane and then free oligosaccharides were extracted by heating the sample at 80 °C with 80% 
ethanol. The starch in the resulting residue was gelatinised using acetate buffer (pH 5), and α-amylase 
and amyloglucosidase were added at 95 °C and 55 °C, respectively, to remove the starch. The 
prepared sample was then incubated and centrifuged at 2,000 × g for 10 minutes, and the resulting 
supernatant and residue were used for the analysis of soluble and insoluble NSP, respectively.  

For the soluble NSP analysis, the sugars released by the enzymes were removed using ethanol at 4 °C, 
the residue was dried, and then 2M trifluoroacetic acid was added and heated at 125 °C. For the 
insoluble NSP analysis, the glucose released from starch digestion was removed with water and 
acetone, and the resulting supernatant was removed and the residue was dried. Following this, 12M 
sulfuric acid (H2SO4) was added and the sample was heated to 35 °C. Water was added and the 
sample was then heated to 100 °C, cooled and centrifuged at 3,000 × g for 15 minutes to sediment the 
insoluble materials. For the free sugar analysis, the extracted sample was dried, hydrolysed with 1M 
H2SO4 at 100 °C, and centrifuged to sediment the insoluble material. Ammonium (28%) was added to 
an aliquot of the resulting supernatant from the insoluble NSP and free oligosaccharide samples. For 
all the resulting samples, an internal standard was added (allose, 4 mg/mL) and the sample was 
evaporated to dryness, and then re-dissolved in water with slight alkalinity. Freshly prepared sodium 
borohydride (NaBH4) was then added, the sample was incubated, and any excess NaBH4 was 
decomposed with glacial acetic acid. 1-methylimidazole and 5 mL of propylene carbonate (C4H6O3) 
were added followed by water, and then dichloromethane was added, the sample was centrifuged, and 
the bottom layer was collected and dried. Finally, ethyl acetate and water were added, the sample was 
centrifuged, and the supernatant was analysed by gas chromatography (Model CP3800, Varian Inc., 
Palo Alto, CA, USA).   
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Total tract digestibility of dry matter soluble NSP, insoluble NSP and free oligosaccharides was 
determined using the following equation: 

Digestibility (%) = [1 – (Nutrient excreta × TiO2 feed) / (TiO2 excreta × Nutrient feed)] x 100 

On d 42, the number of males and females per pen was recorded and one male and one female per pen 
were weighed individually and then euthanised. Breast, thigh and drumstick were collected and 
weighed per bird. Ileum samples were also collected to determine the viscosity effects of the dietary 
treatments, using a Brookfield Model DV-III Rheometer. 

Data analysis 

All data was analysed using IBM SPSS Statistics version 25. Pen represented the replicate unit for 
statistical analysis. After Kolmogorov-Smirnov testing to confirm normality, ANOVA analysis was 
used to evaluate the impact of dietary sNSP level within each of the four dietary treatments with 
differing primary grain sources. The percentage of male birds per pen was applied as a co-variate. 
Treatment means were separated using the Tukey post-hoc test where appropriate. Correlations 
between dietary sNSP level and the measured parameters were investigated using Pearson product-
moment correlation coefficients. Statistical significance was declared at P < 0.05.  

 

In vitro analysis of NSP-ase efficacy and oligosaccharide production 
Ten samples each of wheat, corn, barley, soybean meal, canola meal and sorghum, representing the 
grains used in the bird trials, were collected and the soluble and insoluble NSP were analysed (using 
the method described above). Five of these 10 samples were then selected (i.e. the highest, lowest and 
three intermediate) for use the in vitro test. The NSP levels of the selected grains are presented in 
Table 5.  
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Table 5 Total NSP content of feed ingredients for in vitro analysis 

Sample ID Soluble NSP (g/kg) Insoluble NSP (g/kg) 
Wheat 1  10.83  58.03 
Wheat 2  14.54  81.93 
Wheat 3  15.80  50.72 
Wheat 4  15.57  69.34 
Wheat 5  12.04  71.03 
Barley 1  35.71  101.25 
Barley 2  26.73  69.77 
Barley 3  22.60  112.52 
Barley 4  28.29  70.05 
Barley 5  39.00  97.00 
Corn 1  4.20  52.05 
Corn 2  2.03  41.54 
Corn 3  5.07  53.82 
Corn 4  2.52  50.79 
Corn 5  1.91  51.14 
Canola meal 1  22.13  80.43 
Canola meal 2  5.30  61.71 
Canola meal 3  12.03  81.79 
Canola meal 4  20.01  66.30 
Canola meal 5  12.88  84.85 
SBM 1  9.31  65.36 
SBM 2  7.11  89.53 
SBM 3  8.31  84.02 
SBM 4  7.93  71.41 
SBM 5  6.36  72.84 
Sorghum 1  2.82  41.17 
Sorghum 2  1.76  35.78 
Sorghum 3  6.05  39.12 
Sorghum 4  13.03  31.85 
Sorghum 5  3.25  39.93 

 

The aim of this study was to examine if other NSP-ases can enhance xylanase efficacy, determined by 
the quantity and size of the xylo-oligosaccharides (XOS) generated. The treatments were no enzymes, 
xylanase, double xylanase dose, or xylanase plus beta-glucanase, cellulase, pectinase, mannanase, 
galactanase or arabinofuranosidase. This was tested by exposing the grain to the enzyme treatment in 
in vitro conditions that mimicked the gastrointestinal tract environment. The enzymes were added in 
at commercially recommended doses, to achieve the following activities:  

Xylanase (Econase XT 5P, AB Vista, Marlborough, UK) = 16,000 U/kg 

Beta-glucanase (Econase GT, AB Vista, Marlborough, UK) = 20,000 U/kg 

Cellulase (Sigma-Aldrich Pty Ltd, Castle Hill, Australia) = 2000 U/kg 

Pectinase (Deltagen, Kilsyth, Australia) = 1400 U/kg 

Mannanase (Deltagen, Kilsyth, Australia) = 250 U/kg 

Galactanase (Deltagen, Kilsyth, Australia) = 20 U/kg 

Arabinofuranosidase (Deltagen, Kilsyth, Australia) = 10,000 U/kg 
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First, approximately 2 g of grain sample (ground through a 0.5 mm screen) was suspended in 10 ml of 
0.1M hydrochloric acid (HCl) with pepsin. To mimic gastric phase conditions, this solution was then 
adjusted to pH 3.5 with 1M HCl and incubated at 42 °C for 20 minutes. To mimic intestinal 
conditions, the pH was then adjusted to pH 6 with 1M sodium hydroxide (NaOH) and 2 mg 
pancreatin. The solution was then incubated at 42 °C for 60 minutes and adjusted to pH 7 with 0.1M 
NaOH, centrifuged at 3,000 rpm for 15 minutes, and the aqueous phase was collected for analysis. 
The single sugars arabinose and xylose, and xylo-oligosaccharides xylobiose (X2), xylotriose (X3), 
xylotetraose (X4), xylopentaose (X5) and xylohexaose (X6) were extracted from the samples using a 
multi-step solid phase extraction. Extracted XOS were derivatised using 1-phenyl-3-methyl-5-
pyrazolone (PMP). Analysis of the PMP-XOS was carried out on an Agilent Single Quad LCMS 
equipped with Agilent ZORBAX SB-C18 column (3 x 150 mm, 1.8 micron) and separated using 
mobile phases, A: 0.1% formic acid in water (H2O); and B: 0.1% formic acid in acetonitrile. 

 

Comparing single and double doses of xylanase to NSP-ase cocktail 
Cobb 500 mixed-sex broilers (n = 1080 plus 30 spare birds) were obtained from a commercial 
hatchery at day of hatch. The chicks were randomised by weight and placed in 0.85 m2 floor pens, 108 
pens of approximately 10 birds per pen, 90 birds per treatment, bedded on clean wood shavings. All 
birds received vaccination against Marek’s disease, infectious bronchitis and Newcastle disease at the 
hatchery under the Australian code of practice for distribution of broiler chickens. Temperature 
settings followed Cobb 500 recommendations of 33–34 °C on arrival, followed by a gradual decrease 
by approximately 0.5 °C daily until a temperature of 21–22 °C was reached by d 21. The lighting 
regimen used was 24 hours light on d 1, with darkness increasing by one hour a day until six hours of 
darkness was reached, which was maintained throughout the remainder of the study. Mortality was 
recorded daily, and any birds culled or dead were weighed. Institutional and national guidelines for 
the care and use of animals were followed, and all experimental procedures involving animals were 
approved by the Animal Ethics Committee at the University of New England, New South Wales, 
Australia. 

Dietary treatments 

The dietary treatments replicated commercial diet formulations from different states across Australia, 
and were either barley, corn, sorghum or wheat-based; they were the ‘medium’ diets from Trial 1. 
Within each of these four treatments, the diets were supplemented with either the commercial 
recommended dose of xylanase (16,000 BXU/kg), a double dose of xylanase (32,000 BXU/kg) 
(Econase XT 5P, AB Vista, Marlborough, UK), or an NSP-ase cocktail of the same enzymes at the 
same doses as used in the in vitro study (xylanase, β-glucanase, cellulase, pectinase, mannanase, 
galactanase, arabinofuranosidase). This resulted in 12 dietary treatments. Protein level and energy 
level were formulated to be the same across all dietary treatments. All diets contained 0.5% titanium 
dioxide (TiO2) as a digestibility marker, and supplemental phytase at a commercial level (Quantum 
Blue, AB Vista, Marlborough, UK). Birds had ad libitum access to water and feed throughout the trial 
period. The diets were fed as starter from d 0–12, grower from d 12–23, and finisher from d 23–35. 
The diets were cold pelleted and fed as crumble (⌀0.1–0.2 mm) from d 0–7 and then pellet (⌀3 mm 
pellet) for the remainder of the trial period. The nutrient composition of the test diets is presented in 
Table 6. 
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Table 6 Nutrient composition of dietary treatments 

Ingredient (g/kg) Barley Corn Sorghum Wheat 
 Starter Grower Finisher Starter Grower Finisher Starter Grower Finisher Starter Grower Finisher 
Wheat 386.3 445.9 491.3 304.2 292.2 326.1 202.6 295.1 328.6 556.9 591.0 646.3 
Barley 149.3 149.2 149.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Canola seed 79.6 47.6 69.7 69.7 19.9 69.7 64.7 20.5 69.7 69.7 43.1 69.7 
Corn 0.0 0.0 0.0 248.8 298.5 298.5 0.0 0.0 0.0 0.0 0.0 0.0 
Sorghum 0.0 0.0 0.0 0.0 0.0 0.0 298.5 298.5 298.5 0.0 0.0 0.0 
Soybean meal 289.7 257.4 202.2 300.4 292.7 222.7 282.1 284.2 214.5 290.4 262.9 215.7 
Canola meal 29.9 29.8 20.7 29.9 29.8 29.9 79.6 29.8 29.9 24.9 29.8 5.0 
Canola oil 23.3 28.5 29.9 5.2 23.7 17.2 23.7 28.8 22.7 15.8 29.8 26.3 
Limestone 13.9 15.0 12.0 13.9 15.5 11.7 17.5 15.3 11.7 13.9 15.2 12.0 
Monocalcium phosphate 7.8 7.0 5.8 8.0 7.7 5.8 11.1 7.6 5.8 7.8 7.5 5.8 
sodium bicarbonate 3.6 3.7 3.8 3.3 4.2 3.2 3.5 4.3 3.3 3.7 4.7 3.7 
DL-methionine 2.9 3.0 3.3 2.8 3.1 3.3 2.8 3.1 3.2 2.8 3.1 3.3 
L-lysine HCl 2.8 2.6 2.6 2.8 2.2 2.2 2.9 2.4 2.4 3.1 2.7 2.6 
Salt 1.6 1.7 1.4 1.8 2.1 1.9 1.9 2.0 1.7 1.6 1.8 1.5 
L-threonine 1.3 1.3 1.0 1.2 1.1 0.8 1.1 1.1 0.9 1.4 1.3 1.0 
Copper sulphate 0.4 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 
Choline chloride 0.0 0.0 0.0 0.2 0.2 0.0 0.0 0.2 0.0 0.0 0.1 0.0 
Phytase (Quantum Blue)3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Vitamin premix2 1.0 0.8 0.8 1.0 0.8 0.8 1.0 0.8 0.8 1.0 0.8 0.8 
Mineral premix1 1.3 1.0 1.0 1.3 1.0 1.0 1.3 1.0 1.0 1.3 1.0 1.0 
Titanium dioxide 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
Salinomycin 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Probiotic (Alterion)4 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
             
Analysed composition             
Dry matter (g/100g) 90.53 89.30 88.20 88.73 88.07 87.49 90.46 89.50 88.25 89.70 89.02 88.55 
Protein (g/100g DM) 23.91 23.27 21.36 23.69 22.47 21.14 23.92 22.64 21.50 25.24 23.48 22.72 
Energy (MJ/kg DM) 17.53 17.10 17.00 16.80 16.48 16.59 17.21 16.78 16.85 17.08 16.93 17.00 
Soluble NSP (g/kg DM) 19.09 22.67 21.06 19.01 17.91 16.59 19.65 17.51 15.71 21.30 20.73 23.39 
Insoluble NSP (g/kg DM) 77.67 78.60 65.62 63.26 71.16 66.07 67.93 65.84 60.71 76.38 69.30 70.51 
Free OS (g/kg DM) 41.72 38.31 40.14 41.58 39.85 38.41 38.99 36.83 36.05 36.13 41.54 35.32 
1 Formulated to supply 23 mg copper, 1.79 mg iodine, 57 mg iron, 171 mg manganese, 0.43 mg selenium and 143 mg zinc per kg finished feed.2 Formulated to supply 5040 mg retinol, 17.5 mg cholecalciferol, 105 m  
tocopheryl acetate, 4 mg menadione, 4 mg thiamine, 11 mg riboflavin, 77 mg niacin, 18 mg pantothenate, 7 mg pyridoxine, 0.35 mg biotin, 3.0 mg folate, 0.02 mg cyanocobalamin per kg of finished feed.3 Quantum B   
Vista; 4 Alterion, Adisseo 
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Response variables 

Total pen weight and feed intake (FI) was determined on d 12, 23, and 35 post-hatch, and used to 
calculate feed conversion ratio corrected for mortality (cFCR). Fresh excreta samples (approximately  
200 g fresh sample) were collected per pen on d 12, 23 and 35 by monitoring the birds and 
immediately collecting the sample from the pen floor post-defecation. Litter samples were collected 
from five different points per pen and placed in a sealed plastic bag on d 12, 23, and 35 post-hatch. 
Dry matter content of the excreta and litter samples was determined; the entire litter sample or sub-
sample of excreta was weighed into duplicate crucibles and oven dried at 105 °C to a constant weight, 
and then re-weighed, and dry matter (%) was then calculated. The remaining excreta sample was 
frozen at –20 °C, freeze-dried to constant weight, and then ground through a 0.5 mm screen. Samples 
of the diets were also ground through a 0.5 mm screen. On d 12 and 23, birds were euthanised (n = 3 
per pen at d 12 and n = 2 per pen at d 23) and ileum digesta samples were collected, for determination 
of NSP digestibility at each dietary phase.   

On d 35, the number of males and females per pen was recorded and one male and one female per pen 
were weighed individually and euthanised. Breast, thigh and drumstick were collected and weighed 
per bird. Gizzard, jejunum and ileum digesta samples were collected per bird, and pooled per pen. Dry 
matter content was determined in a sub-sample of the digesta samples, using the same method 
described above. Caeca samples per pen were also collected on d 35.  

A TiO2 marker was quantified in the feed, d 12, 23 and 35 excreta and ileum digesta samples, and d 
35 gizzard and jejunum digesta samples by UV spectroscopy at 410 nm (Cary 50 Bio UV-Visible 
spectrophotometer equipped with a Cary 50 MPR microplate reader, Varian Inc., Palo Alto, CA, 
USA), using the method described by Short et al. (1996). 

Viscosity was determined in sub-samples of fresh d 35 ileum digesta using a Brookfield Model DV-
III Rheometer. Nitrogen content of the diets and d 35 ileum digesta samples was determined using the 
combustion method (LECO Corp., St. Joseph, MI, USA), and this value was multiplied by a factor of 
6.25 to determine protein content. Gross energy was determined in the diets and d 35 ileum samples 
using an adiabatic bomb calorimeter (Model 6400, Parr Instruments, Moline, IL, USA), standardised 
with benzoic acid. Starch was measured in the diets and d 35 ileum samples using the Megazyme total 
starch assay (Megazyme International Ireland Ltd, Wicklow, Ireland). Xylo-oligosaccharide 
concentration was determined in the d 35 ileum samples using the method described above. Soluble 
and insoluble NSP and free oligosaccharide composition of the ingredients, diets, ileum digesta and 
excreta samples at d 12, 23 and 35, and gizzard and jejunum digesta samples at d 35 was determined 
following the procedure described above.   

Ileum digestibility of dry matter, protein, energy and starch at d 35, and degradability of soluble and 
insoluble NSP and free oligosaccharides in the gizzard, jejunum, ileum and excreta at d 35, and ileum 
and excreta at d 12 and 23 was determined using the following equation:  

= [100 – (Nutrient excreta/digesta × TiO2 feed) / (TiO2 excreta/digesta × Nutrient feed)] x 100 

Disappearance of NSP along the gastrointestinal tract was calculated by the undigested dry matter 
(100 minus the dry matter digestibility) multiplied by the quantity of NSP, for the gizzard, jejunum, 
ileum and excreta at d 35.  

Short chain fatty acids were measured in the d 35 caeca samples using the method described by 
Jensen et al. (1995), with some modifications. Briefly, approximately 0.8 g of fresh homogenised 
caecal digesta sample maintained at approximately 5 °C was homogenised with 1 mL of internal 
standard (0.01 mol/L ethylbutyric acid). The sample was then centrifuged at 3,900 × g for 20 minutes 
at 5 °C, and 1 mL of resulting supernatant was mixed with 0.5 mL concentrated HCl (36%) and 2.5 
mL of ether. The sample was centrifuged at 2000 × g for 15 minutes at 5 °C, and 400 µL of resulting 
supernatant was transferred into a GC vial. Following this, 40 µL of N-tert-butyldimethlsilyl-N-
methyltrifuoroacetamide (MTBSTFA) was added to the vial and the sample was heated at 80 °C for 
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20 minutes, and then maintained at room temperature for 48 hours, prior to analysis on a Varian 
CP3400 CX gas chromatograph (Varian Analytical Instruments, Palo Alto, CA, USA). The SCFA 
concentration in the samples was expressed as µmol/g digesta. 

Analysis of microbiota composition was determined in duplicate in the d 35 cecal digesta samples. 
DNA extraction from the samples was performed using an Isolate II Plant DNA Kit (Bioline, 
Alexandria, NSW, Australia) and QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) with 
slight modification as described by Keerqin et al. (2017) and Kheravii et al. (2017). The purity of the 
extracted DNA was assessed by a Nano-Drop ND-8000 UV spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA). Only DNA elution that emitted ratios from 1.8 and above at a 
wavelength of 260/280 nm were used for PCR analysis. Following a 20 × dilution with sterilised 
water, the extracted DNA was analysed for total anaerobic bacteria, Bacillus spp., Bacteriodes spp., 
Bifidobacterium spp., Ruminococcus spp., Lactobacillus spp. and Enterobacteria spp. by quantitative 
real-time PCR analysis, using a Rotorgene 6500 real-time PCR machine, and quantification was 
determined using  Rotorgene 6000 series software 1.7 (Corbett, Sydney, Australia). A threshold cycle 
averaged from the duplicate samples was used for quantification analysis. The number of target DNA 
copies was calculated using a standard curve constructed with plasmid DNA cloned with the 
amplicons. Copy numbers of plasmid DNA were calculated according to its mass, taking into account 
the size of the plasmid with amplicon insert. The resulting values were expressed as log10 (genomic 
DNA copy number)/g digesta. The species-specific 16 rRNA primers utilised are described in detail 
by Kheravii et al. (2017). 

Data analysis 

All data was analysed using IBM SPSS Statistics version 25. Pen represented the replicate unit for 
statistical analysis. After Kolmogorov-Smirnov testing to confirm normality, ANOVA analysis was 
used to evaluate the impact of dietary enzyme treatment within each of the four dietary treatments 
with differing primary grain sources. The percentage of male birds per pen was applied as a co-
variate. Treatment means were separated using the Tukey post-hoc test where appropriate. Statistical 
significance was declared at P < 0.05. 
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Chapters 
Survey of current NSP levels in commercial poultry feed 
Table 7 presents the average soluble, insoluble and free oligosaccharide level in commercial starter, 
grower, finisher, withdrawal and breeder diets, 30 replicates per dietary phase. Table 8 presents the 
range in insoluble and soluble NSP within each state. 

Table 7 Average insoluble and soluble non-starch polysaccharide concentration of commercial 
Australian meat chicken diets 

 Soluble (g/kg) Insoluble (g/kg) Free oligosaccharides (g/kg) 
Starter  6.09–22.97 64.55–95.14  31.17–54.05 
Grower  5.55–22.10 54.74–143.35  31.63–52.25 
Finisher  5.04–23.02 55.60–101.30  27.67–48.80 
Withdrawal  3.33–21.96 51.71–92.69  30.44–69.50 
Breeder  15.93–20.07 76.09–149.54  24.53–33.84 

 
Table 8 Range in insoluble and soluble non-starch polysaccharide concentration of 
commercial meat chicken diets from each state in Australia 

States Starter Grower Finisher Withdrawal Breeder 
Soluble Insoluble Soluble Insoluble Soluble Insoluble Soluble Insoluble Soluble Insoluble 

NSW 6.09–
17.38 

66.28–
79.51 

6.44–
14.53 

58.66–
79.79 

5.82–
12.74 

62.67–
81.03 

9.06–
19.53 

54.67–
79.88 

16.18–
17.48 

81.81–
90.02 

QLD 6.28–
22.97 

64.55–
78.07 

5.55–
14.85 

54.74–
84.13 

5.04–
5.87 

55.60–
63.92 

3.33–
5.03 

51.71–
61.77 

18.20–
19.97 

131.27–
149.54 

SA 8.91–
21.09 

68.75–
82.24 

10.34–
22.10 

67.90–
143.35 

11.87–
23.02 

74.84–
83.76 

14.61–
20.03 

73.87–
80.78 

18.92–
19.07 

76.14–
83.55 

VIC 7.68–
17.98 

76.44–
79.40 

10.13–
13.14 

69.78–
78.10 

11.06–
22.68 

75.80–
95.65 

11.77–
21.96 

76.55–
80.72 

18.96–
19.41 

76.09–
77.03 

WA 9.36–
19.54 

79.59–
95.14 

7.95–
13.72 

83.40–
94.77 

9.82–
14.31 

76.11–
101.30 

9.06–
15.57 

86.97–
92.69 

15.93–
20.71 

98.90–
107.28 

TAS 16.72–
18.02 

69.94–
70.06 

4.47–
10.74 

60.69–
71.06 

10.63–
12.48 

60.91–
64.96 

10.81–
16.15 

74.97–
90.19 

N/A N/A 

 

Table 9 presents the relationship between dietary NSP level and corrected feed conversion ratio 
(cFCR) derived using Ingham’s commercial data from broiler chickens fed the diets that had been 
analysed at UNE. There was consistently a strong, statistically significant relationship between dietary 
insoluble NSP content and cFCR, at every phase. There was also a strong, statistically significant 
relationship between dietary soluble NSP level and cFCR in the finisher phase. 

Table 9 Correlations between insoluble and soluble non-starch polysaccharide content and 
corrected FCR (cFCR) in broilers, from Ingham’s commercial data 

 Soluble (g/kg) Insoluble (g/kg) 
Starter r = 0.207 P = 0.477 r = 0.538 P = 0.047 
Grower r = 0.046 P = 0.872 r = 0.612 P = 0.013 
Finisher r = 0.530 P = 0.042 r = 0.590 P = 0.020 
Withdrawal r = 0.361 P = 0.275 r = 0.615 P = 0.044 
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Influence of soluble NSP level and composition on performance, 
excreta moisture content and nutrient digestibility 
Dietary soluble NSP (sNSP) level had no impact on any performance parameters in the starter phase 
(d 0–12), withdrawal phase (d 31–42) or overall trial period (d 0–42) (P > 0.05). Additionally, at d 42, 
the dietary treatments also had no impact on breast, thigh or drumstick weight, male or female BW, 
excreta moisture content or ileum viscosity. Consequently, only the effects of dietary NSP level in the 
grower and finisher phase were examined further in this study.  

Performance 

Table 10 illustrates the effect of sNSP level, within each of four different diets, on bird performance at 
d 0–23 and d 0–31. At d 0–23, sNSP level had a significant impact on performance in birds fed the 
sorghum- and corn-based diets, but not in birds fed the wheat- or barley-based diets. Birds fed the 
sorghum- or corn-based diets with high sNSP content presented lower cFCR values compared with 
those fed the low sNSP level (P = 0.004 and P = 0.044, respectively). Additionally, in birds fed the 
corn-based diets, bird body weight and feed intake were greater when feeding the medium sNSP 
compared with the low sNSP level (P = 0.005 and P = 0.040, respectively). There was no effect of 
sNSP level on bird performance at d 0–31.   

Table 10 Effect of dietary soluble non-starch polysaccharide (sNSP) level in commercial-type 
diets with differing primary grain sources on individual feed intake (FI), body weight gain 
(BWG) and feed conversion ratio corrected for mortality (cFCR) at age d 0–23 and d 0–31 

Grain sNSP level d 0–23 d 0–31 
FI (g) BWG (g) cFCR FI (g) BWG (g) cFCR 

Barley  
Low 1573 1257 1.25 2727 2005 1.36 
Medium 1599 1226 1.30 2740 1970 1.39 
High 1580 1249 1.27 2727 1973 1.38 

SEM  22 11 0 27 18 0 
P-value  0.885 0.497 0.416 0.979 0.693 0.381 

Corn 
Low 1619b 1187b 1.36a 2810 2001 1.40 
Medium 1717a 1292ab 1.33ab 2871 2010 1.43 
High 1620b 1247a 1.30b 2789 2013 1.39 

SEM  18 14 0 24 18 0 
P-value  0.040 0.005 0.044 0.375 0.967 0.159 

Sorghum 
Low 1678 1240 1.35a 2876 2045 1.41 
Medium 1646 1292 1.27b 2880 2028 1.42 
High 1633 1263 1.29b 2817 2000 1.41 

SEM  15 11 0 22 22 0 
P-value  0.478 0.149 0.004 0.443 0.393 0.593 

Wheat 
Low 1594 1235 1.29 2740 1995 1.38 
Medium 1609 1239 1.30 2753 1974 1.40 
High 1630 1225 1.33 2750 1974 1.39 

SEM  12 10 0 20 19 0 
P-value  0.495 0.839 0.255 0.964 0.886 0.519 

a,b Means within the same column, within the same parameter, with no common subscript, differ significantly. 
 

Excreta and litter dry matter, dry matter digestibility and AMEn 

Table 11 presents the effect of sNSP level on excreta and litter dry matter content, total tract dry 
matter digestibility and AMEn, determined at d 23 and d 31. Dietary sNSP level had a significant 
impact on litter DM content only in birds fed the corn-based diets; litter DM content was lower in 
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birds fed the diet with low sNSP concentration compared with those fed the medium sNSP level at d 
23 (P = 0.045), or high sNSP level at d 31 (P = 0.022). Birds fed the corn-based diet also presented 
greater excreta DM at d 23 when fed the high sNSP level compared with the low sNSP level (P = 
0.007). In birds fed the sorghum-based diet, excreta DM at d 31 was greater when feeding the medium 
sNSP level compared with the high sNSP level (P = 0.031). Overall, as dietary sNSP level increased, 
excreta DM content at d 31 decreased (r = ˗0.161, P = 0.017).  

Dietary sNSP level had a significant impact on total tract dry matter digestibility at d 23, irrespective 
of the primary grain source of the diet. In birds fed the wheat- and corn-based diets, DM digestibility 
was greatest when feeding the low sNSP level (P < 0.001 for both), but in the sorghum- and barley-
based diets, it was highest when feeding the medium or high sNSP level, respectively (P < 0.001 for 
both). At d 31, sNSP had no impact on DM digestibility in birds fed the wheat-based diets, but in the 
barley-, corn- and sorghum-based diets it was consistently greatest in birds fed the low sNSP level 
compared with the high sNSP level (P < 0.001, P = 0.008 and P < 0.001, respectively). Overall, as 
sNSP level increased, DM digestibility decreased at d 23 (r = 0.176, P = 0.022) and d 31 (r = 0.210, P 
= 0.006).  

In birds fed the corn-based diet, AMEn at d 23 was greater when feeding the high sNSP level 
compared with the medium sNSP level (P = 0.027). At d 31, in both birds fed the barley-based diet 
and sorghum-based diet, AMEn was lower when feeding the low sNSP level compared with the high 
sNSP level (P < 0.001 and P = 0.016, respectively). Overall, at both d 23 and d 31, as dietary sNSP 
level increased, AMEn increased (r = 0.225, P = 0.003 and r = 0.242, P = 0.002, respectively). 

Table 11 Effect of dietary soluble non-starch polysaccharide (sNSP) level in commercial-type 
diets with differing primary grain sources on excreta and litter dry matter content (DM %), total 
tract dry matter digestibility (DM digestibility %) and apparent metabolisable energy corrected 
to nitrogen (AMEn) at age d 23 and d 31 

Grain sNSP level Excreta DM (%) Litter DM (%) DM digestibility (%) AMEn (MJ/g DM) 
 d 23  d 31  d 23  d 31  d 23  d 31  d 23  d 31 

Barley  
Low  18.3  18.0  58.0  59.1  88.2b  89.4a  12.2  11.9b 
Medium  17.2  18.6  63.9  60.9  87.8c  88.5b  12.4  12.6a 
High  17.1  17.9  61.2  59.2  88.5a  88.2c  12.7  12.7a 

SEM   0.3  0.3  1.0  1.4  0.1  0.1  0.1  0.2 
P- value   0.115  0.555  0.076  0.839  <0.001  <0.001  0.489  <0.001 

Corn 
Low  14.5b  16.8  53.8b  52.2b  88.7a  88.3a  12.6ab  13.3 
Medium  15.2ab  17.3  59.0a  59.1ab  87.6c  88.1ab  12.4b  12.9 
High  16.7a  17.6  58.0ab  62.0a  88.2b  88.0b  13.6a  12.7 

SEM   0.3  0.3  0.9  1.5  0.1  0.0  0.2  0.1 
P- value   0.007  0.413  0.045  0.022  <0.001  0.008  0.027  0.094 

Sorghu
m 

Low  16.5  18.9ab  57.8  59.1  88.3b  89.0a  12.6  11.6b 
Medium  17.0  19.7a  59.3  62.6  89.4a  88.0b  11.8  11.8ab 
High  17.3  17.6b  57.3  60.0  88.3b  87.3c  12.3  12.3a 

SEM   0.2  0.4  1.3  1.4  0.2  0.1  0.2  0.1 
P- value   0.344  0.031  0.818  0.620  <0.001  <0.001  0.503  0.016 

Wheat 
Low  16.6  19.0  59.8  61.0  88.2a  87.7  12.8  12.6 
Medium  16.3  18.0  57.7  62.0  87.5c  87.7  13.7  12.0 
High  16.7  18.2  60.3  59.0  87.8b  87.9  12.7  12.0 

SEM   0.3  0.2  1.0  1.2  0.1  0.1  0.2  0.2 
P- value   0.874  0.235  0.566  0.588  <0.001  0.320  0.227  0.424 
a,b Means within the same column, within the same parameter, with no common subscript, differ significantly 
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NSP degradability 

Figure 1 presents that dietary sNSP level had a significant impact on total tract sNSP degradability, 
irrespective of the diet primary grain source or bird age (P < 0.001 for all). At d 23, for all grain 
sources, sNSP degradability was consistently highest in birds fed the diet with low sNSP level and 
lowest in birds fed the diet with high sNSP level (P < 0.001). This was also the case at d 31 in birds 
fed the barley-, corn- and wheat-based diets, but in birds fed the sorghum-based diet, sNSP 
degradability was lower in birds fed the diet with high sNSP level compared with those fed the low or 
medium sNSP level (P < 0.001).  

In birds fed the barley- and corn-based diets, soluble ribose, galactose and glucose digestibility was 
highest in birds fed the diet with low sNSP content compared with those fed any other treatment, 
whereas soluble arabinose, xylose, mannose and rhamnose digestibility was greatest in birds fed the 
diet with medium sNSP level (P < 0.001 for all). In birds fed the sorghum- and wheat-based diets, 
however, soluble ribose, arabinose and xylose degradability at d 23 was greatest in birds fed the low 
sNSP level (P < 0.001 for all). At d 31, feeding the low sNSP level resulted in the greatest 
degradability of soluble arabinose and xylose (P < 0.001 for both), but rhamnose and mannose 
degradability was highest when feeding the high sNSP level (P = 0.005 and P < 0.001, respectively). 
Birds fed the corn-based diet presented greater soluble galactose, arabinose, xylose and mannose 
degradability at d 31 when fed the high sNSP level compared with the low and medium sNSP level (P 
< 0.001 for all). In contrast, in birds fed the sorghum- and wheat-based diets, degradability of soluble 
arabinose, xylose and glucose was highest in birds fed the low sNSP level (P < 0.001 for all).  

Figure 2 illustrates that insoluble NSP digestibility was consistently higher in birds fed the high sNSP 
diets compared with the low sNSP diets, regardless of primary grain source or bird age (P < 0.005). 
Also, in birds fed the sorghum- or wheat-based diet at d 23 or barley-based diet at d 31, insoluble NSP 
digestibility was greater in birds fed the medium sNSP level compared with the low sNSP level (P < 
0.001 for all). In birds fed the barley-based diets at both d 23 and d 31, degradability of insoluble 
rhamnose, fucose, arabinose, xylose and mannose was higher in birds fed the low sNSP level 
compared with the high sNSP level (P < 0.001 for all). In birds fed the corn-, wheat- and sorghum-
based diets, however, insoluble xylose, mannose, glucose, rhamnose, fucose and arabinose 
degradability at both d 23 and d 31 was greatest in birds fed the high sNSP level (P < 0.001 for all). 

Figure 3 presents that at d 23, free oligosaccharide digestibility was consistently greater in birds fed 
the low sNSP level compared with the high sNSP level, regardless of primary grain source (P < 0.001 
for all). This was also the case in birds fed the barley- (P = 0.008), corn- (P < 0.001) and sorghum-
based (P < 0.001) diets at d 31. In birds fed these diets, free ribose, mannose and glucose digestibility 
at d 23 was greatest in birds fed the low sNSP level (P = 0.001 for all). At d 31 in birds fed the barley- 
and sorghum-based diet, rhamnose (P < 0.001), ribose (P < 0.001) and galactose (P = 0.002 and P < 
0.001, respectively) digestibility was highest in birds fed the low sNSP diet, but the opposite was true 
for digestibility of free mannose (P < 0.001). In birds fed the corn-based diet, rhamnose, galactose and 
glucose digestibility at d 31 was greatest in birds fed the low sNSP level (P < 0.001 for all). 
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Figure 1 Effect of dietary soluble non-starch polysaccharide (sNSP) level in commercial-type 
diets with differing primary grain sources on total tract soluble non-starch polysaccharide 
degradability (% DM), as determined at age d 23 and d 31 
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Figure 2 Effect of dietary soluble non-starch polysaccharide (sNSP) level in commercial-type 
diets with differing primary grain sources on total tract insoluble non-starch polysaccharide 
degradability (% DM), as determined at age d 23 and 31
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Figure 3 Effect of dietary soluble non-starch polysaccharide (sNSP) level in in commercial-type 
diets with differing primary grain sources on total tract free oligosaccharide digestibility (% 
DM), as determined at age d 23 and 31
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In vitro analysis of NSP-ase efficacy and oligosaccharide production 
Table 12 presents the quantities of xylose, arabinose and xylo-oligosaccharides (X2–X6) produced as a 
consequence of exposing different batches of feed ingredients (five batches each of wheat, barley, 
corn, canola meal, soybean meal and sorghum) to either no enzymes, xylanase, double dose of 
xylanase, or xylanase plus an additional NSP-ase (β-glucanase, cellulase, pectinase, mannanase, 
galactanase or arabinofuranosidase). These samples and enzyme treatments were exposed to 
conditions that mimicked the gastrointestinal environment, using a two-step in vitro assay.  

The enzyme treatments did not increase XOS manufacture from wheat, canola meal or corn. In barley, 
supplementation with double xylanase or xylanase combined with β-glucanase or cellulase increased 
production of X6 and X5 (P < 0.001). Additionally, X3 production was increased by the presence of 
xylanase coupled with cellulase, pectinase, mannanase or arabinofuranosidase. All enzyme treatments 
increased the quantity of X2 produced from barley (P < 0.001), but to a lesser extent with a single 
dose of xylanase or xylanase with galactanase. In soybean meal, supplementation with combined 
xylanase and galactanase resulted in increased X3 production (P < 0.001), and X2 production was 
increased by supplementation with double xylanase or combined xylanase and pectinase (P < 0.001). 
X2 manufacture from sorghum was increased by all the enzyme treatments (P = 0.027). 
Supplementation with double xylanase and combined xylanase and cellulase resulted in increased X3 
production from sorghum (P = 0.003).  

As predicted, arabinose production was increased as a consequence of supplementation with xylanase 
coupled with arabinofuranosidase in all the feed ingredients, except corn (P < 0.001). It was also 
increased in soybean meal as a consequence of supplementing xylanase with cellulase (P < 0.001). 
Xylose manufacture from soybean meal was heightened by all enzyme treatments (P < 0.001). 
Supplementation with double xylanase increase xylose production in wheat, barley, canola meal and 
sorghum (P < 0.001). In barley, xylose concentration was also increased by application of single 
xylanase, and xylanase coupled with β-glucanase, pectinase or mannanase (P < 0.001). Similarly in 
canola meal, supplementation with single xylanase or xylanase with β-glucanase or cellulase resulted 
in heightened xylose production (P < 0.001). Xylanase with arabinofuranosidase also increased xylose 
production from sorghum (P < 0.001).  
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Table 12 Proportion of arabinoxylan converted into xylose, arabinose or xylo-oligosaccharides (mg/kg) in different batches of ingredients exposed 
to a two-step in vitro assay procedure in the presence of xylanase, double xylanase dose or xylanase with an additional NSP-ase   

Grain Enzyme treatment Xylo-oligosaccharides Arabinose Xylose 
X6 X5 X4 X3 X2   

Wheat  

No enzyme 23.2 33.4a 53.4 86.2 112.0 166.8bc 130.0b 
Xylanase 1.0 0.8b 0.0 60.2 731.8 18.8c 421.4b 
Double Xylanase 13.6 0.6b 0.0 430.0 4430.6 607.4ab 3516.4a 
Xylanase + β-glucanase 5.0 2.6ab 0.0 249.6 2641.0 146.0bc 1877.2ab 
Xylanase + Cellulase 3.8 0.0b 13.2 753.8 3318.0 242.0bc 1434.0ab 
Xylanase + Pectinase 0.0 0.0b 1.8 552.8 2376.8 157.4bc 1032.2b 
Xylanase + Mannanase 0.0 0.0b 3.0 469.4 2282.4 69.2c 1014.8b 
Xylanase + Galactanase 0.0 0.0b 1.4 469.6 1491.4 50.2c 388.8b 
Xylanase + Arabinofuranosidase 0.0 0.0b 4.8 718.4 2458.8 854.6a 766.0b 

SEM  2.0 2.59 4.29 59.84 325.53 52.09 207.97 
P-value  0.053 0.030 0.060 0.041 0.065 <0.001 0.001 

Barley 

No enzyme 1.8d 2.2cd 4.2a 7.2d 7.2d 25.4b 7.4d 
Xylanase 7.2bc 3.0cd 0.2b 18.0cd 603.4bc 28.4b 512.6c 
Double Xylanase 10.2b 9.2b 0.2b 18.4cd 1115.0ab 136.4b 1575.4a 
Xylanase + β-glucanase 15.4a 5.8bc 0.0b 67.2bcd 1023.0abc 112.0b 1079.0b 
Xylanase + Cellulase 10.2b 19.4a 2.2ab 319.0a 1340.0a 76.8b 402.0cd 
Xylanase + Pectinase 4.4cd 4.8bcd 0.6b 271.4a 1184.0ab 35.8b 556.6c 
Xylanase + Mannanase 0.0d 0.0d 1.2b 206.6abc 920.8abc 36.2b 499.2c 
Xylanase + Galactanase 0.0d 0.0d 0.8b 159.2abcd 506.8c 30.2b 129.2cd 
Xylanase + Arabinofuranosidase 0.0d 0.0d 2.6ab 231.8ab 1000.0abc 449.6a 440.6cd 

SEM  1.76 1.96 0.44 37.70 129.90 42.73 150.46 
P-value  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Corn 

No enzyme 0.2b 0.2 1.2a 2.4 2.8 35.6 4.6 
Xylanase 0.8ab 0.0 0.0b 2.0 135.8 62.8 123.4 
Double Xylanase 1.8a 0.4 0.0b 2.4 125.2 196.4 307.6 
Xylanase + β-glucanase 0.8ab 0.0 0.0b 2.4 58.4 114.4 219.6 
Xylanase + Cellulase 0.0b 0.0 0.0b 7.0 71.2 41.4 55.0 
Xylanase + Pectinase 0.0b 0.0 0.4ab 5.0 77.0 59.4 56.2 
Xylanase + Mannanase 0.0b 0.0 0.2ab 7.4 120.2 41.0 108.2 
Xylanase + Galactanase 0.0b 0.0 0.0b 4.8 68.6 18.2 21.0 
Xylanase + Arabinofuranosidase 0.0b 0.0 0.0b 10.6 130.2 151.8 76.2 

SEM  0.19 0.04 0.13 0.93 13.79 19.06 30.89 
P-value  <0.001 0.527 0.021 0.290 0.691 0.051 0.094 
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Canola 
Meal 

No enzyme 0.0 0.0 0.0 0.2 0.6 138.2b 14.6d 
Xylanase 0.0 0.0 0.0 0.8 25.8 27.6b 117.2abc 
Double Xylanase 0.0 0.0 0.0 0.8 3.2 81.4b 163.6a 
Xylanase + β-glucanase 0.0 0.0 0.0 1.4 2.6 114.6b 125.0ab 
Xylanase + Cellulase 0.0 0.0 0.0 1.0 6.4 87.6b 116.0abc 
Xylanase + Pectinase 0.0 0.0 0.0 0.8 11.0 12.4b 47.4cd 
Xylanase + Mannanase 0.0 0.0 0.0 1.2 8.8 16.0b 83.8bcd 
Xylanase + Galactanase 0.0 0.0 0.0 2.2 13.2 44.6b 72.8bcd 
Xylanase + Arabinofuranosidase 0.0 0.0 0.0 0.2 7.0 2797.6a 71.4bcd 

SEM  0.00 0.00 0.00 0.19 2.38 286.56 14.16 
P-value  - - - 0.082 0.449 <0.001 <0.001 

Soybean 
Meal 

No enzyme 0.0 0.0 0.0 0.4b 0.6c 4.2c 1.4c 
Xylanase 0.0 0.0 0.0 0.2b 2.0bc 38.2bc 183.8a 
Double Xylanase 0.0 0.0 0.0 1.0ab 41.6a 10.2c 79.4b 
Xylanase + β-glucanase 0.0 0.0 0.0 0.4b 3.4bc 18.6c 91.8b 
Xylanase + Cellulase 0.0 0.0 0.0 0.8ab 3.8bc 137.4b 85.0b 
Xylanase + Pectinase 0.0 0.0 0.0 1.2ab 20.4b 9.0c 62.6b 
Xylanase + Mannanase 0.0 0.0 0.0 1.2ab 12.8bc 16.4c 106.4b 
Xylanase + Galactanase 0.0 0.0 0.0 1.8a 10.4bc 40.2bc 70.8b 
Xylanase + Arabinofuranosidase 0.0 0.0 0.0 0.8ab 7.8bc 893.2a 81.8b 

SEM  0.00 0.00 0.00 0.16 4.06 90.89 14.90 
P-value  - - - <0.001 <0.001 <0.001 <0.001 

Sorghum 

No enzyme 0.0 0.0 0.6ab 1.2b 1.8c 29.2b 1.6b 
Xylanase 0.0 0.0 0.4ab 1.8b 33.8ab 20.8b 15.2ab 
Double Xylanase 0.2 0.0 0.0b 6.6a 79.0a 33.8b 65.6a 
Xylanase + β-glucanase 0.0 0.0 1.2a 2.2ab 59.2ab 41.0b 18.0ab 
Xylanase + Cellulase 0.0 0.0 0.0b 5.0a 21.8b 19.2b 21.2ab 
Xylanase + Pectinase 0.0 0.0 0.0b 1.2b 42.0ab 18.6b 16.8ab 
Xylanase + Mannanase 0.0 0.0 0.0b 1.6b 79.8a 24.2b 53.2ab 
Xylanase + Galactanase 0.0 0.0 0.0b 3.4ab 25.4b 11.8b 7.2b 
Xylanase + Arabinofuranosidase 0.0 0.0 0.0b 3.0ab 74.8ab 120.4a 66.4a 

SEM  0.02 0.00 0.133 0.58 8.86 10.39 7.91 
P-value  0.453 - 0.033 0.003 0.027 <0.001 <0.001 

a,b,c,d Means within the same column, within the same parameter, with no common subscript, differ significantly. 
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Comparing single and double doses of xylanase to NSP-ase cocktail 

Performance 

Table 13 presents that in birds fed the barley-based diet at d 12–23, feed intake was greater in birds 
fed the single dose of xylanase compared with the NSP-ase cocktail (P = 0.045), and cFCR value was 
lower in birds fed the double dose of xylanase or NSP-ase cocktail compared with those fed the single 
dose of xylanase (P = 0.042). In birds fed the corn-based diet at d 0–12, BWG was higher in birds fed 
the double xylanase dose or NSP-ase cocktail compared with those fed the single xylanase dose (P = 
0.011), and the cFCR value was lower in bird fed the double dose compared with the single dose of 
xylanase (P = 0.004). In birds fed the sorghum-based diet at d 23–35, BWG was higher and cFCR 
value was lower in birds fed the single dose of xylanase compared with the NSP-ase cocktail (P = 
0.030 and P = 0.009, respectively). In birds fed the wheat based diet at d 0–12, BWG was higher in 
birds fed the NSP-ase cocktail compared with the single dose of xylanase (P = 0.030). The enzyme 
treatments had no impact on FI, BWG or cFCR in broilers at d 0–35, or on female BW at d 35 (P > 
0.05). In male birds fed the sorghum-based diet, BW at d 35 was greater when feeding the single dose 
of xylanase compared with the double xylanase dose or NSP-ase cocktail (P = 0.047). The enzyme 
treatments had no impact on male BW in birds fed the barley-, corn- or wheat-based diets (P > 0.05). 
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Table 13  Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double dose (32,000 BXU/kg) or NSP-cocktail) in commercial-
type diets with differing primary grain sources on individual feed intake (FI), body weight gain (BWG) and feed conversion ratio corrected for 
mortality (cFCR) in broilers at each phase 

Grain Enzyme d 0–12 d 12–23 d 23–35 d 0–35 
FI (g) BWG (g) cFCR FI (g) BWG (g) cFCR FI (g) BWG (g) cFCR FI (g) BWG (g) cFCR Male BW (g) Female BW (g) 

Barley  
Single 328 296 1.11 1396a 1019 1.37a 1940 1244 1.56 3526 2560 1.38 2853 2542 
Double 319 292 1.09 1352ab 1019 1.33b 1949 1221 1.60 3499 2531 1.38 2791 2452 
Cocktail 318 296 1.08 1321b 994 1.33b 1800 1116 1.63 3300 2406 1.37 2764 2382 

SEM  3.27 2.93 0.01 12.68 9.43 0.01 43.67 33.19 0.02 50.26 37.93 0.01 30.31 48.57 
P-value  0.416 0.814 0.175 0.045 0.497 0.042 0.324 0.265 0.401 0.143 0.231 0.727 0.501 0.431 

Corn 
Single 325 280b 1.16a 1422 1042 1.37 1994 1251 1.60 3637 2573 1.41 2918 2531 
Double 333 298a 1.12b 1394 1041 1.34 1916 1184 1.63 3510 2524 1.39 2870 2520 
Cocktail 344 299a 1.14ab 1391 1027 1.36 1980 1225 1.62 3571 2551 1.40 2692 2545 

SEM  3.33 3.12 0.01 15.02 11.44 0.01 45.39 32.75 0.02 58.41 41.60 0.01 46.34 40.30 
P-value  0.216 0.011 0.004 0.677 0.845 0.171 0.775 0.725 0.758 0.703 0.903 0.344 0.118 0.972 

Sorghum 
Single 311 287 1.08 1359 1000 1.36 1915 1266a 1.52b 3482 2552 1.37 2983a 2381 
Double 320 293 1.09 1357 1012 1.34 2000 1252ab 1.60ab 3543 2557 1.39 2752b 2355 
Cocktail 315 289 1.09 1354 1006 1.35 1859 1101b 1.70a 3351 2396 1.40 2738b 2389 

SEM  2.36 2.53 0.01 13.45 11.38 0.01 40.36 28.42 0.02 42.88 34.35 0.01 45.74 46.90 
P-value  0.278 0.637 0.672 0.989 0.915 0.370 0.385 0.030 0.009 0.192 0.100 0.247 0.047 0.958 

Wheat 
Single 315 291b 1.09 1390 1027 1.35 1899 1197 1.60 3445 2514 1.37 2698 2536 
Double 321 299ab 1.07 1308 980 1.34 1825 1148 1.59 3315 2427 1.37 2728 2408 
Cocktail 332 313a 1.06 1311 987 1.33 1802 1151 1.57 3318 2450 1.35 2777 2470 

SEM  3.58 3.45 0.01 15.91 11.34 0.01 35.44 25.74 0.02 45.86 31.15 0.01 46.78 38.52 
P-value  0.127 0.030 0.476 0.058 0.201 0.146 0.537 0.709 0.831 0.447 0.525 0.552 0.803 0.430 

a,b Means within the same column, within the same parameter, with no common subscript, differ significantly. 
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Meat yield 

Table 14 illustrates that the enzyme treatments had no impact on d 35 breast meat weight (P > 0.05). 
In birds fed the barley-based diet, thigh weight at d 35 was lower when feeding the NSP-ase cocktail 
compared with feeding either the single or double dose of xylanase (P = 0.026). The enzyme 
treatments had no impact on thigh weight in birds fed the corn-, sorghum- or wheat-based diets (P > 
0.05). In birds fed the corn-based diet, drumstick weight at d 35 was higher in birds fed the single 
dose of xylanase compared with those fed the NSP-ase cocktail (P = 0.003). The enzyme treatments 
had no impact on drumstick weight in birds fed the barley-, sorghum- or wheat-based diets (P > 0.05). 

Table 14  Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on weight of breast, drumstick and thigh meat in male and female broilers at d 35 

Grain Enzyme Breast (g) Thigh (g) Drumstick (g) 

Barley  
Single  235.33  127.17a  113.36 
Double  218.61  125.03a  110.61 
Cocktail  222.67  111.17b  107.17 

SEM   4.08  2.67  1.49 
P-value   0.238  0.026  0.259 

Corn 
Single  239.61  125.19  121.72a 
Double  236.22  120.50  115.78ab 
Cocktail  227.19  119.06  108.28b 

SEM   4.34  2.31  1.80 
P-value   0.514  0.556  0.003 

Sorghum 
Single  222.58  118.22  113.03 
Double  216.00  118.14  107.00 
Cocktail  220.97  118.14  108.25 

SEM   4.44  2.53  1.91 
P-value   0.837  0.998  0.428 

Wheat 
Single  220.72  126.78  112.97 
Double  218.22  117.56  108.44 
Cocktail  232.89  125.50  110.86 

SEM   6.77  2.08  1.55 
P-value   0.667  0.158  0.521 

a,b Means within the same column, within the same parameter, with no common subscript, differ significantly. 
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Litter and excreta dry matter 

Table 15 shows that in birds fed the barley-based diet at d 23, litter dry matter content was greater 
when supplementing diets with the double xylanase dose or NSP-ase cocktail compared with the 
single xylanase dose (P = 0.014). At d 35, in birds fed the wheat-based diet, excreta dry matter was 
greater in birds fed the double dose of xylanase compared with the single dose of xylanase (P = 
0.019). 

Table 15  Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on excreta and litter dry matter (DM) 

Grain Enzyme Litter DM (%) Excreta DM (%) 
 d 12  d 23  d 35  d 12  d 23  d 35 

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

SEM   1.43  1.43  1.26  0.29  0.19  0.39 
P-value   0.937  0.014  0.246  0.928  0.096  0.866 

Corn 
Single  74.99  57.26  68.66  14.86  18.39  20.56 
Double  77.15  54.80  71.08  17.61  17.71  21.77 
Cocktail  76.42  52.64  69.33  17.73  18.43  21.28 

SEM   1.60  1.58  1.85  0.46  0.16  0.47 
P-value   0.870  0.523  0.873  0.065  0.263  0.963 

Sorghum 
Single  75.04  55.74  69.28  16.53  18.54  21.21 
Double  77.25  56.01  70.98  18.25  18.17  22.13 
Cocktail  77.97  56.49  72.87  17.59  18.81  22.11 

SEM   1.08  1.36  1.13  0.30  0.28  0.24 
P-value   0.543  0.978  0.458  0.170  0.777  0.376 

Wheat 
Single  75.03  53.00  68.63  18.30  18.90  20.02b 
Double  71.04  52.64  72.57  17.65  18.77  22.72a 
Cocktail  75.29  51.51  63.36  16.80  18.66  21.23ab 

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

a,b Means within the same column, within the same parameter, with no common subscript, differ significantly. 

Gastrointestinal tract dry matter and ileal nutrient digestibility and viscosity 

As presented in Table 16, the enzyme treatments had no impact on dry matter content in the gizzard, 
jejunum or ileum, or on ileal viscosity, in broilers at d 35 (P > 0.05). This table also shows that the 
enzyme treatments had no impact on ileal protein, energy, starch or dry matter digestibility at d 35 in 
birds fed the barley-, corn- or wheat-based diets (P > 0.05). In birds fed the sorghum-based diet, 
protein digestibility was lower in birds fed the single xylanase dose compared with those fed the 
double xylanase dose or NSP-ase cocktail (P = 0.041). The enzyme treatments had no impact on ileal 
energy, starch or dry matter digestibility in birds fed the sorghum-based diet (P > 0.05). 
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Table 16  Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double dose (32,000 BXU/kg) or NSP-cocktail) in commercial-
type diets with differing primary grain sources on dry matter (%) along the gastrointestinal tract of broilers and ileum digestibility of dry matter, 
protein, energy and starch (%) and digesta viscosity (cP) at d 35 

Grain Enzyme Dry matter (%) Ileal digestibility Ileal viscosity 
(cP) Gizzard Jejunum Ileum Protein (%) Energy (%) Starch (%) Dry matter (%) 

Barley  
Single  29.23  20.06  19.45  69.00  77.45  93.40  81.07  2.00 
Double  26.47  20.49  19.02  76.61  81.70  94.93  81.67  2.08 
Cocktail  27.68  19.03  18.97  71.80  79.49  91.07  80.32  2.11 

SEM   0.55  0.33  0.34  0.09  0.04  0.85  1.96  0.05 
P-value   0.571  0.358  0.901  0.172  0.301  0.197  0.971  0.771 

Corn 
Single  31.14  18.14  18.61  71.24  82.10  93.10  80.72  1.85 
Double  34.42  19.15  19.09  75.69  83.39  94.51  81.53  1.76 
Cocktail  30.90  18.97  18.90  77.39  81.99  94.20  81.55  2.16 

SEM   0.88  0.37  0.22  0.08  0.13  0.58  1.77  0.06 
P-value   0.395  0.711  0.836  0.918  0.394  0.621  0.509  0.101 

Sorghum 
Single  31.14  18.88  20.81  68.77b  80.20  90.14  80.41  2.20 
Double  33.66  18.63  18.84  74.43a  82.54  92.60  82.30  2.05 
Cocktail  34.26  20.27  20.31  75.94a  82.41  92.86  81.20  2.15 

SEM   0.56  0.32  0.27  0.05  0.08  0.64  2.16  0.07 
P-value   0.613  0.293  0.122  0.041  0.624  0.176  0.515  0.774 

Wheat 
Single  30.06  20.08  20.01  73.50  80.87  93.05  81.19  2.12 
Double  27.60  19.86  18.00  77.38  81.54  93.56  82.37  2.45 
Cocktail  25.72  18.25  17.60  77.81  82.77  96.07  82.86  2.42 

SEM   0.65  0.36  0.48  0.06  0.06  0.71  2.01  0.09 
P-value   0.449  0.252  0.346  0.541  0.368  0.197  0.714  0.455 
a,b Means within the same column, within the same parameter, with no common subscript, differ significantly. 
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Caeca short chain fatty acid and microbiota composition 

Table 17 shows that the enzyme treatments had no impact on caecal short chain fatty acid (SCFA) 
concentration at d 35 in birds fed the barley- or sorghum-based diets (P > 0.05). In birds fed the corn-
based diet, caecal butyric acid concentration was greater in bird fed the double xylanase dose or  
NSP-ase cocktail compared with those fed the single xylanase dose (P = 0.040). In birds fed the 
wheat-based diet, caecal propionic, valeric and lactic acid concentrations were higher in birds fed the 
NSP-ase cocktail, and lower in birds fed the single xylanase dose, compared with those fed any other 
enzyme treatment (P = 0.039, P = 0.049 and P = 0.016, respectively). 

Table 18 presents that the enzyme treatments had no impact on caecal microbiota composition at d 35 
in birds fed the barley-, corn- or sorghum-based diets (P > 0.05). In birds fed the wheat-based diet, 
Bifidobacteria concentration was lower in birds fed the single xylanase dose compared with those fed 
the double xylanase dose or NSP-ase cocktail (P = 0.037). Additionally, Enterobacteria concentration 
was greater in birds fed the NSP-ase cocktail compared with those fed the double xylanase dose in 
birds fed the wheat-based diet (P = 0.010).
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Table 17 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double dose (32,000 BXU/kg) or NSP-cocktail) in commercial-
type diets with differing primary grain sources on short-chain fatty acid concentration in the caeca at d 35  

 

 

 

 

 

 

 

 

 

 

 

 

 
a,b,c Means within the same column, within the same parameter, with no common subscript, differ significantly. 

 

Grain Enzyme SCFA (µmol/g) 
Total Formic Acetic Propionic Isobutyric Butyric Isovaleric Valeric Lactic Succinic 

Barley  
Single  69.76  0.16  45.67  4.09  0.34  16.00  0.03  0.53  1.31  1.62 
Double  81.43  0.27  54.03  4.12  0.41  17.46  0.12  0.67  0.70  3.66 
Cocktail  76.81  0.26  52.37  3.18  0.48  17.71  0.11  0.50  0.62  1.58 

SEM   5.49  0.04  4.08  0.40  0.07  1.28  0.02  0.09  0.25  0.49 
P-value   0.701  0.586  0.774  0.553  0.893  0.911  0.301  0.781  0.670  0.408 

Corn 
Single  49.85  0.03  36.02  2.16  0.14  9.16b  0.00  0.15  0.11  2.09 
Double  76.03  0.11  51.35  2.90  0.23  17.39a  0.05  0.29  0.21  3.50 
Cocktail  84.50  0.09  52.68  1.44  0.14  21.71a  0.00  0.22  0.42  7.80 

SEM   7.99  0.03  4.73  0.45  0.05  2.23  0.01  0.07  0.09  1.48 
P-value   0.134  0.650  0.165  0.585  0.758  0.040  0.374  0.713  0.445  0.417 

Sorghum 
Single  37.14  0.09  25.73  1.95  0.41  6.85  0.11  0.27  0.49  1.22 
Double  65.98  0.23  46.78  2.80  0.42  12.11  0.10  0.42  0.46  2.66 
Cocktail  59.48  0.22  42.66  2.11  0.27  12.37  0.05  0.29  0.66  0.85 

SEM   6.27  0.05  4.03  0.43  0.08  1.55  0.02  0.07  0.08  0.56 
P-value   0.335  0.694  0.222  0.832  0.828  0.485  0.717  0.787  0.838  0.602 

Wheat 
Single  52.34  0.02  38.39  0.47c  0.05  12.73  0.00  0.09c  0.02c  0.58 
Double  78.85  0.28  53.70  2.16b  0.28  17.75  0.04  0.37b  0.66b  3.61 
Cocktail  83.18  0.44  53.56  3.71a  0.41  19.21  0.08  0.71a  1.33a  3.73 

SEM   7.91  0.09  5.14  0.47  0.06  2.14  0.02  0.09  0.11  0.88 
P-value   0.444  0.357  0.596  0.039  0.445  0.646  0.343  0.049  0.016  0.478 



 

34 

Table 18 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double dose (32,000 BXU/kg) or NSP-cocktail) in commercial-
type diets with differing primary grain sources on caeca microbiota composition at d 35 

Grain Enzyme Total Bacillus Bacteriodes Bifidobacteria Ruminococcus Lactobacillus Enterobacteria 

Barley  
Single  11.36  9.13  6.50  8.84  9.88  11.57  9.33 
Double  11.51  8.97  6.69  8.71  10.00  11.31  9.42 
Cocktail  11.60  8.83  6.69  9.07  10.04  11.42  6.62 

SEM   0.05  0.06  0.05  0.06  0.05  0.07  0.08 
P-value   0.139  0.168  0.232  0.137  0.363  0.345  0.374 

Corn 
Single  11.47  8.68  6.69  8.79  9.95  11.10  9.24 
Double  11.37  8.96  6.56  8.93  9.79  11.19  9.01 
Cocktail  11.47  9.01  6.66  8.80  9.96  11.15  9.14 

SEM   0.04  0.09  0.05  0.03  0.05  0.06  0.11 
P-value   0.555  0.350  0.565  0.602  0.375  0.872  0.750 

Sorghum 
Single  11.50  9.06  6.75  8.84  10.07  11.27  9.62 
Double  11.43  9.25  6.66  8.82  10.02  11.48  9.18 
Cocktail  11.35  8.66  6.47  8.72  9.94  11.12  9.50 

SEM   0.05  0.13  0.03  0.04  0.03  0.08  0.12 
P-value   0.438  0.765  0.170  0.363  0.644  0.266  0.363 

Wheat 
Single  11.50  8.74  6.61  8.56b  9.98  11.17  9.55ab 
Double  11.57  8.90  6.72  8.77a  10.06  11.29  9.29b 
Cocktail  11.50  8.88  6.65  9.04a  10.03  11.04  9.90a 

SEM   0.04  0.09  0.07  0.08  0.03  0.07  0.09 
P-value   0.662  0.765  0.420  0.037  0.570  0.409  0.010 
a,b Means within the same column, within the same parameter, with no common subscript, differ significantly.
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NSP degradability 

Figures 4, 5 and 6 shows degradability of soluble and insoluble NSP and digestibility of free 
oligosaccharides at d 12. In birds fed the barley-based diet, total tract degradability of soluble NSP 
was greater when feeding the double dose compared with the single dose of xylanase (P = 0.021). In 
birds fed the wheat-based diet, total tract degradability of soluble NSP was greater when feeding the 
double xylanase dose or NSP-ase cocktail compared with the single xylanase dose (P = 0.022). In 
birds fed the sorghum-based diet, total tract digestibility of insoluble NSP and ileal free 
oligosaccharide digestibility was higher in birds fed the double xylanase dose compared with those 
fed the single xylanase dose or NSP-ase cocktail (P = 0.002 and P < 0.001, respectively). The 
enzymes treatments had no impact on ileal degradability of soluble or insoluble NSP, or total tract 
digestibility of free oligosaccharides, at d 12 (P > 0.05).  

Figures 7, 8 and 9 present degradability of soluble and insoluble NSP and digestibility of free 
oligosaccharides at d 23. In birds fed the wheat-based diet, total tract degradability of soluble NSP 
was greater in birds fed the double xylanase dose compared with the single xylanase dose or NSP-ase 
cocktail (P = 0.004). Furthermore, in birds fed the wheat-based diet, ileal degradability of insoluble 
NSP was greater in birds fed the double dose compared with the single dose of xylanase (P = 0.013), 
and total tract degradability of insoluble NSP was lower in birds fed the single xylanase dose 
compared with the double xylanase dose or NSP-ase cocktail (P = 0.003). The enzymes treatments 
had no impact on ileal degradability of soluble NSP, or ileal or total tract digestibility of free 
oligosaccharides, at d 23 (P > 0.05). 

Figure 10, 11 and 12 present degradability of soluble and insoluble NSP and digestibility of free 
oligosaccharides at d 35. In birds fed the sorghum-based diet, ileal degradability of soluble NSP was 
greater in birds fed the double xylanase dose compared with the single xylanase dose or NSP-ase 
cocktail (P = 0.001). In birds fed the barley-based diet, free oligosaccharide digestibility was greater 
in birds fed the NSP-ase cocktail compared with the single dose or the double dose of xylanase (P = 
0.001). The enzymes treatments had no impact on total tract degradability of soluble NSP, ileal or 
total tract degradability of insoluble NSP, or ileal digestibility of free oligosaccharides at d 35 (P > 
0.05). 
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Figure 4 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on ileal and total tract degradability of soluble non-starch polysaccharides at d 12 (% 
DM) 
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Figure 5 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on ileal and total tract degradability of insoluble non-starch polysaccharides at d 12 
(% DM) 
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Figure 6 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on ileal and total tract digestibility of free oligosaccharides at d 12 (% DM) 
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Figure 7 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on ileal and total degradability of soluble NSP at d 23 (% DM) 
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Figure 8 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on ileal and total tract degradability of insoluble NSP at d 23 (% DM) 
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Figure 9 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on ileal and total tract digestibility of free oligosaccharides at d 23 (% DM) 
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Figure 10 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on ileal and total tract degradability of soluble NSP at d 35 (% DM) 
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Figure 11 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on ileal and total tract degradability of insoluble NSP at d 35 (% DM) 
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Figure 12 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double 
dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing primary grain 
sources on ileal and total tract digestibility of free oligosaccharides at d 35 (% DM) 
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Table 19 presents the quantity of soluble and insoluble NSP, and free oligosaccharides present in the 
gizzard, jejunum, ileum and excreta at d 35, as an indicator of NSP disappearance along the 
gastrointestinal tract. The higher values in the gizzard compared with the diet present accumulation of 
NSP in the gizzard. In birds fed the barley-based diet, there was more insoluble NSP present in the 
gizzard in birds fed the single dose of xylanase compared with the double dose or NSP-ase cocktail  
(P = 0.010). In birds fed the sorghum-based diet, there was more soluble NSP present in the gizzard of 
birds fed the single dose of xylanase compared with the NSP-ase cocktail (P = 0.012), and there were 
less free oligosaccharides present in the jejunum of birds fed the NSP-ase cocktail compared with the 
single dose or double dose of xylanase (P = 0.001). 

Table 20 shows the quantity of xylo-oligosaccharides (XOS), arabinose and xylose produced in the 
ileum as a consequence of the enzyme supplement treatments. In birds fed the barley-based diet, 
feeding the double xylanase dose resulted in consistently greater production of XOS (X2–X6) 
compared with feeding the single xylanase dose (P < 0.05). Furthermore, ileal X5, arabinose and 
xylose production was greater in birds fed the NSP-ase cocktail compared with those fed the single 
xylanase dose (P < 0.05). In birds fed the corn-based diet, manufacture of X4 in the ileum was greater 
in birds fed the double dose compared with the single dose of xylanase (P = 0.035). Ileal X5 and X6 
production was lower in birds fed the NSP-ase cocktail compared with those fed the double xylanase 
dose in birds fed the sorghum-based diet (P = 0.044 and P = 0.042, respectively). The enzyme 
treatments had no impact on ileal XOS, arabinose or xylose production in birds fed the wheat-based 
diet. 
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Table 19 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase double dose (32,000 BXU/kg) or NSP-cocktail) in commercial-
type diets with differing primary grain sources on quantity of non-starch polysaccharides present along the gastrointestinal tract in broilers at d 35 
(g/kg DM digesta) 

a,b Means within the same column, within the same parameter, with no common subscript, differ significantly. 
 

 
  

 Barley Corn Sorghum Wheat 
 Single Double Cocktail P-value Single Double Cocktail P-value Single Double Cocktail P-value Single Double Cocktail P-value 
Soluble NSP             

Diet 22.37 21.28 19.54  16.35 17.60 16.73  16.45 15.91 15.71  20.40 23.83 23.25  
Gizzard 32.78 30.50 28.20 0.434 19.29 17.66 17.40 0.821 23.57 21.40 20.90 0.775 23.17 23.04 22.68 0.993 
Jejunum 21.10 18.10 17.40 0.143 13.35 13.29 12.59 0.852 13.69a 12.61ab 11.21b 0.012 19.48 20.85 18.89 0.299 
Ileum 15.67 15.44 14.99 0.962 12.77 11.13 10.43 0.172 9.39 9.41 8.82 0.792 16.68 17.67 16.12 0.806 
Excreta 12.14 10.99 10.60 0.393 7.09 7.11 6.48 0.634 6.67 6.40 6.01 0.609 8.83 10.36 9.16 0.431 

Insoluble NSP             
Diet 67.84 65.31 62.80  66.00 66.64 62.88  60.60 62.69 52.57  70.84 69.15 71.53  
Gizzard 272.67a 221.55b 211.38b 0.010 217.95 205.57 199.30 0.622 202.53 194.29 166.76 0.125 222.24 200.33 213.97 0.697 
Jejunum 57.12 57.51 55.29 0.859 59.69 57.71 54.68 0.560 51.60 52.27 46.88 0.138 54.07 50.84 54.15 0.776 
Ileum 54.29 55.22 52.26 0.768 52.84 51.78 50.99 0.795 41.80 41.60 40.83 0.946 46.03 46.04 47.32 0.933 
Excreta 41.67 42.43 41.22 0.652 41.73 40.64 39.54 0.801 38.03 38.59 36.15 0.350 41.49 40.84 42.61 0.799 

Free oligosaccharides             
Diet 41.14 39.21 36.47  35.73 39.08 37.71  36.08 34.75 36.41  35.03 35.44 36.40  
Gizzard 33.06 31.18 28.77 0.491 27.32 27.07 25.24 0.847 28.82 25.30 22.01 0.540 31.75 31.46 26.41 0.257 
Jejunum 35.29 33.48 28.19 0.162 33.69 34.42 35.13 0.952 31.80a 33.56a 18.85b 0.001 36.93 32.67 30.85 0.490 
Ileum 26.34 27.65 24.59 0.829 30.19 23.39 30.33 0.307 29.33 26.48 16.40 0.110 27.51 26.27 25.22 0.915 
Excreta 16.59 20.22 14.03 0.210 15.38 12.78 15.71 0.594 16.22 15.61 14.40 0.765 20.32 17.93 15.99 0.533 
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Table 20 Effect of enzyme inclusion (xylanase single dose (16,000 BXU/kg), xylanase 
double dose (32,000 BXU/kg) or NSP-cocktail) in commercial-type diets with differing 
primary grain sources on proportion of arabinoxylan converted into xylose, arabinose 
or xylo-oligosaccharides (mg/g of TiO2) in the ileum at d 35 

a,b Means within the same column, within the same parameter, with no common subscript, differ significantly.

Grain  X6 X5 X4 X3 X2 Arabinose Xylose 

Barley  
Single 0.60b 1.28b 3.79b 9.51b 12.58b 5.52b 8.60b 
Double 2.07a 4.55a 13.35a 32.76a 40.81a 6.52ab 14.55ab 
Cocktail 1.39ab 3.34a 8.75ab 20.15b 25.13b 18.39a 23.87a 

SEM  0.18 0.42 1.24 2.83 3.34 2.20 2.34 
P-value  0.001 0.002 0.002 0.001 <0.001 0.024 0.021 

Corn 
Single 0.79 1.70 4.70b 11.60 14.69 6.86 8.93 
Double 1.33 3.35 9.16a 22.80 29.79 13.72 18.58 
Cocktail 0.95 2.69 8.39ab 20.76 26.77 12.46 17.75 

SEM  0.14 0.30 0.76 2.12 3.03 3.54 4.09 
P-value  0.313 0.083 0.035 0.075 0.107 0.740 0.612 

Sorghum 
Single 0.34ab 1.30ab 3.35 8.03 11.58 8.37 9.90 
Double 0.50a 1.70a 2.89 8.42 11.43 3.59 8.91 
Cocktail 0.28b 1.00b 1.87 5.43 7.94 3.01 5.80 

SEM  0.04 0.12 0.25 0.54 0.95 1.72 1.84 
P-value  0.042 0.044 0.053 0.060 0.265 0.420 0.699 

Wheat 
Single 0.58 1.35 4.60 10.68 13.45 7.82 14.43 
Double 0.97 2.75 7.96 19.25 21.95 5.49 13.90 
Cocktail 0.74 1.47 4.18 10.90 12.95 7.11 13.13 

SEM  0.12 0.32 0.87 1.95 1.93 0.80 1.65 
P-value  0.487 0.152 0.175 0.136 0.110 0.525 0.957 
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Results 
Survey the current NSP levels in commercial poultry feed 
Analysis of a range of commercial diets shows that there is substantial variation in the quantity of 
NSP between different diets fed across Australia, and even within diets from the same state. This 
highlights the importance of considering NSP level when formulating broiler and breeder diets. The 
greater the insoluble NSP level in the diet, the worse feed conversion was, at every dietary phase. This 
is important information, as currently fibre is not routinely considered when formulating poultry diets, 
and if it is, then it is primarily the soluble fraction that is of interest due to its impact on viscosity and 
litter quality. However, this analysis proves there needs to be heightened focus on the insoluble 
fraction, which can act as a diluent and barrier to enzymes. It was also notable that in the finisher 
phase, the higher the soluble NSP level, the poorer performance was. Further research is warranted to 
determine the maximum and optimum level of soluble NSP in broiler finisher phase diets with 
varying compositions. 

 

Influence of soluble NSP level and composition on performance, 
excreta moisture content and nutrient digestibility 
The aim of this study was to examine how much influence dietary sNSP level had on bird 
performance, nutrient digestibility and excreta moisture content, and to determine whether there were 
advantages to including sNSP values in broiler diet feed formulations. Although significant responses 
to the dietary treatments were observed, it was noted that formulating the diets in this manner meant 
that the three sNSP levels were not extremely different from each other within each grain source, with 
just 2–3 g/kg DM difference between the high and low sNSP level in some cases. Thus, further 
research is warranted using more extreme differences in sNSP to determine the optimum sNSP level 
to use in formulations and, hence, derive more meaningful digestibility data. Additionally, all diets 
contained wheat and xylanase, because they were formulated to represent common commercial diets 
in Australia, but it would be advantageous to examine the test ingredients without these confounding 
factors to fully elucidate how the differences in composition and quantity of sNSP in these ingredients 
influence bird performance and gastrointestinal health. Nonetheless, the current data showed that even 
very small differences in dietary sNSP level can induce notable impacts in the bird, especially in corn- 
and sorghum-based diets, even in the presence of xylanase. 

Barley use in poultry diets remains low, primarily due to concerns about its high beta-glucan content 
(Jacob and Pescatore, 2014). However, these diets contained 15% barley and no supplemental beta-
glucanase, and birds displayed equal or better performance than those fed the common wheat- and 
corn-based diets. It is arabinoxylans (AX), as opposed to beta-glucans, that are generally the 
predominant NSP. For example, the barley used in this study had an analysed total AX content of 
7.3%, compared with 3.6% beta-glucan. The AX concentration was higher in the barley-based diets 
compared with the wheat-, corn- or sorghum-based diets in the starter and grower phases. This 
suggests that the supplemental xylanase had the biggest impact in the barley-based diets, as illustrated 
by the lack of any sNSP effect. The primary aim of xylanase application is to eliminate to the anti-
nutritional effects of AX on nutrient accessibility and utilisation (Lui and Kim, 2017). However, 
xylanases cleave the internal β-xylosidic glycosidic linkages of AX into arabinoxylo-oligosaccharides 
(AXOS) and xylo-oligosaccharides (XOS), which have been proven to induce positive prebiotic 
effects in broilers, such as optimising colon function, increasing SCFA production and improving 
nutrient utilisation (González-Ortiz et al., 2017; Jommuengbout et al., 2009; Kim et al., 2011). The 
AXOS and XOS are selectively fermented by beneficial microbiota, reducing competition between 
bacteria and the host for nutrients. This creates a gastrointestinal environment that is unfavourable for 
pathogenic bacteria and causes increased nutrient utilisation (Morgan et al., 2018; Bautil et al., 2019). 
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This suggests that the positive performance observed in birds fed the barley-based diets can be partly 
attributed to the greater quantities of resulting prebiotic AXOS and XOS present in the grower phase 
diets. This may indicate that there is potential to use barley more frequently in broiler diets, but care 
must be taken to ensure that the sNSP level is not too high, given that DM digestibility was reduced 
when feeding the high level. The lack of effect of sNSP on performance at d 0–31 may have been due 
to presence of AXOS and XOS in young birds, derived from feeding AXE-rich starter and grower 
diets containing xylanase, which established a microbiome in the older birds that was well-adapted to 
utilise dietary NSP, as shown by Bautil et al. (2020). This suggests that microbiota in the older birds 
was able to readily utilise the sNSP provided in these diets, but further investigation is warranted to 
determine the optimal and maximum sNSP level that should be fed to older birds. 

Performance was poorest in birds fed the sorghum- and corn-based diets, which had the lowest sNSP 
levels in the starter and grower phase. One possible explanation for this is that the lack of sNSP meant 
the feed passage rate was too fast due to lack of viscosity, hence feed intake increased in birds fed 
these treatments. Fermentative capacity has been almost entirely attributed to the soluble fraction. 
Soluble NSP play an important role in maintaining gastrointestinal health, through their role as a fuel 
for beneficial microbiota, reducing competition between bacteria and the host for expensive nutrients, 
and decreasing the ability of pathogenic bacteria to proliferate and establish a microbiome that is 
efficient at fibre-fermentation (Józefiak et al., 2004). The lack of sNSP likely explained why birds fed 
these diets had low excreta DM, as less digesta viscosity meant there was not sufficient contact time 
with the gastrointestinal lining for efficient water absorption. Another possible explanation is that lack 
of fuel for beneficial bacteria and heightened presence of undigested nutrients in the gastrointestinal 
tract, which may have encouraged pathogenic bacteria proliferation, and consequently altered osmosis 
in the lumen and increased water consumption (Choct, 2009). 

In this study, the effects of the dietary treatments on excreta dry matter content did not translate into 
any significant impact on litter quality due to high variability between individual pens. A number of 
factors could have contributed to this, including pen placement within the room and number of birds 
per pen (due to presence of spare birds or mortalities). However, the results clearly demonstrated that 
not feeding sufficient sNSP caused higher excreta moisture content and poorer performance. 
Furthermore, excreta samples were collected over a six-hour time period, but it would likely have 
been advantageous to collect over a longer time period using a larger amount to ensure these were 
truly representative of each replicate. 

Alongside quantity of sNSP, their composition and physiochemical properties unquestionably require 
consideration. For example, the difference between the high and low sNSP level in the barley-based 
diets was 3.74 g/kg compared with 2.78 g/kg in the sorghum-based diets. However, for both grain 
sources, there was a significant difference in AMEn between birds fed the low and high sNSP level, 
with both showing that AMEn was approximately 0.8 MJ/g higher when feeding the high sNSP level. 
This, along with the performance data, shows that even a small increase in sNSP level can have a 
notable positive impact in sorghum-based diets. The poorer performance and AMEn in birds fed the 
sorghum-based diet with low sNSP may have been due to a lack of free oligosaccharides and sNSP 
available as fuel for the microbiota, causing amino acids to be used by these bacteria instead. Birds 
fed the sorghum-based diet with low sNSP level had low degradability of insoluble NSP as well as 
soluble and insoluble AXE, which suggests that protein may have become entrapped in the insoluble 
NSP and AXE (Annison and Choct, 1991), and was not accessible by endogenous enzymes or 
absorbed from the lumen. 

The results from this study demonstrate that it can be beneficial to account for dietary sNSP during 
feed formulation, due to their notable impact on bird performance, excreta moisture content and 
nutrient digestibility, especially in NSP-poor diets such as sorghum- and corn-based diets. Barley 
could potentially be utilised more frequently in broiler chicken diets, provided the sNSP concentration 
in these diets is kept to a low level, as a lack of dietary sNSP can have a detrimental effect on bird 
performance and gastrointestinal health. Further research is warranted to confirm the range in sNSP 
level for including in formulations, especially for sorghum-based diets. 
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In vitro analysis of NSP-ase efficacy and oligosaccharide production 
The results from the in vitro analysis highlight the need to better understand what factors limit 
production of prebiotic XOS from feed ingredients. Factors that warrant consideration include 
reactant depletion, extra molecular structural hindrance induced by other carbohydrate structures, 
presence of other terminal products, and other components in the substrate that may inhibit enzyme 
activity. Timeframe of exposure to the enzymes and presence of or lack of intermediates will also 
influence XOS manufacture. The in vitro assay used appears to favour complete hydrolysis of the 
xylan, resulting in higher levels of xylose and X2 produced than would be expected in the bird. The 
results also suggest that there is intermolecular steric hindrance induced by arabinose side chains. 
Overall, the results showed that there may be advantages to feeding a double dose of xylanase, 
particularly in diets containing barley, soybean meal and sorghum, based on the heightened 
production of small-size XOS. There may also be benefits to supplementing β-glucanase, cellulase 
and galactanase to diets containing these ingredients, but further analysis in situ is required to confirm 
this.  

 

Comparing single and double doses of xylanase to NSP-ase cocktail 
This study examined whether NSP hydrolysis in the gastrointestinal tract, and the advantages that 
come with NSP-degradation on bird performance and excreta moisture content, is enhanced by the 
presence of a double dose of xylanase or an NSP-ase cocktail, compared with feeding the current 
commercial recommended dose of xylanase. The double xylanase dose and NSP-ase cocktail 
improved feed conversion in birds fed the barley-based diet in the grower phase (d 12–23). This is in 
agreement with Hashemi et al. (2017), who found that supplementing an NSP-ase cocktail containing 
ß-glucanase, cellulase, α-amylase, xylanase and protease, or just combined xylanase and ß-glucanase, 
to a barley-based diet resulted in reduced FCR in the grower period (d 15–28). Similarly 
Moftakharzadeh et al. (2017) and Shirzadi and Moravej (2009) found FCR values at d 11–28 and  
d 11–30, respectively, were consistently lower when supplementing an NSP-ase cocktail containing ß-
glucanases, cellulase and xylanase to barley-based diets. Shirzadi and Moravej (2009) also observed 
increased litter dry matter content as a consequence of the NSP-ase cocktail supplementation, which is 
agreement with this study, as determined at bird age d 23. The barley used in this study contained 
9.6% insoluble NSP, two thirds of which was arabinoxylan (AX). This suggests that the NSP-ase 
cocktail and double xylanase were successful at hydrolysing the AX in barley, likely resulting in 
reduced water-holding capacity, increased accessibility to nutrients and heightened production of 
prebiotic XOS. It is also possible that these enzyme treatments partially solubilised the insoluble AX, 
and that the resulting soluble AX could be readily fermented by beneficial microbiota species (Svihus 
et al., 2013). This is highlighted by the reduced insoluble NSP present in the gizzard of the barley-fed 
birds fed the NSP-ase cocktail or double xylanase dose; this output suggests that there was increased 
passage rate, so less NSP being held in the gizzard, and increased ability to hydrolyse the insoluble 
NSP (Sacranie et al., 2012). Additionally, it is predicted, based on the work of Bautil et al. (2019), 
that more xylan-degrading bacteria were established in the microbiota of young birds fed these dietary 
treatments, which enabled these birds to utilise the dietary xylan better when they reached the grower 
phase. This is justified by the heightened soluble NSP degradability at d 12 seen in the presence of 
double xylanase in birds fed the barley-based diets. The increased free oligosaccharide digestibility 
observed when the barley-based diet was supplemented with the NSP-ase cocktail illustrates the 
increased abundance and quantity of oligosaccharides produced as a consequence of providing a 
variety of enzymes to a diet containing a range of different polymers.  

The increased body weight gain (BWG) and reduced feed conversion ratio (FCR) value seen in the 
starter phase of birds fed the corn-based diets as a result of applying the higher xylanase dose is in 
agreement with Nusairat et al. (2021), who saw linear improvements in both parameters in the starter 
phase with increasing xylanase concentration in birds fed corn-based diets. Van Hoeck et al. (2021) 
observed the same at age d 0–35. The NSP-ase cocktail also increased starter phase BWG in birds fed 
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the corn-based diet, which is in agreement with Tang et al. (2014) who found that feeding an enzyme 
cocktail containing amylase, xylanase, glucanase, cellulase, mannanase and pectinase improved BWG 
at d 1–21. Also, De Keyser et al. (2016) found feeding xylanase in combination with glucanase and 
pectinase enhanced BWG at d 0–14. This outcome is also in partial agreement with Ko et al. (2021), 
who observed that supplementing a corn-based diet with an NSP-ase cocktail containing mannanase, 
β-glucanase and xylanase significantly improved feed conversion at d 0–35, but not specifically in the 
starter phase. This would suggest that the NSP-ase cocktail was successful at breaking down the cell 
wall matrix, particularly the insoluble components, which facilitated release of encapsulated nutrients 
and enhanced accessibility of digestive enzymes. However, this was not reflected by the analysis of 
NSP degradation in this study, which showed no effects of the enzyme treatments on NSP utilisation 
in birds fed the corn-based diet. This may be a consequence of the method used to determine NSP 
degradability, which relied on using a titanium dioxide marker; there are concerns around whether this 
technique can truly reflect passage rate of both the solid and liquid components of digesta 
(Kolakshyapati et al., 2019; Morgan et al., 2014), potentially questioning the accuracy of 
determination of flow of the insoluble NSP fractions.  

Performance at d 23–35 was worse in birds fed the sorghum-based diet when the NSP-ase cocktail 
was supplemented, compared with the single xylanase dose. This may be because the lack of 
fermentable fibre in these diets reduced the fermentation capacity of the microbiota (Ribeiro et al., 
2018). It may be that the single xylanase dose induced production of sufficient soluble xylan for these 
bacteria, but the NSP-ase cocktail produced too much and had a detrimental impact on microbiota 
balance. The additional oligosaccharides produced by application of the NSP-ase cocktail may have 
had detrimental effects, possibly because the probiotic bacteria that could utilise them were not 
present, so they were instead used as fuel by pathogenic bacteria species. This then may have resulted 
in competition between the host and bacteria for nutrients such as amino acids, thus causing reduced 
performance. The greater total tract soluble NSP degradability seen at d 35 in birds fed the double 
xylanase dose compared with the NSP-ase cocktail reinforces this idea, by suggesting that hydrolysis 
of additional polymers was not advantageous at enhancing xylan utilisation.   

In birds fed the wheat-based diet, starter phase BWG and total tract soluble NSP degradability was 
greater with application of the NSP-ase cocktail compared with the single xylanase dose. This is in 
agreement with Smeets et al. (2018), who found that supplementing a wheat-based diet with a NSP-
ase cocktail containing ß-glucanase, cellulase, α-amylase, xylanase increased body weight at d 12. 
However, in contrast, Smeets et al. (2018) did not see any improvement in water-extractable NSP 
digestibility with this enzyme treatment. The outputs from this study suggest that the NSP-ase cocktail 
increased accessibility to soluble NSP, which was then readily utilised by beneficial microbiota, 
inducing positive effects on nutrient utilisation and establishing a microbiome that was effective at 
exploiting dietary xylan. Supplementing the double xylanase dose into the wheat-based diet increased 
total tract degradability of soluble NSP at d 12 and d 23, which appears to have contributed towards 
reduced excreta dry matter content at d 35. It may be that these birds developed a microbiome that 
was better adapted to utilising soluble xylan (Bautil et al., 2019), so when the bird was older there 
were fewer issues associated with soluble NSP on digesta viscosity, and thus water consumption and 
retention, meaning less water was excreted. Insoluble NSP degradation was also increased with the 
double xylanase dose and NSP-ase cocktail; insoluble NSP can also absorb water and increase digesta 
bulk and thus influence excreta consistency. Moreover, hydrolysis of these NSP results in increased 
nutrient absorption, meaning there are fewer nutrients, particularly unabsorbed sugars, present in the 
gastrointestinal tract to cause osmosis of water into the gut lumen (Kim et al., 2021).  

Overall, the double xylanase dose and NSP-ase cocktail failed to induce any improvement in overall 
performance at d 0–35. In fact, performance was worse in male birds fed the sorghum-based diet as a 
consequence of applying the double xylanase dose or NSP-ase cocktail. A possible explanation for 
this is that the sorghum-based diet was lacking in fermentable fibre, meaning that the fermentation 
capacity of the microbiota was low, so there was low production of endogenous enzymes (Ribeiro et 
al., 2018). Also, it is predicted that in the older birds the small amounts of xylan that can be fermented 
are fully degraded or absorbed by the ileum, so do not make it to the caeca to be utilised by the 
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beneficial microbiota (González-Ortiz et al., 2021; Bautil et al., 2019). In the presence of the double 
xylanase dose, more X5 and X6 were manufactured, which likely stimulated the xylan-degrading 
bacteria, but there was insufficient fuel for them to use due to the low soluble NSP concentration in 
the sorghum-based diets (González-Ortiz et al., 2021). It is also possible that the single xylanase dose 
induced production of soluble xylan, which provided sufficient fuel for these bacteria, but the double 
dose and NSP-ase cocktail produced too much, which had a detrimental impact on the microbiota 
balance and gastrointestinal environment. The additional oligosaccharides produced as a consequence 
of the NSP-ase cocktail may have had detrimental effects, possibly because the probiotic bacteria that 
could utilise them were not present, so they were instead used as fuel by pathogenic bacteria species. 
This may then have resulted in competition between the host and bacteria for valuable nutrients such 
as amino acids. This may partly explain why thigh and drumstick weight in birds fed the barley- and 
corn-based diets, respectively, was worse when feeding the NSP-ase cocktail compared with the 
single xylanase dose. Also, the NSP-ase cocktail may have increased solubilisation of the insoluble 
NSP, which possibly increased digesta viscosity and thus reduced absorption of amino acids, calcium 
and phosphorus (Muszyński et al., 2020), as well as potentially reducing phytase efficacy (Poernama 
et al., 2021). The insignificant impact of the enzyme treatments on breast meat is in agreement with 
dos Santos et al. (2017) and Arczewska-Wlosek et al. (2019), and may be largely due to how crude 
the determination of breast meat weight is, resulting in high variability between samples (Bianchi and 
Fletcher, 2002). The lack of effect of the NSP-ase cocktail on performance and ileal nutrient 
digestibility in birds fed the corn-based diet is in contrast to the work of Ko et al. (2021), who fed 
male broilers an NSP-ase cocktail containing mannanase, β-glucanase and xylanase, and observed that 
it significantly improved feed conversion and apparent ileal digestibility of DM and protein. This is 
likely because the diets in this study contained almost half the amount of corn and double the amount 
of wheat, and notably less soybean meal, compared with those used by Ko et al. (2021), so the NSP 
compositions were very different; the current study diets had namely less pectic polysaccharides and 
more xylan. This suggests the current recommended dose of xylanase is sufficient for alleviating the 
anti-nutritional effects of dietary NSP on broiler performance and meat production.  

The lack of significant effect of the double xylanase dose or NSP-ase cocktail on ileal viscosity and 
digesta dry matter content was surprising, as it was predicted that the double xylanase dose and  
NSP-ase cocktail would increase degradation of soluble NSP, reducing viscosity and water-holding in 
the gastrointestinal tract (Mathlouthi et al., 2002; Liu and Kim, 2017). This again suggests that the 
current commercial dose of xylanase is adequate at alleviating the anti-nutritional effects of the 
soluble NSP on viscosity. In birds fed the sorghum-based diet, both the double dose of xylanase and 
NSP-ase cocktail increased ileal protein digestibility. The sorghum used in this trial had an analysed 
insoluble NSP content of 5.03% and soluble NSP content of 0.43%, which highlights that even though 
the NSP content of sorghum is low, improvements can still be made to accessibility of nutrients as a 
consequence of NSP hydrolysis. This observation is probably not attributable to prebiotic 
oligosaccharide production, due to the lack of impact of these enzyme treatments on ileal XOS 
concentration, or on caecal microbiota or SCFA composition. This suggests hydrolysis of the 
insoluble NSP, and thus release of entrapped amino acids, may be responsible for this observed 
improved protein utilisation.  

The heightened butyric acid concentration seen in birds fed the corn-based diet as a result of feeding 
the double xylanase dose or NSP-ase cocktail may be a consequence of the observed heightened X4 
production, suggesting that this size XOS fraction specifically is effectively utilised by probiotic 
bacteria species. This output is in agreement with Singh et al. (2021), who observed a linear increase 
in total caecal SCFA with increasing xylanase level, including a numerical increase in butyrate, in 
birds fed corn-based diets. Furthermore, Van Hoeck et al. (2021) found that butyrate production was 
increased by feeding 30,000 U/kg xylanase, similar to the double xylanase level fed in this study, but 
there were no further increases when feeding 45,000 or 90,000 U/kg. The beneficial effects on butyric 
acid are specifically notable, given the role it plays as an energy source for enterocytes (Guilloteau et 
al., 2010). The heightened concentrations of caecal propionic, valeric and lactic acid, and increased 
abundance of probiotic Bifidobacteria and Enterobacteria observed when supplementing the NSP-ase 
cocktail into the wheat-based diets indicates successful hydrolysis of multiple NSP, and suggests that 
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manufacturing a range of different oligosaccharides increases the diversity of probiotic bacteria 
species that are stimulated in the caeca (Yadav and Jha, 2019). However, these positive effects on 
SCFA production and prevalence of some beneficial bacteria species appear to not be extensive 
enough to translate into beneficial impacts on performance or nutrient utilisation in this study.  

In conclusion, the outputs from this study demonstrate that supplementing a double xylanase dose was 
generally advantageous over a single xylanase dose or NSP-ase cocktail, in terms of NSP degradation, 
bird performance in the starter phase and excreta moisture content. In this study, the NSP-ase cocktail 
induced differing effects depending on the NSP composition of the diets, including negative effects on 
performance when applied to the sorghum-based diet but positive effects on some parameters in birds 
fed the wheat- and barley-based diets. This highlights the need to use a tailored approach when using 
enzyme cocktails, targeting the specific polymers in the diet. Generally, it appears that the current 
recommended commercial dose of xylanase is adequate at combatting the anti-nutritional effects of, 
and gaining the benefits from, dietary NSP with regards to broiler performance and gastrointestinal 
health. Further research is warranted into the optimal level of xylanase to supplement into a range of 
broiler diets, and the potential advantages of a more tailored NSP-ase cocktail strategy. 
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Implications 
Analysis of the NSP content of commercial poultry diets revealed that there is notable variation in 
quantity and composition of NSP between different diets fed across Australia, and even between diets 
within the same state. This highlights that bird response to diets with similar energy and protein levels 
may differ substantially, due to variation in the NSP content. Commercial feed conversion was 
directly influenced by insoluble NSP, reiterating the importance of considering the NSP in feed 
formulations, and not only focusing on the anti-nutritional effects of the soluble fraction on digesta 
viscosity.  

A key finding from this project is that it appears to be important to account for dietary sNSP during 
feed formulation, due to their notable impact on bird performance, excreta moisture content and 
nutrient digestibility. This is especially the case when feeding NSP-poor diets, such as sorghum- and 
corn-based diets, because sNSP are required as a fuel for beneficial microbiota, and to ensure digesta 
passage rate is not too fast. This was evidenced by reduced performance and gastrointestinal health in 
birds fed diets with low sNSP level. Further research is warranted to confirm the range in sNSP level 
to formulate to in different diet combinations 

This project demonstrated that barley could potentially be utilised more frequently in broiler chicken 
diets, provided the sNSP concentration is these diets is kept to a low level, and/or a higher dose of 
xylanase or an NSP-ase cocktail are applied to the barley-based diet. In this study, 15% barley was 
used, but it would be advantageous to determine both the maximum and optimum level of barley that 
could be fed at different phases.  

There were some benefits to feeding the double dose of xylanase, and in some circumstances the 
NSP-ase cocktail, but generally it appears that the current recommended commercial dose of xylanase 
is adequate at combatting the anti-nutritional effects and gaining the benefits from dietary NSP on 
broiler performance and gastrointestinal health. Further research is warranted into the optimal level of 
xylanase to supplement into a range of broiler diets, and the potential advantages of a more tailored 
NSP-ase cocktail strategy. 
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Recommendations 
• Soluble NSP directly influence energy utilisation, excreta moisture content and dry matter 

digestibility, so should be accounted for and monitored during feed formulation. Further 
research is warranted to determine the optimum range of soluble NSP to formulate to in 
different diets.  

• Birds have differing requirements for dietary NSP depending on their stage of growth, which 
should be accounted for when formulating diets based on phase. It is imperative to feed 
sufficient fermentable fibre in the grower phase, but less important in the finisher and 
withdrawal phases. It is also important to provide young birds with fermentable fibre, to 
prime the microbiota so birds can effectively utilise dietary NSP when they are older.  

• Barley is not as readily utilised as other grains due to its high NSP content, particularly beta-
glucans, but the barley diets in this project contained 15% barley and birds displayed equal or 
better performance than those fed the common wheat- and corn-based diets, at all phases in 
the trial, in the absence of beta-glucanase. This suggests that barley could be used more in 
commercial poultry diets, provided the NSP content is not too high, or a higher dose of 
xylanase is applied to the diet. 

• There are some advantages to supplementing diets with a higher dose of xylanase than the 
current recommended dose, as observed in barley-, sorghum-, corn- and wheat-based diets, on 
productive performance, litter quality, nutrient utilisation and gastrointestinal health. NSP-ase 
cocktails also show benefits, but lack consistency, highlighting that a tailored approach is 
required, and enzyme costs need to be considered. However, the current commercial xylanase 
dose does appear to be adequate.  
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